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Abstract. Three quarters of a century ago, in his paper “Quad-
rupole and dipole y-emission from nuclei” [J. Phys. USSR 8 331
(1944); Zh. Eksp. Teor. Fiz. 15 81 (1945)], A B Migdal intro-
duced the concept of quantum collective excitation modes into
nuclear physics, thereby predicting the phenomenon of giant
dipole resonance (GDR). GDR research has had an enormous
influence on the formation of modern concepts relating to the
dynamics of nuclei. We briefly discuss Migdal’s paper and trace
the history of theoretical and experimental studies of GDR.
New forms of GDR and analogues of GDR in nonnuclear
microsystems are mentioned.

Keywords: giant dipole resonance, collective excitation
modes, photonuclear reactions, nuclear physics

Dedicated to the 75th anniversary of A B Migdal’s work
“Quadrupole and dipole y-emission from nuclei”

1. Introduction.
Prediction of giant dipole resonance

The year 2020 marks the 75th anniversary of the publica-
tion of A B Migdal’s pivotal paper, “Quadrupole and
dipole y-emission from nuclei’ [1], in which he predicted the
existence of collective excitations of a new type in atomic
nuclei. In contrast to less energetic surface oscillations of the
nuclear liquid droplet, the oscillations predicted by Migdal
involve all nucleons of the nucleus. In the process of these
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oscillations, all the neutrons move with respect to all the
protons, generating electric dipole excitations with energies
>10 MeV. This was in fact a prediction of the important
universal nuclear phenomenon — the giant dipole resonance
(GDR) that is dominant in cross sections of photon
absorption by atomic nuclei caused by electric-dipole
El-photons.

The magnitude of this phenomenon on the scale of nuclear
and nucleon excitation energies is shown schematically in
Fig. 1. GDR, inherent in all nuclei with the number of
nucleons 4 > 2, is the strongest response of atomic nuclei to
electromagnetic radiation. It dominates in the energy range
10-50 MeV, covering nearly half the energy scale of nuclear
excitations that extends to approximately 100 MeV.

In [1], Migdal evaluated the dipole moment d induced in a
nucleus under the action of a uniform external field. He used
the semiclassical analysis based on the notion of mutually
permeating proton and neutron liquids. Invoking the sum
rule for electric dipole transitions and barely relying on
specific models, Migdal obtained a relation between the
average energy (E) of these transitions and the constant f§ in
the symmetry energy term f (N fZ)Z /A in Weizsicker’s
semiempirical formula for the binding energy of the nuclear
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Figure 1. Schematic dependence of the cross section of photon absorption
by atomic nuclei and free nucleons on the photon energy.
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where N and Z are the numbers of neutrons and protonsin a
nucleus, and «, f3, y, 7, and ¢ are empirically chosen numerical
coefficients. Migdal assumed that the energy is distributed
uniformly over the entire nucleus and is characterized by the
density f (p,, — pp)z/p, where p,, p,,, and p are the respective
densities of the neutron and proton liquids and the total
density (p, + p, = p = const).

The calculation procedure amounted to equating the
static dipole moment of the nucleus in a uniform electric
field, calculated using Weizsacker’s formula for a small
volume of nuclear matter, with the quantum mechanical
expression for the dipole moment. The resultant relation
allowed finding the average energy (E) of dipole transitions:

Zn ‘d0ﬂ|2/(En — EO) _ 1 (2)
Zn(En - E())|dOn|2 7
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where d, is the static dipole moment acquired by the nucleus
under the transition from the ground state with the energy E
to an excited state with the energy E,. The numerator on the
left-hand side of relation (2) is expressed in terms of the static
dipole moment d calculated by Migdal using Weizsacker’s
formula, and the denominator is evaluated with the help of
the dipole sum rule ), (E, — Ep) \don|2 using its classical
expression [2n?e’fi/(Mc)]Z, where M is the nucleon mass.
The average energy (E) of dipole excitations evaluated by
Migdal can be written in the form

NZ I
<E>:,/40Fﬁﬁzgofrl/3 MeV . (3)

For numerical estimates, we here take the value § = 24 MeV
and the nucleus radius R = 1.24'/3 fm. For heavy nuclei,
formula (3) then gives (E) =13—14 MeV. We note that
although Migdal’s calculations were based on the collective
model of proton and neutron liquids, they are equally well
applicable to the shell model of two ideal Fermi gases.

2. Giant dipole resonance
as a collective nuclear excitation

Giant dipole resonance was first observed in 1947 and 1948 in
two experiments by Baldwin and Klaiber [3] on a betatron
bremsstrahlung y-beam with the energy of 100 MeV. Baldwin
and Klaiber discovered that the cross sections of the '>C(y, n)
and %Cu(y,n) reactions and the Th photofission reaction
have wide maxima centered at the energies of 16-25 MeV.

The results of these measurements were interpreted by
Goldhaber and Teller [4], who were apparently unaware of
Migdal’s work. Independently of Migdal, the authors of [4]
noted the electric dipole character of photon absorption in
the energy range 10-30 MeV and obtained expressions
for the resonance energy E, of classical harmonic oscilla-
tions of protons with respect to neutrons in three approx-
imations:

(1) each proton and each neutron oscillates about its
equilibrium position, similarly to ions vibrating in a crystal;

(2) protons and neutrons oscillate with respect to each
other similarly to compressible liquids within the fixed
surfaces of the nucleus (Migdal’s version);

(3) protons and neutrons oscillate with respect to each
other similarly to hard (incompressible) spheres.

According to the first model, E,, is independent of the
number A4 of nucleons in the nucleus; according to the
second model, it is proportional to A~!/3; and according to
the third, it is proportional to A~'/%. Because the best
correspondence with experiment at the time followed for
En ~ A7Y¢ Goldhaber and Teller developed a third model,
which in the literature has since been associated with their
names. According to the Goldhaber-Teller model, E,, ~
4547Y6 MeV.

The second model proposed by Goldhaber and Teller,
i.e., Migdal’s model of compressible proton and neutron
liquids, was developed by Steinwedel and Jensen [5], and
also by Danos [6]. Just as Migdal did, the authors of [5, 6]
wrote the density of the symmetry energy of the nucleus as
B(p, — pp)2 /p. The external electromagnetic field induces
reverse-phase oscillations of the neutron and proton liquid
densities (polarization oscillations), which satisfy the usual
wave equation of hydrodynamics. The wave number of such
oscillations is related to the symmetry energy constant f.
Sound waves of a certain type (so-called second sound waves)
occur in the nucleus, such that the two nucleon liquids
oscillate with respect to each other, and the total density of
the nucleons is assumed to be constant.

Detailed calculations of the lowest resonance frequency of
these oscillations leads to the following expression for the
resonance energy Ep:

NZ  h?
En = \[346—5 f5 s~ 754 13 MeV . (4)

We can see that, despite the use of more sophisticated
mathematical tools, the obtained relation virtually repro-
duces relation (3) that follows from Migdal’s approach.

We compare the predictions that the Migdal model and
the Goldhaber—Teller model of hard nucleon spheres make
for the position of the GDR maximum E, as a function of the
mass number 4 with experimental date available for most of
the stable nuclei, some of which are presented in Fig. 2. We
can see that, as 4 increases, the GDR maximum £, moves to
lower energies. The corresponding experimental dependence
is shown with dots in Fig. 3, to be compared with the
predictions of the two models under discussion. The choice
in favor of the Migdal model is evident: this model is
especially good at reproducing the experimental data in the
range of 4 from 50 to 150. Thus, in the framework of the
collective approach, GDR is to be treated as reverse-phase
oscillations of compressible proton and neutron liquids
within the fixed nucleus surface, rather than relative oscilla-
tions of two hard nucleon spheres.

