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Detailed Proposals (Appendix)

1. Introduction

In the case for support we have outlined in general terms the underlying physics and the goals behind our nuclear reaction and exotic molecular studies programmes. In this appendix we provide more detailed information, in particular technical details on the detection systems and the actual experiments which would be performed.

This research falls broadly into two categories, namely the study of nuclear reactions and spectroscopy. These research areas are united by the requirement to understand the structure of light nuclei, particularly in the context of neutron or proton excesses, and the impact of this structure on the nature of nuclear reactions. This research programme spans both stable and radioactive beam facilities in particular the Vivitron in Strasbourg, the Australian National University, Canberra and GANIL, Caen.  

2. Nuclear Reaction Studies

As discussed in the overview there are important classes of reactions where nuclear reaction 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. Proposals for investigating these two classes of reaction are presented in the following sections.

2.1. Weakly Bound Systems

2.1.1. Studies with 6Li, 7Li and 9Be beams

The conventional approach to a microscopic description of the scattering of two nuclei is to derive the inter-nucleus potential using a double folding prescription.   In this the densities of the two nuclei, taken either from electron scattering measurements or from a suitable theoretical description (shell model, Hartree Fock etc.), are folded with an effective nucleon-nucleon interaction:

V(r) =  ( (r1) Vnn (r2) dr1 dr2 


(Eq. 1)
The interaction used is not the bare nucleon-nucleon potential, but an effective interaction which takes into account that the nucleons are embedded in nuclear matter (e.g. Pauli blocking).   Several effective interactions are available, perhaps the most widely used being the M3Y interaction [wbs9], and this is remarkably successful in describing a wide range of heavy ion scattering systems across a wide energy range.   However, when applied to 6,7Li and 9Be projectiles, this approach fails badly [wbs8].   Indeed, to reproduce the elastic scattering the potential depth has to be re normalised by a factor of nearly 50%.   It has been suspected for some time that the origin of the failure of the double folding model potential arises because of breakup [wbs9].   9Be, along with 6,7Li, has the lowest threshold for particle breakup of all the stable nuclei.  

One of the important lessons learnt in the past decade is that nuclear reactions cannot be simply partitioned into different types (elastic, transfer, fusion etc.).   We now know that there is an intimate coupling between the structure of the interacting nuclei and the reaction mechanism, which results in a strong coupling between the different reaction processes.   This results, for example, in the “threshold anomaly” in the elastic scattering channel [wbs10-wbs13] and in “sub-barrier enhancements” in the fusion channel [wbs14].   These reflect an increase in the strength of the local optical potential used to describe the scattering, which arises from coupling to inelastic and transfer channels.   Theoretical calculations indicate that if breakup processes are included, the effect on the local potential is opposite to that for coupling to transfer channels and results in a decrease of the local potential [wbs15].   At present the theoretical predictions have not been tested against experimental measurements.  For this, a complete data set of all the reactions, including the breakup, is required.    In recent experiments at the Australian National University, we have measured the elastic scattering, transfer reactions and the fusion for the 9Be+208Pb system and we will shortly be performing a measurement of the breakup at Strasbourg using the DEMON array in conjunction with our charged particle detectors. The present breakup measurement will complete the interlinked set of reactions which arise in the scattering and so enable full coupled reaction channels calculations to be undertaken to confirm the role of the breakup. 

We are fortunate to have a close collaboration with Dr I J Thompson (Surrey), the author of the FRESCO code [wbs16].   He is one of the leading experts in coupled reaction channels calculations and his expertise will be invaluable in the interpretation of the results.


[Perhaps make more of link.   Get statement of interest and support?]
2.1.2. Proposed Studies of Weakly Bound Systems

Some of this work has already started and we have completed a number of experiments, principally at the ANU and Strasbourg, using the “stable” loosely bound projectiles 6Li, 7Li and 9Be.   Further measurements will be required to complete the work on these systems.   The understanding we gather from these will then be put to the test in experiments with radioactive beams.   Clearly the advantage of starting with the stable beams is that we can obtain much more detailed cross section measurements, because of the higher beam currents available.   In the following sections we first review the current progress on the “stable” beam studies and then discuss the possibilities for “unstable” beam measurements.

