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CLASSICAL AND QUANTUM APPROACH TO LIGHT-PARTICLE CORRELATIONS IN INTERMEDIATE ENERGY HEAVY ION REACTIONS

Introduction

The development of quantitatively useful approximate methods for describing the dynamical evolution of many-body systems far from equilibrium forms an important part of modern physics. A complete treatment requires the consideration of the correlated evolution of a large number of degrees of freedom and is usually impractical.

One avenue towards reducing the problem to a tractable form is to retain only a small part of the dynamical information. In nuclear dynamics it often suffices to retain only the reduced one-body density matrix. In the mean-field approximation, a single average effective one-body density is considered, while fluctuations are completely neglected. The approximation is most useful when the particular ensemble involved displays only little diversity. But when the dynamical evolution contains branchpoints from which very different further developments can occur, such as when the system enters an unstable region, it is meaningless to employ a single "average" representative one-particle density.

One possible solution is to still represent the system in terms of a mean-field configuration which, at any particular time, can undergo a stochastic evolution, so allowing the system to experience different histories. Therefore the global description will be given in terms of "ensemble" of trajectories instead of an "average" one. In effect, this ensemble acts as the heat bath in Brownian motion and the equation of motion will be of the Langevin type.

Illustration of the method

Our starting point is the socaJled Boltzmann-Langevin (BL) equation, which is the stochastic version of the Boltzmann-Uehling-Uhlenbeck (BUU) approach.

The BUU equation provides a semi-classical evolution of the one-nucleon phasespace density f (r,p,t) taking into account the propagation in the mean field together with the average effect of Pauli-blocked two-body collisions between individual nucléons. Recently, the BUU theory has been extensively applied to nuclear collisions and has proven fairly successful for describing one-body observables. [4] The stochastic version of this model was proposed to describe large fluctuation phenomena, such as multifragmentation. [2] We have tested a specific implementation of the BL equation, which reads :

% + {È[f\,f} = I[fl = î[f] + SI[f] ,

(

where H[f] is the self-consistent mean field Hamiltonian and /[/] is the stochastic collision term, which acts as a random force on the one-body density /(r,p, £). It is then reasonable to split the collision term /[/] into an average part /[/] and a fluctuating part SI[f).

In order to solve the above equation of motion, we represent f(r,p) on a lattice of grid points in phase space. [3] The size of each lattice cell is given by As = ArAp/h D , D being the dimension of the physical space, and the value /* at the lattice point Sk = (rk,Pk) represents the average value of / over the cell k.

During a given small time interval At, the expected number of elementary two-body transitions û from within the phase-space subcells 1 and 2 into the subcells 1' and 2' is given by if 2 fvf2'$(ri -r 2 )5(ri -r v )8{r 2 -T-2 ')u/(pi,p 2 ;pi',P2') , (2) where w(pi,P2'>Pi ',Pv) is the elementary transition rate and the Pauli blocking factors / = 1 -/ express the availability of the final one-particle states. When the phase-space density f(r,p) is changed in accordance with the above expression the usual BUU evolution results. In order to include the noise term , we note that the actual number of elementary transitions v is a stochastic variable, having a Poisson distribution characterized by the above mean value v and a variance erl = û. Therefore, the statistical properties of /[/] are fully determined by the mean transition rates v. In our particular numerical implementation, we simulate the distribution of u by a Gaussian with variance cr^ = v. Consequently, the noise 81 can be simulated by augmenting the mean value v with a fluctuation Su chosen randomly from a normal distribution with a variance equal to v. This manner of introducing the fluctuations at the elementary level preserves the correlations induced by the fact that each individual transition involves four phase-space locations.

Applications

In order to test the quantitative utility of the method, we have first studied a periodic two-dimensional system of free nucléons (i.e. without one-body field). [3] The interesting evolution then occurs in momentum space and a spatial average may be performed. The initial condition consists of two touching Fermi spheres of radius 275 MeV/c (f(p) is 1 inside the spheres, 0 otherwise). We have followed an ensemble of 1100 trajectories. We have found that the augmented simulation preserves the mean evolution towards the appropriate Fermi-Dirac distribution, as it should (see Fig. l). In order to study fluctuations and correlations in phase space, we have to discuss the properties of the associated correlation function of f n (p,t):

-), (3) (4) 
which can be splitted in a variance and a covariance :

trfap') = <r\p)h 2 5{p,p') + <r coo (p;p').

It was shown that the variance of the phase-space occupancy must follow closely the predictions of the corresponding Fokker-Planck equation [1], a 2 = /(I -/), (see Fig. 2). This relation remains valid throughout the evolution if it is fulfilled by the initial condition and represents a strong constraint for any fluctuation calculation. The covariance (fig. 3 shows the "tagged" covariances, which are partially integrated over a domain of ±45° around the p x -axis) displays the expected features. Indeed, the initial correlations reflect the only possible type of collision, namely a particle from one of the Fermi spheres scattering off one in the other Fermi sphere into the y direction. In the final pattern, the observed correlation is the superposition of two components: the strong positive correlation with the states around the Fermi surface, but on the opposite side, originated from the only states available as collision partners; secondly, an isotropic negative correlation with the accessible final states all around the Fermi surface.

Tagged covananw cr^, (p x .?..)

P t • Ï Sa/c

i sa/e

Figure 3 : Tagged covariance

The calculated results for the tagged covariances.

The full ardej represent positive concluions and the empty circles the negative ones. The ndius of a circle is proportional to the magnitude of the correlation.

Introduction

The Boltzmann-Langevin (BL) approach has recently gained interest in nuclear dynamics as a formally well-founded vehicle for extending the very successful mean-field description to more violent phenomena, such as heavy-ion induced nuclear multifragmentation processes. [1, 2] In the first part of this report we already discussed the numerical method we adopted in order to solve the BL equation and we summarized our efforts to test the method and compare it with others that have been proposed. In those test studies, we ignored the action of the effective one-body field by assuming that it remained constant throughout, thus reducing the interesting dynamics to momentum space alone.

Of course, the effective field plays a key role, since it adjusts itself selfconsistently to the density fluctuations generated by the the two-body collisions, and thus it acts to amplify instabilités. We have included the effective field, which corresponds to the collisionless (Vlasov) part of the evolution, by a standard matrix technique. Here we present a first application to a catastrophic process, namely the clusterization of matter at subsaturation density. Although the approach was developed within the context of nuclear dynamics [3], the method is quite general and may therefore be of much broader utility.

Application to a Model System

We have studied a gas of Fermions situated on a two-dimensional torus. For the effective one-body field we employ a simplified Skyrme interaction averaged over the y-direction and we look at clusterization along the as-direction only. We then solve the stochastic BUU equation on a lattice of 21 cells in ihe x direction and 25 x 25 cells in momentum space. We chose a spatial resolution of 1 fm along the x-axis, while the length in the y direction was chosen to be large {L y = 5000 fm) since the one-body field doesn't depend on y. The momentum resolution was 65 MeV/c. The interaction range in the collision integral was taken as 1.2 fm.

We have initialized the system as a uniform gas at half the saturation density, with Fermi-Dirac occupancies corresponding to the small temperature 3 MeV; this is in the mechanically unstable regime of the phase diagram. We analyze an ensemble of 100 trajectories; for each trajectory, the calculation was stopped at 90 fm/c.

In Fig. 1 we show the time evolution of the density vs. the position for one trajectory of the ensemble. Initially the system has a uniform density, but soon the fluctuations are breaking this initial symmetry. Subsequently, the fluctuations are rapidly amplified by the action of the effective one-body field, thus leading towards fragment formation. We note that the density distribution of each particular system keeps changing with time, with the clusters exhibiting fusion and fission. In this manner, each particular trajectory explores the various accessible configurations, while the distribution of trajectories quickly approaches the appropriate statistical limit. Position x (fm)

The density profile p(s,:) associated with one particular trajectory vs. ihe position s shown at eight different times t.

Instabilities

To get a deeper insight into the mechanism of fragmentation and the role of the instabilities, we can study the onset of the phenomenon within the linear response theory. If the system is unstable, some eigenmodes will be exponentially amplified with a characteristic time r.

We have computed the actual dispersion relation by considering the BUU evolution (without fluctuations) of a uniform density at 3 MeV of temperature perturbed with a small (1%) harmonic variation in the x direction. In Fig. 2 we show the evolution of 1/r vs. the wave number k of the eigenmode. The curve is symmetric around k = 0.75 fm" 1 , because a double step is used in the discretization of the gradients.

o

The jrowtk race L/r t of harmonic nodes wh reduced wave lumber k in two-dimensional auclear macter at half the saturation density, » resulting lorn our numerical implementation of the 3UU model. 

The onset of multifragmentation

This normal mode analysis will allow us to study the interplay between instabilities and fluctuations. Indeed, considering the Fourier transform of the fluctuations of the density, F{k,t) = /dxe' 2 * kx 8p(x,t), we find <r k (t) =•< \F(k,t)\ 2 >•= j jdxdx' e rt **(*-') ^ S p(x,t) Sp(x',t) >-. (1) Fig. 3 displays the fluctuation cr^ vs. the reduced wave number k. At the early stage of the evolution one mainly observes the Fourier component of the noise, and indeed we observe that the spectrum at t = 5 fm/c is characteristic of a system where the fluctuations must be correlated over a domain of at least 1 fm in size. As the time goes on, one observes the interplay of the stochastic collisions and the exponentially increasing propagation due to the unstable effective field.

The continual action of both agents shifts the peak to slightly higher frequencies. However, it should be noted that the system is never fully dominated by the instabilities. This demonstrates that the system is keeping some memory of the physical processes that have induced the fluctuations.

After 30 fm/c the system enters into a non-linear regime, with frequency doubling leading soon to a chaotic transition stage, before reaching an equilibrium characterized by a statistical population of fragment configurations, which is independent of the specific early evolution. k (fm~!)

The variance <r* vs. the reduced wave number i.

shows at a number of times t.

Conclusions

In conclusion, using a recently developed nuclear BL model, we have made a first dynamical simulation of a catastrophic evolution leading to the multifragmentation of an initially uniform system. In the presented results, we have been able to discern two dynamical regimes: an early linear regime characterized by a competition between the stochastic creation of fluctuations and their exponential evolution due to the instability of the effective field, and a later complex one where the system behaves chaotically and seeks to condense into fragments. Since the detailed evolution towards equilibrium has been found to be sensitive to the specific treatment of the fluctuations, it appears that the inclusion of fluctuations is important for the quantitative description of fragment production in nuclear collisions, and consequently it may be expected that actual collision experiments can'provide a means for testing the theory. 

Quantum approach

The model was developped by R. Lednicky and V.L. Lyuboshitz to analyze the dependence of the two-particle correlation function on the space-time dimensions of the particle production region [5]. The calculation provides simple analytical formulae for the correlation function of two particles with small relative momenta. The effects of quantum statistics and final state interations are taken into account. This model, initially developped for sufficiently fast particles does not take into account their interaction with the residual nucleus.

We have adapted this calculation to our problem of two particles sequentially emitted in intermediate-energy heavy-ion reactions [4]. In the quantum approach, the experimental two-proton correlation function is reproduced as well as by our classical model giving the same value of the mean lifetime of the residual nucleus x = 2. x 10" 21 s (Fig. 2a). This result confirms the strong attenuation of the nuclear force between the two particles. In the case of proton-deuteron correlation function, the predictions of the quantum model differ from the experimental data (Fig. 2b). The p-d correlation function does not contain neither quantum statistics effects nor resonant nuclear interaction. Coulomb forces are, in this case, the main source of correlations. Moreover, the acceleration in the Coulomb field of the emitter is not the same for proton and for deuteron. The influence of the residual nucleus is certainly important for the correlation function of two particles with a different mass to charge ratio. This explains the disagreement of the experimental data with the quantum calculation. Figure 3 shows that the classical model taking into account the two-body Coulomb interaction only between proton and deuteron gives the same shape of the p-d correlation function as in the quantum approach. The influence of the Coulomb force from heavy reaction residue was previously observed in cc-p correlation measurement [6]. A more precise comparison of these two different approaches will be possible by measuring particles with very small relative momenta. We are now setting up an experiment in which two protons will be detected by the magnetic spectrometer SPEG at GANIL [7]. The minimum value of the relative momentum and the resolution will be of the order of 1 MeV/c.

The first measurement will be performed at backward angles in order to attenuate the strong interaction between two protons and to allow a precise evaluation of the importance of quantum statistics effects. Later, by changing the reaction kinematics and the detection angle, we could be able to vary the characteristics of the emitting nucleus and therefore the shape of the correlation function.

Concerning the theoretical description of all effects giving rise to correlations, the most appropriate approach should be a quantum one taking into account the influence of the residual nucleus. This is a non trivial problem of two particles scattering in the nuclear and Coulomb field of the nucleus. 

I. Competition of mean-field and residual interactions in collective observables

A theoretical analysis of collective observables in Heavy-Ion reactions at medium energies have been performed in the framework of the semi-classical Landau-Vlasov approach. This work is a contribution to the analysis of two fundamental aspects of the nuclear dynamics, i.e. the mean-field and residual interaction effects. The investigation of observable sensitivity to the mean-field has been realized using various effective nuclear interactions. These interactions have been choosen in order to enlighten the influence of the infinite incompressibility modulus, the non-locality and the finite range of the nuclear forces. The sensitivity to the residual interaction has been studied considering different scalings of the in-medium nucleon-nucleon cross-section. An illustration of this work is given in figure 1. Our results show that the behavior of the observables cannot be interpreted only from pure static considerations. It requires an analysis of the dynamical mechanisms governing their build up. In particular, the theoretical investigation of the transverse collective motion of nuclear matter underlines on one hand, the increasing role of non locality effects and residual interaction with growing incident energies, on the other hand the importance of out of equilibrium effects that must be properly taken into account if one wishes to extract information on the nuclear Equation of State.

The phenomenon of flow inversion at GANIL energies.

The study of Heavy-Ion collisions at incident energies above 400 MeV/u have evidenced a transverse collective flow of nuclear matter. More recent experiments performed in particular at GANIL have demonstrated a persistence of this collective effect at lower energies, with in addition the appearance of an inversion in the transverse direction. This inversion phenomenon presents a great interest for the knowledge of the nuclear matter properties, since it bears signatures of a transition between two different regimes. One in which the predominant behavior is repulsive, and another one where it is attractive. Due to the interest of this effect and to the quality of the experimental results obtained at GANIL, a theoretical study have been undertaken in the framework of the Landau-Vlasov approach. Comparisons between theoretical and experimental results have been performed, taking into account the main experimental biases. They permitted to check that the simulations of nuclear collisions should bring qualitative as well as quantitative informations. An illustrative example is given in figure 2. The theoretical analysis has also addressed the sensitivity of the transverse flow to the nuclear matter properties. Without entering the details, among the main results steming from this study, is that heavy ion collisions should not provide a direct access to the value of the infinite incompressibility modulus. This is coherent with the fact that the nuclear matter properties do not restrict to this parameter alone. In addition, heavy-ion collisions provide the opportunity to explore large areas of the nuclear Equation of State, and to improve our knowledge on the nuclear properties in situations out of equilibrium.

Isospin effects on dynamics of heavy-ion collisions.

Heavy-ion physics with radioactive beams open new domains of research where properties of nuclei veiy far from the beta stability line can be explored. Calculations were carried out within the Landau-Vlasov model formalism, using an effective force which has an adjustable isospin dependent term. Our aim was to gain insight on two related questions : -what are the effects of the isospin dependent component of the interaction on dynamics of reactions described within Landau-Vlasov formalism ? -are there sizeable differences in dynamics of reactions induced by radioactive beams in comparison with reactions induced by comparable beams close to the beta stability line ?

After checking that static properties of different Ca isotopes could be correctly described by our model we investigated two types of heavy ion collisions.

We investigated peripheral collisions between various Ca isotopes at 15 MeV/u incident kinetic energy with an impact parameter b = 7 fm. Results of calculations show that inclusion of the isospin interaction is needed to achieve complete equilibration. Influence of the isospin on the dynamics can be seen in figure 3 which shows a plot of the density of matter at 2 times t = 160 fm/c and t = 240 fm/c for the 56 Ca (15 MeV/u) + 40 Ca, for 3 values of the adjustable isospin-strength parameter c. Reaction time and neck formation clearly depend on c. In order to study isospin effects at higher energies we carried out calculations on central collisions (b = 2 fm) with the same Ca isotopes at 40 MeV/u incident kinetic energy. Preequilibrium emissions were shown to be very sensitive to the isospin-strength parameter c. We also looked at the instantaneous value of the I = (N-Z/A) coefficient of the emitted fluxes ; as expected, we have a net dependence of the time evolution of I on the value of c, with large initial fluctuations due to the small number of nucléons taken into account. With c growing, neutrons are less bound which favors an increase of I. Asymptotic values of I are quickly reached (around 140 fm/c) (figure 4). Due to the structure of the effective nucleon-nucleon force, a spinodal region can be defined in the (Temperature, Density) plane of the Nuclear Equation of State. The matter instability against long wavelength density fluctuations which is expected to occur in this zone, has been tentatively associated with the experimentally observed increase of the yield of intermediate mass fragments, around 50 MeV/u incident energies.

We have undertaken a systematic study to compute the dynamics of such a process, first in infinite nuclear matter to get rid of the surface instabilities which could compete in finite nuclei. The process of bubble or droplet formation is an out-of-equilibrium process for which no formal theory is available : the Landau theory of Fermi liquids can predict only the birth conditions of the process but it fails as soon as the system enters the non-linear regime. We then use computer simulations, submitted to the constraint that they should reproduce at best the ground properties of nuclear matter close to equilibrium.

In this work, we address : 1) the conditions under which the Nuclear Equation of State in a large range of excitation energies can be accurately reproduced with a semi-classical model using test particles, for local as well as non-local nucleon-nucleon interactions. An illustrative example is given in figure 1. 2) the dynamics of fragment formation.

3) the effects of temperature, average density, screened Coulomb interaction, effective mass on the characteristic times for fragment formations. In particular, our study show that the temperature and the average density strongly influence this characteristic time, which is about 2.7 10~2 2 sec in the most favoured case of a cold, dilute nuclear matter. At T = 6 MeV, it reaches 7.4 10" 22 sec. By comparison with reaction durations, this could indicate that such a process would contribute to the fragment formation, only in the low energy regime of heavy ion reactions. 

Skm* Skyrme force

Time-evolution of mean density

II) Phase space fluctuations and dynamics of fluctuations of collective variables.

The theoretical studies of Ayik, Grégoire, Suraud and Randrup, Remaud have elaborated a framework for the study of phase space density fluctuations. However, much remains to be done to insure the procedures to compute them in cases of interest, such as nucleus collisions. Our work aims at casting a bridge between the formal theory and numerical simulations based on popular models as B.U.U. and Landau-Vlasov models.

In particular three directions of investigation have been tackled : 1) A formal deduction of the analytical form of the general covariance matrix for the phase space fluctuations of fermion systems in thermal equilibrium, and explicit expressions for the dispersions of collective variables (such as quadrupole moment or average transverse momentum).

2) For out-of-equilibrium systems, when the relaxation time approximation is valid, we establish the transport equations for the dispersion of collective variables and derive their equilibrium solutions to be compared with 1).

3) Using a Landau-Vlasov code for infinite nuclear matter, we compute microscopically the fluctuations for specific collective variables and show that they are in good agreement with those found with die above-sketched formal approaches. An illustrative example is given in figure 3.

From the first results, we demonstrate how numerical noise can be controlled in simulations. As already seen for the diagonal part (Randrup/Remaud), we show that the excitation energy is the leading term for the whole covariance matrix, whatever this energy is thermally equilibrated or not. Then, the equilibrium solutions of point 1) can be used to compute fluctuations in highly non-equilibrium solutions. This could provide a cheap method to estimate the width of the dispersion of collective variables around their averages. The description of the heavy ion collisions in the intermediate energy regime requires the knowledge of the nuclear mean field and of the effective interaction in nonequilibrium situations. We set out a whole program to calculate these physical quantities in nuclear matter at finite temperatures using a Brueckner-type approach.

We first calculated the nuclear mean field including (for the first time without any approximation) the second order term (in the g-matrix) at zero and finite temperature [1,2J. This term is repulsive (~ 20 MeV). The whole average field has a slow temperature dependence as indicated in fig. 1.

Fig. 1 : Mean field calculated in Brueckner theory for several temperatures. The quantity indicated V po is the first order term, the one indicated V co is the second order term. The full curve V is the sum of the two contributions (from ref. [1]). We also calculated the effective interaction, identified to the g-matrix, for several densities and temperature. We extracted the corresponding effective interaction [3]. We showed that the temperature dependence exhibited in fig. 2 is quadratic and is less important however than the density dependence in the intermediate energy range.

Finally, the effective mass effect to medium corrections of the collision term is discussed in ref. [4]. The formation of more and more neutron rich nuclei and the investigation of the N/Z degree of freedom in heavy ion collision makes desirable a reinvestigation of the mean fjeld properties for asymmetric matter. We report here on such a study based on Brueckner approach.

We especially pay attention to the mean field as a function of the asymmetry parameter P = (N-Z)/(N+Z). We showed [1] that the mean field for a nucléon (x = 1, proton, X = -1 neutron) of momentum k is given accurately by 5VM»gTSY ?0T£NTiAL. Ti Fig. 1 : Isovector part Uj/4 of the mean field in nucléon matter for three densities.

, k ifm-1)

where U o is the mean Meld in symmetric nuclear matter. The quantity Uj(k) is given in fig. 1 for several densities. The temperature dependence (in the GANIL regime) is rather weak. We also showed that the effective mass has a strong p-dependence.

We also investigate the superfluidity properties of neutron and nuclear matter [2]. The gap equation has been solved exactly (for the first time) for realistic interactions. The results are given in fig. 2. It is seen that the gap is smaller in nuclear matter than in neutron matter, but the dependence upon P is rather weak. We verified that the critical temperature for desappearance of the superfluidity is roughly given by T c = 0.57 Â , We carefully analyse fragment production in heavy ion collisions at beam energies between 30 and 60 Mev/u. Solving the BNV equation we follow the entrance channel dynamics which shows an evolution of reaction mechanisms, from incomplete fusion to deep inelastic and participant spectator pictures, depending on energy, impact parameter and size of the colliding nuclei. An important increasing pre-equilibrium emission of nucléons is revealed with increasing beam energy. Eventually equilibrated primary sources are formed, whose deexcitation stage is followed within a quantum statistical cascade approach which includes all possible decay channels (GEMINI code). The input properties of the primary fragments are obtained from a suitable clustering procedure of the phase space distribution at some equilibration time, fixed on the time of the end of preequilibrium emission. From the mainly classical dynamics of the kinetic BNV evolution it will be never possible to get complex fragment production just following the dynamics at later times. With this "conventional" coupling of non equilibrium and equilibrium features a large variety of data on fragment production are reproduced for the reactions Kr+Al at 34.4 Mev/u, Ca + Ca at 35 MeV/A, La+Al at 40 and 55 Mev/u and La+Cu at 55 Mev/u. In particular, we focalise on the reaction Kr+Al at 34.4 MeV/A for the availability of nice data from an experiment perfomed at Ganil. The dynamics of the reaction is explained in fig.l. It is possible to observe an evolution from incomplete fusion to deep-inelastic. We show how our approach correctly describes the inclusive cross section behaviour. The IMF's production is in fact quite well reproduced (see fig. 2). These fragments come from a fission mechanism of the compound primary sources created in the case of the more central impact parameters. In fact, without considering any possibility to undergo fission for the previous sources, i.e. just considering a dynamical stage, we don't get any IMF's production (dashed line). However some signatures of more exotic mechanisms are appearing at 55 Mev/u; in fact for the La + Cu case something is clearly missing also in the inclusive production of medium-light fragments (see fig. 3). A microscopic study of the nuclear matter phase diagram seems to relate these discrepancies to dynamical instabilities. In fact, while in the La + Al case( where the entropy per nucléon value is s = 0.6) the spinodal region is only slightly touched, in the Cu case (s=l), where more energy is available and a larger compression is reached, the system deeply enters such instability region (see fig. 4). When dynamical (surface or volume) instabilities are occuring the growing of fluctuations is the main mechanism of fragmentation: fluctuations are completely outside of the BNV picture, where only the mean phase space trajectory is described. Therefore the lack of the previous approach in describing some experimental results may be used as a signature of new exotic phenomena, like multifragmentation, a direct explosion of the nuclear system expected on the basis of the growth of nuclear instability. 

DAMPING OF GIANT RESONANCES IN HOT NUCLEI A. Smerzi, M. Di Toro INFN -LNS, Catania, Italy

The effect of one-and two-body dissipation on the damping of giant dipole resonances (GDR) is studied in a semiclassical approach solving a Vlasov equation with a collision relaxation time [1]. The latter is microscopically evaluated from the equilibration of a distorted momentum distribution in a kinetic approach. Particle emission is also computed in the same picture. Without free parameters a good agreement whit data is obtained for GDR's on the ground state. In fig. 1) we show the collisional widths (dashed line) and the final FWHM's of the strength distribution solid line compared with data (shaded area). The large enhancement is explained as a interplay between collisional and Landau Damping. For collective vibration built on excited states we get a dramatic increase of the widths with excitation energy due to the increment of nucleon-nucleon collisions. In fig. 2) our results (dashed line) are compared with various experiments in the Sn region [2,3,4]. Our results are in very good agreement with the analysis of Yoshida et al. [4] based on a evaporation cascade code with fully excitation energy dependent widths. A saturation can be reproduced only including the neutron evaporation cooling mechanism (solid line of fig. 2). However experimental informations on the excitation energy dependence of the spreading widths are not conclusive, being very much model dependent: the experimental -)-spectra are equally well reproduced from different cascade analyses, using G DR spreading widths showing a saturation or a strong increase with excitation energy. This can explain the discrepancies in the data shown in fig. 2 .

On the other hand there is a very clear experimental evidence which deserves a thorough explanation: a decrease of the dipole strength in the giant resonance region at high excitation energies, with consequent saturation of the number of emitted photons [4]. This observation has been recently associated to a pre-equilibrium mechanism [6]. Indeed if at high temperature the GDR cannot achieve a thermal equilibrium with the compound nucleus before it cools down by neutron evaporation, the GDR states will be depopulated and then a smaller strength will appear in the GDR region. This effect should be certainly taken into account in the evaluation of the photon decay probability: the point we would like to stress here is that this is not enough to account for the experimentally observed quenching of the GDR photon yield. A strong increase of the GDR width, as found in this paper, with a related smoothing of the resonant form factor of the 7-absorption cross section, is also necessary in order to get the saturation point at the correct experimental excitation energy. [9] In order to make an accurate study of this effect we have to evaluate the probability of photon emission integrated over the resonance region. In fig. 3 we report the excitation energy dependence of the probability and of the corresponding photon yield (12 < £"-, < 20MeV") in the Sn case computed with increasing GDR spreading and total widths as described in this paper. We get a saturation of the GDR photon emission at E* ~ 200MeF in very good agreement with experiments. [4]. We can define a corresponding limit temperature T ~ 4.0MeV.

In fig. 4 we report the same quantities computed using a spreading width not depending on the excitation energy F* = 4.8MeV, fixed on the ground state value, and a total GDR width showing a saturation value TQDR = 12MeV", due to the effect only of angular momentum deformations, as suggested in ref. [6]. In this picture only a pre-equilibrium mechanism is envisaged to account for the GDR 7-yield reduction.

The GDR photon quenching is reproduced only at very high excitation energies, which correspond to limiting temperatures 1^7-8MeV, in clear disagreement with data.

Our conclusions strongly support the picture of a slow disappearing of giant dipole resonances with increasing excitation energy due to effect of nucleon-nucleon collisions. This process will clearly dominate the collective motion damping in the region above saturation of the angular momentum transferred to the hot fused system, and it has been probably understimated in other analyses [7,8]. Barrier heights for the binary symmetric fission along the ^-stability valley. The lowering of the surface energy and, then, of the fission barrier by the temperature increases with the decay symmetry of the system and with its mass. The incorporation of the temperature maintains essentially the same topology of the Businaro-Gallone picture.

The macroscopic ternary fission barrier height and position depend strongly on the decay asymmetry. For light nuclei and for all the mass asymmetry values, the saddle-point corresponds to three separated fragments hold together by the nuclear proximity forces which counter balance the Coulomb repulsion. For heavier nuclei, the saddle-point shape has the same configuration, except for very high decay asymmetries ( 4 He emission as an example) where the barrier top corresponds to the one-body configuration at the beginning of the neck formation. With increasing asymmetry, double-humped barriers occur and, then, the possible existence of elongated but compact isomeric states. Naturally, such an approach supposes complete thermalisation of the system. An other limitation is the inability to describe the nucléon evaporation. The evaporation of these hot rotating nuclei has been studied 1 ) within a semi-classical description based on the Landau-Vlasov equation with an Uehling-Uhlenbeck collision term to take into account the two-body interactions which play a major role in the rearrangement of these systems 2 ). This framework allows to study the competition between particle evaporation, binary and ternary fission and multifragmentation as a function of initial angular momenta and excitation energies.

From the one body distribution, a velocity field is extracted and the collective energy Ecoli (t) follows. The excitation energy is given by : E* = Etot -Ecoii where Eesc is the energy of die evaporated particles.

For small excitation energies and angular momenta, the nucleus takes and oblate shape and increases its deformation, but, before passing the saddle-ptoint, it has lost particles by evaporation and returns to the spherical shape. For larger rotations and excitations the system falls into the fission valley. At very large initial excitations the expansion of the system is quick and the system explodes keeping its initial oblate symmetry. This regime corresponds to fragmentation. Experiments on nuclei which are generated in energetic collisions show remarkable properties. Several routes which may lead to interesting information about highly excited nuclei formed in these experiments have been suggested. The study of their decay properties is one of them.

The analysis of experimental fragment distributions of 197 Au [1] and the comparison with a theoretical interpretation in the framework of percolation models [2] reveals the possible existence of several decay regimes and some sharp transition from one to the other which can be interpreted as a phase transition in the corresponding finite system. Experimental charge distributions of fragments also show an intermittent behaviour which may or may not be related to the phase transition.

In order to understand and to explain these facts we proposed different models which describe the decay of an excited nucleus as a step by step sequential process. We implemented this scenario by means of Monte Carlo simulations, generating sets of decay events [3]. In each event the nucleus proceeds via a chain of binary decays involving the successive sequentially generated excited aggregates. The dissociation process stops when there is no excitation energy left over in the final cold fragments. This simple scenario has been applied to the study of excited nuclei in different regions of the mass table and over a large range of initial excitation energies. The relative weight of different binary decay channels was fixed by transition rates corresponding either to an inverse fusion process (detailed balance -Weisskopf [4]) or to the fission of a nucleus at finite temperature (transition state theory -Swiatecki [5]). Fig. 1 shows examples concerning M K and 197 Au. In the case of 197 Au the evolution of fragment multiplicities with excitation energy shows different regimes, i.e. from left to right, light particle evaporation, events with two large fragments (absent in the case of ^K), decay into several large pieces, vaporisation into light particles.

Final charge (mass) distributions can be used in order to work out average moments of these quantities for fixed multiplicities of fragments (total number of particles and fragments of any size). The analysis of these moments can be compared to the results obtained in the experiment and percolation calculations obtained in the case of 197 Au. Fig. 2 shows a typical behaviour of the second moment m 2 as a function of the fragment multiplicity m. In general, all qualitative trends observed in the experiment and percolation calculation can be reproduced. It is however not possible to reproduce stringent constraints such as for example, the universally fixed location in m of the maximum of m 2 . Furthermore there exists no sign for the existence of a power law behaviour of the charge (mass) distributions for some specific value of the relevant parameter Fig. 1 : Evolution of fragment multiplicities (mass larger than 4) with increasing excitation energy (here temperature). The decay channels with two large fragments (so called pseudo fission) is absent in the case of M K. In order to investigate this last point we introduced an analytical description of sequential decay. Production yields of fragments with fixed charge or mass evolve in time by means of rate equations [6] forming a set of coupled equations which are linear both in time and in the production yields. These quantities are fluctuating quantities as a consequence of the stochastic nature of the equations induced by the random properties of the transition rates which can be written in terms of averages and fluctuating parts. It is possible to show by means of analytical arguments which are corroborated by numerical checks that the distributions cannot exhibit an intermittent behaviour [8] .A typical example for this is shown in Fig. 4 where the linear dependence of the logarithm of moments with respect to -In&s is not observed. This is in agreement with the results of simulations, Fig. 3, where the evolution of the number of fragments of a given type depends also linearly on the number of fragments of all types present in the process. These results are general in the sense that they depend in no way on the specific expression of the transition rates and hence must be related to the linear character of the process described by these models. Intermittency has been observed on the experimental charge distributions of fragmented 197 Au. If this property gets confirmed in the case of other nuclei, sequential decay as described by means of models of the type presented above cannot stand as an adequate scenario of nuclear fragmentation. In the absence of an explicit theory other scenarii corresponding to other phenomenological processes must be considered.

For a dynamical description of HI collisions, semiclassical methods have proved to be very successfull and transparent. In particular, the time evolution of the one body semiclassical Wigner function is very well described by the Landau Vlasov (LV) or Boltzmann Nordheim Vlasov (BNV) equation [l]. With the availability of HI experimental facilities at intermediate energy, it is now possible to build up portions of nuclear matter far away from equilibrium, at a density which is easily twice the saturation density and an excitation energy that can easily reach the binding energy per nucléon. In such a situation the incoherent binary scattering approximation given by the Boltzmann collision integral can be fairly inadequate and multiple scatterings have to be taken into account. Moreover in this dynamical regime critical phenomena are expected, and it is probable that high order correlations and the dynamical propagation of fluctuations in the nuclear medium can lead to critical behaviours, like nuclear multifragmentation and phase transitions.

One of the most stringent assumptions to be done in order to derive the BNV equation is that the gas is very rarified, so that all correlations except local incoherent two body scatterings can be neglected. If the density is high and the incident energy is such that Pauli blocking is not too important, one has to relax this approximation and an explicit form for the three body collision integral can be worked out under the same kind of approximations that lead to the Boltzmann equation [2,3].

We have devised [3] a numerical algorithm to sove the extended Boltzmann equation, and checked it against different analytical results and Enskog's theory.

In this approach, where we neglect genuine three body forces in the collision integral, a triple collis'on is a succession of three binary collisions occurring among particles that are at the same time inside the interaction sphere. In the spirit of Enskog's virial theory [4] the effect of many body correlations can be expressed by an expansion of the mean free path in powers of density, and this virial expansion can be used in the actual computation of the scatterings [3].

We have seen a considerable effect of triple collisions on collective flow observables, nucléon spectra and subthreshold pion production. In fact, incoherent nucleon-nucleon collisions are responsable for some of the high energy particle production (5) but, when the total energy of the produced particle is very close to the kinematical threshold, the incoherent scatterings are not sufficient to explain the data and other mechanisms have to be invoked . One such mechanism could be the cooperation of three nucléons (3,6|.
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ID"' The widths that can be obtained from these relaxation times are in both cases much smaller than the ones shown by experimental data. Therefore the self consistent interplay between mean field and collisions has to play a very important role in order to build up the final widths, or some quantum effect that has been neglected in this semiclassical calculation has to be taken into account. Here, the quadrupole in momentum space is displayied as a function of time (full line) and compared to a calculation where the collision integral was not included (dasSed line). A clear effect of the collisions on the damping of the collective motion can be seen. This effect is increased by the self consistent mean field: since most of the particles are in phase with the coherent field, the amplitude of the collective motion is enhanced and this opens some more free space for the collisions.

A complete self consistent BNV calculation for the GQR in

In conclusion, in this contribution we have focused on some applications of the kinetic theory in the high density, high temperature regime, where the BNV equation treatment does not represent an adequate approximation any more. We have shown that the inclusion of triple scatterings in the transport equation can shed some light on the problem of subthreshold particle production. We have also presented a new method to evaluate fluctuations in the time evolution of the average one body distribution function. This method can be used to compute the variances in one body observables, i.e. mass distributions and energy spectra, and to evaluate relaxation times of collective motions, both in the collisional regime and for the damping due to the mean field. The inclusion of two body collisions in a self consistent calculation for collective modes is seen to give a considerable contribution to the damping. Work is in progress to connect this effect to the computation of giant resonance widths. The model breaks down if the fluctuations get too large, i.e. approaching a critical region. A comparison with experimental widths of the distributions of one body observables will be very interesting, since it could give informations about the approach to critical phenomena.

Towards theoretical descriptions of complex nuclear collisions *) E. Suraud GANIL, BP5027, F14021 Caen, cedex, France *) This contribution covers joint works with various colleagues and friends. The author is very grateful to them. A proper credit of the performed works is made in the appended list of references.

The dynamics of heavy-ion reactions at energies below a few hundreds of MeV per nucléon is exceptionally rich, as well from the point of view of the behaviors of nuclear matter (clusterization, particle production, ...) as from the point of view of the properties of such dynamical systems (far from equilibrium situations, highly dissipative regimes, large fluctuations, ...). These difficulties are conversely stimulating in order both to understand the physics of these collisions and to have deeper insights into the dynamics of such processes. The latter aspect, in turn, may have a wide field of applications.

Along the years it has become obvious that the usual kinetic equation approches had to be complemented by a fluctuation component, in the spirit of the Langevin decsription of Brownian motion. In order to attack such a problem in the nuclear context we have explored on the same footing several levels of investigation :

1) Formal developpments. The intuitive Boltzmann-Langevin description has been derived on firm grounds [1]. Fluid dynamical reductions of the Boltzmann-Langevin approach have also been considered [2]. Finally a more general and flexible formalism (Stochastic TDHF) has been propounded and is actively studied [3].

2) Developments of trustworthy algorithms for the simulation of realistic collisions. Such a program started from formal considerations [4]. Comparison of available methods were performed with solvable models of the Boltzmann equation [5]. New methods of resolution were also proposed [6,7]. Finally an approximate resolution scheme of the Boltzmann-Langevin equation has been developed [8].

3) Applications to physical problems. After a reasonable understanding of collective modes [9, 10], fusion process [11] and related phenomena [12, 13J the new emerging stochastic extensions of kinetic equations were applied with success to realistic reactions [8]. Applications were performed to the production of subthreshold kaons [14] and are currently studied for multifragmentation and fission.

It is the usual conclusion of (any) paper to state that more work is needed, which is in fact generally true. But as a famous physicist said some time ago it is a chance : "The diversity of the phenomena of nature is so great, and the treasures hidden in the heavens so rich, precisely in order that the human mind shall never be lacking in fresh nourishment" J. Kepler

Intermittencv is a manifestation of scale invariance and randomness in physical processes. Originally, it. was discussed in a. theory of turbulent flow . Since few years the iiitermittency analysis became a largely studied experimental observable in high energy phenomenology. Recently, it was proposed to apply the intermittency analysis to the studies of the fragment charge distribution following the decav of hot nuclear residuum It has been conjectured thai the multiplicity fluctuations in small bins can reveal important aspects of the multipart icle production or mult ifragmentation. To identify these fluctuations. F3ialas and Peschanski proposed lo calculate the scaled factorial moments (SFMs) ['?.] which measure dynamical duct nations without the influence of Poissonian noise. The SFlYJs have also the advantage to select the spikes in the multiplicity distribution because the moment of rank / contains only contributions from bins with at least / particles (fragments). If non-statistical fluctuations (intermit teney) exist at all scales then the SFMs /•', of a studied distribution rise like F,{6y) <x {hy)~! l with decreasing the bin size by . Several effects can modify this power-like behaviour strongly or even simulate its presence. These are in the first place various finite size effects which have been discussed recently in connection with the phase transition in finite size percolation and Ising models [3] . In the cluster size distribut ion of fragments . mixing of events of different dynamical origin including the critical and non-critical ones . may lead to the effects which paradoxically are quite similar to the effects of genuine scale-invariant correlations [A] . Also the dimensional projection can modify the phenomenon [5] and the underlying scale-invaricince ol the distribution in higher dimensions has to be deconvoluted by the method of linile-size scaling as discussed in [(>] .

