Heavy Ion Elastic and Inelastic Scattering and Resonances

Introduction

One of the major topics that the Charissa group has been investigating over the years is the relationship between resonances in heavy ion scattering and the nuclear structure of the compound nucleus. One of the most interesting and most puzzling systems has been 12C + 12C scattering and we will use this system as an example.

Resonances were first discovered in 12C + 12C scattering in the early 1960’s. These resonances were discovered just above the Coulomb barrier. One of the earliest explanations of these data was in terms of a quasi-molecular system formed from the two 12C nuclei. In more modern terminology we might call such a system a superdeformed configuration.

12C + 12C reactions have been studied intensively since the early 60’s and in the late 70’s Cormier et al discovered a new sequence of resonances in the single and mutual inelastic scattering to the 4.43 MeV 2+ state in 12C. The large number of resonances which have been discovered in 12C + 12C scattering has led to considerable confusion and competing explanations. Some believe that the resonances are simply Ericsson fluctuations while others suggest that the resonances do reflect underlying nuclear structure.

The work of the Charissa collaboration has been motivated by two related theoretical ideas. The first of these is an idea first promoted by Harvey which takes a simple two centre potential model of the interacting system. Harvey shows that for diabatic collisions only certain specific shell model configurations in the compound system can be formed from the incident nuclei. Of particular importance for 12C + 12C scattering is that the resulting configuration depends strongly on the orientation of the two 12C nuclei and this may underlie the richness of resonant phenomena observed for this system.

The second set of theoretical ideas comes from the Bloch-Brink calculations of Marsh and Rae. The Bloch-Brink model and the Harvey model are very closely related as has been shown recently by Freer et al. Rae has demonstrated that the Bloch-Brink model yields the same set of rules for the compound system and that these rules can be illustrated geometrically making the Bloch-Brink model a powerful predictive tool.

More recently there has been considerable experimental activity in 12C + 12C scattering motivated by the search for any 6-alpha linear chain state configuration. We will discuss this later but here we note that as a result of this work Rae et al predicted that the sequence of broad resonances first discovered by Cormier may be extended by studying the mutual 3- channel and they predicted the first resonance in this channel to be at 32.5 MeV in the centre of mass. These resonances were subsequently found in experiments at ANU and their spins have been measured. This work has recently been published and we now have extended this sequence of broad resonances to a maximum total spin of J=22.

Although the theoretical ideas presented by Harvey and Marsh and Rae are very appealing there so far has been no clear experimental confirmation of these ideas. Basically the models are too crude and they do not give accurate predictions for the energies and widths of resonances. Recently we tried to use a folding model description of the 12C + 12C interaction potential in a coupled channels calculation to make more definite predictions about energies and widths of resonances. The folding model generates deep central potentials and strong coupling potentials. While the central potentials seemed reasonable the coupling potentials were too strong and the results of the calculations were meaningless without modification.

However recently we discovered a new type of interaction potential while trying to fit elastic and inelastic scattering in the 16O + 28Si system. When we apply this new potential to the 12C + 12C system almost all the problems are solved and we can simultaneously fit the elastic, inelastic and mutual angular distributions and excitation functions including the Cormier resonances. While this new potential is far from conventional it can in fact be interpreted in terms of the Bloch-Brink and Harvey models and so possibly the data is telling us that the Bloch-Brink and Harvey models are indeed correct.

The central parts of the new potential are very similar to those predicted by the folding model. The differences lie in the form of the coupling potentials. In the standard deformed optical model the coupling potentials are the derivative of the central potential to first order. In our new approach the coupling potentials bear no simple relationship to the central potential (they are in fact the second derivative of a Woods-Saxon shape). To try to understand these new potentials it is instructive to plot the total potential as a function of the orientation of the two nuclei. This is shown for 12C + 12C in figure 1. At large separations (ie large deformation) the potential is deepest for the equator-equator configuration which corresponds to one of the superdeformed minima in 24Mg while at smaller separations (ie smaller deformations) the potential is deeper for both the pole-equator and pole-pole configurations which both correspond to (sd)8 configurations with normal deformations.

It is important to stress that in this new model the parameters for our central potential, the coupling potential and the deformation length are all fixed except for either the depth or the radius of the imaginary potential which increases with energy as expected. Many other fits to heavy ion elastic scattering have had to introduce energy dependent real central potentials.

After this brief introduction we will now consider the different systems and discuss in more detail our results and our proposals for continued studies. A key part of our proposals involves the close inter-relationship between the theory and the experiments which has so far been very fruitful.

