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Abstract: 
The theory of giant resonances in hot rotating nuclei is reviewed. Temperature 

dependent mean field theory is used.as a'basis for a statistical description of the 
hoi. uuclcar system. It allows a detailed investigation of these collective excitations 
and their damping mechanisms both as a function of temperature and angular 
momentum. 

1 Introduction 
Giant resonances are the oldest, type of collective motion in nuclei. Since the 
dirovery of the giant dipole resonance (Gl)ll) more than forty years ago, a con-
siderable ,'IIMOIIIII. of theoretical and experimental effort lias been devoted to llto 
slndy of these excitations. Most <»f these investigations have been concentrated 
on the giant resonances buildl. on I lie ground slate (for a review see for instance 
Kefs. [I. 2. 3|). From these studies we have learned a great, deal on the structure 
and. in particular, on the gross properties of nuclei, i.e. on properties, which do 
no! depend on specific nuclei and specific micleoiiic orbitals in the neighborhood 
of the I'ertiii surface. 

Brink, however, had already pointed out in the fifties that there should be 
giant resonances based on each nucbenr sate. But only after the pioneering ex-
periment. in Berke|ey(|], where the high energy 7-rays emitted from a hot rotating 
compound state formed after a heavy-ion-fusion reaction have been investigated, 
this subject, has become, a liehl of very active research both on the experimental 
as on the theoretical side (for rcccnt reviews and additional references see Ref. 
[fjj and tin; proceedings of the begnaro conference [0]). 

This contribution is divided into the following parts: In Sect. 2 we discuss the 
microscopic description of hot compound state and of the giant dipol resonance 
buildt on it in terms of mean field theory. In particular we calculate within this 
theory the ccutroid of the resonance and their fine structure. In Sect. 3 we discuss 
the possible damping mechanisms in hot nuclei and in Scct. 4 we present a short 
summary and an outlook. 

'Work supported in part by the Hundcsministeriiini fiir l-'orschung und Technologie, 
(iVrin.-uiy. 
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2 The Giant Dipole Resonance 
Experimentally, so far one has observed only Giant Dipole resonance; theoreti-
cally, there are also investigations on the Giant Quadrupole resonance and on the 
Giant Monopole resonance in hot nuclei [8, 9, 10]. For simplicity, however, we 
concentratc only on the giant dipole resonance in the following considerations. 

The compound state is described as a statistical average over many highly 
excited configurations. According to Brink's hypothesis we can have a giant 
resonance with an excitation energy huip on each of these configurations. Starting 
at an excitations energy E* above the yrast line, this leads to resonances with 
the energy E' + huju above the yrast line. At this excitation energy the level 
density is by a factor p{E* + hup)/p(E') larger than at the energy E*. Most of 
the levels at this higher energy, therefore, are non-collective multi-particle-hole 
excitations, and only a few of them are collective excitations containing a GDR-
phonon. In other words, we can say that at each energy E* there are a certain 
number of collective stales and the level density of these collective states is by a 
factor p(E' — tiu}p)/p(E*) « exp(—hup/T) smaller than the total level density 
p{Em) at this energy. 

The larger part of the decay width of a compound si'V is taken up by the 
evaporation proccss of particles. 7-rays play a much smaller role. Considering the 
spectrum of these 7-rays as it is shown, for instance, in Fig. 1, we see, besides a 
concentration of sLrengtli at small energies corresponding to the transitions close 
to theyrast-line and a exponentially decaying tail of statistical 7-rays, resonances 
in the region between 10 and 20 MeV. Subtracting the statistical background one 
finds a well pronotmecd resonance structure, which corresponds clearly to the 
continuation of the giant dipole resonance at the ground slate to higher excitation 
energies. 

In order t.o study the properties of this resonance we calculate the absorption 
cross section for 7-rays of miiltipolaril.y Kl and enorgy Ey. Since we are in 
experiment studying the decay of hot nuclei, we should, in principle, discuss the 
emission (if 7-rays instead of the absorption, as it is usually done in lite theory of 
giant resonances. As long ns one stays within Ihe exact theory, both methods are 
connected l>y the principle of detailed balance: The partial width in the energy 
range between E„ and En + dE„ for emission of a dipolc-photon with energy En 
is related lo. the absorption cross section a{Ey, Eb) for a photon with energy Ey 
in a nucleus1 wil.li excitation energy Eb by [12] 

