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Abstract. The studies of the evolution of the hot Giant Dipole Resonance (GDR) properties as a function
of excitation energy are reviewed. The discussion will mainly focus on the A ∼ 100 − 120 mass region
where a large amount of data concerning the width and the strength evolution with excitation energy are
available. Models proposed to interpret the main features and trends of the experimental results will be
presented and compared to the available data in order to extract a coherent scenario on the limits of the
development of the collective motion in nuclei at high excitation energy. Experimental results on the GDR
built in hot nuclei in the mass region A ∼ 60 − 70 will be also shown allowing to investigate the mass
dependence of the main GDR features. The comparison between limiting temperatures for the collective
motion and critical temperatures extracted from caloric curve studies will suggest a possible link between
the disappearance of collective motion and the liquid-gas phase transition.

PACS. 24.30.Cz, 25.70Ef GDR – 25.70Gh Hot Nuclei

1 Introduction

A well-established result of nuclear physics is the observa-
tion of giant resonances, small amplitude, high frequency,
collective modes of excitation in nuclei which are expected
to be chaotic systems due to their intrinsic complexity.
Among all possible modes of collective excitation, the Gi-
ant Dipole Resonance (GDR), a collective vibration of pro-
tons against neutrons with a dipole spatial pattern, has
been widely investigated and is now considered a general
feature of all nuclei.

The experiments performed over many years have
shown that the GDR is an efficient tool to probe nuclear
properties of the ground state as well as at finite tem-
perature. In fact, the gamma-ray emission following the
GDR decay is sufficiently fast to compete with other de-
cay modes with a sizable branching ratio and therefore to
probe the characteristics of the nuclear system prevailing
at that time. The resonance energy being proportional
to the inverse of the nuclear radius, the investigation of
the strength distribution gives access to the study of the
nuclear deformations in the ground state but also to the
shape evolution of nuclei as a function of spin and tem-
perature of the system. Shape evolution and shape fluc-
tuations are the main issues in the study of the GDR in
nuclei populated at low excitation energy (E∗ < 100 MeV)
and spin up to the fission limit. This region has been ex-
tensively studied and the GDR properties, which are ex-
pected to be influenced by the shell effects, are rather well
understood [1,2] even if some recent results indicate an in-

teresting discrepancy between data and theoretical model
at temperatures T ∼ 1− 1.5 MeV which deserves further
investigation.

Conversely, populating nuclei at progressively higher
thermal energies up to the limits of the their existence
one can follow the evolution of the collective motion in
extreme conditions up to its disappearance. The investi-
gation of the GDR features at high excitation energy is
particularly interesting because it also opens up the pos-
sibility to investigate the limits of validity of the standard
statistical scenario in describing the decay properties of
hot nuclei. The statistical model assumes, in fact, that
the system reaches thermal equilibrium before it decays.
Increasing the excitation energy, the compound nucleus
lifetime decreases significantly and collective degrees of
freedom might not reach equilibrium before the system
decays. Therefore the GDR strength distribution will re-
flect the relative influence of the different time scales which
come into play, the population and decay time of the GDR
on one hand and the equilibration and decay time of hot
nuclei on the other. In the following the experimental re-
sults collected up to E∗ ∼ 500 MeV will be presented and
compared to statistical model calculations. The evidence
in the gamma spectra of a vanishing of the GDR strength
at high excitation energies relative to the standard statis-
tical calculation led to the development of different theo-
retical models whose main features will be discussed in the
text. The comparison between data and statistical calcu-
lations including different model prescriptions will allow
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us to draw some conclusions concerning the effects lead-
ing to the GDR disappearance. Eventually, the existence
of a limiting temperature for the collective motion will be
discussed and compared to the limiting temperature for
the existence of nuclei in different mass regions. This will
allow to investigate a link between the liquid gas phase
transition and the disappearance of collective motion.

2 GDR built on the ground state: general
features

The GDR was first observed in 1947 by Baldwin and
Kleiber in photo-absorption and photo-fission experiments
[3,4]. They observed an increase of the absorption cross-
section above 10 MeV in several nuclei with resonance
energies between 16 and 30 MeV.

The observed peak in the photo-absorption spectrum
was interpreted by Goldhaber and Teller [5] as the exci-
tation of a collective nuclear vibration in which all the
protons in the nucleus move collectively against all the
neutrons creating an electric dipole moment. Since then,
the GDR has been extensively studied and broad system-
atics for almost all stable nuclei exist on the GDR built
on ground state. Most of the information was extracted
from photo-absorption experiments because of the high
selectivity of this reaction to E1 transitions [6].

The shape of the resonance in the photo-absorption
spectrum can be approximated, in the case of a spherical
nucleus, by a single Lorentzian distribution [6,7]:
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where σ0, EGDR and Γ are respectively the strength, the
centroid energy and the width of Giant Dipole Resonance.
In nuclei with a static deformation the GDR splits in two
components corresponding to oscillations along and per-
pendicular to the symmetry axis and the photo-absorption
cross-section can be well reproduced by the superposition
of two Lorentzian distributions. This particular feature al-
lows one to extract the nuclear deformation from the cen-
troid energies of the two components and to distinguish,
from the relative intensities, prolate from oblate deforma-
tions.

The systematics show that the resonance energy de-
creases gradually with increasing mass number. This mass
dependence can be reproduced by [6]:

EGDR = 31.2A−1/3 + 20.6A−1/6 (2)

which is a linear combination of the mass dependencies
predicted by Goldhaber-Teller and Steinwedel-Jensen
macroscopic models for the energy of the GDR [5,7] .

The width of the resonance is also strongly influenced
by the shell structure of the nuclei. The systematics show
values ranging from about 4-5 MeV for closed shell nuclei
up to about 8 MeV for nuclei between closed shells [6].

The collectivity of the excitation, which is related to
the number of participating nucleons, can be estimated

in terms of the Energy Weighted Sum Rule (EWSR) for
dipole radiation. This sum rule, also known as Thomas-
Reiche-Kuhn sum rule gives the total integrated cross sec-
tion for electric dipole photon absorption. It is given by:
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where N, Z and A are respectively the neutron, the proton
and the mass number and M is the nucleon mass [6]. The
systematics show that a large fraction of the EWSR is
exhausted [6].

3 GDR built on excited states: historical

The field of the study of Giant Resonances built on excited
states was launched by Brink [8] who stated the hypoth-
esis that Giant Resonances could be built on all nuclear
states and that their characteristics, aside from the depen-
dence on the shape, should not depend significantly on the
nuclear state. This opened up the possibility of investigat-
ing nuclear shapes also in excited nuclei and to study the
evolution of the properties of collective motion up to the
limits of existence of nuclei. Indeed the disappearance of
collective motion has been considered a further signature
for a phase transition in nuclear matter.

Evidence in favor of the Brink hypothesis was extracted
for the first time in 1974, in the study of the γ-ray spec-
trum emitted from spontaneous fission of 252Cf [9]. The
enhancement observed in the γ spectrum above 10 MeV
was, in fact, correctly attributed to the de-excitation of
the GDR built on excited states of the fission products.
The first evidence for the existence of the GDR built on an
excited state using a reaction study emerged in a proton
capture (p,γ) experiment on 11B where the GDR built on
the first excited state of 12C was observed [10]. From sub-
sequent (p,γ) and (n,γ) experiments on various other light
nuclei emerged a coherent picture supporting the Brink
hypothesis [11]. An important step further in the study
of the GDR properties was made with the use of heavy
ion reactions which opened up the possibility to populate
highly excited continuum states through the mechanism of
complete fusion in a wide variety of nuclei. The first obser-
vation of the gamma-decay of the GDR built on highly ex-
cited states in nuclei formed in fusion reaction was made in
1981 studying 40Ar induced reactions on 82Se, 110Pd, and
124Sn targets [12]. The importance of these measurements
stems from the fact that they demonstrated the possibil-
ity to study the GDR in the γ-ray de-excitation spectra
following fusion reactions where the statistical emission
of high energy gamma-rays occurs from an equilibrated
system and in competition with particle evaporation indi-
cating a sizable branching for gamma decay. The experi-
ments performed since then have been focused on estab-
lishing the existence of the GDR built on excited states
as a general feature of nuclei and on the evolution of the
parameters governing the GDR properties as a function
of the excitation energy, spin and mass.
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4 GDR built on excited states: general
features

When the GDR built on excited states is studied at in-
creasing excitation energy the scenario becomes gradually
more complex due to the opening of different decay chan-
nels. In heavy ion collisions up to 5 - 6A MeV the reaction
dynamics are dominated by mean field effects which lead,
for central collisions, to a complete fusion of projectile and
target nuclei. In this case a compound nucleus is formed
with a well-defined excitation energy and a broad distribu-
tion in angular momentum. The equilibrated system will
then undergo a statistical decay emitting light particles
and gamma-rays according to their relative probabilities
which can be very well accounted for in the framework
of the statistical model. Gamma-rays can be emitted at
all steps during the decay sequence and the emission of a
high energy gamma-ray will be in competition with light
particle emission, driven by the ratio of the level densities
between initial and final states for both decay channels.
In general light particle emission is much more probable
then γ-decay, but the latter, which has a probability of the
order of 10−3, is a more useful probe of the GDR proper-
ties since the γ-ray carries all the energy of the resonance.
The decay rate Rγ is given by:

