Giant resonances in hot nuclei

Dipole oscillations in which all the protons in a nucleus move relative
to all the neutrons are now seen not only in nuclear absorption processes,
but also in the emission spectra of highly excited nuclei.

George F. Bertsch and Ricardo A. Broglia

Nuclei interact with the external envi-
ronment through a number of different
fields—electromagnetic, weak and ha-
dronic. The collective excitations in-
duced by these interactions are known
as giant resonances. The best-known
example is the giant dipole resonance,
which is stimulated when the electric
field of an incident gamma ray exerts a
force on the positively charged protons
in a nucleus, moving them relative to
the uncharged neutrons (see figures 1
and 2). Other giant resonances that
have been studied are the monopole,
quadrupole and spin-isospin modes of
oscillation. The spin-isospin mode in-
volves charge-changing processes, in
particular beta decay. The quadrupole
and monopole giant resonances are
most easily seen with fields that act
equally on neutrons and protons, be-
cause in these modes the neutrons and
protons oscillate in the same mode.
The giant resonances are collective
oscillations, and the various modes of
oscillation depend on specific aspects of
the nuclear force to sustain them. In
the monopole mode, the motion is
radial and the frequency depends on
the compressibility of the nucleus. In
the dipole and the spin-isospin reso-
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nances, the protons and neutrons are
excited out of phase and the proton-
neutron interaction provides the re-
storing force.

From a general theoretical point of
view, these modes are interesting be-
cause they allow us to study collective
phenomena in a small system of parti-
cles. We can understand the physics
either from the viewpoint of quantum
mechanics or in classical macroscopic
terms. It is remarkable that collective
motion is sustained in a small quantum
system and that it can be interpreted in
the language of classical mechanics.

To observe the giant dipole reso-
nance, which was discovered nearly 30
years ago, one irradiates a substance
with a broadband beam of gamma rays.
The nuclei absorb mainly photons
whose frequencies are near the reso-
nant frequency. To excite the other
modes one bombards the nuclei with
protons, neutrons or alpha particles,
measuring the energy and momentum
transferred.

Until recently, one could study giant
resonances only as excitations of nu-
clear ground states. Thanks to the
availability of heavy-ion accelerators it
is now possible to study the giant dipole
resonance in highly excited, or “hot,”
nuclei and in nuclei spinning with high
angular momenta.

In this article we describe the new
experiments on giant dipole resonances
in hot nuclei and discuss the theory
that attempts to explain what they
show. The new studies are significant
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because many kinds of nuclear trans-
formations, such as radioactivity and
fission, involve cascades of gamma rays
from excited nuclear states. To de-
scribe the de-excitation process re-
quires knowledge of the photon inter-
actions of the excited states. The
common assumption, known as the
Brink—Axel hypothesis, has been that
the frequency and other properties of
the giant dipole resonance are unaffect-
ed by any excitation of the nucleus.
This longstanding assumption, put for-
ward by David Brink and Peter Axel in
1955, could not be tested directly until
recently.

Making hot nuclei

The new experimental results come
principally from studying heavy-ion
collisions. Nuclear -collisions with
heavy ions put energy into a nucleus in
such a way that it is shared by many
degrees of freedom. This is to be
contrasted with excitation by protons,
electrons or other elementary probes:
These projectiles interact with only a
small part of the target when they
transfer a lot of energy, so the energy
goes off in a few knocked-out nucleons
instead of getting distributed over the
whole nucleus.

The energy is transferred more even-
ly in reactions induced by heavy ions
because initially it is already shared
among the nucleons of the projectile.
The excited nuclei produced in heavy-
ion collisions may keep their energy
long enough to come to an internal
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Apparatus at the University of Washington, Seattle, for experiments on giant dipole resonances in excited nuclei.