It is likely that further measurements will be required on the systems described above. For example, we need to investigate the relative importance of nuclear and Coulomb contributions to the breakup yield, and how these couple to the other channels.   This can be addressed by investigating how the yield varies with the charge on the target nucleus, so future measurements will involve measurements with Ni and C targets.


[Expand on this could include Edinburgh work]
These studies with “stable” beams will enable us to tackle the question of how breakup modifies the potentials and reaction yields in a system with loosely bound projectile. This is linked to our parallel programme on studies of exotic nuclei at SPIRAL. We have submitted a letter of intent to GANIL to carry out a programme of investigations using inverse transfer reactions to probe the structure of light exotic nuclei. Two proposals have also recently been submitted to the GANIL PAC
.

[Need section on plans for studies with radioactive beams]

[Also need something on the Li work and extensions

RPW]
In addition to the problems with extracting reliable spectroscopic information from transfer reactions with radioactive beams, there is also a problem with the interpretation of fusion yields and hence total reaction cross sections from which nuclear radii are extracted.   Indeed there is considerable confusion among papers published in the last two years as to whether there is actually an increase [wbs22-wbs24], or decrease [wbs25-wbs28], in the fusion cross section in systems with loosely bound projectiles.   All of these authors point to the likely influence of breakup, but in none of these systems has the breakup yield actually been measured.   In this proposal we would actually measure the breakup yield for 9Be scattering at the same energy that we have already obtained accurate fusion and elastic scattering data.   The combination of these three measurements should enable us to analyse the yields within a full coupled reaction channels calculations and hopefully understand how the breakup of the loosely bound projectile influences the reaction dynamics leading to fusion.   At present the results for 9Be+208Pb fusion measured at ANU show a decrease in the complete fusion yield, in contrast to measurements reported by other authors [wbs29].

In fact the measurements at ANU point to a likely origin for these confusions.   We believe that there is a sizeable probability that a new breakup mechanism is occurring - breakup of the projectile followed by the fusion of one or other of the fragments with the target.   This process leads to compound nucleus products different from those formed in a normal fusion event and so are missed in the measurement of the fusion cross section.   For loosely bound projectiles, where breakup is strong, this process can have a sizeable probability.   It will be necessary to investigate this proposed mechanism in much more detail.  In particular, if the mechanism is that of breakup followed by fusion, then the yield of the compound nuclei with beam energy should be related to the variation of the breakup yield.   We plan to investigate this using the Be and Li isotopes.   If this does prove to be the origin of the partial fusion yields we see in the Be measurements, then it is quite possible that many of the reported measurements of fusion cross sections for loosely bound exotic nuclei may be incorrect, unless the measurements have taken account of these (lighter) compound nuclei production.

2.1.3. The Borromean Interest

Recently there has been much theoretical interest in the so-called “Borromean” nuclei.   These are nuclei which comprise three sub-systems (clusters), where neither of the component two-body clusters are stable.   Much of the recent resurgence of interest in this topic has been spurred by the growth in radioactive beam studies and the production of exotic nuclei.   The archetypal example is the two-neutron, halo nucleus 11Li.   In this case the three body model includes the 9Li core and the two neutrons.   Neither of the two-body subsystems (in this case 10Li or the di-neutron) are bound, but the resulting three-body system is.   The investigation of such systems is of interest since they provide a sensitive test of three body models and also allow the investigation of other aspects such as Effimov states. 

Although much of the theoretical interest has centred on radioactive nuclei, the 9Be nucleus provides a perfect example for such investigations since it does not suffer the experimental difficulties associated with measurements using low-yield radioactive beams.   In this nucleus the three sub clusters are the two alpha particles and a neutron.   Both of the two-body subsystems 5He and 8Be are unbound - the latter just so. However, it is not known how the breakup of the excited states in 9Be proceeds, whether by the 5He+ or 8Be+n channel.   Neither is it known if there is any direct three-body breakup yield.   In an investigation of this question using the quasi two-body partitions, 5He+ and 8Be+n [wbs30], the authors report that the 5He+partition appears to provide a better description of the low lying states and transitions in 9Be.   They also used this two-body wavefunction in a double folding model calculation of the potential to successfully describe the scattering of 9Be on 40Ca, 120Sn and 208Pb. 