RγdEγ =
ρ(E2)
ρ(E1)

fGDR(Eγ)dEγ (4)

where ρ(E1) and ρ(E2) are respectively the level densities
for the initial and final state and fGDR(Eγ) is:
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where SGDR is the strength of the GDR. From the above
expressions it follows that the GDR gamma yield is higher
during the first steps of the decay cascade. Besides, since
the nuclear level density varies exponentially with the ex-
citation energy the number of transition photons decreases
exponentially with transition energy. This last argument
together with the competition at all steps in the emission
process reflects and explains the shape of the measured
gamma spectrum. A typical gamma spectrum measured
studying the decay of the GDR in hot nuclei populated in
complete fusion reactions between heavy ions at beam en-
ergies up to 5 - 6A MeV is shown in fig. 1. Below Eγ ∼ 10
MeV the spectrum is dominated by the statistical emis-
sion of gamma-rays from the equilibrated system at the
end of the decay process. Above Eγ ∼ 10 MeV a broad
bump is observed which is a signature of the GDR decay.

In order to extract quantitative information on the
GDR properties at different excitation energies from the
spectrum we need to make a comparison with statisti-
cal calculations which take into account all the decay se-
quence. This kind of analysis is usually carried out using

the statistical code CASCADE [55] which treats the sta-
tistical emission of neutrons, protons, alphas and γ-rays
from a hot equilibrated system. In the code, the GDR is
assumed to be Lorentzian in shape in analogy to the ob-
servation made on cold nuclei. The dipole emission is ex-
pected to dominate the spectrum above 10 - 12 MeV even
if small contributions from quadrupole emission cannot be
ruled out and are typically included in the calculation. All
the results strongly depend on the assumptions made for
the level densities.

In the following the results concerning the GDR prop-
erties will be discussed for increasing excitation energy.
The main part of the discussion will be focused on mass
region A ∼ 120 due to the existing broad systematics. The
discussion will be divided in two main sections, one for ex-
periments up to E∗ ∼ 200 MeV where the main issue is the
increase of the GDR width while the strength retains its
full collective character and a second one, above E∗ ∼ 200
where a progressive quenching of the GDR, is observed in
all the experiments. A detailed analysis of this effect will
be undertaken from the theoretical and the experimental
point of view leading to some conclusions concerning the
GDR properties up to the limits of its existence.

5 The evolution of the GDR at moderate
excitation energies up to 200 MeV

Once the main features of GDR built on the ground state
are well understood the question arises as to what happens
to GDR properties built on the excited states. In this case
the main aim is to probe the stability of collective motion
in nuclei under increasing temperature and angular mo-
mentum. In particular, populating hot nuclei at increasing
excitation energy and in different spin ranges one is able
to follow the shape modifications and fluctuations asso-
ciated to the weakening of shell effects which dominate
the nuclear properties of the ground state. At the same
time it is also possible to extract new information on the
relative time scales involved in shape rearrangements. A
further important issue in these studies is the evaluation of
the relative influence of angular momentum and temper-
ature effects on the evolution of the GDR parameters. In
a typical fusion experiment the higher excitation energies
are associated to large transfer of angular momentum. Re-
cently inelastic scattering has been used to populate nuclei
in a wide range of excitation energies with little angular
momentum transfer allowing to disentangle the relative
contribution of angular momentum and temperature ef-
fect on the GDR features.

The existing hot GDR systematics can be reasonably
well accounted for in the framework of the adiabatic ther-
mal fluctuation model [23–26]. However recent results on
width measurements in the region of temperatures below
about 1.5 MeV showed important discrepancies between
predictions and data in different mass regions which re-
main hitherto unexplained [26–29]. In the following we
will concentrate on tin isotopes (A ∼ 110) tracing an his-
torically based overview of our understanding of the GDR
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Fig. 1. Measured γ-ray spectra from the decay of 111Sn at
E∗ = 66 and E∗ = 100 MeV. Full lines represent the statistical-
model calculations using a level density parameter a = A/8
while the short-dashed line is a similar calculation with a =
A/8.5 and the long-dashed one is obtained including the decay
from the giant quadrupole resonance [14].

features up to now. In this mass region the GDR built on
the ground state is characterized by a resonance energy of
about 15 MeV, a strength fulfilling 100% of the EWSR and
a width of about 5 MeV. A significant modification of the
GDR width was observed for the first time by Gaardhøje
et al. [13] studying the gamma spectra emitted in the sta-
tistical decay of 108Sn nuclei populated up to E∗ = 60
MeV and angular momenta up to I � 40h̄. Reproduc-
ing the data through a statistical calculation performed
with the code CASCADE using a single Lorentzian func-
tion centered at EGDR = 15.5 MeV called for a width
Γ = 6 − 6.5 MeV for the three excitation energies inves-
tigated, values which were clearly in excess of the typical
widths measured on the ground state.

Similar results were obtained in the study of the GDR
decay from 111Sn nuclei populated at E∗ = 66 and 100
MeV excitation energies using the reaction 20Ne + 91Zr
at Ebeam = 100 and 140 MeV [14]. The measured γ spectra
and the corresponding statistical calculation are shown in
fig. 1. In this case a strength corresponding to 100% of the
EWSR and widths of 7.5 and 11 MeV respectively were
needed to reproduce the γ-ray spectra. Therefore, the re-
sults of these experiments, shown as open symbols in fig 2,
pointed to a progressive increase of the width with exci-
tation energy at least up to E∗ = 100 MeV. The authors
suggested two possible interpretations for such an increase
as due either to an increase of the GDR damping width
with E∗ and/or spin I or to a change in deformation.

The systematic study of the GDR properties in Sn iso-
topes was extended by the work of Chakrabarty et al. [15]
at higher excitation energies (E∗ = 130 MeV) and spin.
The results concerning the centroid energies and widths

Fig. 2. The systematics for the energy (a) and width (b) as
a function of E∗. Open symbols are from ref.[13,14] while full
symbols are from ref. [15]. The full line corresponds to the
parametrization of the width given by eq.6.

are shown in fig. 2 as full symbols. Within the experimen-
tal errors, the centroid energy of the GDR as extracted
from best fits to experimental data are independent of
excitation energy while the absolute value seems to be
slightly lower than the one measured on the ground state.
The width of the resonance was observed to increase with
excitation energy although less strongly than reported in
the previous work, the discrepancy being relevant only for
E∗ = 100 MeV. Different calculations were performed to
investigate the sensitivity of the results to the level density
parameter adopted. Small differences were observed and
included in the estimated error bars. The average width
trend including the ground state value can be well ac-
counted for by the relation:

Γ = 4.8 + 0.0026E1.6MeV (6)

where the first constant represents the ground state value.
Such a trend is in qualitative agreement with calculations
performed on 108Sn at high spin and temperatures which
predict a width increase reflecting the increase of defor-
mation at higher angular momenta and the progressive
importance of thermal fluctuations of the nuclear shape
[23]. In particular Sn isotopes are predicted to evolve from
spherical towards oblate shapes with increasing spin and
temperature. Thermal fluctuations wash out the struc-
tures of the absorption strength function calculated for
fixed deformation inducing a broadening and a smoothing
of the strength function.

It is important to mention at this point that while a
clear trend as a function of excitation energy is observed
for the width, each single statistical model calculation
used as a comparison to estimate the GDR parameters was
performed with a fixed width all along the decay chain.
Therefore the extracted parametrization reproduces the
trend for the width averaged over the decay cascade. A
proper treatment of the problem calls for the inclusion of
the energy and spin dependencies of the width in the cal-
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Fig. 3. a) Gamma spectrum measured in coincidence with fusion events from the reaction 40Ar + 70Ge at Elab = 10A MeV.
Full line represents the statistical calculation, the dotted line indicates the bremsstrahlung contribution while the dashed line
is the sum of the previous two. b) The trend of the maximum angular momentum populated in the different fusion reactions
leading to Sn isotopes as a function of excitation energy. c) The systematics of the GDR width measured on 108−112Sn isotopes
as a function of excitation energy. The width value at E∗ = 230 MeV is the one measured by Bracco et al. [16] suggesting the
width saturation. The full line corresponds to the parametrization of the width given by eq.6.

culation. Chakrabarty and co-workers investigated these
dependencies and found that a good fit to the data can be
obtained assuming [15]

Γ = 4.5 + 0.0004E2 + 0.003I2. (7)

An abrupt change to the smooth increase of the GDR
width with excitation energy observed up to 130 MeV
was found in the study of the GDR structure at about
E∗ = 230 MeV. In this experiment performed using an
40Ar beam at 10A MeV the GDR gamma decay was in-
vestigated in 110Sn nuclei and a width similar to the one
previously measured at 130 MeV was observed indicating
the onset of a saturation effect above 130 MeV [16].

