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  Introduction

In the last years  GDR gamma ray emission induced by heavy-ion collisions has raised new interests especially about the pre-equilibrium emission (see for example

Ref.[1,2]) and about the study of GDR properties on hot nuclei near the so called critical temperature estimated for finite systems. More recently  [3] the GDR properties on the system 40Ca+46Ti and 40Ca+48Ca have been investigated at 25MeV/A . The study of the experimental data using the code CASCADE [4], based on the standard statistical model, is consistent with the existence of the GDR up to an excitation energy of about 5MeV/A on hot residues of mass around 63 selected through the coincidence with heavy  residues produced in the selected incomplete fusion process. Moreover the above mentioned  experimental results put  in evidence an extra-yield on the γ-ray emission for 40Ca+48Ca system with respect 40Ca+46Ti  one. This phenomenon,  already observed for other systems around 8 MeV/A [2],  was related to the charge/mass differences in the colliding nuclei which  generate a pre-equilibrium emission starting with the overlap of the two nuclei. The interpretation of this dynamical emission as a coherent emission has been performed by using a mean filed approach based on the BNV approach [2].

The aim of this contribution is to study these subjects in the Fermi energy domain in the framework offered by the semi-classical  molecular dynamical approach to the N-body problem [. In particular we will use the Constrained Molecular Dynamical approach (CoMD).  This model [6], recently developed, take in to account the correlations induced by the Pauli principle on the nuclear dynamics.  Due to the constraint, the “ground state configurations” are stable up to time of the order of 2000 of  fm/c having inside the Fermi motion.  With this approach we explain the experimental data on the 40Ca+46Ti, 48Ca systems and  we will discuss  the predictions offered by the model also at high energy for both the coherent and incoherent (or statistical) γ-ray emission  in connection with  the fragment formation  processes.

  Coherent and Incoherent contribution

Before to illustrate the experimental evidences for the system under study we briefly

discuss the framework offered by the CoMD model and how it can give information on both the coherent and incoherent contribution. In Fig.1 we show the first time derivative of the total dipole for  the 40Ca+48Ca collision at 25 MeV/A and impact 

parameter b=0 fm.
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The different symbols represent the  time evolution of different microscopic realizations of the same collision. Around t=0 fm (i.e. at the contact time of the two nuclei) the VZ  value and also the related time derivative are different from zero i.e. the system can emit prompt γ-rays.  This happen because the charge/mass differences between the impinging nuclei is rather large [2]. For the 40Ca+46Ti  the same quantities are about a factor 5 smaller producing a power 20 times smaller. The  three signals in the first 80 fm/c show a quasi periodic behaviour with small differences in their phases. This means that the prompt emission has an high degree of collectivity and an high degree of macroscopic coherence. The ensemble  average of the three signals and their Fourier transform give the possibility to estimate the spectral properties of the emitted radiation as due to the coherent contribution by means of the Larmor formula.  
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This coherent contribution arises from the average dynamics therefore it is the analogous of the contribution that can be estimated via a mean field approach [2].
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At larger time the signals shown in Fig.1 start to loose their phase relations, even if they still show an oscillating behaviour. They have therefore a finite degree of collectivity but a negligible degree of macroscopic coherence.  The related contribution to the γ-ray emission is therefore incoherent. This contribution can be estimated, in the semi-classical approximation, trough the following expression based on the Fourier analysis of the fluctuating contribution with respect the ensemble average:

                                                                                                                                (2)
This contribution corresponds to the GDR statistical emission and usually it is evaluated by CASCADE calculations[4] based on the compound nucleus picture and therefore based on thermal, chemical, mechanical etc..equilibrium hypothesis. As we will show in the following, these hypothesis can not be verified at high energies and in short time interval ,and therefore pre-equilibrium effects can be arise also for the statistical contribution.  

Finally the three signal shown in Fig.1 at different times show discontinuity as due to the nucleon-nucleon collision. This effect will produce an incoherent contribution at a microscopic level i.e. the bremmsstrahlung contribution. As due to the semi-classical approximation we can estimate this contribution at γ energies lower than about 30 MeV.