12C+12C Scattering

12C + 12C is very special as we mentioned above. There are two reasons for this. First 12C is very deformed so the compound system of the two 12C nuclei has many degrees of freedom. But second and very important is the fact that as the two 12C nuclei combine to form the complex system, even in fast diabatic collisions, configurations can be formed which have a large overlap with  (sd)8 shell model configurations similar to those of the ground state of 24Mg. This is quite different from both the 12C + 16O and 16O + 16O systems. In the former, which shows structure similar to 12C + 12C, an (sd)12 configuration is formed but it corresponds to the excited prolate structures in 28Si rather than structures which have a large overlap with the oblate ground state. In the latter case only a superdeformed prolate configuration is formed in 32S which bears no resemblance to the 32S ground state. We believe this is why 16O + 16O scattering is so different from 12C + 12C scattering near the barrier. In the former case the high level density of states with normal deformation cannot easily be formed from the entrance channel configuration.

We have demonstrated in breakup reactions that when we excite a 24Mg nucleus it will then breakup easily into two 12C nuclei and that the resonances formed in the breakup are exactly those observed in 12C + 12C scattering. These are the barrier resonances first discovered many years ago. While these resonances dominate the low centre of mass energies in 12C + 12C scattering (these are also the low spin resonances) as the centre of mass energy increases new broader resonances are observed in the inelastic channels. These broader so called Cormier resonances have been associated with the F1 superdeformed configuration predicted in 24Mg by many models including the harmonic oscillator model, the Nilsson Strutinsky model, the Hartree-Fock model and the Bloch-Brink alpha cluster model.

This particular configuration is planar in nature – it is in fact triaxial. It is interesting that these resononances cannot be traced to lower spins. They seem to dissolve into the narrower barrier resonances. This “mixing” of the superdeformed configuration with normally deformed states is well known in heavier nuclei such as 152Dy at low spins. In simpler classical terms the two 12C nuclei can only be kept in the aligned equator-equator configuration at high spins where the centrifugal forces are strong. Another point of view is that the level density drops off significantly at high spins because only superdeformed configurations can support large angular momenta.

To verify these ideas it was important to try to observe higher spin members of this superdeformed band. This work has recently been completed at ANU and the results have just been published. In these experiments we extended the F1 band from a spin of J=18 to a spin of J=22. At present it appears that the band terminates at this spin in the 3--3- channel and a proposal has been submitted to study the mutual 4+ channel to search for higher spin members of the band. However the Bloch-Brink model suggests that J~20 should be close to the termination of the band.

We will now discuss the other exciting predictions of the Bloch-Brink model for 24Mg namely the existence of a 6-alpha linear chain state. This has been a popular topic after the publication of data by Wuosmaa et al in 1994. The consensus of opinion at present is that the evidence for a 6-alpha chain at Ecm=32.5MeV is weak. We now believe that again at lower spins the very highly deformed 6-alpha chain state mixes strongly with less deformed configurations such as (sd)8 and even F1 configurations. We believe evidence for a 6-alpha chain state will only be found at the very highest spins that a superdeformed 24Mg can support. Also since the overlap of the 6-alpha chain state configuration with the entrance channel is small that it may well be very difficult to form this configuration.

Nevertheless we have recently observed evidence in 16O for an 8+ member of a possible 4-alpha chain state. Proposals have been submitted to search for the 10+ member of this band. If these experiments are successful these may lead to the discovery of the 6-alpha chain state in 24Mg itself.

We now return to the theoretical calculations for 12C + 12C scattering introduced above. Over the last 4 years we have been trying to develop a Coupled Channels model of 12C + 12C scattering. We wish to fit not only angular distributions and the 90o degree excitations function but also the resonances especially those of Cormier et al. We wanted to use deep potentials like those used by Buck et al for alpha and exotic clustering and by Satchler for elastic scattering. So initially we took the simple Bloch-Brink densities for each 12C nucleus and used a folding model to derive the central and coupling potentials.

In this model we used both simple densities and a simple Gaussian nucleon-nucleon interaction. We hoped that this approach would yield enough parameters to enable us to fit as much of the data as possible. However this method totally failed and no improvement of the densities or interaction would solve the problem. The problem was related to the strength of the coupling terms. The central potentials were quite reasonable and gave resonances at the correct energies and with sensible widths. However when the coupling was switched on the simple resonance picture was completely destroyed yet analysis of the inelastic scattering data indicated that our coupling potentials were in fact too weak.