HV - ^ al'E E^OWl m 

However, as "we restrict ourselves to the temperature dependent mean field ap-. 
proxinialion, there is a technical difference: In the calculation of the emission 
probability we should start from an average equilibrium energy and the tempera-
ture before the emission, i.e. the temperature dependent density of the compound 
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Figure I: 7-spcc.tra form tlm decay of166Er" (49.2 MeV) and ,60Er* (43.2 MeV) to-
gether willi CASC-ADF. statistical model least square fits for assuming a 1- (dashed) 
and a 2-roiupoiioiil (solid) CJDR. On the loft, the 7-ray production cross scction ct7 is 
shown as a function of /v-,. On the right, a statistical background of the form exp(-a£7) 
is divided out, in order to show t.|u< resonance more dearly. One has used a - 1 = 1.45 
MeV for "MllSr* and 1.40 MoV for ,w,Kr* (from (llj). 

stale has to ho calculated al. the higher temperature, whereas for the calculation 
of the absorption cross section otic should start at the lower temperature. Since 
the emission of the pholon implies a changc of the average energy between 10 
and 20 MeV, the mean field results can be different in both cases, in particular, if 
there is a sharp shape change in the corresponding temperature interval. Besides 
such pathological cases where, obviously, mean field theory breaks down,there is, 
however, no big difference between Ihe two prescriptions. For convenience we 
therefore discuss the absorption cross scction as it is common in the relevant lit-
erature. Il is given as a thermal average over the absorption cross section starting 
al a definite initial stale |i) and leading to all final states |/) 

a(iiy) = 4ir7atb\ £ ^ — L - I ^ ^ l l , - ) ! ^ _ E , + L\) (2) 

where D is the dipole operator For the practical calculation we have to take into 
account tin; angular momentum properties of the initial and final stales. As shown 
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in Ilef. [13], this means that we have to use wave functions in the laboratory frame 
carrying good angular momentum. In principle, therefore, via should use angular 
momentum projected response functions in the laboratory frame. This is a very 
difficult task. There are, however, very successful approximation techniques to 
deduce angular momentum projected matrix elements from intrinsic cranking 
matrix elements [14], i.e. angular momentum projected response functions from 
cranking response function. In practice, this corresponds to use dipole operators 
quantized along the rotational axis [13] 

/>«,=/>. D± i = ±~=(Dt6zibv). (3) 

In addition, wc have to take into account the transformation of the energy to the 
intrinsic frame, which leads to shifts 

I 

AS = f ' = HuA, (4, 

this gives rise to an additional broadening of the resonance (rotational broaden-
ing) with Surmising angular momentum [13]. 

I'Vir the practical calculation of the dipole absorption cross section one has to 
.proceed in three steps: 

In a Mrs I. slep, OIK* has lo solve I lie cranked temperature dependent Ilartroe-
I'Virk-lloj'oliiiliiiv e(|u;ilions Tor ;i j»iven temperature V and for a given angular 
velocity u>, which are determined l>y t he conditions 

(//), = /•: (./,), = \//(/ + i). (5) 

In n second step, one has to calculate for all given 7-ciicrgios the response 
functions lfi>knk. in the intrinsic frame. 

In a third slep, one has to transform back to the laboratory frame according 
to |*j. (:}). ; 

2.1 The Rotating Compound State 
For realistic, cases the solution of the crankcd temperature dependent Hartree-
l''ock-Bogoliul>ov equations requires considerable numerical effort. At zero tem-
perature there exist a number of cranked Skyrme calculations [15, 16, 17] and, 
recently, a crankcd relativistic mean field calculation [18], but at finite tempera-
tures and fofr heavy nuclei there is so far practically no calculation of this type, 
'therefore, in,the past one has used additional approximations: 

Separable forccs as, for instance, quadrupole plus pairing simplify the cal-
culations considerably [19, 20, 21, 22]. However, they can only be applied for 
describing llic nuclear properties in the valence shell. 

113. 



Strutinski'o method [23] allows us to use the bulk properties of the underlying 
liquid drop and to add shell corrections calculated either by diagonalizing a de-
formed rotating Nilsson [25, 26] or a Saxon-Woo da [13] potential. In such cases, 
one calculates cither for constant temperature the free energy surface F = E—TS 
or for constant entropy S the energy surface as a function of a few deformation 
parameters and searches for the minima. 