We can conclude this section by observing that the framework given by the CoMD approach will allows to treat in an unitary way all this contributions overcoming the well  known difficulties arising from the gap between mean filed approaches and  statistical models.  

The experimental results

In this section we will briefly illustrate the experimental results on the 40Ca+46Ti, 48Ca  systems at 25 MeV/A. The measurements were performed using the beam delivered by the C.S. of the L.N.S. and using the TRASMARD detection system. In Fig.2 we show the scatter-plot of the energy for particles stopped in the forward silicon detector as function of the signals “rise time” which is expressed in arbitrary unit. In the pictures we can see the good charge separation for different ions and the bump, evidencide by means of the contour, selecting to the heavy residues (E.R) produced in incomplete-fusion events. In Fig.3 we show the γ-ray spectra measured in coincidence with the  E.R. In the inset of the figure it is also shown the ratio of the yield of the two spectra as function of the γ energy. In the plot it is evident the extra-yield (of the order of  40%) around 9 MeV for the 48Ca system with respect to the 46Ti one. This extra-yield corresponds to a rate of about 3ּ10-4MeV-1.

Before showing that this extra-yield  can be produced by the coherent γ-ray emission generated in the 40Ca+ 48Ca  system, we show the results produced by the CoMD model on the fragment production, related to the incomplete fusion events selected in the analysis of the experimental data. From the comparison shown in Fig.4 it is possible to see the nice agreement between the experimental energy spectrum of the E.R. and the related CoMD calculations filtered with the experimental conditions (detection angles, Z-energy correlation imposed by the contour shown in Fig.2). In this way it has been possible to select an effective b-window, shown in the inset which is used in further evaluation of the γ-ray yields.                                                                                                                                                                                                                                             
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The coherent contribution.

Several thousands of events have been generated for the studied systems with the selected b-window obtained from the coincidence with the E.R. particles. As an example, in the following we show in Fig.5, for the  40Ca+ 48Ca   system at b~4 fm,  the ensemble average of the first time derivative of the total dipole and the estimated  γ-ray spectra, obtained from the model calculation according to equation (1) . The same calculations performed for the  40Ca+ 46Ti system gives a contribution  about 20 times smaller. From the figures we can note that the coherent oscillations survive up to time of the order of 180 fm/c. During this phase the  hot source, giving arise to the evaporation residues, is not completely formed (see also Fig.6) therefore the coherent emission concern mainly the emission from the heavier hot compound evolving in high non equilibrium conditions (for more detail see Ref.[5]). The width of the γ-ray spectra is about 5 MeV and the maximum is located around 10 MeV with a total yield (Z and X components) of the order of 2.5ּ10-4MeV-1 in good agreement with the experimental findings. The rather low resonant energy can be mainly explained as due to the combined effects of strong deformation and  small expansion effects of the hot compound. The low width is due to the fact that the two body dissipation effects is not at the maximum  value because of the gradual opening of the phase space for two-body collisions. It is worth to note also that for the coherent emission the Y component (the Y direction is orthogonal to the reaction plane) is not excited at all as due to the symmetry recovered trough the ensemble average. This can produce strong anisotropies of the dipolar emission not simply related to the deformation effects. We
conclude this section by observing that the coherent emission, experimentally evidenced by comparing very similar systems having only large differences in the charge/mass ratio between projectile and target, can be used  like a marker of the high non equilibrium dynamic which develops in the very beginning stage of a nucleus 

nucleus collision. 
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The incoherent contribution

As shown by the relation (2) it is possible, after having evaluated the ensemble average of the dipolar signals,  to evaluate the fluctuations around and their spectral properties.
For the 40Ca+ 48Ca at 25MeV/A system and for central collisions, we show in Fig. 6,  in the different panels, the total γ-ray power as function of time for the incoherent mechanism a), the related spectra for the coherent and incoherent contribution (full black points)  evaluated in the first 1000 fm/c, b) the masses of the two biggest fragments as function of time and d) the related excitation energies.  
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To study the statistical GDR emission mechanism with our fully dynamical approach

we have to investigate the behaviour of our model calculations at  long times when surely the conditions (thermal equilibrium and so on) for the applicability of CASCADE calculations are reached by the system under study. The results of this 

