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On the predictions of the models for the Super-Heavy Elements

Nuclear structure calculations predict the existence of super-heavy elements (SHE) that are tentatively synthesized through heavy-ion collisions. A complete description of the reaction to synthesize Super-Heavy Elements is necessary to bridge these predictions with the experimental results on the fission time and residue cross sections. In this contibution, we will present the constraints that can be given on the shell correction energy from experimental data and the developments that are needed for the dynamical models.

Introduction

Super-Heavy Elements (SHE) are expected to exist due to the next magic number corresponding to a closed shell but they have never been observed in nature. There has been a continuous attempt to synthesize them by heavy-ion collisions in various laboratories since these last decades. In parallel, there have been also continuous theoretical developments in order to describe the whole reaction process leading to the synthesis of the SHE. One of the long-term goal is to be able to guide the experiments. Before that, the dynamical model can give constraints on the shell correction energy predicted by various models, by linking them to the experimental results. As a matter of fact, there are large discrepencies on the prediction of the structure models, leading to a large variety of shell correction energies. Even the next magic number is not known.

Fusion models developed for lighter systems cannot be simply extrapolated to heavy ion collisions. It is well known that fusion is hindered for heavy systems, i.e. an extra energy is necessary for the colliding system to fuse. But SHE are very fragile and undergo fission as soon as they are slightly excited. On one hand, they should be synthesized with a high energy in order to fuse and on the other hand, with a low energy in order to survive. Therefore, experiments are facing the problem of the extremely low cross-sections, of the order of picobarns or less. This means that we have very few data and information to constrain the models.

In order to avoid these problems, some experiments have been performed at GANIL to measure the fission time of the SHE in order to get some information on their stability [1]. The larger shell correction energy, the longer fission time. Statistics are not a problem anymore. What information on the shell energy can we extract from the long fission times that were observed?

In this talk, we will present the information we can get from these experimental results. Unfortunately, they will appear not precise enough to get strict information on the shell correction energy. So, we will also present the conditions that are necessary to get precise information from the residue cross sections.

2 What can we learn from the fission time of SHE?

Long fission time of the Z = 120 and 124 elements

The fission time of super-heavy elements Z = 114, 120 and 124 obtained by fusion reaction were measured at GANIL using the crystal blocking technique. It was observed that for the last two elements, at least 10% of the capture events had a long fission time, longer than 10 -18 s. No such long fission events were observed for Z = 114 [1].

A fission time of 10 -18 s is very long compared to the fission width that is of the order of 10 21 s -1 . This is explained by the fact that the fission decay channel enters into competition with the evaporation of light particles, mainly neutrons. In order to describe the decay of a hot nuclei including all the possible channels, we have developed a specific code [2,3]. The physical ingredients entering this code are very classic. One of its main specificities is that it solves dynamically Bateman equations which describe the time evolution of the cascade.

Let us first consider the very simplified case where the compound nucleus obtained by a fusion reaction can only decay through fission or neutron evaporation, the main two channels. In addition, we will suppose that the neutron binding energy B n and the fission barrier B f are the same for all the isotopes of the evaporation chain. The average fission time and number of pre-scission neutrons are plotted in Fig. 1.

When the fission barrier is small, smaller than the neutron binding energy, fission occurs quickly and the isotope chain is short. Then, the averge fission time is small. When the fission barrier increases, the average fission time also increases. But, when the fission barrier is very large, the fission time decreases. This is due to the fact that the excitation energy of the isotopes of the chain decreases by evaporation and goes below the fission barrier. Then, the rare fission events are only due to the first isotopes of the chain, as it can be seen by the number of pre-scission neutrons. As a consequence, long average fission times mean that the fission barrier should be of the order of the neutron binding energy to allow competition between the two decay channels all along the evaporation chain. Typically, B f 3 MeV is necessary to get 10% of the fission events with a fission time longer than 10 -18 s. The long time fission events observed by the crystal blocking experiments correspond to events that occur after the evaporation of several neutrons [4].

In reality, the fission barrier is not uniform along the chain. It depends, of course, on the properties of the isotope which are not known. In addition, it is also affected by the excitation energy because it is mainly due to the shell correction energy in this region of the nuclear chart. This is included in our calculations through the Ignatyuk's prescription on the level density parameter [5]. When the excitation energy is high enough, this prescription can be appromimately expressed by an effective fission barrier [6,7],

B f |∆E shell | exp(-E * /E d ). (1) 
Here, E * and E d = 18.5 MeV are the excitation energy and a parameter called the damping energy respectively. With an excitation energy of 70 to 80 MeV, the long fission tails observed for the Z = 120 and 124 nuclei mean a large ∆E shell at the beginning of the chain, larger than the typical values of the
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x b2 Elongation Fig. 2: Potential shape with two humps that gives the longest fission time. mass tables [8,9]. How much? It is hard to say because about 9 isotopes are contributing to this long tail.