In 1958, Danos [6] and Okamoto [7] established the
existence of a correlation between the GDR width I" and the
quadrupole deformation parameter ¢ for the nucleus in the
ground state (the Danos—Okamoto effect). The essence of this
effect is that in nonspherical nuclei shaped like an axially
symmetric ellipsoid there must be two resonance frequencies
of dipole oscillations (which means splitting into two GDR
components) corresponding to motions of the oscillating
liquids along and across the nucleus symmetry axis. This
must lead to a broadening of the photoabsorption cross
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Figure 2. Cross section of the photoneutron reaction in the GDR domain
on nuclei with different mass numbers A4.
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Figure 3. Experimental dependence of the GDR maximum E;, on the mass
number A4 (dots) and predictions of the Migdal (Steinwedel-Jensen)
model, solid line, and the Goldhaber—Teller model, dotted line.

section and, at large deformations, to the appearance of two
maxima in it. The lower-energy maximum must then
correspond to dipole vibrations along the major axis of the
nuclear ellipsoid, and the higher-energy maximum, to
vibrations along the minor axis. As an example, in Fig. 4 we
show the 1974 data on cross sections of photoneutron
reactions of an isotope of samarium [8].

We can clearly see that, as 4 increases, the GDR first
broadens and then splits into two maxima, which means the
formation of two giant resonance components.

The appearance of two GDR components in axial nuclei
with pronounced quadrupole deformation is an effect
predicted by the Migdal model. Indeed, it follows from
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Figure 4. Photoneutron cross section of Sm isotopes [8]. Values of their
quadrupole deformation parameter J are given.

formulas (3) and (4) that the resonance energy (frequency)
of dipole oscillations is inversely proportional to the nucleus
radius R. An axial nucleus has two characteristic sizes: the
respective lengths ¢ and b of the minor and major axes of the
ellipsoid, and therefore their resonance energies must be
shifted by the quantity

1 1
AE=E,— E, = 75X l.2<——5) MeV
a

~ 7547'316] MeV (5)

with the deformation parameter 6 = (b — a)/(R) and with
(R) = Vab = 124" fm. Formula (5) reproduces to within
10 to 15% the GDR splitting magnitude for the heaviest
isotopes of samarium, '2Sm and **Sm.

The GDR splitting into two components is also clearly
manifested in the strongly deformed nucleus '®*Ho, for which
|0] = 0.294 (see Fig. 2). The magnitude of this splitting
coincides with the one estimated by formula (5) to within
5%. These data, along with some others pertaining to heavy
deformed nuclei, on the one hand suggest that the nonspheri-
city degree of these nuclei is preserved at excitation energies of
10-20 MeV, and on the other hand are evidence in support of
the Migdal model.

3. First stage of experimental
giant dipole resonance studies

Migdal and his collaborators returned to the description of
GDR 20 years after the appearance of his pioneering work [1],
armed with the theory of finite Fermi systems (TFFS) that he
had developed [9—-12]. By that time, GDR studies were in full
swing. Immediately after its experimental discovery, this
phenomenon attracted the attention of nuclear physicists,
and they set about studying it. Several dozen laboratories
across the world included GDR investigations on the list of
their high-priority research tasks, which was facilitated by the
appearance of accessible electron accelerators at energies up
to 100 MeV, such as betatrons, synchrotrons, linear accel-
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Figure 5. Integral photoabsorption cross sections in the GDR range for
nuclei with different mass numbers. Line: prediction of the classical dipole
sum rule.

erators, and microtrons. The most active and successful
experimental investigations were performed in the USA,
Canada, the USSR, Germany, France, Italy, the Nether-
lands, Belgium, Sweden, Yugoslavia, and Australia. In the
focus of investigations were the cross sections of the main
GDR decay channels, the photoproton and photoneutron
ones, and, less frequently, the total photon absorption cross
section and, the spectrum and angular distribution of
photonucleons. Data for the most abundant stable isotopes
were obtained rather quickly, confirming that GDR is a
major and universal nuclear phenomenon caused by electric-
dipole photons.

In Figure 5, we show the photoabsorption cross sections
integrated over the GDR range o.™ = [ ¢, (E,) dE, for nuclei
with various numbers of nucleons; the cross sections were
obtained both by summing the cross sections of the main
photonucleon reactions and by using the direct measure-
ments of photoabsorption cross sections. That the classical
estimate 0.06(NZ/A) MeV b is close to the experimental
values proves the electric dipole nature of the photons
absorbed by the nucleus. In the case of dominant absorption
of other types of photons (M1, E2, ...), experimental values
agreeing with the long-wavelength approximation (photon
wavelengths 4 > R, where R is the nucleus radius) would have
been positioned much lower than the classical estimates. That
the experimental values are somewhat (up to ~ 30—40%)
higher than the estimate 0.06(NZ/A) MeV b for nuclei with
A > 100 can be explained by the particular properties of
internucleon forces, first and foremost by their exchange
nature [13].

Conducting photonuclear experiments on electron accel-
erators turned out to be challenging. Besides overcoming the
difficulties due to the small cross sections of photonuclear
reactions, methods for using electron beams to generate
high-energy photons had to be worked out. The most
frequently used way of generating such photons is the
production of bremsstrahlung vy-radiation beams. Most
(and at the initial stage of investigations, overwhelmingly
most) of the photonuclear experiments were conducted with
the help of bremsstrahlung beams. But because the brems-
strahlung y-radiation spectrum is continuous, with the upper
edge E)"*, the immediate result of an experiment is not the
reaction cross section but the yield Y (E]™) related to the

effective cross section o(E,) by the integral equation

Y(EM™) = | o(E,)W(E, EM)dE,, (6)

0

where the integrand contains the product of the spectral
function of bremsstrahlung radiation W (E,, ES"®*) and the
reaction cross section. The integration over energy ranges all
energies of bremsstrahlung photons (from 0 to E**). The
strategy to find ¢(E,) is to measure the reaction yield at
different upper edges of the bremsstrahlung spectrum and
then to solve the so-called inverse problem (finding o(Ey)),
given the dependence of the yield on E, by some
numerical integration method. The intricate details of work
with bremsstrahlung radiation beams and the methods for
extracting cross sections from the yield curves are available
in [14-21].

In the USSR, the first measurements of photonuclear
reaction cross sections on a bremsstrahlung y-radiation beam
were done in 1949-1950. The photofission cross sections of
uranium (3?*U, 23U, and ?*U) and thorium (**2Th) isotopes
were obtained [22]. The measurements were made at the
Physical Institute of the USSR Academy of Sciences (FIAN)
on a 30-MeV synchrotron constructed under the supervision
of VI Veksler. A differential ionization chamber was used to
register the fission products. The measurements showed that
all the cross sections obtained are similar in shape and have
distinct maxima at the energy of 13-14 MeV. The position
and shape of these cross sections turned out to be similar to
the cross sections of other photonuclear reactions on the same
nuclei.

In the 1950s, investigations of cross sections of photo-
neutron reactions on intermediate-mass and heavy nuclei were
underway across the world, which was explained by a
relatively larger (y,n) reaction cross section on these nuclei
than the cross sections of other photonuclear reactions, as well
as by the possibility of using thick targets. In addition, the
background could be minimized by time-separating the
processes of target irradiation by y-quanta pulses and of
neutron registration if decelerating detectors or the method
of induced activity were used. A major contribution to these
investigations was made by the studies conducted at FIAN.
The photoneutron production cross sections of ten intermedi-
ate-mass and heavy elements (Cu, Zn, Cd, I, Ta, Au, TI, Bi,
Th, U) were measured [23]. All the cross sections had the shape
of giant resonances. Integrated cross sections were in agree-
ment with the estimates based on sum rules [13].

In the same period, the 30-MeV synchrotron at FIAN was
used to measure energies and angular distributions of
photoprotons in nuclei of copper, nickel, and other inter-
mediate-mass nuclei with the help of nuclear photographic
emulsions, which showed a significant excess in the photo-
proton yield compared with the one predicted by the
evaporation model in the high-energy end of the proton
spectrum [24, 25].

