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We present a systematic study of the Giant Dipole Resonance

(GDR) at high temperatures (T £ 4 MeV) in the framework of

a semi-classical approximation that uses the m1 and m3 RPA

sum rules to estimate the GDR mean energy. We focus on the

evolution with T of the collective nature of the GDR and

of the L - 0,2,3 and 4 isoscalar . resonances. We find

that the GDR remains particularly collective at high T,

suggesting that it might be possible to observe it experi-

mentally even at temperatures close to the maximum one a

nucleus can sustain.

PACS Numbers : 21.10 Re, 25.70 Gh



Introduction

Giant resonances built on excited nuclear states are motivating a

large amount of experimental and theoretical work [1-6]. These collective

states are probes of the structure and decay of excited/hot nuclei (see

ref. [7] for a recent review on hot nuclei).

Since the first experimental observation of excited Giant Dipole

Resonances (GDR), i.e., GDR built on excited states of compound nuclei

created in heavy ion collisions [8,9], systematic studies have been carried

out for moderate temperatures (T £ 3-4 MeV) [1-3,10]. The behaviour of the

GDR at higher T is still uncertain. Indeed, compound nuclei at T ~ 5-6 MeV

are created [3] whose excited GDR are rather difficult to study. It is

noteworthy that these temperatures are not far from present estimates of

the maximum temperature which a finite nucleus can sustain. Hence it is

interesting to elucidate how close the stability limit a nucleus can

sustain giant collective states.

Up to date, only the isovector (IV) GDR has been observed at finite T,

and there is little hope to observe other resonant states in the near

future [1-3]. Some of these states could also provide interesting pieces of

information. In particular, the excited isoscalar (IS) giant monopole

resonance (GMR) could shed some light on the nuclear matter

incompressibility modulus at T ̂  0. This quantity is of interest for the

nuclear equation of state [11] and might have a direct application in the

physics of supernovae explosions and neutron star formation [12].

As long as "low" temperatures are involved (T & 2-3 MeV), thorough

extensions of "cold" Random Phase Approximation (RPA) calculations are

feasible [13,14], With respect to the T - 0 RPA, the major new feature of

these T ^ 0 RPA calculations is that single-particle (sp) levels are

occupied with a finite temperature Fermi factor, making possible small

energy particle-particle (pp), hole-hole (hh) and particle-hole (ph)

contributions to the low energy part of the strength function S(E) [13,14].

Moreover, the external nucleon gas originated by the population of sp

levels in the continuum does contribute spuriously to S(E) [15], obscuring

the analysis of the theoretical results.

In this paper, we extend to the case of the GDR, our previous work on

isoscalar giant modes [16]. As in that reference, we shall use the

subtraction method of ref. [17] to get rid of the external gas spurious



effect. For completeness, we shall show some systematic results on

isoscalar resonances, indicating, in both IS and IV cases, the persistence

of collective behaviours at high T. The paper is organized as follows. In

section 2 we briefly sketch the model for describing hot nuclei and

estimating the resonance energies. The results for the GDR and the L - 0 to

4 IS giant resonances are presented in section 3. We draw our conclusions

in section 4.

2. A semiclassical model for giant resonances at finite temperature

Static descriptions of hot nuclei have been discussed at length in

refs. [7,18]. Let us just recall that dynamical approaches [15,19] justify

a posteriori the picture of a hot nucleus (possibly vibrating) embedded in

an external nucleon gas. The static picture was formalized by Bonche, Levit

and Vautherin, and it is known as the subtraction method [17]. As shell

effects disappear at T ~ 2-3 MeV [7], semi-classical approximations can

provide simple, yet accurate estimates of average nuclear properties at

high temperatures [18,20].

Global characteristics (mean energy, width) of the giant modes can be

obtained from the moments of the strength function S(E) at zero [21,22] and

finite temperatures as well [23]. We shall restrict ourselves to the

evaluation of the m1 and m3 sum rules, and the corresponding mean energy

E 3 = (m3 /m1 )* .We shall use the compact expressions derived in refs.

[24,25] for these sum rules, and the skyrme SKM* force [26] for the

numerical calculations.