However, there exists no data to check the validity of this prediction.   One result from the proposed measurement will be that, because of the kinematic completeness of the measurement, we should be able to uniquely identify the breakup mode for each of the low-lying excited states in 9Be,   This information will be a crucial test of the wavefunctions from three-body models developed to describe the 9Be nucleus.

2.1.4. Summary of Possible Measurements on Weakly Bound Systems

i. ……
ii. …….
 
[Examples of specific experiments]

[Any other examples to study?]
Strongly Deformed Systems

Calculations for light exotic nuclei predict that many are deformed [sds0]. 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. For example, the Coulomb interaction selects only the protons and Coulomb - nuclear interference effects could be a very sensitive way of measuring deformations. So if we are to use such methods for deformed exotic nuclei we must first show that we can understand the more accessible N=Z case. As discussed in the overview, conventional nuclear reaction models have been unable to explain many features of the scattering of deformed light heavy ion systems. Three examples are considered here in order to highlight the problems. 

The first system 16O + 28Si, which in common with other similar systems, displays anomalous large (backward) angle scattering (ALAS). Several ad hoc models have been proposed to explain these data but no satisfactory microscopic models have emerged. The most satisfactory explanation so far proposed is that of Kobos and Satchler [sds1] who tried to fit the elastic scattering data with a microscopic folding model potential. However these authors had to use some small additional ad hoc potentials to get good agreement with the data. They interpreted the backward angle scattering as being similar to the ALAS of alpha particles and the “barrier/internal wave” decomposition of Brink and Takigawa [sds2]. These ideas have some aspects in common with “orbiting” models that have also been proposed. 

The second example is the 12C + 24Mg system. New elastic and inelastic scattering data on this system has been published recently by Sciani et al [sds3]. The angular distributions are strongly oscillating near the Coulomb barrier and the data manifest ALAS. Previously this system has been known to display features consistent with “orbiting” phenomena. Sciani et al used a coupled channels model to fit the oscillatory structure [sds3]. However the authors could only fit these new data with Q-value dependent potential parameters in a rather ad hoc fashion. The imaginary potential or at least the volume integral of the imaginary potential is expected to increase with centre of mass energy. However all other potentials and parameters are generally expected to be independent of energy although some energy dependence of the real potential is to be expected from dispersion relationships. This was observed by Sciani et al.

The final system we shall consider is that of 12C + 12C which has been intensively studied over the last 40 years. This system displays many resonances but here we are more concerned with the analysis of the (energy averaged) elastic and inelastic angular distributions and excitation functions. Conventional folding model potentials have difficulty in reproducing certain aspects of the data such as the gross structure in the 900 elastic scattering excitation function and the magnitude of the mutual inelastic scattering data [sds4,sds5]. So far no models have been able to explain the scattering data and the resonances simultaneously. 

To summarise, as we indicated in the overview, while these three systems show quite different properties and problems, all three have two features in common: first the elastic scattering data suggest that there is weak absorption in the entrance channel in each case. Secondly each reaction involves at least one nucleus which is highly deformed. These systems with surface transparent imaginary potentials may give us a unique opportunity to see deep inside the nuclear potential down to a few fermi’s. Could it be that, despite the differences between the three systems, there might be a common solution to all the problems?

2.1.5. A new coupling potential

While investigating 16O+28Si scattering we have discovered a new “empirical” coupling potential. We were interested in understanding the mechanisms that might shed some light on the origins of “orbiting”. We use a potential similar to that used by Kobos and Satchler [sds1] i.e. a deep real potential which they derived using the folding model. We were able to reproduce the results of Kobos and Satchler for the elastic scattering using a parameterized potential with the addition of the ad hoc potentials. (The parameterized potential was the square of a Woods-Saxon shape.) We then extended the calculations by introducing the first excited 2+ and 4+ state of 28Si in a coupled channels calculation using conventional coupling potentials derived by deforming the central potential. We hoped to be able to dispense with the need for the two additional ad hoc potentials in these coupled channels calculations. However these new calculations were unable to simultaneously reproduce the 180o excitation functions for the 0+ and 2+ states of 28Si without the ad hoc potentials. 