A major contribution to the knowledge about GDR was
made by direct measurements of the total cross section of the
photon absorption by nuclei made at FIAN in 1962-1981.
The essence of the method (the first iteration of its use being
described in [26]) is to measure the attenuation of a photon
beam of bremsstrahlung radiation that has passed through an
absorbent with a known thickness containing the nuclei in
question and to compare it with the original beam to find the
total cross section of all interaction processes (both nuclear
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Figure 6. Photoabsorption cross section for the '°O nucleus, measured
using the direct method on a 250-MeV synchrotron [27, 28]. Columns:
data from the calculations in [41].

and nonnuclear) of atoms of the investigated substance with
v-quanta. Because the nonnuclear processes are studied well,
their contribution to the total cross section can be subtracted
and the result attributed to nuclear photoabsorption. The use
of a y-spectrometer allowed bypassing the complications due
to the continuous nature of the bremsstrahlung radiation
spectrum, and the energy resolution of the method was
entirely determined by the quality of the y-spectrometer. In
the experiments at FIAN, the photon detector was chosen as
a pair magnetic spectrometer with a 120-keV resolution for
20-MeV photons and efficiency of == 107°.

The result for the '°O nucleus is presented in Fig. 6, which
shows a distinct structure in the photoabsorption cross
section of the nucleus. Similarly, work by the photonuclear
group in Ljubljana (Yugoslavia), who were also using the
method of total photoabsorption but with a Compton
spectrometer, revealed essential features in the nuclear
photoabsorption cross sections for some nuclei, from ber-
yllium to calcium [29, 30]. This method has thus confirmed
the existence of an intricate GDR structure observed in a
number of earlier photoneutron experiments.

At FTAN in the 1960s, the method of total photoabsorp-
tion was used to obtain not only the '°0 cross sections but
also those for °Be, >C, I°F, 2*Mg, ?’Al, 3?8, “°Ca, and Fe
nuclei. Later, in 1974-1981, more than 20 intermediate-mass
and heavy nuclei were investigated, also showing the Danos—
Okamoto effect for deformed nuclei.

The first stage of studies of GDR continued for one and a
half decades after its experimental discovery. The most
general GDR characteristics were obtained during that
period. The range of the GDR energy position and the cross
sections were determined for many nuclei (mainly in photo-
neutron reactions). The GDR structure transpired in some
photoneutron experiments and also in measuring the photo-
absorption and inverse photonuclear reaction cross sections.
The energy and angle distributions of photoprotons averaged
over the bremsstrahlung spectrum were measured for a
number of nuclei. Bremsstrahlung y radiation was used in
virtually all experiments.

Since the 1960s, the experimental capabilities of photo-
nuclear investigations have been steadily growing. Experi-
ments have become possible that result in deeper insights into
the GDR formation and decay mechanism. Before proceed-
ing to the data of a new generation of experimental studies, we
briefly discuss the status of theoretical GDR investigations
existing at the time. A more detailed review of theoretical
concepts pertaining to GDR, with more references, can be
found in [15, 31, 32, 55].

4. Theoretical giant dipole resonance
investigations. A microscopic approach

Along with the development and wide use of the concept of
collective forms of motion in nuclei, the ideas of independent
motion of nucleons and the essential role played by one-
particle degrees of freedom were shaped by the early
1950s [33]. It has become possible to interpret the GDR
within a microscopic approach. The first attempts to explain
the phenomenon of GDR that way were already made in 1953
(references to earlier works can be found in [34]). This
approach was most fully implemented by Wilkinson [35]. Tt
was shown that in the one-particle shell model the electric
dipole excitations are formed by transitions of nucleons from
the filled shell to the nearest unoccupied shell, and therefore
their energy is close to the mean separation between the shells.
These transitions are grouped within a relatively narrow
energy range determined by the spread of El-transition
energies; the GDR thus also occurs in this approach. It was
therefore assumed that GDR forms from noninteracting one-
particle—one-hole (1p1h) nucleon configurations (where p is a
nucleon in the free shell and h is the vacancy (hole) in the filled
shell) and its ‘collective’ features are absent. It then turned out
that the calculated GDR energy was much lower (in heavy
nuclei, by a factor of two) than the experimentally observed
one.

The descriptions of GDR in collective models and in the
model of independent particles located in the mean nuclear
field were apparently mutually exclusive. However, it was
shown in [36] that in the oscillator mean field, the dipole 1plh
configurations can be used to construct a coherent super-
position that reproduces the oscillatory motion of the centers
of mass of protons and neutrons in collective models. The
situation was clarified with the appearance of studies [37-39].
In the first of these, the example of GDR in the 'O nucleus
was used to show that taking residual nucleon—nucleon forces
into account in the shell model shifts the dipole excitation
energy toward larger values, thus eliminating the major
drawback of the one-particle model, the GDR maximum
being positioned too low.

The role of the residual interaction in the formation of
GDR in light nuclei was also investigated in [38]. The effect of
residual forces was analyzed by Brown and Bolsterly [39],
who demonstrated that, due to accumulation effects, these
relatively weak forces lead to the formation of a coherent state
with correlated motion of a large number of nucleons from
independent 1plh configurations. The major part of the
dipole force is then accumulated in a single coherent
resonance, which draws the results of shell-model calcula-
tions closer to the results of the collective approach,
predicting the excitation of one collective degree of freedom
of the nucleus: proton—neutron oscillations.

We can say that, in interpreting GDR, the formation
mechanism of collective excitations at the microscopic level
was revealed. Subsequently, many GDR calculations were
done within the 1plh approximation of the shell model with
different forms of residual interaction. The El transition
strengths that follow from the calculations in [41] and [40]
are respectively shown (in relative units) in Fig. 6 for '°0O and
in Fig. 7 for 2%%Pb.

Among the different versions of 1plh calculations, the
most popular were the random phase approximation
(RPA) [42], the TFFS [9-12], and the method of coupled
channels [43]; despite the different assumptions, all three led
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Figure 7. Squares: photoabsorption cross section for the 2®Pb nucleus
obtained by summing all the experimental photonucleon cross sections.
Columns: data from the calculations in [40].

to approximately the same results. After replacing particles
and holes with quasiparticles, the 1plh approach becomes
applicable not only to closed-shell nuclei but also to
intermediate-mass and heavy spherical nuclei with unfilled
shells, as well as to strongly deformed nuclei. In the last case,
the description of one-particle motion involves a deformed
one-particle potential, and the GDR splits into two max-
imums corresponding to neutron-proton oscillations along
and across the nucleus symmetry axis, in accordance with
predictions of the collective hydrodynamics model [6, 7]. An
essential step in advancing the 1plh approach was made
in [43-45], where calculations were extended to the contin-
uum, which allowed, first, describing the GDR decay as a
result of a particle escaping to the continuous spectrum and,
second, taking the effects due to the interference of close
resonances into account.

It turned out at the same time that most of the RPA
calculations, even with the continuum taken into account, do
not describe the GDR structure and width. We let I'y denote
the GDR width, which we understand as the range of energy
spread of most of the photoabsorption cross section o, i.e.,
the width of the photoabsorption domain. It ranges from 4 to
20 MeV and shows no apparent trend as A4 increases.
Moreover, changing the number of nucleons in a nucleus by
1 or 2 can lead to a dramatic change in both I'y and the shape
of the cross section. This is illustrated by experimental data,
shown in Fig. 8, on the photoabsorption cross sections of
1d2s-shell nuclei in the range from 'O to calcium isotopes.

It has become obvious that Iplh calculations are insuffi-
cient for reproducing the actual situation, and the space of
possible excited configurations must be extended by taking
states with more particles and holes into account (Fig. 9).
These new configurations become relevant at the stage of the
decay of the collective dipole state under the action of a
‘friction’ mechanism, which is realized, for example, due to
the coupling of dipole oscillations to quadrupole surface
vibrations. Back in 1962, it was shown in [47] that some
‘1plh+ phonon’ 2p2h states can substantially affect the GDR
width and structure.