We have not made any attempt to compute the polarizability m. 1 sum

rule, which is technically very difficult to obtain within the subtraction

procedure, even semiclassically. Only the L — 0 IS case is

straigthforwardly feasible [16]. At T ** 0, due to the low energy pp, ph and

hh contributions, it becomes delicate to use m. 1 to define an average

energy E, H (m j/m ..,) 1/2 that could be associated to the giant state,

especially for IS resonances (see figs. 1 and 2 of ref. [14]).

In practice, we use the semiclassical energy functional described in

ref. [16] and apply the subtraction procedure as indicated in ref. [20].

This procedure provides us with two nucleon densities : a "liquid + gas"

density p L6 (r) corresponding to the density of the "liquid" (actual

nucleus) in equilibrium with its evaporated nucleons, and a "gas" density



pG(r) corresponding to the nucleon gas alone. Within this model, the actual

nucleus density is pL (r) - pL6(r) - p6(r). Since the moments m, and m3 are

extensive quantities, they have also to be estimated in the subtracted way,

i.e.

mi.3 - mi,3 (PLG) ' mi,3 <PG> <D

where the expressions for m1 3 can be found in refs. [23-24]. It should be

noted that these expressions are exact RPA results, our semiclassical

approximation being introduced in the last step of the calculation [16]. It

is also interesting to notice that, once a "subtracted" hot nucleus has

been built up, m3 (pL) yields a rather good estimate of m3, i.e.

m3 (pL) * m3 - m3 (pLG) - m3 (pG) (2)

and actually, m 1 (p L) - m 1 (see ref. [16]). We have checked that the

average energy E3 obtained from m3 (pL) are ;£ 0.5 MeV higher than the ones

obtained from the correct (within the spirit of the subtraction method of

course) eq. (1). However, as pointed out in ref. [16], if no subtraction

method is used for computing the hot nucleus density pL , m1 3 (pL) take

spurious values.

3. Results

3.1. The GDR at high temperatures

The £5 average energy of the GDR has been obtained using the exact m,

and m3 sum rules obtained in [25] for general Skyrme forces. We give in

figure 1 the temperature evolution (0 « T « 8 MeV) of E3 for
 63Cu, 90Zr,

1 1 4Sn, u°Ce, 160Er and 208Pb. Above T ~ 8 MeV, 208Pb no longer exists, as

it reaches its SKM* limiting temperature [17,20] ; for smaller nuclei, the

limiting T is sligthly higher. We have not considered, however,

temperatures larger than 8 MeV.

The results shown in figure 1 for T < 3 MeV are in agreement with

previous calculations in which the continuum was not considered at all [6,

23,25,28,29]. As in these references, we have found a rather small decrease

of E3 as a function of T. Above T > 4 MeV, the effect is more sizeable due



to the T 2 dependence of E 3 (T) (see Eq. 3). The T - 0 E3 average energy

follows the A "1/6 law proper of a pure Goldhaber-Teller mode. This is so

because m3 is mainly determined by the nuclear surface, and hence follows a

A 2/3 law, whereas m 1 has an approximated A
1 dependence (see refs. 24 and

6). At finite temperature, E 3 (GDR) still has a clear A"
1/6-dependence.

This can be seen in fig. 2, where we have plotted E3 versus A"
1/6 for

several temperatures from T - 0 to 8 MeV.

It is remarkable how well E3 (GDR) follows the A ~1/6 law even at

temperatures near the limiting one. We have fitted our results to the

expression :

£3 (GDR) - (a^b, T2)/A1/6 (3)

The values of a1 and b^ are given in table 1. The quality of this fit,in

turn, gives some indication on the collective nature of the GDR at finite

temperature (see section 3.3 for a discussion of this point).

3.2. Isoscalar resonances at high temperatures

Isoscalar resonances at T * 0 were already studied with the sum rules

technique [23,28,29,30], and more recently, up to high temperatures

incorporating to the subtraction procedure [16]. Here, we present a more

systematic study than the one carried out in ref.[16]. Since the A"1/3

behaviour of E 3 for IS resonances at T — 0 is well established [24], we

have fitted our T ̂  0 results to expressions of the kind

E3 (IS.L) - (aL - bu T
2)/A1/3 (4)

The values of aL and bL for L - 0,2,3 and 4 can be found in table 1.

