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Nuclear Shape at High Spin anti Excitation Energy
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High-energy gamma rays from the deexcitation of giant dipole resonance modes have been
measured for the decay of ' Sn" and ' Er'. The structure of the observed resonances can
be correlated with the shapes of these nuclei at high excitation energy (E'= 60 MeV). For
the deformed system ' Er' a shape change with increasing temperature is suggested.
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The shapes of nuclei arise from basic correlations
in nuclear matter. It is important to study these
correlations and find the limits where they break
down. This is possible to do by subjecting the nu-
cleus to extreme conditions, such as high rotation
and internal exciation energy, and studying the
shapes which then result. Much work has been
done in recent years both theoretically and experi-
mentally to understand the shapes of "cold" nuclei.
This work expands these studies to the mostly
unexplored region of high nuclear temperature.

A recent development' in continuum spectros-
copy has provided a new tool for studying high spin
spin states in the unbound region where gamma-ray
emission, although weak, can compete with particle
evaporation. It relies on the observation of high-
energy y rays (E„~10 MeV) emitted predom-
inantly in the first stages of the decay of compound
nuclei formed in heavy-ion-induced fusion reac-
tions. These gamma rays have been associated with
the deexcitation of giant dipole isovector resonance
(GDR) modes. This has been substantiated'2 by
comparing the measured cross section for gamma
decay to the predictions of the classical dipole sum
rule. The dependence of the GDR strength on ex-
citation energy E' has been studied, and the GDR
yield from the first step of the decay has been isolat-
ed. The results are consistent with the statistical
theory for nuclear decay and indicate that the ob-
served GDR decay is from equilibrated systems.

In the present work we use this tool to study the
shapes of nuclei in regions of excitation energy not
otherwise accessible. At low excitation energy, for
resonances built on the ground state, it is well
known that the shape of the GDR reflects the shape
of the nucleus. 5 The-average resonance energy is
related to the nuclear symmetry energy and in de-
formed nuclei the resonance is split into com-
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ponents corresponding to vibrations along the three
principal nuclear axes. In rotating nuclei, because
of the Coriolis force, the resonance is further divid-
ed into a total of five components. However, be-
cause of the small Coriolis splitting and the finite
widths of these components, only two major peaks
can be expected to be identified experimentally for
axially symmetric nuclei. For prolate nuclei approx-
imately —,

' of the total GDR strength is expected to
be found in the peak of highest energy, while the
situation is reversed for oblate nuclei.

This investigation focuses on the structure of the
GDR up to excitation energies E'=60 MeV and
angular momenta It = 40h, and we find a signifi-
cant difference in the shape and width of the GDR
built on excited states between the (at T= 0 MeV)
spherical nucleus ' Sn and prolate deformed ' Er.
Furthermore we find evidence for a shape change
of ' Er' with increasing excitation energy. This
work is the first which shows such an effect and
which demonstrates that the study of giant reso-
nances can yield detailed nuclear-structure informa-
tion also at large nuclear temperature.

The compound nuclei ' Sn' and ' OEr' were
formed with the Mo+' 0 6Ru+' C, and isoNd

+ ' 0 reactions with beams from the Niels Bohr In-
stitute FN tandem accelerator and self-supporting
metal targets 1-2 mg/cm2 thick. High-energy gam-
ma rays were measured in an array consisting of
seven 12.7-cm by 15.2-cm NaI(T1) detectors located
at 40 cm from the target, at 90' and backward an-
gles with respect to the beam direction. Absorbers
of 6 mm Pb were placed in front of the detectors to
reduce the count rate due to low-energy transitions.
Only gamma rays with E~ ~ 5 MeV were recorded
in coincidence with a small-volume, fast CsF detec-
tor, located close to the target and subtending
= 10/0 of the total solid angle. This requirement
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favored the high-multiplicity events of interest
since the background reactions (Coulomb excitation
and transfer) have low gamma-ray multiplicity. The
contribution from cosmic rays to the spectra was
kept low by requiring a high data rate and by em-
ploying fast coincidence timing. This good timing
also gave an excellent discrimination against slow
and fast neutrons by time of flight. The absolute
energy calibration of the detectors was determined
by the E~ = 17.3-MeV rays from the 3-MeV
"B(p,y) reaction on a thick target. Gain stability
of the detectors was established by monitoring the
constancy of the energy spectrum corresponding to
capture of slow neutrons in NaI as a function of
time. Contamination from possible light impurities
was also investigated and found to be completely
negligible in the region of interest (10
MeV ~ E ~ 25 MeV).