In the framework of the collective model, this was
considered in [48, 49], where the coupling of dipole oscillations
and quadrupole vibrations was taken into account in spherical
nuclei. In [50], dipole states were considered in the framework
of the particle-hole approach, but surface vibrations were still
described within the collective model, with up to six quadru-
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Figure 8. Experimental photoabsorption cross sections of 1d2s-shell
nuclei [46].
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Figure 9. Process of the increase in the number of particle-hole pairs and
emission of nucleons at different stages of GDR decay.

pole phonons taken into account. The data for ®*Ni given in [50]
are compared in Fig. 10 with the results of the experiment
in [51]. We can see that going beyond the 1plh approach due to
the coupling of dipole and quadrupole degrees of freedom, i.e.,
passing from the basis of 1plh configurations to the basis of
2p2h configurations (the quadrupole surface excitations, just
as the dipole ones, correspond to collectivized 1plh-states in
the microscopic picture), leads to significant fragmentation and
the spread of the dipole strength of a coherent 1p1h excitation.
The GDR shape predicted by the theory is then in much better
correspondence with the observed complicated structure of the
reaction cross section.

Taking more complicated excitations beyond the 1plh ones
into account also allows gaining insight into the nature of
photonucleon energy spectra. The process of consecutive
increase in the number of particle-hole pairs in the excited
nucleus is completed at the compound nucleus stage,
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Figure 10. (a) Photoabsorption cross section for the ®*Ni nucleus obtained
by adding the photoproton and photoneutron cross sections [51], and
result of the calculation of the dipole strength (in relative units) (b) within
the 1plh approach and (c) with the coupling of 1plh states to surface
phonons taken into account [50].

(Iplh — 2p2h — 3p3h — ... —compound nucleus), with
the nucleus capable of emitting a nucleon at each step of this
process. If the nucleons are emitted at the first step, the resultant
spectrum is rather hard, as predicted by Iplh calculations. If
nucleons are emitted at the last step, an evaporative-type
spectrum follows. These two spectra are limit idealizations of
the real situation. A spectrum close to the observed one can be
obtained if the emission of nucleons at all steps of the above
process is taken into account. As the number of ph pairs
increases, the emitted nucleons become less energetic, and
their spectrum changes from a hard (‘direct’) to a softer
(‘evaporative’) one.

In this way, about 10 years after the appearance of the
particle-hole GDR model, it became obvious that a detailed
description of GDR must involve not only 1plh states but
also 2p2h states at the very least. Theoreticians invested
considerable effort into implementing this idea. Exactly
taking all possible 2p2h configurations into account is
impossible because of their huge density in the GDR range,
up to 10°—10* states per MeV in intermediate-mass and
heavy nuclei. In the approach that was used instead,
noncoherent 2p2h configurations were replaced by states of
the ‘Iplh+phonon’ type, as in [50], or of the ‘pho-
non + phonon’ type. Within that approach, rules can be
justified for selecting such 2p2h configurations (including,
first and foremost, phonons corresponding to collective
excitations) that have the strongest effect on the GDR
structure and width.

In [52], for example, the coupling of coherent 1plh states
to more complicated two-phonon states was for the first time
taken into account within the quasiparticle-phonon model for
heavy spherical nuclei, and in TFFS calculations [53, 54] that
included the continuum and the standard set of residual
forces, similar effects were investigated for intermediate-
mass and heavy closed-shell nuclei. To bypass complications

in applying the 1plh+2p2h approach that ensue even after
the most important 2p2h states are selected, the effects of
damping of dipole oscillations were taken into account
phenomenologically in a number of cases [55].

The calculation difficulty increases very sharply as the
configuration space is extended by including 2p2h, 3p3h, and
more complicated configurations, and it is also quite difficult
to even estimate the error. This limits the use of such an
approach to magic nuclei and those close to them.

The existing microscopic calculations, with rare excep-
tions, do not reproduce exclusive characteristics, such as
partial GDR decay channels, and become invalid in describ-
ing the GDR structure. This explains why there remains some
interest in different semimicroscopic and phenomenological
ways to describe GDR, e.g., in [56, 57].

Because the success of microscopic GDR calculations
depends on the choice of the nucleon-nucleon interaction, it
is useful to investigate GDR within an approach based on the
energy density functional. In this approach, which works
well, in particular, in describing neutron-excess isotopes
[58-60], the mean field of the nucleus and the interaction in
the particle-hole channel are determined self-consistently.

5. Problem of giant dipole resonance
width and structure

To reliably identify the nature of the GDR width and
structure and to understand the role of various configura-
tions in their forming, we must turn to experimental studies.
As has been shown experimentally, a decisive test for
deciphering the configurational structure of GDR consists
of identifying nucleon decay channels, especially those with a
fixed populated state of the final nucleus. The desire to
decipher this structure has stimulated progress in experi-
mental methods for investigating photonuclear reactions.
We note the most important stages reached along this path.

From the start of photonuclear investigations, attempts
were made to create sources of monochromatic high-energy
gamma quanta so as to bypass the difficulty in interpreting
experiments with continuous bremsstrahlung photons. Such
sources have been produced, and their use has led to the
appearance of a large amount of data on GDR, which
together with alternative results of numerous ‘bremsstrah-
lung experiments’ increased the overall reliability of experi-
mental information. Three main methods for monochroma-
tization have been proposed and developed: ‘tagging’
bremsstrahlung photons, Compton backscattering, and in-
flight annihilation of fast positrons.

The method of tagged photons was first carried out using
the Cornell University synchrotron, USA [61]. Later, this
method was used at the University of Illinois betatron [62, 63]
for measurements of the photon scattering cross section on
197 Au and '®*Ho nuclei in the GDR domain. This method is
most efficient in combination with a continuous electron
beam. Such a beam was obtained in Illinois on a super-
conducting linear accelerator [64] and used for measuring the
233U photofission cross section in an energy range below the
GDR energy. Subsequently, the method proved relevant in
high-energy physics for generating monochromatic photons
with an energy up to 1.5 GeV on continuous electron
beams [65].

The use of Compton backscattering (a 180° scattering of
low-energy monochromatic photons on a beam of ultrarela-
tivistic electrons) to generate high-energy monochromatic
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and polarized gamma quanta was proposed in [66, 67].
Because Compton backscattering of photons requires elec-
trons with energies of several hundred MeV or more, this
method was realized in laboratories involved in investigations
in high-energy physics. Powerful lasers are used as the source
of monochromatic photons. Recently, this method allowed
obtaining photon beams suitable for studying GDR (see,
e.g., [68]), and the corresponding experiments have started.

Among all the existing methods for monochromatization
of gamma quanta, the method of in-flight annihilation of fast
positrons [69] has been developed the most; in essence, this is
the single method that has led to obtaining a large number of
results. It was first realized in two nuclear centers: Saclay
(France) [70] and Livermore (USA) [71]. The details of the
realization of this method and the result can be found in
review [72]. The moderate intensity of the annihilation
photons limits their efficient use to a single type of experi-
ment: measurements of the effective cross section of photo-
neutron reactions. The insufficiently high intensity of the
annihilation radiation can be compensated in such experi-
ments by a large mass of the investigated target and the use of
high-efficiency (40-60%) neutron detectors. In ‘annihilation
experiments’ on light nuclei, it has been possible to reveal the
structure of the cross section for the increasing part of the
GDR. Above the GDR maximum, the possibilities for
resolving the structure with this method are reduced, because
resonances in cross sections start being strongly excited by the
‘bremsstrahlung,’ i.e., continuous, part of the gamma spec-
trum that accompanies the annihilation peak. With the help
of annihilation photons, valuable information has been
obtained on cross sections of photoneutron reactions of
different multiplicities: (y, In), (y,2n), (v, 3n), and (y,4n). A
summary of the photoneutron cross sections obtained in
‘annihilation experiments’ is given in [73].

