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Proposals (Overview)

1. Introduction

Despite nearly half a century of intensive study, the nucleus remains a fascinating quantum-laboratory, still full of surprises. Early efforts in understanding the nuclear domain were focused on the single-particle structure, where the mean field created by the ensemble of nucleons creates a potential in which individual nucleons reside in quantized states with single-particle wave-functions.  Nuclear properties at energies close to the ground state were accounted for using the concept of nucleons being excited between single-particle levels. In ensuing decades, collective properties of nuclei became the focus for research. Here, the motions of the individual nucleons couple, giving rise to collective vibrations or rotations of the nucleus as a whole. The spectacular gamma-decays of super-deformed rotational bands and the giant dipole resonance are classic examples of collective phenomena in large mass, highly excited systems. Another manifestation of collectivity is “clustering”, where subgroups of nucleons behave as separate entity. This is a prevalent structural mode of many light nuclei.  

The most recent revolution in nuclear structure physics has been the advent of “radioactive beams” as opposed to beams formed of stable nuclear species. Facilities supplying such beams have given birth to new nuclear phenomena. Most notably, the appearance of nuclei surrounded by a diffuse neutron cloud, called “halo” nuclei, is observed when the ratio of neutrons to protons is increased. Also a new type of clustering has been suggested which has analogues with molecular binding on the much larger atomic scale. The understanding of these new nuclear forms has required recourse to the established experimental techniques of single-particle and collective spectroscopy. 

  Hand in hand with the need to understand the spectroscopy of these new nuclei, which provides the key to determining their structure, is the need to understand the reactions in which they are produced. Nuclear reactions themselves are extremely varied, and interesting in their own right as they provide one of the few laboratories for the study of collisions between quantal systems. Indeed, it is the differences in the internal structure that provides this variety and hence reactions also provide fingerprints of the quantum nuclear structure. This aspect has been used with great effect in the study of the new nuclei provided by radioactive beams. 

This proposal combines investigations into the structure and reactions of nuclei in order to gain an understanding of the quantum behaviour of a large variety of light nuclear systems and the impact of this structure on the quantum mechanics of nuclear collisions. The programme of experimental measurements will span both stable and radioactive beam facilities, in order that the changing nature of the single-particle structure and collective properties may be mapped.

2. Nuclear Reaction Studies

The collision between two nuclei is a complex process and is a considerable challenge to understand and model.   Many different processes may occur depending on the energy of the collision and the impact parameter.   For glancing collisions the most likely outcome is that the nuclei will scatter elastically, or the process may involve internal excitation of the interacting nuclei, often to collective states.   For more close encounters nucleons may be exchanged, either in successive steps or as clusters, resulting in both energy and angular momentum being transferred from the relative motion into internal degrees of freedom.   For more direct impacts the two nuclei may partially coalesce for a short time before separating again.   During these collisions, called deep inelastic scattering or orbiting, nucleons can flow between the two orbiting nuclei, resulting in an exchange of energy and angular momentum.   Finally, in the most direct collisions, the two nuclei may fuse to form a new compound nucleus.   Moreover, as well as the reaction changing with impact parameter, it also evolves as the beam energy changes, with the transfer and orbiting processes becoming increasingly important as the energy increases.

  The study of such nuclear reactions is a fascinating challenge - the problem being to describe the dynamics of two strongly interacting, many body systems.   In this respect some of the techniques used are common to other branches of physics (the use of effective potentials, the Born approximation, dispersion relations etc.)   However understanding nuclear reactions is also important for other reasons.   For example, reactions enable us to produce new nuclei for spectroscopic study.   If we understand the reactions, we can tune the process to produce the type of nuclei we want, or to put the right amount of energy or angular momentum into them.   This is an important tool for nuclear spectroscopists. Outside of nuclear physics, an understanding of the different reaction processes is essential for understanding the energy balance in nucleo-synthesis and the element production in different types of stars. It is also essential in attempts to understand more violent astrophysical processes, such as occur in supernovae.   In the medical and commercial field, a better understanding of reaction processes provides the means to produce new radioisotopes for medical diagnostics, or to improve the production yields for existing isotopes.  