At 10A MeV beam energy the reaction dynamics are
still dominated by the mean field which leads, for cen-
tral collisions, mainly to complete fusion events. However,
modifications of the mean field dynamics due to the ef-
fect of nucleon-nucleon collisions occur leading also to in-
complete fusion events characterized by a partial transfer
of nucleons from the lightest to the heaviest partner of
the collision which affects the final excitation energy and
mass of the hot system produced. It is no longer straight-
forward to ascerten the excitation energy and spin distri-
bution populated in the reaction. The higher bombard-
ing energy also induces a new high energy component in
the γ-spectrum due to nucleon-nucleon bremsstrahlung in
the first stages of the reaction. This component must be
understood and subtracted before drawing conclusions on
the GDR characteristics. A proper identification of the re-
action mechanism and of the initial masses and excitation
energies are needed in order to characterize the emitting
source and follow the evolution of the GDR properties.
Bracco and co-workers [16] used, in the experiment, two

Parallel Plate Avalanche Counters (PPAC) to detect the
reaction products in coincidence with γ-rays. Such a setup
yields a measurement of the linear momentum transfer
(LMT) from the projectile to the compound system. Com-
plete fusion events are characterized by 100% LMT. Only
such events were retained in the analysis and the gamma
spectra were built accordingly. Fig. 3 displays the γ-ray
spectrum measured in ref.[16] which shows a clear bump
associated to the GDR decay and, at higher energies, the
contribution arising from bremmstrahlung γ-rays originat-
ing from nucleon-nucleon collisions in the first stage of the
reaction. The full line represents the statistical model cal-
culation performed assuming a Lorentzian shape for the
GDR with 100% of the EWSR, a centroid energy of 16
MeV and a width of 13 MeV constant over the whole decay
path. The dotted line is the estimate of bremsstrahlung
contribution while the dashed one indicates the sum of the
both statistical and bremsstrahlung contributions which
nicely reproduces the whole spectrum. On the right side
of fig. 3 the GDR width systematics for Sn isotopes is
shown including the new result at E∗ = 230 MeV. Its
value is similar to the one extracted at E∗ = 130 MeV
suggesting a saturation of the effects which lead to the
observed increase at lower excitation energy. Thermal fluc-
tuations of the nuclear shape are expected to increase with
the temperature of the emitting system and therefore the
observation of a saturation suggests a different origin as
the main contribution to the width increase. As already
observed, angular momentum drives the nucleus towards
shape modifications leading to prolate or oblate configu-
rations which become stable at high spin. In fusion reac-
tions the transferred angular momentum increases with
beam energy reaching the maximum angular momentum
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a nucleus of mass A ∼ 110 can sustain before fissioning
at about E∗ ∼ 100 MeV. In fig. 3 the trend of maximum
angular momenta populated in the reactions investigated
is compared to the width increase in the same excitation
energy region. The similarities observed in the two curves
drove the authors to suggest that the angular momentum
is the main effect for width increase.

Fig. 4. Comparison of the GDR width extracted from 50A
MeV α-particle inelastic scattering experiment (full symbols)
on 120Sn [19] and from fusion reaction data (open symbols) on
108−112Sn nuclei [13–15]. The lower part shows the comparison
of the α inelastic scattering experiment results with adiabatic
coupling calculations [22] shown as a full line. The dashed line
includes the contribution to the width due to particle evapo-
ration width [44].

Evidence for a saturation of the width was also ob-
tained by Enders et al. studying the GDR gamma decay
in nuclei populated in deep inelastic reactions [17]. They
studied the system 136Xe + 48Ti at 18.5A MeV and mea-
sured the gamma-rays in coincidence with binary events.
In order to investigate the excitation energy dependence of
the GDR width three different excitation energies regions
were selected and the gamma spectra were built accord-
ingly. The results concerning the width show that a value
of about 10 MeV reproduces the spectra at all excitation
energies. Such a value is lower than the one measured by
Bracco et al. [16] and the results seem to be insensitive to
the particular choice of level density adopted in the statis-
tical calculation. Further evidence for the width saturation
came from the work of Hofmann et al. [18] who investi-
gated the GDR properties using 12.5 and 17.5A MeV 16O
beam impinging on 118Sn target. Assuming complete fu-
sion reactions, nuclei at excitation energies of 160 and 230
MeV respectively were populated [18]. The comparison
of experimental spectra with statistical calculations indi-
cated that a width value of 10.5 - 11 MeV led to a good
reproduction of the data. Such values are in agreement

within the error bar with Enders’ results. However, the
systematics of momentum transfer indicate, for reactions
at 12.5 and 17.5A MeV beam energy an average value of
90% LMT. Calculations including corrections for incom-
plete momentum transfer led to differences of about 5%
for the width, a value which didn’t affect the conclusions
concerning the saturation [18]. However, this systematics
of average momentum transfer were built measuring re-
coil velocities whose distribution becomes broader with
increasing beam energy and they might not take properly
into account pre-equilibrium emission which could affect
the excitation energy and mass of the equilibrated system.

Once the systematics were established using fusion re-
actions, the next step was to attempt to disentangle the
effects of the two parameters driving the width evolution,
temperature and angular momentum.

A way to populate nuclei at well determined temper-
atures and low angular momentum was proposed by Ra-
makrishnan et al. [19]. They used the inelastic scattering
of α particles at 40 and 50A MeV as a tool to populate
120Sn nuclei in the excitation energies range of 30 - 130
MeV and low angular momentu states (about 15h̄ on the
average) which allowed one for the first time to study the
effects of large amplitude thermal fluctuations and angular
momentum separately. The initial excitation energy of the
target nuclei was determined from the energy loss of the
scattered α-particle and the GDR evolution was followed
gating on different windows of energy loss. Data analysis
indicated a monotonic increase of GDR width with tar-
get excitation energy for both beam energies. Besides the
results were found in good agreement with the existing
systematics built on fusion data as shown in fig. 4. The
agreement found up to E∗ = 130 MeV in the data sets
extracted using different reaction mechanisms which pop-
ulate nuclei in rather different spin regions suggests that
the increase in the width is mainly driven by temperature
effects differently from what was previously suggested by
Bracco et al. [16].

In order to evaluate the angular momentum depen-
dence of the GDR width at a fixed temperature fusion
evaporation experiments were used to populate hot Sn nu-
clei at about T � 2 MeV [20]. Differently from previously
described fusion-evaporation experiments a multiplicity
filter was used to select fusion events according to differ-
ent average spin regions. The results, together with other
exclusive measurements showed that the width measured
at T � 2 MeV is roughly constant up to spin J ≤ 35h̄ and
then progressively increases up to the highest measured
spin as shown in fig. 5 [20,21]. This trend is rather well
reproduced by the calculations based on adiabatic theory
of thermal shape fluctuations [22,26].

The results clearly suggest that the observed disagree-
ment in the conclusions concerning the dominance of an-
gular momentum and temperature effect on the width in-
crease could be attributed to the different region of an-
gular momentum investigated by the two types of experi-
ments. In fact the results of ref.[20] indicate that the influ-
ence of angular momentum on the width becomes really
important only above I ∼ 35h̄ as is case of the highest
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Fig. 5. Evolution of the width as a function of angular momen-
tum at T ∼ 2 MeV [20]. The solid line represents a calculation
of the width evolution with spin assuming a moment of inertia
of the nucleus equal to the rigid rotor value while the dashed
line is a similar calculation assuming a reduction of 16% in the
rigid rotor value [20].

excitation energy fusion data [16]. Such a conclusion finds
a theoretical support in the results of adiabatic theory of
thermal shape fluctuations which predicts the same effect.

Thermal shape fluctuation calculations give also a rea-
sonable description of the overall GDR width increase as
a function of the system temperature as shown in fig. 4.
The inclusion of the evaporation width contribution [44] to
the GDR width due to the finite width of both initial and
final nuclear states involved in the GDR decay improves
and extends the agreement between data and theory up
to the highest E∗ points (see fig. 4). However the calcu-
lations are not able to reproduce the data trend below
T < 1.5 MeV. The recent observation of a width close to
the ground state width at very low temperatures made
the scenario a bit more confused casting some doubts on
the validity of the calculations in the low temperature re-
gion. Data from the 17O inelastic scattering on 120Sn [27]
extracted at T = 1 MeV indicate that the GDR width
in 120Sn is 4 MeV, a value similar to the one extracted
on the ground state compounding the difference with the
calculation made in the framework of the standard the-
ory of shape fluctuations [27]. This result cannot be cur-
rently explained in the framework of the thermal shape
fluctuations [27,28]. Some new results were recently pub-
lished also about the angular momentum dependence of
the width. In particular an experiment on 86Mo using fu-
sion reactions didn’t show any dependence of the width on
angular momentum which was measured to be constant up
to 30h̄ at T � 1.3 MeV [30]. The experimental evidence
and theoretical framework discussed up to this point sug-
gest that both angular momentum and temperature are
effective in driving the nucleus towards more deformed or
elongated shapes which influence the GDR width which
becomes progressively broader with increasing excitation
energy. At about E∗ � 130 MeV corresponding to T � 3
MeV the system reaches the limiting angular momentum
for a nucleus of mass A ≈ 120 and this strongly affects the

Fig. 6. Evolution of the width as a function of excitation en-
ergy applying the correction for pre-equilibrium emission to
the highest E∗ points [34] which were extracted in ref.[16,17].

increase of GDR width which seems to saturate. A smooth
increase is instead predicted by thermal models due to the
increase of the temperature effects which should lead to a
T 1/2 dependence.