At this stage, the only thing we can say is that the observed long fission times for the Z = 120 and 124 elements are hints that these elements should have a large extra-stability due to the shell structure of the nuclei, but we can't hardly be more quantitative. These large values are due to the phenomenological damping function of the shell correction energy [5].

Effect of an isomeric state on the fission time

The fission width that enter any statistical code is based on the Bohr and Wheeler [10] formula that supposes that there is only one fission barrier between the compound and scission shapes. But for the SHE, the potential might have structures similar to what is known for actinides, as predicted by some structure calculations [11]. How such a fission isomer influences the fission time?

We have investigated various kinds of potential shape with structure, and the one that increases most the fission time is with two equal barriers, see Fig. 2. Then, we have calculated the average thermal fission time and the number of events with a fission longer than 10 -18 s, using a Langevin equation, as it is usually done [12], including neutron evaporation. With a fixed potential for all isotopes, the result are shown in Fig. 3: the average fission time can be up to one order of magnitude longer with a potential with structure [13]. For the sake of simplicity, we have assumed, in this calculation, that the other parameters like the level density, the reduced friction or the inertia do not depend on the deformation. This toy model shows that a uniform fission barrier of about 2 MeV is necessary to have 10% of the fission events longer than 10 -18 s with a double-humped potential instead of 3 MeV with a singlehumped one.

Again, a fixed barrier for all isotopes and excitation energies is not realistic. The structure due to the shell correction energy tends to disappear at high excitation energy [14]. To take into account such an effect, we considered the potentials of Fig. 4 and did the same comparison between the single-and double-humped cases. The results of Fig. 5 show that there is almost no difference anymore between the two cases [13].

As a conclusion, the structure effect cannot explain the long fission time observed in the experiments. This strengthens the hypothesis that such an observation is due to a large shell correction energy.

The main problem of these fission time measurements is that they involve several isotopes. It is then impossible to constrain the shell correction energy of each of them separately. This is not the case for the residue cross sections that are measured for each isotope.

3 What can we learn from the residue cross sections of the SHE?

Residue cross sections

Let us now consider the residue cross sections measured at GSI, JINR and RIKEN. They can be calculated with KEWPIE2 [2,3], the code used for the fission time, with the same physical ingredients. The results are very sensitive to the fission width, since this decay channel is the main one. A slight change of the fission width will not affect much the fission probability which remains close to 1, but will have a dramatic effect on the residue cross sections.

The fission width depends on three parameters that are, the fission barrier which is mainly due to the shell correction energy in the SHE region, the evolution of the shell correction energy with the excitation energy, characterized by the so-called damping energy, see eq. ( 1), and the friction coefficient. In order to reproduce all the experimental data, obtained by both hot and cold fusion, one has to fix the damping energy to E d = 18.5 MeV and the friction coefficient to β = 2 × 10 21 s -1 , which are usual values [3]. Then, the shell correction energy can be adjusted for all the measured elements with an accuracy of the order of 1 MeV, which corresponds to a change of one order of magnitude of the cross section.

Unfortunately, such an accuracy can only be reached if one knows the fusion cross section. For heavy nuclei, fusion is hindered and the model developed for lighter systems cannot be simply extrapolated.

Origin of the fusion hindrance

The origin of the fusion hindrance is nowadays well understood and accepted: to synthesize a compound nucleus with a large fissibility, the di-nucleus system has to cross an inner barrier between the Coulomb barrier and the compound shape [15][16][17][18]. This inner barrier does not exist for light systems. Dissipation also plays a crucial role in the study of the barrier crossing and is a key parameter to evaluate the fusion probability [19].

Most of the models used to describe the fusion of SHE are qualitatively based on the same scheme: the fusion probability is calculated in two steps [20] and obtained by the product of the capture probability corresponding to the crossing of the Coulomb barrier and the formation probability corresponding to the crossing of the inner barrier. But the size of the barriers and the strength of the dissipation mechanism differ from one model to the other.

On an experimental point of view, it is very difficult to distinguish between quasi-fission and fission events. Therefore, there are no reliable fusion cross sections. Then, how to assess the key parameters entering the fusion models?