  A quantum mechanical description of the interaction of two nuclei requires knowledge of the interaction potential between the two nuclei.   This represents the sum total of all the individual interactions between the constituent nucleons in each nucleus, however in practice we adopt the approach common in other areas of physics involving many body problems and determine an effective interaction between the two many body systems.   However, while knowing the interaction potential allows us to describe the dynamics of the collision, this is only the first order term.   Since the nuclei are themselves many body systems with internal degrees of freedom, energy and angular momentum may be transferred between the relative motion and the internal degrees of freedom. Hence we require knowledge of these coupling potentials as well. They can in principle be obtained if we have wave-functions describing the various states of the nuclei and know the interaction potential.

  First principles calculations of the type described above are very complex and until a decade ago our attempts to describe nuclear reactions were rather more ad-hoc.   Different models were developed to describe different processes - the optical model for elastic scattering, the Distorted Wave Born Approximation (DWBA) for inelastic scattering and transfer reactions and the compound nucleus model for fusion processes.   During the 1980s It became clear that while this approach did have some limited validity, it generally fails for two reasons.   Firstly, the various processes cannot be considered separately and far from going in a single step to a particular exit channel, the reaction flux couples back and forth between many different channels.  Secondly, there is a complex interplay between the reaction dynamics and the structure of the interacting nuclei and different structural properties can enhance one particular mode of reaction.   Fortunately theoretical developments, and the advent of increasingly powerful computational facilities, enabled these issues to be addressed and this has resulted in some cases to fully microscopic, coupled reactions channels codes being developed.   Some of these calculations are fully microscopic in that the potentials describing the relative motion in the coupling between different reaction channels can be determined from microscopic descriptions. However when antisymmetrization effects are important fully microscopic potentials cannot yet be calculated except for the very lightest systems.

  The present state of play is that, for many nuclear collisions, we can carry out a priori, microscopic calculations that can correctly describe the all the reactions that occur, both their magnitude and angular variation.   This in turn allows us to use our understanding of the reaction process to extract spectroscopic information.   However, there are important classes of reactions for which our calculations fail.   At present we cannot properly describe reactions involving loosely bound nuclei, or systems involving strongly deformed nuclei particularly if the absorptive potential is weak.

2.1. Weakly Bound Systems

One of the most striking failures of nuclear reaction theory has involved the weakly bound, “anomalous”, projectiles 6Li, 7Li and 9Be.   Over the last decade there have been various studies of these systems, revealing that the fusion cross sections are suppressed below expectation and that the potential describing the elastic scattering is weaker than expected.  The accepted wisdom is that a different type of reaction process is occurring and the coupling of this to the other reaction channels leads to the observed anomalies.   This reaction mechanism is “break-up” in which the projectile nucleus is fragmented into two parts while in the field created by the target nucleus.   This process will tend to be strong if the projectile nucleus is weakly bound, and indeed the three nuclei in which the anomalies are observed have the lowest binding energy of all the stable nuclei.   However, we are not yet able to incorporate this process into reaction calculations in a reliable way.

  This problem in describing reactions with loosely bound projectiles has an impact on the emerging field of radioactive beam research.   In recent years there has been a tremendous growth world wide in the study of exotic nuclei, principally as the result of the developments of radioactive beam facilities.   These studies have shown that for nuclei with large excesses of neutrons or protons, not only do new phenomena become apparent (e.g. neutron halos or soft dipole excitations), but some of the long held beliefs on the structure of nuclei begin to break down (e.g. the disappearance of magic numbers).   Much of the information that has been obtained on exotic nuclei using the recently developed radioactive beam facilities has come from the interpretation of reaction yields.   Indeed, much of the work being planned for the next generation facilities, e.g. the SPIRAL facility at Caen in France where the UK community is heavily involved, will further develop these techniques.   There is, however, a problem often overlooked with this approach. As discussed above, our present understanding of reactions involving loosely bound nuclei is incomplete.      Since the majority of exotic nuclei which will be the subject of study will tend to be loosely bound, as they lie close to the drip lines, we cannot really have any confidence in the structure information which we might like to extract from such measurements.   

  We believe that if it is ever to be possible to extract reliable information of the structure of exotic nuclei, we need to greatly improve our understanding of nuclear reaction processes with loosely bound nuclei.   To this end we wish to measure the full yield of reaction types for a number of weakly bound nuclei, and develop the theoretical descriptions to replicate these data.   Ultimately we would like to be able to predict a priori the correct potential and couplings to use for a specified projectile nucleus.   We have already embarked on this programme with approved experiments at the Vivitron accelerator at Strasbourg and the 14UD accelerator at the Australian National University, to investigate the scattering of 9Be and the 6,7Li isotopes.   Following this we plan to carry out similar experiments with weakly bound radioactive beams at GANIL.   These experiments would ideally be carried out using the better quality beams available when SPIRAL comes on line.