More recently some doubts were cast on the excitation
energy determination in the fusion reactions. In particu-
lar it was pointed out that a proper determination of pre-
equilibrium emission is mandatory in the estimate of the
E∗ of the system whose uncertainties could affect the con-
clusions concerning the width saturation. Recently pro-
tons and α particle pre-equilibrium emission has been es-
tablished down to Ebeam = 7AMeV [31,32]. The measure-
ments show that, on the average, the compound nucleus
excitation energy is reduced by few percent at 7-8A MeV
and about � 20% at 11AMeV using asymmetric reactions
populating A ∼ 115−118 mass region [31,32]. At the same
time the mass of the compound system is reduced by a
few units relative to complete fusion. The inclusion of the
pre-equilibrium emission in the energy balance lowers the
computed temperatures and increases the extracted GDR
width and strength because of the lower excitation energy
value used in statistical model calculation to reproduce the
gamma spectra. The evidence of a pre-equilibrium emis-
sion already at 8AMeV suggested a re-analysis of the data
taken above 10A MeV due to an overestimation of the ini-
tial excitation energy which, in some cases, was estimated
assuming complete fusion. When excitation energies and
temperature are recomputed including the pre-equilibrium
emission the results of ref.[16,17] indicate that the width
is still increasing up to temperatures T ∼ 3.2 as shown
in fig. 6 [32,34]. The calculations based on adiabatic ther-
mal shape fluctuations including the contribution to the
GDR width coming from the evaporative decay support
this conclusion (see fig. 6) up to T � 3 MeV [26]. However,
recent experimental findings showed a significant differ-
ence in pre-equilibrium emission between symmetric and
asymmetric reactions which affects the final excitation en-
ergy of the system and therefore the conclusions concern-
ing the GDR width saturation [33].

From the analysis of all the experimental findings up
to an excitation energy of 200 MeV a scenario emerges
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where the strength of the GDR retains 100% of the EWSR
and the width progressively increases due both to tem-
perature and spin effect, the latter mainly playing a role
above 35 − 40h̄. The observed saturation of the width
above about E∗ = 150 MeV is due to limiting angular
momentum from the opening of the fission channel. There
is no strong evidence of a saturation of the width with
increasing temperature at fixed angular momentum.

Dynamical effects start to set in at the highest end
of the energy range discussed. They have non negligible
effects on the conclusions and are not completely under
control. This problem will be exacerbated when moving
to even higher energies in the next section.

6 Disappearance of the GDR above E∗ ∼ 200
MeV

The study of the GDR properties at high excitation en-
ergies was mainly focused in the Sn mass region where
broad systematics were collected in different experiments.
The experimental investigation was undertaken by the dif-
ferent groups in a rather coherent way since in all ex-
periments gamma-rays were detected in coincidence with
reaction products. Typically, PPAC’s were used to iden-
tify incomplete fusion events where only part of the light
projectile is transferred to the target, through the simul-
taneous measurement of energy loss and time of flight of
the residues. Broad distributions of recoil velocities were
detected reflecting a range of momentum transfers leading
to systems with different masses and excitation energies
whose values can be estimated using a massive transfer
model [35]. This is a very attractive feature of intermedi-
ate energy heavy ion collisions since, as long as the hot
nuclei can be properly characterized, the broad excitation
energy distribution measured can be used to follow the
evolution of the gamma emission as a function of exci-
tation energy in a single experiment. The recoil velocity
distributions were sorted in bins corresponding to differ-
ent average excitation energies and gamma spectra were
built accordingly. The analysis of the gamma spectra was
usually carried out using a statistical decay code which
treats the statistical emission of γ rays, neutrons, protons,
alpha particles and in a few cases also a fourth particle
(like a deuteron) from an equilibrated compound nucleus.
The bremsstrahlung γ-ray contribution whic dominates
the high energy part of the spectrum was estimated fit-
ting the spectral shape with an exponential function above
about 30 MeV. Since it gives also a sizeable contribution
to the region below 30 MeV which is difficult to deter-
mine experimentally and which affects the estimate of the
GDR yield, the exponential fit is extrapolated down to
low energies. Eventually this contribution was subtracted
from the experimental spectrum in order to obtain the
GDR gamma yield and to allow for a direct comparison
with statistical calculations folded with detector response.
However, even though the basic approach is the same, the
authors followed, in the data analysis, different hypoth-
esis concerning the GDR properties at high E∗, which

lead, at least for some time, to controversial conclusions.
In the following we will show the results of the different
experiments, the procedure adopted in the analysis and
eventually the comparison with theoretical models which
provides the present understanding of the GDR behavior
at very high temperature.

The first pioneering work to investigate the persistence
of collective motion at very high excitation energies was
performed by Gaardhøje et al. who studied the reaction
40Ar + 70Ge at 15 and 24A MeV beam energies [36]. Hot
nuclei formed in incomplete fusion reactions were popu-
lated at average excitation energies E∗ = 320 MeV and
E∗ = 600 MeV for the two reactions. These estimates,
based on average momentum transfer, didn’t take prop-
erly into account pre-equilibrium particle emission which
affects significantly the excitation energy value in the case
of the reaction at 24A MeV. However, even if corrections
should be applied to extract a proper value of E∗ for the
emitting system, the general conclusions of this work re-
main the same, the excitation energy of the system pop-
ulated at 24A MeV is in any case much higher than 300
MeV.

Fig. 7. Gamma spectra measured in the reactions 40Ar + 70Ge
at 15 and 24A MeV. Full line represents the statistical model
calculation performed at E∗ = 320 MeV while the dashed line
is a calculation assuming E∗ = 600 MeV. Dotted lines are the
sum of statistical plus bremsstrahlung contributions. [36].

The γ spectra were reproduced assuming for the GDR
a single Lorentzian shape with a centroid energy EGDR =
15.5 MeV, a width Γ = 15 MeV and 100% of the EWSR.
As it can be seen in fig 7 the statistical calculation repro-
duces the gamma spectrum measured at 15A MeV while
a strong over-prediction of the GDR gamma yield is ob-
served in the case of 24A MeV. These data indicated, for
the first time, the existence of a suppression of the γ emis-
sion at high excitation energies [36] compared to the pre-
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diction of statistical model which was interpreted as a loss
of collectivity of the system. The spectrum measured at
24A MeV was found similar to the one measured at 15A
MeV and could be reproduced assuming an excitation en-
ergy E∗ = 320 MeV, a value much lower than the esti-
mated one. Such an approach lead to the interpretation
of the sudden disappearance of the GDR with increasing
excitation energy. These observations suggested, for the
first time, the existence of a limiting temperature T ∼ 4.5
MeV for the collective motion.

Further evidence for the suppression of the γ yield at
very high excitation energies was then found studying the
reactions 40Ar + 92Mo at 21 and 26A MeV [46], 36Ar +
90Zr at 27A MeV [51] and 36Ar + 98Mo at 37A MeV [53].
These results could not be explained in the framework
of statistical model because at higher excitation energies
the number of emitted gamma-rays should increase due to
the higher number of steps available for the GDR to com-
pete with particle emission. Interest for this new problem
spread through the theoretical community. Different ap-
proaches were proposed to explain the quenching of the
GDR. The different ideas point to two main effects which
could lead to a saturation of the GDR gamma yield at
high excitation energy, either a suppression of the GDR
or a rapid increase of the width. In the following paragraph
we will first describe the different theoretical models and
then we will come back to a more detailed description of
the experimental results.

6.1 Theoretical models: yield suppression

The statistical model used to reproduce the gamma spec-
tra emitted in the decay from a hot compound nucleus
is based on the assumption that the nucleus survives long
enough to reach thermal equilibrium before decaying. This
hypothesis, valid for nuclei at low excitation energies, may
not always be fulfilled at very high excitation energies
where the time needed for the system to equilibrate the
different degrees of freedom, in particular the collective
ones, could become longer than the nucleus lifetime [37].
In this case the system will start to cool down by particle
emission before being able to develop a collective oscilla-
tion.