The use of bremsstrahlung gamma radiation remains one
of the most important way to obtain information on GDR.
The main advantage of that radiation is the high intensity of
bremsstrahlung photons, several orders of magnitude greater
than the intensity of monochromatic gamma beams. Return-
ing to the annihilation method, it should more precisely be
considered a method for producing quasimonochromatic
photons, because the existence of a strong bremsstrahlung
‘tail’ requires performing two experiments, one with elec-
trons and one with positrons, and then subtracting the results
from one another. Such a difference procedure is also
characteristic of bremsstrahlung experiments, but it is much
more precise here because it does not require switching the
accelerator from the positron acceleration regime over to the
electron acceleration regime. In addition, systems have been
constructed that ensure a high precision of stabilizing and
controlling the upper edge of the bremsstrahlung spectrum
and allow cyclically alternating it with the frequency of 50 Hz.
The entire GDR range is then scanned within several
seconds, and multiple repetitions of this cycle allow collect-
ing the necessary statistics. This method for scanning the
upper edge of the bremsstrahlung spectrum (proposed in [74])
significantly reduces the effect that the drift of the para-
meters of the devices registering the photonuclear reaction
products has on the precision of the obtained data. In
combination with well-developed methods for mapping the
reaction yield into effective cross sections, the ‘bremsstrah-
lung’ photonuclear experiments remain quite relevant and in
many cases are the only reliable source of information on the
GDR parameters.

The experimental methods involving bremsstrahlung
photons, as described above, have been developed and
actively used by the photonuclear group of the Research
Institute for Nuclear Physics (RINP) of Lomonosov Moscow
State University since the early 1960s. The use of a betatron
with an electron energy up to 35 MeV, overlapping the entire
GDR range, together with high-efficiency detectors of
neutrons, protons, and gamma quanta allowed deciphering
the configurational GDR structure for nuclei with up to
60 nucleons and finding the quantitative contribution of
semidirect nucleons to the decay of nuclei in that mass
range. The role played by various factors in forming the
GDR structure was clarified simultaneously. This progress
was achieved due to shifting the center of gravity of photo-
nuclear investigations from measurements of photoabsorp-
tion and photonucleon cross sections, which carry important
but limited information on the GDR, to the characteristics of
its decay, such as spectra of photonucleons, decay gamma
quanta, and partial photonucleon cross sections with some
levels in the final nuclei populated. The method of scanning
the upper edge of the bremsstrahlung spectrum was used for
the first time in measuring the spectra of decay products. The
description of experimental methods used by the RINP
photonuclear group and the procedures for extracting
information and principles of its interpretation can be found
in [46, 75-77].

In 1978, a data center for photonuclear experiments was
created at RINP under the aegis of the International Atomic
Energy Agency (IAEA) with the aim to organize and analyze
a large amount of experimental information on photonuclear
reactions (up to 100 publications per year) [78]. This data
center, which became part of a network of international
centers for nuclear data, contains the most complete informa-
tion on the published photonuclear experiments [79], evalu-
ates their reliability, and in some cases corrects them by
applying a set of criteria [80]. Photonuclear data are also
available from databases [81, 82].

The existence of vast photonuclear data pertaining to
characteristics of GDR decay allows solving numerous
problems encountered in theoretical research. First of all,
there is the problem of the GDR width. For a long time, it had
been unclear what causes the large spread (from 4 to 20 MeV)
of I'p for nuclei with similar mass numbers 4 and what
underlies the difference, in that regard, between light,
intermediate-mass, and heavy nuclei. This problem is closely
related to the structure observed in photonuclear cross
sections. We can single out three types of structure elements
that can be present in ¢,: wide (3-5 MeV) domains of
concentration of electric-dipole El transitions, called the
gross structure (the gross structure of GDR in heavy
nonspherical nuclei comprises two wide split maxima); more
narrow (0.5-2.0 MeV) domains of concentration, called the
intermediate structure; and very narrow (= 0.05—0.1 MeV)
domains called the fine structure. The task was to establish
how these structures are formed and how they affect the
magnitude of I's. Currently, we can answer all these questions
based on the many years of experimental and theoretical
research.

As we have noted, there are two possibilities for a 1plh
excitation to decay. The first amounts to the nucleus emitting
a nucleon that has undergone the transition to a free shell as a
result of the absorption of an E1 photon by the nucleus. The
probability of that decay, called semidirect, is characterized
by the escape width I'", and just this decay leads to the
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Figure 11. (a) Experimental photoabsorption cross section for the 28Si
nucleus in the GDR range [83]. (b) Experimental cross section of the
reaction 27 Al(p, v,)**Si in the GDR domain [84] and data of theoretical
calculations [85] (columns).

appearance of the intermediate structure in photonuclear
cross sections of light nuclei. We note that direct decay is
not attended by the formation of GDR when the nucleon,
bypassing the stage of transition to a free shell, directly
escapes from the nucleus; the probability of this process in
GDR is low. The second version of the 1plh excitation decay
is the transfer of a part of the energy of this excitation to
another nucleon, i.e., the formation of one more 1plh pair in
the nucleus, which together with the original pair forms a
2p2h excitation in the nucleus. The corresponding probability
is characterized by the width I'!, and it is this process that
leads to the appearance of the fine structure of photonuclear
cross sections. Evidently, the particle-hole structure of the
original El excitation can undergo a chain of increasingly
complex variations, 2p2h — 3p3h — ... —compound
nucleus (see Fig. 9).

We can see from Fig. 11 how the intermediate and fine
structures manifest themselves in the GDR of the %Si
nucleus. The resolution of the photonuclear experiment does
not allow us to ‘see’ the fine-structure resonances, but the
intermediate-structure resonances are quite distinct (Fig. 11a).
At the same time, fine-structure resonances can be seen in the
(p, vo) inverse photonuclear reaction, the energy resolution of
such reactions being much higher (Fig. 11b [84]). We can
clearly see how these narrow resonances appear on the
background of wider resonances of the intermediate struc-
ture. Vertical columns in Fig. 11b represent the data of 1plh
calculations in a multiparticle shell model [85]. Direct decay
occurs in the time of 1072 — 1022 s and semidirect, in 10~2! s,
the so-called pre-equilibrium (2p2h, 3p3h) stage is reached in
10~20 s, and, finally, the compound nucleus stage (the setting
in of statistical equilibrium), in 10~ —10~1% 5.

Experimental investigations of partial GDR decay chan-
nels by the method of spectral measurements of photonu-
cleons (primarily photoprotons) and gamma quanta releasing
the excitation of the final nuclei after the emission of a
photonucleon from the nucleus have allowed clarifying the
configurational structure of GDR in nuclei with up to
60 nucleons, with the role of the semidirect decay mechanism
determined. This required using spectroscopy information on
the hole (1h) levels in the final nuclei relative to the target

semidirect component of this cross section (shaded strip). Columns: data
of the Iplh calculation in [87]. Dark columns correspond to the joint
contribution of the 1d2s — 1f2p and Ip,;,, — 1d2s transitions; light
columns, to 1p;/, — 1d2s transitions.

nucleus obtained in independent reactions with a single-
nucleon transfer. The population of such levels in the GDR
decay implied that this decay occurred at the earliest
(semidirect) stage: 1plh — (nucleon emission) — 1h. Conver-
sely, if the populated level had a more complicated nature,
this was preceded by a later stage of the GDR decay:
2p2h, 3p3h,... — (nucleon emission) — 1p2h,2p3h,....
Identifying the populated ‘hole’ in the semidirect decay
uniquely fixed the shell configuration of the original excited
state. These investigations involved the entire volume of
nuclear data available worldwide on partial GDR decay
channels. For example, for 1d2s-shell nuclei (4 = 16—40),
more than 300 partial cross sections were used, and for
1f2p-shell nuclei with A4 in the range 40-60, about 100 partial
cross sections were used. The investigations resulted in
deciphering the GDR shell structure and determining the
role of the semidirect decay mechanism for nuclei with up to
60 nucleons.

As an example, in Fig. 12 we show the experimental
photoabsorption cross section on the Mg nucleus, obtained
by summing photonucleon cross sections; the part of the cross
section that is formed due to the semidirect GDR decay
mechanism is also shown. As experimental analysis shows,
below 23 MeV the cross section is primarily formed by
transitions from the outer shell: 1d2s — 1f2p, and above
23 MeV, by transitions from the inner shell: 1p — 1d2s. The
same conclusions follow from theoretical calculations. This
means that the phenomenon called configurational splitting
of the GDR occurs [46]. It is characteristic of nuclei with up to
60 nucleons. The configurational splitting magnitude
decreases as the mass number increases and attains a
maximum of 10-15 MeV for 1p-shell nuclei. In 1d2s-shell
nuclei, it decreases to 5-10 MeV and can be traced for nuclei
with mass numbers down to the 4 of nickel. This effect is the
main factor behind the formation of the gross structure of
light nuclei.