Heavy ions from an accelerator enter through the vacuum line at the top of the photograph. The nuclei of these ions
react with target nuclei in the hemispherical target chamber, visible in the photograph, forming excited, or “hot,” nuclei in
which giant dipole oscillations are induced. lons that do not interact with the target travel out the exit pipe at the lower
left. The sodium iodide detector to the right of the target chamber analyzes the giant dipole oscillations by detecting the
gamma radiation that the resonating nuclei emit as the oscillations die out. Inspecting the apparatus are, from left to
right, graduate student Jerry Feldman; research assistant professor Cindy Gossett; professor Kurt Snover; Marta
Kicinska-Habior, visiting scientist from Warsaw; and graduate student John Behr. Figure 1
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Nuclear vibratory motion known as the
giant dipole resonance. Neutrons and
protons, shown in red and green in this
schematic diagram, acquire velocities in
opposite directions under the influence of an
external electric field, as the top right
diagram indicates. Under this motion, the
two kinds of nucleons partly separate from
each other (bottom right). The separation
requires energy, giving rise to a restoring
force (bottom left). The amplitude of

the motion is greatly exaggerated in this
figure; the actual displacement is on

the order of one percent of the nuclear
radius when a single quantum of vibration

is present. Figure 2

statistical equilibrium. The primary
time scale in such a reaction is the
nucleon traversal time, which is of the
order of 10722 seconds because the
dimensions of a nucleus are a few
fermis and the nucleon velocity at the
Fermi surface is 30% of the velocity of
light. This time is of the same order of
magnitude as the period of the giant
dipole vibration. After the nucleons
collide, equilibration takes place in a
few traversal times. The time it takes
the equilibrated system to decay by
particle emission is much larger than
the equilibration time——in the range
10-2!-10!° sec, depending on the exci-
tation energy. During this time the
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excitation and it may be observed by
the emission of photons. The quantita-
tive interpretation of the photon rates
is based on the hypothesis of statistical
equilibrium.

The key assumptions in the statisti-
cal description of nuclear decay are
that all states at a given excitation
energy are equally populated and that
from the calculated inverse reaction
rate, one can infer the rate at which the
nucleus decays by emitting a given
particle. This is the essence of Niels
Bohr’s compound-nucleus model. It
has long been used to describe nuclei
with excitation energies on the order of
tens of MeV, and heavy-ion reactions
have extended the domain of the model
to nuclei produced with excitations of
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hundreds of MeV.

The hypothetical energy-level
scheme of a nucleus shown in figure 3
helps illustrate the workings of the
statistical description of photon decay
using the Brink—Axel hypothesis. The
black lines represent the ordinary en-
ergy levels of the nucleus, starting from
the ground state and extending to a
very high density of levels at high
excitation. The giant dipole reso-
nances of these levels, according to the
Brink-Axel hypothesis, are an identi-
cal set of levels displaced upward by the
giant-dipole-resonance frequency.
These are shown in red. If the nucleus
is in statistical equilibrium at some
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probab111ty that it is in one of the red
states, where it can decay to the base
state by emitting a dipole photon. The
probability depends essentially on how
fast the level density increases between
the energy of the base state and the
energy of the initial excited nucleus.
The rate at which the level density
increases is parameterized by tempera-
ture in statistical mechanics, with the
ratio of level densities given by
e SE/¥T  Thys, assuming statistical
equilibrium and knowing the nuclear
temperature, we can infer the proper-
ties of the giant dipole resonance in
emission as well as absorption pro-
cesses.

To make an analogy with optical
physics, the color of an object can be

‘

determined in two ways. The easy way
is to illuminate it with white light and
see what wavelengths it absorbs. But
another way, in principle, would be to

heat the object and see the same
wavelengths emitted.