In the nuclear collisions at energies L'/A < \(!< \ . the particle production is strongly suppressed and the nuclear breakup into fragments dominates. Several authors, drawing the analogy between the distribution of either the droplet sizes at the critical point or the duster sizes at the percolation threshold and the distribution of nuclear fragments in mass and charge [7. 8] suggested the possibility of a liquid-gas or percolation phase transition in the nuclear fragmentatou process. One ol the additional features oi the critical phenomenon could be the presence of the self-similar duct nations.

In the case of nuclear fragmentation . the geometrical features of clusters are not directly measurable and it was proposed to search for a signal of the critical behaviour in the fragment-size distribution [1] . The intermittency analysis has been done for the bond percolation model at around the point q c = q^ = 0.2Ô of a second-order phase transition in the infinite (.1 -> oo ) system [l] . The self-similarity of n. s and the intermittent pattern of fluctuations is seen only in the narrow range of bond activation parameters q between 0.21 and 0.27 with the intermittent pattern in the whole range of fragment sizes for q ~ 0.2-1 . This region of bond activation parameters corresponds to a region of large Muet nations in both the size of clusters as well as in their multiplicity as expected aroiuul the critical point.. One should stress, that the total fiagmeni multiplicity which includes also the fragments with size .s = 1.2 is changing smoothly over the critical region <nul its dispersion is approximately constant.

The percolation model is not analytically solvable in more than ID. By studying the ID percolation . one can identify three main contributions to the correlations [-1] :

• the upper mass bound < 11,111,. >= 0 for j + k > A. which is numerically not, important,

• the repulsive correlations arising from the fact that the second fragment is chosen in a smaller system [A -j). which influences mainly the fluctuations in large bins,

• the attractive correlations arising from the configurations where the two fragments have-one or more common inactive links in their perimeters.

i hese contributions should also be present in the percolation in higher dimensions. For simplicity let us consider the correlations as measured by the second scaled factorial cuminulant ./,*• =< n,>n->/<//, >< ///,. > -I between one large fragment of mass . * and one Iraginent ol mass .s = I ( = / s | ) in !) > 2 . The mean number of clusters of mass 7>, s is : where {/,, is the number of clusters with size • • > and perimeter / per lattice site. Taking into account only the configurations where the two'clusters have at most one common link in the perimeter one obtains :

The perimeter/ at the percolating point takes the» form :

/ = *( | -(/ )/(f + COD.s I *<•' (.s > CO) . (3) 
where the second lerm is not present below <•/,.. l'Vom (2) and ('•]) one obtains : const a ,i.e. the attractive" correlations whose appearance is directly linked with the apperance of the excess perimeter ~ con*/ .s c at the percolating point. The perimeter / oï the cluster is the continuous path of active bonds at a boundary which can be either external or internal to the cluster. If the size .s of a cluster is identified with its mass then / is the quantity which defines the structure of this mass. At first sight one would expect that / oc $<'-'/'•'> as in ordinary geometry for which surfaci oc rolunu-^1'^^ . where D is the dimension of the space. However, the perimeter is not a surface in the usual sense, because above (he critical point the infinite cluster is not compact containing at their interior many inactive bonds. Only the second term in eq. ( 3) may be interpreted as coming from the usual surface contribution, since for <y > q c one has (, " = 1 -i/D [9] . Interestingly, near the percolation point, in analogy to the usual cluster scaling , one experts also thai the perimeter distribution function obeys I he .scaling behaviour [10] and I he scaling exponents can be related lo those ol the usual cluster scaling.

For (/ > f/, the number of fragments of " finite" size decreases and . consequently, the importance of the correlation effects between I hose fragments diminish. This is not only true for the fragments of size * and *' = I but for any two fragments of "finite" size. The decrease of the Iota) number of fragments in favour of the increasing mass of the infinite cluster could be responsible for the disappearance of the intermit tency signal above the percolating point. Notice that, t he scaled factorial cummulant / s] depends on the size of the fragmenting system and decreases with increasing . 4 .

Contrarv to the analysis in the percolation model, the experimental data cannot be analyzed as a function of the local connectivity parameter (/ and one has to look for other ways of selecting critical events. In recent publications [1] . we have shown an evidence for the intermittent behaviour in the charge distribution of fragments in the breakup of . iH-nuclei of energy /'.'~ \(!i\'/A in the nuclear emulsion. In rel.

[l] it was proposed to .select event.s according to the number of heavy fragments Xj,.

(.-. > I) . Unfortunately, the experimental data . consisting of only about -100 events in which the charge of all fragments has been measured, exclude any more restrictive analysis including cuts in kinematical variables and/or in the multiplicity of fragments. Hence . at the moment, the predictions of the percolation analysis at around (/ ~ <y, x as presented in the previous section, cannot be satisfactorily tested.

The experimental data was successfully simulated using the bond percolation model on a cubic latt ice containing about t lie same number of siles as nucléons in t he fragmentating An -nucleus and with the randomly chosen value of the bond activation parameter q in each event [I] . These random -(j events have been then filtered by the condition on .Vy,. analogously as in the experimental analysis. Both the intermittency slopes as well as the values of (lie S FM s lune been reproduced well. Interestingly, the cascading model of nuclear fragmentation [1 I] which reproduces inclusive properties and the features of the conditional moments reasonably well, fails to reproduce the fluctuation properties as seen in the SFMs analysis. It remains to be seen whether this is a generic feature of all fragmentation equations or only of its linear versions.

As said before, the mixing of fragmentation events of different dynamical origin in one ensemble may lead to the intermit tent-like bahaviour even though events of each set separately do not show any singular correlations. Hence, if possible one should try to avoid admixing event s of distinct ly different nat Lire as they may lead to the non-Poissonian deformations of the uucorrelated distribution of fragments. The restrictive conditions on the total multiplicity could provide a more uniform in nature ensemble of fragmentation events. Even more attractive, though at present unfeasible, would be to select events by the kinematical criteria (cuts in /;-;• . excitation energy, impact parameter etc.) which would not introduce bias in selecting the fragmentation partitions.

The method of SFMs opens the possibility to study quantitatively the non-Poissonian fluctuations at small scales and in this way il provides a new source of informations about the highly excited nucleus undergoing the transition from the highly excited aggregate of nucléons to the final fragments. It is a long and challenging question whether this transition exhibits the properties of the critical phenomenon. However, independently of the precise answer to this question, the SFMs appear as new observables which characterize the particle (fragment) distributions in a more detailed way than the inclusive observables.

In future studies one should also lest the fluctuât ion properties of the fragment, distribution in the phase-space variables. A possible* presence of the scale-invariant distribution can (lien be studied using the finite-size scaling method for the one-dimensional spectra [(>] . This method can be useful in extracting scaling indices and scale factors for different reactions at different collision energies helping in this way to understand the relation between scales and the mean-size oï interaction region. 4 Instituto di Fisica, Sao Paulo (Brazil)
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1) Motivations

The search for multiphonon states built with giant resonances (GR) in nuclei is currently in full development. Three main avenues have been followed in this search. Evidence for the two phonon giant dipole resonance has been found in (TT + ,IT~) double charge exchange reaction on several targets 1 . Very recent preliminary results from Darmstadt 2 show evidence for the same double giant dipole excited by the Coulomb interaction in relativistic heavy ion collisions. Since several years now we have initiated a program at GANIL to study multiple phonon states built with the giant quadrupole resonance (GQR) and excited by nuclear excitation in intermediate heavy ion reaction 3 .

Intermediate energy heavy ion (HI) probes have provided recently some significant new insights into the properties of giant resonances in nuclei. Of particular importance are the very large differential cross sections and the excellent peak to continuum ratios obtained in such reactions which allow to study these collective states and particularly their decay under optimal conditions. The choice of the beam is of great importance. For example, for the study of the GDR and other isovector resonances such as the isovector quadrupole or the double GDR, the use of the most energetic and/or heaviest beam provide optimal conditions due to the presence of a strong Coulomb excitation. Conversely, the investigation of the GQR and higher multipolarity giant isoscalar modes will benefit from the use of moderate energy (40 MeV/n) "light" heavy probes for which the angular distributions retain a certain sensitivity 4 ' 5 *.

At excitation energies above those of the known GR, low cross section structures superimposed on a large background have been observed. To get a better understanding of these structures, numerous experiments 3 ' 6 ^ have been performed. Up to now, the most consistent representation of these data is given by a multiphonon calculation 7 ' 8 ). But it is clear that for a better understanding of these states it is of paramount importance to understand the continuum of heavy ion spectra and to search for more direct signatures of multiphonon states.

Light particle-heavy fragment coincidence experiments should provide a unique tool, f On leave from Division de Physique Théorique, Institut de Physique Nucléaire, 91406 Orsay Cedex (France) both to disentangle the various mechanisms contributing to HI inelastic spectra and to progress towards the understanding of the microscopic structure of the excited states.

About simultaneously, we studied the neutron decay of GR and high lying states excited in the n 0 + 208 Pb, 120 Sn and 90 Zr reaction 9 . Since analysis of the data is still underway, we will concentrate in the following on the 40 Ca + 40 Ca experiment 10 ' 11 .

2) Experiments

We undertook at the GANIL facility a new generation of coincidence experiments. A first experiment 10 " 17 was performed by bombarding an evaporated self supporting 0.5 mg/cm nat Ca foil with a 50 MeV/N 40 Ca beam . 40 Ca was chosen because its collective states have been extensively studied and they decay statistically with a high probability by charged particle emission. The inelastically scattered heavy fragments were detected using the SPEG spectrometer. Coincident light charged particles were detected in 19 cesium iodide elements of the multidetector array PACHA 7 .

2) Results and Discussion

In the inclusive inelastic spectrum, the GR is splitted into 2 components centered at 14 MeV and 17 MeV excitation energy, while some small bumps appear at high excitation energy. By comparison with DWBA calculations both components of the GR can be mainly attributed, in the studied angular range, to the excitation of the giant quadrupole resonance (GQR).

The angular evolution of the proton energy spectra obtained at different angles in coincidence with 40 Ca spectra vividely portrays the contributing mechanisms 10 ' 11 . A strong enhancement of the proton cross section is observed in the direction of the recoiling nucleus. These protons are attributed to knock out reactions. All protons arising from pick-up break-up reactions are concentrated in a cone of approximately 30° centered around the beam direction. In particular, this experiment has allowed to measure the contribution of the pick-up break-up mechanism which accounts for at most half of the cross section in the excitation energy region around 60 MeV.

In the backward direction, the measurement of inelastic scattering in coincidence with light charged particles allows to unambiguously select target excitations. In fig. 1, the 40 Ca inelastic spectrum in coincidence with these backward emitted protons, corrected for the thresholds of the various evaporation channels, is displayed. In this spectrum, in addition to the GQR at 17 MeV, 60 one can see a very prominent structure at twice the GQR excitation energy which is a good candidate for a two phonon quadru-25 pole excitation. To confirm this interpretation a detailed study of the decay of both states is necessary. Particle decay of GR can occur through various processes 18 . The coupling of the particle-hole (lp-lh) state to the continuum gives rise to direct decay into hole states of the A-l residual nucleus with an escape width T^. The spreading width F* arises from the fact that the lp-lh doorway state can couple to 2p-2h states which couple again to 3p-3h to np-nh states untill finally a completely equilibrated system is reached.

Experimentally, the two decay modes can be distinguished by measuring the spectrum of the residual A-l nucleus. Statistical decay can be inferred from a comparison of the experimental spectrum of the A-l nucleus (or the corresponding particle spectrum) with the one calculated by means of the Hauser Feschbach formalism. The excess cross section is then attributed to non statistical decay of which the part decaying to hole states is considered as direct decay.

This calculation has been performed for the two components of the GQR using the code Cascade. It turns out that the dominant decay mode for the low energy component of the GQR can be understood statistically (see fig 2 a andc) whereas the excess of high energy protons observed for the second component of the GQR can be identified with a direct decay to hole states in 39 K. In that case, the non statistical branch to low lying hole states accounts for about 30% of the total decay width (see fig. 2 b andd).

This result is of great importance for the following reason: the signature of a two phonon state can be given by the study of its decay. In principle, the multiplicity of the emitted particles from a multiphonon state is expected to be proportionnai to the number of excited phonons, as far as we assume that all phonons decay independently. For example, the protons emitted by a two phonon state in 40 Ca built with the GQR will exhibit the same direct decay branch as for the GQR but with a multiplicity twice as large. We expect the proton kinetic energy spectra for the two phonon state to exhibit the same direct decay component as for the one phonon state. Instead, the direct decay of a high multipolarity GR excited in the same region is expected to be different since their decay will feed the hole states of the A-l nucleus leading to very different proton energies.

The preliminary results obtained in the previously described experiment show that 
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Fig. 3 Experimental and calculated (histogram) proton spectrum in coincidence with the excitation energy imngr of 30 < E, < 38 MeV in "Co the proton spectra in coincidence with respectively the GQR and the bump at 34 MeV excitation energy seem to present a similar direct decay branch (see fig. 3). Obviously, in this experiment, statistics are too weak to warrant definite conclusions, but these results are very promising. Also in the neutron decay experiment a non statistical decay branch is observed for very high lying states. An analysis of this component is currently underway.

4) Conclusion

This pionnering experiment has shown that light particle coincidences with inelastically scattered fragments provide a powerful tool for the understanding of heavy ion inelastic spectra at intermediate energies. The pick-up break-up mechanism is shown to account for at most half of the cross section at high excitation energies in the reaction studied. A sizable amount of this high energy cross section is due to excitations of the target, and in particular a prominent structure is observed at 34 MeV excitation energy, which is a good candidate for the double phonon excitation built with the giant quadrupole resonance.

Similar experiments using larger solid angle particle detection systems at backward angles will allow to obtain virtually background free spectra of inelastic excitations. Such an experiment has recently been performed on the 4a Ca + 40 Ca system in order to improve statistics concerning the 34 MeV structure. For heavier target nuclei, which decay preferentially by neutron emission, the EDEN neutron multidetector, recently completed at Orsay, has been tailored to this type of experiment [START_REF] Blumenfeld | Internal report Orsay IPNO[END_REF] .

Introduction

Giant resonances appears in all nuclei and are described as simple collective modes of excitation. They were the subject of intensive studies in the last decade 1-3). These investigations used various complementary probes and nuclear reactions to isolate and identify the various resonances. In particular, inelastic scattering of light hadrons and low energy heavy ions have significantly contributed in our knowledge on electric giant modes.

The advent of heavy ion accelerators, providing beams in the energy region of 50 to lOOMeV/nucleon, opened new perspectives and reactivated the experimental investigations in this field 4-12), Inelastic scattering of heavy ions excites giant resonances with high differential cross sections and an-excellent peak-to-continuum ratio. It is expected that new informations on the properties of electric giant resonances and possibly on higher multipole modes would be obtained. These probes could also contribute in the investigation of isovector giant modes since at these energies the Coulomb interaction is sufficiently strong to excite high excitation energy states 8,9), Finally these advantages are well suited to study the decay properties of giant resonances, which provide unique information on their microscopic structure, experimental work in this direction is under way 8-11).

In this contribution we report on the excitation of giant resonances in 208pb, 120Sn, 90zr, and 60Ni using 170 beam at an incident energy of 1435 MeV. The properties of giant resonances are discussed for the different mass regions.

Discussion

Typical inelastic spectra are shown in fig. 1 for the different targets. The large peak located between 10 and 20MeV arises mainly from the excitation of a few giant resonances, namely the isovector giant dipole (F/GDR), the isoscalar giant quadrupole (ISGQR) and isoscalar giant monopole (ISGMR) resonances 1-9). Although other resonances are expected in this energy range, we will discuss here mainly the properties of these resonances and their evolution with the nuclear mass. 

1) 208pb

The measured angular distributions for the ISGMR and the ISGQR are shown in fig. 2. The results of the calculation are shown by the solid lines. They correspond to 52% of the EWSR for the ISGQR and 125% for the ISGMR. It was also attempted to reproduce these differential cross sections by adding some L=4 strength. Calculated angular distributions assuming pure L=4 excitations are show in fig. 2 (dotted lines). Even though the presence of L=4 strength is not necessary to reproduce the data, some L=4 strength (<10% of the EWSR) cannot be excluded by the present data partly due to the limited angular range of the present measurements.

2) 120Sn

The percentage of the EWSR exhausted by the ISGQR is 50% in good agreement with the observed systematic 2). This value is however smaller then the result of recent (a,a') inelastic scattering measurements in which 135% of the EWSR was found 13). What is puzzling is the large percentage of the EWSR, 135 exhausted by the ISGMR.

Hexadecapole strength is observed in the region of the ISGQR with an upper limit of 5% on the EWSR 14,15). Assuming here a peak exhausting 5% of the L=4 EWSR would lead to minor modifications, of the order of 5-10%, on the ISGQR and ISGMR strength. Although the large percentage of the EWSR exhausted by the ISGMR remains a puzzle it should be noticed that similar results were obtained in recent (170,170') inelastic scattering measurements 12) 

3) 90Zr

The percentage of the EWSR exhausted by the ISGQR is 50%. The excitation of the ISGMR exhausts 118% of the EWSR. This value is quite large compared to the ISGMR strength observed in light ion inelastic scattering measurements 2). It is close, however to the results of recent heavy-ion inelastic scattering experiments which report 80% 7) and 120% 6) depletion of the monopole EWSR.

4) 60NÎ

Few studies exist on giant modes in 60NL The parameters of the ISGQR determined in an a particle inelastic scattering measurement are E=16.4 MeV, T=5.0 MeV and 63% of the EWSR 16). The situation is quite ambiguous concerning the ISGMR. In the case of 58Ni its observed excitation energy varies between 17 and 20 MeV with a strength ranging from 10% to 40% of the E0 EWSR.

In our experiment a peak centered at 16 MeV, with F=5.0 MeV, was assigned to the excitation of the ISGQR whereas the peak at 19.4 MeV to the excitation of the ISGMR. They correspond to 63% and 125% of the L=2 and L=0 EWSR respectively. The E2 EWSR percentage agrees with the a particle inelastic scattering results. In contrast, the E0 EWSR percentage is larger than the values observed in other Ni isotopes. However for this system, the E0 EWSR percentage depends on the assumed width of thé ISGQR. For instance a fit of the spectra with F=3.8 MeV, although giving an as good description of the data, results in 180% of the E0 EWSR. A better fit of the data can be obtained if we assume hints of L=3 and L=5 strengts in the excitation region of the L=0 mode. In this case the percentage of EWSR drops down to ~ 100%. Because of the complexity of the spectra, the present data do not allow a precise determination of the ISGQR width and therefore the quoted L=0 EWSR percentage has a large uncertainty.

For all the nuclei we have studied, the giant resonance structure stands on a relatively low background compared to other probes, with a peak-to-continum ratio varying from 6 for 208pbto3for60Ni.

The giant resonance structure was decomposed into gaussian shape peaks describing giant modes of different multipolarity. The best defined giant resonance here is the ISGQR which exhausts of the order of 55% of the E2 EWSR in agreement with the systematics. The situation is different concerning the strength of the ISGMR for which we observed a strength varying between 100 and 135%. This mode was extensively studied in light ion inelastic scattering measurements and the observed strength seems to decrease almost linearly from a depletion of 100% E0 of the EWSR in A > 160 nuclei to about 10% in nuclei with A ~ 60 2). Recent charged particle decay studies of giant modes make this picture questionable, and reveal the presence of E0 strength close to 100% of the E0 EWSR in nuclei with A~ 24, 28 17,18). The present data support the presence of an important fraction of E0 strength for intermediate mass nuclei.

1-Motivation.

It is now well established that inelastic scattering of intermediate energy heavy ions is a powerful tool for the study of giant resonance excitation and of their decay. The measure of the fission probability of a giant resonance allows one to determine to what extent this resonance decays statistically. It has been shown that the fission probability of the Isovector Giant Dipole Resonance (IVGDR) in actinide nuclei is consistent with a pure statistical decay of this resonance.

On the contrary, the experimental situation concerning the Ciant Quadrupole Resonance (GQR) fission decay has remained quite ambiguous for many years 1 ). The situation has been clarified only recently in the case of 238 U, with the result of a fission probability consistent with the photofission data up to an excitation energy of 14 MeV 2 -3 X In the case of 232 Th, the fission decay channel of GQR has been investigated only by using inelastic scattering of alpha particles 4 ). In this work, no evidence for the fission decay of the GQR was found.

Our purpose was to take advantage of the large cross sections and the good peak to continuum ratio obtained with heavy ion projectiles, to study the excitation and fission deexcitation of the giant resonances in 232 Th, via inelastic scattering of 84 MeV/u 17 O ions. Due to its low particle emission threshold, it has already been shown that I7 O is particularly suitable for this type of studies, since it does not contribute to the inelastic spectra 5 > 6 \

2-Giant resonance excitation.

The experiment was performed at the GANIL facility. The scattered particles were detected and identified in the energy-loss magnetic spectrometer SPEG 7 ), associated with its standard detection system for position measurements and particle identification. The experimental procedure has been extensively described elsewhere 8 ). The angular acceptance of the spectrometer allowed the simultaneous measurement of inelastically scattered particules between 2.6° and 6.5°, with an angular resolution equal to 0.1°. The overall energy resolution was equal to 500 keV. The energy and width obtained for the different resonances are presented in table 1. They are in good agreement with the values previously reported for this nucleus concerning the GQR ) and the Giant Monopole Resonance 1 *). The relatively low background in the energy spectra allows one to reduce ambiguities in the extraction of Giant Octupole Resonance parameters and leads to a somewhat lower energy position than in ref 9: (17.9*1.0) MeV instead of (19.6*1.0) MeV. The quality of the fit obtained with our method is illustrated on fig.l.

The percentage of the Energy Weighted Sum Rule (EWSR) exhausted by a resonance can be extracted from the comparison of the corresponding experimental angular distributions and the results of coupled channel calculations(table 1). The errors on the EWSR reported in table 1 arise from the uncertainty on the absolute normalization and from the subtraction of the continuum underlying the resonances .

For the ISGQR in 232 Th, a rather precise value (65±15)% is obtained, whereas the result obtained in the previous light-ion experiments was strongly dependant on the choice made for the background 10 ).

3-Fission decay of the Giant Resonances.

The fission fragments were identified by their energy and time-of-flight using a set of 10 (300 mm2) Si detectors placed in and out of the reaction plane. The anisotropy parameters extrated from angular correlations have been used to correct the fission probability near the fission threshold.

The inelastic spectrum, corresponding to the whole acceptance of the spectrometer is displayed on the upper part of fig. 2. Simultaneously to the singles measurements, coincidences between the scattered ^O and fission fragments were recorded. The narrow peak observed near 6 MeV on the coincidence spectrum (medium part of fig. 2) is due to the fact that the fission barrier (Bjp6.15 MeV) is slightly below the neutron binding energy (S n =6.4 MeV). Just above the opening of the neutron exit-channel, and because of the competition between fission and neutron decay of the excited nucleus, the coincidence rate suddenly decreases. Then the spectrum becomes rather flat before a distinct decrease between 12 and 13 MeV. Because of the second chance fission barrier, the spectrum rises up at an excitation energy slightly higher than 12.5 MeV. It rises again around the third chance fission threshold near 18 MeV.

The most interesting feature in this coincidence spectrum is the structure around 10 MeV which can be attributed to the decay of GR (both GDR and GQR). In the coincidence spectrum previously measured 4 ), no bump was observed around 10 MeV. This is probably due to the fact that, in the alpha singles spectrum, the GR peak is not very well defined and is small compared to the background. In fig. 2, the lower plot represents the evolution of the crude fission probability obtained from the ratio of the 17 O coincidence spectrum to the singles one. The fission probability fluctuations are mainly due to the statistics. These data, corrected for the nonisotropic angular distribution are reported in fig. 3.

The fission probability can be compared to the fission probability obtained from (y,F) experiments 12 ), which gives in fact the fission probability of the GDR and then represents also the statistical fission probability. In the region of GR, around 10 MeV, the agreement is quite good. At higher energies, our results are somewhat smaller than the statistical fission probability, but this region is largely dominated by the continuum.

The region between 8 and 13 MeV corresponds, in the singles spectrum, to cross sections for the GDR and the GQR excitation in respective proportions of around 2/3,1/3. In this energy region, a mean fission probability value of (6.8±0.4)% was deduced, which is in good agreement with the 7.3% mean value for GDR fission obtained by photoabsorption measurements 12 ). The good agreement between our data and the GDR fission means that the fission probability of the GR reported here, which is in fact, the fission probability of both GDR and GQR, is coherent with a statistical fission decay.

If one assumes that the GQR does not decay at all by fission, the fission probability of the GDR would be (8.5±0.4) %, i.e. sizebly larger than the photoabsorption results. Therefore, it is not possible in this experiment to conclude to an inhibition of the fission decay mode for the GQR. The GQR fission decay is found to be consistent with a statistical process.

4-Conclusion.

Intermediate energy heavy-ions have been used to study GR excitation and fission deexcitation in 232x n p or t h e GQR and GMR excitation, the energy and width, as well as the corresponding sum-rule fraction obtained are in good agreement with the adopted values for this nucleus.

Concerning fission decay, the picture that emerges from our Th analysis is different from the one obtained with light-ion projectiles where no evidence for the fission decay of the GQR was found. We believe that this previous conclusion is due to an improper discrimination, in light ion scattering reactions, between the GR and the very large background. In the work we report here, the good peak-to-continuum ratio allows one to point out a bump in the coincidence spectrum around 10 MeV which can be attributed to both GDR and GQR decay. The analysis of the corresponding fission probability is in agreement with a main statistical fission decay of the GQR. 

1) Motivations

The availability of intermediate energy heavy ion beams has prompted the studies of the high excitation energy region in transfer reactions. In several experiments on one nucléon transfer reactions, a broad structure has been observed in the energy spectrum at 10-20MeV depending on the target nucleus [1,2,3]. It has been suggested that these structures are due to the excitation of high-spin single particle states. The width of the bumps has been explained by the coupling of these states to the low lying collective states [2,3].

However, the excitation energy of observed structures roughly varies as A" 1 ^3 for different nuclei and corresponds approximately to that of the well known giant resonances. Their width, few MeV, is also comparable to that of the giant resonances. Furthermore, in several experiments it has been shown that giant resonances are strongly excited in inelastic heavy ion collisions. These considerations raise the interesting question of whether the structures seen in the heavy ion induced transfer reactions could be due to collective particle-hole excitations such as giant resonances.

2) Experiment and Experimental Results

In order to study high energy excitations in one nucléon transfer reactions and to see if collective strength can be excited, an experiment with non-closed shell target nuclei has been performed at G ANIL using the spectrometer SPEG. The transfer on a non closed shell target allows to excite particle-hole excitations in a one step process and thus should enhance the possibility to excite collective strength. In this experiment, several one nucléon stripping and pick-up reactions leading to closed shell nuclei in the exit channel were studied with two different projectiles: 20 JVe at 48MeV/A and 36 Ar at 42MeV/A. , the spectra are dominated by a large bump centered at about the projectile velocity. This cross section mostly corresponds to projectile break-up reactions and to excitation of the non-resolved continuum states of the target. For the pick-up reaction (fig.lb), the spectrum is very different. This can be attributed to the absence of the projectile break-up background. Moreover, the matching conditions in the pick-up channel enhance the excitation of low excitation energy states.

In the spectrum measured for the reaction 207 Pb -» 208 Pb a bump at about 13.5MeV excitation energy is clearly observed as well as a second bump aroud 2bMeV. On the contrary, in the case of the reaction 59 Co -> 60 Ni, the spectrum presents less structures, in the high energy region, only a small shoulder can be seen at about 18MeV corresponding approximately to the A" 1 / 3 scaling of the excitation energy.

3) Calculations

To explain the energy spectra observed in several one nucléon transfer reactions either on closed or non-closed shell nuclei, a semiclassical model has been proposed by Bonaccorso and Brink[4j. This model reproduces the overall shape of the stripping spectra by including both the excitation of quasi-bound and non-bound states in the target nucleus and the projectile break-up background. However, this model has several free parameters and does not take into account particle-hole correlations.

In the case of the 207 Pb -» 208 Pb reaction we have performed microscopic calculations based on the RPA strength function and the DWBA transfer cross section [5-7]. In a microscopic model, giant resonances are described by a coherent sum of particle-hole excitations. In a transfer reaction on a non-closed shell nucleus such as 207 Pb, by adding a particle, a part of the ph-configurations contributing to the giant resonance strength can be populated. The amount of the collective strength exhausted in a given transfer reaction depends on the number of accessible ph-configurations and on the transfer cross section leading to these configurations. The final transfer cross section in this model is then given by

^ -E n ) n ph.
where A p h is the DWBA transition matrix, X% h is the RPA amplitude and n = (E n ,L x ,Tr,M x ).

In the calculation, the contribution of all ph-configurations obtained by coupling the neutron hole 3pl/2 in 207 Pb to different quasi-bound neutron particle levels have been considered and all isoscalar and isovector multipolarities from L=0 to L=9 have been included. It should be noted that this calculation has no free parameters.

Fig. 2 presents a comparison of the calculated spectrum (fig. 2b) with the experimental spectrum (fig. 2a) for the reaction 207 Pb -> 208 Pb. The calculation reproduces rather well the low lying peaks in the spectrum. Furthermore, between 12 and 16MeV, a strong concentration of the cross section can be seen corresponding to the bump at about 13.5MeV in the experimental spectrum. The cross section in this excitation energy region is due to the excitation of high multipolaxities 9~, 7~, 6 + and 4 + . Due to the matching conditions in heavy ion reactions the high spin states are preferentially populated and, when a target with a low spin hole like 207 Pb is used, high multipole modes are excited selectively. An RPA state is generally considered collective if several particle-hole configurations contribute to this state. In fig. 2b the colored part corresponds to the strength where more than 5 configurations contribute to a given RPA state and which can be considered as collective. The amount of collective strength excited in the studied reaction is small compared to the single particle strength. In fact, the strength of high multipole modes, which are favoured in this reaction, is mostly of single particle type while only the low multipole modes like the giant monopole, dipole and quadrupole resonances can be considered collective.

In the case of the reaction 59 Co -> 60 Ni the excitation of low multipole collective modes should be less disfavoured due to the high spin of the proton hole in 59 Co. Calculations on this reaction are currently in progress.

4) Conclusion

Energetic heavy ion beams together with the spectrometer SPEG offering a high energy resolution and a wide momentum acceptance, are powerful tools to study the high energy region of the transfer spectra. In order to see if collective strength can be excited in transfer reactions, we have studied several one nucléon transfer reactions on non-closed shell target nuclei. These reactions allow particle-hole excitations in a one step process and thus give direct access to the collective particle-hole strength.

In the case of a neutron stripping on 207 Pb, a bump has been observed at about 13.5 MeV superimposed on a large projectile break-up background. A microscopic calculation coupling the DWBA transfer cross section and the RPA response function indicates a strong excitation of high multipole modes in this energy region. In this reaction, the cross section for collective strength is small due to the dominance of high multipole modes which are mostly single particle excitations.

This result indicates that in some cases transfer reactions could be used to study high multipole response functions which are very difficult to extract in the inelastic channel due to the dominant excitation of low multipole modes.

INTRODUCTION

The study of the wide variety of collective modes that exist in the continuum region of the nuclear spectrum continues to be one of the most interesting, and productive areas of nuclear physics. Even the isovector giant dipole resonance (GDR), the first collective mode identified in the nucleus, remains an object of intense study.

More than a decade ago, when use of heavyion scattering as a quantitative tool for study of giant resonances was first being contemplated, it was already realized that such reactions suffered from a number of disadvantages compared to lighter hadronic probes [1]. The characteristic dependence of light-ion scattering angular distributions on angular momentum transfer is almost model-independent, and is qualitatively reproduced by models which take into account strong absorption.

For heavier probes, the increasing importance of the Coulomb potential results in angular distributions for inelastic scattering which exhibit almost no sensitivity to multipolarity.

We now know that there are some compensating advantages of heavy-ion reactions. Early work confirmed [2,3,4] the expectation that heavy ions might provide an improvement in the ratio of excitation cross section for resonances to that of the underlying nuclear continuum when compared with light-ion probes [5,6]. This fact, together with the much larger absolute excitation cross sections provided by heavy ions, made such probes especially promising for coincidence experiments [6]. It was not clear how this peak-tocontinuum ratio might evolve with increasing bombarding energy, but it was obvious (if sometimes overlooked) that absolute cross sections for low multipoles, should increase rapidly above about 50 MeV/nucleon, as Coulomb excitation of giant resonances became increasingly important. Since Coulomb excitation excites isoscalar and isovector states equally well, heavy-ions also promised to be an important tool for study of isovector strength, which had been very difficult to study with light-ion scattering, because of the relative weakness of the isovector nucleon-nucleus interaction.

Our work at GANIL has taken advantage of the very large cross sections from Coulomb excitation of the giant resonances to measure the photon decay of the resonances. The strength of electromagnetic transitions generally decreases rapidly with increasing multipolarity. Low energy El transitions between bound states are usually strongly suppressed compared to single-particle estimates because most El strength is concentrated in the GDR; nevertheless, these El's generally compete favorably with higher multipoles. For higher transition energies, near the peak of the El strength distribution, El transitions overwhelm even strongly enhanced decays by other electromagnetic multipoles. El transitions, especially near the peak of the GDR, are even strong enough to compete to an easily observable extent with particle emission from states in the continuum. These features make electromagnetic decay studies of continuum states practical, and, in particular cases, a highly selective tool for isolating resonance strength.

DECAY EXPERIMENTS WITH 84 MeV/NUCLEON 17 O

Experiments to investigate giant resonance excitation and decay with the ( 17 O, 17 O'y) reaction at 84 MeV/nucleon were carried out at GANIL, using the SPEG facility to detect and identify inelasticaliy scattered 17 O ions, and arrays of multiple BaF2 crystals to detect y-rays. (Experimental details are given elsewhere [7]). Figure 1 shows the resulting inelastic singles spectrum on a 208 Pb target, compared to a corresponding spectrum taken at 22 MeV/nucleon. (The ^6Ar spectrum will be discussed in the next section.) The total cross section in the GR peak at a scattering angle of ~2.5 is more than 3 b/sr, of which the GDR accounts for ~2 b/sr and the ISGQR -0.7 b/sr. But more impressive, the continuum cross section above the resonance cross section (E ~30 MeV) amounts to only about 60 mb/sr/MeV, or only about twice that at 22 MeV/nucleon, compared to a sixty fold increase in resonance cross section. An example of one such correlation is shown in Figure 3. The solid line is a pure Coulomb excitation calculation. From these data it was determined that the integrated ground-state y-decay branching ratio of the 2O8 Pb GDR is a rather large 0.019±0.002. It turns out that this value and, in fact, the energy dependence of the ground-state coincidence spectrum arc well accounted for by parameter-free calculations, based on pure Coulomb excitation, the GDR strength distribution from photonuclear data, and the ideas of the multistep compound emission (MSCE) model [7-9]. The usefulness of the MSCE approach was further explored in reference [10] with a comparison of the GDR decay in 208 Pb to that in 209 Bi .
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111 II 1 111! : A wide variety of other results were obtained from the analysis of these data, ranging from an experimental verification of the isoscalar character of the 10.6 MeV GQR in 208 Pb, to information on the IVGQR strength distribution. These results have been discussed in detail elsewhere [7,10,11].

The spectrum corresponding to the 84 MeV/nucleon data in Figure 1 in coincidence with single photon decays to the ground state is shown in Figure 2. Various 17 O-y angular correlations demonstrated that the ground state y-coincidence spectrum above E ~9 MeV can be accounted for entirely in terms of decay of the GDR, within the limits of experimental accuracy. Furthermore, the excitation of the GDR can be accounted for very 

EXPERIMENTS WITH AR AND KR BEAMS

Cross sections for Coulomb excitation of giant resonances increase rapidly with both the velocity and nuclear charge of the projectile (we will, for simplicity consider only target excitation). At high enough energies, the excitation probabilities, particularly for the GDR, become large enough that multiple excitation of the giant modes might be expected.

A singles spectrum for 95 MeV/nucleon 36 Ar scattering is included along with the 17 O scattering results in Figure 1. A further dramatic increase in peak to continuum is seen. The total cross section in the GR bump is almost 15 b/sr while the continuum cross section is only about 120 mb/MeV at 30 MeV of excitation.

Figure 4 shows the total (angle integrated) cross section as a function of bombarding energy for Coulomb excitation of a se'ection of one-, two-, and three-phonon states in 208 Pb with 86 Kr beams. AU the multiple excitations shown involve the GDR, but the mixed two phonon 2 + ® GDR state is included along with multiple GDR excitations. The 3' ® GDR state involving the low lying (2.61 MeV) octupole state has a similar energy dependence, with a slightly smaller cross section. It is clear that, provided sensitive and definitive enough detection and identification methods are available, the mixed two-phonon states and even the two-phonon GDR ® GDR state, might be profitably studied with relatively low-energy beams, where high-resolution spectroscopic studies can be performed using the magnetic spectrometers available at facilities like GANIL. Data on the excitation strength, width, and decay properties of such states are of great interest, as they carry potentially new information about resonance damping, anharmonicities, and phonon-phonon interactions. Our intermediate-energy experiments on twophonon states rely on two tools for identification of the states. One is the expected Z of the projectile dependence of the excitation cross section. Twophonon excitation cross sections at a given projectile velocity scale as Z 4 , while one-phonon excitations scale as Z 2 [12]. Consequently we acquired data with the highest energy 36 Ar and 86 Kr beams available at GANIL (95 and -60 MeV/nucleon, respectively). Our existing 17 O data provides a third Z point. To illustrate this point, the calculated peak differential cross sections for these three projectile combinations for excitation of the GDR ® GDR state are ~1 mb/sr ( 17 O), -50 mb/sr ( 36 Ar) and 60 mb/sr ( 86 Kr) and -1 mb/sr, -30 mb/sr and 160 mb/sr, respectively, for the 2 + ® GDR. The other identification tool is the electromagnetic de-excitation of the GDR phonon, which has already been discussed extensively in the preceding sections.

Figure 5 illustrates schematically how we use the electromagnetic decay of the GDR phonon to isolate and identify two-phonon strength. The horizontal scale (excitation energy) is obtained from the energy of the inelastically scattered ion.