The experimental investigations described above also
allowed clarifying the quantitative role of the semidirect
GDR decay mechanism in nuclei of the relevant mass range.
It turns out that, in 1p-shell nuclei, the GDR decay is virtually
entirely determined by this mechanism. In 1d2s-shell nuclei,
the semidirect mechanism is also dominant, being responsible
for 60-70% of decays in the domain of the GDR maximum,
or even more in the photoneutron channel. As the mass
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Figure 13. Probability of semidirect GDR decay as a function of the mass
number A4 based on the analysis of experimental data.

number A increases, the probability of semidirect GDR decay
rapidly decreases, which is explained by a rapid increase in the
density of the 2p2h dipole states into which the original 1plh
excitation can decay. In heavy nuclei with 4 =~ 200, the
semidirect decay is responsible for only about 10% of the
total GDR decay probability. The tendency of the semidirect
GDR decay probability to decrease as the mass number
increases is illustrated in Fig. 13.

Experimental investigations, together with theoretical
research, established the role of a variety of factors operating
in forming the GDR structure and width in nuclei with
different numbers of nucleons. Self-conjugate and light 1p-
and 1d2s-shell nuclei (2C, '°O, 28Si, and “°Ca), as well as
spherical nuclei with the magic numbers of neutrons and (or)
protons (N = 50, Z =50, N =82, Z =82, and N = 126), or
nuclei close to these, are the simplest from the standpoint of
the shape and structure of photoabsorption cross sections and
the understanding of how this shape and this structure form.
In experiments with moderate energy resolution, the GDR for
such nuclei is represented by a resonance of the width
I'y =~ 4—5 MeV, which we call ‘magic.” We cannot speak of
a pronounced gross structure of such nuclei. In experiments
with high energy resolution in light nuclei, the intermediate
structure transpires. Resonances of this intermediate struc-
ture have the width of 0.5-2.0 MeV and are primarily caused
by the semidirect decay of the original dipole 1plh states. The
GDR width of 4-5 MeV in these light nuclei is largely due to
the Landau damping—energy spread of El transitions of
nucleons from one (outer) shell.

In heavy spherical nuclei, the intermediate structure
disappears as a result of the effect of friction caused by the
decay of the original collectivized 1plh states into type-2p2h
states, whose number can reach 103—10% in a 1-MeV interval.
In theoretical calculations, this form of friction, as we have
noted, is taken into account by the decay of the original
collectivized 1plh states into type-2p2h states, which are the
most important as regards the formation of the GDR width
and structure and which occur due to the coupling of proton-
neutron E1 oscillations to the nucleus surface and have the
configuration of two interacting phonons (one of which is a
dipole and the other a quadrupole). If such friction were

absent, most of the dipole strength of GDR in heavy spherical
nuclei under the action of the Brown—Bolsterly collectiviza-
tion mechanism would be concentrated in one coherent 1plh
state of a small proper width I'T ~ 0.2—0.6 MeV, determined
by the emission of semidirect nucleons (primarily neutrons)
from that state into the continuum. The observed GDR width
in such nuclei quoted above, 4-5 MeV, is due to the width of
the domain of spread of the original dipole (1plh) states over
the most intense two-phonon (2p2h) states.

The width I' of all spherical nuclei and nuclei with filled
nucleon levels is described by the relation I'p ~ I'y; in light
nuclei, the main contribution to I'y is made by I'" and Landau
damping, and in heavy nuclei, by I'!. A decisive role in this
tendency observed in passing from light to heavy nuclei is
played by the rapid increase in the density of dipole 2p2h
states, into which the original 1plh excitations can decay.

In nuclei with nonfilled nucleon shells and in nonspherical
nuclei, an important role in the formation of I'4 is played by
effects due to the gross structure of GDR. There are three
such effects:

(1) splitting in the energy of E1 transitions from different
(typically two) shells (configurational splitting);

(2) GDR splitting related to properties of the isospin
quantum number (isospin splitting [88, 89]);

(3) GDR splitting related to the deformation of the
nucleus in the ground state.

For nonmagic light nuclei with a mass number up to
A = 40, configurational splitting is the main factor behind the
increase in the GDR width I'y compared with the 4-5-MeV
value. The role of this form of GDR splitting, even though it
was observed in nuclei with 4 up to 60, decreases as A4
increases, because the shells are drawn closer to each other,
and it can be disregarded for intermediate-mass and heavy
nuclei.

Isospin GDR splitting occurs in non-self-conjugate nuclei
with N # Z. In these nuclei, two energy-separated GDR
branches occur, with the isospins 7. = Ty and 7T~ = Ty + 1,
where Ty = (N — Z)/21is the isospin of the ground state of the
nucleus, with the 7 branch being higher in energy. In heavy
nuclei, the role of isospin splitting in forming the GDR width
is insignificant, because the probability of the excitation of the
T- branch is low in these nuclei, despite a splitting magnitude
that can reach 12 MeV. The isospin GDR splitting manifests
itself in nuclei with up to 50-60 nucleons, because the
probabilities of the excitation of isospin components in such
nuclei are comparable for a sufficiently large splitting (up to
5-10 MeV).

The most conspicuous manifestation of the isospin GDR
splitting is the shift, as the mass number increases, of the
photoproton cross section maximum toward higher energies
compared with the photoneutron cross section maximum
(Fig. 14). This shift is a consequence of the fact that the
GDR branch with the isospin 7- decays primarily via the
proton channel: T>L>TO +1/2 and Ty+3/2 (the
T<i> To + 1/2 branch is suppressed by the Coulomb
barrier due to lower proton energies). At the same time, the
T. branch decays primarily via the neutron channel as a
result of a higher probability of excitation of that branch in
heavy nuclei than of 7. branch excitation (Fig. 15). The
isospin splitting magnitude increases as the neutron excess
(N—Z) increases.

In Figure 16, we show a manifestation of the isospin
structure in the experimental photoabsorption cross sections
for carbon isotopes. In the self-conjugate nucleus '>C, El
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Figure 14. Energies of the cross section maxima for the photoproton
reaction (dots) and the photoneutron reaction (circles) as functions of A.
For 4 < 50, the maxima of these cross sections practically coincide.
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Figure 15. Isospin of GDR excitation and decay in the proton and neutron
channels. Solid arrows show the main nucleon branches of the decay in
heavy nuclei.
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Figure 16. Isospin structure of photoabsorption cross sections in '>C and
“C nuclei. For the C nucleus, the experimental cross section is
decomposed into isospin components in accordance with the analysis
in [90].

excitations are possible only with the isospin 7~ = 1, but in
14C, El excitations with both 7. = 1 and T = 2 are possible.
These components in '*C are energy-separated by about
10 MeV and have comparable excitation probabilities.
Because most light nuclei are non-self-conjugate and
nonspherical, the shape of their photoabsorption cross
sections must be strongly affected by all three of the above

factors responsible for the gross structure of GDR. An
appropriate question to ask is about the relative role of these
factors for the selected group of nuclei. We note, first, that
because only the 7. branch contributes to the El transitions
of nucleons from outer shells, the energy ranges hosting the
isospin and configurational splittings overlap. As regards the
nonsphericity of the nuclei, there is no direct correlation
between the GDR width and the quadrupole deformation
parameter for nuclei with 4 < 40. The deformation affects
the shell structure of the nucleus, rearranging the shells and
changing the separation between them. Because the config-
urational GDR splitting reflects the shell structure of light
nuclei, the nonsphericity of the nucleus is in fact automati-
cally taken into account by that effect.