Experiments

Even before the heavy-ion measure-
ments, reactions with protons showed!
some preference for photon emission at
the dipole frequency for states at high-
er excitation. However, it was neces-
sary to use heavy-ion beams to achieve
statistical equilibrium, and a group at
Berkeley did the first experiments to
show? the thermal emission of giant-
dlp\'}lc yuutuuc The prﬁbabﬂit:y' Gf ph\-l'
ton emission is quite small because the
nuclear temperatures achieved are low
compared with the dipole frequency.
In their first experiments, the Berkeley
group bombarded heavy targets with a
beam of 170-MeV argon ions. This
produces a fused nucleus with a maxi-
mum temperature of about 3 MeV.
Because the dipole energy is about 15
MeV, the probability of forming a
dipole state is only about e 5, Further-
more, any highly excited state is much
more likely to decay by particle emis-
sion than by photon emission. The
observed photon spectrum is a steeply
falling curve, close to exponential. The
giant dipole resonance is seen as a
change in the slope of the curve in the
range of the resonance frequency.
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More recently, groups have done
experiments at a number of laborato-
ries, including the Max Planck Insti-
tute in Heidelberg,® the University of
Washington,® Brookhaven National
Laboratory® and the Niels Bohr Insti-
tute in Copenhagen.® The effect is
confirmed, and we are even beginning
to get detailed information about the
properties of the giant dipole in the
excited system. In one of the experi-
ments, Kurt Snover’s group at the
University of Washington bombarded
Sm!%* with a 60-MeV beam of carbon
ions to make the deformed nucleus
Er'®é, Figure 4 shows the raw spec-
trum of gamma rays. The gamma
emission rate falls over six orders of
magnitude as the gamma energies go
from 5 to 25 MeV. The spectrum shows
an undulation—the primary evidence
of the giant dipole resonance. The solid
line drawn through the data points is
the prediction of the statistical theory.
As we mentioned above, this theory
depends only on the density of levels
and the assumed photon-absorption
cross sections. For the curve in the
figure, the absorption cross section was
assumed to be the same as in the
ground state.

The ground-state dipole in Er!®® is
different from dipoles in spherical nu-
clei because of the deformation. Mo-
tion along the longer axis has a lower
frequency than motion along either
short axis, which implies that the

Nuclear energy levels in schematic
representation. The levels depicted in black
are the ordinary nuclear states. The levels
shown in red are giant-dipole excitations.
These states are built from the ordinary ones
by the addition of a quantum of vibrational
excitation, which raises the energy of the
state by fimgpoe - The probability that an
excited nucleus will decay by emitting a
giant-dipole-oscillation photon is proportional
to the relative density of the red states at
that energy. This picture is idealized in that
the states are depicted as distinct, sharp
levels. in reality they are broad and strongly
mixed. However, this broadening and mixing
is not relevant for the statistical

arguments. Figure 3

dipole is split into two components.
The double-peaked structure persists in
the excited states reached through
heavy-ion collisions. This is clearer in
figure 5, which is a plot of the same
data rescaled by an exponential factor
to roughly divide out the effects of the
density of levels on the probability of
formation of the dipole state. The flat-
topped peak between 10 and 15 MeV is
the giant dipole resonance. For a
spherical nucleus the peak has a nearly
Lorentzian shape. Thus this experi-
ment shows that the deformation found
in nuclear ground states persists to
excitation energies on the order of 50
MeV. This is not surprising: Nuclear
theory predicts that the shell effects
giving rise to deformations remain
important to temperatures on the order
of 2 MeV. In this experiment the
average temperature is somewhat less
than that.

Experiments at higher energies can,
in principle, tell us about much more
than changes in nuclear shape. In
particular, the frequency of the dipole
is intimately related to the size of the
nucleus and the forces between nu-
cleons. However, there is no consensus
yet on the behavior of the dipole at
higher energies. Some groups find that
the dipole frequency decreases at high
excitation energy; others find no fre-
quency shift. In all cases the resonance
becomes broader, as figure 6 indicates.
The collective motion is more quickly

damped in an environment of thermal
excitations than in a cold Fermi liquid.

Theory

The giant dipole resonance is excited
by the electric field of the photon,
which exerts a force on the positively
charged protons, moving them away
from the neutrons. The neutrons
themselves are electrically neutral, so
the field has no direct influence on
them. However, because the center of
mass of the nucleus remains at rest, the
neutrons move in the opposite direc-
tion, as shown in figure 2. Due to the
strong attraction between protons and
neutrons, separating them in this way
requires a substantial amount of ener-
gy, which is the origin of the restoring
force of the vibrational motion.

One can formulate the theory of the
vibrational motion at various levels of
sophistication. At the most detailed
level, one can describe the nuclear
ground states with quantum-mechani-
cal mean-field theory using the Har-
tree-Fock equations and interactions
that are usually somewhat phenomeno-
logical. One can treat the vibrations
with the time-dependent extension of
this theory. The method works re-
markably well in describing many nu-
clear properties, but is rather compli-
cated.