Figures 3 to 6 show the E 3 (IS,L) results for L - 0,2,3 and 4

respectively, as a function of A ~1/3 . Finally, figure 7 shows for a

moderately high temperature of 4 MeV, the values of E3 corresponding to all

the IS resonances we have calculated.

3.3. Discussion

Figures 2 to 6 show that the expected A-dependence of the studied

resonances is maintened even for temperatures close to the limiting



temperature. This is especially the case for the GDR. In a. fully quantal

(RPA) calculation, a clear Ax-dependence of the giant resonance mean energy

could be considered as an indication of the collective character of the

excitation [24] ; strong fluctuations with respect to an average Ax-law

would indicate that the operator is probing not the nucleus as a whole, but

one (or quite a few) sp levels. Since in this calculation we have used a

semiclassical approximation to the RFA, it is not easy to disentangle which

part of the marked Ax-dependence of E3 we have found has to be associated

with this collectivity effect, and which part comes naturally from the

semiclassical approximation itself.

Our results indicate that, as far as E3 is a good estimate of the

resonance mean energy, these vibrational states are present up to very high

excitation energies. E3 decreases with increasing T, but it is still large

at temperatures as high as 6 MeV, and even 8 MeV. This is not the case when

the continuum is not properly treated, as in static non-subtracted methods

(see ref. [16] for a comparison of subtracted and non-subtracted results).

Our systematic calculations show in a distinct way the effect of

temperature on the nuclear surface. For small nuclei, the surface-to-volume

ratio is more important than for large nuclei. As the nuclear surface

becomes more and more diffuse at high T, this ratio increases more rapidly

for a small nucleus than for a big one. One thus would expect a more

sizeable change in E3 with T for a small nucleus, especially in the

isoscalar case. Indeed, this is the origin of the convergence of the A"1/3

lines drawn in figs. 3 to 6. The effect is also present in the GDR, fig. 1.

Finally, as IS operators rL YLO for large values of L are probing the outer

nuclear surface, the convergence of the A"1' lines is more marked for L —

4 than for L - 2.

4. Concluding remarks

In this paper, we have extended our previous calculations of high

temperature IS resonances [16] to the case of the GDR for which

experimental results are available, even at temperatures as high as 5 MeV

[3], but not many theoretical results due to che continuum states problem

[14]. Besides the T ̂  0 GDR, we have performed systematic calculations of

the L - 0,2,3 and 4 IS giant resonances up to close to the limiting

temperature for the nuclei 63Cu, 90Zr, 1 u S n , u°Ce, 160Er and 2 0 8Pb, thus



obtaining the A--and T- dependence of the E3 average energy.

We have seen that, up to the limitations of our semi-classical

approach GR states remain very collective, even up to the maximum

temperature a nucleus can sustain. This is especially true for the GDR,

which suggests that it could be possible to observe it experimentally even

at high temperatures (T £ 5 MeV).



Table caption

Table 1. Values of the parameters a L and bL entering eqs. 3 and 4. The

value L - 1 corresponds to the GDR, whereas the others refer to the

corresponding IS L-pole resonance.

L

1
0
2
3
4

aL (MeV)

39.6
82.6
65.3
99.5
126.1

bL (MeV1)

0.183
0.435
0.158
0.330
0.559
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Figure captiors

Figure 1 : Temperature dependence of the GDR E3 mean energy for several

nuclei. From top to bottom, the curves correspond to *3Cu, '°Zr, 11^Sn,
u°Ce, 160Er and 208Pb (the units are given on the figure).

Figure 2 : E 3 mean energies versus A"1/6 for the GDR. The straight lines

are least-square fit to the exact values (dots). From top to bottom, these

lines correspond to T - 0,2,3,4,5,6,7 and 8 MeV.

Figure 3 : E 3 mean energies of the L — 0 IS giant resonance versus A"1jf3.

The straight lines are a least-square fit to the exact values (dots).

Figure 4 : Same as fig. 3 for L. — 2. From top to bottom, the lines

correspond to T - 0,2,4,6 and 8 MeV.

Figure 5 : Same as figure 3 for L - 3.

Figure 6 : Same as figure 3 for L - 4.

Figure 7 : E3 mean energies of the IS L - 0,2,3 and 4 giant resonances as a

function of A"1/3 for a selected value of T - 4 MeV,
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