The coincident total y-ray energy (Z Ey) measured in the BaF2 arrays is plotted on the vertical axis. The locus along which all the excitation energy is accounted for by detected y-radiation is the 45 dash-dotted line. The region expected to be occupied by events corresponding to decay of the various one-and two-phonon states involving the GDR are indicated on the figure along with numbers which are relative yields in our experimental geometry (including y-detection efficiency) for 208 Pb ( 86 Kr, 86 Kr') at 60 MeV/nucleon, normalized to the Kr-yy triple coincidence yield for the decay of the n=2 GDR in Pb. phonon states (2 + x GDR expected at about 17.S MeV and the 3" x GDR at -15.6 MeV) are not resolved from the GDR. However, a distinct structure centered at an excitation energy of 25 MeV is observed. Its properties are more clearly seen in the lower part of Figure 6 from which y decays consistent with direct decays to the ground state (i.e., all excitation accounted for by Ey) have been removed. We interpret the structure at ~2.4 MeV as resulting from the two phonon GDR ® GDR state -as would be expected from the qualitative picture in Figure 5. The distribution of coincidence yield in Figure 6 is not a direct representation of the GDR ® GDR strength distribution, but is related to it in a direct and straightforward way by the dynamics of the Coulomb excitation process. From a preliminary analysis of the data in Figure 6 we infer a GDR ® GDR strength distribution centered at 26 MeV with a width of about 6 MeV.

Preliminary indications are that the y-decay yield from the two-phonon GDR is somewhat higher than our simplest predictions. This would indicate that either the excitation cross section is larger than expected, or the y-decay branch from the two-phonon state is larger than our simplest expectations based on a harmonic vibrator picture. Some very preliminary results of the analysis cf these data are shown in Figure 6. The upper panel shows the one fold y yield from 208 Pb (86Kr,86 K r 1 y ) in the range of Ey from 12 to 18 MeV, as a function of excitation energy. This corresponds to a rectangular slice of Figure 5 projected onto the horizontal axis. Unfortunately the resolution in excitation energy is poor resulting from a combination of difficulties in the determination of 86 Kr' momentum and from target inhomogeneities, and as a result the mixed two- 

SUMMARY

For heavy-ion bombarding energies above about SO MeV/nucleon the excitation of lowmultipolarity giant resonances proceeds mostly by Coulomb excitation. This leads to very large differential cross sections near the grazing angle, and to very large peak-to-continuum ratios. The available data are consistent with a steady and continuing improvement in this ratio both with increasing projectile velocity and Z. This observation has important implications for searches for exotic high-lying strength and for study of low-probability decay modes. We have demonstrated the importance of El dominance in the electromagnetic decay of giant resonance and have used this technique to observe a number of giant resonance phenomena such as the IVGQR and the two-phonon GDR.

Neutron halos appear in nuclei close to the neutron drip line. What happens is that the low separation energy of the last neutron (or neutrons) allows them to move away from the attractive nuclear potential and into free space by quantum-mechanical tunneling, thus leading to a considerably extended surface region. The neutron halo was discovered through reaction experiments with very unstable nuclei, and this type of experiments still provides the best method to study it.

The neutron halo gives rise to an increased nuclear matter radius (quite different from the charge radius), this was used as the first signal of its existence. Later experiments, including the present work, have looked at the reaction channels that are most sensitive to the appearence of the halo, namely the one or two neutron removal channels. The cross section for these processes is much larger than usual, especially for high-Z targets: the physical separation of the neutron(s) from the nuclear core leads to the appearance of strong electric dipole excitations at very low energy which in turn gives a large cross section for neutron removal via Coulomb dissociation. We have measured the cross section for the process for several light drip-line nuclei and have at the same time looked at the angular distribution of the emerging neutrons. The large spatial extension of the halo neutrons should correspond to a narrow momentum distribution, that can be expected to be reflected in the angular distribution of the fragments. This was earlier shown to be the case for the charged core; we have confirmed this by looking directly at the neutrons.

Both one-and two-neutron halos have been studied here. The latter ones are the most intriguing as the n-n interaction in the halo must play an important role for their structure. We have therefore measured several of these nuclei with different two-neutron separation energy -"Li, 14 Be and 8 He -in order to see how the halo-specific features emerge. By far the largest effects are found for "Li with a 2n separation energy as low as 250 keV. A6 an example of a one-neutron halo we have taken ' 'Be with a In separation energy of 506 keV.

An 18 O primary beam of 55-65 MeV/u bombarded a Be production target; the secondary beams were separated by means of the doubly-achromatic spectrometer LISE and focussed on a secondary target in the middle of a silicon counter telescope. The experiment with n Be was made with LISE3. The velocity filter allowed to obtain an isotopic purity of the secondary "Be beam of 99.99%. Both the incoming beams and the outgoing charged fragments were identified on an event-by-event basis, the total intensity of the secondary beams being kept at about 1000/s. The secondary targets used were rather thick in order to obtain a reaction probability of about 1%. In this way, the major reaction channels could even be studied in some detail. For interpretation it is important to clarify to what extent the results reflect the reaction mechanism and to what extent they carry the desired information about the groundstate wave function of the halo nucleus, we shall discuss this using n Li as example. There is strong direct and indirect evidence that the stripping reactions of ' 'Li proceed entirely through three mechanisms. We have mentioned above the Coulomb dissociation. In addition to this, two inseparable nuclear contributions exist: absorption and diffraction dissociation which dominate for light targets. A simple model which takes these three mechanisms into account is able to reproduce the caracteristic features of the observed cross-sections. 9 Li) reactions on Be, Ni and Au. The differential cross-section is shown versus the angle of the emerging neutron relative to the incoming beam as measured in the laboratory frame. The two points above 15° are averages over three and four detectors, respectively. The curves are fits with a Lorenteian distribution.

Neutrons produced in the reactions were detected in an array of liquid-scintillation counters placed 3 m from the target, see figure 1. Our main interest was to study the "gentle" break-ups which yield fragments emerging with the beam velocity. The analysis of the n Be data is still going on, the results for the other isotopes are presented in the following.

Figure 1: Photograph of the neutron detection array at the end of the LISE spectrometer

The cross sections for the 2n removal channels could be determined both by detecting the charged fragment, in the silicon telescope, and by detecting the neutrons. The cross sections obtained in this way are given in the table, note that the ratio of the cross sections determined in the two different ways gives the average number of neutrons from the break up.

The most striking feature of the experiment is that the neutron angular distributions for 11 Li are very narrow (see table 1 and fig. 2) and also remarkable similar for different targets. The deduced spread of transverse momentum is an order of magnitude lower than the typical Fermi momentum of normally bound nucléons. Since the reaction mechanisms seem not to affect significantly the momentum distributions it is tempting to conclude that they correspond to the one in the halo. The number of observed nn coincidences is still small at present time, their angular dépendance suggests however that there is no strong correlation between the neutrons.

The effects seen for ' 'Li are also present in 14 Be and 8 He but less pronounced as expected from the 2n separation energies. One of the challenges of future radioactive beam experiments will be the study of the neutron halo for heavier drip-line nuclei where cases with extremely low 2n separation energies might be found.

The results of the experiments have been published in the following journals: The results were reported as invited talks in the following conferences: 

INTRODUCTION

In a recent experiment at GANIL 1 ), the original ]1 Li interaction cross-section data obtained by Tanihata et al. at Berkeley-*) have been complemented by a measurement of the Coulomb dissociation cross section and the neutron angular distribution at lower energy (30 MeV/n). This new data have provided further support for the neutron halo hypothesis. Nevertheless, although they give information about the extent of the neutron cloud and the degree of correlation between the two extra-core neutrons, these experiments are unable to provide detailed information about the proton and neutron distributions in 1J Li. Such information can, however, be obtained from measurements of the elastic-scattering angular distributions. In this way, it should be possible to test various theoretical descriptions of 1 'Li. The aim of the present experiment was to advance the idea of a "nondestructive" study of ' 'Li, by measuring its elastic scattering from a 28 Si target.

EXPERIMENT

The secondary beams of 29MeV/n l ] Li (150pps) and 25.4MeV/n 7 Li (lOOOpps) were produced in a reaction of a 76MeV/n 18 O primary beam bombarding a 360mg/cm 2 Be+2900mg/cm 2 C production target. The outgoing fragments were separated by means of the LISE3 spectrometer 3 ) and identified by their energy loss and time of flight. The purity of the secondary beams was better than 98%. An energy width of the secondary beam was defined by a momentum acceptance of the LISE spectrometer and was set to 2.3% in the case of 7 Li and to 9.4% in the case of H Li.

A low intensity (100-lOOOpps) and a big angular and energy spread of the secondary beams imply an application of a detection system in which a high efficiency of registration of diffused particles is complemented by measurement of angle and position on a target for each particle. A schematic view of the set-up used in the present experiment is shown in figure 1. A trajectory of each incident particle was reconstructed by means of two position-sensitive X-Y silicon detectors, 71mg/cm 2 and 104mg/cm 2 thick respectively, placed at the final focal point of the spectrometer. The second detector was simultaneously used as a secondary target. Angles and energies of diffused ions were measured with help of two circular silicon strip detectors. The angle between the trajectory of incident and diffused particle in a plane parallel to the beam axis was measured by the first detector with 16 circular strips. The second detector with 8 radial strips allowed for a rough determination of the angle in a plane perpendicular to the main axis of the beam. A distance between the secondary target and the strip detectors was adjusted to cover the center-of-mass diffusion angles between 5° and 17° for 7 Li and between 5° and 22° for 1J Li.

A matrix of seven BGO cristals 4 ) was used to determine a residual energy of each particle. The overall energy spread of diffused particles including energy width of secondary beam, internal resolution of the detectors and energy straggling was a 7% for 7 Li and a 20% for ^ ions. . Angular distributions of elastic scattering of 7 Li and u Li on a 28 Si target.

AE1 (x,y)

RESULTS

Colliinalor

The obtained CT/CR distribution of 7 Li is in agreement with previous measurements performed for similar systems 5 " 7 ). At the same time the distribution of O/OR for n Li lies higher and decrease slower with angle than the analogical distribution measured at the same energy for the 6 Li 5 ).It seems that these differences in the angular distributions can be hardly explained by a mass difference between the two nuclei.

Another observation comes from the analysis of energy spectrum of diffused ]1 Li ions. If the scattering of n Li is at low impact parameters (e.g. at high diffusion angles) accompanied by a break-up of this nucleus n Li-> 9 Li+2n one should observed in the energy spectrum ,shown in figure 3, a peak corresponding to the 29MeV/n 9 Li ions. A careful mathematical analysis set an upper limit of the contribution of 9 Li nuclei to about 5%.

A full interpretation of the data in a framework of optical model with a double folding potential is currently in progress. The results of present experiment proofed that a measurement of elastic scattering of very exotic nuclei although technically difficult can be performed even at a very low (several hundred particles per second) intensity of a secondary beam. For a complete explanation of the obtained angular and energy distributions of diffused ^Li ions particular properties of the n Li nucleus due to a presence of a neutron halo should be taken into account.

Counts

Similar experiments performed with a higher energy and angular resolution are possible and necessary to confirm and to study the phenomena of neutron halo for other light neutronrich nuclei as n Be, 14 Be and 17 B.

INTRODUCTION

The GANIL facility has now an established tradition in the domain of the study of exotic nuclei. Two beam lines are devoted to this physics : LISE [1] and SPEG [2]. Both have been able to identify and study numerous new nuclei. When the existence of exotic nuclei have been established, the first step of their study is to measure their mass. Different methods can be used, one of the simplest being a measurement of their time of flight along a given flight path. The length of the flight paths used is 40 meters in Lise (upgraded from 17m in the previous LISE setting) and 82 meters for SPEG. With the usual time resolutions that can be obtained, typically a few hundred picoseconds, the resolution in mass obtained is given by the formula :

£#£¥

where M is the mass to be measured, T the time of flight over a path of length L and E the kinetic energy) With the different factors involved, the precision which can be reached is of the order of 10" 4 .

In order to reach a higher level of resolution a new method has been suggested by W.Mittig and tested recently.

THE GENERAL METHOD OF MASS MEASUREMENTS WITH THE GANIL CYCLOTRONS

The basic idea is to make use of the specific features of the GANIL Cyclotrons to extend the time of flight. The GANIL facility is made up of three successive cyclotrons : CO, CSS1 and CSS2, see figure 2. CO is essentially linked to the ECR source and is used as an injector into CSS1. This cyclotron accelerates the injected beam up to energies ranging from =5 A.MeV for heavy ions to =13 A.MeV for light ions. These energies are already above the Coulomb barriers for a large variety of targets : nuclear reactions can therefore be used at this stage to produce exotic nuclei. After production, these nuclei can be injected into CSS2 for further acceleration. The time of passage in the cyclotron is obtained using the time difference between a "start" detector placed in front of th? injection and a stop detector placed at the exit of the cyclotron. The same detector, a ÀE-]\ silicon detector, is also used to identify in charge and in energy the outgoing nuclei.

Because of the strong selectivity of the CSS2 a measure of the field B of this cyclotron will give a measure of the mass of the nuclei.The basic equation of a cyclotron is :

B = M to q (2)
where <o is the rotation frequency and q the ionic charge of the nuclei accelerated. In practice this method is not used for absolute measurements but the masses can be deduced from the comparison of the difference of phase (=time of flight) between a known nucleus and the nucleus studied for a given setting of the CSS2 field or, because the acceptance in "mass" at a given field setting is of the order of -Ï0- 4 , from the differences in both phast and field if different settings of the CSS2 are necessary.

PRACTICAL ASPECTS

There are two main problems that have to be solved before this method can be applied. The first is related to the conditions that have to be met for a given nuclei to be injected into CSS2, the second has to do with the tunning of the field of CSS2.

Indeed, the CSS 1 and CSS2 cyclotron must be operated at the same radio frequency (RF). For a given frequency only different harmonics, let us call them H] and H2 where both are integer numbers, can be used for either cyclotron. If R\ and R2 are the ejection radius of CSS 1 and the injection radius of CSS2 and V] and V2 the velocity at ejection from CSS1 and at injection into CSS2, these parameters must satisfy the following relationship :

Hi . Vi _H 2 . V 2 Rl R 2 (3) 
Typically for normal use of the accelerator, Hi=5, the ratio R2/Rl=2/5 and V]=V2, requires that H2=2. However the production of secondary nuclei by nuclear reactions, between CSS1 and CSS2, will invariably be associated with a loss in velocity and hence we must consider solution to eq.3 for which V2<V]. The most favorable case is H2=3, for which :

V 2 = 2-Vi (4) 
Other combinations are of course possible as long as Hi and H 2 are integer numbers.

The second problem is to set the isochronous magnetic field of CSS2. Even with prior knowledge of the mass and charge of the injected fragment, it is not possible to pretune the proper field for the injection.ejection in CSS2. It is therefore necessary in most cases to use a similar beam to tune CSS2 . By similar beam we mean one that has the same q/m and velocity. If this beam can be obtained with a measurable intensity (=10nA), the tunning is straightforward because the different diagnostics, inside CSS2, are built to respond to these intensities. If however, this minimum intensity cannot be obtained, the tunning will have to be done using different diagnostic tools. These diagnostics is made using AE-ESilicon detectors. These detectors are implemented inside the CSS2 vaccum chamber under the very difficult conditions found inside the cyclotron, high magnetic field and RF power.

RECENT TESTS

A first test run was performed in July 1990, in order to test the viability of this method and to obtain the precision of the measurement.

A beam of 40Ar (9+) is ejected out of CSS1 with an energy of 13.3 A.MeV (Frequency HF=13.2 MHz ; Harmonic = 5), and its velocity is then degraded by a carbon target, see fig 2 . The exact V2 = 2Vi/3 velocity is obtained using the "a" spectrometer. Fine tuning of the velocity was obtained using the angle of the dégrader with respect to the beam direction. Once this is done, the beam («20 enA, q = 16 + ; q/m=2.5) is sent to CSS2 and ejected after proper setting of the field. Following this, a very thick production target is inserted in place of the dégrader. The thickness is such that it will stop the 40 Ar beam but allow the secondary products to pass through. After some adjustement in the setting, nuclei of 25 Na(10 + ) and 20 Ne(8 + ) are observed. Figure 3a. shows these nuclei : the horizontal axis represents the difference in phase (time) between the "Stop" detector and the RF signal and the vertical axis the The difference in phase can therefore be related to the difference in q/m of these two nuclei and their relative masses can be deduced. A straightforward calculation yields, assuming the mass of 25 Na to be known : energy response of the AE stop detector.

Mass excess of : 20 Ne = -7.026±0.060MeV which has to be compared to the known value of : -7.043±0.001 MeV. The precision of the method can therefore be estimated to be :

AM/M -.06/18600 « 3.2.10' 6 The uncertainty in this measurement is essentially related to the statistical uncertainty in measuring the centroids of the peaks. A significant increase in the statistics would be followed by a subsequent improvement in the precision obtained.

Figure 3b. shows, at a different field setting, the observation of 20 F(8 + ). In order to obtain the mass from this measurement one has to take into account not only the change in phase but also the change in field, here measured by the intensity set in the main coils. This has. been done by a prior calibration of AB/B versus AI/L Mass excess of 20 F = 0.113±0.200 MeV to be compared with the known value of -0.015±0.0001 MeV. The resolution in this case is therefore only of ~ 10 5 . The explanation for this is essentially the limited accuracy of the relation between B and I. This is easily remedied by a proper magnetic field measurement.

. FUTURE PROSPECTS FOR THIS METHOD.

Inspection of the mass tables of A.H.Wapstra et al. [3] show that the precision with which masses are measured range from 10 5 to 10 9 . A large fraction of exotic nuclei, those that are at the limit of the strong nuclear interaction drip line, are measured with precision in the range 10" 5 to 10 7 , which is typically the one this method can reach. The range of possible application is therefore extreemely large.

Because of the high intensities that can be obtained by the CO + CSS1 accelerator system and which will be further increased with the future O.A.I transformation, production of nuclei with very low cross sections can be considered. Three interesting range of nuclei will be considered in the near future : a precise measurement of mass of u Li is extremaly important in all theoretical considerations of a neutron halo, an attempt will be made to reach 100 Sn whose doubly magic nature is of great importance in nuclear physics. The region of very heavy nuclei, ZâlOO produced for example by G.Munzenberg et al. [4] at GSI with reactions of the type 54 Cr + 208 Pb at =5 A.MeV which is typically the range of reactions which one can access by this method is also of great interest.

CONCLUSIONS

The method suggested for mass measurements using the GANIL cyclotrons turns out to be a very powerful and precise tool. The CSS2 is a very efficient mass spectrometer whose mode of operation is well understood and can be used to push this method to its limit. After some modifications, a final precision of the order of 10~7 or better could be acheived. The limiting factor of this method is the rather low energies obtained with the CSS1, which could however be compensated by the increase in intensity which is programed in the near future and the use of a higher collection efficiency in reactions with inversed kinematics. With such an apparatus, the scope of possible measurements turns out to be extremely large.

INTRODUCTION

The synthesis and investigation of the properties of the extremely neutron-rich or proton-rich nuclei for the light elements present considerable interest both for the localization of the drip-lines and for the test of the theories describing the exotic nuclei.The possibility of producing secondary nuclear beams by means of heavy-ion projectile fragmentation has been discovered in the late 1970s by Symons, Westfall and co-workers at Berkeley 1>2 . During the 80s Tanihata et al. have pioneered the study of secondary nuclear reactions induced by these relativistic-energy beams from the BEVALAC 3 . The persistence of the characteristic features of the high-energy fragmentation in the Fermi-energy domain 4 , allowed, since 1984, the development of a large experimental program at the spectrometer LISE at GANIL 5 .

It is the scope of the present contribution to highlight some recent experiments at LISE on the neutron-rich side of the valley of stability.

2.IDENTIFICATION OF DRIP-LINE NUCLEI

Using the fragmentation of the primary GANIL beams for the production of exotic isotopes called for the use of a dedicated spectrometer with the following properties:

1) detection around 0° with a large collection angle, and very low background, in particular a complete elimination of the primary beam, in order to detect small cross section events;

2) good particle identification properties in order to discriminate without ambiguity the great number of produced nuclei;

3) a sufficient number of degrees of freedom in the ion optics in order to provide secondary beams of reasonable optical quality.

The LISE spectrometer made up of two identical dipoles (Dl and D2) in a double achromatic arrangement fulfills these requirements. The flight path through tip* instrument is to first order (correct to better than 10* 4 ) independent of the angle. This allows a very easy timeof-fiight measurement. A Z-dependent selection criterion can be introduced by inserting an energy dégrader in the intermediate focal plane between Dl and D2. The achromatism of the line is then restored only for the wanted isotope by lowering the magnetic rigidity of D2 to the corresponding energy loss. The "original" spectrometer* LISE ended at the first achromatic point. An extension including a Wien filter has been added. This introduces another selection criterion in velocity 7 . The identification of the produced projectile-like fragment beams is readily performed by semiconductor telescopes installed at the (first) achromatic focus. The combined measurement, event-by-event, of energy loss AE, total energy E and time-of-flight TOF through the spectrometer allows an easy determination of Z, A. Concerning the mapping of the neutron drip-line, all the neutron-rich isotopes of the light elements up to nitrogen (Z=7) which are predicted to be particle-stable have been synthesized. In order to look for the stability of isotopes of higher elements up to neon we have performed an experiment with a 48 Ca beam at 44 MeV/A aiming at the production of 26 O, 29 F, 32 Ne. Figure J shows the bi-dimensional representation of AE versus TOF for the fragments from the 48 Ca beam impinging onto a 173 mg/cm 2 Ta target. The most neutron-rich fragments observed cor:espond to the predicted 8 neutron drip-'Ine isotopes n Li, 14 Be, 22 C, 23 N, and 29 F.The latter nucleus as well as 32 Ne were observed for the first time. No counts were observed for the isotopes i3Be, 16 -18 B, 21 C, 25 O, 28 F and 31 Ne, predicted to be particle-unstable. No counts corresponding to 26 O were observed. The cleanness of these particle-identification spectra underlines the quality cf LISE, in particular the excellent rejection of the primary beam. Figure 2 shows the isotopic production along lines which proceed parallel to the dripline with neutron numbers N+2Z-1 (a), N=2Z (b), N=2Z+2 (c) (note that the N+2Z+1 line essentially consists of isotopes known to be particle unbound). A smooth monotonous drop is observed along these lines. From this trend one may expect a production rate of about 30 counts for 26 O. Since it is almost impossible to explain this absence by statistical fluctuations, this experiment gives strong evidence for concluding that the isotope 26 O is particle unstable. An interesting speculation has been brought forward by P.G. Hansen concerning the stability of the 26 O. If this isotope is particle stable but only very weakly bound, then it could exhibit an extremely extended neutron halo which would give rise to a very large break-up cross-section (in the production target ).

More cross-disciplinary, the interpretation of (anomaleous) isotopic abundancies found in the Allende meteorite as nuclear structure origin has become possible by the measurement of the P-delayed neutron decay of exotic S and Cl nuclei produced by LISE 9 . Progress in nuclear astrophysics is intimately related to continued experimental and theoritical efforts in nuclearstructure physics. Already in 1986, Hillebrandt at al 10 had requested to measure the missing |3decay properties of the "key"-isotopes influencing the low production of 46 Ca as compared to 48 Ca in their p-delayed neutron model, i.e. 44 S and 4547 Cl. By fragmentating on a 64 Ni target (116 mg/cm 2 ) the 48 Ca beam of the GANIL it has been possible to produce and study these isotopes. A thick energy dégrader (180mg/cm 2 ) of aluminium was used in order to reduce the number of unwanted nuclei. The fragments were identified using the method described above in three silicon detectors (300ji,300|i,550(V).The implantation of the nuclei of interest was made in the third detector, which served also for the p-detection with an efficiency of ep=60 ±6%. The telescope was surrounded by a 4ir neutron-long counter,. The long-counter device was composed of two concentric rings of 3 He-proportional counters embedded in a polyethylene moderator matrix. This detector has a nearly energy independent efficiency of e n = 27 ± 2% up to En «2 MeV and has no low energy cut-off as do scintillators.Each isotope under study was on-line identified by a combined measurement of its time of flight through the spectrometer and its energy loss in the first silicon detector.Two single-channel analysers examined the AE and TOF pulses and each time that a wanted nucleus was identified, the primary beam was switched off for a time interval related to the expected half-life.During this time, a second data acquisition performed the registration of p-neutron coincidence at low background. A set of plastic scintillators was used as shieldings on top of and below the neutron long-counter to detect cosmic muons. Thus, in the subsequent off-line analysis it was possible to discriminate between true (3-neutron coincidences and muon induced background. With this set-up, each pdelayed neutron could be directly correlated to its implanted neutron precursor.

Results on T 1/2 and P n values of 44 S and 45,46a are shown on figure 3. The Ti /2 of 47 C1 could not be deduced from the p-neutron coincidences because of the very few events which, nevertheless, allowed to limit the P n ( 47 Cl) to the surprisingly low value of £ 3%. With the Ti/ 2 of 44 S ans 45 Cl being considerably shorter than the predictions of Klapdor 11 used in ref. 10, together with the higher, respectively lower P n values of 46 Cl and 47 C1, the conclusions of Hillebrandt et al. concerning the low production of 46 Ca are in principle strenghtened. As can be seen from figure 4 the experimental values may even turn out to be more favourable for a (3 delayed neutron process than assumed. Successive neutron capture in the S and Cl chains is halted at the N=28 turning point nuclei where (5-decay starts to dominate Tj/2(p) < Ti/2(n). Of particular importance is the result that due to the short T|/2( 45 C1) feeding of 46 -47 Cl is reduced. These isotopes were found to be the main progenitors of 46 Ca in the 1986 approach 10 . Moreover, even if the neutron capture in the Cl chain would proceed up to 46 > 47 C1, their P n values would again result in a low 46 Ca abundance (see fig. 4). Hence with the present data, the problem of producing "very little" 46 Ca seems to be solved. But, on the other hand, may moderate the rather strict constraint on the neutron-exposure time requested in ref. 10. With our new experimental data, at both N=28 "turning point" isotopes, 44 S and 45 C1, p-decay back to stability starts to dominate over further neutron capture. Hence, the possible A=46,47 progenitors of 46 Ca will be produced in small amounts only. With this, large 48 Ca/ 46 Ca ratios can be obtained, as required to explain the observed abundances in meteorites.

'Turning-Points

CONCLUSION

The LISE spectrometer and now the LISE3 spectrometer, with its WIEN filter, operating after the achromatic spectrometer, offers an excellent isotope separation. With such a device heavier neutron-deficient species as well as neutron-rich one are now within the reach of experiments performed with GANIL heavier beams as krypton or xenon. Therefore a very broad domain of spectroscopic studies as well as secondary beam reactions is available.

(1) T. 

Introduction

Over the last years, the use of projectile fragmentation of intermediate energy beams 36,40Ar, 58Ni, with 40 to 85 MeV/nucleon delivered by the GANIL facility, together with the selective LISE separator, has led to a rapid increase of information on light neutron-deficient nuclei. All existing neutron-deficient nuclei, up to titanium (Z=22) have been studied (1). Their half-lives and radioactive decay modes have been determined by measuring their emitted charged particles. Beta-delayed emission has been observed for 39,40Ti (2). Beta-delayed proton emission occurs for 28 S and 31 Ar (3), (4) . Two-proton emission from the Isobaric Analog State has been observed for 31 Ar and 27 S (5) and other channels like beta-delayed three-proton emission also contribute (6). Experimental values for the ground-state mass excess of 31 Ar and 27 S have been deduced from the measured two-proton energy. The IMME has been checked in the case of 28S.

The recent improvements of the GANIL accelerator, both in energy and in intensity, result in 58Ni beams of 70 MeV per nucléon and 800 electrical nA. At the same time, the doubly achromatic spectrometer LISE was complemented with a WIEN filter. Thus, favorable experimental conditions become available for studying neutron-deficient nuclei with Z between 21 and 28. The present contribution, after describing the LISE3 spectrometer, reports on the production and study of several new neutron-deficient Cr, Mn and Fe isotopes.

The LISE3 spectrometer

The LISE spectrometer, essentially made of two identical dipole magnets D1 and D2 (figure 1), is set at zero degree with a lmsr acceptance. The incoming beam is focused on the target by quadrupole lenses. The first dipole analyses the outgoing beam in A/Z. Moveable slits located in the dispersive focal plane limit the momentum acceptance, with a maximum equal toAp/p=±2.5%.The second dipole compensates the dispersion of the first one: the set-up is doubly achromatic in angle and in position. As a consequence, the flight-path betveen the target and the final focal point is indépendant of the angle of entry in the spectrometer.After focalisation with quadrupole lenses the transmitted nuclei are collected in a small-size silicon detectors telescope in the final focal point. The time-of-flight parameter (t.o.f), obtained by comparing the time signal delivered by the first silicon detector with the radio-frequency signal of the cyclotron, is combined with the measured energy-loss in this detector (AE) and gives a clear identification in A and Z (figures 2 and 3). The installation of a suitably shaped energy-degrader (a bent aluminium foil of variable thickness) in the dispersive focal plane separates the nuclei according to their slowing down in matter, the achromatism is restored only for the choosen isotope which is transmitted to the detector by tuning the second dipole to the corresponding magnetic rigidity. A few nuclides are collected instead of a few tens. The LISE set-up works as an isotope separator.

AH the experiment so far have been performed at the first achromatic focal point. A means to improve the isotopic selection of the LISE spectrometer consists in using a third selection criterion: a velocity selection. Therefore the new-built extension is doubly achromatic in the horizontal plane and behaves as a WIEN filter which separates the nuclei in the vertical plane, according to their velocity. The selected isotopes are collected in a silicon detectors telescope located at the final focal point where they are identified and studied. The total flight-path is now 43 meters long, providing an easy mass-identification for heavy nuclei. Detailed reports on LISE and LISE3 are given in (7) and (8).
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Experimental set-up;production of new isotopes

A beam of 69MeV per nucléon 58 Ni projectiles impinges on a natural nickel target the thickness of which (150 mg/cm 2 ) is choosen so as to optimize the yield of interesting reaction products collected trough the LISE3 spectrometer. The average beam intensity is 400 electrical nA. A 72 mg/cm 2 aluminium dégrader is installed.The detection telescope consists in three surfacebarrier silicon detectors assembled together in a unique holder: they are 300 mm thick, the distance between two adjacent silicon surfaces is equal to 450 mm and the active area is equal to 300 mmA 4mm thick Si (Li) 44 Cr and no event is observed at the location of 45 Mn (figure 3). The third experimental setting leads to the identification of 47 Fe with 23 counts in six hours, 294 counts of 46Mn and 1886 events of 45Cr are collected in the same time.The three nuclei *3Cr, 47 Fe and 46Fe are synthesized for the first time. The lightest known Cr isotope was 44 Cr (9) and 48 Fe had been produced and studied at GSI (10). 43 Cr and 46 Mn are collected in sufficient amounts to allow radioactive decay studies (see next section). These results allow us to consider that the «Fe half-life is shorter than the time-of-flight in the LISE3 spectrometer: 300 ns. This T z = -7/2 isotope is a candidate for two-proton decay with a two-proton separation energy calculated to be S2 P = -820 ± 200 keV ( 1). It is also possible to conclude that «V and «Mn exhibit short half-lives (less than 300ns), and, thus, if they do exist, these nuclei may be direct proton emitters.

Decay studies

The 43 Cr and 46 Mn decay studies are performed on-line: two single-channel analysers examine the AE and t.o.f pulses. Each time that a 43 Cr (or 4 ^Mn) event is identified, the beam is stopped for a time At (see table 1) five times longer than the expected half-life. During this time the heavy-ion data-acquisition system is turned off, while a clock an a second data-acquisition system are started. The energy deposited and the time of arrival of the ligth particles are recorded during the beam-off periods. The silicon detectors are calibrated before the experiment with an a source and during the experiment with the known beta-delayed protons emitted from 4 5Cr (11). This experimental procedure has been described in (4) and in (5). counts/10 ms counts/10ms Two lines are identified on the energy spectrum of the charged particles emitted by 43 Cr, with total decay energies equal to 4320 ± 50 keV and 1870 ± 80 keV. They can be attributed to the beta-delayed emission of two proton and an alpha particle from the IAS in 43 V to the groundstates in 4 iSc and 39Sc, respectively. An other line at 2290 ± 50 keV may correspond to the beta delayed two-proton emission to the first excited state in 41 Sc. The experimental value of the mass excess of the IAS in 43 V is deduced from these measured lines and from the known ground-state mass excess of 41 Sc which is equal to -14065 ± 1 keV (12). The value obtained is -9745 ± 50 keV and, applying the IMME to the T = 5/2 states in the three nuclei 43V, Three transitions are identified on the energy spectrum of the beta-delayed protons emitted by the 392 implanted 46 Mn nuclei: they correspond to total decay energies (since both the proton and the ion recoil energies are recorded in the telescope) of 4350 ± 50, 3560 ± 50 and 3000 ± 50 keV. The first experimental line matches the expected energy available for the proton decay of the isobaric analog state in 4 ^Cr to the ground-state in 4 5V. The two othere can be attributed to proton emissions from the IAS to excited states in 45 V (deduced from the level scheme of the mirror nucleus 45 Ti). The experimental energy for the proton decay of the IAS in 46 Cr (4350±50 keV), combined with the ground-state mass excess of the ( 4 5V + p) system: -24586±17 keV (12), yields the mass of the IAS in 46Cr to be -20236 ± 53 keV. The mass of the 4 <>Mn ground-state, derived with the IMME, is found to be equal to -12375 ± 120 keV. This value is in agreement with the prediction made by Wapstra et al. (12) of -12470 ± 400 keV.

Conclusion

The LISE3 spectrometer, with its WIEN filter operating after the achromatic spectrometer, offers an excellent isotope separation. Three new neutron-deficient nuclei are produced with the intense 58 Ni GANIL beam: 43 Cr, 47 Fe and 4 6Fe.. Half-lives and mass excess values are measured in the present work for the neutron-deficient nuclei 43 Cr and 46 Mn. Heavier neutrondeficient species are now within the reach of experiments performed with GANIL heavy beams (krypton, xenon ...) and making use of the LISE3 set-up. Radioactive decay studies can be achieved in favorable experimental conditions.

BETA-DELAYED TWO-PROTON DECAY

OF 31 Ar AND 27 S V. Borrel At the proton drip-line light neutron-deficient nuclei exhibit several decay mocks: a wide range of excited states, including the Isobaric Analog State, can be reached in the daughter nucleus through beta plus decay , and for these states proton and two-proton emissions are energetically possible.

This contribution reports on the experimental results obtained at GANIL with the LISE spectrometer on the decay of the T z =-5/2 isotopes 31 Ar and 27 S .

Energy spectra of the beta delayed particles have been recorded and the halflives have been measured : Ti/2= 15 ± 3 ms for 31 Ar and T1/2 = 21 ± 4 ms for 27 S, leading to the branching ratios for beta decay towards the IAS: 4.8 ± 1.4 % and 4.0 ± 1.2% respectively.

The observation of the two-proton emission from the IAS has led, through the Coulomb displacement energy systematics, to an evaluation of the ground-state mass excess for the two nuclei: 11425 ± 99 keV for 31 Ar and 17659 ± 114 keV for 27 S. These values are both 200 keV lower than the corresponding predicted values (ref.l). In the 31 Arcase, the deduced twoproton separation energy : S2 P = -7 ± 112 keV is in agreement with the non-observatior» jf direct two-proton emission.

After corrections for the detection efficiency, the absolute branching ratios for betadelayed two-proton emission have been calculated. They are equal to 2.4 ± 0.8 % and 2.0 ± 1.0 % respectively for 31 Ar and 27 S. Since no beta-delayed proton emission via the IAS has been observed, other decay channels like beta-delayed three-proton emission should be searched for (ref.

2).

Introduction

In numerous astrophysical environments, explosive hydrogen burning may occur at much higher temperatures and densities than are found in normal stellar environments. When the temperature increases, the waiting point of the CNO cycle shifts from the 14 N(p,7) reaction to the next slow path which is the )3 + decay of 13 N , and the energy production limitation comes from the 14.4 min lifetime of 13 N . The next expected change should come when the 13 N(p,7) reaction starts to compete with the 13 N decay because the proton capture lifetime 95 becomes shorter than the decay lifetime. However, until recently, no reliable experimental information was really available concerning the rate of the 13 N + p reaction, in spite of the importance of that reaction for stellar evolution models. Among the various consequences of that reaction, we can note tne possibility of by-passing the 13 C production, and then constraining the astrophysical models of stellar evolution involving 13 C(a,n) as a neutron source. To help to solve those problems, large efforts have been made to produce a beam of radioactive 13 N and to get a direct measurement of that reaction rate.

Aware of the importance of the goal, many theoretical works as well as experimental ones have been achieved in order to evaluate the radiative width of the 5.173 MeV level hi 14 0 . This contribution reports results of an experimental radiative width determination using the new technique of Coulomb break-up.

The Coulomb break-up experiment

Studies of the dissociation of fast nuclear projectiles in the Coulomb field of a heavy target nucleus have been proposed as an alternative access to radiative capture cross sections of astrophysical interest [1]. Instead of measuring the direct fusion cross section process C + B -v A + 7, one considers the time reversed photodissociation process A + 7 -¥ B + C taking advantage of the intense flux of equivalent photons produced by the interaction of the projectile A with the electric field of a heavy target nucleus. Together with the advantage of an usually larger phase space, the large number of photons result in a considerably enhanced cross section as compared with the capture reaction, giving access to very small cross sections.

Experimental conditions

We have studied the 13 N + p -> 14 0 + 7 reaction by the Coulomb break-up technique, looking at the photo dissociation of a radioactive 14 0 (Tx/2 = 1.2 min) beam at Ganil. The 14 0 beam was produced by fragmentation and transfer processes of a 96 MeV/u primary beam of 16 0 onto a 800 mg/cm 2 carbon target. The 14 O beam intensity was 10 6 particles.s" 1 Relative Energy 13 N-p (MeV) 0.5 % and was delivered onto a target of 100 mg/cm 2 of 208 Pb, the high Z providing a higher Coulomb field and then larger excitation probability. The reaction products, such as 13 N and the other heavy elements were analysed by the magnetic spectrometer SPEC Protons were detected by a set of five Csl detectors located in the reaction chamber, 70 cm downstream the lead target, and around the aperture of the SPEG spectrometer.

Experimental result

We obtain the spectrum of the relative energy of the p and 13 N (Figure) computed event by event, where is observed a large peak located at 540 keV. That spectrum was fitted using the peak shape provided by a Monte Carlo type simulation taking into account the beam energy resolution and emittance, scattering into the thick lead target and the 97 detector resolutions. The intensity of the peak was compared with the intensity obtained in a Coulomb excitation computation, using both a semi-classical type of calculation and a coupled channel code. Both computations are in agreement, and we infer a radiative width for the 5.173 MeV level in 14 0 :

r 7 = (2.4 ± 0.9) eV (1) 

Conclusion

Our result is in close agreement with the value F 7 = 2.44 eV estimated by G.J. Mathews and F.S. Dietrich [2] looking at analogous transitions in neighbouring nuclei, and we can adopt their conclusions, specifically that the 13 N + p reaction rate is somewhat higher than is estimated in the data tables, the hot CNO cycle could be ignited at density low enough to prevent the collapse of a metal-rich supermassive star into a black hole [2]. An other conclusion of our work is that the Coulomb break-up of a radioactive beam can provide accurate and reliable information concerning unknown radiative widths. The method has implications in astrophysics as well as in nuclear physics. Concerning astrophysical reaction rate determination, that tool can offer a new way to get experimental information and should be used for other systems of astrophysical interest involving.