It turns out that these shape changes as a function of temperature and angular 
momentum are to a large extent determined already by the symmetries of the 
quadrupole degrees of freedom in connection with the rotation. Applying very 
basic ideas of Landau theory of phase transitions S. Levit and collaborators [27, 
28, 29] expanded the free energy in terms of the deformation parameters and the 
angular velocity. Using the facts that the quadrupole deformation parameters a 
form a spherical tensor of rank 2 and that the angular velocity oj forms a vector, 
up to forth order in the deformation parameters, there are only a limited number 
of possibilities to find a scalar for the free energy. In this way, one obtains a very 
simple understanding of the universal features of shape transitions in nuclei as 
a function of angular momentum and excitation energy, which is in surprisingly 
good agreement with full microscopic calculations discussed above. 

2.2 Centroid and Fine Structure of the GDR 
The full solution of the cranked temperature dependent quasi-particle RPA equa-
tions with realistic forces or the corresponding linear response equations seems 
impossible even with modern computer facilities. In fact, one is not interested 
in all the thousands of cjgcnstalcs but only in a few resonances, which pick up 
most of the strength. That is why all methods, applied so far, have been tailored 
to concentrate the strength and .to extract it from all the other configurations. 
They involve often dramatic approximations. 

The simplest way to concentrate strength into a few.states of special char-
acter is to start with degenerate single particle energies and to use a separable 
interaction of the same type as the excitation operator F.; 

A well known example is the rotating harmonic oscillator with a dipole force 
for the description of the GDR [32, 33, 34, 35] and with a quadrupole force for 
the description of the GQR [10]. In the dipole case we have the Hamiltonian 

/ / = / / 0(w r )w v iw 1)-wi , 1+ £ XibfDi, (6) 
i=x,y,l 

u>k are the oscillator frequencies, depending on the deformation parameters /? and 
7-
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Figure 2: The eigen-frequencies £?,• of the GDR in the rotating harmonic oscillator 
model Tor fixed /? a» 0.3 as a function of the triaxlality parameter 7. The thick line 
corresponds to u = 0 and the other lines show increasing w-values in steps of 0.25. The 
units are the peak energy of the Gl)Il= 78 A-1/3 (from [13]). 

The Ilaniiltonian ((>) can be diagonalized analytically [36, 31]. The eigenvalues 
are the resonance energies in the intrinsic frame. They are identical to the eigen-
frequencies of the corresponding classical rotating anharmonic oscillator and are 
given by 

El = hu>xt Em = h |w3 + ± yjuii+4ulu*y (8) 

with 
= j + o ) 

In the harmonic oscillator model the position of the peak energies and, there-
fore, also the centroid of the GDR do not depend on the temperature [13]. In Fig. 
2 we see these eigen-frequenciea as a function of the 7-deformation for different 
cranking frequencies. The parameter 7 ranges from 7 = —60° (a rotation of an 
oblate nucleus around the symmetry axis, over 7 = 0 (a rotation of a prolate 
nucleus perpendicular to the symmetry axis), through 7 = 60° ( a rotation of an 
oblate nucleus perpendicular to the symmetry axis) to 7 = 120° (a rotation of 
a prolate nucleus around the symmetry axis). The dependence on the cranking 
frequency at is very weak: the entire physical range of fiu> < 1 MeV lies between 
the thick line and the first thin line in Fig. 2. 

According to the oscillator model, the fine structure of the GDR is essentially 
determined by the deformation parameters. For fixed deformation there is no 
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temperature dependence and only a very small angular momentum dependence. 
In the meantime there are a number of more realistic calculations going far beyond 
the oscillator model in their numerical effort. Among those we can distinguish 
the following groups: 

The first group of calculations [37,38,13,9,8,39] is based on mean fields of the 
Nilason-Str,utinsky or Saxon-Woods-Strutinsky type (in ref. [37] the Pairing plus 
quadrupole hainiltonian and the HFB approximation was used instead) and uses 
separable multipole-multipole interactions for the solution of the Linear Response 
equations. . . 

The second group starts form density dependent Skyrme interactions and 
uses semiclassical approximations based on the Landau-Vlasov approach[40]. The 
Catania group [41, 42] works in the rotating frame with a scaling ansatz, the 
assumption of rigid rotation and irrotational displacements. In this case, one 
is able to derive an equation of motion for the giant resonances in the rotating 
frame, which is identical to the simple oscillator model. It has, however, the 
advantage that the parameters of this model are now microscopically determined 
from the Skyrme-force. 