Several alternative coupling potentials were used in an attempt to overcome these problems without success. However, eventually we found an unconventional, empirical coupling potential which worked. This “empirical” coupling potential was obtained by deforming a surface peaked spherical potential. This could be represented quite accurately by the second derivative of a Woods-Saxon shape. This “second order” coupling potential was used in place of the conventional “first order” shape. Remarkably this new “empirical” model was able to explain the elastic and inelastic angular distributions and the 180o excitation functions for the elastic and inelastic scattering (figure sds1) and we did not require the additional ad hoc potentials used by Kobos and Satchler. 

What could the interpretation of this “second order” coupling potential be? We are able to interpret this coupling potential using ideas from our Bloch-Brink alpha cluster model calculations. We will illustrate this with a simpler, if experimentally inaccessible example, namely alpha particle scattering on 8Be. The 8Be nucleus is prolate in shape and thus a folding model would generate a prolate potential. Clearly at least at large distances this must be the correct potential. If resonances were predicted by this potential we would also expect many of the lowest energy resonances to have an underlying prolate structure. However the ground state of the coumpound system 12C is oblate. Can the ground state of 12C be generated from this folded potential? We believe that the answer to this question is no, i.e. we cannot describe the ground state of the composite nucleus with the folding model. We clearly need an oblate potential to describe the alpha cluster structure of the ground state, and many excited states, of  12C. Here we appear to have a dilemma in that we require a potential which has both prolate and oblate character. But this is in fact what our second order coupling potential generates; at large distances the potential can be made prolate while at small distances the potential can me made oblate. Interestingly this appears to be quite a general requirement. For an alpha cluster model of 16O, considered as 12C + , we require the potential to be oblate at large distances and prolate at smaller distances to produce the “tetrahedral” structure of the 16O ground state. In more complex systems at least the first order coupling terms seem to require [image: image1.wmf]the same properties. One deformation is required at large distances to form super-deformed configurations or to simply reflect the scattering of the two deformed systems at large distances in a conventional way. Whilst the potential is required to have the opposite deformation at smaller distances to form the more compact, lower deformation ground state of the compound system.

This empirical approach has been applied to the other two systems discussed above, namely 12C + 24Mg and 12C + 12C,  with similar success. The results for 12C + 24Mg (figure sds2) are similar to those for 16O + 28Si and again we can fit all the data without recourse to any further ad hoc assumptions. (In these calculations only 24Mg is assumed to be deformed and thus only the ground state of 12C is included in the coupled channels calculations). The results for 12C + 12C are very interesting (see figure sds3). At lower energies the parameters fluctuate due to the presence of resonances in the data which are not reproduced by the coupled channels calculations. But, apart from the depth of the imaginary potential, the parameters fluctuate about essentially energy independent values. 

Of particular importance for 12C + 12C is the fact that we correctly predict the magnitude of the mutual 2+ excitation (except close to resonances) and we also reproduce the main features of the 90o degree excitation function. To our knowledge this has never been achieved before. As we alluded to earlier, coupled channels calculations based on folding model potentials underestimate the magnitude of the mutual cross section by a large factor (see figure sds3) while many authors have failed to reproduce even the 90o excitation function even in elastic scattering calculations with energy independent parameters.

[image: image2.wmf]5.0

5.0

.0

10.0

5.0

0.0

0.0

10.0

5.0

0.0

15.0

10.0

5.0

0.0

3/2

-

1/2

+

0

+

1/2

+

0

+

1.68

1.57

8.34

8.89

12.05

11

Be+n

10

Be+xn

9

Be+xn

6

He+

6

He

9

Be

10

Be

11

Be

0.0

6.26   2

-

6.18   0

+

5.96   1

-

5.96   2

+

3.89   3/2

-

To summarise, by introducing an “empirical” coupling potential we have been able to explain in a consistent way almost all of the available scattering data for our three example systems. Returning to the physical interpretation of the new “empirical” coupling potential, in figure sds4 we show the total potential (central plus coupling) as a function of radius for different orientations of the deformed nuclei for 12C + 12C. A second local minimum is observed in the interaction potential for certain orientations. This suggests that this new coupling potential may be an indication of the presence of super-deformed configurations in the compound nucleus 24Mg, as we speculated above. For the 12C + 12C system one of the potentials in figure sds4 is repulsive for one orientation at intermediate distances. This is clearly unphysical. However, 12C is highly deformed and has a large positive hexadecupole moment [sds7]. If this contribution is included the total potential is negative at all distances. The hexadecupole terms also increase the depth of the local minimum as shown in figure sds4.