2.2. Strongly Deformed Systems

Calculations for light exotic nuclei predict that many are deformed. Indeed unlike nuclei with N~Z the deformations of the neutrons and protons can be different. Normally we use elastic and inelastic scattering to extract or measure these deformations. So if we are to use such methods for deformed exotic nuclei we must first show that we can understand the "easier" N=Z case.

However one of the most striking failures of nuclear reaction theory has been the inability of conventional models to predict and explain the scattering of light nuclei such as 12C on light targets such as 12C, 24Mg and 28Si. There are several features that these reactions have in common. Firstly, the nuclei involved are quite strongly deformed. Secondly, fits to the elastic scattering data suggest that the absorption is weak and these reactions are often described as “surface-transparent” in optical model terms. It is important that we understand these reactions involving deformed stable nuclei. As discussed above these methods will then be applied to many exotic nuclei far from stability some of which are predicted to be significantly deformed with protons and neutrons each taking up shapes similar to those found in different N=Z nuclei. For example in 10Be the proton density is prolate while the neutron density is oblate.

Recently we studied existing data for the slightly simpler system of 16O + 28Si. To first order we can ignore the deformation of the 16O nucleus and consider only the deformation of the oblate 28Si nucleus. We attempted to describe this system using a coupled-channels model using a deep real potential very similar to that derived from a microscopic folding model. However using conventional potentials we were unable to fit simultaneously the elastic and inelastic excitation functions at 180o. We solved this problem by introducing an unconventional coupling potential, initially in a purely empirical way. Subsequently we applied the same empirical model to two other more complex systems, namely 12C + 12C and 12C + 24Mg again using existing data. In both cases the new model was able to describe all of the data with almost constant parameters except for the absorptive potential which increases with energy as expected. 24Mg is approximately prolate in shape so this nucleus is quite different in structure from both the 12C and 28Si nuclei which are oblate.

The physical interpretation of the new potential is most evident for the 12C + 12C and 12C + 24Mg systems. When the interaction potential for these systems is plotted as a function of the orientation of the two deformed nuclei a second “local” minimum is observed for certain orientations. Experimentally resonances in 12C + 12C scattering have often been attributed to super-deformed configurations while for 12C + 24Mg “orbiting” has been observed experimentally. Orbiting may also be a manifestation of a short-lived super-deformed configuration. The new potentials we have discovered empirically seem to support these ideas, suggesting that the resonances and orbiting may be attributed to a second local minimum in the interaction potential. However fully antisymmetrized microscopic calculations are required to confirm these findings.

It is clearly important to test this new model further. Detailed angular distributions and excitation functions are required for elastic and several inelastic channels. We need to use a range of projectiles and targets such as 12C, 16O, 20Ne, 24Mg and 28Si with different deformations. While there exists some data for many of the combinations which can be formed, often adequate data does not exist. We will also wish to relate the potentials derived to possible super-deformed structures in the composite nuclei. Many of these have been revealed in fully antisymmetrized calculations we have done using an alpha cluster model of the compound nuclei. Ultimately we would hope to derive the new coupling potentials from such fully microscopic calculations.

These experiments can be performed at both Strasbourg and the ANU either using the MEGHA strip array, magnetic spectrometers that already exist or using kinematic coincidence methods using silicon detectors in existing scattering chambers. The entire infrastructure exists for all three types of experiments and this program involves only minimal new investments in additional detectors.

3. Spectroscopy using break-up reactions - Exotic Nuclear Molecules, Clusters and Bands

Not only do reactions themselves lead to a greater insight into the structural properties of nuclei, they may also be used as an experimental tool to provide access to nuclear spectroscopy. Break-up measurements are a good example of such a reaction. 