The third group uses sum-rule techniques [43, 44, 45, 46]. These mostly have 
been applied for Lhe investigation of the temperature dependence of the centroids 
of giant resonance at zero angular momentum. 

Finally, there are full temperature dependent RPA calculations with <5-forces[47] 
and with realistic density dependent forces [48], however, restricted to spherical 
nuclei. 

With respect to the centroids and the fine structure of the GDR the results of 
all these groups are, however, more or less identical and agree with the oscillator 
model: Working with fixed pairing and with fixed deformation, there is only a 
very small angular momentum dependence for the centroids of the GDR in all 
of these calculations, and also the temperature dependence can be more or less 
neglected for the excitation energy region considered in this review (T < 4 — 5 
MeV). This means that changes of the fine structure with temperature or angular 
momentum can be directly traced hack to changes of the deformation. It is this 
fact which should allow us the study of pliase-Lransilions and shape changes as 
a function of angular momentum and temperature using Ill-fusion reactions and 
the subsequent emission of intermediate energy 7-radfation. 

3 The Width of the GDR 
So far we have only considered the peak structure of the giant resonances built 
on hot and rotating compound states. Although there should be valuable infor-
mation in the fine structure of these excitations, it is often hard to disentangle 
because of the large width of these resonances seen in all the experiments so far. 
In fact, it is this quantity which shows considerable changes as we go to higher 
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energies and higher angular momenta. 
There are several reasons contributing to the fact, that instead of observing 

a sharp resonance peak as predicted by the oscillator model, we do observe res-
onances with a relatively broad Lorentzian shape. In fact, the collective motion 
is strongly damped and has a finite life time. If, for instance, we compare this 
width of roughly 5 MeV at zero temperature with the dipole frequency of roughly 
15 MeV, we find that the nucleus vibrates only two or three times. At higher 
temperatures the width is considerably increasing. This corresponds to an even 
faster damping of this motion. 

3.1 The Width at Zero Temperature 
At zero temperature, i.e. for giant resonances built on the ground state, we have 
essentially three sources for this damping. 

The eacape width P' takes into account the fact that, at the energies of the 
resonance, the nucleons are, strictly spoken, not confined in the nuclear potential, 
but can escape as free particles, i.e. the resonances couple to the continuum 
solutions of the potential well. This kind of width plays the most important role 
in light nuclei, where the Coulomb and Centrifugal barriers are rather low. It 
is a pure single-particle effect and can be treated on the mean-field level in the 
framework of continuum-RPA [49, 50, 51, 52]. 

In a realistic potential the single particle energies are not degenerated. This 
leads to a fragmentation of the resonance over many p/i-pairs with similar energy. 
This effect is callcd fragmentation width. It is connected to the Landau damping 

in the infinite system and is also fully treated in the framework of the RPA. 
In practical applications it is often difficult to distinguish the escape width from 
the fragmentation width. 

The pA- or two-quasi-particle excitation considered in the IlPA can decay into 
more complicated configurations such as 2p2h-, 3p3/»-configurations and so forth. 
This part of the width is often called decay width.Vi- Because of the large number 
of multi-particle multi-hole configurations this part of the width plays the most 
important role in the understanding of the width of giant resonances in heavy 
nuclei. It is not taken into account on the RPA level. In the literature several 
methods have been proposed for a quantitative calculation of this part of the 
width. Full 2p2h calculations in restricted spaces are feasible only for light and 
medium heavy nuclei. In heavy nuclei this diagonalization is divided into two 
steps: first, a diagonalization of the lpl/i-space, which is essentially done in the 
RPA step and second, a diagonalization of the 2p2/»-space. If one neglects the 
interaction .in the 2p2/»-space, the coupling of the many 2p2h components to the 
RPA-configurations can be taken completely into account [53, 54, 55, 56]. Going 
beyond this approximation one can take into account this interaction in this space 
by a type of pre-diagonalization, i.e. considering not only uncorrelated 2p2k-
configurations but also the coupling of correlated p/i-phonons and interactions 

117 



Figure 3: Self-energy diagrams for the RPA-phonons. The first two diagrams include 
the damped propagation of the particle and the hole and the last diagram is a vertex 
correction in lowest order. 

among those [57, 58, 59, GO, Gl, 62]. In pracLice, the self-energy for the phonons is 
expressed by the lowest order diagrams Fig. 3. The width in this case is produced 
by the coupling of the particle (or the hole) to low lying surface vibrations and 
by an exchange of a phonon between the particle and the hole [63, 64]. The 
first two diagrams are determined by the self-energy of the particle and the hole, 
respectively. 

