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I. Introduction

In this paper | discuss some recent results on Giant Dipole Resonance (GDR)
decays in highly excited, equilibrated nuclei, based primarily on work done at
Seattle. In each of the following four sections I focus on a different topic; namely,
oblate shapes of rotating, highly excited Zr - Mo nuclei, adiabatic versus ‘imotion-
ally narrowed" GDR decay, large spin-driven deformations observed in hot medium
mass nuclei. and search for entrance channel effects in GDR decay following **Ni
927, )
+ "2 Zr fusion.

II. Oblate Shapes of Rotating, Highly Excited Zr - Mo
Nuclei

Recently the spectral shapes and angular distributions of high energy gamma
ravs from the decay of the GDR were measured for the decay of highly excited
907 and *2Mo compound nuclei in the temperature and spin ranges 1.6-2.0 MeV
and 0-50%, respectively!. At these temperatures, shell effects should have mostly
dissolved away. and the nuclear shape should be well-approximated as that of a
rotating liquid drop. In order to examine the evolution of the nuclear shape with
angular momentum, three different reactions were studied. forming the compound
nucleus at average spins of 9, 22 and 337, respectively.

The measured spectral shapes, analyzed using the Cascade statistical model
code. all show strongly broadened GDR shapes, with values for the GDR FWH M
(full-width at half-maximum) in the range 8-12 MeV. due mainly (see below) to
the effect of thermal shape fluctuations. The angular anisotropy (a; coefficient)
was found to be very small for the lowest spin case, as expected for.a nearly
spherical nucleus. For the higher spins, the anisotropy is larger and increases with
spin, as expected for a rotating liquid drop which becomes more deformed with
increasing spin.

Experiment. alone cannot tell us the sense of the deformation, oblate (non-
collective) or prolate (collective). Also, a'though the magnitude of the angular
anisotropy is closely related to the magnitude of the equilibrium deformation, it is
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also affected by the shape fluctuations, so that a quantitative analysis requires a
detailed theory. In fact, this experiment was designed as a test of one’s ahility to
understand quantitatively both the spectrum shape and the angular distributions
from GDR decay in a nuclear system for which the shape; i.e., the potential
energy surface (PES) as a function of deformation, is expected to be simple and
unambiguous.

Theoretical calculations of the measured spectral shapes and angular distribu-
tions have been performed by Alhassid and Bush?®. Free energy (potential energy)
surfaces calculated using the Nilsson-Strutinsky method exhibit minima at defor-
mations fFy = 0.02, 0.08, and 0.16 at 9, 22 and 33h , respectively. The minima
lie along the oblate (non-collective) axis, and the values of /4y are the same as
those calculated from the rotating liquid drop model (RLDM)?, confirming the
lack of importance of shell corrections to the PES at these temperatures. The
deformation averaging calculations were done in the adiabatic limit with the met-
ric A4 sin 3y|dBdydY where d§) = sin 0dfdg represents the phase space associated
with the Euler orientation angles. The results describe well both the measured
spectrum shapes and the ay coefficients. From this good agreement we conclude
that both the equilibrium deformations and the curvatures of the PES are given
correctly, as well as the essential elements of the (adiabatic) deformation averag-
ing theory. The logic here is that even though the calculated observables depend
on several ingredients, it would be unlikely for two or more important elements of
the theory to be incorrect and to conspire in such a wayv as to preserve the good
agreement between theory and experiment.

Several other interesting observations follow:

I. The fluctuations are very large, corresponding to most probable deforma-
tions of 0.24, 0.31, and 0.46 for the 9, 22 and 33h cases, respectively.

2. The apparent splitting in the spectrum shapes for which Fo/l5,~1 = 0.2
to 0.3, as deduced from Cascade 2--Lorentzian fits, is larger than can be
explained by the (small) equilibrium deformations. The fact that measured
and calculated spectral shapes agree very well implies that these apparent
splittings are predominately due to the fluctuations.