Introduction

In heavy-ion reactions with incident energies below 10 MeV/u deep inelastic collisions (DIC) are a well known phenomenon, e. g. studying the reaction 40 Ar + 232 Th [1, 2]. As a by-product of an experiment using this collision system at intermediate energies to investigate the evolution of central collisions (see contribution in this volume) an interesting class of events has been observed: Triples coincidences with two medium-mass fragments and one rather light nucleus at forward angles. The events exhibit the characteristics of deep inelastic collisions. The relevant part of the experiment consisted of three parallelplate avalanche counters, two of them at about 50° on both side of the beam axis and the third at 110°.

Results

The main characteristics of these triple coincidences are summarized in fig. 1. Parts (a) -(d) show the velocity and charge distributions at 31 MeV/u incident energy for PPAC 1 and 2 at forward angles. (The atomic numbers of the fragments were determined from the energy-loss signal and the velocity with a resolution of 30%, using an iterative procedure [3].) The detection of a third fragment in PPAC 3 at backward angles introduces a strong asymmetry in the spectra of PPAC 1 and PPAC 2 despite their symmetric position relative to the beam. The fragments detected in counter 1 show a narrow velocity distribution, centered at 1.4 cm/ns, their charge distribution is peaked at Zss40. In fig. l(e) the relative velocity between the fragments detected in PPAC 1 and PPAC 3 is shown. The narrow distribution, centered at the Viola velocity, in addition to the corresponding charge and velocity distribution of the fragment detected in counter 3 shows that coincidences of two fission fragments were observed with these counters. The velocity and charge distributions observed for the fragments detected in counter 2 show properties characteristic for inelastically scattered projectiles observed in the low-energy regime. Namely, (i) the charge distribution is peaked at Z~15, close to the projectile charge, (ii) the velocities are well below that of the beam (7.7 cm/ns), (iii) the angular distribution is forward peaked (fig. l(f)), and finally (iv) the fragment in counter 2 lies preferentially in the plane spanned by the two fission fragments. In the picture of a deep inelastic collision this results through the transferred angular momentum, which favours a fission of the target nucleus mainly perpendicular to the spin axis. All these observations led us to conclude that the projectile-like partner -or the remaining part -of a DIC is observed.

Using the measured velocities and scattering angles of the projectile-like fragment the total kinetic energy loss (TKEL) was estimated to 700 MeV. The number of preequilibrium particles and the energy and linear momentum carried away by them has been calculated using Blann's code [4] value on the deflection angle of the fragments, similar to the system 40 Ar + " a 'Ag where such correlations were seen only in the vicinity of the grazing angle [5]. This suggests negative deflection angles for the projectile-like fragment, as observed for the system 14 N + 154 Sm at similar incident energies [6]. As for the excitation energy it is interesting to compare our results with the 4TT neutron detector data for the system 40 Ar + 197 Au at 44 MeV/u incident energy [7]. High neutron multiplicities are found in reactions triggered by projectile-like fragments at 20°, yielding values similar to those observed in our case.

The presence of DIC shows, that nuclei behave collectively, even for incident energies in the vicinity of the Fermi energy. This process must be taken into account when studying multiplicities and cross sections for IMF production in this regime.

Introduction

The purpose of the experiment was to study the characteristics of neutron-fragment correlations in an intermediate energy heavy-ion reaction. The analysis of the interdependencies of neutron emission patterns, neutron multiplicities and average atomic number and energy of coincident fragments produced in such a reaction allows one to identify the sources and mechanisms of neutron emission and, eventually, the reaction mechanism itself. The system Au+Pb was chosen for study because of its neutron richness and mass symmetry, facilitating the interpretation of the experimental data. The following outlines the kinematical coincidence method used to select energy loss bins by fragment angle-angle correlations and presents results of model calculations describing quantitatively the observed correlations.

Experimental Procedure

Charged reaction products were detected with 5 multi-element silicon telescopes and three large-area, 300-|J.m thick multi-strip silicon detectors. The telescopes positioned at 8 = 6.5° + 8.5°, and -21.5° were optimized to identify projectile-like fragments (PLF), while telescopes at 0 = 61.5°a nd -141.5° were used to detect light charged particles and intermediate-mass fragments (IMF). The multi-strip detectors covering an angular range between 25° and 81° measured target-like fragments (TLF) in coincidence with the projectile-like collision partners measured at 9 = 6.5°. The neutron energies were measured using a time-of-flight method. The start signals were generated from the accelerator RF-period while stop signals were provided by 23 neutron scintillation counters placed at distances between 1 and 2 meters from the target, covering an angular range between 8 H = 163° and +165° in a common plane with the charged-particle detectors. Two of the neutron detectors were placed out of plane. The cylindrical NE213 scintillators were 1.5" to 4" thick and 5" or 10" in diameter. Discrimination between neutrons and gamma rays was accomplished employing pulse-shape analysis modules. A thin-walled stainlesssteel reaction chamber was used in order to reduce absorption and scattering of neutrons. Furthermore, discrimination between neutrons and charged particles that had penetrated the thin walls of the scattering chamber and had been detected in the neutron detectors was accomplished using fast-plastic scintillation counters placed in front of forward-angle neutron detectors.

Experimental Results and Discussion

Binary collision events were selected using a kinematical coincidence method. PLFs were measured with a Si-telescope at 9 = 6.5° while the coincident TLFs were detected in an angular range of 25° to 81°. It was ascertained, based on characteristic correlations between the velocity vectors and masses of the coincident fragments, that the events with 76 < ZPLF ^ 80 and 25 < EJLF ^ 200 MeV used in the present analysis originated from binary collisions.

The upper left and right panels of Fig. 1 show the atomic number and energy distribution of the PLFs coincident with TLFs, respectively. The lower right panel shows the angular distribution of the coincident TLFs. The position of the relatively narrow peak at 0 =72° in the latter panel agrees with the average recoil angle for TLFs from binary damped collisions with a kinetic energy loss of Ei oss = 200 MeV. The finite coincidence rate limited the energy loss studied toEi oss <500MeV. A triple-coincidence measurement of kinematically identified PLFs and TLFs and neutrons allowed one to study the consistency of the reconstructed energy loss with the observed neutron multiplicities and slope parameters of neutron velocity spectra. In this measurement the kinetic energy losses were determined by selected angular correlation between PLF and TLF. Fig. 2 shows velocity spectra (dots) of neutrons, measured at 8 selected angles in coincidence with both, PLFs with <Z> = 78.3 and <E>=5.245 GeV and TLFs at 6 = +(73.5 ± 1.1)°. From the average energies, atomic numbers and angles it was determined that the average energy loss for the events included in Fig. 2 was Eioss =115 MeV. The high-velocity component seen at v n =7^f at forward angles can be attributed to neutron emission from the fast-moving PLFs. The low-energy component, as well as the yield at backward angles, is due to the emission from the recoiling TLFs. v n (cm/ns)

Figure .2: Velocity spectra of neutrons coincident with partially damped collisions events, i.e., fragments with 60 < Z < 90 coincident with fragments detected at +73.5 ± 1.1°.

In order to test the quantitative consistency of the assumption of sequential emission from excited primary PLFs and TLFs with the data, theoretical model calculations were performed. The dashed curves in Fig. 2 result from calculations assuming two effective sources, the fully accelerated PLF and TLF partners from a damped collision, evaporating isotopically neutrons in their rest frames. The neutron spectra are assumed to be given by Maxwell-Boltzmann distributions with inverse slope parameters reflecting an effective temperature of the evaporation cascade of T = 1.7 MeV. The theoretical neutron velocity spectra shown as dashed curves in Fig. 2 are consistent with the average properties of coincident fragments and with the average kinetic energy loss reconstructed from kinematics.

At medium forward angles, an additional component is seen in the neutron velocity spectra of Fig. 2, which cannot be explained in terms of the above two-source emission scenario. The latter component can be modelled assuming nonequilibrium emission as predicted by a Fermi-jet mechanism 1. As demonstrated by the comparison of the solid curves and the data in Fig. 2, both, magnitude and gross structure of the measured neutron spectra is quite well explained, when this additional component is included.

Summary

In summary, a kinematical coincidence method was used to identify PLF and TLF produced in binary collision events. Based on the example of one particular coincidence condition, it was shown, that most of the neutron yield and associated fragment distributions can be described consistently assuming sequential neutron emission from primary fragments following a binary damped collision. An additional high-velocity neutron component is attributed to a nonequilibrium emission mechanism. 

PROJECTILE FRAGMENTATION EVOLUTION IN PERIPHERAL COLLISIONS

Physics Motivations

The general goal of these experiments was to study the evolution, with beam energy, of pr jjictile fragmentation at intermediate energies by measuring all or most of the charged projectile-breakup products with a multi-element forward array. One of the important findings was to observe that the projectile excitation energy can become quite high, even from peripheral collisions. The specific physics questions explored can be summarized as follow:

1-BREAKUP CROSS-SECTION evolution: What is the role of transfer reactions ? 2-EXCITATION ENERGY in peripheral collisions: Have we reached the limit ? 3-EXCITATION ENERGY SHARING: What is the degree of thermalization ? 4-BREAKUP MECHANISM: Sequential or prompt ? 16 O->actaaat 32.5 A, 50 A and 70 A MeV, and^Mg -> aoaaao at 50 A and70 A MeV.

Experimental Setup

The reaction 16 O + l97 Au has been studied at 50 A and 70 A MeV [1]. The charged particles were detected in a close-packed forward array of 44 phoswich detectors. For the M Mg beam, a ring of 16 phoswichcs and 32 time-of-flight scintillators (outer rings of the MUR) were added. The complete experimental setup is shown at Fig. 1. Two silicon telescopes have replaced two phoswiches to provide heavy mass resolution. The global polar angular range goes from 1.3° to 40° for all azimuthal angles, with a very good granularity, coverage and energy resolution needed to extract quantitative information from high multiplicity events. Any detector at 6ub less than 24° was a trigger.

Figure 1.

Schematic view of the experimental setup.

Figure 2.

Calibration spectrum from secondary beams.

The energy calibration has been provided from secondary beams produced by beam fragmentation [2].

These were selected by the magnetic rigidity of the beam line elements and scattered on a Au target to give, in a short period of time, spectra as shown in Fig. 2. Up to twenty eight calibration points were obtained for most of the phoswich detectors.

Cross Sections

The absolute breakup cross sections, corrected for detection efficiency, for quasielastic (ZZ=8) [1] and transfer reactions (ZZ=5,6,7 and 9) [3] are shown in Fig. 3 for channels listed in Table 1. The similar trend of the cross sections at the three energies is striking, as manifested by the strong Q-value dependence already observed at 32.S A MeV [4] and still present at SO and 70 A MeV. The fluctuations around the strict exponential Q-value dependence (see for instance Q around -32 for IZ=8) present at the three energies can be explained by the different number of isotopic combinations contributing to a channel. One notices that the average slope of the Q dependence changes with energy. The yield for channels involving very negative Q values is increased relatively to the other channels. This suggests an evolution of the excitation energy distribution of the quasi-projectile with increasing beam energies. Transfer reaction cross sections remain quite high, even at the 70 A MeV.

Excitation Energy

The excitation energy of the primary projectile-like nuclei has been calculated event by event. We have retained channels involving charges equal to or greater than two. The excitation energy spectra of the primary projectile are shown in Fig. 4 for the decay into four He nuclei. Both the mean value and the inverse of the slope increase with beam energy. The same increases are also observed for all the other channels. The change of the mean values between either 32.5 and 50 A MeV, or 50 and 70 A MeV is roughly 23 % for all channels. This average increase is relatively modest compared to the gain of the available energy in the center of mass. 4). Although it still increases with higher bombarding energies, most of the new available energy is taken by the target-like nucleus. That seems to indicate that the excitation energy of the projectile-like is near saturation and can no longer increase significantly (Fig. 5).

"O --> a a a a: Prompt or Sequential ?

It has been predicted that the statistical emission of light particles via sequential decay at low energy would be replaced by a prompt breakup mechanism when the excitation energy becomes sufficiently high. This threshold was expected to be around 3 A MeV [5]. The four alpha breakup channel is appropriate to display kinematical differences between prompt breakup and sequential decay. Fig. 6 presents a comparison of the experimental distributions of relative angles to simulations of a sequential binary decay process (solid line) and to a simultaneous multifragmentation (dashed line). Graphs at 25 A and 32.5 A MeV are from ref. 6 and7. The experimental results are well reproduced by a sequential mechanism, even when only highly excited events (E*/nucleon £ 4.4 MeV) are selected. No Coulomb suppressions predicted at small relative angles by the prompt decay model are observed. This indicates that sequential emission is responsible for the breakup of 16 O into four alpha particles over a large portion of the intermediate energy domain.

2000

The analysis of the M Mg breakup into six alphas at 50 A and 70 A MeV is underway. It will be interesting to see how the breakup mechanism evolves with this higher multiplicity channel produced at most likely higher excitation energies.

Conclusions

The cross sections for the most negative Q-value channels increase with bombarding energies.

Moreover, excitation energy distributions show that very excited projectiles are produced in peripheral collisions. Although the excitation energy of the projectile still increases with bombarding energy, that increase is accompanied by a much larger excitation energy gain for the target. One also observes that transfer reactions still play an important role in the intermediate energy domain. It is clear, from the last statement and from the predominance of sequential decay over the prompt breakup that low energy phenomena are still needed to describe the experimental results around and well above the Fermi energy. The ^Mg data currently under analysis should strengthen many of these aspects and arise others. Relative angle distributions for the four helium channel. Data, sequential and prompt decay simulations are represented by the histograms.solid and dash-lines respectively.
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Motivations

Projectile fragmentation at intermediate energy has been extensively investigated by inclusive measurements!.2 and the data have been generally interpreted in the framework of the abrasion-ablation model 2 . Nevertheless, data obtained from exclusive experiments, 40Ar + 27Al,natTi at 44 MeV/u3, 40Ar + natAg at 27 MeV/u* and 30 MeV/u5, measuring either the correlations between projectile-like (PLF) and target-like fragments (TLF) or the excitation energy partition between fragments, showed very clearly the persistence of dissipative collisions where the nuclear mean field still plays an important role. In order to follow the evolution of the projectile fragmentation with the incident energy we studied the reaction 40Ar + natAg at 60 MeV/u in two separate experiments. The first measured the correlations between projectile-like and target-like fragments6. In the second one coincidence measurements between PLF and light charged particles (LCP) have been investigated?.

PLF-TLF correlations

In the first experiment the set-up included a silicon telescope, located at 3.5°, which identified PLF's by their energy, charge and mass using a time of flight spectrometer. A battery of 8 silicon detectors, positionned between 15° and 85° in the same plane as the PLF telescope on the other side of the beam, measured the energy and the time of flight of the TLF's. The energy threshold of the TLF's was less than 1 MeV. The mass calibration of the TLF's was obtained by measuring the recoil energy and velocity of the target in the following elastic reactions: 40Ar + Ni, Ag at 44 MeV/u and 40Ar + Ag at 60 MeV/u. Due to the low kinetic energy of the recoil target the pulse-height defects in the detectors were important and corrected for by using the procedure established by Kaufman et al.8.

The data were analysed by selecting every PLF's charge detected at 3.5 degrees, calculating the mean value of the associated PLF mass, and by looking at the evolution of the corresponding mean values of the TLF's angular, velocity and mass distributions. Figs. 1-3 display the trends of these correlations as a function of the mean value of the PLF mass. Note that the mean velocities of each PLF measured in coïncidence with TLF were between 5 to 10% lower than the beam velocity in agreement with single measurements. As the detected PLF's mass decreases, the TLF's are emitted more and more in the forward direction and their velocity increases. This correlation bears close resemblance to what is expected in binary dissipative collisions. On the other hand, the mass-mass correlation in fig. 3 appears to be relatively flat. Although in the 40Ar + Ag .reaction at 60 MeV/u a large range of PLF fragments are produced, down to very light fragments, the corresponding masses of the TLF's remain close to the target one. The data were compared with the predictions of two calculations. The first, represented by full curves in figs. 1-3, is the abrasion model which includes dissipation. In this case, the detected PLF and TLF are the quasi-cold spectators and the undetected fireball carries all the excitation energy. The second corresponds to a calculation by Tassan-Got9 (open circles in figs. 1-3) following the prescription of RandruplO. Briefly, it is an event-by-event Monte Carlo simulation based on the stochastic exchange of nucléons between projectile and target. It is to be noted that in general the exchange results in a small net mass transfer, thus the detected PLF and TLF are the evaporation residues of projectile and target sources, carrying an amount of excited energy depending on the impact parameter. We can see that, except for the PLF-TLF velocity correlation (fig. 2), none of the two calculations is able to reproduce the totality of the PLF-TLF correlations. In particular, the discrepancy between the abrasion model prediction and the experimental PLF-TLF mass correlation has to be underlined (fig. 3). On the other hand, the stochastic exchange model fails to reproduce the PLF-TLF angular correlation (fig.l). In this last calculation the pre-equilibrium particle emission has not been taken into account although it should play an important role in the first step of the 40Ar + Ag reaction at 60 MeV/u.

PLF-LCP correlations.

In a second experiment, with the same system at 58MeV/u, we measured the coïncidences between the PLF and the light charged particles (LCP) emitted in the forward direction. The charge and the energy of the PLF were measured in six AE-E silicon ill telescopes located on each side of the beam at 2.8°, 4.8° and 11.4". A hodoscope of 22 BaF2 crystals covering the polar angles between 2.8° and 10° was placed on one side of the beam to detect the LCP. Pulse shape discrimination was achieved by integrating separately the fast and slow component of the light signal in the crystals. The combination of the pulse shape discrimination and the LCP time-of-flight measurement allowed the determination of the energy, charge and mass of the LCP 1 The average multiplicity of LCP's with velocities close to the beam velocity increases almost linearly when the charge of the PLF's decreases, in agreement with the data of Steckmeyer et al.12. This trend suggests an emission from an excited quasiprojectile, the excitation energy of which increases as the mass of the observed PLF decreases. Such a sequential emission process is substantiated by the double-hump in the LCP energy spectra.

From the velocities of the PLF's and of the associated LCP's, it is possible to reconstruct the recoil velocity and direction of the emitting nucleus and to get the LCP angular distributions and energy spectra in the frame of the emitter. The resulting angular distributions of proton and alpha particles associated with PLF, detected at 2.8°, are represented by histograms in fig. 4 in the emitter reference frame. In order to take into account the effects of the detection system acceptance we performed a simulation by using the event-by-event Tassan-Got9 code based on the stochastic transfer model as mentionned in the previous section. The simulated data, normalised on the experimental angular distributions of protons and alphas emitted in the forward hemisphere in the emitter frame, are denoted by hatched areas in fig. 4. From this comparison we can see that the whole proton data angular distribution is consistent with an emission by a hot equilibrated projectile as it is supposed in the code. In contrast, the experimental alpha angular distribution shows an excess of particles emitted in the backward hemisphere in the emitter frame which enhances strongly a possible contribution from pre-equilibrium emission. This non-equilibrium component seems to increase with the mass of the emitted LCP.

In the emitter reference frame, the shape of the energy spectra is the same for the forward and backward emitted protons and is also consistent with the simulation. The experimental a-particle energy spectra are consistent with the simulation in the forward direction but extend to much higher energies in the backward direction, suggesting again a large non-equilibrium contribution in the backward hemisphere.

Conclusions.

Fragments of a 58 MeV/u 40Ar bombarding a silver target seem to result essentially from the sequential decay of an excited quasi-projectile, the excitation energy of which increases as the mass of the detected fragments decreases and can reach temperatures as high as 5 MeV. This conclusion rules out the validity of the abrasion-ablation model at this intermediate energy and strengthens the strong dissipative binary character of the projectile fragmentation process. However, a sizeable contribution from pre-equilibrium emission is associated to the fragmentation process. In this case we can envisage that before the binary process takes place, a prolific pre-equilibrium particle emission could change the initial conditions of the two colliding nuclei by lowering the projectile mass and could explain the PLF-TLF mass correlation we measured in the 4 ^Ar + natAg at 60 MeV/u.

Motivation

Previous studies 12 of the Ar + Au and C + Au systems intermediate energies have shown the increasing importance of heavy residue formation (relative to fission) with increasing projectile energy (Figure 1). We thought it would be interesting to extend our studies to a significantly higher energy where "participant-spectator" mechanisms for producing target fragments might begin to operate. Accordingly we present, in this report, preliminary results from a radiochemical measurement of the target fragment yields, angular distributions and energy spectra for the interaction of 93 MeV/nucleon 36 Ar with 197 Au. 
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Results

These single particle inclusive measurements took place at GANIL. The entire experiment took 13 minutes of beam, in which 3-lxlO 13 ions were delivered to the target. Following procedures that have been described elsewhere, 3 -4 we calculated the fragment isobaric yield distribution from the measured nuclidic yields. The resulting fragment mass distribution is shown in Figure 2a. The fragment mass yields decrease essentially exponentially from massnumbers near the target to the lightest observed product mass numbers. Qualitatively this is characteristic of reactions 5 at much higher energies (Figure 2b).

In Figure 2c, we directly compare the fragment isobaric yield distributions from the interaction of 93 MeV/A M Ar (solid points, solid line) and 1.95 GeV/A 40 Ar (dashed line) with 197 Au (ref. 5). Apart from the yields of the intermediate mass fragments A < 60), there are remarkably similar shapes for the fragment isobaric yield distributions for these two reactions induced by projectiles of disparate energy. This agreement appears to be yet another example of the concepts of total projectile kinetic energy scaling of fragment yields and limiting fragmentation. (It is well-known that the fragment yield distributions are similar for the interaction of 3 GeV and 78 GeV protons with 197 Au.)

Because of this similarity in mass-yield distributions between the reaction of 93 MeV/nucleon and 1.95 GeV/nucleon Ar with I97 Au, we felt we should look at other characteristics of the two reactions to see how they compare. In Figure 3 we compare the measured angular distributions for A -125 nuclei from the interaction of 93 MeV/nucleon 36 Ar (solid triangles), 85 MeV/nucleon 12 C (solid line), 400 MeV/nucleon 20 Ne (dashed line) with 197 Au. The distribution from the Ar induced reaction is more forward-peaked than the reactions induced by the 1-8 GeV projectiles. Similarly, the longitudinal momentum transfer in the 40 Ar induced reaction is much greater than that seen in typical relativistic heavy ion reactions (Figure 4). Yet another demonstration that the "participant-spectator" conditions have not been met in the 93 MeV/nucleon 40 Ar + 197 Au reaction are the observed widths of the momentum distributions (Figure 5) which are much larger in the reaction under study than typically observed in relativistic heavy ion reactions. Thus, despite the similarity in mass-yield distributions between the reaction of 93 MeV/nucleon 46 Ar + l47 Au with typical relativistic heavy ion induced fragmentation of 197 Au, a "participant-spectator" mechanism is not consistent with other aspects of the data. MeV/nucleon 36 Ar with l97 Au (solid points) with that expected from the systematics 8 of relativistic heavy ion reactions (dashed line).

Motivations

At bombarding energies of about 30 MeV/nucleon, deep inelastic collisions have been shown to still represent a sizeable fraction of the reaction cross section and constitute a very efficient way to heat up nuclei 1. Measurements have been undertaken on a rather heavy system (Kr+Au) for which, at low bombarding energy, fusion is known to occur with a very small probability and deep inelastic reactions exhaust a large fraction of the total reaction cross section. The aim of the experiment was two fold. First, we wanted to see to what extent the available energy could be dissipated in these deep inelastic collisions, and then, where this dissipated energy could be found.

Experimental approach

Projectile-like residues having suffered a deep inelastic collision have been detected and identified in Z by means of a high resolution silicon telescope, set close to the grazing angle (7°). Neutrons were measured in correlation, using the 4TI ORIONI detector, a 3m3 liquid scintillator tank, loaded with Gd. In addition to the total multiplicity of neutrons measured event wise, the segmentation of ORIONI in four adjaccent sectors, centered on the beam axis, allowed significant measurements of the spatial distribution of the neutrons. As it will be shown, this information is crucial in order to infer the origin of the neutrons.

The data

The most interesting part of the data, in so far as the influence of impact parameter is considered in these peripheral reactions, is well shown on the scatter plots of Fig. 1 for some representative projectile-like fragments. For the highest Z's, down to Z about Z=20, two distinct blobs of data points can be distinguished, characterized by different kinetic energies and neutron multiplicities, M n . Whereas the most dissipative collisions (E<lGeV) are always characterized by very large Mn values, it is shown that, for the less dissipative ones, there is a strong correlation between kinetic energy of the projectile remnant and associated neutron number. Similar patterns were observed in Ar induced reactions.^ Many different impact parameters must contribute to generate such different projectile residues detected at a unique angle. For the largest impact parameters, dissipation is weak and the trajectory is essentially governed by Coulomb forces leading to a scattering angle close to the grazing angle. On the contrary, for the inner impact parameters involved here the energy damping is huge and the projectile must have orbited towards negative angles before being released. These two components are best observed for fragment Z's close to the projectile Z. They are parts of the two branches distinguishable in a Wilczinski plot-*, when the yields are represented in an energy versus emission angle space. The neutron multiplicity provides a very sensitive measurement of energy dissipation as this is well illustrated in Fig. 2, where all data (2<Z<37) obtained at 7° have been summed up irrespective of Z.

The second question raised by the neutron data concerns the origin of these neutrons and the quantitative information they can provide relative to heat. In order to be illustrative, the exit channel with Z=28 has been selected, with events of average kinetic energy E=1600 MeV (i.e. roughly 26 MeV/u, to be compared with the 32 MeV/u Kr beam). Although the projectile has been relatively weakly slowed down, one can demonstrate that the target nucleus has been strongly heated up. The distribution of the neutrons in the four sectors of ORION are shown in Fig. 3, as well as Monte Carlo calculations considering the detected fragment and its target partner (assuming two-body kinematics) as the main sources of neutrons. The detection efficiency is folded in the simulation code. Due to the large velocity of the projectile-like fragment, its evaporated neutrons can never reach the backward sector (A). One can thus use this selectivity to infer, from the data point of A, the total multiplicity of those neutrons emitted by the target-like fragment (open area) and show that there are much fewer neutrons that can be emitted by the projectile-like fragment (hatched area). It can also be seen that in the most forward sector (D) the simulation underestimates the number of measured neutrons. This is understandable since preequilibrium neutrons have been simply neglected in the simulation. In order to assess an excitation energy of the target-like nuclei from the deduced multiplicity of 30 evaporated neutrons, evaporation codes have been used, leading to E>700 MeV or T>6 MeV (assuming the level density parameter a=A/10). This example proves that pretty hot nuclei can be formed in rather peripheral collisions. Indeed, for the collisions leading toZ=28, as Emission from projectile-and target-like nuclei is given by histograms after Monte Carlo simulation considered above, the projectile-like nucleus has retained on the average 90% of its initial velocity. This implies that projectile and target nuclei have very little overlapped, as this was well illustrated by Rivet et al J in Landau-Vlasov calculations performed on a different system but at similar beam velocity. Because of the high impact parameters involved and the large observed dissipation, one also expects fairly large amounts of the initial angular momentum to be found as intrinsic spins of the partners in the exit channel. Indirect clues of such effects were obtained in Pb induced reactions when bombarding Au at comparable velocities. 4 REFERENCES;

ou m »-i ^-'-' u ~ 20 a Z 15
( 

Motivations

In a recent paper, Piasecki et al.l have reported on the presence of strong correlations between character of a collision, between 29 MeV/nucleon Pb and Au, and associated neutron multiplicity, M n . In particular, in a certain range of neutron multiplicities, binary fission of the projectile-like nucleus appears to be a dominant exit channel. By choosing Pb as a projectile, the heaviest beam then available at GANIL, a nucleus with a rather high fission barrier, the most peripheral collisions could not be probed by means of fission. The most central collisions could not be probed either by this channel since the system disassembles into a large number of light particles and intermediate mass fragments. By investigating in some details the characteristics of the fission fragments it is possible to gain relevant information on the fissioning nuclei, and this sheds light on the dissipative process for the corresponding impact parameters. In particular the transfer of relative angular momentum into intrinsic spin of the fissioning nuclei can be investigated since fission is well known to be very sensitive to this parameter.

The experimental approach

At variance with many previous experiments^ which have used the kinematical characteristics of the two correlated fission fragments to infer the violence of a collision, in the present experiment one has detected a single fragment and utilized the associated neutron multiplicity as a filter on the impact parameter. Once such a filter is applied, all interesting properties of the considered fissioning nuclei can be inferred from the measured characteristics (Z, E, 9) of this unique fragment.

The experimental set-up has been described in details by Piasecki et alJ. The fission fragments of the projectile-like nucleus were detected by means of a position-sensitive telescope subtending a detection angle of 14°, between 6° ad 20°. It consisted of two silicon detectors (200fim and 500|im thick for AE and E respectively), each divided into strips which provided us with the position in X and Y. Atomic numbers could be resolved up to Z=50. Target-like fission could not be measured because of the high energy threshold of this detector. As for the neutrons, they were counted eventwise by the 4JI detector, ORION, whose global detection efficiency was Monte Carlo estimated at 65% for the collisions under study.

The experimental data

The Galilei invariant cross-sections of the fragments are presented in Fig. l in the plane of the velocities, parallel and perpendicular to the beam direction for three different Z's and four neutron multiplicity gates (as they were registered i.e. without any detector efficiency correction). For M n smaller than 35, well known Coulomb rings are visible that have been fitted in order to carry out the main characteristics of the fissioning nuclei. As shown in Fig. 2, the average recoil velocity and deflection angle of the fissioning nuclei remain essentially constant for a given neutron multiplicity gate: as expected, the characteristics of the fissioning nuclei do not depend on the mass asymmetry of the splitting.

It is worth noticing that the fissioning nuclei are deflected at an angle slightly inside the grazing angle of 6.2 deg., whatever the considered neutron gate. This is a signature of the peripheral character of the corresponding collisions, that could also be expected from the rather modest values of corresponding M n . One will come back on this particular aspect of the collision (0 finite) in order to show that this allows gaining information on the spin of the fissioning nuclei. The second point worth being stressed is related to the velocity of the fissioning nuclei. As expected, it slightly decreases with increasing M n , as the collision becomes more dissipative. However, it remains in all cases fairly close to the beam velocity. This is a good signature of the rather peripheral character of the corresponding collisions. The dissipated energy can be inferred either from the deduced velocity of the projectile-like nucleus using a two-body kinematics or from the neutron multiplicity itself. Both approaches lead to consistent values of about 150, 360 and 550 MeV for the first three neutron gates considered in Fig. l. Taking into account the nearly symmetric character of the entrance channel, one is led to 75, 180 and 275 MeV excitation energies for the considered fissioning nuclei. This is rather small when 122 compared to the energy of 3 GeV available in this system. Again, this stresses the peripheral character of the corresponding collisions. The data from gate Mn=35-44 cannot be easily exploited because of the absence of well marked rings (Fig. 1), which will be discussed further later on. As a matter of fact, it is remarkable that the ring pattern of the invariant cross sections could be preserved with a fissioning nucleus not recoiling in the beam direction. This can be taken as an unmistakable evidence of strong spin effects. To show this, Monte Carlo simulations have been performed under two extreme and opposite assumptions. In these simulations, a fissioning nucleus with recoiling properties as derived from the above fitting procedure has been given either no spin at all or, on the contrary, high spin with strong spin alignment. In the first case the fragments are emitted isotropically in the emitter frame, in the second case emission is strictly restricted to the plane perpendicular to the spin axis i.e. to the reaction plane. The results of the simulation with large spins is qualitatively much closer to the experimental data than the calculated data under the assumption of low spin (Fig. 3). One can easily guess that, if the fissioning nuclei had recoiled in the beam axis, such spin effects could not have been evidenced since one would have seen rings in any case.

Another information carried out from the experimental data are the differential cross sections do/dZ once they have been integrated over the whole space. They exhibit gaussian shapes, roughly centered at half of the projectile Z. The small downward shift of the centroid with increasing M n reflects mainly the onset of charged particle emission when the excitation energy increases^. Indeed, for such a nearly symmetric system in the entrance channel, no change is expected, on the average, in the mean Z of the pojectile-like nucleus, but only a broadening in the distribution^. The projectile-like fission cross section integrated over neutron multiplicities smaller than 35 amounts to 880 mb. Even when considering in the next M n window events that can still be considered as binary fissions, the total fission cross section amounts at best to 20% of the reaction cross section. This provides an additional hint for the rather peripheral character for all collisions leading to fission. Why does the ring pattern evolves towards a disk pattern for the high neutron multiplicities? Can this be taken as a clue for smaller spins or weaker spin alignment?. As a matter of fact, other effects can blur the ring picture. The first one is linked to the influence of temperature: thermal fluctuations as well as the evaporation of particles prior and after fission tend to broaden the fission fragment distribution out of the reaction plane. The second effect is related to the dynamics of the collision. As discussed earlier, an average deflection angle of the targetlike fissioning nucleus could be determined, but not the fluctuations around the mean value. The more inelastic the collisions, the larger these fluctuations are known to be^. As a consequence the ring pattern can be blurred and appears more like a disk pattern. Finally when M n increases there is no evidence that all the detected fragments are still of binary fission origin. There are even clues that some are not, however in absence of coincidence measurements between two fragments, it is difficult to make any selection.

Conclusions

Sequential fission of projectile-like nuclei originating from rather peripheral collisions have qualitatively shown the importance of spin effects (high spins and strong spin alignment) in such collisions. More quantitative information would require a good knowledge of the reaction plane which was not provided in the present experiment. This type of collisions appears very promising to generate moderately excited nuclei in high spin states and could be an alternative to the more conventional compound nucleus approach. The isotopic distribution of heavy ion peripheral and half-center collision at intermediate energy can not only give useful information about nuclear property and nuclear reaction mechanism but also be important for developing secondary beam technology and searching new nuclides .The isotopic distribution of dissipatxve fragmentation reaction of Xe on Zr target in the magnetic spectrometer SPÉG is measured.A focal plane detector of measuring the energy ,range,position and TOF of reaction products is used to get particle identification by the way of certain software modification.

The experimental data are recorded on magnetic tapes in event-by-event mode through the GANIL data acquisition system.The off-line analysis of the data is performed at the institute of modern physics,china.Fig. 1 shows the particle identification spectrum ( a i charge Z spectrum,b? charge state Q spectrum , cmass spectrum).On the base of particle identification, the isotopic distribution can be obtained. The cross mark in fig. 2) shows the isotopic distribution of 44MeV/u Xe+ Zr reaction.A modified abrasion-ablation model with considering the thickness of neutron -skin predicated by the Droplet model and empirical one body dissipation theory at intermediate energy is used to fit the experimental results (the circle mark in fig. 2).From this study, the following results can be obtained: when using a heavy projectile at intermediate energy, the reaction process is not a pure fragmentation process but a complex process including the transfer reaction,fragmentation and dissipation process , so that the excitation energy of the reaction products will be important for isotopic distribution and the reaction products will be moved in the direction of /":<-stability line by evaporating more nucléons and particles. N'/Z ratio of the reaction system and the diffuseness of nucléon distribution in the projectile also play certain role in isotopic distribution .Therefore to get secondary beam of heavy exotic nucleus or to synthesize new heavy isotopes ,the yields could be improved by choosing the type and thickness of target and the energy of projectile. 
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Motivation

One of the outstanding results of the experiments at intermediate energies is the rapid disappearance of fission in central collisions [1]. This result was obtained by measuring the folding angle distribution of the two fission fragments emitted in the system Ar + Th at incident energies between 31 and 44 MeV/u. While the fission cross section of peripheral reactions remain nearly constant with energy, the fission yield from central collisions decreases by 50% within this small energy interval. The question which decay channel takes over the missing part of the reaction cross section, remains open until now.

Possible answers are: (i) A transition from binary fission to multifragmentation, an idea supported by many experiments which report increasing yields of inteimediate mass fragments (IMF) in this energy regime, (ii) A fission process accompanied by the emission of IMF's reducing the detection probability of fission in the quotedexperiment. (iii) A transition from fission to another decay mechanism, e.g. the production of heavy residues. This could be caused by an increasing number of preequilibrium and/or evaporated particles. The remaining lighter nuclei survive due to their higher fission barriers.

We have performed two experiments to shed light on this question. The first one was oriented towards the study of possibilities (i) and (ii) and the second one, carried out very recently, was focussed on the study of heavy residues. Coincidences between fission fragments are measured with three PPAC's, two of them labelled 1 and 2 had an active area of 30 x 30cm 2 and PPAC 3 with a surface of 15 x 17cm 2 , all at a distance of 30 cm from the target. Combination 1-2 selects fission events from central collisions with folding angles close to 100°, while combination 1 -3 favours the peripheral ones. In contrast to the previous experiment [1] the out-of-plane distributions are measured directly.

Experiment studying fission and correlated IMF emission

In the backward hemisphere eight telescopes were installed to detect the IMF's, either using Si-diodes or ionization chambers as AiJ-counters. They were installed 14 cm apart from the target at angles between 120° and 180°. Two of them were placed out of plane.

The first question to answer is whether the out-of-plane width of the fission fragment angular correlations changes with incident energy. The widths for the pe- ripheral collisions do not vary with incident eneigy, while for central fission reactions the width increases by 25% with the" incident energy. This difference has not been considered in ref. [1]. Yet, it only slightly reduces the drastic effect reported, the main problem still remains open.

Next, the multiplicity MJMF of IMF (A>4) emitted in coincidence with fission was measured as a function of the transferred linear momentum for the two incident energies 31 and 44 MeV/u. An IMF emitted into the backward hemisphere implies an additional momentum onto the fissioning nucleus. This effect has been taken into account in the calculation of p\\ from the folding angle of the fission fragments. The angular distribution of the IMF has been found isotropic for the measurements at backward angles and such a shape has been assumed also for the forward angles to calculate the IMF multiplicity. This probably is an underestimation. As expected the IMF multiplicity is highest for central collisions. But at the two incident energies the same transferred linear momentum corresponds to different IMF multiplicities. It is argued that the key parameter for the IMF emission is the deposited energy [2, 3]. Therefore, we have converted the transferred linear momentum p\\ into an excitation energy E x using the rather general relation [4],

Ei and p< are the energy and momentum of the beam respectively. This relation holds for various mechanisms from the massive transfer up to individual nucleonnucleon collisions, only the coefficient a varies slightly. From ref. [5] a coefficient a = 0.7 was deduced for the system Ar + Th at the incident energies considered here. After this conversion the two curves as shown in fig. 2 coincide and prove that MJMF is proportional to the excitation energy. At the higher incident energy higher values for MJMF are observed in central collisions reflecting increasing excitation energies. This result is in contrast to the saturation observed in the neutron multiplicity measurements and favour our previous conclusion of still increasing excitation 
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Figure 2: Multiplicity of the IMF emission as a function of the excitation energy deduced from the fission fragment masses [1].

A quantitative analysis of the cross sections and multiplicities for central collisons from this experiment is given in table 

: Summary of the cross sections and multiplicities. The cross sections for fission are taken from ref. [l] but corrected for the out-of-plane width and renormalized to the reaction cross section of ref. [€].

In the last column the cross section for the IMF produced in central collisions leading to fission is given. It can be seen, that a part of the IMF cross section, measured in single, must originate from another process. The most likely answer is the production of heavy residues in central collisions and hints were already reported in ref. [6]. This has led us to conceive a dedicated experiment for studying heavy residues.

Experiment studying heavy residues and correlated IMF emission

Very recently an experiment has been performed to detect heavy residues in coincidence with IMF and light particles. The main goal of the experiment was to investigate quantitively the role of heavy residue production in central collisions.