The fusion cross section appears to be very sensitive to the way the evolution of the neck between the two colliding nuclei is treated. This is easily understood at looking at the evolution of the inner barrier with the neck parameter, Fig. 6, left plot. We solved dynamically the evolution of the neck when the two nuclei are at contact [17] and showed that it evolves faster than the relative distance. The characteristic time of the denecking process is one order of magnitude shorter than the diffusion time over the barrier along the relative distance [22]. This can be explained by the strong slope the LDM potential at contact, along the neck variable, Fig. 6, right plot, and the respective inertia of these two collective variables.

Therefore, we have a good argument to fix the neck parameter at its thermal average value, ε = 0.1, to study the formation process from the contact point to the compound shape. Such a conclusion is in agreement with the hypothesis done in Ref. [18] but contradicts the conclusions of Ref. [23]. Do we have experimental arguments to assess this conclusion?

The fusion hindrance is explained by the existence of an inner barrier. Then the appearance of this phenomenon should corresponds to the overlap of the Coulomb and inner barriers. The matching of the experimental and theoretical frontiers is a way to constrain the inner potential barrier which depends on the neck parameter, see Fig. 6 [24]. For symmetric reactions, fusion hindrance appears between 100 Mo+ 100 Mo and 110 Pd+ 110 Pd [25]. The second reaction is hindered, not the first one.

In Fig. 7, we show the contour plot of the LDM potential calculated with the two-center parametrization [26] for both cases. The vertical lines correspond to the contact position, just after the crossing of the Coulomb barrier. It can be considered as the injection point. The location of the compound nucleus is at the left of the figure. For the 100 Mo+ 100 Mo case, the injection point is on the inner side of the LDM barrier, whathever the value of the neck parameter, but for the 110 Pd+ 110 Pd case, this is not the case for small neck values. Since the 110 Pd+ 110 Pd fusion reaction is hindered, this analysis suggests that the value of the neck parameter should be small, smaller than 0.6, in agreement with the dynamical arguments.

With this study, we have clarified the behavior of an important aspect of the fusion of heavy elements that is related to size of the barriers that has to be crossed in order to reach a compound nucleus. The present study is limited to symmetric reactions for the moment and its extrapolation to asymmetric cases is under progress. But the fusion probabilities also depend a lot on the dissipation mechanisms [22] which has to be assessed by other means.

Conclusions

Dynamical models that can describe the whole reaction leading to the synthesis of SHE are very important to assess the prediction of the nuclear structure calculations with the exprimental results. These dynamical models cannot simply be extrapolated from what is known from reactions with lighter nuclei because fusion is hindered. The origin of the hindrance is well established, but not its amplitude. This means that we also have to find a way to assess the dynamical models themselves.

On one hand, we have data from fission time measurements that have the merit to be performed at an energy that is high enough to consider that the fusion probability is close to one. The long fission time observed for the Z = 120 and 124 nuclei are explained by the fact the process involves a complete decay chain. Therefore, these data, which involve several isotopes, cannot give constraints on each of the isotope separately. The only thing that we can conclude from these experiments is that the shell correction energy the compound nuclei formed during these reactions should be large, larger than the usual predictions. Quantitative values are very sensitive to the way shell correction energies are affected by the excitation energy.

On the other hand, we have many data from the residue cross section measurements. The merit of these data is that we can constrain the shell correction energy of each isotope with a accuracy of about 1 MeV. But such a performance depends on the reliability of the fusion cross section data or model. Experimentally, it is difficult to distinguish between fission and quasi-fission events, and then to extract the fusion probabilities from the data. One has to find other means to assess the fusion models of the hindered systems. We have shown that the appearance of the fusion hindrance gives constraints on the fusion barriers.

Fusion probabilities depend also a lot on the dissipation strength of the models. One of the main challenge is therefore to find a mean to assess this mechanism.
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 1 Fig. 1: Left: Average fission time of a Z = 124 like nucleus at E * = 80 MeV with the fission barrier, B f and the binding energy of the neutrons B n the same all along the isotope chain. Right: pre-scission neutron multiplicities for the same system.
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 3 Fig.3: Ratio of the average fission time of a hot nucleus evaporating neutrons calculated with the double humped potential of Fig.2and the one calculated with a single-humped potential.
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 45 Fig. 4: Evolution of the potential used for the calculation with excitation energy.

Fig. 6 :

 6 Fig.6: LDM potential for 100 Mo+ 100 Mo as a function of the relative distance (left) for various neck parameters and as a function of the neck at contact (right). ε = 1 corresponds to two touching spheres and ε = 0 to a neckless shape.
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 7 Fig. 7: LDM potential map for 100 Mo+ 100 Mo (top) and 110 Pd+ 110 Pd (bottom) as a function of the relative distance and neck parameter.
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