The observation of a GDR quenching at high excita-
tion energies has been interpreted by some theoreticians
as a possible evidence of such pre-equilibrium effects. The
time scale governing the GDR equilibration can be related
to GDR spreading width Γ ↓. Since particle evaporation
width Γev increases as a function of the temperature ac-
cording to the statistical model predictions as shown in
fig 8, the existence of the GDR above a certain excita-
tion energy depends on the relative size of the spreading
and evaporative widths [38]. The model suggested by Bor-
tignon et al. [38] is based on the assumption that the com-
pound nucleus states can exists in two different classes,
with or without the GDR. Assuming that GDR states are
not populated at the beginning of the reaction, the excita-
tion energy at which the spreading width and evaporative

Fig. 8. Particle evaporation widths as a function of excitation
energy estimated in the framework of statistical model for three
values of the level density parameter ranging from a = A/8 to
a = A/12 [38]. The full symbol represents the value of the Γ ↓

of the GDR measured on the ground state in 108Sn

width are comparable Γev ∼ Γ ↓ defines a critical tempera-
ture for the existence of collective motion [38]. Above this
temperature, in fact, the compound nucleus will evaporate
particles before the GDR can be present in thermal equi-
librium reducing its temperature. This affects the GDR
yield which will be reduced by an amount related to the
time needed to develop the collective oscillation relatively
to the particle decay time. The model predicts a hindrance
factor for the GDR emission dependent on excitation en-
ergy given by:

F =
Γ ↓

Γ ↓ + Γev
(8)

where Γev increases rapidly with temperature. The fulfil-
ment of the condition Γev ≥ Γ ↓ relies on the temperature
dependence of the spreading width as compared to the
particle decay width. Since a suppression of the GDR was
observed above E∗ � 250 MeV this was interpreted by
Bortignon and co-workers as an indication that at this ex-
citation energy, which corresponds to temperature T ∼ 5
MeV, the condition Γev ≥ Γ ↓ is fulfilled. Comparing the
value Γ ↓ measured on the ground state which is about 4.5
MeV to Γev calculated at E∗ = 250 MeV which is ∼ 5
MeV the authors concluded that Γ ↓ is essentially inde-
pendent of temperature.

It has been noted that the pre-equilibrium effects might
be overestimated in the preceding model due to the hy-
pothesis of a complete absence of population of GDR states
at the beginning of the reaction on which the model is
based. In fact the existence of some initial dipole oscil-
lations in the fused system due to the long equilibration
time of the charge degree of freedom has been theoreti-
cally investigated together with the excitation energy de-
pendence of the spreading width. The calculations suggest
that a suppression or an enhancement of the gamma emis-
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Fig. 9. Comparison of GDR suppression factors as a function
of excitation energy for a system with E∗ = 550 MeV. Circles
indicates the results obtained estimating the suppression factor
according to eq.10 while squares are obtained using the relation
given by eq.8 [34].

sion could be observed depending on the initial conditions
of the system out of equilibrium [39].

More recently the effect of the equilibration time for
different degrees of freedom has been re-investigated [34].
Assuming that the equilibration of the collective vibration
occurs with a probability given by:

P (t) = 1− exp(−µot) (9)

where µ0 = Γ0/h̄ is a characteristic mixing rate related
to the spreading width and t is the time elapsed in the
decay process one can estimate the inhibition factor for
the GDR decay et each step of the decay. At the first step
the time to consider in eq.9 will be the mean lifetime of
the compound nucleus tev = h̄/Γev. For the nth decay
step the probability will be modified by the elapsed time
which can be estimated as t ∼ ∑n

i=1 tev(i) where tev(i) is
the mean lifetime for ith decay step. Then the suppression
factor is reduced and becomes [34]:

Fn ∼ 1− exp(−Γo

n∑
i=1

Γev(i)
−1) (10)

The comparison of this suppression factor with the one
predicted by eq.8 for a compound system with E∗ = 550
MeV, mass A = 110, Γ0 = 4 MeV and assuming A/a = 11
is shown in fig 8. The different points in the figure are
computed assuming an energy release per decay step given
by ∆E = Bn + 2T where Bn ≈ 9 MeV and T =

√
(E/a)

[34]. As it can be observed the two suppression factors are
similar at the first step but then, during the de-excitation
process, eq.10 predicts a rapid decrease of the suppression
which becomes negligible already around E∗ = 300− 350
MeV while eq.8 gives still a not negligible suppression at
E∗ ∼ 100. Implications of this difference will be discussed
later when a direct comparison with experimental data
will be shown.

A different origin of the suppression of the GDR γ
emission was suggested by Chomaz [40]. In his model the

Fig. 10. Evolution of quenching factors predicted for Sn nu-
clei as a function of excitation energy for different values of the
level density parameter. Thick lines show the reduction factor
predicted in ref.[38] while thin lines are predictions made ac-
cording to ref.[40]

explanation of the quenching effect is again related to the
different time scales which come into play in the emis-
sion process. Differently from the previous approach, he
suggests to take also into account the period of one os-
cillation of emitting system given by TGDR = 2π/EGDR.
In fact, in order to be able to emit characteristic pho-
tons the system needs to make at least one full oscillation
without perturbation of its dipole moment. Conversely,
the associated spectrum cannot show a characteristic fre-
quency. Since particle emission can induce fluctuations of
the dipole moment the times which come into play and
compete are the time between the sequential emission of
two particles tev and the period of one collective oscillation
TGDR. The condition tev � TGDR defines the threshold to-
wards a chaotic regime where the collective oscillation is
suppressed. The probability to make at least one oscilla-
tion can be computed and a GDR quenching factor can
be extracted. It depends on the resonance energy and the
evaporative width according to the relation:

F = exp(
−2πΓev

EGDR
). (11)

The excitation energy dependence of the GDR suppression
factor is shown in fig 10 for Sn nuclei. In the same figure
the suppression factor proposed in ref [38] is shown as
a comparison. The effect of different values of the level
density parameter on the suppression factor is also shown.
Chomaz’s approach to explain the GDR quenching leads
to a suppression factor whose effects are much stronger
than those predicted in ref [38]. In particular, a sizeable
quenching is predicted already between 150 - 200 MeV
excitation energy, an excitation energy region where the
GDR was measured to retain 100% of the EWSR.
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6.2 Theoretical models: width increase

A completely different interpretation of the quenching ef-
fect was developed following the idea of a GDR width
strongly increasing with the temperature. This argument
is not in disagreement with the apparent saturation of the
width at about 12-13 MeV observed above 250 MeV exci-
tation energy in different experiments and, as we will see,
its implication should give a clear signature in the gamma
spectrum which is not predicted by models which interpret
the GDR quenching in terms of yield suppression. Such
difference will become the key issue to segregate between
the two theoretical interpretations of the GDR quenching.

In the attempt to reproduce the experimental data two
different explanations leading to a rapid width increase
at high excitation energy were put forward. Following a
semiclassical approach solving the Vlasov equation with
a collision relaxation time, Smerzi et al. [41] studied the
interplay between one and two-body dissipation on the
damping of collective motion. They evaluated the escape
width Γ ↑ and the spreading width Γ ↓ contributions as a
function of temperature. The escape width was found to
be of the order of few hundred KeV while a strong increase
of the spreading width was observed as a function of the
temperature [41]. Such effect is due to two-body collisions
which become increasingly important with temperature
because of the suppression of Pauli blocking.

Fig. 11. Excitation energy dependence of the GDR width for
Sn isotopes. Open square symbols represent the results of the
calculations of Bonasera et al.[43]. The dashed line is the ex-
trapolation to higher energies of the width parametrization
given by eq.6. The solid line is a previous estimate for the width
increase [41], the dotted one is a fit of the width trend extracted
from ref. [46] and the dot-dashed one is a parametrization as-
suming a constant width of 11 MeV above E∗ = 130 MeV.
In the same figure the Γev values calculated for level density
parameters a = A/12 (circles) and a = A/10 (crosses) are
shown.

The excitation energy dependence of the GDR width
for Sn isotopes is shown in fig 11 as open squares and
can be described reasonably well by the dashed line which

Fig. 12. Evolution of the total GDR width and its various
components in Sn isotopes as a function of excitation energy.
The thick solid line displays the total width predictions accord-
ing to the parametrization suggested in ref.[45] including the
particle evaporation width contribution [44]. The thick dashed
line represents the standard prediction assuming the satura-
tion at 12 MeV. The thin lines show the contribution to the
width due to the various components. In particular, the thin
solid line represents the intrinsic width including the particle
evaporation width contribution while the dotted one shows the
intrinsic width.

is an extrapolation to higher energies of the Chakrabarty
parametrization for the width found at lower excitation
energies [42,43]. At about E∗ � 230 MeV the calculations
predict a GDR spreading width of the order of the reso-
nance energy and the contribution to the gamma spectrum
around the GDR energy becomes small. In fact, the γ-
rays are spread out over a very large decay energy range.
Therefore the conclusion is that the GDR progressively
disappears with excitation energy due to this broadening
of the resonance. This interpretation should be able to
explain the quenching of the γ yield and paradoxically is
not in contradiction with the apparent width saturation.
The analysis of the spectral shape in a region above the
resonance should reveal the contributions not present at
lower excitation energies. This part of the spectrum then
becomes of great importance to draw conclusions concern-
ing the validity of the different models.