In fact, the structure of the giant
dipole resonance is rather simple and
its major features can be understood
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Measured gamma spectrum (left) from decay of the Er'¢®
nucleus, formed in the reaction of C*? and Sm'%* nuclei. The
compound nucleus is created in a state of high excitation energy—
50 MeV in this case—and high angular momentum. The decay is
shown schematically in the figure below. Giant-dipole-oscillation
photons, indicated in yellow, are emitted at an early stage in
competition with neutrons. Following neutron emission, slower

] gamma transitions have time to occur (orange). Most of the
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with simpler theory. Empirically,
three quantities characterize the giant
dipole resonance in spherical nu-
clei:
» the absorption cross section inte-
grated over frequency
» the center frequency of the reso-
nance
» the resonance width.

Of the three quantities, the integrat-
ed cross section is most fundamental to
nuclear theory. One can calculate this
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integral from a sum rule equivalent to
the Thomas-Reiche-Kuhn sum rule,
also known as the f~sum rule in atomic
physics. 'The sum rule describes the
response of the system to an impulsive
electric field. Immediately after the
field acts, the particles have a net
momentum but have not yet moved to a
different position. Thus the impulsive
response is independent of dynamics
and is determined only by the kinds of
charged constituents in the system and

angular momentum is carried off in the final decay by quadrupole

Figure 4

their masses. If we consider nuclei to
be made of protons and neutrons only,
the integrated cross section in a Lorent-
zian fit to the dipole agrees with the
sum rule to within 109%. The presence
of pions and other subnuclear constitu-
ents modifies the sum rule, but only by
adding very-high-frequency contribu-
tions. In any case dealing with the
temperatures and excitation energies
that are accessible in these experi-
ments, the nucleons are the basic
degrees of freedom and the sum rule is
very reliable.

The frequency of the resonance is a
more interesting property to study,
because it is sensitive to the size of the
nucleus. This dependence is easiest to
see with the aid of another integral, the
polarizability, that is, the ratio of an
induced dipole moment to an applied
static electric field. It is equal to an
integral over the photon-absorption
cross section divided by the square of
the frequency. Thus if the polarizabili-
ty is known one can use it and the
dipole sum rule to determine the fre-
quency of the resonance. The nuclear
polarizability is not directly measura-
ble, but its behavior can be inferred
from the short-range nature of the
nuclear force. As shown in the box on
the opposite page, the polarizability is
proportional to the number of nucleons
and to the square of the linear dimen-
sion of the nucleus. From the Thomas—
Reiche-Kuhn sum rule and the polariz-
ability equation, one finds that the
dipole resonance frequency scales in-
versely with the linear dimension of
the nucleus along the electric field



vector. This is the reason the dipole is
split into two components in deformed
nuclei. The low-frequency component
arises from oscillations along the major
axis of the nucleus, and because most
deformed nuclei are prolate with two
equal minor axes, there is only a single
high-frequency component.

A lowered dipole frequency in highly
excited nuclei would show that the
nuclei had become more extended spa-
tially. Some experiments show a fre-
quency shift, but the observed magni-
tude is far larger than calculated in
mean-field theory. The reason for the
small predicted shift is easy to under-
stand. Nuclei are extremely incom-
pressible. When excitation energy is
put into a nucleus, it goes mainly into
increased kinetic energy of the nu-
cleons. This increases the internal
pressure, which causes the nucleus to
expand. The pressure increase is very
small, however. The scale for the
kinetic pressure is set by the Fermi
energy, which is about 37 MeV. An
excitation energy of 200 MeV in a
nucleus of mass 100 is only 2 MeV per
nucleon. Compared with the Fermi
energy, this gives only a 5% increase in
the kinetic pressure, and an even
smaller change in the radius.