3. Given that one has orientation fluctuations as in the theory of Alhassid, the
observation of a significant angular anisotropy as in the present cases implies
that internal shape fluctuations must be very large. This follows because
the calculated orientation fluctuations of a fixed shape with 4 = 3y are so
large that the angular distribution is very strongly attenuated and it ends
up nearly isotropic. That the or.entation attenuation should be so large for
a fixed shape with # ~ 0.1 can be easily verified by remembering that the
orientation fluctuations -re governed by the factor exp [~6E,./T] where
8, is the difference in rotational energies for the spin aligned parallel and
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perpendicular to the nuclear symmetry axis. The moments of inertia for
rotation parallel and perpendicular to the symmetry axis are not very dif-
ferent for 4 ~ 0.1, so that for moderate spin, K., is small and hence the
orientation fluctuations are large. What happens, then, is that the internal
nuclear shape fluctuates to very large /4, for which the orientation fluctua-
tions are much smaller (since 8, is much larger) and a finite anisotropy
survives. Even so, the anisotropy would vanish if the internal shape fluctu-
ations averaged over all v equally. But the internal shape always fluctuates
about the equilibrium shape, so that 7 = 3¢ is favored, and the resulting
anisotropy is nonzero. and depends strongly on J,.

4. Given that the theoretical calculations were performed in the adiabatic limit,
we conclude there is no significant evidence for motional narrowing from
these data. Attempts? to interpret 10-20% differences in measured and cal-
culated a; values in terms of motional narrowing are, in my opinion, unwar-
ranted. There may well be inaccuracies of this size in the adiabatic theory;
in addition, a proper average of the calculations over spin and temperature
has not been carried out.

In conclusion, the good agreement hetween measured and caleulated spectral
shapes and angular distributions in these reactions gives iuteresting insights into
the behavior of hot nuclei, A corollary is that in order to interpret measurements
such as these in terms of physically interesting variables such as equilibrium de-
formation, size of fluctuations, etc., requires comparison with reliable. detailed
theoretical calculations, This is, for the experimentalist. unfortunate.

II1. The Timescale for Thermal Shape Fluctuations

Most data from GDR decay of excited nuclei with temperatures T ~ 2 MeV or less
are well-described by the adiabatic fluctuation theory. However, there exist some
data for the decay of '®*Sn™ and '"*Sn* at low excitation energies ~ 50-60 MeV, for
which the extracted GDR strength functions are narrower than those calculated
with the adiabatic theary, and these differences have heen interpreted in terms
of *motional narrowing’. Motional narrowing requires the timescale for thermal
shape fluctuations, which is not known at present. to be comparable or smaller
than Aw™!, where Aw ~ h/15 MeV & 'x10"%*scc is the GDR frequency spread
due to shape fuctuations. In particular. an early Copenhagen measurement® of
the decay of 1%Sn* at E, = 51.8 MeV (T = 1.3 MeV) gave a FWHM = 6.0£0.7
MeV, while an adiabatic calculation by Ormand ef «l.f vielded a FWHM = 7.8
MeV. Similarly a Stony Brook measurement” gave a FWHM = 6.740.4 MeV for
the decay of 28n at E, = 62.2 MeV (T = 1.5 MeV), to which Alhassid and
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Bush® compared their adiabatic calculation which yielded a FWHM again of 7.8
MeV. However, this calculation was done at the incorrect temperature T = 1.8
MeV, which was the (mistaken) value quoted in ref. 7 (here T always refers to the
average final-state temperature calculated accounting for GDR 4-emission and for
the average energy lost by particle evaporation prior to GDR ~-emission). On the
other hand, there exist carlier Seattle data® for the decay of '%Sn* at 44 MeV (T
= 1.3 MeV), for which FWHM = 7.3£0.4 MeV, and decay of ''%Sn* at 48 MeV
(T = 1.4 MeV), for which FWHM = 7.5:£0.4 MeV, and these results have beeun

used by Alhassid! as part of the evidence in support of his adiabatic theory.