The setup consisted of 32 PIN-diodes of 3 x 3cm 2 size installed between 6° and 42° to measure the heavy residues, 8 telescopes of the TEGARA type (prototype for INDRA) to detect IMF's and fission fragments, 35 BaF 2 at backward angles to measure the light particle multiplicities and various other detectors to characterize the centrality of the events. The data analysis of this experiment is still in progress.

Motivation

Assessment of the total excitation energy generated in a nuclear reaction is one of the major experimental problems in the study of hot nuclei. The thermal energy, E t j,, can be evaluated by measuring the multiplicities of evaporated light particles and by estimating the excitation energy removed through this emission. In the following, the most probable Eth value for the highly dissipative collisions is inferred from the neutron multiplicity alone using the statistical model, with reasonable assumptions about the reaction mechanism.

Experimental Procedure

The neutron multiplicity distributions were measured in two different experiments using the Gd-loaded liquid-scintillator 4JI detectors of CE Bruyères-Le-Châtel (o 1 m, 500 1) and of HMI Berlin 06 1.4m, 15001). A beam of 44 MeV/u Ar was used to bombard a total of seven different targets.The neutron counting was triggered by a prompt signal due to the detection in the scintillator of protons elastically scattered by neutrons and of reaction y-rays. Owing to the very low detection threshold (Ey=2 MeV), the trigger condition was fulfilled for almost all the collisions leading to nuclear reactions, even for very peripheral ones.

The detection efficiency for neutrons emitted in highly dissipative collisions was calculated with the Monte-Carlo codé DENIS2 [1], taking into account the geometry of the neutron detectors.

Experimental Results

Examples of neutron multiplicity distributions, corrected for background but not for the detector efficiency, are presented in Fig. 1 for different systems. These distributions exhibit clearly two components: a shoulder at low multiplicity corresponding to the most peripheral collisions, and a Gaussian-like bump at higher multiplicities. Remarkably, similar quantitative features are deduced from such distributions for systems of different mass asymmetry. These include a constant proportion (about 55%) of the total reaction cross section represented by the high multiplicity bump and a similar slope of the distributions for the highest multiplicities. The understanding of these features, although challenging, has not been achieved, as yet. The multiplicity value corresponding to the maximum yield in this bump, < M£' s >, (represented by arrows in Fig. 1) is highly interesting because it has been observed to be very close to the most probable neutron multiplicity (or to the mean value as the distribution is almost symmetrical) measured in very dissipative collisions. Such collisions were selected by requiring detection of two coincident fission fragments exhibiting small correlation angles [2] or of light charged particles (lcp) at backward angles [3,4].

The values of < M$ is >, corrected for the detector efficiency, are presented in Fig. 2 (left-hand scale) as functions of the target mass, for the seven systems studied.

Thermal energies

The statistical code Gemini [5] was used to compute the thermal energies corresponding to the observed values of < M$ is >. The extracted values of Eth were found to be virtually independent of whether the emitter is assumed to be either the target nucleus or a system formed in an incomplete fusion reaction. Using the statistical model allows to take into account the competition between neutron and lcp emission. The calculated values of Eth (Fig. 2, righthand scale) show that the observed strong increase of < M$' s > with the target mass is mainly due to the enhanced dominance of neutron over lcp emissions when the emitter N/Z ratio is large, i.e., for heavy nuclei. An independent confirmation of the extracted values of Eth can be obtained by comparing the predicted lcp multiplicities to those actually measured for some systems [3,6] ). A reasonable agreement is observed, suggesting the that the assumed scenario is realistic. The inferred energies are about 500-600 MeV and vary only weakly with the target mass, specially for large masses. These values are significantly lower than those predicted in the massive-transfer picture (= 890 MeV for Ar+Au, assuming 60% of the full linear momentum transfer). This picture, although fairly useful for asymmetric systems at bombarding energies below 30 MeV/u is probably no longer adequate at higher energies. 

System

Motivation

At low energies (10 MeV/nucleon), the fusion of a heavy nucleus such as 129 Xe with another heavy nucleus l97 Au is not possible because the Coulomb repulsion between the interacting nuclei is too large to be counteracted by the nuclear attractive forces. As a result, even central collisions lead to deep inelastic scattering. At high energies (>100 MeV/nucleon) we know 1 that the interaction of 139 La + 197 Au is dominated by "participantspectator" dynamics, in which deep inelastic scattering does not play a role. It is an interesting problem in the study of nuclear reaction dynamics to be able to understand this transition in behaviour.

We 2 have previously shown the importance (and persistence) of deep inelastic scattering in the reaction of 21 MeV/nucleon 129 Xe + 197 Au. We thought it would be important to push these studies to higher energies to see how the deep inelastic scattering reaction mechanism evolves with energy. Accordingly, we measured the yields, angular distributions and recoil properties of the target-like fragments for the interaction of 35 and 45 MeV/nucleon 129 Xe with l97 Au using radiochemical techniques 3 .

Results

The experiment was performed at G ANIL utilizing the 45 MeV/nucleon I29 Xe beam. For the measurements with 35 MeV/nucleon I29 Xe, the primary beam was degraded using carbon foil degraders.

In the angular distribution experiment, we measured dtr/dfi (0) for > 100 target-like fragments at laboratory angles of 7.1, 13.6, 21.9, 32.3, 46.2, 61.5, 79.8, 100.2, 118.5, 135.6 and 155.5". Preliminary results from the interaction of 45 MeV/nucleon 129 Xe with 197 Au (Figure 1) show some interesting trends. In these distributions, one observes a gradual evolution of the fragment angular distributions from a sidewise peaking (A ~ 195) to peaking at intermediate angles (~60* for A=183) to a forward peaking (O'for A ~ 160). Presumably this change represents a transition from quasi-elastic scattering to a two body inelastic process to incomplete fusion.

The target-like fragments are substantially more forward-peaked than would be expected from current models incorporating dissipative effects. For example, the model of Bonasera et ai. 4 would predict the mean laboratory angles of emission of the TLF's to be ~67* for A=140 and 77* for A=181, for the 45 MeV/nucleon I29 Xe + 197 Au reaction while we observe the A.<. fragments to be strongly forward peaked and the A=183 fragments be emitted at a mean angle of 60*. The onset of fragmentation processes may be occurring at lower energies than expected from that model. The fragment isobaric yield distributions (Figure 2) show the evolution of reaction mechanisms with increasing projectile energy. One observes the decrease in sequential fission of the TLF with increasing projectile energy along with a dramatic increase in the formation of the intermediate mass fragments (A<60). A detailed analysis 2 of the latter trend shows a threshold for the production of A =20-40 IMFs to correspond to a projectile energy of ~30 MeV/nucleon (E -950 MeV, T~7 MeV). This estimate of the threshold energy for IMF production is more consistent with the evaporative decay of the composite system (which could produce the larger IMFs seen in our observations) rather than cluster formation 5 from low density nuclear matter (which requires T~ 15 MeV and leads to smaller fragments).

MeV/N Xe+Au

At 21 MeV/nucleon, the observed values 2 of the fragment N/Z ratios, the fragment spin distributions (as deduced from isomer ratios); the shapes of the heavy fragment yield distributions and the fragment energies (as reduced from recoil measurements) are essentially the same as observed 6 in the interaction of 6.6 MeV/nucleon Xe with Au where deep inelastic scattering is known to be the primary source of TLFs. Thus we concluded 2 that primary mechanism responsible for the production of heavy target residues in the higher energy reaction was deep inelastic scattering. Au. Also shown as a dashed line are the fragment energies expected for the repulsion of touching spheres, which describes the TLF energies for the 6.8 MeV/A Xe + Au reaction.
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At 35 and 45 MeV/nucleon, while the fragment N/Z ratios and spin distributions are essentially the same as seen in the interaction of 6.6 MeV/nucleon Xe with Au, the fragment energies (as deduced from recoil measurements) are too low to be consistent with deep inelastic scattering (Figure 3). The deduced fragment energies are a small fraction of what one calculated for completely damped events (and much less than those observed for TLFs in 6.6 MeV/A Xe + Au reactions). It would seem that while dissipative processes may be operating in the reaction of 35 and 45 MeV/nucleon 129 Xe with I97 Au, the amount of the momentum being transferred to the target-like fragment is very small.

Motivations

Recent coincidence measurements showed that the Kr + Au collisions remain strongly Jissipative up to 44 MeV/u i . Indeed, the velocities of projectile-like and target-like fragmems suggest a dissipation of about 1.5 GeV for mid-central collisions. This experiment aimed at studying the deexcitation of the fast projectile-like fragment produced in these collisions.

Experiment

The 44 MeV/u 84 Kr beam delivered by GANIL bombarded 500 mg/cm 2 selfsupporting Au targets. Three multidetectors were operated in the scattering chamber Nautilus: XYZt 2 which measures fragments with Z>7 in forward direction, MUR 3 which measures particles with Z<8 between 3 and 30° and one hemisphere of TONNEAU 4 which measures particles with Z<4 between 30 and 90°. The data acquisition was triggered by double or higher order coincidences between two modules of XYZt. For each event, the velocity vectors and the atomic number Z of all coincident fragments and the associated light particles were recorded.

Results

As a scale on the impact parameter, we shall use ZLP which is the sum of the charges of all particles with Z<3 detected in TONNEAU and MUR. A maximum value of 30 was observed for ZLP. When ZLP < 18, a fast fragment (V/Vp>0.67, where Vp is the beam velocity) was observed in a large fraction of the events. It has been shown that this fast fragment is the secondary projectile-like nucleus K and that the coincident slower fragment has been emitted by the target. When ZLP increases from 0 to 17, the charge of the fast fragment decreases from Z=33 to about 10 while its velocity decreases from Vp to about 0.7Vp. In the hypothesis of two-body kinematics and no mass-drift, this corresponds to a dissipation of about 1.5 GeV '. In the present work, double coincidences in which one fast fragment is present and for which ZLP<18 have been selected.

The light particle spectra have been considered in a system bound to the fast fragment. The z-axis has been oriented along the direction of the quasi-projectile in the cm. system. In this system, the velocity V sys of the light particle is the relative velocity between the particle and the fast fragment. The projections V// sys and Vj_sys, the kinetic energy E sys and the angle 6 sys were determined for all light particles event by event. It was checked that particles emitted at 8 sys <9()° are emitted sequentially by the projectile-like nucleus. This is demonstrated by circular isocontours observed in d 2 M / sin0 sys dV// sys dVj_ sys spectra 5 . Particles emitted by other sources contribute significantly at 9 S ys> 90° only. The multiplicities of the sequential component (Fig. l) were therefore obtained by integrating the range 9 sys =0-90° and multiplying it by a factor 2.

In fig.l are shown the energy distributions of Z=l, 2 and 3 particles in successive bins on ZLP. TO calculate E sys from the measured V sys , it was supposed that the particles with Z=l, 2 and 3 have masses 1, 4 and 6, respectively. That the production mechanism is not pure statistical evaporation is demonstrated by two observations. First, the shape of the spectra depends little on ZLP. Since the collisions are more central when ZLP increases, one would have expected that the deposited excitation energy and the temperature T would increase. The measured multiplicities increase indeed, but the shapes of the distributions vary little. Second, trying to extract T from the slopes of these spectra yields unrealistic temperatures of the order of 15 MeV for Z=2 and 25 MeV for Z=3 particles, while T^6 MeV for Z=l particles.

The evaporation component is indicated in fig. 1 by the dotted curves and has been calculated with the code PACE 6 . The calculations have been performed for 84 Kr nuclei with excitation energies of 100, 125, 150, 180 and again 180 MeV in the bins Z L p=3-5, 6-8, 9-11, 12-14 and 15-17, respectively. These values of the energy have been chosen because the predicted multiplicities for Z=l particles, the spectrum of which is dominated by evaporation, do not exceed the measured ones at any value of E sys . The corresponding predictions of PACE for Z=2 particles exceed the measured values by a factor close to 2 in the vicinity of the Coulomb barrier. For Z=3 particles, PACE makes no predictions, while multiplicities predicted by other evaporation codes are smaller than our data by orders of magnitude.

To improve the quality of the fit, we have tentatively added a fragmentation contribution to the evaporation one. This is justified if one supposes that the light particles are emitted after reseparation, some of them going off before thermalisation has been reached so that their energy spectrum still reflects the Fermi motion. The others are evaporated later. The fragmentation component is indicated by the dashed curves and has been calculated with the Goldhaber formalism 7 modified to take into account the velocity damping and the Coulomb repulsion between the emitted particle and the rest of the projectile: dM/dE sys = F exp(-(p-p 0 ) 2 /2o-2) where:
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and Apart is the mass number of the particle, A p that of the beam, c the velocity of light and mjsj the nucléon mass. The factor F was adjusted to fit the data. The Coulomb velocities V cou i have been calculated for spherical nuclei and are equal to 3.57, 2.33 and 2.23 cm/ns for Z=l, 2 and 3 particles, respectively. To yield the best % 2 , the parameter oo has been taken equal to 70, 85 and 100 MeV/c for the same Z values. A unique value of 85 MeV/c would have yielded nearly the same result.

The sum of the two components is indicated by the full curves. The success of our approach confirms that the mechanism of the reaction is basically a damping process analogous to the low bombarding energy regime, but that the difference appears in the deexcitation step l . Surprisingly, the Goldhaber's formalism applies to particles which are emitted sequentially, i.e. after a time longer than the interaction time. Even more surprising is the fact that the value found for ao 2 is close to the one which is used at much higher energies. This seems to show the influence of the Fermi motion on the deexcitation mechanism. We report here on a series of experiments with the reactions 4O Ar + Au. Th using beams of 27, 35, 44 and 77 MeV/u from the GANIL-accelerator. These investigations have been motivated by the unexpected and very puzzling result of a fission correlation study by the Saclay-Darmstadt group [1] and others [2], namely the disappearence of the high-linear momentum transfer C LMT 3 peak from the folding angle distribution of correlated fission fragments for incident energies in excess of 35 MeV/u.

In order to probe further the mechanism of these reactions in this energy range we have supplemented the customary experimental set-up by a 4n -neutron multiplicity detector [3, 4] C actually, two different scintillator tanks have been used in the course of this investigation, a small reconstructed 500 1 detector from CE Bruyères-le-Châtel, followed by a 1500 1 detector from Hahn-Meitner-Institut D. These detectors surround the reaction chamber with the charged particle detectors inside and allow to count the neutrons which are evaporated in each reaction with a high efficiency C approaching 75 to 90%, respectively, for 2 MeV neutrons ), thereby providing a sensitive filter on the total energy dissipation in the reaction, which is in turn related to the centrality or the impact parameter of the collision. Moreover, and contrary to the folding angle method, this filter does not depend on the specific decay properties C binary fission ) of 1 the highly excited complex formed in the reaction.

In Fig. I we exhibit the inclusive neutron multiplicity distributions obtained with these detectors for Ar + Th at the four different bombarding energies, and in doing so we confront them at the same time with the corresponding folding angle spectra. The latter ones are from the Saclay-Darmstadt collaboration, supplemented, however, at 27 and 77 MeV/u by our own data. The neutron number spectra on the left side of the figure have been calibrated, i.e. corrected for the detector efficiency and normalized to give absolute cross sections. The shape of these spectra shows the same composition from peripheral and central reactions as do the folding angle distributions, at least for the lower bombarding energies C the neutron number scale has been inverted in the figure in order to emphasize the analogy to the folfing angle spectra ). However, whereas the correlation angle spectra experience the aforesaid decline and disappearence of the central collision bump with increasing incident energy, the corresponding maximum at high multiplicity in the neutron data persists unaffected throughout the whole range of incident energy. The cross section for these central and very dissipative reactions amounts invariably to nearly half of the reaction cross section. The central collisions thus do not forfeit their capability for massive energy dissipation, as one might have concluded from the loss of the high-LMT peak in the fission correlation spectra. The reason for this disappearance has therefore to be searched for in the exit channel, i.e. in a variation of the decay properties of the reaction complex.

In order to investgate the decay properties we have made two kinds of measurements : C i J cross measurements' between in-and out-of-plane folding angle C6ibid) and the multiplicity of the associated neutron evaporation, and C ii ) at 44 and 77 MeV/u, measurements of the angular distribution of fission-and heavier fragments, once more in coincidence with the neutron emission.

In Fig. 2 we present as examples for C i ) the in-plane folding distribution for Ar + Th recorded at the lowest bombarding energy, 27 MeV/u. where we still have the doublehumped LMT-profile and at 44 MeV/u, where the high-LMT component has diappeared. The figure shows also the average neutron multiplicity <Mn>, as accumulated for small bins in 9foid. IR the two examples as well as at the other energies and also for Ar + Au, <Mn> increases strongly when going from large folding angles near 180° towards smaller ones. The initial steep rise diminishes beyond the peripheral peak when the competition of charged particles in the evaporation chain sets in, and finally <Mn> bends over into a plateau. From this evolution of <Mn> with 9foid we see that, indeed, the energy dissipation increases with LMT and vice versa, as one would expect. When <Mn> becomes constant in the high-LMT region this may indicate that the energy thermalization has effectively saturated by then and that smaller folding angles are not due to larger LMT' s but rather originate from broadening effects introduced by particle emission and by the fragments mass asymmetry.

The disappearenoe of the fusion-like maximum in the folding angle distribution for Eine £ 35 MeV/u has no obvious effect on the relation between <Mn> and 8fold. <Mn> still increases for smaller ©fold beyond the peripheral bump, showing that events in this region come from more violent collisions. There are, however, some features in our measurements which exhibit a discontinuity for Eino ^ 35 MeV/u: Whereas at 27 MeV/u we observe a regular increase of the sum energy of the two detected fragments with decreasing folding angle, this relation gets lost beyond the peripheral bump at higher bombarding energy. Also, folding angle measurements made out of plane C with a relative azimuthal angle of 60, 90 and 120 degree between the same type of position-sensitive solid state detectors which have been used in plane and which do not discriminate against lighter or intermediate mass fragments, IMF ) exhibit a yield which becomes more and more important with increasing bombarding energy. From this observation we conclude that the binary character of the decay gets lost in the considered energy interval by the emission of a third C or even a fourth ) heavier fragment or IMF prior or simultaneously with the fission decay.

So as to consolidate this hypothesis we have C ii ) studied the fission decay also with simple time-of-flight detectors, which do not impose a condition on the spatial correlation between two fragments. With these detectors we do indeed observe at Einc= 44 and 77 MeV/u a large yield of fission-like fragments not only from peripheral but notably also from central reactions. Fig. 3 displays their laboratory angular distribution at Einc-44 MeV/u. The yield is strongly forward focused in both cases due to the recoil momentum imparted in the reaction. The integrated cross section amounts to about 1000 mb for Au and much higher. 3000 mb. for Th. because of the important contribution from sequential fission. The full extent to which different LMTs contribute to the fission process becomes evident, when we decompose the angular distribution according to the associated neutron multiplicity. This has been done for the distribution from Ar C 44 MeV/u 3 + Th in Fig. 4 for five consecutive bins in neutron number and we can see that the character of these distributions changes noticeably with the neutron number. The lowest neutron window selects mostly sequential fission. The average LMT in this window, as determined from the condition that the emission has to be symmetric with respect to 90° in the reference system of the emitting source, is only 5% and the angular anisotropy is very weak. With increasing neutron number both quantities, LMT and anisotropy increase and in the upper two neutron bins, which comprise only central reactions, the LMT arrives at 42%. The total fission cross section for central reaction C defined here by the evaporation of 29 or more neutrons, or equivalently by 6ioid £ 150°, see Fig. 2 3 is 1300 mb.

When nearly doubling the incident energy to 77 MeV/u, we find that the LMT for ihe bulk of the central reactions for Ar • Th has dropped to slightly below 30% and the respective fission cross section has also diminished to about 1000 mb. The two values for the LMT at 44 and 77 MeV/u translate within the massive transfer picture to an excitation energy of 630 and 770 MeV, respectively, which is fully consistent with what has been deduced [5] from the evaporated particle multiplicities registered in the same experiment.

Simultaneously with the fission fragments we have observed another group of still heavier residues C HR ), which had been recognized before [6]. Their main characteristics are: average masses of 140 to 150 amu C for Ar + Au 3, a strongly forward peaked emission, high associated neutron multiplicity, as high as in the central collision maximum of the inclusive neutron number spectra, and a very broad energy distribution. The energy distribution extends up to 150 MeV, its maximum, however, is cut off on the low energy side by the detection thresholds. Due to this truncation only lower limits for the production cross section can be given: about 950 mb for Ar + Au and 300 mb for Ar • » Th at Einc* 44 MeV/u and similarly at 77 MeV/u. These features suggest, that the HR may be released when IMF-emission depletes the reaction complex so thoroughly in mass and charge as to hinder the fission decay.

In summary we find, that in the reactions Ar (27 to 77 MeV/u) + Au, Th fission and heavy residue production exhausts the central collision cross section to a large extent. True multifragmentation marked by exclusively small reaction debries can therefore, in spite of the observed ample IMF-emission, be only of secondary importance. The IMFemission, however, destroys the binary character of the decay in the fission branch and this could presumably also explain the disappearance of the high-LMT peak from the folding angle distributions.

PRODUCTION OF INTERMEDIATE MASS FRAGMENTS IN HEAVY ION REACTIONS AT INTERMEDIATE ENERGY

M. Cavinato 

Motivation

The production of Intermediate Mass Fragments (IMF) in intermediate energy heavy ion collisions has been extensively studied in recent years (1). In this respect a clear signal of the multifragmentation mechanism has been experimentally observed by some groups (2).

From the theoretical point of view different approaches have been proposed to explain the origin of these IMF, but the inclusive data are well described by all of them. Therefore, to distinguish between different mechanisms, it is necessary to perform exclusive experiments collecting as much as possible information : an event-by-event coincidence measurement with a large solid angle acceptance is required to try to understand fragment formation mechanism.

We have started experiments using reverse kinematics reactions with a multi-element detector of high efficiency for a wide range of masses. The first measurement, performed at Ganil laboratories, consisted in a 45 MeV/A 12 ^Xe beam impinging on a ^Cu target. IMF (Z>2) were completely measured, while light particles were partially undetected. To overcome this problem we plan to couple our apparatus to a high efficiency light particles detector.

A first comparison between experimental three-fold events and the prediction of a statistical binary decay model (GEMINI code (3)) has been performed

The Experiment

The detecting system (4) is made of 48 telescopes covering from ±3° to ±23° in and out of plane. Each telescope has a front cross section of 50x50 mm 2 and it is made of an axial ionization chamber filled by flowing CF4 gas, followed by a two-dimensional position sensitive solid state detector (5), 500 (im thick, and a CsI(Tl) scintillator, 2.5 cm thick. The gas pressure inside the ionization chamber and the voltage of the detectors are controlled and kept constant during the experiment with a VME control system (6). The front face of each telescope is tangent to a sphere 50 cm in radius centered on the target; the array was mounted inside the scattering chamber Nautilus. Within the covered solid angle, the geometrical efficiency (7) of the array is 72%; the loss is mainly due to the dimension of the detector frames.

The energy calibration of the detectors has been performed with a Xe beam at two different incident energies; the position calibration of the Silicon detectors has been made following a method described in Ref. (5). The obtained energy resolution is of the order of 1% for Silicon detectors and of the order of few percent for ionization chambers and for Csl scintillators. The position resolution has been measured with a suitable mask; the resolution resulted of the order of 1 mm in the central region, which corresponds in our configuration to approximately 0.1°. The resolution worsen to 3 mm (0.3°) close to the sides of the detector. The energy threshold of the detector is essentially given by the ionization chamber and confirms the calculated value of about 2 Me V/A for all the detected fragments.

In Fig.l a typical AE-E spectrum for fragments stopped in the silicon detector is shown and compared with calculated values from energy loss tables. Fig. 2 shows a plot of a particle identification function (PIF) for the fragments stopped in Csl. A good Z resolution is achieved.
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Results

The performances of the apparatus show that it is a powerful instrument for the study of the IMF emission in reverse kinematics experiments. The analysis of the experimental data is in progress. The very preliminary results, over a few percent of the collected data, show a total charge of the IMF, detected for the two-and three-fold events, of about 36, slightly less than the total charge predicted by the Gemini code, based on the statistical binary decay model with the inputs from the Viola systematics.

For the three-fold events we plotted the experimental distribution of the highest Z values as a function of the lowest one, normalized for each event to the total charge and we compared this bidimensional spectrum to that obtained from three-fold events generated by the Gemini code. While the calculation shows that the most populated regions correspond to fission-evaporation deexcitation mechanism (see Fig. 3), experimentally the region of the 3 nearly equal masses is highly populated (see Fig. 4).

This seems to indicate that a different mechanism in the IMF production is involved with respect to Gemini code assumptions. To investigate the origin of these fragments and to state if a prompt multifragmentation exists or. ., one has to do a more sophisticated analysis, where for example relative angles and velocities are calculated, quantities which seem to be sensitive to the mechanism (8).

We stress that the good position resolution of the apparatus allows for a precise reconstruction of the kinematics. Calculations based on dynamical models (Landau-Vlasov) are in progress.

A comparison with experimental data could give more information on the dynamics of the IMF production and in particular on the impact parameters involved for this kind of mass distribution for three-fold events. 

ORIGIN OF PRE-EQUILIBRIUM EMISSION

-MOTIVATIONS

Mid-rapidity nucléons and clusters are emitted in the .first stage of the nucleusnucleus encounter. At relâtivistic-energies, they are issued from the decay of a very excited participant zone (fireball) separated from the spectators. They can also be issued from collisions of the projectile nucléons on the target nucléons in the initial interaction volume. These processes are expected to vary as a function of the initial interaction volume, which is directly related to the impact parameter value b . In order to reach meaningful and detailed conclusions, it is necessary to sort the events as a function of b . This pre-equilibrium emission must be distinguished from the particles issued from the equilibrated fusion nucleus.

We have performed an exclusive experiment in which the charge and velocity of nearly all charged products were measured on an event by event basis. We have chosen the system. The 47T detector array Mur+Tonneau is described in contribution : "Charged particles calorimetry of 40 Ar+ 27 Al reactions from 36 to 65 MeVlu ". The selection of well measured events is described in "Using global variables for impact parameter determination..."as well as the impact parameter sorting based on the average parallel velocity of detected products.

Fig. 1 :

Average mid-rapidity charge per event, versus the impact parameter value b. The dotted curve is the charge of the participant zone in the abrasion geometry (fireball). 

-PRE-EQUILIBRIUM EMISSION AS A FUNCTION OF IMPACT PARAMETER

Contour plots of the invariant cross sections versus 8// and B+ exhibit an equilibrium component (discussed in contribution "Chargedparticles calorimetry of 40 Ar+ 27 Al reactions from 36 to 65 MeV/u ") and, for Z=l and 2, a component around half the projectile rapidity. The total number of charges in this component is shown in Fig. 1 versus the impact parameter, at 45 and 65 MeV/u. In central collisions, it reaches one third of the total charge of the system, (i.e. the nucleus issued from fusion between the remnants of the projectile and target nuclei is very far from complete fusion). At variance with relativistic energies, this number of emitted nucléons is very much lower than the number of participants in the geometrical abrasion model (dotted line in Fig. 2). As expected, it increases with the incident energy.

-NUCLEON-NUCLEON COLLISIONS OR SEPARATED PARTICIPANT ZONE ?

In Ref. 1, we attributed this mid-rapidity component to emission after one (or two) collisions of a nucléon on nucléons of the other nucleus. But it could also be attributed to emission from a separated participant zone, especially for clusters.

Another piece of information is given by the azimuthal direction of these preequilibrium particles. The direction of the reaction plane has been determined with the transverse momentum analysis method (Danielewicz and Odyniec) for studying the flow (see contribution "Inversion of flow and equation of state"). The azimuthal distribution of midrapidity protons is shown in Fig. 2. 0° is the impact parameter vector direction. The distribution is fitted with a function ao+aicos([>+a2cos2<]>. ai is related to the in-plane flow. The bottom line is the a2cos2«j> contribution (shifted up by O.25ao). a2 is positive, reflecting a preferential emission in the reaction plane (minima at ± 90°), as would result from an angular momentum perpendicular to the reaction plane. In this interpretation, the lifetime of the source is not negligible, i.e. it is not consistent with direct emission after one collision. This angular momentum effect should increase with the mass of the emitted particle and with the impact parameter. Such a behaviour is indeed observed : Fig. 3, showing the ratio a2/ao for mid-rapidity particles. More data can be found in Ref. 2.

-CONCLUSION

Cluster emission and azimuthal distributions agree with the formation of a participant zone in collisions above the Fermi energy. Its volume increases strongly with decreasing impact parameter and slightly with increasing incident energy. At 65 MeV/u, it is still much smaller than the geometric abrasion value. However, the possibility of minima at ±90° in the azimuthal distributions resulting from nucleon-nucleon collisions remains to be studied. 

-MOTIVATION

The study of mid-rapidity particles provides information on nuclear matter in the interaction region (the overlap volume of the two nuclei, also called participant nucléons). The flow of matter in the reaction plane (sidev. ards Qow) is a signature of this interaction.

At high energies, the flow parameter is positive and attributed to a repulsive momentum transfer in the compressed interaction region. Conversely, at a few tens of MeV/u, the interaction is dominated by the attractive mean field. There, fragments have been shown to be deflected to negative angles. The continuous evolution from negative to positive flow values as a function of incident energy has been studied with the Boltzmann equation (Bertsch et al) and the microscopic Landau-Vlasov model (F. Sebille et al) : the flow values are sensitive both to the nucleon-nucleon cross section ONN in nuclear medium and to the equation of state through the incompressibility moduius K of infinite nuolear matter. In order to disentangle the respective influences of two parameters (CNN a n<i K) by comparing the results of such calculations to experimentally determined flow values, the flow should be measured as a function of two variables, namely the incident energy and the impact parameter.

We have performed measurements on the system 40 Ar on 27 A1 from 25 to 85 MeV/u . For the experimental set-up (charged product 4rc array Mur+Tonneau), see contribution "Chargedparticle calorimetry...". For the exclusion of badly measured events (in very peripheral reactions) and the sorting of events versus the impact parameter value, see contribution "Using global variables...".

-EXPERIMENTAL RESULTS

The method created by Danielewicz and Odyniec has been used to find the location of the reaction plane.

Figures 1 shows the measured average transverse momentum in the reaction plane < p x '/A > versus the particle rapidity (y) obtained at 45 MeV/u for Z=2 , in bins corresponding to impact parameter values centered at 6,4.5,2.6 and 1.6 fm. The rapidities of the projectile, yp , the center-of-mass, y cm , and the nucleon-nucleon center-of-mass yNN=yp/2, are shown by arrows. The location of the "spectator" equilibrated nuclei is shown by a rectangle (projectile-like fragment in peripheral collisions, incomplete fusion nucleus in central collisions). At 6 and 1.6 fm , the rapidity distribution of Z=2 particles is shownhelping to see where participants and "spectators" contribute.

The flow parameter of the participants is the slope at yp/2 multiplied by (yp-yp/2). This is shown at 6 fm. The variation of the flow parameter versus b is plotted in figure 2 observed for Z=2 than for Z=l . This effect has already been observed. It has been attributed to the role of thermal motion which tends to reduce the alignment into the reaction plane due to collective motion : An objection to this explanation is that thermal motion should not modify the average value of < p x /A > (which is used to get the flow parameter) as is confirmed by the simulation described below. It has been shown that Coulomb repulsion is, at least partially, responsible for this increase of flow with Z (F. Sébille et al).

-REAL AND MEASURED FLOW VALUES

An experimental value of the flow parameter is normally less than the true value because the experimentally determined direction of the reaction plane is not exactly the real one. It is important to understand that this deviation from the real reaction plane is not caused only by the experimental resolution, it is due to the thermal energy which leads to the emission of particles having a randomly oriented momentum, superimposed to the flow momentum. If the thermal momentum is small relative to the flow momentum, the final direction of the particles remain close to that of the reaction plane and Danielewicz's method will lead to a good location of the reaction plane. In the opposite case, the influence of the flow momentum on the direction of the particle is washed out by the large thermal momentum.

Simulated events were used to study this problem on the system 4 0Ar+ 27 Al at E/A=45 MeV .Fig. 3 (left) shows the distributions that would be measured by a perfect detector which gives the exact mass, charge, velocity and angle of all particles, including neutrons. The top part of the figure shows the distribution when the flow parameter is 0, the middle part is for a value of 40 MeV/c , and the bottom part shows 100 MeV/c . The solid lines indicate the shapes of the < p x > distribution which was put into the simulation. The points are the value determined with Danielewicz's method. There is a large difference in the slope (in-plane flow) when its value is small. The reason for this behaviour is that the method used to determine the reaction plane assumes that there is flow.

The right side of Fig. 3 shows that the reaction plane determination is not much broadened by the actual detector limitations. The reason is that MUR + TONNEAU, although far from being perfect, has several good points : it is axially symmetric, its geometrical efficiency is 85% , and the momenta per nucléon, used here, are directly measured.

The ratio between the real and measured flow parameters is needed when analyzing data so that the measured flow parameter can be corrected to give the true value before the effects of the method and detector limitations have changed it. There are several different methods for estimating this correction factor first formulated by Danielewicz's and co-workers. They give reasonnably accurate factors (publication 3).

However, instead of correcting the experimental data, it is much better to analyse the theoretical calculations in a way similar to the experimental data : one forgets that the reaction plane is known and one finds its direction with the Danielewicz's method, firstly for a perfect detector, secondly after applying a software filter which reproduces the detector limitations. One must perform separately these two steps and watch their effect.

CONCLUSIONS

Fig. 4 shows the flow measured at different energies for an impact parameter value b around 3 fm, for Z=l (open circles). Ebai (3fm) appears to lie in the range 90-100 MeV/u . Similar plots for Z=l and Z=2 indicate that Ebal (lfm) is in the range 70-80 MeV/u and E( 5 fin) is above Ebai (3 fm). This increase of Ebai with b is in qualitative agreement with theoretical predictions.

The values corrected for the difference between the true and measured reaction plane are shown as closed circles . The right hand part shows the values calculated with a Boltzmann equation (Bertsch et al). Experimental results are in agreement with a nucleon-nucleon cross section in mesium slightly lower than the value for free nucléons ; however Coulomb repulsion is not included in this calculation and the comparison is not valid for charged particles. The left hand part shows calculations based on the Landau-Vlasov equation using a Gogny force and including Coulomb effects (B. Remaud et al) ; experimental results indicate that the effective nucleon-nucleon cross section in medium is equal on slightly lower than the value used in the calculation. Backward angle detection of light particles emitted in the collision of asymmetric systems like 16 O + Au (94 MeV/A) or 40 Ar + Au (44 MeV/A) allowed us to disentangle a clear evaporation process of the quasi-target from other source contributions like projectile fragmentation present in forward angle measurements. In studying two-particle correlations in an evaporation process like this, at intermediate energy, our aim was to measure two quantities essentially: i) the range of time which controls particle evaporation, ii) the temperature of the source, by another way than measuring the slopes of singles spectra.

-Concerning the time which characterizes particle emission and particularly this process, the following questions can be addressed: Are particles emitted simultaneously or, in the same way as 7 bands deexcite, are particles sequentially emitted? In the latter case, what is the characteristic time involved in the sequence? Two-particle correlations, performed for particles collinearly emitted, are a way to control the sequence of emission from a source. Such properties are particularly known in pion interferometry. With heavier particles, final state interactions which are prominent, could also play the role of a clock of the process. In our experiments, we measured such kinds of amplitudes of final state interactions between two light particles like: 2p = 2 He, ad= 6 Li, etc...Depending on the lifetime of such resonances and the lifetime of the initial state of the source, the sequential or the simultaneous nature of the process can be derived through the resonance strength.

-The other feature, in a clean evaporation process like this emission from the quasitarget, is a good justification of the temperature, which should be determined accurately. This value can be drawn from the ratio of the population of two states of a light cluster which belongs to the initial thermal bath, prior to the decay in a two-particle channel. As will be shown below, we have found a rather low temperature (~ 2.5 MeV), compared to previous measurements performed in the forward direction, where projectile fragmentation can be the source of a significant part of the yield.

On figure 1, we show an invariant distribution of single protons (the different circles locate a source which slightly shifts on the rapidity axis). The coincidence rate of two protons was simultaneously recorded at small relative angles in the same region to yield the p-p correlation function. Such detections were performed by using a close-packed multidetector of ICs scintillators. The correlation function is displayed for different values of the sum of two proton energies. From these measurements we conclude the following main points:

The higher the energies of the two protons collinearly detected, the stronger the nuclear interaction at Q=20 MeV/c (s-state of 2 He at 400 keV); this emission corresponds
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Figure 1: p-p correlation functions against proton energies and source excitation. The nuclear correlation at 20 MeV/c only occurs for a highly excited source. There is no nuclear correlation for a weakly excited quasi-target to a high excited source, i.e., to a source which is close to the CM rapidity. On the other hand, the lower the proton energies, the weaker their nuclear interaction; the source has in this case, a velocity close to the target one, indicating a weakly excited target. This feature shows that the amplitude of a final state interaction depends on the excitation energy of the source and that, in this specific case, the scattering length of two protons of low energy is surely larger than the usual one (~ -7.5 fm) known in decays of few nucléon systems. This can be due to the occurence of a large space-time effect when the source has lost its large excitation.

A conclusion of this is that, when using the yield of a peak due to a final state interaction in a correlation function, we should keep in mind that this quantity only reflects an average value over the excitation energy of the source or, alternatively, over the decaying time.

We used such resonance yields to draw the temperature of this source. On figure 2 we display the p-t correlation function which allowed us[l] to draw the relative population between the 20.1 MeV state and the ground state of 4 He. The same procedure was done for the 2.18 MeV state and the 4.31 state of 6 Li. In both cases we find temperatures which are respectively: T= 2.2 ±g"f MeV and T= 2.9 ±0.7 MeV.

Time effects are more difficult to draw quantitatively from correlation measurements. As the results show on figure 1, there is a fingerprint (such as the resonance reduction) of time effects. Nevertheless, they are difficult to quantify without ambiguity and are model dependent.

One of the possibilities, formerly suggested in the study of p-p correlation functions, is to search for a possible anisotropy in the decay of two protons in the CM of the 2 He resonance, either in the direction of flight of the composite system or perpendicularly to it.

On figure 3 we display the results [2] of this procedure. Due to the poor directional sensitivity, it is hard to conclude that a lifetime effect, in the sense of the proposed analysis, is clearly observed.

Further studies [6,5] are necessary to understand the clear reduction and even the disappearance of the 2 He resonance. Let us recall that such a reduction was also found versus the increasing average angle of detection in 16 0 + Au at 94 MeV/A [3]. This feature is certainly reminiscent of a large space-time extent of the source. 

Motivations

Fission has been often used as a means to probe either the reaction mechanisms or the properties of nuclei formed in intermediate energy heavy ion reactions. However, for the fission process to occur, rather severe constraints exist on the mass, excitation energy, spin, isospin of the nucleus. Therefore, most often, one probes a limited part of the reaction cross section through this process and thus, it is of great importance to know which part of the reaction has been probed. One typical example has been already given with Ar induced reactions studied at several bombarding energies , but in the present contribution one wants to investigate the influence of mass asymmetry in the entrance channel on the fission properties. A 29 MeV/nucleon Pb beam has been used in order to bombard targets as different as C, Al, Ni and Au. From the amounts of available energy in these systems, 330 MeV for Pb+C or nearly 3 GeV for Pb+Au, it can be easily guessed that fission will be a dominant channel in the first reaction and rather marginal in the second, as already shown elsewhere . In all cases, and due to the pretty large fission barriers of Pb-like nuclei, it is obvious that the most peripheral collisions cannot be investigated through fission. But here, we are interested in all other collisions which are more dissipative than the very peripheral ones.