A different idea based on the width increase was pro-
posed by Chomaz to explain the observed saturation of
the yield [40,44]. The key issue is that each nuclear level
involved in the GDR gamma decay has a finite lifetime τ
due to particle evaporation. The value of the lifetime in-
duces, according to the Heisenberg uncertainty principle,
a width of each nuclear level of the order of h̄/τ . Therefore
the transition energies between nuclear levels, like gamma-
ray energies, cannot be determined to better than 2h̄/τ .
This indetermination affects the total width of the reso-
nance but not the position of the centroid. Assuming for
each nuclear level a width equal to the evaporation width
of the compound system Γev the total width of the GDR
should contain the contributions coming from the spread-
ing width and the natural width of the elementary gamma
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Fig. 13. a) Evolution of the gamma yield integrated in the region between 12 and 20 MeV as a function of excitation energy
for different reactions . Circles correspond to 21A MeV data, diamonds to 26A MeV data while squares are from the reaction
32S + 100Mo @ 150, 180 and 210 MeV beam energies [47]. The solid line represents the calculation of the γ yield, integrated in
the same energy region, according to the parametrization adopted in ref.[46]. b) Comparison between the same set of data and
the theoretical predictions according to Smerzi et al. [42], (solid line) and Bortignon et al. [38] (dashed line) c) Same model
calculation as above but in the energy region 25 - 40 MeV.

transition according to the relation [44]:

ΓGDR = Γ ↓ + 2Γev (12)

While at low excitation energies the contribution aris-
ing from Γev is negligible the statistical model predicts
a strong increase of the particle evaporation width with
excitation energy. In fig. 12 the evolution of the total GDR
width calculated including the evaporation width effect is
shown as a full thick line. In the same figure the contri-
bution arising from the 2Γev term is shown as full thin
line. The comparison with the prediction assuming a sat-
urating width according to the experimental observation
shows that the new contribution starts to be significant in
the region of E∗ � 150−200 MeV becoming the dominant
one above E∗ ∼ 300 MeV.

The strong increase predicted by both models could, in
principle, explain the disappearance of the GDR at high
excitation energies but the comparison of the experimen-
tal data with the results of statistical calculations includ-
ing model prescriptions will show significant discrepancies
which cannot be accounted for assuming a width increas-
ing with temperature.

6.3 Evidence for the yield saturation

Now we come back to the experimental evidences for the
yield saturation discussing in detail the results of differ-
ent experiments performed in the Sn region together with
the different approaches adopted to interpret the data.

Historically, after the first evidence for the yield satura-
tion observed by Gaardhøje this issue was re-investigated
at RIKEN studying the gamma-ray spectra measured in
coincidence with evaporation residues produced in the re-
actions 40Ar + 92Mo @ 21 and 26A MeV [46]. At these
bombarding energies incomplete fusion is the dominant re-
action mechanism for central collisions and therefore the
characterization of the emitting source becomes rather
complex. Two methods were used to determine the ex-
citation energy of the system: one based on the recoil
velocities and the other on the measurement of neutron
spectra. Gates on recoil velocity were applied to select nu-
clei with different average excitation energies whose values
were estimated using a massive transfer model. Neutron
and gamma spectra were built accordingly. Neutron spec-
tra were analyzed assuming the emission from two moving
sources, one associated to the compound nucleus and the
other to pre-equilibrium [49]. The results showed that both
the temperature and the multiplicity of neutrons emitted
from the compound nucleus source increase smoothly as
a function of residue velocity [46,49] supporting the in-
terpretation of a statistical emission from an equilibrated
system formed at progressively higher excitation energy.

Gamma spectra were extracted for both reactions and
all velocity bins. The GDR gamma yield, integrated in
the region 12 ≤ EGDR ≤ 20 MeV after bremsstrahlung
subtraction, was observed to be almost constant, within
the error bar, in the whole region above 250 MeV exci-
tation energy [46,47](see fig 13). The spectra were then
analyzed using the standard statistical calculation assum-
ing for the GDR a centroid energy EGDR = 15.5 MeV, a
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width ΓGDR = 20 MeV and full strength of the EWSR.
The comparison clearly showed that the statistical calcu-
lation strongly overshoots the data in the GDR region.

In order to reproduce the spectra the authors proposed
to include the energy dependence of the GDR width in the
statistical calculation [46]. They showed that, taking into
account the width variation at each step of the decay pro-
cess, statistical model calculations were able to reproduce
the γ spectra at different E∗ without introducing a re-
duction of the EWSR strength above a critical excitation
energy. This was a really new approach since, traditionally,
each single calculation was performed assuming a width
constant during the de-excitation process. The inclusion
of the excitation energy dependence of the width in the
calculation produces a spread of the strength function out-
side the GDR peak region at high E∗ leading, therefore,
to a quenching of the gamma yield in the GDR region.
Fig 13 shows, as a solid line, a calculation of the gamma
yield integrated in the region 12 ≤ Eγ ≤ 20 MeV includ-
ing the energy dependence of the width. The data trend
is rather well reproduced and the differences observed at
low excitation energies can be ascribed to a different ini-
tial mass of the emitting system and to a different trigger
adopted [47]. While a first analysis of the spectra sug-
gested a strong dependence of the width on E∗ [46], when
the effect of equilibration time was taken into account in
the calculation including the factor ΓGDR/(ΓGDR + Γev)
[38,48] a good fit was obtained with an energy dependence
very similar to the one found by Chakrabarty at lower ex-
citation energy [47,48].

The analysis in terms of a strongly increasing width
found a significant theoretical support in a series of works
where a strong width increase with temperature due to
2-body collisions was predicted [41–43]. Using this model
the authors were able to reproduce the overall trend of the
γ yield [42,43] shown as a solid line in the right panel of
fig 13. The saturation around E∗ = 250−300 MeV is also
reproduced leading to a corresponding limiting tempera-
ture T � 4 MeV for the GDR in the mass region A ∼ 120.

Therefore while there was an agreement between
Kasagi et al. and Gaardhøje et al. data on the GDR quench-
ing and on the existence of a limiting temperature T � 4
MeV for the collective motion the different hypothesis
adopted in the analysis led to controversial conclusions
concerning the reasons of the GDR quenching. The ques-
tion how and why the GDR disappears was still open and
the answers were found later, in the region of the spec-
trum above the resonance. In fact, the spread of the GDR
strength function at high excitation energies predicted by
a strong width increase affects the high energy part of the
spectrum where a sizeable difference in the spectral shape
should be observed comparing constant width and increas-
ing width prescriptions. In particular, a higher yield is
predicted in the region Eγ ≥ 25− 40 MeV by calculations
including a width increase as shown in the lower panel on
the right of fig 13. This region of the spectrum is rather
difficult to analyze experimentally due to the presence of
a significant contribution from np bremsstrahlung emis-
sion which dominates the γ spectrum above 35 MeV. The

bremsstrahlung contribution has to be evaluated and sub-
tracted from the spectrum to allow for a proper determi-
nation of the GDR gamma multiplicity and to constrain
different theoretical interpretations. The evaluation is typ-
ically done fitting with an exponential function the high
energy part of the spectrum (Eγ ≥ 30−35 MeV) and then
extrapolating the fit down to lower energies. High statis-
tics is needed to allow for a precise determination of the
slope of the bremsstrahlung component which is the cru-
cial ingredient in the data analysis since it strongly affects
the gamma yield determination. The limited statistics of
the RIKEN data in the region above 25 MeV may have
affected the proper determination of the bremsstrahlung
contribution precluding a correct comparison of the spec-
tral shape with statistical model calculations in this en-
ergy domain.

A clear answer to the open questions concerning the
width and the strength behavior at high E∗ was obtained
in a set of experiments performed with the MEDEA detec-
tor [50] at GANIL and more recently at the LNS-Catania.
In GANIL experiments 36Ar beams at 27 and 37A MeV
impinging respectively on 90Zr and 98Mo targets were used
to populate hot nuclei at excitation energies above 300
MeV [51,53]. The characterization of the hot nuclei was
obtained through a complementary analysis of the recoil
velocities and the study of light charged particle spectra
[51,54]. The gamma spectra corresponding to the decay
of systems with different average excitation energies were
analyzed and the integrated gamma yield was observed to
be almost constant within the error bar in the whole E∗
region for each beam energy. Top panel in fig 14 shows

Fig. 14. a) Evolution of the gamma yield integrated in the
region between 12 and 20 MeV as a function of excitation en-
ergy for the reaction 36Ar + 90Zr @ 27AMeV [52]. Full symbols
are experimental results, full line is prediction of the standard
statistical calculation while the dashed one is the prediction
of statistical calculation including a parametrization for the
width given by eq.6 [52,15]. b) Same comparison as above but
in the energy region 20-35 MeV.
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Fig. 15. Comparison of the gamma spectra extracted for 350
and 500 MeV excitation energy bins after bremsstrahlung sub-
traction with statistical calculations [52]. Dashed line repre-
sents the standard calculation while the full line is a calcu-
lation including the suppression of the GDR emission above
E∗ = 250 MeV.

the gamma yield integrated in the region 12 - 20 MeV for
27A MeV data for the three excitation energy bins inves-
tigated. Slightly lower values were observed in 37A MeV
data.