We now discuss nuclei with mass numbers from 40 to 120.
The GDR widths in nuclei in this range are on average much
lower than in light nuclei. Immediately after the calcium
isotopes, they reach the maximum values of 10-11 MeV in
the considered range of mass numbers, and for 4 > 80
nowhere exceed 8.5 MeV. Because in intermediate-mass and
heavy nuclei the configurational and isospin splittings have
no significant effect on the GDR width and the spread of 1plh
transitions from one shell and because the values of I'! are not
large, the main factors contributing to the increase in the
GDR width over 4-5 MeV are only the decay width I'* of the
original states into states of a more complicated nature (2p2h,
3p3h, ...) and the nonsphericity of the nucleus ground state
(the Danos—Okamoto effect). These factors are analyzed
in [91] with the use of the entire volume of data on
photoabsorption cross sections and the nonsphericity degree
of nuclei available worldwide. It turns out that, for the nuclei
under consideration, the correlation between I'n and the
modulus of the quadrupole deformation parameter |J| is
either unessential or totally absent, which eliminates the
Danos—Okamoto effect as the main factor responsible for
GDR broadening in the chosen mass range. Most nuclei with
A = 40—120 classify as soft vibrational nuclei, and many of
them have a nearly spherical shape. In such nuclei, the GDR
must be broadened due to the coupling of El oscillations to
the nucleus surface oscillations, primarily quadrupole ones,
which amounts to the dipole—quadrupole friction discussed
above. Taking this coupling into account leads to a decay of
the original dipole 1plh excitations into excitations of a more
complicated nature of the ‘1plh+ phonons’ type, realized in
terms of the GDR cross section shape via the intermediate
structure, and in terms of the GDR width via the I'!
component.

To take the dipole—quadrupole friction into account in the
nuclei under consideration, it suffices to use the dynamical
collective model [48, 49] or the model of collective correla-
tions [50]. The dipole—quadrupole interaction leads to the
splitting of the collective El excitation into a number of
transitions whose number and energy spread become greater
as the dipole-quadrupole friction gets stronger. It is the
resultant spread of El transitions that determines the GDR
broadening in nonmagic vibrational nuclei. A detailed
comparison of experimental and theoretical data [91] shows
that in the mass number range 4 = 40—120 the dipole-
quadrupole friction is the main factor behind the increase in
the GDR width compared with the magic one (4-5 MeV). In
that range of mass numbers, the GDR width due to this
friction increases by 3—5 MeV on average.

In the range 4 > 120, where nuclei with higher static
deformations cluster, the correlation between I'n and || is
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Figure 17. GDR widths of 4 > 117 nuclei [91]. Dark symbols: data from
photonuclear experiments, light symbols and crosses: values extracted
from the known quadrupole deformation parameters. Dotted line corre-
sponds to the GDR width in magic nuclei. Arrows show the domains of
magic nuclei: / —Z =50;2— N =82;3—Z =82; N = 126.

obvious. For those nuclei that have a stronger quadrupole
deformation (|o| > 0.20), the GDR acquires a gross structure
in the form of two maxima, as in '®Ho (see Fig. 2) and '**Sm
(see Fig. 4). In the absence of other factors that have a
substantial impact on the gross structure of the GDR, its
general shape in nonspherical axial nuclei can be represented
as a superposition of two ‘spherical’ resonances with I'y =
4-5 MeV, separated in energy by AE =~ 754~'/3|5| MeV (see
Eqn (4)). The GDR width in such nuclei must increase to
I'a = I'y + AT', where AT increases as AE increases, and if AI’
is proportional to AE, then it must also be proportional to |d].
Thus, as a consequence of the Danos—Okamoto effect, a
correlation must be observed between the modulus of the
quadrupole deformation parameter § and the GDR width.

The use of all the currently available information on the
GDR shape and the quadrupole deformation parameters for
nuclei with Z > 50 allows investigating the problem of the
effect that the quadrupole deformation has on the GDR
characteristics with the maximal accessible precision and, in
particular, answering the question of whether the nonspheri-
city is essentially the unique factor of GDR broadening in
heavy nuclei and how strong the correlation is between GDR
broadening and the magnitude of the deformation parameter.

The degree of this correlation is illustrated in Fig. 17,
where for nuclei in the range 4 > 117 we show the widths of
experimental photonuclear cross sections (dark symbols) and
the GDR widths calculated from the value of || by the
relation I'n =Ty+ AI', where I'o=4 MeV and Al =
11|6| MeV (light symbols). Within the spread of the width
values, the data of both types coincide in the entire range of
mass numbers 140 < 4 < 240. The degree of correlation is so
high that there is no doubt that just the Danos—Okamoto
effect (directly following from Migdal’s concept) is respon-
sible for the GDR broadening in nuclei with 4 > 120—130.
The values of AI' and |d| to be compared are minimal in
magic nuclei with Z = 50, N =82 and Z =82, N = 126 and
reach maximum values at the midpoint between these
domains. We note that the proportionality coefficient
between |6| and AT, as follows from formula (4), differs by
only 10-15% from the number 11 obtained by a fit to
experimental data.

The level of correlation of the data to be compared allows
predicting the GDR widths in the mass number range
A = 200—230, where photonuclear cross sections have not
been measured due to the absence of stable isotopes, but data

on the electric quadrupole moments (and, hence, on the
deformation parameters) are available. Suitable for such a
prediction, naturally, is the relation I'n = (4 + 11|5]) MeV.
The obtained values are shown with crosses in Fig. 17. With
these additional values, Fig. 17 presents the pattern of the
GDR width behavior depending on the mass number for all
of the heavy nuclei.

The Danos-Okamoto effect shows that a heavy nucleus
that has absorbed a high-energy photon preserves its
deformation during the GDR lifetime (10~ —10~'% 5). Why
is it that the original shape of the nucleus not only avoids
destruction during that sufficiently long time, by nuclear
standards (up to 10* nuclear times), but also remains largely
unperturbed in nuclei with the excitation energy ~ 15 MeV?
We can list the following factors conducive to the preserva-
tion of the deformation degree by the nucleus. The GDR
formation involves nucleons of outer nuclear shells. Hence, in
a heavy nucleus, the nucleon core lying below the outer shells
is not affected by the photosplitting process in general. In a
heavy nucleus, this core makes up the main part of the nucleus
and it is its polarization by long-range residual forces that is
largely related to the nonsphericity of the nucleus in the
ground state. Deformation of the nucleus shape is also
determined by nucleons near the Fermi surface, which are
affected by E1 excitations. But, under such excitations, there
is a high probability that the one-particle states with large
orbital moments, which make the nucleus unstable to changes
in the deformation, are not populated.

The picture is different with light nuclei. All the shells of
Ip nuclei and two out of three shells of 1d2s nuclei are
involved in the photosplitting process, and it is therefore
natural to expect at least a partial loss by the nucleus of its
original (static) deformation. The degree to which the faster
(semidirect, with the time ~ 1072! s) GDR decay of a light
nucleus helps preserve the deformation remains to be
established.

GDR is a ‘response’ of the nucleus to the time-dependent
external electric ‘dipole’ field. External fields, however, can
have different multipole patterns and different natures.
Accordingly, the problem arises of a collective response of
the nucleus to these fields, and the ensuing problem of other
resonances. These so-called giant multipole resonances
(GMRys), distinct from GDR, were discovered in the 1970s in
the reactions (e,e’), (#,a), (p,p’), (p,n), (1", n%), CHe,1),
(1, vy) and so on. The new giant resonances have common
features with GDR: the concentration in a relatively narrow
energy range several MeV in width and the manifest
signatures of collectivity. The study of these resonance profits
from the theoretical approaches developed in GDR investiga-
tions. Information on the discovered GMRs and the relevant
references can be found in reviews [32, 92-94].

6. New forms of giant dipole resonance

Notably, studies of GDR proper have revealed some new
nontrivial features. The ‘classical’ GDR is an excitation of a
nucleus in the ground state. Almost four decades after the
appearance of Migdal’s pivotal work, GDRs were found that
are constructed on individual excited nuclear states [32, 92-94],
in reactions of radiation proton capture, in Coulomb excita-
tion in heavy-ion collisions, in double charge exchange
(n",m7), and others. These excitations can be viewed, for
example, as two-phonon GDR-type 2p2h states, constructed
over one of the ph states. Excitations are observed that
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correspond to double GDR (GDR+ GDR), GDR over a
giant quadrupole resonance (GDR + GQR), and GDR over
an isobar-analogue state (GDR +IAS). The energies of these
two-phonon states coincide with the total energy of one-
phonon states, and in the course of their decay each phonon
decays independently of the other.