Contact author for missing photo

Fig. 1. FWHM (full width at half maximum) for GDR decay in 3 different
tin isotopes at T = 1.3-1.5 MeV. Crosses - present results'! for decay of '"#8n at
(E;.T) = (50.8 MeV, 1.35 MeV) and 281 at (55.8 MeV. 1.4 MeV); open squares
- earlier Seattle results® for *Sn at (44 MeV. 1.3 MeV) and '*%Sn at (48 MeV,
1.4 MeV); open diamonds - '%Sn at (51.8 MeV, 1.3 MeV)® and 250 at (62.2
MeV, 1.5 MeV)". Solid circle - calculation of Qrmand el «l.® for 'Sn at T = 1.3
MeV.

Because of the importance of having a theory with a minimal number of ad-
justable parameters. we!! have undertaken some additional measurements of GDR
decay in '®Sn and ''2Sn, in order to help clarify this situation. We measured the
decay of '%8Sn* at 50.8 MeV (T = 1.35 MeV) and "#Sn* at 55.8 MeV (T = 1.4
MeV) formed in 0 + "*Mo and 0 + % Mo. respectively, Measurements were
made at. 5 different angles in the range 40°-140°. Spectral Cascade fits with a« =
A/8 have been performed to the data at 3 of these angles: 55°, 90°, and 125°. The
fitted values of the FWHM obtained from the data at each angle were averaged;
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the (preliminary) results are FWHM = 7.0£0.3 MeV for both reactions. All of
these results are summarized in Fig. 1. It is clear that the data for each isotope
are consistent within the quoted uncertainties. Also, over the narrow range of
excitation energies spanned by these data, there is no evidence for an excitation
energy dependence of the width. In making these comparisons, we have ignored
spin differences between the various cases. Since the spins arve all small, the widths
should be dominated by thermal flizctuations. All data are consistent with a GDR
width = 7.0 MeV, independent of isotope. This is narrower than the result of the
adiabatic calculation by Ormand, although the discrepancy (now ~ 10%]) is less
than previously thought, and does not seem sufficient to imply a clear need for
motional narrowing. It may, of course, simply indicate some other, {minor) aefect
in the adiabatic theory.

IV. Large Deformations Observed in the Decay of ¥Sc*
Compound Nuclei

We!? have been studying the GDR decay of rapidly rotating A=145-063 compound
nuclei produced in the following 3 reactions: 0 + #7Al —4Sc*, B0 4+ *Sc¢
—8BCu* and 325 4+ YAl ="Cu*. The motivation for these studies stems from
the prediction of the rotating liquid drop model (RLDM)? that nuclei in this mass
region should be able to sustain large equilibrium deformations without fissioning.
Although the attainable angular momenta are smaller in light nuclei than in heavy
nuclei, the corresponding rotational frequencies are much larger. As an example,
at 23.5h in ¥Sc (see below) the rotation frequency in iy, ~ 2.9 MeV, and the
rotation parameter y ~ 0.15, and both are about a factor of 4 greater than in
10 at 50h. Also, as a result of the fact that light nuclei fission less readily
than heavy nuclei. highly deformed equilibrium shapes are predicted to exist for a
range of angular momenta greater than {; but below the fission limit. For angular
momenta below (he triaxial break point (; ((;=29h tor **Sc) the lquid drop shape
is oblate, with an equilibrium deformation that depends approximately linearly
on y (quadratically on angular momentum), while for higher ¢ the shape become
triaxial, and then nearly prolate with a rapidly increasing deformation.

Of the 3 reactions mentioned above we have achieved the most interesting
results to date with the first one, 180 4- 27TAl —=15Sc*, and [ present here the results
from measurements at 4 different hombaruing energies, I, = 4.9, 72.5. 89.4 and
109.6 MeV, corresponding to initial compound nuclear excitation energies 50.0,
66.6, 76.7 and 38.9 MeV. GDR decay in these reactions corresponds to average
final-state temperatures of 1.7, 1.7, 1.8 and 2.1 MeV, and average final-state spins
of 13, 18.5, 21.5 and 23.5h, respectively. At these high temperatures we can expect

that shell effects are dissolved and that the nuclear shape should be given by the
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RLDM. Furthermore, at the highest energy (spin), about 1/3 of the evaporation
cross section contributing to GDR ~-emission lies at angular momenta beyond (;.