The analysis of the spectra based on the comparison
with standard statistical model calculations assuming a
single Lorentzian shape for the GDR with centroid en-
ergy parametrized by EGDR = 76/A1/3, a constant width
Γ = 12 MeV, a strength equal to 100% of the EWSR and a
level density parameter dependent on the temperature [56]
indicated a GDR quenching in both reactions. The sim-
plest way to reproduce the data was to introduce a sharp
suppression of the gamma emission above a given excita-
tion energy, the so called cut-off energy. In the analysis of
the 27AMeV data the authors reproduced the spectra ex-
tracted at all the excitation energies using the same cut-off
value of 250 MeV as shown in fig 15 [52]. A slightly lower
cut-off value was needed in the case of 37A MeV data.

In order to constrain the different theoretical inter-
pretations and find a definitive answer concerning how
and why the GDR disappears, statistical calculations in-
cluding the different model prescriptions were performed
and compared to the spectra. The results of the calcu-
lation, shown in fig. 16 [52], clearly indicate that models
including a continuously increasing width while leading to
a decrease of the yield near the centroid of the resonance
clearly fail to reproduce the high energy part of the spectra
both in yield and slope. Conversely the smooth cut-off pre-

Fig. 16. Top: Comparison between spectra extracted at 500
MeV excitation energy in the reaction 36Ar + 90Zr @ 27A
MeV [52] with statistical calculations including models pre-
scriptions of Bortignon et al. [38] (solid line), Smerzi et al. [41]
(dot-dashed line) and Chomaz [40] (dotted line). Bottom: Same
spectrum compared with the prediction of statistical calcula-
tion including a width increasing with E∗ according to eq.6
shown as a dashed line

scription based on equilibration time effects suggested in
ref.[38] gives a reasonable reproduction of the data. How-
ever, recently, Snover showed that this form of the cut-off
while being valid at the first step of the decay process ac-
tually overestimates the inhibition over the entire decay
chain [34]. The calculation including the modified smooth
cut-off (see eq.10) led to a larger discrepancy between data
and model [34].

The effect of the increasing width on the spectral shape
can be evaluated in fig 14 where the experimental data in-
tegrated yield in the regions 12 - 20 MeV and 20 - 35 MeV
are compared to the predictions of statistical calculation
including the parametrization given by eq.6 (shown as a
dashed line). As a reference, the standard statistical calcu-
lation yield are also reported in the same figure as a solid
line. The figure unambiguously shows that while in the
GDR peak region the calculation with an increasing width
lies slightly above the data this is no longer the case in
the region 20 - 35 MeV where it predicts an increase even
larger than standard statistical calculation. Similar con-
sideration holds for the slope of the spectrum calculated
above 20 MeV after bremsstrahlung subtraction. [52]. The
reasons can be found in the statistical dipole emission rate
formula where two ingredients contribute to the observed
effect. The first is the level density ratio which is roughly
proportional to exp (−Eγ/T ) and with increasing temper-
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Fig. 17. Predictions of GDR quenching factor as a function
of E∗ [52] according to the models of Bortignon et al. [38]
(solid line), Smerzi et al. [41] (dot-dashed line) and Chomaz
[40] (dashed line).

ature tends to increase the γ multiplicity at higher energies
by decreasing the slope of the spectrum. The second is the
factor E3

γ which shifts the γ yield to higher energies when
the GDR width increases. Therefore, the overall effect, as
already observed, is to induce a shift in the yield rather
then a quenching and this is not observed in the data.
Such considerations hold for all models including a width
increase in the calculation. The important conclusion of
the work is that the GDR gamma-ray saturation is con-
sistent with a disappearance of the GDR strength above
about 250 MeV and this led the authors to conclude that
a temperature of about 5 MeV represents a limit for the
existence of the dipole vibration for A ≈ 110 nuclei [51].

Similar considerations holds also for 37A MeV data
even if a slightly lower gamma multiplicity was observed.
The comparison of the average multiplicity measured in
the 27 and 37A MeV reactions with RIKEN data which
were extracted in the same region of E∗ but at lower beam
energies indicates a significant decrease of the γ yield with
bombarding energy suggesting the existence of dynamical
effect which could influence the equilibration time of the
hot source and the development of collective motion [53].
However, a different pre-equilibrium emission among the
reactions, not always properly evaluated, could lead to
emitting sources with different average masses and charges
therefore affecting the emission probability which depends
onN ·Z/A of the emitting system. Besides, the comparison
of the gamma yield between experiments performed using
different experimental setup can be biased by the different
response function of the detectors. These considerations
may weaken the conclusion of a dependence of the γ yield
on beam energy.

A few other elements of this complicated puzzle remain
still unexplained. In particular the mechanism that sup-
presses the collective motion at high excitation energies

is still unclear as well as the exact energy region were the
quenching appears. In fact, in the GANIL experiments, all
the systems were populated at excitation energies above
the cut-off energy of 250 MeV, precluding a detailed study
of the onset of the quenching. Besides, the introduction of
a sharp cutoff approximation to reproduce the data, while
pointing to a sudden disappearance of the GDR gamma
emission does not preclude the existence of a progressive
quenching of the GDR yield already below 300 MeV ex-
citation energy which is actually predicted by different
models (see fig 17).

It thus appeared important to investigate a region of
lower excitation energies where the saturation of the yield
was expected to set in and to map the progressive disap-
pearance of the GDR. The experiment performed at the
LNS-Catania with MEDEA coupled to Superconductive
Solenoid SOLE which focused the evaporation residues
on the focal plane MACISTE [57] investigated the exci-
tation energy region between 160 and 290 MeV through
the study of the reactions 116Sn + 12C @ 17 and 23AMeV
and 116Sn + 24Mg @ 17A MeV. The choice of reactions
with a strong mass asymmetry was driven by the need
to reduce the spread in momentum transfer which leads
to a better determination of the excitation energy of the
system. The reverse kinematics were used to better match
the SOLE acceptance. A single velocity window centered
around the center of mass velocity was selected for each
reaction and gamma-rays spectra were built accordingly.
The spectra were compared to standard statistical calcu-
lations assuming a fixed width Γ = 12 MeV, 100% of
EWSR and a centroid energy EGDR = 76/A1/3 similarly
to what previously done for the reactions at 27 and 37A
MeV.

The results shown in fig 18 indicate that while the spec-
tra up to E∗ = 200 MeV are remarkably well reproduced
by the calculation over almost six order of magnitude this
is no longer the case for the spectrum at E∗ = 290 MeV
where the calculation slightly overshoots the data. In the
same figure two spectra from the reaction at 37A MeV
measured at E∗ = 350 and 430 MeV are shown as a com-
parison together with the corresponding calculations. The
overall set of data shows a clear evolution of the GDR yield
with E∗ from the low excitation energy domain where
the statistical scenario provide a good description of the
data to a region of excitation energies exceeding 300 MeV
where the GDR quenching becomes progressively more
pronounced suggesting that the critical region for the on-
set of the GDR quenching is between 200 and 290 MeV
in nuclei of mass A ≈ 110 − 130. All evidence collected
points to a limiting excitation energy of about 250 MeV
for the existence of collective motion which corresponds
to a limiting temperature T ≈ 5 − 5.5 MeV. Above such
a value a rather strongly suppression of the GDR gamma
emission is observed. This effect cannot be explained by a
continuous increase of the width. The reason of the sup-
pression has to be found in the competition between the
development of collective motion and particle decay.
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Fig. 18. Gamma-ray spectra measured at 160, 200, 290, 350
and 430 MeV excitation energy (a-e) in coincidence with evap-
oration residues. The spectra at E∗ = 160 and 200 MeV are
from the reactions 116Sn + 12C @ 17 and 23A MeV, the one at
E∗ = 290 MeV is from the reaction 116Sn + 24Mg @ 17A MeV
while the spectra at higher excitation energies were measured
in the reaction 36Ar + 98Mo @ 37A MeV. Solid lines represent
the corresponding Cascade calculations performed assuming
100% of the EWSR and a constant width Γ = 12 MeV.

6.4 Hot GDR disappearance in nuclei of mass A ∼
60-70

Since Giant Dipole Resonances are a general feature of all
nuclei it is important to investigate other mass regions to
study the evolution of their main features. In the follow-
ing we will concentrate on the high temperature region
where further evidence for a saturation of the γ yield was
recently observed in the mass region A ∼ 60−70. The first
information concerning the features of the GDR built on
the ground state were collected in the early seventies, as
in the case of the mass A ∼ 120, through photoneutron
reaction studies [6].