Spectra from the decay of ' Sn" produced at
E' = 61 MeV with a ' 0 beam and at E' = 5l MeV
with ' 0 and ' C beams are displayed in Fig. 1. The
contribution from the GDR is clearly seen above
E~=9 MeV where the spectrum deviates from the
exponentially decreasing shape characteristic of the
low-E' region of statistical transitions. Also shown
in Fig. 1 are spectra calculated with a modified ver-
sion of the statistical model code CASCADE in
which the energy dependence of the electric dipole
matrix elements is given by a Lorentzian function.
The calculations, which represent best fits to the
data, have been obtained by varying the centroid
EG, width I G, and strength SG of-the Lorentzian.
The strength is given as the fraction of the classical
E1 sum rule needed to reproduce the data. For all
calculations mentioned in this article a level density
parameter a =7.5 was used. Because of the large
statistical fluctuations at high E~, the experimental
spectra cannot be unfolded. Furthermore, it is dif-
ficult to measure the detector response at these
high transition energies. The procedure adopted
has therefore been to fold the calculated spectra
with a response function calculated with the EGS
(electron-gamma-shower) computer program. 7

This code, which follows the propagation of gamma
rays through matter, was tested for the actual detec-
tor geometry, by simulation of the gamma-ray dis-
tributions originating from the "B(p,y) reaction
(for E„)10 MeV) and from known radioactive
sources (including ssGa). The calculated spectra
were found to reproduce well the measured spectra.

%e find that the spectra in Fig. 1 are well
described by statistical calculations using a single
Lorentzian function with EG' = 15.5 MeV and
SG = 65% XS(El),&„,. Because of the lack of an ac-
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FIG. 1. Measured gamma-ray spectra from the decay
of 'o Sn'. The abscissa respresents the energy registered
in the detectors. The excitation energy is (at the middle
of the target) in each case (a) E'=61.2 MeV, (b)
E'=51.8 MeV, and (c) E"=51.0 MeV. The data have
been fitted with statistical model calculations done with
the code cAscADE and folded with a calculated detector
response function. The GDR parameters used are indi-
cated in the figure and are explained in the text.

curate absolute gamma-ray normalization the total
dipole sum-rule strength is poorly determined.
However, the resonance parameters E& and I G are
quite insensitive even to substantial variations of
SG. The estimated uncertainties are +0.5 MeV in
EG and +0.7 MeV in I"G. In the case of the 84-
MeV ' 0 reaction, an increase of I G from 6.0 to 6.5
MeV produces a better fit. These widths are in ex-
cess of typical T=0 MeV values (1 =4.5 MeV)
but the general structure of the resonance is con-
sistent with an essentially spherical shape. Broaden-
ings due to the coexistence of several shapes
around the equilibrium shape and to the "wob-
bling" of the nucleus around the total angular
momentum vector have been investigated by Dess-
ing and Neergaard, while the contributions from
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Coriolis effects are discussed by Egido and Ring. 9

The authors of Ref. 8 find a 1-2-MeV increase in
I GDR, as compared to the ground state width, for
the spin and temperature region discussed here.
Although this predicted width increase can approxi-
mately account for the observations, an increase in
the damping width of the vibration is also a possi-
bility. Such an increase is also expected because of
the decresasing level distance at higher tempera-
ture. Microscopic calculations of the damping
width at high excitation energy have, however, just
begun and no quantitative predictions are yet avail-
able.