Damping. One important theoretical
question that remains is understanding
the damping of the giant dipole reso-
nance and how it is affected by excita-
tion energy in the system. The damp-
ing is due to coupling of the collective
motion to other degrees of freedom,
particularly single-particle motion and
collective surface vibrations. Damping

Dipole frequency and nuclear size

One can derive the relationship between the frequency of the giant dipole oscillation and
the size and shape of the nucleus. We do this here using sum rules, following an
argument of Arkady Migdal of the Moscow Engineering and Physics Institute. The first
sum rule, known as the Thomas-Reiche-Kuhn sum rule, is independent of nuclear
interactions and is given by

J-a' do = (2m262/mc) (NZ/A)

Here ¢ is the photon-absorption cross section; N, Zand A are the neutron, proton and nu-
cleon numbers; mis the nucleon mass; and e is the proton charge. We also need the sum
rule for the electric polarizability a:

J-(a/ °) do = 2m2a/c

To see the relationship between the polarizability and the forces and dimensions of the
nucleus, we examine the distortion in nuclear charge density caused by a polarizing field.
The energy in the presence of an external field is the sum of two terms. The firstis the
field energy, which we write in terms of the electric field, taken to be in the x direction, and
the deviation &p of the proton density from equilibrium:

E, = Efefxsp d®r

The second contribution to the energy is the internal energy of the nucleus. It must vary
quadratically with the deviation 8p of the charge density from equilibrium, because the
initial state is stationary. The short-range character of the interaction implies that the
energy depends only on the charge-density deviations 8p(r) and dp(r’) at nearby points.
Hence we can write the total internal energy as an integral over a local energy density:

E,= 1/2J-b(f) [8p(r)]2 d°r + constant

The energy-density coefficient b is related to the nuclear symmetry energy. We next
minimize the total energy, the sum of £, and £;, with respect to possible choices of the
deviation 8p of the charge density from equilibrium. The energy is a minumum for the
choice

6p = &ex/b

The polarizability a is defined as the ratio of the induced dipole moment to the electric
field:

a= (eJ-x o dar)/ & = ezf(f/b) d3r
We may then determine the frequency of the dipole by using sum rules in a ratio:
w? =1/1/0%),
= J-a dw/J-(a'/mz) do
= NZ/[mAJ-(xz/b) &
From the final expression we see that the frequency measures directly the linear

dimension along the electric field, provided the nucleus is large enough that the energy-
density coefficient b(r) may be considered constant.

from the single-particle coupling is well

dipole frequency, so the temperature-

known in plasma physics as “Landau
damping,” but it does not appear to be
the major factor in nuclear resonances.
Coupling to surface vibrations, how-
ever, is quite important and accounts’
for most of the observed widths in cold
nuclei. The availability of these de-
grees of freedom increases as the exci-
tation energy grows. This is a trivial
observation for classical systems—vis-
cosity increases with temperature—
but for quantum systems the depen-
dence can be more subtle. For exam-
ple, in the Fermi liquid He® the quan-
tum sound vibrations become strongly
damped as the temperature is in-
creased.

In the case of the giant dipole reso-
nance in nuclei, the temperatures
achieved are low compared with the

dependent effects should be small.
Francesco Bortignon of the University
of Padua and his collaborators tried
recently to calculate the damping using
finite-temperature perturbation the-
ory. According to their calculations,
the increase in damping would not be
seen at the temperatures so far
achieved.

Finite-temperature perturbation
theory is based on a mean-field descrip-
tion of the ensemble of nuclear states,
which ignores the fluctuations in nu-
clear shape from one state to the next.
In fact, these fluctuations may be® the
single most important source of the
width at high excitation. The observed
broadening could just be a superposi-
tion of splittings due to the various
deformations. To calculate the broad-
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Rescaled data showing giant-dipole-
resonance peak. The measured spectrum
from the gamma decay of the Er'®® nucleus,
shown in the previous figure, is here
displayed with an exponential factor divided
out. The giant dipole resonance now
appears as a flat-topped peak. The solid
curve shows a theoretical fit to the data from
a computer simulation of the statistical decay
process. The ingredients of the calculation
are the nuclear-level-density formula, the
neutron-absorption probability and the
characteristics of the giant dipole resonance.
The last are determined from the ground-
state resonance, which is shown
schematically in the figure below. The
calculated dipole resonance is the sum of
two Lorentzian functions because the
nucleus is deformed, with two principal axes
of different length. Figure 5