This was a very difficult problem to solve. The single excitation to the 4.43 MeV state was under predicted but the coupling was too strong in the resonance region. The mutual excitation was under predicted by nearly a factor of 10 but this was similar to results of Satchler et al. We tried to search for possible solutions to this problem but it appeared to be intractable.

For his first year report Ismail Boztosun, a graduate student from Turkey, worked on a coupled channels model of 16O + 28Si. Again we ran into problems with the inelastic excitation functions. The oscillations in these excitation functions were out of phase with the data. We were looking for evidence of Chaos in this system as suggested by Dasso et al. However we were fortunate to solve this problem using a very unusual coupling potential. This is shown in Figure 2 with some of the results. This unusual coupling potential seemed not only to solve the problems with the excitation functions but also the overall fits to the angular distributions were much better even fitting small deviations near 180o.

We decided to apply this same model to 12C + 12C scattering and as indicated above it has been very successful. Some results are shown in Figure 3.  Recall what we said above that all these data are fitted with essentially constant parameters. Detailed fits to each energy due introduce small fluctuations in the paramters (~1%) which represent the effect of resonances in channels not included in the calculations. We have since applied this model to 12C + 24Mg scattering with similar success. As we indicated above we believe that these coupling potentials generate orientation dependent potentials which reveal the different local minima in the potential energy surface of the compound system. We believe that this model will be applicable to the scattering or structure of any cluster model description of these nuclei when one of the clusters is deformed.

We now turn to our plans for the future. Experimentally we think that the current proposals cover most of the outstanding work to be done on 12C + 12C scattering although it may well be that progress in the theoretical description may make new predictions that need to be verified. Any evidence of a linear 6-alpha chain state would also need to be followed up. Theoretically we have not yet included the 9.63 MeV 3- state and other excited states of 12C. This will require some work on the coupled channels code we are currently using (CHUCK3). It is at present too inefficient for large complex calculations.

So the main experimental thrust will be to proceed to higher centre of mass energies looking for additional resonant structures and making some more detailed measurements on areas previously studied to make more detailed comparisons with any new exciting predictions from our new theoretical model.

12C + 16O Scattering

We have done a number of experiments on this system although the results have been less conclusive. We have not really approached this system as systematically as we have done for 12C + 12C scattering. Theoretically this system is more complex since alpha transfer can compete with inelastic scattering. But the existing data suggest that the resonances seen in this system may well have a lot in common with the prolate (sd)12 

shell model states in 28Si. It is unlikely that we will return to this system in the near future but it will be of interest theoretically at least.

16O + 16O Scattering

This could be one of the most interesting systems to test our new model. To zeroth order 16O is spherical so that elastic scattering will be the dominant reaction channel. However the Bloch-Brink model suggests that 16O is in fact tetrahedral in shape. A tetrahedral rotator has a very interesting spin sequence namely 0+, 3-, 4+, 6+, 7-, 8+, 9- …. If this is correct then the 3- state at 6.13 MeV should be strongly excited in inelastic scattering and have a large E3 to the ground state which it does. However this would be true also of an octupole vibrator. To establish that there is a static tetrahedral deformation the higher spin members of the band must be identified.

First however it is of interest to compare 16O + 16O scattering to the single and mutual 3- states with 12C + 12C to the 4.43 MeV 2+ states. Both systems do in fact have a lot in common and the 16O system shows resonances not unlike the Cormier resonances. We have already noted that near the barrier the two systems are very different and this reflects the weak coupling of the superdeformed 16O + 16O entrance channel to the states with normal deformation in the 32S compund system. Unfortunately it is very difficult to obtain angular distributions for inelastic scattering to the 3- states in 16O due to the proximity of the 0+2 state at 6.05 MeV. These would be very useful but particle-gamma experiments would be required to study this system.

However recently we studied this system at ANU looking in particular at the excitation of the 11.09 MeV 4+ state which we believe to be the most likely candidate for a tetrahedrally deformed system. The 4+ state at 10.35 MeV is predominantly (p)-4(sd)4 and belongs to the 0+2 band. Some of the results are shown in Figure 4. Clearly more data is required but firstly near 90o in the centre of mass the 11.09 MeV state stands out from the rest and the excitation function for this state shows a peak at acentre of mass energy of  xx.yy MeV which correlates with known resonances. These results strongly suggest that a) 16O does have a tetrahedral deformation and that b) the 4+ member of the rotational band is the 11.09 MeV state. However we do believe that the tetrahedral shape may not be so stable at higher spins since there are no good candidates for a 6+ member of the band.