Calculations at zero temperature [60, 62] show that the experimental decay 
width can be reproduced already by taking into account only a few low-lying 
collective vibrations. The coupling to the nob-collective multi-particle multi-hole 
states, which is usually called collisional damping Tcott, seems to be negligible 
at low excitation energies. This can be understood by the fact that two-body 
collisions play a minor role in our understanding of the groundstate properties of 
nuclei. They are taken into account already in the effective interaction. 

On a phenomenological level, all these contributions to the width can be 
taken into account in the linear response treatment by introducing an imaginary 
part of the energy. This is done in many of the applications [13]. Although 
being very simple, such a procedure has the disadvantage that it does not allow 
to study the angular momentum dependence or the temperature dependence of 
these contributions to the width. 

Finally, considering the GDR as a function of the angular momentum, in Sect. 
2.1 we have seen that the transformation from the intrinsic frame to the labo-
ratory system, in the harmonic oscillator model, induces an additional splitting 
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Figure 4: Upper part: maximum angular momentum of the compound nucleus deduced 
from multiplicity measurements. Lower part: Width of the GDR in Sn isotopes as a 
function of the excitation energy front different experiments[65, 66, 67]. The solid line 
is a phenoincnological fit up to E* — 130 MeV and the dotted line corresponds to an 
estimate of the contributions to the width due to thermal fluctuations (from [67]). 

into five peaks. In practice, these structures cannot be resolved in the spectra in 
detail because of the large damping of the GDR. The different components of this 
radiation leading to streched and unstreched transitions show different angular 
distributions. That is why a careful measurement of angular distributions with 
high resolution, in principle, could allow to disentangle these different modes. So 
far, however, this is beyond the experimental possibilities. The rotational split-
ting, therefore, leads only to an additional width, which increases with angular 
momentum. 

3.2 The Width at Finite Temperature 
The study of giant resonances at finite temperatures allows us to investigate 
the damping mechanism in the hot nuclear many-body system. In contrast to 
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the centroid of the GDR, which stays rather constant with increasing excitation 
energy, one observes a strongly increasing width of this resonance a3 one goes to 
higher temperatures (see Fig. 4 and Refs. [65, 66, 67]). 

The fragmentation width is already included in the temperature-dependent 
RPA calculations and shows practically no change with increasing temperature 
[68, 69, 43, 70, 47]. The temperature dependence of the decay width Tj can be 
calculated as for zero temperature by the evaluation of the three diagrams in 
Fig. 3 using temperature dependent Greens-function techniques in the Matsub-
ara formalism [71, 72, 73]. The results of such calculations, however, show only 
little temperature dependence of the width as well as of the position of the giant 
resonances [74]., One only finds that the total strength is somewhat reduced at 
the higher energies. The missing strength seems to be shifted to lower excita-
tion energies [75], where the smearing of the Fermi surface allows reoccupation 
processes. 

At zero temperature the coupling to low-lying surface vibrations produces the 
essential part of the decay width. Two-particle collisions, i.e. the coupling to 
incoherent two-quasiparticle excitations can practically be neglected because of 
the Pauli principle. At finite temperature, where the Fermi surface is washed 
out to some extent, one has such collisions leading to a contribution of the width 
called rco//. A simple eva!uation[76] of the collision integral in the Boltzman-
cquation in nuclear matter yields an approximate power law: Feoii = 0.35 T1'6, 
which means that these processes do not have much influence on the damping at 
low temperatures. 

These considerations arc in qualitative agreement with a very recent micro-
scopic solution of time-dependent density matrix equations [77] including not 
only the single-particle density matrix but also the two-body density matrix and 
thereby allowing.a time dependence of the occupation numbers. It turns out that 
for the dipole motion the results depend very little! on the temperature. Two-body 
correlations play only a minor role and TDHF provides already a very reasonable 
description. 

Besides the coupling to the complicated multi-particle-hole states, we have 
coupling to the continuum. The width for evaporation of particles has been 
calculated in the statistical model (see Sect. 3). For heavy nuclei it is rather 
small at low temperatures. Only for higher temperatures it is expected to increase 
strongly. It cannot account for the strong rising of the width even at excitation 
energies below 100 MeV. 