The properties of the GDR built on excited states were
then investigated in detail through the study of 59,63Cu
nuclei [58,59]. Different entrance channels and excitation
energies were investigated in order to disentangle the ef-
fects driven by spin and temperature on the width and the
energy of the resonance [58,59]. The collected systematics
up to E∗ = 100 MeV shows a centroid energy remarkably
stable with temperature while the width increases from
about 6 - 7 MeV in the ground state, depending on the
isotope, up to about 15 MeV [1,58,59].

More recently the study of the reactions 40Ca + 48Ca
and 40Ca + 46Ti at 25A MeV performed at the LNS-
Catania with the TRASMA detector [60] demonstrated

the existence of a limiting temperature for the collective
motion in systems of mass A ∼ 60 [61,62]. In this exper-
iment pre-equilibrium γ-rays were also investigated [62]
and a detailed description of this topic is given in a sep-
arate contribution [63–67]. Heavy residues populated at
about E∗ = 330− 350 MeV were detected in coincidence
with gamma-rays whose spectra were compared to statisti-
cal calculations assuming a centroid energy EGDR = 16.8
MeV, 100% of EWSR and a width Γ = 15 MeV kept
constant all along the decay process. The comparison pro-
vided evidence for a quenching of the yield similarly to
what was previously observed in the mass region A ∼ 120.
In order to reproduce the data on 48Ca the authors intro-
duced a sharp suppression of the GDR gamma emission
above E∗ = 260 MeV corresponding to a Ecut−off/A �
4.7A MeV [61,62]. The statistical calculation shown as a
solid line in fig 19 nicely reproduced the whole spectrum.
A smaller value for the cut-off energy was needed in the
case of 46Ti target. The authors also investigated the effect
on the cut-off of including a width dependent on excita-
tion energy. A width increasing up to the saturation value
of 15 MeV reached at E∗ = 100 MeV, was used in the cal-
culation and a cut-off energy of 240 MeV was extracted
[62].

More refined calculations including the prescriptions
of different smooth cut-offs were also performed. A good
description of the data was obtained for both reactions

Fig. 19. Gamma-ray spectrum measured in the reaction 40Ca
+ 48Ca @ 25A MeV in coincidence with evaporation residues.
The full line is a calculation assuming a cut-off energy for the
GDR emission at E∗ = 260 MeV and a width Γ = 15 MeV.
The dashed line is a calculation assuming a smooth cut-off
expression according to [38]. The dotted line is instead obtained
assuming again a cut-off energy at E∗ = 260 MeV but a mass
A = 70 for the emitting system. The dot-dashed line is a GDR
zero strength calculation used to linearize the experimental
data and calculations shown in the inset.
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adopting the smooth cut-off suggested by Bortignon et
al. [38] which led to a slightly higher values of the cut-
off energy compared to the sharp cut-off approximation.
In particular, assuming the cut-off energy corresponds to
Γ ↓/(Γ ↓ + Γev) = 1/2, values of about 5.4±0.5AMeV and
4.7± 0.9A MeV were extracted for 48Ca and 46Ti targets.
Fig 19 includes as a dashed line the statistical calculation
performed using the smooth cut-off expression of ref.[38].
No difference with the calculation using a sharp cut-off
approximation can be observed. Other prescriptions were
investigated including the one assuming a width continu-
ously increasing with excitation energy but a poorer agree-
ment with data was found [62] confirming the results pre-
viously observed in the mass region A ∼ 110−130. The im-
portant conclusion of this work concerns the first evidence
for a limiting excitation energy for the GDR excitation in
A ∼ 60 − 70 nuclei. Its value of about 5 MeV/nucleon
differs significantly from the one measured for nuclei in
the mass region A ∼ 110− 130 and suggests the existence
of a mass dependence of the limiting temperature for the
excitation of collective motion.

7 Mass dependence of the limiting
temperature

The study of liquid-gas phase transition in nuclear matter
represents an issue widely investigated during the last few
years. It has been proposed that the presence of collec-
tive states can be a signature of the existence of a com-
pound nucleus and that the disappearance of the GDR
could be a further evidence for a phase transition in nu-
clei [39,68]. In particular, the GDR disappearance at high
excitation energies gives access to the maximum excitation
energy at which nuclei can still show a collective behavior.
This energy can give complementary information to the
caloric curve studies which provide important information
concerning the existence of a liquid-gas phase transition.
Recently, the analysis of the nuclear caloric curve for nu-
clei in different mass regions has shown evidence for the
existence of a plateau at high excitation energies which
represents the region of the equilibrium phase coexistence
between liquid and vapor. The limiting temperature rep-
resented by the plateau has been observed to decrease as
a function of the nuclear mass [69]. This affects the exci-
tation energy value at which the plateau appears which
decreases with mass as shown in fig 20 [69].

Interesting similarities with this trend were found study-
ing the limiting excitation energy for the collective motion.
In fact, the results indicate a decrease of the maximum
excitation energy for the collective motion from about 5
MeV/nucleon for nuclei of mass A ∼ 60-70 to about 2.5
- 3 MeV/nucleon for nuclei in the mass region A ∼ 110.
Moreover, the values of the excitation energies extracted
in both mass regions are close to the energies where the
plateau of the caloric curve appears (see fig 20). This in-
triguing feature suggests the possible occurrence of a tran-
sition from order to chaos in nuclei for excitation energies
close to the values where signals of a liquid-gas phase tran-

Fig. 20. Top panel shows the dependence of the limiting tem-
perature (of the plateau of the caloric curves) on the mass of
the system. Bottom panel shows the excitation energy per nu-
cleon at which the limiting temperature is reached as a function
of the system mass [69]. Open symbols are the limiting excita-
tion energies per nucleon for the GDR for two mass regions.

sition were claimed to be present. The link between the
two observations deserves further investigations.

8 Conclusions and perspectives

In the last twenty years of investigation, the main proper-
ties of the GDR built on excited states have been mea-
sured and understood. The most complete systematics
were studied for medium mass nuclei aroundA ∼ 110−120
for which measurements were performed for excitation en-
ergies between 10 and 500 MeV and spins up to J ∼
60h̄ through both fusion reactions and inelastic scattering
yielding an extraordinarily detailed picture of the GDR
behavior.

No significant shift of the centroid energy with either
temperature or angular momentum has been observed.
The width increases both with excitation energy and spin,
the latter becoming important only above about 35h̄. In-
elastic scattering experiments which populate a range of
excitation energies at low spin and fusion experiments us-
ing a spin spectrometer setup have led to an experimental
de-convolution of temperature and spin effects. It is now
well established that the GDR width increases with spin
up to J ∼ 60h̄ and with temperature up to at least T ∼ 3
MeV. This behavior is satisfactorily accounted for by the
adiabatic thermal fluctuation model.

Above these values many claims for saturation of the
GDR width have been made in the literature. However
above 60h̄ fission sets in as the main decay channel so
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increasing the angular momentum in the entrance chan-
nel does not probe higher spins. Many recent experiments
have succeeded to reach temperatures above T ∼ 3 MeV.
In this region a saturation of the GDR gamma yield is ob-
served while statistical calculations predict a continuous
increase with excitation energy. The results can be repro-
duced by a surprisingly sudden drop of the GDR strength
at E∗ ∼ 250 MeV. The spectra are not compatible with
a continuous increase of the width as was predicted in
several theoretical papers. Nonetheless it cannot be con-
cluded to a saturation of the width since once the strength
has vanished, the characteristics of the GDR are no longer
probed. The drop in strength is related to competition be-
tween equilibration of collective motion and particle decay.
Several models were developed to account for such effects
and all predict a reduction of the gamma emission prob-
ability, albeit with different laws. The lack of data in the
critical excitation energy region precludes us today from
distinguishing between the different models.

Measurements for lighter nuclei at high excitation en-
ergies show the same trends but the limiting excitation
energy for the existence of the GDR is E∗

lim/A = 5 MeV
compared to approximately 2.5 MeV in the A ∼ 110 mass
region. It is intriguing to compare these values with crit-
ical temperatures extracted from caloric curve studies. A
link between the disappearance of collective motion and a
liquid-gas phase transition appears as a distinct possibility
worthy of further studies.

Despite the global understanding of the characteristics
of collective motion at high temperatures achieved over
the past years several issues must still be elucidated. In
particular it would be of great interest to assess the sharp-
ness of the disappearance of the GDR by measuring a more
complete excitation function in this region. A slight bom-
barding energy dependence of the GDR yield at a given
excitation energy has been observed and hitherto unex-
plained. This effect, probably of dynamical nature, needs
to be confirmed experimentally and understood theoret-
ically. Finally the link between the disappearance of the
GDR and phase transition may be better understood by
extending the systematics of high energy GDR studies to
heavier systems in the lead region, for example.
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