Another new avenue in the physics of GDR amounts to its
observation and investigation in heated nuclei. In such nuclei,
with the temperature given by, say, 1-2 MeV, due to the
increased probability of pairwise collisions, the motion of
nucleons becomes much more chaotic, and it is not obvious a
priori whether the collective motion of nucleons would be
sufficiently stable to withstand the thermal chaos. Therefore,
the discovery of dipole oscillations in strongly excited nuclei
(with the excitation energy ~ 100 MeV) was quite a notable
event (the relevant references and their analysis are available
in reviews [32, 95]). The data were derived from an analysis
of the spectra of high-energy photons emitted by the
compound nuclei formed in heavy-ion collisions. These
data lead to the following conclusions: 1) the existence of
dipole oscillations is a universal property of heated nuclei;
2) the frequency of these oscillations, i.e., the energy at the
GDR maximum, differs little from the GDR frequency in
cold nuclei; 3) GDR in a heated nucleus corresponds to a
well-collectivized state; 4) the GDR width in such nuclei
exceeds its width in cold nuclei and increases as the
excitation energy (temperature) increases, attaining satura-
tion (I' = 13 MeV) at E* = 100 MeV.

Analysis shows that the contribution of 2p2h states to the
GDR width in heated nuclei does not increase significantly
compared with cold nuclei. It is assumed that the increase in
width I' is primarily determined by thermodynamic fluctua-
tions of the deformation acquired by the originally spherical
nucleus under heating.

An unusual phenomenon related to GDR in heated nuclei
is as follows. In the fusion of two heavy ions, a state with a
large number of particles and holes is produced. On the other
hand, GDR corresponds to particle-hole oscillations. This
results in an unusual situation: in cold nuclei, the pre-
equilibrium dynamics start with ph-states and develop in the
direction of multiparticle configurations, whereas in hot
nuclei, the processes run in the reverse direction.

7. Giant dipole resonance analogues
in nonnuclear microsystems

Remarkably, several decades after the discovery of nuclear
GDR, its analogues were found in multiparticle nonnuclear
systems such as atoms [96-99], metallic clusters (MCs) [100—
102], and fullerenes [103, 104]. In all these objects, the giant
resonance has the shape of a strong and wide peak correspond-
ing to a collective excitation of many particles. This resonance
peak exhausts most of the dipole oscillator strength.

Atomic resonances were first observed in atoms of noble
gases and lanthanides. In [105], a similarity between atomic
collective excitations and nuclear GDR was noted for the
first time. In Fig. 18, we show the dependence of the
electron yield of metallic lanthanum on the energy of a
synchrotron radiation photon. The observed wide reso-
nance is due to the electron transitions 4d'®—4d’4f!.
Hartree—Fock calculations are indicative of collectivization
of excitations, leading to a degeneration of the one-particle
spectrum and a shift of the dipole oscillator strength toward
higher energies.
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Figure 18. Electron yield from metallic lanthanum under the action of
synchrotron radiation [106].
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Figure 19. Total photoabsorption (below 25 eV) and photoionization
(above 25 eV) cross sections for fullerene Cgy according to the data from
the experiment in [107].

Fullerenes and MCs host collective, primarily dipole,
excitations of delocalized electrons (free electron gas) that
occur under the action of an external electromagnetic field
and are called plasmons. In Fig. 19, we show photoabsorption
and photoionization cross sections for the Cgo fullerene,
which have a characteristic resonance shape.

The closest analogy between GDR and dipole excitations
at the level of atoms and molecules is known for MCs—
bound systems of atoms of some metals with spatially
delocalized valence (conducting) electrons located in the
field of positively charged ions. Similarly to the nucleus, an
MC is a system where almost free electrons move in the mean
field created by ions. The MC radius, as in the case of a
nucleus, is proportional to the cubic root of the number of
these particles, N'/3, where N is the number of atoms in a
cluster. Radial densities of valence electrons, similarly to
nucleons in a nucleus, obey the Fermi distribution. It has
been shown that shells exist in MCs and have the same magic
numbers as in atomic nuclei and atoms. MCs are known with
N up to 20,000. They can therefore be regarded as inter-
mediate objects between atoms and solid bodies. There are
two more features bringing MCs closer to atomic nuclei: the
importance of surface effects and the possibility of shape
deformation in both cases. It is therefore not accidental that,
despite the different nature of interaction forces, theoretical
methods developed in nuclear physics turn out to be
applicable in the physics of MCs. More details on MCs can
be found in review [108].

In Figure 20, we show giant resonances in fragmentation
cross sections of small single-ionized MCs of silver. The cross
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Figure 20. Giant resonances in fragmentation cross sections for single-ionized clusters of silver with (a) a filled shell (N = 8) and (b) a nonfilled shell

(N = 10)[102].

section in Fig. 20a, which has the shape of a regular
resonance, relates to a magic MC with 8 valence electrons.
This cluster has closed shells and is therefore spherical. As
expected, the cross section for it has the shape of a single
resonance. The cross section in Fig. 20b relates to an MC with
a nonclosed outer shell (with 10 valence electrons) and is split
as a result of deformation. Thus, MCs also exhibit an effect
similar to the Danos—Okamoto effect.

The mechanism of giant resonance broadening in small
clusters is known from the physics of GDR: the coupling to
quadrupole surface vibrations. Thermal fluctuations of the
shape of small clusters are also an essential factor in resonance
line broadening [109]. The same mechanism explains the
broadening of collective resonances in heated nuclei.

A comparative analysis of giant resonances in nuclei,
atoms, atomic clusters, fullerenes, and condensed media is
available in [110]; the upshot is that the existence of giant
resonances is independent of the nature of particles and
interaction forces. Under certain conditions (the form of the
mean field, the steepness of the boundary of the effective
potential, the number of particles), such resonances are
inevitable.

8. Conclusions

In Migdal’s pivotal study [1] predicting GDR, the concept of
quantum collective excitation modes was actually introduced
into nuclear physics for the first time. GDR has been under
study for three quarters of a century. In that period, a huge
number of experimental and theoretical investigations have
been conducted, and we can presently assume that the physics
of this unique nuclear phenomenon is understood sufficiently
well. GDR is inherent in all nuclei, and it remains in a class of
its own among other nuclear phenomena in terms of how
conspicuous and universal its manifestations are. Adopting
an energy-wise division of nuclear physics, to low energies
(nuclear spectroscopy at energies below the nucleon binding
energy) and to high energies (in excess of that energy), we can
say that the essential information on high-energy nuclear
dynamics was in fact derived from investigations directly
related to or motivated by GDR. It suffices to note that the
entirety of the physics of GMRs of atomic nuclei emerged
from the physics of GDR.

Giant resonance has been studied experimentally for most
stable atomic nuclei, and we have a rich taxonomy of data

available to the scientific community worldwide and covering
the entire periodic system of elements. Analyses of these vast
data and attempts to interpret them within various theoretical
approaches have resulted in a breakthrough in the under-
standing of the physics of nuclear excitations with energies of
10-100 MeV. Moreover, direct links have been revealed
relating this physics to the properties of ground and low-
lying nuclear states, which yielded a unified picture of the
principal nuclear phenomena.

Some of the most substantial and demonstrative achieve-
ments in nuclear physics directly related to GDR were the
emergence of the multiparticle shell model and the theory of
finite Fermi systems, which have allowed collective nuclear
excitations to be explained in a distinctly microscopic
approach.

It is remarkable that the physics of giant resonances has
also been given a ‘pass’ outside nuclear physics. The electric
GDR is observed in nonnuclear system such as atoms, MCs,
and fullerenes. Moreover, the main theoretical approaches
used in describing giant resonances in these systems are
directly inherited from nuclear physics.

Giant dipole resonance has turned out to be very rich in its
physical contents, and the initiation of studies in this new and
extremely fruitful avenue in nuclear physics and several
related areas is rightfully credited to Arkady Beinusovich
Migdal.
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