Similar results are obtained for 12C+24Mg where again a second minimum is observed. This points to a possible superdeformed structure in 36Ar, which is in agreement with cluster model calculations [sds8]. It is interesting that for 16O + 28Si there is no second pocket in the potential for any orientation. This is consistent with models of 44Ti [sds9]. The ground state of the 44Ti nucleus could be represented in the Bloch-Brink model as an 16O aligned on the symmetry axis of 28Si. However, we do not expect a local minimum for the 16O nucleus on an axis perpendicular to the symmetry axis of 28Si. So at large distances the potential simply reflects the oblate [image: image3.wmf]shape of the 28Si nucleus itself. 

At present the origin of this “empirical” coupling potential is speculative. However, we believe that it is not merely coincidence that the same, albeit ad hoc, model fits a large body of data and that there must be some physics underlying this novel approach. 

In testing the model we have essentially exhausted the existing data sets available in the literature since we require high quality elastic and inelastic data at a number of energies with excitation functions at 90o or 180o as appropriate. In addition we need to know the deformation parameters for each of the deformed nuclei and while there are good estimates of the quadrupole deformation parameters higher multipoles are not so well known. These higher multipoles are required to determine the exact shape of the second minimum. For example from the data we already have for 12C+12C we can only determine the quadrupole component. But to get a physical potential we have already shown that we need the hexadecupole moment. So we need to obtain angular distributions for higher excited states with spins greater than 2 to extract this information.
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2.1.6. Proposed Studies of Strongly Deformed Systems

We propose to undertake a number of studies to provide more data to test and extend the scope of this “empirical” model and to provide further insight to the physical interpretation. The details are presented in the following sections.

i. The 12C + 12C System

This is one system for which there is substantial data over a wide energy range. We have recently obtained data on the single and mutual excitation of the 3- state at 9.63 MeV [sds10] and an experiment at ANU has been performed recently to measure angular distributions for the 0+2 state at 7.65 MeV [sds11]. However as noted above it is important to know the deformation length for the hexadecupole term in the coupling potential. We have recently demonstrated that we can efficiently measure the decay of the 14.08 4+ state to both the ground state and 2+ state of 8Be [sds12]. It has been demonstrated that the alignment of the final nucleus can be measured by this technique [sds7] and this was used to determine the deformation length in the 12C(,’) reaction. We propose to perform a similar measurement of the hexadecupole deformation length for the 12C(12C,12C’) reaction at energies where there are no resonant contributions. Data from the recent experiment at ANU should provide information on suitable energies.

ii. The 16O + 16O System

Above we assumed that the deformation of 16O could be ignored. However it is not clear whether 16O has a deformed intrinsic state or not. The alpha cluster model suggests that 16O has a tetrahedral structure but the rotational members of a tetrahedral rotor have not been identified except for the 3- at 6.13 MeV which is assumed to be the first excited state of the tetrahedral band. Further experiments are required to establish whether this state has a static octupole moment. Like the 12C + 12C system, the 16O + 16O system displays resonances in the excitation function for the single and mutual excitation of the 3- state. If there is an intrinsic octupole deformation the next 4+ member of the rotational band which has the sequence 0+, 3-, 4+, 6+, … should also be excited strongly at the resonant energies. 

We have recently performed an experiment at ANU to study the excitation of the 4+ states at 10.35 MeV and 11.09 MeV as a function of center of mass energy [sds13]. These results show one resonance in the single excitation of the 11.09 MeV state that correlates with resonances in the 3- channels. The 11.09 MeV 4+ is also the strongest state in the spectrum. This suggests that the 11.09 MeV 4+ state is the next member of the tetrahedral band and it follows that the octupole moment must be static. Further experiments will be required to obtain data at lower energies to search for a lower resonance and at higher energies above the resonance region to determine the deformation lengths. In addition we would like to study the scattering at more forward angles to extract the direct reaction contribution to these processes. Again these experiments will be performed using the MEGHA strip array. 