The experimental approach.

By using a heavy ion beam on lighter targets, the fission fragments get strongly forward focused that makes them easy to catch with a single detector of limited aperture. Moreover, their large energy facilitates their identification. A position-sensitive telescope subtending an opening of 16 deg., from 6 to 20 deg., was utilized for this purpose. It consisted of two silicon detectors (.2 mm ad .5 mm thick for dE and E respectively), each divided into strips which provided us with the emission angle of the fragment with respect to the beam axis. Atomic numbers could be resolved up to Z=50. In addition, the neutron multiplicity was counted over 4 pi with the ORION detector in order to provide, eventwise, a reliable information on the violence of the collision.

The experimental data.

An overview of all detected nuclei is given as a function of associated neutron multiplicity for the four targets (Fig. l). Due to the small grazing angle for the three lighter targets (C, Al, Ni) and the position of the telescope, the projectile-like nuclei having not undergone fission in very peripheral collisions could not be seen. Only for Au, some of these high Z nuclei could be registered in the inner strips of the telescope. The most interesting part of the data, in so far as fission is considered, comes from Z<60. For the C target, fission fragments appear very distinctly and cannot be confused with anything else. For 2 the Au target, as already stressed elsewhere , fission fragments of the projectile-like nucleus are far from being dominant and moreover they are not well separated from fragments of a distinct origin especially for large neutron multiplicities. A continuous evolution between the C and Au patterns can be seen on these plots for intermediate targets like Al and Ni. Clearly, intermediate mass fragments appear to be, on the average, more selective of highly dissipative collisions than binary fission

As it has been explained in some details in another contribution , it is possible to infer the properties of the fissioning nuclei from the analysis of a single fission fragment provided the violence of the collision, or the energy dissipation, has been filtered before by using the neutron multiplicity information. The data relative to the recoil velocity of the fissioning nuclei are presented in Fig. 2 for different neutron multiplicity gates. There is a rather general behaviour for all considered targets, showing that, the larger M , the slower the fissioning nuclei appear to be. This slowing down in "reverse" kinematics is simply due to energy dissipation and the analogous effect, in "direct" kinematics, would simply be the acceleration of the fissioning nuclei. It is interessing to note that, for the two ligher targets, the most dissipative collisions are consistent with moment transfers of roughly 3/4 of the maximum they would reach in an ideal compound nucleus formation process. This data agree fairly well with the systematics " However, for heavier targets, such as Ni, one observes a deviation from this systematics. At best, for the most dissipative collisions leading to a fission-like fragment the momentum transfer amounts , on the average, to 50% of the possible maximum value i.e. somewhat less than given by Volant et al for a similar system. Fusion of Ni with Pb is far from being complete when investigating the fission channel. This is even better shown when considering the Au target. The most dissipative collisions appear to be too much violent for the heavy, heated nuclei to survive and undergo binary fission. z Another interesting piece of information is provided by the Z distributions of the fragments. The distributions have been constructed by integrating the data for each measured Z over the whole space. It is found that these distributions remain centered close to half the projectile Z, whatever the considered target, as though the fissioning nuclei had not gained much mass from the target. This low gain in Z is easily understandable in the case of C. At the other extreme, with the nearly symmetric Pb+Au system for which one does not expect flow of matter, on the average, these Z distributions are also easily understandable. For Al or Ni targets the transfer of matter in the first step of the reaction can be partially washed out by subsequent evaporation. In particular, at high excitation energy, charged particle evaporation has been shown to become noticeable, even for heavy, neutron rich, sytems. For example, from Kr+Au studies, with estimated excitation energies of 670 MeV, one measured 4 evaporated-like particles with Z=l and 2.5 with Z=2, making altogether the evaporation of 9 charged units. This number amounts to 15 for an estimated E* of about 1 GeV . Then, there is a delicate balance between gain by mass and Z transfer and loss by evaporation which leads to fission fragments of similar mass, irrespective of the violence of the collision. It is worth noting that if the first moment of the Z distributions remains almost constant, the second moment increases noticeably with excitation energy. This effect is probably more related to a broadening of the initial mass and Z distribution of the fissioning nuclei than to a thermal effect on the fission process itself.

Conclusions

This systematic studies of fission induced by Pb on a series of target has shown that the fission probe was very well suited to study the most dissipative collisions induced on light targets like C and possibly Al. However when increasing the target mass and by keeping constant the beam energy, more and more energy becomes available in the considered system and binary fission becomes less and less likely for the most dissipative collisions. This has been clearly shown in the extreme case of the Pb+Au interaction, but this is also quite noticeable in the case of Pb+Ni. As already shown elsewhere ' , the emission of intermediate mass fragments becomes enhanced at high excitation energies and this has a strong effect on fission barriers of the residual nuclei. The fission process which is a good probe of both linear and angular momentum effects should be used with great caution when dissipative phenomena are at stake. A nucleus must meet rather restrictive conditions on mass, Z, spin and excitation energy in order to undergo fission. This makes of fission both a powerful tool, but also a rather difficult tool to be used in the study of reaction mechanisms. 

THE EMISSION OF COMPLEX FRAGMENTS IN THE REACTION

Motivations

One of the main features of heavy ion induced reactions in the intermediate energy range (above 25 A.MeV) is the increasing emission of the so-called "intermediate mass fragments" (IMF) or "complex fragments". This problem has attracted much interest as it was first connected with the possibility to give evidence for the existence of a transition towards a new decay mode usually called "multifragmentation". Such a transition would be observed when selecting more and more violent colllisions. As it appears reasonable to not rely on the characteristics of the exit channels which are a priori unknown, it is desirable to choose an observable, connected with the degree of violence of the collision, which introduces the least possible bias in the interpretation of the data. In that sense, the measurement of the neutron multiplicities Mn appears to be a quite appropriate choice. Complex fragment emission from the 44 and 77 A.MeV 4 0Ar + 197AU reaction has been investigated. Equilibrium and non-equilibrium components have been identified which are discussed in terms of statistical emission from the hot target-like fragment and of a deep-inelastic process.

Experimental approach

In this experiment, we have performed coincidence measurements between neutrons and intermediate mass fragments (IMF) in the reaction 40Ar+!97Au at 44 and 77 A.MeV. The choice of a heavy system insures that neutron emission is strongly favoured with respect to l.c.p. emission. The knowledge of the neutron multiplicity (Mn) is then a good guide of the degree of violence of the collision (and to some extent of the impact parameter) 1 . Through this study we aimed to isolate the different components in the IMF emission and discuss their possible origins.

The 471 Gd loaded liquid scintillator detector (from HMI Berlin) was used in order to get an event by event measurement of the neutron multiplicity 2 . Its efficiency is close to 80% for those neutrons isotropically emitted from a hot TLF moving with a velocity of 1 cm/ns and 30% for 40 MeV neutrons. To first order, the detected neutrons will then be considered as evaporated ones from the TLF.The IMF have been measured using standard Si telescopes located at 3.7° (2.7° at 77 A.MeV), 20°, 40°, 60° and 160° .

Experimental results.

The evolution of the mean value <Mn> as a function of the coincident fragment Z (for different detection angles) is displayed in projectile-like fragments (PLF) originating from rather peripheral collisions and the sharp increase of <Mn> with decreasing Z is just the signature of an increasing energy dissipation. It has been shown to be in qualitative agreement with a massive transfer process for not too high incident energies3.

The main point is that, apart from these most forward angles (2.7°and 3.7°), the mean Mn values (as well as the second moments of the distributions, not represented in the figure) almost do not change with the detected Z. Moreover, <Mn> rises by only about 3 units between 44 and 77 A.MeV. These mean values are very close to the ones associated with the high multiplicity bump in the inclusive neutron data. They are also similar to those observed for other exit channels (evaporated light charged particles or fissionl). The detection of one IMF in the exit channel doesn't seem to reflect, on the average, the existence of more excited nuclei. It should be mentioned also that, apart from the grazing angle, <Mn> almost doesn't change with the fragment kinetic energy. Very similar forward peaked angular distributions are also observed at both incident energies for those fragments having a velocity smaller that 80% of the beam velocity (i.e. excluding the PLF contribution) which ,once again, seems a strong indication for the IMF to have very close origin(s) in this energy range. If one excepts Z=3, the integrated charge distribution is also quite insensitive to the bombarding energy. All these products originate from very dissipative collisions as the associated neutron multiplicity is high and close to the most probable value of the high multiplicity bump in the inclusive neutron data. One may then define the average IMF multiplicity as the ratio of the total IMF cross section to the total cross section corresponding to "dissipative" collisions (the latter can be easily deduced from the inclusive neutron multiplicity distributions). Deduced values are close to 1 IMF per collision at 44 A.MeV and 1.2 IMF at 77 A.MeV. Fig 2 shows the total IMF cross-sections (for Z=3-14) compared with those measured at 30 and 220 A.MeV 4 . Surprisingly, within the experimental uncertainties, the IMF cross section remains remarquably constant over this wide energy range. What are the possible origins of the complex fragments? It is tempting to first assume that two components are present, a fast non-equilibrium component, strongly forward peaked and a slow one "leading to a quite isotropic emission of the IMF. The equilibrium component is usually explained by a standard evaporative process from an equilibrated system.

In order to evaluate the maximum contribution from a thermally equilibrated source (the hot quasi target), all IMF emitted at 160° have been considered to come from this unique source. The shape of the energy spectrum has been parametrized according to Moretto prescriptions. Energy Fig. 3 Comparison of experimental energy spectra for Z=3 (points) with calculated ones (solid curves) assuming an evaporation by the hot quasi-urgct spectra have been calculated for each laboratory angle assuming a source recoil velocity of lcm/ns and a temperature of S MeV. The calculated spectra for such an equilibrated component, assuming a 1/sin© angular distribution in the source rest frame, are compared to the experimental ones for Z=3 at the two bombarding energies (Fig. 3). It appears clearly that most fragments are not evaporated by the target like nucleus in thermal equilibrium. "Non equilibrium source(s)" are more and more dominant as one goes from backward to forward angles. The corresponding average IMF multiplicity for this equilibrium component amounts to about O.15±O.O5 IMF per "dissipative" collision at both incident energies (that is at least 5 times smaller than the "non equilibrium component"). This value is in agreement with a GEMINI calculation assuming a composite system 221 Th excited at 600 MeV. Another explanation has to be put forward to account for the emission of slow fragments at small angles (<60) which are also associated with a large energy dissipation, i.e high Mn values . The origin of such fragments, with an average multiplicity close to unity, is more puzzling and may be associated with shorter time-scales. Let us just say that the forward IMF emission may be qualitatively understood within a deep inelastic process. The persistence of such binary processes with strong energy damping, even at rather high incident energies, may result from a strong reduction of the energy relaxation time due to the increasing effect of the two-body collisions6. The bulk of the IMF cross-section seems then to be explained by "conventional" mechanisms. This doesn't exclude at these energies the possible occurence of more exotic but rare processes associated with higher multiplicities which however would require more exclusive measurements.

Conclusions

Complex fragments with Z>3 have been detected in the Ar+Au reactions at 44 and 77 A.MeV together with the associated neutron multiplicity distributions 7 .

Energy spectra and angular distributions for those complex fragments issued from strongly dissipative collisions indicate the existence of two contributions.The isotropic component may be explained by a statistical emission from the hot system after an incomplete fusion process. The average fragment multiplicity for such a process, which remains small (=0.15) and constant at both incident energies can be accounted for by statistical calculations assuming an average excitation energy deposit in the system close to 600 MeV.

The origin of the other component which is strongly forward peaked is more puzzling and may be associated to shorter time scales. It corresponds to much larger cross-sections than the evaporative component, with a multiplicity close to unity. The properties of this component are not incompatible with the persistence of a deep inelastic process at these high energies.

Motivations

Heavy ion induced collisions at intermediate energy have proved to be very efficient means of studying the formation and decay of hot nuclei. After a series of measurements performed on the Ar+(Au,Th) systems^ in order to study the influence of bombarding energy on energy dissipation, it was deemed relevant to complement this systematics by studying the effect of projectile mass (or entrance channel mass asymmetry) on energy dissipation. The beam velocity was kept close to 30 MeV/nucleon to compare with Ar data^ at a similar velocity and the mass of the projectile was nearly doubled by choosing ^Kr as a projectile.

The determination of T is not an easy task, especially for pretty heavy systems, due to the large variety of decay channels. Since the characteristics of these channels are not known a priori, it is desirable to choose for T an observable which introduces the least possible bias to the interpretation of the measurements. The evaporation of light particles is expected to fulfill this condition since such particles are always emitted whatever the decay process. Measurements of the multiplicities of neutrons and light charged particles (LCP) permits a rather direct estimate of the excitation energy 1 "2.

The experimental set up.

The Au target was placed inside a small scattering chamber surrounded by the 4n neutron detector, ORIONI, providing the neutron multiplicity information (M n ). ORIONI, a Gd loaded liquid scintillator detector of a total volume of 3 m^, has a large efficiency for low energy neutrons (87% at 2 MeV) that makes it a very good tool for counting the neutrons evaporated by slow moving heavy and hot nuclei. In addition to the neutron detector, two standard telescopes set at 109° and 159° allowed the identification of evaporated charged particles and provided the trigger signal for the event by event neutron numbering.

Experimental results

As already observed in Ar induced1 reactions, the inclusive neutron multiplicity distribution exhibits two components which can be related to peripheral and central reactions collisions. As also shown elsewhere^-3, for heavy nuclei, evaporated light charged particles are mostly emitted in the highly dissipative collisions, i.e. in coincidence with rather large neutron multiplicities. This is well illustrated when comparing the gated-and ungated neutron multiplicity spectra (Fig. lb andla), or their relative quantity which is nothing but the differential particle multiplicity (Fig. lc).

Further insight on the origin of the backward emitted LCP has been obtained by constructing their energy spectra for each associated Mn. The most probable energies, Emp, of such spectra, exhibit a very strong dependence with Mn, as displayed in Fig. 2, which can be simply explained by kinematical considerations: the more violent the collision, the greater the recoil velocity of the emitter and the smaller E m p of the backward emitted particles are. In order to interpret quantitatively this correlation between Emp and Mn, the very simple massive transfer picture has been employed. Details can be found in ref. 4 . It appears that, for the detection angles considered here, this method of determination of the recoil velocity is almost independent of the assumed mechanism. The analysis was performed on neutron multiplicity bins of 5 units from M n =10 to 35. The most violent collisions (highest Mn bin) lead to a very high momentum transfer (85% of the initial momentum) in agreement with the results of ref A Once a recoil velocity of the emitter has been inferred, then it is possible to determine the total multiplicity of LCP from the measured differential multiplicities shown in Fig. I For each neutron multiplicity bin, corresponding to an average value <Mn> corrected for detector efficiency, the following quantities have been deduced: the ratio of the source velocity v s to the center of mass velocity, VFMT. the multiplicities for Z=l and Z=2 (as deduced from two independent measurements at 159° and 109°), E*. T and TFIT (see text).

For the most probable recoil velocity, an excitation energy close to 900 MeV is then derived, much higher than for the Ar induced reaction at a similar incident velocity. În order to extract the spectral temperature parameters, the five He-energy spectra associated with the five Mn windows of table I were constructed in their respective center of mass reference system using the previously calculated jacobians. These spectra are displayed in Fig. 3 which clearly highlights the strong evolution with Mn of the slopes. Surface emission was assumed and maxwellian fits where then used to extract the apparent temperatures indicated by Tfit * n ta ble I. These values, which should represent an average value along the cascade, match nevertheless nicely with the initial temperatures extracted from the particle multiplicities. This may be explained by the fact that oc-partides are preferentially emitted at an early stage of the deexcitation process, i.e.when the nucleus is the hottest.
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Fig. 3 He-energy spectra, measured at 159° in the laboratory system, converted in their respective center of mass reference frame, associated with the five M n windows of table I.

Conclusions

The consistent values of the temperatures which have been derived from two independent observables (multiplicities of particles and slope of energy spectra) give great confidence in the data thus obtained. For the most dissipative collisions in the Kr+Au reactions, composite systems can be formed for which about 85% of the projectile momentum has been transferred, leading to an excitation energy of ~1 GeV (or ~4 MeV/unucleon) and a temperature of ~6.2 MeV. Despite the fact that the decay lifetime for such hot systems is predicted to be very short (<10-22s), i.e. comparable to the thermalization time, the excited systems behave like thermally 

I -MOTIVATIONS

An aim of the study of hot nuclei is to answer the question: what is the maximum amount of energy which can be thermalized in a nucleus ? Are there limiting values of the temperature or/and the excitation energy ? A lot of work has been already done, giving somewhat contradictory results. The main problem of most of these studies is that the temperature was determined from the value of the excitation energy or vice versa, using the well known relation E* = a T 2 , so that these two quantities are not measured independently. This is not a problem at low energies since the excitation energy is essentially thermal, but this prevents to track possible decorrelations between these two observables at higher energies. Particularly, it is impossible to track compression effects and/or variation of the density level parameter value if T and E* are not independently determined. Such an independent measurement of T and E* has been made by R.Wada et al. [Phys. Rev. C39 (1988) 497], showing a variation of a with E*.

We present here the results of the analysis performed on the 40 Ar + 27 A1 system from 36 to 65 MeV/u incident energy in which E* and T are independently measured.

n -EXPERIMENTAL SETUP

In this reverse kinematics system, nearly 4ii in the center of mass was covered by using two complementary multidetector systems which covers 2rc in the laboratory (see figure 1). The forward angles between 3.2° and 30° were covered by the MUR. Angles between 30° and 90° were covered by a spherical half-barrel TONNEAU. All events with a multiplicity larger than 1 were recorded in order to avoid an uncontrolled bias on the reactions. The velocities of all particles were measured and the charges were identified up to Z = 8, the particles with a higher charge were taken as having a charge equal to 9. The masses of the particles were estimated from the value of their charges. This setup is particularly efficient when the reaction leads to light and energetic particles, the particle identification being better for particles with a large velocity. Neutrons were not detected and 10-15 % of charged particles are missed due to narrow dead areas between detectors and to the absence of detectors at backward and very forward angles.

Ill -SELECTION OF WELL MEASURED EVENTS AND IMPACT PARAMETER SORTING

See contribution: "Using global variables for impact parameter determination in nucleus-nucleus collisions below 100 MeV/u". 

TONNEAU

IV -SOURCE IDENTIFICATION

To determine accurately the velocity of the equilibrated source, we fit the parallel velocity distribution of heavy panicles (Z > 6), which has no preequilibrium component, by a gaussian function. The velocity of this source is then defined as the centroid of the gaussian. We verify afterwards that the velocity obtained is consistent with the parallel velocity distribution of the light particles . We determine this way the velocity VCN of the equilibrated nucleus for each impact parameter bin.

V -MEASUREMENT OF THE TEMPERATURE PARAMETER

The temperature parameter is determined by a fit of the kinetic energy spectra of light panicles in the source frame. In order to minimize the preequilibrium contribution, these spectra have to be taken at forward angles, but not too forward in order to be less sensitive to the uncertainty on the source velocity value. The kinetic energy spectra are then plotted at 50°i n the source frame (see figure 2).

The value of T obtained this way is not the initial temperature of the hot compound nucleus. These spectra are the result of a long and complex decay chain in which the mass and the temperature of the emitter vary with time. To estimate this initial temperature, we used an event generator developped by D. Durand in which the so called "measured" temperature can be compared to the initial one.

VI -ESTIMATION OF E*/A

The basic method to determine the excitation energy per nucléon is to sum all the kinetic energies of all the emitted particles by the compound nucleus, taking into account the mass balance. For that, pre-equilibrium and evaporation components must be separated.The mass and charge of the reconstructed equilibrated nucleus take into account the estimated neutron multiplicity, the detector efficiency and the underestimation of tht charge and mass of fragments with Z > 9.

VII -CORRELATIONS BETWEEN E*/A AND T

Figure 3 shows the evolution of the square of the initial temperature as a function of E*/A, for incident energies ranging from 36 to 65 MeV/u and for different impact parameter bin. We see that the obtained values are coherent from an energy to another one,and lead to the usual value of A/8 for the level density parameter at low excitation energies. At higher energies, this value shifts continuously to A/10 although the results at 65 MeV/u are still in agreement with A/8. These results are consistent with those obtained by the Grenoble-Texas A&M collaboration which show that the level density parameter should decrease to a value of A/13 at high excitation energies. The difference between the values obtained at high energies could be due to the different sizes of the two systems.

VIII -CONCLUSION

The estimations made here are not accurate enough to clearly establish if the initial value of T saturates or increases. Notice that the values obtained are average values for each impact parameter bin and that it can exist some events in which the excitation energy can reach higher values, especially in the most central collisions. Hopefully, the new generation of multidetectors and complementary measurements will give more accurate results.

We can summarize the three general properties of hot nuclei formed in the 40 Ar + 27 A1 collisions :

• The temperature and the excitation energy per nucléon increase when the impact parameter decreases, for a given incident energy.

• For central collisions (b < 2 fm), the initial temperature reaches a value of 7 Me V.

• For these collisions, the excitation energy per nucléon increases when the incident energy increases and it reaches 5 MeV/u at 65 MeV/u. When exclusive measurements are made with 4rc arrays, the events have to be sorted according to their impact parameter value b, via the violence of the collision. This is expressed through the value of one of the global variables which have been used in the study of reactions induced by relativistic heavy ions. The purpose of this paper is to determine which global variable is the best one for determining b at energies below 100 MeV/u , via simulated reactions and detectors. The choosen system is 40 AT projectiles from 25 to 85 MeV/u on an 27 A1 target, used with the multidetectors Mur and Tonneau. The maximum impact parameter is 8 fm, i.e. the reaction cross section is =2 barns .

PURIFICATIONS

-SIMULATION AND DETECTORS

The quality of the impact parameter determination is expressed by the correlation between the real b value and the experimentally determined value b ex p. It is affected by two factors ; firstly, the sensitivity of the global variable to the violence of the collision ; secondly, the distortion of the value of the global variable due to the characteristics of the detectors. We want to stress that it is essential .to clearly-separate these two factors in all calculations and simulations.

We have studied the correlation b e xp versus breal for a perfect 4TC array for charged products, i.e. a detector which would measure accurately the charge, mass, velocity, polar and azimuthal angles of all charged products. In the analysis we put a low velocity threshold. This is to avoid a constant value for some global variables (total detected charge, average parallel velocity). This threshold mostly eliminates the target-like spectator or residue.

Then, the events are filtered through the actual detector limitations : dead solid angles, velocity detection, threshold, finite resolution on the mass, charge, velocity, polar and azimuthal angles ; double hits. Two complementary multi-detector systems made of plastic scintillators with a 2 mm thickness have been used covering polar angles from 3.2 to 90° : Mur and Tonneau.

To be reliable, the sorting should be independent of the reaction mechanism. We have then used two extreme mechanisms. One of them is "incomplete fusion" or "massive transfer". A correction is to add some pre-equilibrium emission of particles at the beginning of the collision. The second one is a participant-spectator model, where the very excited interaction volume separates from the cold projectile-spectator and target-spectator nuclei. A correction is to give some excitation energy to these "spectators". 

-A NEW GLOBAL VARIABLE : AVERAGE PARALLEL VELOCITY

The mass-weighted average parallel velocity is :

v m iYi
Where mi, Yi » Vi and 9, are the rest mass, relativistic factor, velocity and polar angle of particle i. It is simply the velocity which, when multiplied by the detected mass (denominator), gives the parallel momentum detected in the event (numerator).

This variable.needs to use a detection velocity threshold. Otherwise, with a perfect detector, it would always be equal to V cm . With a real detector Mur and Tonneau, this threshold is produced by the aluminium foils preventing the detection of electrons.

V av decreases from V p (obtained in very peripheral reactions) down to a minimum value in central reactions (if the total mass of the system is involved, this minimum value is the center-of-mass velocity V C m)-

The correlation is better than with the other global variables : Fig. 2, bottom. The reason is that the errors in the numerator and the denominator due to the missed particles cancel each other to a large extent. It is not sensitive to the reaction mechanism.

In addition, the distribution of V av provides a way to check the quality of the measurement in a real experiment as well as in a simulated one. Indeed, a direct observation of the experimental resolution is given by events with V av lower than V C m, or larger than V p .

Note that for detectors which gives directiy kinetic energies, the total transverse energy might give a better correlation. We have performed a 4rc analysis of the charged particles emitted in the reaction Ar+Ag at 50 and 70 MeV/u . The first aim of this experiment was to study the "standard decay" of a hot nucleus. In other words, we mainly focused on fusion nuclei which undergo sequential decay leading to an evaporation residue. The system Ar+Ag has been chosen in order to reduce the fission contribution. The evaporation residue was identified in a forward silicon time of flight telescope insuring a very low velocity threshold. This telescope was the trigger of the experimental set up. The coincident light charged particles have been identified and their velocity measured in a An device (wall and barrel installed in the Nautilus chamber). Figure 1 is a mass-velocity plot of the nuclei detected in the forward telescope at 70 MeV/u : the low mass and large velocity nuclei correspond mainly to projectile like fragments and the evaporation residues are located in the mass range 50-100 amu and exhibit a rather wide velocity distribution : the very slow residues are associated with semi-peripheral collisions whereas the fastest ones correspond to more dissipative fusion reactions. The associated mass is relatively low because of the huge number of evaporated particles. 

E, Z/ZTotal

Figure 2 gives an indication of the quality of the whole set up : the quantities plotted are the total detected charge and the measured total linear momentum for each event triggering the forward telescope. They have been normalized to the total charge of the system (65 charge units) and to the projectile linear momentum. A perfect set up would lead to a concentration of points in the (1,1) region. The deviation from this ideal case is due to dead areas, thresholds and resolution effects of the An device. For most of the detected events, this deviation remains small (maximum of the contour plot located above the coordinates (0.8, 0.8). Badly analysed events correspond mostly to peripheral collisions for which the projectile like fragment has escaped through the forward 3° hole of the "wall" detector. We have checked that for the .astest evaporation residues for which no projectile like fragment is emitted, we have always detected more than 70% of the total charge of the system.

-Data analysis

The analysis has been performed on an event by event basis. It has been possible to reconstruct the initial hot nucleus corresponding to the detected evaporation residue. For this purpose, all the particles detected in coincidence with the residue have been kinematically analysed and their origin recognized : either evaporation from the hot fusion nucleus or faster emission (direct or pre-equilibrium). The hypothesis which have been used in this analysis are the following :

-the evaporation from the fusion nucleus is forward-backward symmetrical in the reference frame of the hot nucleus ; -all the backward emitted particles (in the lab system) are evaporated from the hot nucleus ;

-the forward emitted particles can be either evaporated or promptly emitted. The probability for each process has been estimated from the evaporation contribution at backward angle;

-in the event by event analysis, each forward emitted particle has been attributed to both evaporation and fast process with respective weights equal to the corresponding probabilities ;

-the results have been corrected for the neutron contribution in assuming that the number of evaporated neutrons is proportionnai to the number of evaporated protons and to the N/Z ratio of the system. simulated results for all the hot nuclei, whatever their decay process is.

-Results

From the event by event treatment, it has been possible to reconstruct, for each detected evaporation residue, the initial excitation energy of the primary hot nucleus. The corresponding distributions for a collection of events are shown in figure 3. Several curves are indicated for the two bombarding energies of interest. The points of figures 3a and b are experimental data and they are compared with the results of a simulation code ^ which describes the energy deposit in the entrance channel as a cascade process and the decay of the hot nuclei as a sequential process including dynamical aspects. The full curves are the raw results of the code. The dotted histogramm is obtained if the response function of the 4K device is included (dead areas, thresholds, double hit). Two main conclusions can be drawn. The first one is that the experimental distributions obtained at 50 and 70 MeV/u are quite similar. The second one is that the simulation code reproduces nicely the data : the maximum excitation energy leading to a sequential decay of the hot nuclei does not depend on the incident energy '). This result can be compared with the conclusions obtained at GAN1L with the neutron ball which indicate a saturation of the deposited energy at large bombarding energies. However, one has to keep in mind that the results of figure 3a-b correspond to a given exit channel : the nuclei decay has been sequential and leads to evaporation residues. In figures 3c-d the predictions of the simulation indicate that the excitation energy distributions extend much further if the sequential evaporation requirement is relaxed 2 ).

-Conclusion

In this contribution, it has been shown that the excitation energy distribution of hot nuclei produced in the Ar+Ag collision are quite similar at 50 and 70 MeV/u if one restricts lo the sequential decay channel leading to an evaporation residue. This result means that, if higher excitation have been reached, they do not feed this decay channel. 

Motivations

When heavy nuclei produced in complete or incomplete fusion reactions are moderately excited, they usually decay by binary fission although a process leading to the survival of a heavy residue by the fast emission of light particles (mainly neutrons) may also compete. The question of the fate of these nuclei when the excitation energy is increased is widely debated. A transition towards the emission of three (or possibly more) large fragments is expected. The aim of the analysis presented in this contribution is to determine the excitation energy region where such a transition occurs.

Experimental set-up

The analysis uses part of the data recorded with the experimental set-up described in the contribution " Multifragment decay of heavy excited nuclei in Ar+Au reactions at 30 and 60 Mev/u". Several triggering conditions were used during the experiment. Here, we only concentrate on the case where one fragment was detected in the forward direction in the telescopes and at least two fragments with charge larger or equal to 8 detected in the Delf set-up at angles larger than 30°. Coincident light charged particles were detected in the "Mur" and in the "Tonneau".

Data summary and method of analysis

When selecting the trigger previously mentionned, we obtain the events displayed in the bi-dimensionnal spectrum velocity-atomic number of figure 1. Zone 1 and 3 correspond to fragments detected in the forward telescopes Most of them (zone 1) have a velocity and a charge close to the beam characteristics and are easily identified with projectile-like remnants while those located in zone 3 have a less well-defined origin (deep inelastic collisions?). These latter have not been used in the analysis. Zone 2 corresponds to fragments detected at large angles (more than 30°). Most of them have a velocity lower than 2 cm/ns and an atomic number around 35. Therefore, they can be identified as fission fragments resulting from the two body decay of an excited target-like fragment. However, an other contribution is observed at lower charge (fragments called IMF for Intermediate Mass Fragments). The presence of such nuclei is an indication for the advent of collisions leading to target-like decay by an other mode than the usual binary fission, namely three fragment emission. What is the amount of such events?

To answer this question, we have used the kinematical coincidence method which has proven to be very usefull for determining whether events are complete or incomplete from a kinematical point of vue using a minimization procedure (for more details see ref 1). We mean by incomplete events, events where one slow fragment has been missed due to the limited acceptance of the detectors. By estimating the ratio of complete vs incomplete events, we have access to the probability of the two decay modes (binary fission vs three (or more) body decay). The next step in the analysis consists in sorting the events according to the excitation energy deposited in the target-like fragment.

To this end, we have used two different methods:

-1) taking into account the total energy carried away by both the projectile-like fragment and the fast light particles which have not fused with the target (often called pre-equilibrium particles), the energy deposited in the target is then obtained by subtraction -2) independently, this energy can also be estimated by correlating the dissipated energy with the recoil velocity of the slow fragments.

As shown in the following, it turns out that the two prescriptions lead to the same result. Last, the whole analysis procedure has been tested with help of simulations to estimate the possible biases of the method.

Results

The essential result of the analysis is displayed in figure 2. We observe that the three body contribution sets in around 3 MeV/u and becomes significant around 5 MeV/u. We stress that this result only concerns the decay by more than one large fragment, therefore not taking into acount the contribution of a possible final heavy residue in the total decay probability. Indeed, the experimental conditions did not allow to properly select this specific decay channel because of the insufficient angular coverage of the device.

Last, it is well known that the decay properties depend heavily on the angular momentum transferred to the excited nuclei. A rough estimation based on geometrical assumptions for the determination of the impact parameter coupled to the transferred linear momentum leads to values ranging from 0 to 110-120^ when increasing the excitation energy from 0 to 4-5 MeV/u.

Conclusions

The decay of excited nuclei produced in peripheral and mid-central collisions for the system Ar+Au at 60 MeV/u have been analysed by testing the completness of each recorded event. We have been able to extract the ratio of two vs three (or possibly more) body decay processes as a function of the excitation energy per nucléon using the kinematical coincidence method and sorting the events according to the dissipated energy by two different prescriptions. We conclude that the transition from a standard binary fission towards a multi-body decay occurs around 3 MeV/u for nuclei in the 200-220 mass number range. Velocity (cm/ns) one meter away from the target for TOF measurements between the timing signal providec 1 by the first member and the radio frequency signal delivered by the machine. The identification of light charged products in the Mur and the Tonneau was achieved using the standard AE-TOF correlation. The PPAC's and the four telescopes were used to trigger the data acquisition system. In the experiment, the trigger required coincidences between at least three fragments. These events can be roughly divided into two classes: the first one was obtained when one of the fragment was detected in one of the forward telescopes, while the second class was obtained when the three (or possibly more) fragments were detected in DELF (i.e at polar angles larger than 30). In the first case, provided that a velocity selection is performed on the detected fragment at forward angles, the selected events are mostly peripheral events while in the second case, more central collisions are selected. In the following, we concentrate on the second class of events, the first one is discussed in the contribution "Transition from binary fission towards multibody decay..."

Data summary

We first discuss the results concerning the heavy fragments detected in Delf. In table 1, we show the mean atomic number of the fragments (starting from the smallest) as a function of the detected multiplicity for the two incident energies. The total charge of the system corresponds to 97. At 60 MeV/u, the total detected charge is significantly smaller as compared with 30 MeV/u. This is a first indication for the fact that more violent collisions have been selected at 60 MeV/u. We now try to characterize the events by kinematical correlations between the fragments. This is achieved by analysing the distributions of the relative velocities and relative angles. One way to cope with the possible biases of the experimental set-up is to compare the data with simulated events. In this case, the simulated events have been created using the sequential emission model coupled with a dynamical calculation of the Coulomb trajectories. By varying the time of emission of the fragments during the decay, we have access (by comparison with the data) to the time scale of the phenomenon. The results are shown in figure 2 and3. In the 30 MeV/u case, we confirm the results of ( 5): the process is correctly described by a succession of independent binary splittings. At 60 MeV/u, even by reducing significantly the time of emission, one cannot fully reproduce the data: the relative velocities between the fragments are too small in the simulation case. Such effects may be the signature for an expansion of the system during the decay process.

In table 2, we indicate some quantities related to the selected collisions. The linear momentum transfer (LMT) is in agreement with the systematics. The excitation (E*) has been deduced from the recoil velocity of the fragments using the massive transfer hypothesis. The cross section for sucii events is rather small but it increases with the incident energy. Concerning the light particles, their average multiplicity (Mult) is increasing with the beam energy as well as the apparent temperature (Tap) as deduced from a fit of the energy spectra. These values should be corrected to obtain the initial temperatures so that temperatures as high as 7-8 MeV have probably been reached at 60 MeV/u. 

Conclusions

The temperature as well as the multiplicities of light charged particles increase with the incident energies indicating that the energy deposited increases as well (from 3 MeV/u at 30 MeV/u to around 5 MeV/u at 60 MeV/u). Dealing with the detected heavy fragments, we have shown that they originate from a thermalised very excited source. Their kinematical correlations exhibit different features depending on the incident energy. At 30 MeV/u, no significant deviations from a standard successive binary decay process are observed. At variance, at 60 MeV/u, the relative velocities between the fragments are in disagreement with the abovementionned mechanism. This is an indication for the occurence of new phenomena in the decay processes. Studies are in progress to disentangle the various possible effects to be taken into account : shorter emission times, radial expansion due to compression ... 

Multifragment emission in reactions of

RESULTS AND DISCUSSION

With our etching conditions the threshold of detection in CR 39 was about 8 MeV. cm ? /m9-In Fig. 1 we show the domain in which fragments can be detected with this threshold. All particles to the right of the boundary can be detected while those to the left {hatched region) escape detection. Among all events, we have selected those with two or more visible fragments issued from the same reaction. As can be seen in Fig. 2, we have classified as 3-pronged events all reactions having three detected fragments as well as those having two fragments with relative projected angle on the detection plane less than 175° (indirect events). Due to momentum conservation, these latter events are associated with a third fragment which escapes detection. Also some 4-and 5-pronged events were found to be respectively 5-and 6-pronged events after the same analysis. The charge and energy of the fragments detected can be determined using our calibration based on the measurement of the geometrical track parameters (lengths, angles) and etched tip radius 9 . As an example, we give the relationship between the angle 8 relative to the beam axis and the charge for indirect 3-pronged events in Fig. 3 for the reaction Kr + Au and for events having three visible prongs in Fig. 4. The grazing angle for this reaction at 17.7 MeV/nucleon is 12.9°. Fig. 3 shows a group of fragments at 9 -85°, Z = 75. The range of each of the fragments in these events corresponds to a very low energy (= 0.1 MeV/nucleon). They are identified as slow target-like fragments. Most of these events are associated with We therefore confine our analysis to events fulfilling this criterion.

For the events selected as "central", the most probable value of the event recoilvelocity : remains inchanged, whatever N<i is and for a given system whatever the beam energy is (table 1). Furthermore these events present a strong similarity according to the relative velocity spectra whatever Nd is. All these facts allow to conclude at a common origin for these "central" events. Although high Nd are observed, global features of these events show that a fraction of Z remains missing (table 2). However for Nd>4, the majority of the involved matter is detected and the missing atomic number can be explain by pre-equilibrium and evaporation effects.

In figure 2 we present the R spectra for the three studied systems at the two energies (27 and 43 MeV/n). A striking difference can be observed between the R plots for the Gold target and the Silver target (but not between the Gold and Thorium targets). For the heaviest targets we observe large R values at 43 MaV/n (not at 27 MeV/n). This indicates the appearance of momentum flow through an isotropic energy emission in a plane perpendicular to the beam direction. In order to characterize detection cuts (angle, atomic number and velocity) we performed a Monte Carlo simulation. It appears clearly that the experimental acceptance filter has no effect on the R slope.

In the central collisions selected by the relative velocity analysis the excitation energy, deduced from the recoil velocity reach values around 7 MeV/u and even for théfce large values we still observe large fragments. Moreover for a noticeable part (-10%) of the events all fragments are emitted in a plan perpendicular to the beam direction. So we may conclude that dynamical effects appears with increasing energy and mass system.and that heavy fragment production proves to be one way to extract the properties of non-equilibrated nuclear matter.

Motivations

Recent experiments 1 studying interactions of intermediate energy Ar projectil ;hown that, above a bombarding energy of about 30 MeV/nucleon, the lies with massive target nuclei have shown measured most probable multiplicity of neutrons emitted from the reaction in dissipative collisions remains almost independent of the bombarding energy. Since for heavy systems the neutron multiplicity is a good measure cf the total excitation energy introduced into the system, such a "saturation" effect could have represented a manifestation of limits to the temperature attainable by heavy nuclei^. However, in subsequent experiments^ it has been observed that a further increase in excitation energy (and temperature) is possible when heavier projectiles such as Kr are used at similar velocities. Such a dependence on the projectile-target combination suggests that the limits reached in the above experiments are not yet those characteristic of nuclear systems in general but, are a reflection of the influence of the collision dynamics on the efficiency of heat-generation mechanisms. The purpose the present work was to extend the above systematics to very heavy and nearly symmetric projectile-target combinations and to search for changes in reaction mechanisms, at higher temperatures that can presumably be generated in such heavy systems. 