ening we first need to know the energy
of the nucleus as a function of deforma-
tion. There are many solutions to the
mean-field equations, corresponding to
different configurations. The deforma-
tions of the lowest-energy states define
a potential-energy surface, which is
most conveniently calculated by a hy-
brid of mean-field theory and the lig-
uid-drop model due to V. Strutinsky.
Given the potential surface, one can
define a thermal distribution of shapes
for any excitation energy, as figure 8
indicates. Some of the spherical nuclei
studied, such as the tin isotopes, have a
shallow minimum and acquire a finite
average deformation easily. On the
other hand, the strongly deformed nu-
clei have rather steep potentials, and
their fluctuations are relatively small
at the excitation energies studied.
However, for some of the deformed
nuclei the potential has another mini-

50 PHYSICS TODAY / AUGUST 1986

800}
. +
[
= .
§ .
400 ., )
] o,
Q [ ]
& ®oe
0 | | _
5 10 15 20 75
ENERGY OF EMITTED GAMMA (MeV)
300}
g 200
=z
o
5
w
w
[72)
[75]
Q
ol
[&]
100}—
0 i 1 |
5 10 15 20 25

ENERGY OF EMITTED GAMMA (MeV)

mum at superdeformed shapes. In
these the ratio of long to short axes is
2:1, so there would be a very large
splitting in the giant dipole resonance.

Rotational perturbations

One can also use heavy-ion reactions
to study the dependence of the giant
dipole resonance on rotational angular
momentum. Because of their large
masses, heavy ions can bring larger
angular momenta to nuclear excita-
tions than can other particles. To
measure the angular momentum, how-
ever, one needs a special detector such
as a ‘“crystal ball”—a large array of
scintillation detectors that completely
surrounds the target. This array mea-
sures the total number of gamma rays
that come out of the excited nucleus.
The nucleus gets rid of most of its
angular momentum by emitting low-
energy gamma rays in the final stage of

the de-excitation process. These pho-
tons are demonstrably quadrupolar,
carrying off two units of angular mo-
mentum apiece. One determines the
initial angular momentum by counting
the number of photons emitted. If one
measures another quantity at the same
time, one can determine its dependence
on angular momentum by plotting it as
a function of photon multiplicity.
Using this technique, a collaboration
of physicists at Heidelberg and Darm-
stadt found a surprising result: The
frequency of the dipole oscillation de-
creases with increasing angular mo-
mentum, dropping by 20% when the
angular momentum in the nucleus
reaches 504. If future studies confirm
this finding, the theory of nuclear
rotation will have to be reevaluated.
At present, it is based on mean-field
theory in a rotating coordinate sys-
tem.® As in the case of the heated
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nuclei, the predicted additional forces
from the rotational motion are insuffi-
cient to affect materially the average
density of the nucleus. The nucleus
becomes more deformed when rotating
at high velocity, but this causes oppo-
site shifts of the dipole frequency along
the different axes, and these shifts
cancel on average.

The only effects predicted in rotating
nuclei are additional splittings of the
giant dipole resonance and, if the
nuclei are deformed, an angular aniso-
tropy of the emitted photons. We can
understand these effects classically.
Imagine the long axis of the nucleus to
be a dipole antenna that is rotating so
as to present a constantly changing
aspect to an observer. The electromag-
netic radiation will be amplitude modu-
lated at the rotational frequency, im-
plying that the dipole oscillation fre-
quency will be split by that amount.

The same effect occurs in the quantum
calculations of the giant dipole reso-
nance in Hartree-Fock theory. How-
ever, the maximum rotational rates
achieved are only about 2 MeV/#. The
resulting rotational splitting of 2 MeV
is much smaller than the damping
width of the giant dipole resonance,
which is 4-7 MeV. Hence it does not
appear possible to observe this effect
directly.