The damping inechanisins discussed so far are often called quantum fluctua-
tions, becausc they exist already at zero temperature in theories going beyond 
mean Held. The mean field solution, even at Unite temperature, is only a point on 
a multidimensional energy surface characterized in full generality, for instance, 
by the matrix elements of the single-particle density matrix or in a simplified 
approximation by a few collective parameters a as, for instance, the quadrupolc 
deformation parameters a2P. 
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Theories going beyond the mean field, i.e. theories including fluctuations, 
take into account, apart from one mean field at a fixed deformation with minimal 
free energy, further configurations, i.e. at lower excitation energies, in particular, 
those fields found by changes in the deformation only. 

At zero temperature the system can carry out vibrations in each of these 
collective parameters (in the case of orientations, where the energy surface is 
fiat in a specific direction, we have rotations) and it is precisely the zero-point 
vibrations or the quantal fluctuations connected with those, which lead to the 
virtual admixture of more complicated multi-particle multi-hole configurations 
discussed above as the decay width. In a microscopic picture these quantum 
fluctuations can, for instance, be described in the Generator Coordinate Method 
by a coherent superposition of Slater determinants with different deformations. 

At finite temperatures we have, in addition, statistical (or thermal) fluctu-
ations, i.e. the incoherent averaging over many single particle densities 7£(a) 
based on mean fields with different deformations. According to Landau [78] the 
probability for a certain value a of the deformation is characterized by the free 
energy F(a) of the system with this average deformation a 

p(c*) oc (10) 

Using classical statistics, therefore, for the ensemble average of a observable O 
we find the expression 

V 1 f U[a] c-' W ' 
where 0[a) is the thermal expectation value of the operator O calculated for the 
system with the deformation a, and D[a) is the volume element in deformation 
space. If one takes into account all five quadrupole degrees of freedom a]M[79, 80], 
one has D\a] = f]„ da2(t = PA\sin 3 f \ d p d f d i l . Often [26,81,82] one has neglected 
the fluctuations in the orientation and has averaged only over the deformation 
parameters /? and 7 . In this case one has D[a] = fldfidj. 

As we have seen in the dipole absorption cross scction depends crucially on 
the deformation of the system. For prolate deformations we have twice as much 
strength in the upper level as in the lower level. For oblate deformation the 
opposite is the case. In order to take into account the statistical fluctuations we 
have to calculate the ensemble average for the cross section averaging over all the 
deformations in the (/?-7)-plane [ 2 6 ] 

IntF - / PdfJdi p(/?, 7) a(£?,/) 
w**™ ~ . r / u w j M 7) ' (12) 

In Fig. 5 we show the free energy surface and the absorption cross sections 
corresponding to the different deformations together with the average cross sec-
tion for the nucleus loaSn. This is a spherical nucleus, which shows no splitting 
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Figure 5: Photo absorption cross section for the GDR of 108Sn for T = 1.5 MeV and 
/ = 40 h. The potential energy surface as function of the deformation parameters are 
shown as thin lines (free energy) in steps of 0.5 MeV away from the minimum denoted 
by a full dot. Examples of absorption cross sections are displayed for different values 
of the deformation. The average photo absorption cross section (<?iab) is shown in the 
left box (from [26]). 

for the GDll at the ground state for zero deformation. Because of the averaging 
over all possible deformations the average cross section has a considerably larger 
width, which depends critically on the temperature. Deformed nuclei, which 
show already splitting at the ground state, do not feel such a strongly growing 
total width with increash.£ temperature.' The averaging process over different 
deformations only washes out, to some extent, the double hump structure. 

The lower part of Fig. 4 shows the width of the GDR as a function of the ex-
citation energy. For energies below 130 MeV this width increases strongly. This 
can be understood by the fact that at low excitation energies shell effects have 
a strong influence on the free energy surface. Therefore, we expect considerable 
changes of the statistical fluctuations with increasing temperature. The increasing 
maximal angular momentum of the compound state (as shown in the upper part 
of Fig. 4) depends also on the excitation energy and causes additional changes 
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in the energy surface. Microscopic calculations performed, for instance, in Ref. 
[2G, 83, 79] can qualitatively account for the strong increase of the experimental 
width of the GDR below an excitation energy of 130 MeV. At higher excitations 
there is a saturation in the maximum angular momentum of the compound state 
and the shell effects vanish. Then, the free energy surface is practically inde-
pendent on the temperature having more or less parabolic shape. Under this 
assumption one can give an analytic expression'for the temperature dependence 
of the statistical contribution to the width [67]. It is growing like ~ VT, which 
allows to understand at least qualitatively the behavior of the width in Fig. 4. 