The experimental approach

The experiment was carried out with the 29 MeV/nucleon Pb beam, impinging on a Au target. Charged products, ranging from protons to projectile-like nuclei, were measured with an array of different types of detector telescopes, ensuring a wide dynamic range and a broad angular coverage'*. Simultaneously, the number of neutrons produced in a collision has been determined by means of the 4JI ORION detector^. As demonstrated in previous studies^, the multiplicity of neutrons emitted in a reaction provides a sensitive measure of the violence of a collision and, hence, the associated impact parameter.

The experimental data

A global information on energy dissipation in the measured reaction is given in Fig. l by the inclusive neutron multiplicity distribution. It is similar to those measured earlier*>3 with Ar and Kr beams at comparable velocity. The dominant features of these distributions are the presence of a narrow peak close to zero multiplicity, corresponding to the large impact parameters, and a broad bump at higher multiplicity associated with more central, dissipative collisions. For the present system, this latter bump is centered at a significant higher multiplicity of M n =50, corresponding to approximately 78 neutrons when corrected for detection efficiency. This represents almost one-third of all neutrons of the system and almost 100% of the system neutron excess, much more than observed in reactions with Ar or Kr on the same Au target. This fact alone suggests that in the most central collisions the system disassembled into a large number of light fragments.

Experimental confirmation of this presumption is shown in Fig. 2 where charged productenergy distributions (registered in the angular range 6-20 deg.) are presented for six contiguous bins of the associated observed neutron multiplicity M n . One should stress that because of detector thresholds a^d kinematics one cannot see target-like fragments (not energetic enough) and that some of the lighest high energy fragments, punching through the front part of the telescope, could not be properly identified and were rejected. The most striking feature is the change in population with decreasing impact parameter (increasing Mn): from elastic and quasielastic collisions, through deep inelastic collisions and fission up to the most central collisions, when apparently only rather light particles and intermediate mass fragments survive the violent collision. detected between 6 and 20 deg.in coincidence with a more massive nucleus, as a function of the Z of the latter and of the neutron multiplicity Mn. As expected, there are no lcp for quasi elastic events and rather low multiplicities accompanying sequential fission of the quasi-projectile (around Z=41). The lcp multiplicity peaks for high M n values and rather low Z's. Fig. 3-Right : same as before with the second nucleus with Z>2, instead of Z=2.

The disassembly is also well shown in Fig. 3-left where the differential multiplicity of light charged particles (Z=2) detected in the same array as the more massive fragments is presented as a function of size of the fragment (Z) and associated neuton multiplicity: The intermediate mass fragments are accompanied by the highest neutron am| light charged particle multiplicities. The requirement of two IMF's detected in coincidence (Fig. 3-right) leads to an even stronger focusing of events with large neutron multiplicities and relatively lighter IMFs.

Conclusions

Such a complete disassembly is known in high-energy induced reactions, but it is surprising that such events, comprising approximately one-fourth of the reaction cross section, occur also at so low relative velocity, when compressional effects are presumably not important. Coulomb forces might play a significant role in the disassembly if the two nuclei get confined for some time in a rather compact configuration. It would be premature to say now whether the observed disassembly is sequential or instantaneous. A detailed analysis of charged particles measured in coincidence is underway. Also it would be very helpful to perform similar experiments using a 4rc charged product detector system and compare the results with model calculations^*?. The dynamics of collisions producing an intermediate mass fragment (IMF) and a heavy residue in the outgoing channel has been thoroughly studied for the Ar+Ag system at 27 MeV/nucleon * . For peripheral and mid-central collisions dissipative binary reactions occur, with a progressive damping of the relative motion. In central collisions the two incident nuclei fuse together; in all cases but the very peripheral reactions an abundant preequilibrium emission was observed. This study was extended to higher incident energies (44 and 57 MeV/nucleon ), to test the persistence of these mechanisms, and to search for eventual multifragment emission.

DYNAMICS OF VIOLENT COLLISIONS FOR THE

Experiment and first results

Heavy residues were detected by 11 low-resistivity silicon detectors located in the horizontal plane between 10 and 60° from the beam axis. Their mass was obtained via a time of flight measurement with respect to the RF pulse. On the other side of the beam and in the same plane, coincident intermediate mass fragments were identified in six telescopes made of a 40 or IOJU silicon detector backed by a 3.3 cm Csl cristal from the PACHA array, located between 10 and 120° from the beam direction.

The first results which are presented here concern the relative velocity of the two fragments and the recoil velocity of the system before the binary splitting. These quantities are calculated from average measured values as explained in l .

The top part of figure 1 shows the evolution of the relative velocity of the two final fragments, expressed as (V Te i -V C )/(V P -V c ), versus the emission angle of the light one (OIMF)-In this expression V p is the projectile velocity and V c = 3 ctn/ns the Coulomb repulsion. The behaviour of V Te i is the same for the three energies, one observes a gradual damping of the relative motion when 0j^I F increases; the Coulomb velocity is reached beyond 20-30°. We feel that the observed evolution signs the persistence of deeply inelastic processes up to 60 MeV/nucleon.

The bottom part of figure 1 presents the recoil velocity of the system before its binary break-up, normalized to the incident center of mass velocity. The recoil velocity was assumed to lie in the beam direction. Any deviation of the value of this ratio from 1 indicates the occurence of preequilibrium emission. At 44 MeV/nucleon as already noticed at 27 MeV/nucleon no preequilibrium emission is visible for the most peripheral collisions (OIMF 5: 10"), which is no longer true at 57 MeV/nucleon. When going to more central collisions, V rec /V cm decreases strongly and more when the incident en- ergy is higher. A large gap is however observed between 27 and 44 MeV/iuicleon and a much smaller one between 44 and 57; for central collisions this would imply a fast rise of preequilibrium emission with incident energy followed by a slower increase. The parallel linear momentum transfer deduced from F rec (in the massive transfer picture) is plotted in Figure 2 (points); the solid line shows the limit of momentum transfer due to momentum space considerations (P=180 MeV/c per projectile nucléon), which was shown to well fit most of the experimental data for a large number of systems. Our data at 44 and 57 MeV/nucleon lie well below this curve. A possible explanation for this observation would be the existence of a limiting temperature for nuclei; As a fisrt estimate, a crude value of the excitation energy can be derived from the momentum transfer in the framework of the massive transfer picture, and then a temperature (a=A/10). The limits imposed on the linear momentum by maximum temperatures equal to 6 and 7 MeV are indicated on Figure 2 by the dotted and dashed lines. Our experimental points lie between these two curves.

Comparisons with realistic dynamical simulations of nuclear collisions will be 204 0-0.5 
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( E/A )** Several theoretical models have been developed to explain the high energy 7 production, but they can all be referred to three possible mechanisms: nucleus-nucleus coherent bremsstrahlung models, in which the photons are produced by the deceleration of the two colliding ions during the first stages of the reaction; the hard 7-ray yield is expected to be proportional to the product of the colliding ion charges and the angular distribution to have a quadrupole pattern; incoherent bremsstrahlung models, in which the photons are produced in the n-p collisions; the photon yield is expected to increase with increasing beam energy and the angular distribution should be isotropic plus a dipole component in the half-beam velocity reference; statistical models, in which the photons are emitted by the decay of excited systems, which range from compound nucleus to the formation of a fireball for higher energies.

A quite large number of inclusive experimental data are available in a broad range of beam energies (10 MeV/u < Et e0OT < 120 MeV/u) and for several projectile-target systems. The analysis of these data indicates the n-p bremsstralhung mechanism as the main responsable for the hard photon production. Up to now only a few exclusive experiments have been performed while it is of great interest to correlate the high energy photons to other observables of the reaction in order to achieve a deeper understanding of the hard photon production and of the heavy ion reactions.

The experiment

In the present experiment we have measured, on a evént-by-event basis, hard photons in coincidence with the emitted light charged particles (p,d,t and He) in a close to 4ir geometry. The experiment was performed at the GANIL laboratory by bombarding a 197 Au target with a 44 MeV/u 129 Xe beam and it was the first experiment run with 206 the MEDEA detector realized at the L.N.S. in Catania. 3 In this experiment MEDEA consisted of 180 BaF2 crystals, 20 cm thick, arranged in the shape of a hollow sphere with an inner radius of 22 cm and a forward wall made of 120 plastic phoswhich detectors placed at 55 cm from the target. The BaF 2 ball covers the polar angles between 30° and 170° while the phoswhich wall covers the angles between 10° and 30°. All the detector is placed under vacuum inside a large scattering chamber. The electronics was enabled by the presence in the event of at least one BaF 2 signal which passed a threshold level of an about 30 MeV ^-equivalent signal. After the conversion a further selection on the events was operated by a second level trigger.

Data analysis and results

The first part of the analysis aimed to the determination of the key parameters related to the high energy photon production; namely the inverse slope parameter E o , the 7 emitting source velocity /?" the angular anisotropy and the hard 7 emission probability from inclusive spectra at different laboratory angles.

The inverse slope parameter Eo=13.6±O.4 MeV is in good agreement with the systematics. A low anisotropy value a=0.23±0.05 has been found in agreement with other results from the heavier systems. The emitting source velocity /?«=0.15±0.05 is very close to the half beam velocity /?=0.148 and therefore to the nucleon-nucleon center of mass velocity.

The probability P 7 of emitting an high energy photon (E 7 > 30 MeV) per n-p collision can be determined assuming that the 7 cross section can be parametrized as where OR is the reaction cross section and < N np > is the average number of first chance collisions, evaluated using the formula given in ref. 4.

The value P 7 ~6.07-10~5 shows that even for the 129 Xe+ 197 Au system, that is the heaviest studied up to now, using the same scaling for the P 7 we get a good agreement with the overall systematics and the BUU calculations. 5 In our experiment we have measured simultaneously the high energy photons and the light charged particles (p, d, t, He), and to characterize the events we have used the backward light charged particle multiplicity M/ cp . In fact several experimental and theoretical works have shown that low backward multiplicities are related to larger impact parameters (periferal collisions) while high backward multiplicities are related to lower impact parameters (central collisions).

The photon multiplicity for E 7 >40 MeV and for a given light charged particle fold m, defined as M-,(ra) = <7 7 (m)/<7ft(m), is reported in fig.la, showing a strong dependence on the Icp multiplicity. In fact the M 7 first increase steeply with increasing M/ C p then tends to saturate for the highest multiplicities. Since the M 7 varies over more than one order of magnitude, we deduce that the high energy photons are mostly produced in the more central reactions, and therefore the high energy photons represent a good centrality probe. This behaviour of the M 7 is in qualitative agreement with the results of BUU calculations performed for the reaction 40 Ar + 197 Au at 44 MeV/u. 6 Another interesting result concerns the Eo dependence on the centrality of the reaction. In fact the inverse slope parameter Eo determined for events belonging to three The proton spectra of the events producing high energy 7 (fig. 2a) is very similar to the proton spectra emitted in the high multiplicity events (fig. 2b). The proton spectra at different angles can be simultaneously fitted with two sources: one with a /?«=l/2/?i eam and T=13 MeV that is characteristic of a preequilibrium emission and another with low velocity and low coulomb repulsion, which needs further investigations.

Conclusions

The inverse slope parameter Eo and the 7 emission probability per n-p collision P-, are in good agreement with the systematics. The extracted source velocity /?,=0.15 is very close to the half beam velocity as expected in the n-p bremsstrahlung description. A strong dependence of the M 7 on the light charged particle multiplicity has been observed, confirming that the high energy photons are produced in the most central collisions.

In this experiment, at variance with previous measurements, we observe an independence of the slope parameter Eo on the multiplicity. The proton spectra for the events producing high energy photons and for the high multiplicity events are very similar and indicate for the central collisions a strong preequilibrium emission. Not only is it a challenge to verify these theoretical deductions experimentally, but it also will be of prime importance to measure the dimensions of the interaction zone at the stage where the highest density is expected to be reached. We use a method that initially has been applied in astronomy to measure the size of stars. It is based on the principle of intensity interference leading to a pattern that is a measure for the photons' source size. In the case of incoherent production, pairs of hard photons will preferably be emitted at low relative momentum and the width of the enhancement reflects the size of the photon source.

The experiment

In order to optimize the photon production rate we selected a heavy system and a bombarding energy where the ir° production rate is low enough not to hinder our measurement. The reaction was 129 Xe + 197 Au at 44 MeV/u. The gold target was 9 mg/cm 3 thick.

To overcome the weak production rate of hard photons, the present experiment employed a multidetector consisting of 247 hexagonal BaF2 detectors of various types. They were assembled in 13 blocks of 19 modules with a central detector surrounded by an inner ring of 6 and an outer ring of 12 modules. The blocks surrounded the target at a distance of 420 mm and covered 27% of 4ir at B angles spanning a nearly continuous range between 50° and 170° and almost a full coverage in <p [2].

The detectors were calibrated using radioactive sources and for a high energy calibration point (~ 40 MeV) using cosmic muons whose deposited energy was calculated in a Monte-Carlo simulation including the angular distribution of muons and the Bpatial distribution of the detectors. The cosmic events were recorded throughout the whole experiment (including the beam off periods) and were used to monitor the gain.

In the off-line data analysis, photons were identified by using the difference in the pulse shapes generated in the BaF 2 detectors in response to neutral or charged particles and the difference in time of flight between photons and massive particles. The energy and emission angles of the photons were obtained from a shower reconstruction method. For single photon emission the yield as well as the shape of the spectra followed the established systematics [1].

To extract pure 2-photon events, it becomes necessary to reject on an event by event basis the cosmic muons which can fire several detectors within a block or even in different blocks and consequently distort the 2-photon correlation function. During the experiment, they were recorded in random coincidence with the beam at a rate of nearly 30 cosmic events for every 2-photon event. To be recognized as a 2-photon event, we have imposed the following three conditions : the hadron multiplicity is larger than 1; two high-energy photons (E 7 > 25 MeV) are detected in two different blocks; and no more than 3 highenergy hits are present. These conditions were fulfilled by ~14000 events.

The result

The correlation function, C\2, was constructed as the ratio of the 2-photon events with respect to their relative four-momentum, q+, over an uncorrelated background: In order to understand the structures observed at low relative momenta events have been simulated that included uncorrelated hard photons, ir°, cosmic muons and e + -ep airs created by the conversion of photons passing through the scattering chamber, with characteristics and their relative production rate deduced from the experimental data. The events were folded with the response function of the detectors using the code GEANT3. The events were then analysed and filtered in exactly the same way as the experimental data and finally the simulated correlation function displayed in figure lb was constructed.

The strong rise of the correlation function below q+ = 20 MeV/c can be attributed to conversion e + -e~ pairs and the cosmic muons. At intermediate relative momenta, between 20 and 75 MeV/c, the rise results from the way how the denominator is calculated in the presence of the ir° peak. We have therefore developped a method which on an iterative basis calculates weight factors for the pairs of photons that have an invariant mass between 75 and 140 MeV/c 2 , until the correlation function converges to one within the region of the ir° peak. This method has been applied to the experimental (figure 2a) as well as to the simulated events (figure 2b). The gaussian like shape beyond 20 MeV/c up to 60 MeV/c is attributed to the expected interference between two independent photons. The height of the correlation function at q + = 0 as deduced from a fit to the gaussian 1 + A • exp (~g+/r 2 ) between q+ = 20 MeV/c and q+ = 140 MeV/c is equal to 1.9 ± 0.2. This is higher than the expected value of 1. Another open question is the influence of the cosmic muons, the analysis being unable to eliminate all of them. Although the two figures 2a and 2b are similar the difference in shape gives us a strong hint that in figure 2a we indeed observe the photon's intensity interference.

Conclusion

Hard photons produced in heavy ion collisions are believed to be a probe of the early phase of the reaction, the phase where the maximum density is reached. To measure the dimensions of the photon source, the technique of intensity interference was used. We have demonstrated that the TAPS multidetector has made this kind of experiment feasible as a result of its broad angular coverage and its energy resolution. The measured rise of the correlation function towards low relative momenta is tentatively attributed to the interference effect, which would be the first observation of the Hanburry-Brown Twiss effect in nuclear physics. This observation however should be confirmed with a new experiment, that enables a further background reduction and which correlates the width of the correlation function to the size of the system.

We wish to thank our colleagues at the Oak Ridge National Laboratory, J.R. Beene, F.E. Bertrand, M.L. Halbert, D. Horen, D. Olive and R. Varner for making their BaF 2 detectors available to us and for their help in the setup of the experiment.

Motivation

The emission of energetic photons and pions in collisions of heavy ions has been intensively investigated in recent years, as possible probes of the initial phase of the collision and as such was considered as a way of getting information on the equation of state. In that respect kaons appear as an even better choice than pions, since, due to strangeness conservation, they are very weakly reabsorbed in the nuclear medium, once they are produced. At subthreshold energies, nucléons have to undergo several collisions in the hot and compressed interaction zone to accidently gather up an energy high enough to produce one kaon (the free N-N threshold is 1.6 GeV) and thus kaon emission should be sensitive to the window in space and time associated with the largest energy densities. K+ production in heavy ions collisions has been studied with beams of 2.1 GeV/u [1], but no data exist for heavy ions at subthreshold energies. The present measurement of K+ production in 36Ar+48Ti at 92 MeV/u [2] is an exploratory run, more data not yet analysed have recently been taken.

Experimental set-up

The titanium target was inserted between two copper slabs in which kaons produced in the target are stopped and decay into muons of 153 Mev energy, with a time constant of 12.4 ns. Muons are detected 30 cm away from the Cu absorbers in a range telescope made of a stack of 15 planes of segmented scintillators of different nature, their total number being forty. The range detector was divided in two parts: the trigger made of the first ten planes, and the absorber in which the range is measured.

The trigger consists in two hodoscopes, each with horizontal and vertical localization, which in total generated two times 25 zones in x-y directions. In between were 1.2 cm thick scintillating glasses and 4 cm thick plastic scintillators for energy loss measurements, a 0.5 cm thick NE 102 scintillator used for time measurement versus the cyclotron RF signal and a plexiglass Cerenkov counter to reject particles with P < 0.67. The distance between the two hodoscopes was large enough to roughly reconstruct trajectories starting close to the target and Cu stoppers.

Good trajectories with c.ily one hit in each hodoscope plane, plus a minimum energy loss of 2 MeV/g/cm2 in the trigger planes, plus a narrow coincidence between these planes along with a delay larger than 4 ns relative to prompt events, plus a Cerenkov positive response made strongly restrictive conditions in the off-line analysis before absorber counters were read out.

The absorber was made of four 4 g/cm2 thick glass (one) and NE 102 scintillators (three), followed by veto counters out of the range to be measured. The range telescope was so designed that 153 MeV muons had to stop in the second or third of the four absorber counters. The total energy measured in the trigger + absorber amounted to 60 % of 153 MeV. Results and conclusions With 1011 incident 36Ar ions per second on the the 90 mg/cm2 thick, 45* tilted 48TÎ target and after 24 hours of counting time, twelve good events were fulfilling the previous conditions. The total energy distribution of these 12 muons is shown in Fig 1 and their corresponding ranges appear in insert. The energy distribution shows a maximum at the expected place as indicated by the arrow, while the range distribution is flatter than anticipated, but remains within the detector resolution. Fig. 2 displays the time spectrum of these events; here is plotted the remnant population of events having a time of arrival greater than a given delay to relative to prompt events. Data are compatible with the time distribution expected from kaon decay lifetime of 12.4 ns (solid line).

From these spectra we conclude to the evidence of kaon production. With an overall detection efficiency of 0.3% and assuming an isotropic distribution of the kaons, a total cross section of 240 ± 150 picobarns is infered for their production.

Theoretical calculations were, up to now, mainly concerned with incident energies of 500 MeV/u and above. However two recent works are giving predictions close to our result. The K+ production cross section in the 42ca + 42ca at 92 MeV/u has been estimated to 20-530 picobarns [3] using an analytical model based on the Boltmann Langevin equation. Another calculation [4] yielding a cross section of 152 picobarns has been done in the framework of a cooperative model [5] already used for subthreshold pion production. The first calculation shows that fluctuations increase subtstancially the K+ production cross section while the second one seems to imply that phase space constraints are important in K+ production. 

LIGHT PARTICLES EMITTED IN COINCIDENCE WITH PIONS AND ENERGETIC PROTONS IN HEAVY ION COLLISIONS AT 94

1-MOTIVATIONS

The production of pions in heavy ion collisions far below the free nucléon nucléon (N-N) threshold is an intriguing problem since a large amount of the available energy of the system has to be concentrated into one degree of freedom. Two types of theories have been proposed to describe the subthreshold pion emission:

-individual nucléon nucléon interaction boosted by the internal motion of the nucléons in the nuclei.

-collective effects such as thermal emission by an excited zone, nuclear bremsstrahlung, etc.... The results of inclusive experiments can be described either by microscopic (N-N collisions) or by statistical models. Hence, to proceed one step further and try to identify the production process, we decided to perform an exclusive experiment, detecting most of the light fragments emitted in coincidence with the pion. In the same experiment we performed also measurements of correlations between light fragments and high energy protons (Ep > 140 Mev) in order to compare the behaviour of the nuclear system when the same energy, but very different linear momenta, are subtracted by different probesO).

2-EXPERIMENTAL SET-UP

The experimental set up is sketched in figure 1. The pions and high energy protons are detected and identified by a range telescope placed at three successive polar angles : 70°, 90°, 120°. The coincident light fragmems are identified by two multidetectors : the S MUR S -plastic wall-(for forward angles) and the ^TONNEAU" -plastic barrel-(for large angles). Three systems have been studied : O+Al, O+Ni and O+Au at 94 Mev / nucléon.

3-RESULTS AND INTERPRETATION

The most significative experimental results are: -l)The observables measured by the multidetectors (multiplicity.velocity and angular distributions) are identical for the pion and high energy proton triggers. These two triggers select rather central interactions (1).

-2)The velocity spectra of particles detected in coincidence with the triggering particle (pion or proton), exhibit two emitting sources : one with a velocity slightly lower than that of the beam, the other with a velocity near that of the center of mass of the system (figure 2).

-3)For the proton trigger.the azimuthal distributions of the coincident particles are not isotropic. They have a maximum located opposite of the trigger telescope, with respect of the beam axis(figure 3). 

Data analysis

The BaF 2 modules have been energy-calibrated with 7 rays from radioactive sources ( 88 Y and AmBe) and with cosmic muons. After correcting the short-gated energy signals for non-linearities, a clean pulse-shape analysis could be performed. The time signals have been corrected for residual walk, for cross-talk effects in the fast electronics and for drifts of the RF reference, yielding Anally an average intrinsic resolution of ~ 700 ps fwhm. Combining the pulse-shape analysis with the time of flight information, it has been possible to identify 'photon only' events with a high degree of selectivity, despite the absence of charged-particle veto detectors on all but one block. The intensive background of events produced by cosmic muons could be strongly reduced by putting cuts on the relative time and on the extension of the electromagnetic shower in the detector blocks. Within each block, the photon energies from adjacent modules have been summed in order to improve the overall response. In a final step, ir° events have been identified by an invariant-mass analysis, and clean pion spectra could be constructed. In a similar way, from the singles trigger, hard-photon spectra have been generated. The detector efficiency and response functions have been obtained from GEANT simulations.

Results

We find an inclusive cross section of 5.4 ± 0.9 mbarn for the production of high-energy photons with E T > 30 MeV, in good agreement with the systematics 2 . From a movingsource analysis we obtain a source velocity of j3 = 0.147 ± 0.009, very close to /36eam/2. A Legendre-polynomial fit to the angular distribution in the half-rapidity frame gives a coefficient A 2 = -0.12, corresponding to a maximum at 90°, compatible with dipole radiation. The two latter findings are indeed consistent with the picture describing hard photons as mainly bremsstrahlung produced in individual proton-neutron collisions. The invariant-mass analysis produces a cross section for inclusive T° production of 9.6 ± 1.7 /ibarn. The quoted error consists of a 4% statistical and a 17% systematic error, mainly from the beam current normalization. Figure 1. shows a response-corrected ir° transverse-momentum spectrum and an angular distribution in the nucleon-nucleon CM frame. A fit to the Py spectrum gives a source temperature of 15 ± 1 MeV, in agreement with an existing systematic study 4 . The yield shows a minimum at 90°, indicative of the p-wave amplitude of pion production via the A resonance.

Our pion cross section can be compared to the body of inclusive data available around 44 MeV/u 5 -6 , extending from 12 C+ 12 C to ^Kr+^Zr. Because of the very strong energy dependence of subthreshold pion production, we choose to scale the various data points to a common energy available above the Coulomb barrier 2 , namely 40 MeV/u. Also, to the three smallest systems (with Ai,2 < 30) an empirical correction has been applied to compensate for their reduced Fermi momenta. The rescaled cross sections are shown in Fig. 2(a) together with our Xe+Au point as a function of <r Teac • NNN, i.e. the reaction cross section times the impact-parameter averaged number of first-chance nucleon-nucleon collisions. Indeed, in the simplest picture one would expect that o> scales with this product, in analogy to hard-photon production scaling with the number of first-chance proton-neutron collisions 7 . For each system, the average number of participant nucléons has been computed in a Glauber approach 8 . An attempt to fit a straight line to the data (dashed curve in Fig. 2) shows that the expected proportional law does not hold. This deviation from linearity can be attributed to pion reabsorption, which is particularly strong in heavy systems. Only after having corrected the data with an appropriate pion escape factor does the linear scaling hold (solid line in Fig. 2). The escape factors have been calculated in a simple geometrical model 8 in which the pion absorption length is a free parameter. A best fit yields then the energy-averaged value of X a f, s = 5.5Î 2 ;s fm. This is also apparent from Fig. 2 (b) where the average ir° multiplicity per NN collision nucléon is shown as a function of the mean distance the pions propagate in the nuclear medium before they can escape. Setting gates on the multiplicity of nucléons detected in TAPS, it is possible to achieve a certain degree of exclusivity. The impact-parameter calibration of the multiplicity bins has been deduced from FREESCO calculations done with a realistic experimental filter; the resolution is roughly 30%. In Fig. ?(a) the number of pn collisions, obtained 2 from the measured exclusive hard-photon multiplicities, is displayed vs. the impact parameter. Setting then iVjviv(^) -2 • N pn (b), one can extract the impact-parameter dependence of the TT° multiplicity per nucleon-nucleon collision (Fig. 3(b)). Our data show that pion production is enhanced in central collisions and depleted in peripheral ones, although not completely suppressed. In conclusion, our data support the picture of ir° and hard-photon production in individual nucleon-nucleon collisions. It also appears that more exclusive experiments are necessary to extend our present knowledge about subthreshold particle production. However, reabsorption plays an important role and has to be investigated in order to obtain a consistent picture. One should finally realize that a more thorough study of final-state interactions could offer a new approach to the pion-nuclear potential. 
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 12 Figure 1 : Occupancy cuts Cat> along the axes of the ensemble-averaged phase-space occupancy f{p t ,p,,t), shown it foui different times t during the evolution from the initial configuration toward» the corresponding Fermi-Dirac equilibrium.
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 1 Fig. 1 (a) Two-proton and (b) proton-deuteron correlation functions calculated in the frame of classical approach, taking into account the final detector resolution and compared with the experimental data.

  Fig. ?.. Predictions of the quantum model compared with the experimental two-proton (a) and proton-deuteron (b) correlation functions.

1 . 5 OFig. 3 .

 153 Fig. 3. Proton-deuteron correlation functions predicted by the classical model with and without the Coulomb field of the residual nucleus. The solid curve represents the quantum calculation.
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 1 Figure 1. Transverse momentum per nucléon in the reaction plane as a function of the normalized rapidity, at time t = 100 fm/c.
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 2 Mean transverse momentum in the reaction plane as a function of the longitudinal rapidity.
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 3 Figure 3. Influence of the isospin on the dynamics of the reaction 56 Ca (15 MeV/u) + 40 Ca at b = 7 fm.
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 4 Figure 4. Time evolution of I = N -N/A for different values of c during the reaction 48 Ca (40 MeV) + 48 Ca.

Figure 1 :

 1 Figure 1 : Equation of State of the Skm* Skyrme force
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 2 Figure 2 : time evolution of the mean density in infinite nuclear matter with a soft Zamick force.
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 3 Figure 3 : Quadrupole moment equilibrium dispersion.
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 2 Fig. 2 : Temperature dependence of the NN effective interaction in two channels for two values of the relative nucleon-nucleon momentum.
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 2 Fig. 2 : Gap A F at Fermi momentum for nuclear matter (open dots) and neutron matter (black dots).
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  Binary and symmetric fission barrier heights as a function of the angular momentum (fi unit).low angular momenta, while, for heavy systems, the centrifugal forces compensate for the deformation energy only for very high angular momenta. In the symmetric ternary fission path the nuclei are able to sustain very high angular momenta without fissioning even at high temperatures. This could perhaps explain the possible and unexpected detection of the Pb-like nucleus at T = 6 MeV and J = 160 ti in peripheral collisions where the compression effects are small.

  Binary fission barrier heights as fonctions of the temperature and the decay asymmetry.Ternary fission barriers (T = 0). The central fragment is indicated on the curves. 1) J. Mignen and G. Royer, J. Phys. G 16 (1990) L 227. 2) G. Royer and J. Mignen, 7 th Adriatic international conference on nuclear physics : Heavyion Physics -Today and tomorrow (Brioni. Yougoslavie : 27 may -1 June 1991) 3) G. Royer and J. Mignen, J. Phys. G (1992) SEMICLASSICAL SIMULATION OF SUDDEN NUCLEUS SCISSION G. ROYER, B. REMAUD, F. SEBILLE, and V. DE LA MOTA Laboratoire de Physique Nucléaire IN2P3/CNRS -Université de Nantes 2 rue de la Houssinière -44072 Nantes -FRANCE Heavy-ion beams in the intermediate energy domain allow the study of highly excited nuclei obtained by partial fusion of the projectile with the target. Unexpectedly, the fission process remains an important decay mode of such hot systems. As a first step, the dynamics of a split nucleus has been simulated 1 ) within a semiclassical description based on the Landau-Vlasov equation with a Uehling-Uhlenbeck collision term. Initially, the spherical nucleus is suddenly divided into two parts boosted in opposite directions by a momentum per particle k z . The resulting collective motion can be analyzed by following the time evolution of the quadrupole moment of the system and its collective energy estimated from the local collective velocity field. For excitations below the breakpoint, die system swings in the potential energy pocket. The damping of the collective motion and its conversion into intrinsic kinetic energy is very slow when only the pure mean field acts. In contrast, when the two body collisions are effective, only one oscillation occurs and the transport between the collective and intrinsic degrees of freedom is a very rapid phenomenon, since the big hole dug in the velocity distribution weakens the Pauli blocking effects. Time evolution of the quadrupole moment and the collective energy for an initial excitation k z of the 40 Ca nucleus below the breakpoint. The solid curve corresponds to the mean -field effects while the dashed line incorporates the two -body collisions. The same strong influence of the two-body collision effects is observed above the breakpoint ( lk z l £ 0.4 f^). The scission path is better reproduced when the nucleonnucleon cross section is large. Changes in the nucleon-nucleon cross section do not affect strongly the mass quadrupole moment but lowers the potential barrier of about 15 MeV. An estimate of this barrier is found by looking at the time evolution of the kinetic collective energy which gives the amount of energy needed to overcome the potential barrier : Eba,r = maxt [Ecou (t = o) -Ecou (0 ] The obtained barrier height is slightly higher than the 200 macroscopic fission barrier height (~ 35 MeV for the ^t^Ca nucleus) determined from the liquid drop model. « 120 The reasons are that the splitting of a nucleus is a j 3 80 rough and sudden approximation of the fission process and that the prescription for the mean-field 40 may not fully describe the surface properties of nuclei. Finally this semiclassical description points out the 20 role of the nucleon-nucleon collisions which govern ; 40 the damping of the collective energy and deformations -_ 60 and favor the evaporative deexcitation channel. Such a w role has also been observed in the simulation of the dynamics of excited rotating nuclei 2 ). The study of more fissile nuclei is in progress 3 ). Time evolution of the quadrupole moment and collective energy due to pure mean field effects (a), inclusion of two body collisions (b) and twobody interactions with a double nucleon-nucleon cross section (AND FRAGMENTATION OF HOT ROTATING NUCLEI B. REMAUD, F. GARCIAS*, G. ROYER, F. SEBILLE, and V. DE LA MOTA Laboratoire de Physique Nucléaire IN2P3/CNRS -Université de Nantes 2 rue de la Houssinière -44072 Nantes -FRANCE * Départament de Fisica, Universitat de Ses Hies Balears, E-07071 -Palma de Mallorca, Spain The observation of very excited nuclei after the collisions of heavy-ions at intermediate energies raise two fundamental questions : what are the mechanisms of energy transfer from the initial motion to the intrinsic degrees of freedom and, once created, what are the deexcitation channels of hot nuclei ?

  Three trajectories of a ^Ca hot, rotating nucleus. Marks indicate the time steps (10"22 s). The classification of the various deexcitation modes has been realized in the (L, E*) plane, variables in close relation to the experimental observables.The present method of boosting the initial rotation of nucleus does not allow to access the pure yrast lines (E* = 0, L > 0). Although a rough approximation to the nucléon efffective force is used, the critical angular momentum for (cold) fission is 45 ft in correct agreement with Thomas-Fermi calculations. When E* increases the probability of a binary fission regime decreases regularly and completely disappears at E* = 300 MeV although the fission barrier lowers according to the same trend as in static calculations. A critical zone exists for high excitation energies where the nucleus passes directly from the evaporation regime to ternary fission and fragmentation. This dynamical competition between the fission, nucléon evaporation and fragmentation regimes is illustrated in the last figure for two initial conditions : L = 45 fi, E* = 44 MeV and L = 55 Ti, E* = 201 MeV. The nucleus with higher angular velocity and excitation energy looses mass at much higher rate and its angular momentum relaxes much faster. Both systems yield an evaporation residue although static studies would have predicted vanishing fission barriers. Studies are underway for more fissile nuclei 3 ) which could really explored all the regimes considered here in realistic nuclear reactions. deexcitation channels of a 40 Ca excited nucleus. Evolution of mass and angular momentum of two 40 Ca nuclei with different initial excitations. 1) F. Gardas, V. de la Mota, B. Remaud, G. Royer, F. Sébille, Phys. Lett. B255 (1991) 311 2) G. Royer, B. Remaud, F. Sébille, V. de la Mota, Phys. Rev. C44 (1991) 2226 3) F. Haddad, G. Royer, B. Remaud, F. Sébille, in progress. B. Elattari, J. Richert and P. Wagner Centre de Recherches Nucléaires and Université Louis Pasteur Strasbourg, France
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 233 Fig.2: Second moments from mass distributions of 197 Au as a function of reduced multiplicity (A^ =197). Full line : detailed balance[4]. Dotted line : transition state theory[5]. The experimental maximum lies at m/A tot ~ 0.25
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Fig. 2 Experimental

 2 Fig. 2 Experimental final state spectra for the excitation energy range of : (a) 12 < E. < 16 MeV and (b) 16 < E. < M MeV in *°Ca (c)and (d)are th* corresponding proton spectra (see rcf ). The histogram represent statistical decay calculations using the code CASCADE

Fig. 1 .

 1 Fig. 1. Inelastic scattering spectra for the different targets.

Fig. 2 .

 2 Fig. 2. Comparison of differential inelastic cross sections with coupled channels calculations. The dashed lines represent angular distributions calculated assuming pure L=4 transitions.

Fig 1

 1 presents a typical energy spectra for the inelastic scattering of17 O on 232 Th obtained near the grazing angle. The low energy pan of the inelastic spectrum is dominated by the Coulomb excitation of the low-laying states in232 Th. The broad peak centered around 12 MeV arises from the excitation of several giant resonances. The peak/continuum ratio is excellent compared to the data obtained with light probes such as protons or alphas (e.g. fig.2in ref9 ).

3 fig 3 10 Excitation

 3310 fig.1Inelastic scattering spectra at theta lab =3.6 degrees from the 232 Th ( l7 O, ' ^O') reaction at 84 Mev/u. The solid curves show a decomposition of the spectra into resonance peaks and an underlying continuum as explained in the text

  Fig.l shows the transfer spectrum obtained for the following reactions: neutron stripping: 20 Ne + 207 Pb ^19 Ne + 208 Pb f On leave from Division de Physique Théorique, Institut de Physique Nucléaire, 91406 Orsay Cedex (France) proton pick-up: 20 Ne + 209 Bi -+ 21 Na + 208 Pb proton stripping: 70 Ne + 59 Co -+ 19 F + 60 JV». In the case of the stripping reaction (fig.la,fig.lc)

Fig

  Fig.l. (Right) Experimental spectra obtained for different one nucléon transfer reactions with 20 iV*e beam at 48 MeV/A.

Fig. 2 .

 2 Fig.2. (Left) Comparison of the calculated spectrum (fig.2.b) and the experimental spectrum of the fig.l .a.

  accurately in terms of pure Coulomb excitation.

Figure 2 .

 2 Figure 2. The ground state y-decay coincidence spectrum corresponding to the 84 MeV/nucleon singles spectrum in Figure 1.

Figure 1 .

 1 Figure 1. Comparison of the excitation of 208 Pb by the inelastic scattering of 17 O at 22 (thin solid curve) and 84 (dotted curve) MeV/nucleon, and 36 Ar at 95 MeV/nucleon (heavy solid curve). Spectra are normalized to match yields in the 35-40 MeV region.

Figure 3 .

 3 Figure 3.17O'-yo angular correlation for fixed y detection angle, and an excitation energy rage from 9 to 12 MeV. The solid curve is a pure El Coulomb excitation calculation.

Figure 4 .

 4 Figure 4. Total cross section for Coulomb excitation of some one-, two-, and three-phonon states in 208 Pb by 86 Kr scattering. The excitations involving only the GDR (solid lines) are labeled by the phonon number, n.

Figure 5 .

 5 Figure 5. A schematic illustration of the experimental method employed to isolate two phonon strength in a heavy-ion scattering spectrum by y-decay coincidence. The shaded region at the bottom of the plot represents a region of intense y background from decays following emission of one or more neutrons.

Figure 6 .

 6 Figure 6. 208 Pb(* 6 Kr, 86 Kr'Y) coincidence spectra. See text for discussion.

Figure 2 :

 2 Figure2: Single neutron angular distributions for ( u Li,9 Li) reactions on Be, Ni and Au. The differential cross-section is shown versus the angle of the emerging neutron relative to the incoming beam as measured in the laboratory frame. The two points above 15° are averages over three and four detectors, respectively. The curves are fits with a Lorenteian distribution.
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 12 Figure 1. Experimental set-up

Figure 3 .

 3 Figure 3. Energy distributions of elastcally diffused ions of 25.4MeV/n7 Li ions (upper part) and of 29MeV/n J1 Li ions (lower part) on a .28 Si target

Figure 2 .

 2 Figure 2. Schematic diagram of the GANIL cyclotrons and the different apparatus necessary for the mass measurement method.

Figure 3 .