On the other hand, it is possible to
see the predicted anisotropy in the
angular distribution of photons. The
effect arises because the rotation of a
prolate nucleus tends to be about an
axis perpendicular to the long axis.
The lower-frequency component of the
dipole will tend to be emitted perpen-
dicular to the long axis as well, because
that axis is acting as the antenna.
This, together with the fact that the
rotational angular momentum in colli-

Resonance width of the giant dipole
resonance in tin nuclei as a function of
excitation energy. The excited-state widths
come from a statistical analysis of the kind
shown in figure 5. Figure 6

Cross section for photon absorption by
Au'®” nuclei plotted as a function of photon
energy. The cross section varies smoothly
with energy and is weli fit by a Lorentzian
function, shown as the solid line. Mean-field
theory readily explains the position of the
peak and the total absorption strength, but
one needs more sophisticated theory to
describe the shape in detail. Figure 7

sions with heavy ions is perpendicular
to the beam direction, leads us to expect
that the lower-frequency giant-dipole-
resonance photons will be emitted pref-
erentially perpendicular to the beam
direction. The Heidelberg-Darmstadt
group found this to be the case in their
experiment.

Level density. The recent experi-
ments have called into question earlier
findings on several properties of highly
excited nuclei, but they have confirmed
at least one aspect of the previous
findings: the nuclear level density. As
we mentioned above, high-energy phe-
nomena are very sensitive to the rate of
change of level density. This is conven-
tionally parameterized with a formula
for the level density that Hans Bethe
derived from the Fermi gas model. The
main parameter in the formula is the
single-particle level density. If the sum
rule is assumed to be satisfied, then the
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yield of dipole photons may be used to
infer that parameter. This determines
the parameter far more accurately
than was possible from other measure-
ments. The level density in a normal
Fermi system is proportional to the
effective mass of the particles at the
Fermi surface. The value extracted
implies that nucleons are a little bit
heavier inside nuclei than in free space,
but further discussion of this finding
would take us too far afield.

Prospects

Several laboratories are pursuing
the interesting question, In how highly
excited a nucleus can one measure the
giant dipole resonance? There are
many issues here: First, is a compound
nucleus formed in collisions at high
excitation energy? Studies of other
particles emitted in heavy-ion reac-
tions indicate that interacting projec-
tile and target nucleons may produce a
very short-lived equilibrated zone of
very high temperature. However, this
zone loses its energy by direct particle
emission without transferring it to the
remainder of the target and projectile.
Thus the global equilibration necessary
for analyzing the giant-dipole photon
yields may not be attained. Even if the
equilibration does occur, the giant di-
pole resonance may no longer exist.
The resonance phenomenon requires
there to be a restoring force in the
system, and the system must last long
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enough, say a few times 1022 sec, to
undergo a cycle or so of the oscillation.
If the nucleus does not last that long,
the peak in the frequency distribution
will disappear. The presence of the
dipole with the predicted strength
would confirm the continued existence
of compound nuclei at higher tempera-
ture. Mean-field theory predicts that
nuclei can exist to temperatures of at
least 5 MeV, but whether this can be
seen experimentally is unknown.
Besides the problem of forming the
equilibrated system, another issue
arises at higher energies, concerning
the photon emission mechanism.
Heavy-ion collisions can produce pho-
tons with energies much higher than
that of the giant dipole resonance. For
example, the observed photon spec-
trum from energetic heavy ions falls
much less steeply than the spectrum
from less energetic heavy ions, and
extends up to 100 MeV. It would be
difficult to attribute these energetic
photons to the decay of an equilibrated
compound system when the target is
large, because the temperature would
be too low. The photons may be brems-
strahlung from collisions between indi-
vidual protons and neutrons in the first
stages of the nucleus-nucleus interac-
tion. If this is so, the complete descrip-
tion of the photon yields will be much
more complicated. Even if a statistical
description is applied to these photons,
it is likely to be for a small zone rather

Effect of thermal fluctuations on the line
shape of the giant resonance. The potential
energy of the nucleus depends on its
deformation, and at finite excitation there is a
statistical distribution of probabilities for
various deformations. For each deformation
there is a specific resonance line shape; the
observed line shape is the average. Maribel
Gallardo and her coworkers at the Niels Bohr
Institute used this picture to explain® the
increase in resonance width for the tin
nucleus. Figure 8

than the entire system. The origin of
these higher-energy photons is an in-
teresting problem and is a focus of
current study by both theorists and
experimenters.
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