3.3 Limiting Temperatures 
So far all our discussion was based on the assumption that a compound nucleus 
develops after the heavy-ion-fusion reaction, meaning that there is enough time 
for all the degrees of freedom to participate in a statistical way, and all the energy 
levels with the same excitation energy are populated with the same probability. 
At very high excitation energies this is certainly no longer the case, because the 
compound state is not stable for all temperatures. Above a certain tempera-
ture the thermodynamicai properties of nuclear matter are similar to those of 
a molecular gas and one cxpects a phase transition from liquid to gas. In fact, 
the isotherms for nuclear matter calculated with realistic nuclear interactions 
[84, 85, 86, 87, 88, 89] look very similar to those of a Van der Waals gas, and one 
obtains a limiting temperature for the cxistcnce of a liquid phase. The actual 
value of this temperature depends on the force and on details of the calculations, 
and it varies between 8 and 18 MeV. 

For finite nuclei, surface and Coulomb effects play a crucial role [90]. Finite 
temperature Ilartree-Fock and Thomas Fermi calculations [91, 92, 93] show that 
with increasing temperature a gas-phase develops surrounding the hot nuclear 
droplet. There is a surface tension on the drop boundary which vanishes as 
the temperature approaches a critical value. Above this temperature, which is 
considerably smaller than the critical temperature in infinite nuclear matter and 
which depends sensitively on the surface tension of the underlying force, finite 
nuclei cannot exist in thermal equilibrium. 

These static mean field calculations are certainly not able to take into ac-
count fragmentation of the hot nucleus into several or many smaller pieces. Such 

• processes] have been investigated recently in great detail both experimentally and 
theoretically using statistical methods going beyond mean field. Here we refer 
only to a. recent review of Gross [94] and the references therein. 

The precise values of the predicted limiting temperatures above which there 
exist no equilibrated nuclear droplets depend on m'.-f v points, such as the proper-
ties of underlying nuclear force, on the theoretic?' . thods used for the calcula-
tions and also on the nucleus under consideration. There is, however, agreement 
that above T ~ 5 MeV the dynamic of the system is no longer dominated by the 

123 



collective properties forming & stable droplet but rather by uncorrected single 
particle motion [94]. 

The compound state picture assumes the complete equilibration of all degrees 
of freedom and treats them all in an equivalent way. In fact, in the last section 
we have seen that damping mechanism for collective and non-collective degrees of 
freedom can be rather different. This means that, shortly after fusion has taken 
place, one can have already equilibration between the non-collective degrees of 
freedom before there is enough time to excite the collective degrees of freedom 
as well, i.e. at this time complete equilibration has not yet developed. Since the 
evaporation width for neutrons Tn grows with temperature, there is a limiting 
temperature <J-ove which a collective degree of freedom as, for instance, the GDR 
cannot be excited any more by heavy-ion-fusion reactions. What we observe is 
only the GDIt excited in a later stage of the evaporation process, when the system 
has coolcd down to lower temperatures. 

Recent experiments [95, 67, 96, 97] increasing systematically the bombarding 
energies and such leading to cxcitcd systems of up to 600 MeV excitation energy 
show that above an excitation energy of roughly 300 MeV the gamma multiplic-
ities in the GDR region stay at a rather constant value. This is in contrast to 
the expectation of statistical cascadc calculations, which predict an increasing 
multiplicity, and is consistent with the. assumption [98] of a limiting temperature 
for the GDR emission of roughly 4.5 - 5 MeV. 

Another interpretation for the disnppearence of the GDR 7-rays above these 
temperatures has been given in Kef. [97]. These autors assume that the width 
of the GDR is increasing so dramatically in this region that it can no longer be 
observed. However, so far there seems to exist no theoretical indication for such 
a dramatic, increase of the damping of this motion. As we have discusscd in the 
last scctiou, one should cxpccts even the contrary, namely motional narrowing. 
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4 Conclusion and Outlook 
The investigation of the decay of compound states formed after heavy ion fusion 
reactions has become an important part of the experimental and theoretical ac-
tivities in nuclear physics within the last ten years. In particular, one has made 
great progress in the study of giant resonances in hot rotating nuclei. 