investigation are shown in the panel a). In this figure with stars we indicate, for different time, the power emitted from the GDR according to CASCADE calculations obtained by using the mass of the main source, excitation energies, and damping widths  evaluated through our dynamical calculation. To complete the scheme of this local time equilibrium hypothesis we have used the well known relation E*=A/gT2 to calculate the temperature T. In the same figure the full black circles represent the collective emitted power evaluated from our fully dynamical calculations by analyzing  the spectral properties of the dipolar signals in short time intervals (more details on these subject are given in Ref.[5]). We can see from the figure that the agreement is quite good at time greater than 200 fm/c. The agreement at different times and for different impact parameters has been obtained by setting the g parameter equal to 12 inside 10% of changes.  This value therefore characterizes the fluctuations on the GDR mode produced by our model when the  mode is in thermal equilibrium with the system. We note also that the value of g is comparable with the values normally used in CASCADE calculations, therefore the fluctuations produced by our model have a reasonable size. 
 At time shorter than 200 fm/c our dynamical calculations on the statistical  emission, strongly deviate from  equilibrium calculations. This is putted in evidence by the comparison with the line in panel a) which represents the results of  Langevin calculations [5].  In this phase, compression and expansion effects play a determinant role together with the gradual opening of the phase space for two-body collisions. We conclude this section observing that from a more quantitative point view the model calculations reproduce the excitation energy of the hot residue an its mass inside 10% [5] with respect the estimation performed in Ref.[3].

Results at higher energies
For the systems under study we performed for b=0 fm calculations also at higher energies. At 35 MeV/A and 50 MeV/A the reaction mechanisms changes to a multifragmentation regime. In Fig.7 we show the mass distributions  and the related Campi-plot at 25, 35 and 50 MeV/A.  The typical signals for critical behaviour related

to the power low in the mass distribution and the bending of the Campi-plot are evident at 35MeV/A and 50MeV/A. 

[image: image6] 
[image: image15.wmf]
For the 50 MeV/A case we show in Fig.8 the same quantities of Fig .6. It is possible
to note that now, on the average, three fragments are produced. Moreover the comparison with statistical model calculations put in evidence (see the stars and the full circles in the panel a)) that the power obtained from  our dynamical calculations is lower than the predictions obtained from CASCADE calculations at time near the
fragment formation process and soon after. At longer time the agreement is restored.

This results put in evidence strong non equilibrium effects in the statistical emission at times around the disassembly of the hot source. At these times in fact is not more possible to speak about thermal equilibrium between the GDR and the system i.e. E*≠A/(12)T2. It also possible to show that in these conditions (see Ref.[5]) not all the nucleons of the source or sources can follows the collective motion because they have to form fragments.
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Degree of collectivity and degree of coherence
To summarize the results of this study for the 40Ca+ 48Ca system at b=0 fm in a more quantitative way, we have defined and computed, at different incident energies, the degree of collectivity φc and the degree of  coherence φch at different times [5]. This quantities are defined, for a fixed time interval, as the relative contribution of the power emitted trough the incoherent collective mode and  trough the coherent mechanism, with respect the total power which includes also the bremmsstrahlung .
The obtained results are shown in table I.  In particular from the first column it is possible to note that the degree of collectivity change very slowly by changing the incident energy, if it is computed after the time of the fragment formation tf (tm is equal to 1000 fm/c). This is due to the fact that the GDR statistical emission of the different sources will continue up to several thousand of fm/c, and after some hundreds of fm/c it will reach surely the thermal equilibrium. Smaller values of the collectivity are instead obtained during the beginning of the interaction up to the  fragment  formations. The greater relative change with the incident energy is obtained at 35 MeV/A when the multifragmentation process sets in. We want to observe that from an experimental point view it is not possible to select such short time intervals looking at the statistical GDR motion just because the collective motion can be excited at each step of the cascade. This behaviour can produce a certain degree of ambiguity in the results obtained from the research line which aims to estimate critical energies related to the collective behaviour of nuclear matter by looking only to the statistical GDR emission.
A rather interesting behaviour is instead shown by the degree of coherence  φch. It shows a strong correlations with the collectivity obtained at the beginning of the interaction, and the relative changes with energy are also more pronounced also in very large time intervals (in the table φch is calculated in 1000 fm/c). This is due to the fact that the coherent emission is relevant only in short time interval up to and around the time of the disassembly of the hot compound, moreover the related resonant energy is in general different from the ones related to the statistical emission at later times.  Therefore these calculations strong suggest that the degree of coherence can be used with high sensitivity to investigate on the collectivity behaviour of nuclear matter. From an experimental point of view it can be measured trough the comparison of the γ-rays yields produced in heavy-ions collisions observed for very similar systems (about same total mass, same mass asymmetry, same incident energy)  having only large differences in the charge/mass asymmetry between projectile and target as we performed for the experimental data discussed in this contribution.
	Elab(MeV/A)
	φc(tf,tm)
	φc(0,tf)
	φch(0,tm)