This system also poses a challenge for our new model. So far we have only tested the model for nuclei which are predominantly oblate or prolate. But the Bloch-Brink model does predict that in the superdeformed configuration the two tetrahedra are aligned. So we will have to test various possible models for the coupling potentials in this case. It may be that at large distances the two 16O nuclei appear to be spherical thus the coupling potential will be weak while at smaller distances the tetrahedral induced coupling will be much stronger. Recent results on detailed fits of 16O + 16O scattering do show some unusual effects in the imaginary potential which may have its origins in a more unusual coupling potential.

So the experimental challenges in this system are to obtain more and better data on the 4+ excitation functions and resonance spins especially at the lower centre of mass energies which will be done at ANU. Data for the single and mutual excitation of the 6.13 MeV state could be obtained with some of the new gamma arrays coupled to an inner silicon strip detector array. This could be very important in developing this new theoretical model for this system.

Heavier Systems

So far we have only considered light systems where sequences of narrow and broader resonances have been observed. For heavier systems the level density in the compound system increases rapidly and for systems without identical nuclei in the entrance channel all partial waves compete not just the even ones. We believe that we move from a regime where for the highest partial waves there was effectively no absorption to systems where there is surface transparency and resonance phenomena give way to the barrier + internal wave description of Brink and Takigawa. Indeed Satchler et al have applied these ideas to the 16O + 28Si system which is the system for which we first developed the new model.

In a resonance the two nuclei are trapped behind the Coulomb plus centrifugal barrier and classically would oscillate back and forward many times since the absorption is very weak. When the level density increases there is more absorption and the system will not undergo many oscillations- indeed at some point there would only be one reflection from the inner barrier and then this internal wave will interfere with the wave reflected from the outer barrier. This leads to a back angle rise in the cross section – as would a true resonance. 

In addition to these features it has been suggested that some of the reaction cross sections in these systems may show evidence for chaos although we have not so far identified anything ascribable to chaos. However this was the motivation behind a recent proposal to study 12C + 28Si scattering at ANU using the new strip array in kinematic coincidence mode. However this experiment was not successful basically because the array is too sensitive to high multiplicity events which completely swamp the elastic scattering – see Figure 5. Indeed the array is so efficient that we could see random coincidences of double elastic scattering events within our coincidence timing window.

However it has been demonstrated recently that this type of experiment can be done very well with a magnetic spectrometer. So these experiments could be done with the Enge at ANU or the Q3D at Strasbourg. The systems of interest are 12C + 20Ne, 12C + 24Mg, 12C + 28Si, 16O + 20Ne, 16O + 24Mg and 16O + 28Si. Some data exists for some of these systems but the data presently available does not cover either a sufficient energy range or a sufficient angular range. Of these reactions 16O + 20Ne is again complicated by the competition between alpha transfer and inelastic scattering.

Conclusions

Our recent work of heavy ion resonances has confirmed ideas that connect superdeformed configurations in the compound system to resonances which appear in the elastic and inelastic scattering. A new model of heavy ion scattering has been able to fit elastic scattering, inelastic scattering, mutual inelastic scattering, excitation functions and resonances simultaneously with essentially fixed parameters except the depth (or radius) of the imaginary potential. The unusual coupling potentials when viewed as orientation dependent potentials confirm these ideas about superdeformed configurations.

Both our new experimental results and our new theoretical model represent major breakthroughs in this program and we intend to build on this success and we are also broadening our field of study into related effects in heavier systems. We also intend over the longer term to extend this work to non alpha-conjugate nuclei. However this work will develop out of the proposed program outlined here.

Other unsorted bits…..

Experimental Requirements

Spectrometer + connection to Charissa DA (+ancillary detectors?)

Present equipment at ANU/ Strasbourg.

No major capital expenditure but….

Complete replacement of detectors for each measurement (sensible planning given performance)

What equipment would be available to do Gamma+16O coincidences for 16O+16O measurements?  [Ge array plus PSSDs?!]

Technical support to maintain spectrometers at ANU/Strasbourg/elsewhere?

May use large amount of beamtime for detailed measurements

Expensive isotopes?

Misc.
More on application of theory to alpha cluster states in light nuclei.

Link “orbiting” with internal/barrier wave discussion.