At each of the 4 energies we measured the spectrum shape and the angular
distribution. The high energy part of the measured spectra is clean above L,
= 12 MeV, except for the presence of a 15.1 MeV line in the spectra at the 2
higher bombarding energies. Cascade fits to the measured spectral shapes were
performed in these cases by excluding the region near 15 MeV in the fitting. A
non-zero a; coefficient associated with this line was found to be consistent with
emission from a source moving with an average component of velocity along the
beam axis of ~70% of the projectile velocity; this, together with the Cascade fits
to the spectra measured at different angles allowed the 15.1 MeV background to
be subtracted. At other energies above 12 MeV the @y coeflicient was found to he
zero, consistent with statistical emission.

Our results for the average GDR absorption cross section o inferred from the
Cascade fits to the spectial shapes, and for the measured ay-coefficients are shown
in Fig. 2 for each of the 4 cases. Several interesting features are apparent. Below
the GDR centroid, a, is relatively large and negative, & —0.2 for the highest
spin cases. Since —0.25 is the Iimiting value due to deformation splitting, the
observed values are indicative of large deformation. The thin solid lines show
the thermal averaging calculations of Alhassid and Bush'3. In these calculations,
which were performed for the average spin, the equilibriumm shape is oblate, as
expected, with an equilibrium deformation of 0.15. 0.20. 0.39 and 0.43 for the 4
cases, respectively. The measured and calculated ay values are in good agreement
below the GDR centroid (and above 12 MeV), whereas at higher energies the
measured values are negative for the 2 higher spin cases, while the caleulated
values are positive, and this difference is not understood.

The measured and calculated absorption cross sections are similar for all 4
cases, Of particular interest is the apparent second peak or shoulder at ., = 25
MeV in the experimental cross section. In principal. this could be dué either to
very large thermal deformation fluctuations or to a large equilibrium deformation
(or both). However, the lowest, spin case has nearly the same temperature as the
high spin case and does not show a shoulder. Therefore, the shoulders are not due
to fluctuations and must instead be due to a large equilibrium deformation. From
the experimental o, we then infer an equilibrium deformation in the 2 highest
spin cases of /4 =(0.945)  in(k2/Ey) = 0.5 for E,; 2 25 MeV, E; = 16 MeV.
This is the largest equilibrium deformation observed to date for a hot nucleus.
It is larger than the calculated value of 0.4; however, this value is calculated
for the average spin. The calculation should be averaged over spin (as is the
experimental result). Although such an average has not been done, it is clear that
the nonlinear dependence of deformation on angular momentum squared leads one
to expect that a larger average deformation will be obtained from a calculation
with a proper spin average.
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Fig. 2. The average GDR absorption cross section o (top panel) and the a,
coefficient (bottom panel) for decay of #*Sc* for each of the 4 bombarding energies.
The thick solid line in each of the cross section panels is the absorption cross
section o¢as determined from the Cascade fit to the spectrum shape. The data
points in these top panels are given by a.(exp)-o¢as/0,(cas) where o, (exp) and
o,(cas) are the measured and calculated y-emission cross sections, respectively.
The dashed lines in each of the panels are the calculations of Alhassid and Bush!3.
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V. Absence of Entrance Channel Effects in High Energy
Gamma Emission in °8Ni + %Zr

In recent years a number of experiments have shown anomalies in near mass-
symmetric fusion-evaporation reactions, particularly ¢'Ni + 92Zr — VSEr* near
the Coulomb barrier’. The “Ni 4 %Zr reaction shows evidence for a suppression
of neutron evaporation relative to statistical model calculations, whereas ?C +
M4Sm forming the same compound nucleus at the same excitation energy appears
normal. It has been suggested that these differences may be due to the persistence
of large deformation associated with the near mass-symmetric entrance channel,
which results in a higher effective yrast line during evaporat on. ;

In spite of the fact that there are problems with flis hypothesis (in fact,
no simple explanation fits all the experimental observations) it is important to
pursue this problem experimentally. One of the most sensitive ways to determine
deformation effects in the fusion-evaporation process would be to examine the
spectrum shape of high energy gamma rays emitted in the decay of the GDR.
Unusually large deformation effects should show up as a splitting of the GDR
strength function (a superdeformed shape should have a GDR energy splitting of
~ 2:1, a very large effect!) or, if there is a distribution of unresolved deformations,
the result would be an unusually broad strength function. An elevated yrast line
should, in addition, show up as a shift in the apparent GDR centroid.