3.1. Nuclear Molecular Analogue States

The access to radioactive ion-beam facilities, recently opened to the UK Nuclear Structure community, has made available a new realm of nuclear phenomena. These include, most prominently, nuclei with neutron-halos or other unusual structures. Nuclear-molecular-analogue states fall into this latter category.  This classification refers to those nuclei that possess particular states whose shape and structure are predicted to bear a striking resemblance to that of simple atomic molecules such as H2 and O2, which are covalently bound by virtue of the exchange interaction involving the valence electrons. For example, the considerable binding energy of the 4He nucleus results in the 2(4He system, 8Be, being unbound. But, the addition of a single neutron to the unstable 8Be nucleus produces the stable 9Be nucleus. In this instance, the nuclear potential that the valance neutron experiences results from the underpinning (+( cluster structure and should be two-centred in form. Indeed, detailed Antisymmetrized Molecular Dynamics (AMD) calculations of the structure of 9Be also reveal the prevailing two-centred structure. An examination of the low-lying states of this nucleus shows rotational bands with moments of inertia consistent with the underlying two-centred potential. These nuclear orbits are the analogues of the atomic (- and (-molecular bonds, and are revealed in the densities associated with the single-particle wave-functions. The introduction of a further neutron into these molecular type orbits produces states in 10Be again molecular in nature, with large deformation. However, these states are not related to the ground state but lie at an excitation energy of 6 MeV. This fascinating behaviour should be mirrored in the sequence of nuclei resulting from the accrual of protons to 8Be, namely 9B and 10C. However, in the case of 10C, the structure in the proximity of the 10Be molecular-analogue states is poorly known. 

Stemming from the (+( molecular building block it is possible to hypothesise that a whole sequence of valence particles may be added to produce increasingly complex molecular configurations. Indeed, the famous 11Be J(=1/2+ ground state, which displays a feature called parity inversion and possess a halo-like structure, would appear to be formed from a neutron in the (-molecular orbit. This does not contradict the observation that this last neutron forms a halo around the 10Be core, but that the molecular-orbit is highly delocalised by the absence of Coulomb and centrifugal barriers. Antisymmeterized Molecular Dynamics calculations for the Be isotopes would support this interpretation. Further, it has also been speculated that molecular-analogue structures will be found in more complex systems based on larger sequences of (-particles, e.g. (+(+( chains. 

This remarkable behaviour in these light nuclei is far from understood, and the confirmation of these ideas presents a considerable experimental challenge. In the first instance, as is the case for 10C, little is known of the spectroscopy of many of these nuclei as the energies of the excited states, let alone spins, are unmeasured. Detailed spectroscopic measurements using a combination of transfer and break-up reaction techniques can uncover the structure of these nuclei in the excitation regions in which the molecular configurations are proposed to exist. Break-up reactions tend to be a particularly powerful spectroscopic tool. Through the selection of particular decay channels, break-up reactions tend to enhance states with configurational overlaps with the decay products. This reduces experimental backgrounds, particularly if the states lie at high excitation energies. Moreover, angular correlation techniques may produce spin assignments, and decay cross-section measurements partial widths.  In fact, the break-up reaction combines a measurement of all the key observables that may be used to characterise a state. Indeed, they have been exploited, with considerable success, to expose the cluster structure of many light nuclei. 

Recently, it has been demonstrated that this reaction technique is ideally suited to the environment of fragmentation beams produced by the GANIL radioactive ion-beam facility. Such beams are produced by the “fragmentation” of a stable primary beam to produce a radioactive secondary beam. These beams are extremely poorly suited to the requirements of conventional charged particle spectroscopy methods, due to the poor beam energy and angular resolution. On the other hand, the effect of the beam energy spread and angular divergence cancel to a large extent in break-up measurements via the detection of decay products and the conversion to the decay centre-of-mass reference frame. In this case the uncertainties in the beam, that contribute equally to all decay products, counterbalance. This was aptly demonstrated in our recent measurement of the break-up of the nucleus 12Be into two 6He nuclei. 12Be is predicted to possess an (+4n+( molecular structure, and break-up measurements revealed a number of states which decayed into 6He+6He with possibly a rotational interdependence. In this instance, the beam energy spread was 18 MeV and the reconstructed 12Be excitation energy resolution 700 keV, a point emphasising the benefits of the break-up method. 

The challenge will now be the understanding of the nature of these molecular structures, the changes in the underlying nuclear structure which produce them and the linking of these effects to other structural phenomena, e.g. halos. The Charissa collaboration has pioneered most of the experimental and analysis techniques used in these studies and is one of the foremost groups world-wide in this field. This puts us in a unique position to address this exciting area of research. Many of the measurements of, for example, the mass 10 systems can be performed at stable beam facilities using transfer-break-up reactions. The complementary radioactive beam programme at GANIL to date has involved a study of 12Be, via the 6He+6He break-up reaction. This is to be followed by a search for similar structures in the nuclei 16-18C, again using break-up techniques (an approved experiment that will run in mid 1999). It is foreseen that the advent of SPIRAL will enhance the range of possible experiments. The reduced beam energy and increased beam energy and angular resolution will permit more precise measurements to be undertaken, in turn improving both the resolution with which we can reconstruct the reaction process and the selectivity of the experimental technique. There is particular interest in the acceleration of neon isotopes, which will carry the studies forward into more complex molecular systems. At the same time, GANIL fragmentation beams will provide access to the limits of the molecular isobaric chains, e.g. it would be interesting to observe if 6Be+6Be clusters exist in 12O, the counterpart to 12Be. 