	     25
	0.89
	0.78
	0.095

	     35
	0.86
	0.62
	0.064

	     50
	0.83
	0.58
	0.059
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Conclusive remarks

In this work the coherent and incoherent γ-ray emission produced in the collision 

40Ca+ 48Ca at 25 MeV/A has been studied for central collision in incomplete fusion reactions. The study has been performed by means of the CoMD model. The fully N-body approach offered by the model allowed to treat in an unitary way both the coherent emission, the incoherent (or statistical) GDR emission and the fragment formation process. The coherent effects arising from the large charge/mass differences in the entrance channel with respect to the reference system 40Ca+ 46 Ti have been explained by the model also quantitatively [5].

The full dynamical study of the statistical contributions put in evidence a substantial thermal equilibrium of the GDR with incomplete fused system already at the time of the formation. Furthermore the model calculations reproduce also the excitation energy of the hot residue (about 4.5 MeV/A) an its mass inside 10% [5] with respect the estimation performed in Ref.[3].

 At higher energy the model calculations predict non equilibrium effects in the statistical GDR emission strongly related with the multifragmentation of the system. At 35 and 50 MeV/A, for central collisions the calculations put also in evidence a strong link between the degree of coherence and the degree of collectivity of the dipolar emission. The degree of coherence appear to be a much more sensitive parameter to the sudden changes of GDR motion related to critical  phenomena induced by the nucleus-nucleus collision. This strongly suggests that the line of research which aims to investigate on the collectivity behaviour of nuclear matter can get more clear information from experiments in which the GDR degree of coherence can be evaluated in experiments like  the one described in the previous sections.
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Fig. 4 – Experimental energy spectrum of the selected E.R.(black circles) compared with the CoMD calculation (empity circles). In the inset it is shown the selected impact parameter 40Ca+48Ca collision at 25 MeV/A 
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Fig. 2 – Energy v.s. “rise time” scatter plot for particles stopped in the forward silicon detectors in the 40Ca+48Ca collision at 25 MeV/A 


and b=0 fm in thre different microscopic realizzations














22





Fig. 3 – γ-ray spectra for the two systems under study. The γ-rays are detected in coincidence with the selected E.R. in the scatter-plot shown in Fig.2.   


and b=0 fm in thre different microscopic realizzations
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Fig. 1 – With different symbols is shown the time derivative of the total dipole for the 40Ca+48Ca system at 25 MeV/A 


and b=0 fm in thre different microscopic realizzations
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Fig. 5 – First time derivative of the average total dipole for 40Ca+48Ca collision at 25 MeV/A and b~4 fm and the related γ-ray spectra evaluated by means of the equation (1). The VX  and VX represent the components along the beam direction and the impact parameter one respectively.





Fig. 6 – a) Total emitted power produced by the incoherent mechanisms, b) spectra for the incoherent (full circles) and coherent (empty circles) mechanisms, c) masses of the two biggest fragments, d) related excitation energies. 





Fig. 7 – On the left mass distributions for the 40Ca+ 48Ca collisions at b=0 fm and at different incident energies. On the right, in the panel a),b),c)  are shown the related Campi plot at 25, 35, 50 MeV/A respectively 
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Fig. 8 – Same quantities like in Fig.6 but for the 50 MeV/A case





Table 1 – Degree of collectivity and degree of coherence for the40Ca+ 48Ca  system in central collision at different energies
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