In Fig. 2(a) we compare the measured y-ray
spectrum from the reaction '60+" Nd t66Er' at
84 MeV to the spectrum of ' Sn' at the same beam
energy. While the excitation energy brought into
these two systems is similar, the temperature asso-
ciated with ' Er' is lower because of the larger lev-
el density factor. The ' Er" spectrum has also been
fitted with a statistical model calculation. In this
case a reduced resonance energy (EG ——14.9 MeV)

and a substantially larger width (I'G=9.5 MeV)
~ould be needed in order to describe the spectral
shape. However, an accurate fit to the data is ob-
tained only if two Lorentzian functions are used. In
Fig. 2(a) we have fixed the width of the each
Lorentzian to I G=5.2 MeV. The energies of the
two components are EG (1)= 12.6 MeV and
EG(2) =16.4 MeV, and the relative strengths are
60'/0 and 40%, respectively, indicating an essentially
oblate shape for this nucleus at high E', although a
weak ( ( 5%) contamination from an isoscalar
quadrupole mode at the lower energy cannot be ex-
cluded. The quality of these fits may be judged
with more sensitivity in Fig. 2(b). Here we em-
phasize the GDR region in both experimental and
calculated spectra by multiplying the spectra by the
statistical level density factor exp(E~/TG), taking
into account the different average temperatures as-
sociated with the two systems. It is clearly seen that
the shape of the GDR in ' Er' reflects a composite
structure. The energy splitting deduced by use of
two GDR components of Lorentzian shape implies
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FIG. 2. (a} Measured gamma-ray spectra from the decay of '66Er' (top) at E'=61.5 MeV and 'osSn' (bottom) at
E'= 61.2 MeV, plotted as a function of the detected gamma-ray energy. The ' Er' spectrum has been fitted with a sta-
tistical model calculation using an electric dipole strength function given by a double Lorentzian shape with the parame-
ter values indicated in (b). (b} Same spectra multiplied by exp(E„/TG), with TG(Sn) =1.6 MeV and TG(Er) =1.4
MeV, and normalized to approximately the same height at E„=14—15 MeV. The ordinate is in arbitrary units. The
quality of the fits and the different structures of the GDR's in the two systems is hereby emphasized.
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a nuclear deformation 8=/J. EG/EG =0.27+0.07.
Calculations' using the Strutinsky minimization
procedure predict (for T = 0 MeV) prolate shapes
for the N = 98 nuclei with 6 = 0.25 for angular mo-
menta up to 70A. It is also stressed that the mea-
sured average resonance energies are consistent
with the systematics for resonances built on the.
ground state, which indicates that the restoring
force of the dipole vibration is not significantly af-
fected by the increase in temperature.

In summary, these measurements for ' 8Sn' and
' 6Er' establish that the shape of the observed
GDR's, which are built on highly excited states, can
be used to determine the shape of the nucleus at
high temperature, as is the case for resonances built
on the ground state. It is found that while the data
on ' Sn' are consistent with a mostly spherical
shape up to T = 2 MeV, a substantial deformation
can be measured for the ' Er' system at T =1.6
MeV, a temperature at which approximately half
the contribution of the shell structure to the free
energy is expected to have vanished. " The de-
duced relative strengths of the ' Er GDR com-
ponents (=60'/0 in the lower peak) indicate a
predominantly oblate shape, which would imply a
change of the shape of this nucleus with increasing
I and/or E'. These measurements therefore indi-
cate that it will be possible to obtain detailed nu-
clear information by gamma spectroscopic methods,
far from the yrast region. In particular, it should be
possible to search for superdeformation in nuclei at
high temperature and to study the disappearance of
the nuclear shell structure as excitation energy in-
creases.
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