Based upon the above observations, it is possible to speculate that other atomic phenomena might also have nuclear analogues. For example, the NH3 molecule possesses an unusual low frequency vibrational mode (originally used as an atomic clock) corresponding to the tunnelling of the Nitrogen atom through the barrier formed by the triangular arrangement of the H-ions. The resulting potential characterising the inversion of the molecule is two-centred in nature. The 12C ground state has a pronounced triangular structure composed of three (-particles. Thus, it is possible that the addition of a further nucleon to form either 13N or 13C would form a nuclear analogue of the NH3 molecule, with the vibrational mode corresponding to the periodic tunnelling of the valence neutron or proton through the barrier presented by the ring of (-particles. Interestingly, the issue of particles tunnelling through a potential barrier is also important for the future generation of solid-state devices, where the tunnelling of a single electron through a manufactured barrier may be used to transmit electronic information.  As with the ammonia molecule an experimental signature for this molecular-like behaviour would be a dipole transition between same spin states, but with opposite parity. Interestingly, there would appear to be a number of states in 13N and 13C that satisfy this criterion. However, the interaction between the configurations associated with the two potentials would appear to be stronger as a consequence of the larger tunnelling probability. This may dilute the vibrational character of the states. Thus this would require a detailed investigation to confirm this oscillatory behaviour. Such experiments may employ joint particle-gamma detection techniques to study the nature of the states.

3.2. Alpha Analogue States

The Alpha Particle Model was one of the earliest models of the nucleus. Indeed this model predated the shell model. However, in its earliest manifestation without antisymmetrization the model only had limited success. In the 1960’s a new alpha cluster model was developed and over the intervening years this fully antisymmetrized model has had a great deal of success. Indeed we now fully understand the relationships between the shell model and Hartree-Fock model and the Alpha Cluster Model.

It might seem strange that the Alpha Cluster Model would have anything useful to contribute to the understanding of the structure of nuclei with unequal numbers of neutrons and protons and more especially for nuclei far from stability discussed above. However, Kanada-En’yo et al have generalised the Alpha Cluster Model to such nuclei with considerable success. This new model is the Antisymmetrized Molecular Dynamics (AMD) model. What is surprising is that the calculations reveal that in general the extension of the Alpha Cluster Model to nuclei with unequal numbers of protons and neutrons simply appears to involve the exchange of alpha clusters with other clusters such as 2n, 2p or 3H or 3He.

The reason for this is really not too surprising. As we noted above there is a close relationship between the basis states generated in the Alpha Cluster Model and the shell model. However the value of the alpha cluster model is that it can reveal underlying symmetries and relationships between different nuclear states in the same nucleus and the relationships between states in different nuclei. A simple example is that of 12C. The Alpha Cluster Model predicts an intrinsic state with three-fold symmetry. Angular momentum projection leads to two rotational bands with spins 0+, 2+, 4+ and 3-, 4-…. Four of these states are known in 12C but their relationships would be more difficult to deduce from the shell model wave-functions alone.

The AMD calculations have a lot in common with the ideas discussed above. Indeed the tetrahedral structure proposed for some excited states in mass 13 nuclei is a perfect example of Alpha Analogue States based on the tetrahedral ground state of 16O formed by replacing one alpha cluster by a single nucleon. There are other interesting connections that can be made in this way. For example starting with the bi-tetrahedral structure of the ground state of 20Ne we can generate the ground states of 16C and 18O by replacing the alpha clusters at each apex of the structure with 2n clusters. This technique can also be used to predict super-deformed excited states in these nuclei. For example the 4p-4h band in 16O in which the alpha clusters form a kite shapes can be related to 2p-2h states in 14C and 14O. Again any such relationships between these states would be less obvious in shell model terms.

It is also interesting to trace the different shapes that exotic light nuclei take up as you proceed along a single isotope chain. The calculations suggest that on the whole the shapes taken up by the neutrons and protons separately are very similar to many of the shapes found in N=Z nuclei.
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