 3 Figure 3. 2 dimensionnal representation of the signal detected in the AE (Stop) detector versus the difference between Stop timing signal and the radio frequency (HF) signal. The different nuclei identified are shown on the figure.The difference in phase can therefore be related to the difference in q/m of these two nuclei and their relative masses can be deduced. A straightforward calculation yields, assuming the mass of 25 Na to be known :

Figure 1 :

 1 Figure 1: Neutron-rich nuclei along the dripline from the fragmentation of a 48 Ca beam at 44MeV/uonTa.

Figure 2 :

 2 Figure 2: Isotopic production along lines with neutron numbers N+2Z-1 (a), N=2Z (b), N=2Z+2 (c). The error bars correspond to one-sigma statistical errors. From the smooth monotonous drop along these lines and the absence of any 26 O event, one can conclude to the particle-unbound character of this isotope (see text).

Figure 3 :

 3 Figure 3: Beta-decay half-lives (T1/2) and p-delayed neutron emission probabilities (P n ) of 44 S, and 4 6C1, obtained at GANIL. "8

(

  in S and Cl chains iïi/zt/9) sli/ 2 (n)J nd) (ft) exp. or IDA -prediction Ti/2In) lor n-densityof 510' 5 mol/cm 3 /3) exp. or QRPA -prediction Ti/2 (nj lor n-densilyot 5 10 " 5 mol /cm3 

Figure 4 :

 4 Figure 4: Neutron-capture path in the S to Ar chains for a stellar temperature of T=8.10 8 K and a neutron density of 5.10 5 mol.cm 3 ; upper part: status in 1986, lower part: present status.With our new experimental data, at both N=28 "turning point" isotopes, 44 S and 45 C1, p-decay back to stability starts to dominate over further neutron capture. Hence, the possible A=46,47 progenitors of 46 Ca will be produced in small amounts only. With this, large48 Ca/ 46 Ca ratios can be obtained, as required to explain the observed abundances in meteorites.

Fig. 2 .Fig

 2 Fig.2. Nuclei transmited with -»3Cr

Fig. 5 .

 5 Fig. 4.43Cr time spectrum Tl/2 = 20.9 J^f ms

Figure 1 :

 1 Figure 1: (a) Fragment velocities in triple coincidences measured with PPAC 1. (b) The same quantity measured with PPAC 2. (c) Fragment charges in triple coincidences measured with PPAC 1. (d) The same quantity measured with PPAC 2. (e) Relative velocity between fragments detected in PPAC 1 and PPAC 3 for triple coincidences, (f) Angular distribution of the fragments detected in PPAC 2 for triple coincidences.

Figure 1 :

 1 Figure 1: Energy and atomic-number spectra of PLFs coincident with TLFs (upper panels) and the angular distribution coincident TLF fragments (lower right).

  Figure

Figure 4

 4 Figure 4Experimental excitation energy spectra of the primary projectile-like nucleus breaking up into four helium nuclei. A comparison between three bombarding energies is shown.

  Figure 6

FigFig. 2 :

 2 Fig.l: TLF's average recoil angle as a function of the mass of the associated PLF (full circles). Bars represent 5' deviations. Open circles and curve are the results of calculations described in the text

Fig. 3 :

 3 Fig.3: Detected mass of the TLF's vs the detected mass of the associated PLF's. Error bars are statistical. The symbols have the same meaning as in fig.l.

Fig. 4 :

 4 Fig.4: Angular distributions of proton and alpha particles plotted in the emitter reference frame. Comparison is made between experimental (histogram) and simulated (hatched area) data. PLF are detected at 2.8'.

Figure 1 .

 1 Figure 1. Variation of the fission cross section (solid points) and the heavy residue formation cross section (triangles) with projectile energy for the Ar + Au system. The points at 93 MeV/A are from this work.

Figure 2 .

 2 Figure 2. (a) Measured fragment isobaric yield distribution for the interaction of 93 MeV/nucleon 36 Ar with 196 Au. (b) Same as (a) except reaction is 1.95 GeV/nucleon 40 Ar + 197 Au (ref. 5). (c) Comparison of distributions in (a) and (b).

Figure 3 .Figure 4 .

 34 Figure 3. Comparison of A -125 fragment angular distributions for the interaction of 93 MeV/nucleon 36 Ar (solid triangles), and 85 MeV/nucleon I2 C (ref. 7) (solid line) and 400 MeV/nucleon 20 Ne (dashed line) with 197 Au.

Figure 5 .

 5 Comparison of the average rms fragment momentum from the interaction of 93

Fig. l Fig. 2

 l2 Fig.l Scatter plot of projectile-like fragments detected at 7° in the 32 MeV/u Kr+Au reaction as a function of E and neutron multiplicity (as measured). The arrows correspond to fragments with the beam velocity.MeV/u Kr+Au Theta=7°5 0

Fig. 3

 3 Fig.3 Number of neutrons detected from backward (A) to forward (D) and in the whole detector (E). The experimental data are given by open dots. Emission from projectile-and target-like nuclei is given by histograms after Monte Carlo simulation

4<Fig 1

 1 Fig 1 Invariant cross sections for several fission fragments characterized by their Z and gated by the associated neutron multiplicity.

Fig.2a- b Fig. 3 Monte

 b3 Fig.2a-b Characteristics of the fissioning nuclei (recoil velocity and deflection angle) as deduced from different Z's for several neutron multiplicity gates. Fig2c Fission fragment Z distribution.

Figure 1

 1 Figure 1 exhibits the experimental setup consisting of three large-area parallelplate avalanche counters (PPAC) and eight telescopes.Coincidences between fission fragments are measured with three PPAC's, two of them labelled 1 and 2 had an active area of 30 x 30cm 2 and PPAC 3 with a surface of 15 x 17cm 2 , all at a distance of 30 cm from the target. Combination 1-2 selects fission events from central collisions with folding angles close to 100°, while combination 1 -3 favours the peripheral ones. In contrast to the previous experiment[1] the out-of-plane distributions are measured directly.In the backward hemisphere eight telescopes were installed to detect the IMF's, either using Si-diodes or ionization chambers as AiJ-counters. They were installed 14 cm apart from the target at angles between 120° and 180°. Two of them were placed out of plane.The first question to answer is whether the out-of-plane width of the fission fragment angular correlations changes with incident energy. The widths for the pe-

Figure 1 :

 1 Figure 1: Setup consisting of three PPAC and eight telescopes

  Figure 1

Figure 1 .

 1 Figure 1. Three dimensional representation of the target-like fragment angular distributions for the interaction of 45 MeV/nucleon I29 Xe with l97 Au.

Figure 2 .Figure 3 .

 23 Figure 2. Fragment isobaric yield distributions (represented as smooth curves) for the interaction of 21, 35 and 45 MeV/nucleon 129 Xe with 197 Au.

Figure 1 :

 1 Figure 1 : dM / dE sys spectra for the sequentially emitted particles. The dotted curves indicate the evaporation component, the dashed curves the fragmentation one and the full curves the sum of the two.

Fig. I :

 I Fig. I : Comparison of neutron multiplicity spectra and folding angle distributions for Ar + Th over the whole range of incident energy from 27 to 77 MeV/u.

Fig. 2 :

 2 Fig. 2 : Coplanar C A<p* 180° ) and non-coplanar C A<p» 90°, 120° ) folding angle distributions for ArC 27 and 44 MeV/u ) • Th and the associated neutron multiplicity (corrected for efficiency). The LMT-scale applies to the coplanar data only.144

Fig. 3

 3 Fig. 3 deft) : Lab. angular distribution of fission fragments from ArC 44 MeV/u ) • Au, Th Fig. 4 (right) : Lab. angular of fission fragments from ArC 44 MeV/u ) + Th, selected for five bins in the number of simultaneously detected neutrons n C the neutron numbers after efficiency correction are quoted in brackets ).

Fig.

  Fig.l-AE-E matrix from IC-Si data. Fig.2-PIF for fragments stopped in Csl.
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 1 Fig 3

Figure 2 :

 2 Figure 2: Relative population of the 20.1, 21.1, 22.1 MeV 4 He excited states in p-t correlations. A temperature of 2.2 MeV is found.

Figure 3 :

 3 Figure 3: Search for directional effects in the pp correlation function. The results are displayed for a low total momentum and two directions of emission in the cm system of z He (notice that this is the case of a strong resonance reduction). The sensitivity is very low, as predicted by theory (full line and dashed line).

Fig. 1

 1 Fig. 1 Distribution of nuclei detected from 6 to 20 deg. as a function of neutron multiplicity in Pb induced reactions on several targets. The intensities are given in arbitrary units.

Fig. 2

 2 Fig.2Velocities of the fissioning nuclei as derived from a fit of fragment invariant cross sections as a function of Z of the fragments for different neutron multiplicity gates (as measured). The beam velocity and compound nucleus velocity are shown to suggest the amount of transferred momentum.
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 3 Fig.3 Z distribution of the fission fragments.
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 1 Fig. I Average neulron multiplicities (corrected for the efficiency of the detector) associated with IMF detected ai various angles.

Fig, 2

 2 Fig,2 Integrated IMF cross sections lor various incident energies between 30 ami 220 A.MeV.

Fig. 2

 2 Fig.2 Evolution with M n of the most probable kinetic energy E m p of Z=2 detected at 159°. The insert displays the energy spectra measured for two different Mn values.

Fig. l .

 l Fig.l. Neutron multiplicity distrbutions as measured in the inclusive mode (a), in coincidence with Z=2 detected at 159° (b). Differential multiplicities for Z=2 (without jacobian correction) detected at 159° and 109°( c). No correction has been applied for the detection efficiency of the neutron detector.
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Figure 1 :

 1 Figure 1: Experimental setup. The backward part of the TONNEAU was not present in this experiment.

Figure 2 :

 2 Figure 2: Kinetic energy distribution in the incomplete fusion nucleus frame for Z=2 particles at 65 MeV lu and for different impact parameter values. The black full line represents the fitted function used to determine the measured temperature.

Figure 3 :

 3 Figure 3: Evolution of the square of the initial temperature with the excitation energy per nucléon for 36 MeVlu (open circles), 45 MeV/u (closed triangles), 55 MeVlu (open triangles) and65 MeVlu (closed squares). Each point corresponds to an impact parameter.
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Figure 1 :

 1 Figure 1 : Mass velocity plot for the nuclei detected in the forward time of flight telescope for a bombarding energy of 70 MeV/u . The evaporation residues lie around mass 80 and their velocities reflect the centrality of the collision.

Figure 2 :

 2 Figure 2 : Contour plot for the total detected cltarge (abscissa) and the total linear momentum (ordinale) normalized to their maximum possible values. Trigger telescope at 11 "9. Incident energy : 70 MeV/u .

Figure 3 :

 3 Figure 3 : Excitation energy distributions for the Ar+Ag system at 50 (a, c) and 70 (b, d) MeV/u . The points are experimental. The corresponding triggering conditions are : detection of an evaporation residue at 11°. The dashed lines of figure a and b are the results of the simulation if the filtering effects of the detector are included. The full line of figures a and b are unfiltered results of the simulation. In figures c and d are given only simulated results : dotted line : filtered distribution when the trigger is an evaporation residue ; dashed line : corresponding unfiltered distribution (these two curves are already included in figures a and b) ;full line : simulated results for all the hot nuclei, whatever their decay process is.
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  Kr en Ag tnd Au at 17.7,27, and 35 MeV/n M Zamani.'* M. Debeâuviis. 1 »' J. Raltrosy." 1 J C. Adloff,'*' F. Fernandez." 1 S. Jokic,"' and D. Sampwnidis"' "'University of Thtssaloniki, Thntaloniki. Greece '*'Ctntrt de Recherche* Nucléaires, Sinubouit, Franc* '''Univtnidad Autonomo i-t Barcelona. Barcelona, Spain '**Univen>iy "Siwrazor Markovic."Kngujnac, Yugoslavia For many years Solid State Nuclear Track detectors (SSNTD) have been used in the study of heavy ion interactions 1 ' 3 . Using f'is technique there have been reported the so-called multipronged events where up to six correlated heavy fragments have been observed in 238 U + U, Pb, and Au reactions at 10 and 16.5 MeV/nucleon 4 . Similar information has also been reported more recently with other kinds of detection 5 ' 8 . In général experimental data concerning 3-body production mechanisms are in agreement independently of the method of observation. The fact that the deep inelastic (01) mechanism is progressively replaced by other mechanisms at higher bombarding energies makes it important to study the evolution of multifragment event cross-sections at higher energies. For less than 10 MeV/nucleon most of the events observed are binary or ternary ones 4 arising from fission after complete or incomplete fusion of the projectile with the target. We have measured the cross section for multipronged events as a function of Kr projectile energy on Ag and Au targets for bombarding energies of 17.7, 27, and 35 MeV/nucleon. In this work we show that the contribution of events of higher multiplicity increases with increasing bombarding energy. EXPERIMENTAL The incident 84 Kr beams were delivered by the UNILAC of the GSI in Darmstadt, Germany at 17.7 MeV/nucleon and by GANIL in Caen, France at 27 and 35 MeV/nucleon with beam fluxes on the order of I0 6 Kr ions/cm ? . All Ag and Au targets were bombarded perpendicular to their surfaces. The targets consisted of layers of 1-2 mg/cm ? of Ag or Au evaporated on one surface of the SSNTD type CR 39* detectors. This arrangement produced a Z* geometry in the laboratory system and a near 4* geometry in the cm. The target thickness was determined with an accuracy of about 5 %. Manufactured by Pershore Mouldings Limited, Worcestershire WR 10 2DD, England.
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Fig. 1 Fig. 1

 11 Fig. 1 Fig. 1 shows a logarithmic (Vrel. Y3/3) plot for the gold target (N d =4, E/A=43 MeV/u (fig. l,a) and E/A=27 MeV/u (fig. l,b). If all the Y3/3 are lower than 2.5 cm/ns (fig. l,a : E/A=43 MeV/n) and 1.5 cm/ns (fig. l,b : E/A=27 MeV/n), the relative velocities are considered close compact and we are faced with a central event.We therefore confine our analysis to events fulfilling this criterion.For the events selected as "central", the most probable value of the event recoilvelocity :

Fig

  Fig.l Neutron multiplicity distribution, with dead time correction but without detection efficiency corrections. Gates a, b, c, d, e, f refer to Fig.2

Fig. 2

 2 Fig.2 Distribution of the nuclei, detected from 6 to 20 deg., in the Z versus Energy space, for six contiguous neutron multiplicity gates, as mentioned in Fig.l. The dashed line represents the locus for reaction products at beam velocity. The detected products have a range, R, in silicon such that 200 |xm <R< 700 Jim.

Fig. 3 -

 3 Fig.3-Left Differential multiplicities (arbitrary units) of light charged particles (lcp of Z=2) detected between 6 and 20 deg.in coincidence with a more massive nucleus, as a function of the Z of the latter and of the neutron multiplicity Mn. As expected, there are no lcp for quasi elastic events and rather low multiplicities accompanying sequential fission of the quasi-projectile (around Z=41). The lcp multiplicity peaks for high M n values and rather low Z's. Fig.3-Right : same as before with the second nucleus with Z>2, instead of Z=2.

Figure 1 :

 1 Figure 1: Evolution of the relative velocity of the two fragments (top) and of the recoil velocity of the system before splitting (bottom) versus the emission angle of the light fragment

Figure 2 : 5 ( 1 ) 2 ) 4 )

 25124 Figure 2: Experimental parallel linear momentum transfer compared to different limiting values (see text)

  different multiplicity bins (low, intermediate and high multiplicities) is almost constant as shown in fig.lb. We have to mention that other experiments on lighter systems ( 36 Ar+ 27 Al, 40 Ar+ 159 Gd) 7 * 8 indicate an increase of Eo with increasing centrality of the reaction. It will be interesting to verify if the observed different behaviour is related to the size of the interacting systems.

Fig. l

 l Fig.l -(a) Photon multiplicity vs. light charged particle multiplicity M/ cp ; (b) inverse slope parameter Eo measured at 0i a b=U2° vs. Mi ep . The Mj ep was evaluated with lep emitted at backward angles (ft ~2JT).

Fig. 2 -

 2 Fig.2 -(a) Proton energy spectra in coincidence with hard photons (E 7 >40 MeV) at different laboratory angles (tf=53°, 83°, 97°, 112° and 127°); (b)proton energy spectra for high multiplicity events at different laboratory angles (0=53°, 68°, 83°, 97°, 112° and 127"). Solid lines are the data fits.

  well established, that the hard photon spectrum observed in heavy-ion collisions at several tens of MeV per nucléon mainly originates from the incoherent superposition of bremsstrahlung emitted during individual neutron-proton collisions. Calculations of BUU-type [1] reproduce rather well both qualitatively and quantitatively the observed characteristics of hard photons. They further conclude that due to Pauli-blocking only the first chance collisions effectively produce the hard photons. Therefore the average duration of the production should be of the order of 15 fm/c, which is the time for a single NN-collision. The extent of the photon source should be restricted to the overlap zone of two interacting nuclei at the very beginning of the collision. Since photons only interact weakly with the surrounding nuclear matter, they provide a unique undistorted probe of the early stage of nuclear reactions.

  the region of q+ ~ 80 MeV/c. The variable q + -note that it is not the invariant mass -is calculated in the nucleon-nucleon center of mass. Within this representation, the width of the correlation function is a direct measure of the spacetime extent of the source assuming that the value for the lifetime and the radius are comparable. The denominator, or uncorrelated background, is constructed by mixing events. The experimental correlation function is shown in figure la. The peak around q+ = 130 MeV/c is due to photons from the disintegration of x° mesons.

Figure 1 :

 1 Figure 1: Correlation function versus the relative momentum q+ constructed from twophotons events a) measured in the reaction 129 Xe + 197 Au at 44 MeV/u; b) simulated and including uncorrelated hard photons, ir°, e + -e~ pairs and cosmic muons having the caracteristics observed experimentally.

5 [ 3 ]Figure 2 :

 532 Figure 2: Correlation function obtained after weighting of events generating the ir° peak for a) data events and b) simulated events. The solid line is the result of a fit to a Gaussian, Cu = 1 + A • exp f -q£/F 2 J with A and F indicated on the figure.
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Fig 1 :Fig 2 Fig 3

 123 Fig 1: experimental set-up

Fig. 1 .

 1 Fig. 1. (a) ir° response-corrected transverse momentum spectrum, (b) Angular distribution in the nucleon-nucleon center-of-mass frame.

Fig. 2 .

 2 Fig. 2. (a) Systematics of inclusive x° cross sections scaled to an energy above the Coulomb barrier of 40 MeV/u (open symbols); the square point is Xe+Au, other data are from Refs. 5 and 6. Solid symbols represent the cross sections corrected for reabsorption (here error bars are omitted for clarity). The curves correspond to fits to the data (see text for details), (b) Inclusive it 0 multiplicity per NN collision vs. the mean distance to the nuclear surface, derived in a geometrical model 8 .

Fig. 3 .

 3 Fig. 3. (a) Measured number of pn collisions vs. impact parameter. The horizontal error bars represent the fwhm of the multiplicity bins. The solid curve is a Glauber calculation, the dashed one is computed with the equal-participant model of Nifenecker and Bondorf 7 . (b) T° multiplicity per NN collision vs. impact parameter.
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Table 1 :

 1 Cross sections and widths of neutron distributions.

	Beam «He	Observed fragment 6 He+n b	Cross-section (barn) Ni Au 0.41±.15 Be + 1.0 L5 -0.5 2 9 +5 °2V -2.5	Be 6.2±1.2	0 i/2 (deg.)* Ni 7.1 ±2.0	Au 7±5
	"Li	9 \ + i nb	0.47±.10 0.65±.12	1.3±0.4 2.1 ±0.4	5.0±0.8 10.8±1.9	3.2±0.2	2.9±0.3	3.4±0.2
	"Be	12 Be + n b	O.37±.O8	0.60. 021	1 3 +1 " 3	4.8±0.5	6.4±1.8	6.6±2.3
			0.44±.10	1.0±0.3	2.1 ±0.6			
	9 Li	n					8.5±0.9	
	Observed opening angle corresponding to half intensity			
	^Calculated as an integral over the neutron distribution				

  J.M. Symons et al., Phys. Rev. Lett. 42 (1979) 40 (2) G.D. Westfall et al., Phys. Rev. Lett. 43 (1979) 1859 (3) See, e.g., I. Tanihata, Proceedings of the First International Conference on Radioactive Nuclear Beams, October 16-18, 1989, Berkeley, CA., USA, J.M. Nitschke éd., and references therein (4) V. Borrel etal., Z. Phys. A314 (1983) 91 (5) See, e.g., A.C. Mueller and R. Anne, Proceedings of the First International Conference on Radioactive Nuclear Beams, October 16-18, 1989, Berkeley, CA., USA, J.M. Nitschke éd., and references therein (6) R. Anne et al., Nucl. Inst. Meth. A257 (1987) 215 (7) A.C. Mueller, R Anne, Nucl. Inst. Meth. B56/57 (1990) 559 (8) D. Guillemaud-Muelleretal., Phys. Rev. C41 (1990) 937 and references therein (9) K.L. Kratz et al., I.European Workshop on Nuclear Physics, Megève 1991, IPNO-DRE 91-14 and O. Sorlin Thesis, Orsay (1991) unpublished IPNO-T 91-04 and to be published (10)F.-K. Hillebrandt et al. Proc. of Weak and Electromagnetic Interactions in Nuclei,H.V. Klapdor éd., Springer Verlag (1986) 987 (11)H.V. Klapdor et al. At.DataNucl. Data Tables 31 (1984) 81
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	(12)Yu. E. Penionzhkevich et al., Z. Phys. A 335 (1990) 117
	(13) A. C. Mueller et al., Nucl. Phys. A 513 (1990) 1
	(14) A. C. Mueller, RIKEN-IN2P3 Symposium, Obernai (France), April 9-12 1990
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	Astrophysics, Baden-Vienna (RFA) June 18-20 1990
	(16)O. Sorlin et al., Sixth Workshop on Nuclear Astrophysics. Ringberg-Castle (RFA),
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	(17)0. Sorlin et al., Tagung der Deutschen Physikalischen Gesellschaft, Darmstadt (RFA),
	March 11-15 1991
	(18)K.-L. Kratz et al., First European Biennal Workshop on Nuclear Physics, Megève
	(France) March 25-29 1991
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	(20)A. C. Mueller, Gordon Conference, New London, NH (USA), June 24-28 1991
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	(22)M. Lewitowicz et al., Second International Conference on Radioactive Beams, Louvain la
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	(23)D. Guillemaud-Mueller, International Conference on Exotic Nuclei, Foros, Crimée
	(URSS), October 1-4 1991
	(24)D. Guillemaud-Mueller, International Meeting on Nuclear Dynamics, Jackson Hole,
	Wyoming, (USA), 18-25 January 1992

Table 1 .

 1 detector works as a veto detector for high-energy protons. A remotely-controlled energy dégrader preceeds the telescope and is adjusted so as to bring at rest the isotope of interest in the central silicon detector. The first and third detectors each form together with the central (second) one a telescope for the spectrosopy of the charged particles emitted by the implanted nuclei. The two-dimensional identification diagrams shown on figures 2 and 3 are obtained for two different Bp settings optimized for the collection of 45 Fe and 46 Fe, respectively. The magnetic rigidities and the electric field values are detailed in table 1. The momentum acceptance is set to Ap/p = ± 2.5% and the slits at the exit of the WIEN filter, which define the velocity acceptance, are opened to 30 mm. A third Bp setting (see table1) is used for the study of 47 Fe. Experimental conditionsThe43 Cr isotope is clearly identified (figure2) with 184 counts in a 24 hours long exposure, it is transmitted together with 40 Ti and 41 Ti (833 counts) whereas no counts are observed at the locations of 4SFe and «V, respectively. 16 counts of 46 Fe are obtained in 15 hours, 1146 counts for

		Bpl (Tm)	Bp2 (Tm)	E(keV)	Bp3 (Tm)	At (ms)
	45Fe	1.842	1.645	±90	1.645	250
	46Fe	1.857	1.653	±90	1.652	800
	47Fe	1.927	1.732	±100	1.730	250

Table 2

 2 

	. summarizes the properties of the T = 2

Table 2 .

 2 Properties of members of the T= 5/2 multiplet at mass 43

Table 3 .

 3 Properties of members of the T= 2 quintet at mass 46

	nucleus	T z	mass excess (keV)	reference
	46Sc	2	-41759 ±13	Wapstraetal. 1988
	46Ti	1	-34928 ± 28	Antony et al. 1986
	46Cr	-1	-20236 ± 53	this work
	4bMn	-2	-12375 ±120	from IMME

4 3Ca and 43 K, one can deduce a value for the ground-state mass excess of 43 Cr : -2135 ± 90 keV.

  1 , R.Anne 2 , D. Bazin 3 , R. Del Moral 3 , C. Détraz 2 , J.P. Dufour 3 , D.Guillemaud-Mueller 1 , F. Hubert 3 . J.CJacmart 1 , A.C. Mueller 1 , F. Pougheon 1 , M.S. Pravikoff 3 , E. Roeckl 4
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  for a 2 /xA electrical primary beam intensity. The secondary beam energy was 70 MeV/u with a resolution of about
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A Study of l6 O and 24 Mg on 197 Au over the Intermediate Energy Domain L
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Table 1 : Charnels and their Q values (MeV) plotted in Fig. 3 £Z = ? BHeHe Li He He He CHHH Li He He H

 1 

			-15.3
			-17.0
			-22.9
			-32.4
	HeHeHeHHH	-34.9
	BHHHH	-43.5
	IiLiHHH	-49.7
	IiHeHHHH	-52.2
	CHe	£2 = 8	-7.2
	He He He He	-14.4
	CHH		-22.3
	BHeH	-23.1
	BLi Ii He He H HeHeHeHH ULiHe	-30.9 -31.8 -34.3 -35.4
	BHHH	^2.9
	UUHH UHeHHH HeHeHHHH UHHHHH	-49.2 -S1.6 -54.1 -71.4

£ Z -7 CH BHe Li He He He He He H BHH Li Li H LiHeHH HeHeHHH £ Z = « He He He BH Li He H He He H H Li Li LiHHH HeHHHH £ Z = S Li He He He H Li H H HeHHH HHHHH -7.6 -11.6 -16.1 -17.6

  

	-25.1
	-33.4
	-34.9
	-37.4
	-73
	-16.0
	-24.6
	-27.1
	-285
	-44.5
	-46.9
	-3.9
	-5.9
	-23.3
	-25.8
	^5.6

  ) J.Pouliot et al., Phys. Lett B263(1991)18. (2) D.Doré et al., submitted for publication. (3) R.Laforest et al., submitted for publication.
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Table 1

 1 1. 

	Energy/nucléon	-tentr al u fiêêion	°~IMF	M IMF (fission)	Vfitêim x MiMF
	(MeV/u)	(mb)	(mb)		(mb)
	31	760±76	570±85	0.54±0.05	410±110
	44	493±50	600±90	0.74±0.07	365± 86

35 AND 45 MEV/NUCLEON IM Xe WITH 197 Au K

  . Aleklett 1 , J.O. Liljenzin 2 , W. Loveland 3 , A. Srivastava 3 , R. Yanez 1

	Ar+Au THE INTERACTION OF 'Studsvik Neutron Research Laboratory, S-611 82 Nyko'ping, Sweden Mp Exp. 4.9	Ma Exp. 2.4	Mp cala 5.7	Ma cala 2.4
	Ar+Th Ar+Ag 6 2 Chalmers University of Technology, S-412 96 Gôteborg, Sweden 3.8 7.3 3 Oregon State University, Corvallis, OR 97331, USA	2.3 2.4	3.6 8.9	1.6 2.7
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  lc.An isotropic emission in the proper reference frame has been assumed. The neutron multipl. ,ities corrected for detection efficiency and associated LCP are listed in table I. It can be noticed that data measured at 109° and 159° lead to the same integrated alpha-particle multiplicities in agreement with the isotropic distribution hypothesis. It is also an a posteriori confirmation of the validity of the determination of the source velocities. The last step of the analysis consists in deriving the thermal excitation energies E* (and T from the relation E*=A/10T2) from the multiplicities of evaporated neutrons and LCP. The calculation was performed by removing step by step an energy equal to (B n +2T) per emitted neutron and (BLCP+VB+2T) per emitted LCP. This was done in an iterative way as the initial temperature is unknown. The deduced values for E* and T are shown in tableI. 

	<Mn> Vs/vFMT	Mz=l	M2 1=2	E*	T	Tfit
	(corrected)		0=159°.	0=159°.	0=109°.	(MeV)	(MeV)	(MeV)
	18.3	.45	5	4	4	300	3.5	3.3
	24.6 30.1 36.2 40.5	.60 .70 .81 .90	1.7 3.9 5.6 7.3	1.5 2.5 3.5 4.0	1.2 2.4 3.6 4.1	480 670 860 1030	4.5 5.2 5.8 6.2	4.3 5.1 6.3 7.0
	Table							

TABLE I E

 I 

	/A	N d	Mean atomic number		total
	30MeV/u	3	12.7	23.4	37.1		73.2
	30 MeV/u	4	11.3	14.8	22.3	33.0	81.4
	60 MeV/u	3	11.3	17.8	28.0		57.1
	60MeV/u	4	9.2	12.9	17.3	24.59	64.3

TABLE II E

 II 

	/A	Pine	LMT(%)	E*	Tao-Mev	Mult (Z=l+2)	Cross section
	30MeV/u	9456	75%	-650 MeV	5.± 0.3	8.4±0.3	100 mb
	60MeV/u	13372	50%	~ 1.1 GeV	6.7±0.3	15.4±0.5	300 mb
					188		

Ar+Ag SYSTEM BETWEEN 27 AND 57 MeV/nucleon M

  . F. Rivet 1 , B. Borderie 1 , M. Dakowski 1 , P. Box 1 . C. Cabot. 1 . Y. El Masri 2 . D. Gardes 1 , F. Hanappe 3 , D. Jouan 1 . G. Mamane 1 , X. Tarrago 1 and H. Utsunomiya 1 1 Institut de Physique Nucléaire. F91J,06 Orsay Céder 2 Institut de Physique Nucle'airt, UCL. B-1348 Louoain-la-Neuvt 7 Fonds National de la Recherche Scientifique et VLB. B-1050 Bruxelles
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B -NUCLEAR REACTIONS

Bl -PERIPHERAL COLLISIONS PROJECTILE LIKE FRAGMENTS

-SELECTION OF WELL MEASURED EVENTS

Due to the detector limitations, the information obtained on some events is incomplete to such an extent that their analysis wou.d be meaningless. How to ensure that a sufficient information has heen obtained ? The initial projectile linear momentum P pro j is equal to the sum P// of the components parallel to the beam direction of all final products. With a perfect charged particle detector, the sum is lower than Pproj by about 10% , due to the emission of undetected neutrons. With our actual detector, a reduction occurs, since some particles are not detected or their charge is not correct (mostly Z>9 taken as 9). In central and mid-central collisions, most events have more than , 60% of Pproj . In mid-peripheral reactions, two components show up. The very low momentum component is due to the non-detection of the projectile-like fragment. Indeed, the grazing angle is close to 1° and most of the projectile like fragments are emitted below 3.2°, minimum detection angle in Mur. The events whose P// is larger than 60% Pproj are "well measured" events which are kept for further analysis.

-SIMULATED RESPONSE OF SEVERAL GLOBAL VARIABLES

The sorting of events versus their impact parameter value should fulfill the following requirements : i) It should be independent of the incident energy (in the range 25-100 MeV/u).

ii) It should be independent of the reaction mechanism. in) A clear physical meaning of the value of the variable would help to check the absence of mistakes in real experimental data.

Method :

The method used to get the correlation between the real value of b and the experimentally determined one is illustrated in Fig. 1 for the multiplicity v of charged products measured with a perfect 4n array (with threshold of 2cm/ns(c/15) and the trigger condition v > 2) ; curve labelled 1 is the multiplicity distribution obtained for reactions with breal from 0 to 1 fm, i.e. 31 mb . Curve 2 is obtained for b from 1 to 2 (95 mb) . And so on for curves 3 to 8 . The "observed" multiplicity distribution is the sum shown as the thick curve, bexp between Oandl corresponds to the summation of the highest multiplicities until 31mb is reached : mark 1 on the thick curve. And so on for 2, 3,4, ...fm. The correlation between breal and b e xp is shown in Fig. 2, top left. The area of each square is proportionnai to the cross section, the largest square corresponding to 300 mb.

Results for usual global variables :

This correlation bexp versus boeai is broad for the multiplicity and becomes worse when the software filter simulating experimental set-up is applied Fig. 2, (top right). Such poor correlations are obtained with other global variables which, like the multiplicity, make use of a small par? of the information obtained. With the total detected charge the correlation is rather good with a perfect detector, but bad with an actual array. Indeed missing a product with Z ^ 3 makes the event looks like as one with a much higher b value. The same effect occurs with the mid-rapidity charge; in addition, this variable is sensitive to the reaction mechanism.

Total perpendicular momentum

This variable, or the total perpendicular kinetic energy, is often used in collisions at relativistic energies. We prefer to use momenta since our detectors measure velocities and charges. The largest values are attributed to central collisions. The correlation is rather good, ./•' both with the perfect detector and the actual one (Fig. 2, middle). It is not sensitive to the reaction. Intermediate energy heavy ion reactions (corresponding to incident energies between 10 and 100 MeV/u) are presently extensively used to investigate the properties of nuclear matter at high temperatures. As an example, the 4 ^Ar induced reactions on heavy targets have been widely studied with the help of various experimental set-ups. However, the information gained up to now depends drastically on the experimentally selected exit channels, and therefore on the ability of the apparatus to filter among various reactions, the most violent (but also rare) collisions. For example, experiments with heavy targets have shown that the cross section corresponding to central collisions leading to binary fission decreases with bombarding energy and that the linear momentum transfer saturates for incident energies larger than 30 MeV/u.Still, large cross sections corresponding to the production of heavy residues as well as fission fragments associated with large neutron multiplicities have been reported.

PUBLICATIONS

In this experiment, we have tried to answer the following questions: -Does the incomplete fusion process disappear above the Fermi energy ? -Is there a limit in the excitation energy deposited in the target ? -Are there new decay channels opened around this incident energy ? -If yes, can we characterize these new decay processes (time scales, dynamical properties...) ?

To this end, we have used the Ar beam delivered by the GANIL facility to bombard Au targets at 30 and 60 MeV/u.

Experimental set-up and triggering conditions

The experiment used three multidetectors (see fig 1): DELF for fragments with Z larger than 8 and velocity v>0,5cm/ns, emitted in the 30°-150° angular range, the Mur and Tonneau for light charged particles and light fragments in the 3°-150° polar angle range. In conjunction, four large area Silicon detectors were used to identify projectile-like fragments and four Csl scintillators at very backward angles to obtain the energy spectra of the evaporated light charged particles. The 18 DELF PPAC's cover 50% of the total solid angle. For each fragment, charge identification is achieved with an accuracy of 20% by combining the energy losses and the time of flight measurements. The four solid state telescopes were positionned at the same forward angle with respect to the beam axis: 9°4 and 5°5 respectively at 30 and 60 MeV/u. Each telescope was constituted of three elements of area 5x5 cm 2 , and was mounted Relative Velocity (cm/ns) Relative ongle (oeorees)

Figure 2) Relative velocity and relative angle distributions between two fragments sorted according to their atomic number. The dots are the experimental distributions. The histograms correspond to the simulation. The time between two successive decays is 1000 fmlc.

Ar+Au SO MeV/u T -200Fm/c

Relative Veibcity~(cm/ns) Relative onole (degrees)

Figure 3) Same as figure 2) but at 60 MeV/u. 

-Motivations

In the GANIL energy range (25-100 MeV/A), the maximum excitation energy which may be deposited varies between 6.25 and 25 MeV/A ; a large fragment production has already been evidenced 1 and we may assume, extrapolating the Plastic Ball experiments 2 towards lower energy that the fragmento will play a dominant role compared to the one of light particles. Therefore are of great interest in the study of heavy-ions collisions :

-their presence is a rough test of the limit reached by the excitation energy, it indicates that the nuclear matter is not totaly vaporized ;

-remnants of the primary interaction, their characteristics are strongly correlated to the dynamic of the collision ;

-the heavy fragments carry away at least the same number of neutrons and protons. Therefore an analysis based upon fragments detection will take into account a larger part of involved matter as compared to a light charged particle detection system. So their detection is required especially when dealing with heavy systems.

The experiments presented here was performed at GANIL with an ensemble of heavy fragment detectors covering a large solid angle. The detection system measured charges, angles, and velocities of fragments emitted in 27 and 43 MeV/A Kr collisions on Ag, Au and Th target.

The analysis of results from such detection system leads to new methods or unusual parameters for this energy range to evaluate the impact parameter and to look for equilibrated or unequilibrated decay modes of excited systems.

-Experiments

We will present an analysis of heavy nucleus collisions at 27 and 43 MeV/u based on as exclusive as possible detection of large fragments (Z>8) in the 3-150° angular range. The useful area of the detectors (DELF 3 and XYZT 4 ) covered 55% of 4TC. The measured parameters are the atomic number Z and the velocity vector V .for each fragment in a detected event .Our first observation is a significant amount of events with a high number of detected fragments (up to 5 whatever the target is).

i-» -» I

The data presented have been selected through a relative velocity CV re i=| Vj -Vj|) analysis. The detected fragments (Nd) has been treated in sub-groups of three. In each subgroup the variable Y3/3 is defined as < V re i> -V re i min (with < V re i > = mean value of the three relative velocities between the selected fragments and V re i min = minimum relative velocity in the considered sub-group). Several methods to study directed collective motion has been used 5 . One is to calculate the event degree of isotropy in the momentum space. This global variable is measured by the ratio :

13

-a:

Pi

The sums run over the number of detected fragments in the studied event, vector "j. and P// are respectively the perpendicular and the parallel momentum of the i th fragment. For each event, the calculation of transverse and parallel momenta are done in a a frame whose velocity is the event parallel recoil velocity (V g ). For an isotropically expending system, the R ratio is distributed around 1 ; if flow into transverse direction exists, R is larger than 1. 

P :

. <i Ag -4.9

197

-4)Both pions and protons are produced in collisions of similar nature as shown in figure 4 where the production rate of pions and protons for different targets arc reported as a function of the total energy extracted from the system (?) (L e. the kinetic energy in the proton case, the total energy in the pion case).

All these features can be well explained by a participant spectator scenario .To take into account the role of the intermediate energy corrections (Pauli blocking and one body dissipation) in the participant zone formation, a modified fireball model was developped (3,6,8), The standard Weisskopf theory is applied to the fireball decay. The modified model predicts that the size of the fireball is smaller than in the geometrical model and does not increase considerably with the target mass (8). This is in agreement with our data and can be explained by a strong interaction between participant and spectator zones (8). This in turn is in agreement with the emission times of protons calculated by means of the BNV model (6»8). This emission time of about 20 fm/c corresponds to covered distances of about 8 fm for a 100 Mev/nucleon 1&O ion which are comparable with the size of the interacting system. This means that a strong overlap of the nuclear matter can be expected while the energetic protons are being emitted.

4-CONCLUSION

We conclude that our exclusive data can be reasonably well explained in the frame of the participant spectator model, the pion being statistically emitted by the highly excited participant zone. Of course, this does not rule out a microscopic explanation, but, to our knowledge, no exclusive predictions have been made, up to now, using the nucléon nucléon collisions model. 
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