The following facts seem to be clearly established by now: 
1) There is clear evidence for the validity of Brinks's hypothesis. One has 

giant resoiiauccs in the hot nuclear system. So far, however, only the GDR has 
been observed. It exists up to rather high excitation energies, but there seem 
to be definite indications that above a certain temperature no giant resonance 
7-quanta are observed. So far it is not clear, whether in such hot systems the 
collective motion does not exist any more or whether it is just not excited in the 
experiments until now, because at these large excitation energies the evaporation 
width for neutrons is so large that there is not enough time for the formation of 
a complete equilibrium. The nucleus is already decaying before the GDR can be 
excited. From the theoretical point of view the latter interpretation seems to be 
more reasonable. 

2) The centroid of this resonance stays rather constant as a function of the 
temperature. However, it is still an open question whether this is also true if one 
considers the angular momentum dependence. Experiments of the Heidelberg 
group [99] with high angular momentum resolution indicate considerable shifts. 
However, they have not been confirmed by other groups so far and are hard to 
understand theoretically. One has to emphasize that the analysis of these spec-
tra depends crucially on the level density parameter and its angular momentum 
dependence, which has been little investigated so far. 

3) The fine structure of the GDR is theoretically predicted to yield informa-
tion on the deformation of the compound system and its temperature and angular 
momentum dependence. Ho far, however, it is difficult to resolve this fine struc-
ture. Fits to the spectra including two separate Lorentzians allow to deduce some 
information on this fine structure. In particular, they indicate a phase transition 
from prolate deformations to oblate deformations in Rare Earth nuclei at temper-
atures between 1 and 1.5 MeV. This is in agreement with theoretical predictions. 
For a final conclusion about, the existence of this phase transition, however, more 
data with higher resolution would be highly desirable. 

4) Much emphasis has been given to the investigation of the width of the 
GDR and its temperature dependence. It is clearly dramatically increasing with 
growing temperature. This fact cannot be understood by the conventional mech-
anisms producing the damping of the giant resonances at zero temperature: Nei-
ther the decay'width, nor the fragmentation width (Landau damping in the infi-
nite system), nor the coupling to the lowlying surface vibrations or to incoherent 
multiquasiparticlc excitations do depend very much on temperature in this re-
gion of excitation energies. The increasing width, therefore, has been attributed 
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to the thermal fluctuations caused by the thermal averaging over many nuclear 
quadrupole deformations and orientations. An extension of these ideas to higher 
temperatures leads to the phenomenon of motional narrowing, which has been 
investigated theoretically by several groups. So fax, however, there seems to be 
no clear experimental indication for this phenomenon. 

Many interesting and important questions are still open and have to be an-
swered by future experimental and theoretical investigations. We would like to 
mention only a few of them here: 

1) Will it be possible to resolve by high precision angular distribution mea-
surements the fine structure and its deformation dependence more clearly as it is 
possible so far, such that the regions of phase transitions can be investigated in 
a more systematic way? 

2) Can we learn more about the angular momentum dependence and the 
temperature dependence of the level densities by studying the evaporation process 
of light particles as a function of the angular momentum of the compound states? 

4) What is the influence of an increasing neutron skin thickness on the GDR, 
if we leave the line of beta-stability and move to the region exotic nuclei? 

5) So far, only the GDR has been observed at finite temperatures. Of great 
interest would be the behaviour of the isoscaiar EO mode with temperature, be-
cause this could give us possibly a hint on the temperature dependence of the 
nuclear compressibility. 

G) Most of the. statistical investigations, so far, are based on the symmetry 
violating mean field approximation. Projected statistics taking into account the 
symmetries carefully and statistics including quantum fluctuations in a more 
systematic and realistic way are still in their infancy. 

Sumarizing we can say that the field of hot nuclei observed by their decay 
in the last ten years has taught us many new and interesting aspects of the 
strongly interacting finite manybody system of the nucleus. We must emphasize, 
however, that even after these ten years of hard work, neither the accuracy of 
the experimental data nor the reliability of the theoretical techniques are on a 
fully satisfying level. New experimental possibilities as they will be given by 
the new 47r-detector systems of high resolution and new theoretical methods as, 
for instance, the techniques using Feynman path integrals give us hope for new 
progress in this interesting field. 
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