Previously, two different groups have measured high energy 5-ray spectrum
from Ni + Zr reactions. Fornal el al.'® obtained a poor statistics spectrum from
6INi + 92Zr, which appears normal. Thoennessen ef al'®, on the other hand,
obtained a ®'Ni 4 *Zr spectrum which appears highly anomalous. Compared to
the spectrum measurad from 0O + "Nd forming the same compound nuclens at
the same excitation energy, '"Er at 53 MeV, the “'Ni + 5%y high energy y-ray
spectrum shows a inuch broader ‘GDR bump’ and relatively much more yield at
high energies E, >15 MeV. While the 10 + "Nd spectrum is rasonably similar
to a normal Cascade calculation, the ®Ni 4+ YZr spectrum is very different, and
different also from calculations with a raised yrast line with a superdeformed GDR
splitting. Unfostunately, the authors did not obtain an ahsolute normalization
(absolute cross section) for these spectra.

In order to pursue this problem further, we!™ have recently measured the spec-
trum of high energy gamma rays from 241 MeV %Ni + "2Zr, which forms "OEr*
at 57 MeV excitation energy. The inclusive singles cross section was measured
with our large Nal spectrometer and is shown in Fig. 3. Also shown in Fig. 3 are
Cascade calculations for the 2 processes which dominate the reaction cross sec-
tion at this near-barrier bombarding energy; namely, fusion-evaporation and deep
inelastic scattering. Deep inelastic decay appears to dominate at low E,, while
fusion evaporation clearly dominates at high E.. The deep inelastic contribution
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was estimated assuming!®'? ¢ = 235 mb, Q = —52 MeV and (E,J) = 20 MeV,
4h and 32 MeV, 6h for *8Ni and °2Zr products, respectively. This Q-value, which
is appreciably more negative than the results of either ref. 19 or 20 would imply,
was chosen in order to set a conservative upper limit on the deep-inelastic con-
tribution at high E.; the result is <20% for E, > 11 MeV. For 0,5 we assumed
370 mb'® with transmission coefficients suppressed by a factor of 2 relative to the
unitary limit, based on results for ®Ni -+ %2Zr and % Ni + "Zr reactions?®' - the
corresponding average {usion Fvalue is 36h. The single-Lorentzian GDR param-
eters were taken from systematics®? and are Ey = 14, 17, 18 MeV, I' = 7.5, 8.5,
9.0 MeV, and S = 1.2 for decay of OFEr*, 92Z;* and *8Ni*, respectively.

It is instructive that this simple sum of Cascade calculations describes the
measured spectrum so well, especially in the high energy region. A similarly good
description of the data for E, > 11 MeV is obtained from a fit with the deep
inelastic contribution set to zero, which gave Ey = 141, I' = 8.9 MeV and S =

1.7.
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Fig. 3: The total cross section do/dE obtained from the measured 90° cross
section (multiplied by 47) for y-ray production from 241 MeV 3N 4 927Z;. The
curves are Cascade calculations; dot dash — decay of the ""Ei* compound nu-
cleus; dashed and dotted — decay at *®Ni* and “2Zr*, respectively, following deep
inelastic scattering; solid—sum of all contributjons.
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Unfortunately, S is fairly uncertain; we estimate £30% or so. This is based
mainly on the uncertainty in the degree of suppression of the fusion transmission
coefficients, which have not been measured for *Ni + %2Zr, Thus S is somewhat
high, but not in serious disagreement with ground-state GDR results of 5 = 1.2
in this mass region.

Thus we find that high energy y-ray emission in %8Ni + at 92Zr at E = 241 MeV
appears completely normal, with no evidence for an anomalous spectrum shape,
a very large strength, or a shifted yrast line. In order to address the question of a
possible isotope dependence of anomalous effects, we plan similar measurements

of ®4Ni + 927Zr.
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