Recent work at Strasbourg also indicates that something unusual is happening in this system. Analysis of the elastic scattering data requires an imaginary potential that has an energy dependent shape. It would be interesting to predict what our new coupling potential would produce if we included the other members of the rotational tetrahedral band. However it is not at all clear whether a second order coupling potential is appropriate for 16O.  Our interpretation of the second order term reflects a change in the required deformation to generate different compound nucleus shapes. In 16O + 16O only a super-deformed configuration can be formed so in this case the coupling potential may not be of the second order type. So there is much to be done here to resolve these apparently conflicting results.

iii. The 12C + 24Mg System

This system has been of considerable interest to the CHARISSA collaboration because of our interest in the breakup of 24Mg into 12C + 12C [sds14]. We have proposed in the past that the reaction studied, namely 24Mg (12C ,12C, 12C) 12C, may proceed through a super-deformed state in 36Ar [sds15]. This would be very interesting if scattering data for 12C + 24Mg may itself reveal evidence of super-deformation in this compound nucleus. To describe the system completely we need to study the inelastic excitation of both nuclei. However mutual excitation spectra can be very complex and even with good resolution overlapping states cannot be avoided. However the MEGHA strip array is an excellent tool for the study of reactions leading to excited states in 12C above the 3-alpha threshold. So using MEGHA we should be able to study the mutual excitation of the 12C to its 3- and 4+ states and the 24Mg to its first few excited states. Further data on the single excitation of  24Mg at higher energies may also be required to establish some of the other parameters in our model such as the depth of the imaginary potential. 

iv. Other Systems

There are many other systems that would be of interest. Some data exist for 16O + 24Mg and for 12C + 28Si. However these data are not sufficiently extensive to test our model. Data on these systems could again be obtained at either Strasbourg or ANU. These experiments can be performed using the magnetic spectrometers at each facility or using kinematic coincidence techniques in existing scattering chambers. (The MEGHA array is unsuitable for kinematic coincidence measurement due to its very high efficiency for higher multiplicity events.) In addition MEGHA can be used to study reactions which lead to excited states of 12C. At present we cannot say which systems are the most important to study but we hope that this will become clear as we understand the implications and origins of the new model.  

Of course the long-term aim is to be able to derive these potentials from microscopic models of the nuclei involved and to relate the empirical models to the structure of both the compound system and the individual nuclei themselves. We are not restricted to alpha conjugate nuclei and it would be of interest to apply this model to the scattering of neutron rich targets and projectiles and eventually to the collisions of deformed exotic nuclei produced by radioactive beam facilities. However in the short term, and over the next four years in particular, development of these ideas is best restricted to stable beams and nuclei whose structure is well understood and where high beam currents are available. Only then will the techniques and insight obtained become a useful tool for use in new and exciting developing areas of nuclear physics. The main interest in systems with different N and Z values is the prediction that the neutrons and protons take up different shapes [sds0]. The shapes are already very familiar since they are in many cases very similar to the shapes of N=Z nuclei. Once we understand N=Z we will be much better placed to tackle the much more complex situation in nuclei with N not equal to Z. We discuss this further in section 3.2 where we discuss alpha analogue cluster states.

2.1.7. Summary of Possible Measurements on Strongly Deformed Systems

i. 12C[12C,12C(4+)] 12C(4+)] alignment measurements at ANU.
ii. 16O[16O,16O*(12C)]16O* (12C) at ANU.
iii. 16O+16O investigation of strange imaginary potential.
iv. 12C(3alpha) + 24Mg at ANU.

v. 16O+24Mg and 12C+28Si elastic and inelastic scattering at ANU/Strasbourg.
2.2. Experimental Requirements 

[Still to be written - have already developed the necessary expertise, detection equipment and data acquisition - no major new equipment development - continuing need for new detector designs. Spectrometers.]
2.3. Summary

Finally we should comment on the interaction of the two sets of studies into Nuclear Reaction Mechanisms. Some of the weakly bound nuclei discussed in the previous section are also quite highly deformed. The investigations into reactions involving weakly bound projectiles should also lead to a better understanding of how their microscopic structure leads to different characteristics of the interaction potentials. It is to be hoped that ultimately both weakly bound systems and highly deformed systems can be understood on the same footing and this will be one of the challenges we face over the years to come.

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

Break-up measurements are an important experimental tool in providing access to nuclear spectroscopy.  In the sections below, we present proposals to study possible clustering modes of light nuclei.

3.1. Nuclear Molecular Analogue States

[image: image5.wmf][image: image6.wmf]The concept of nuclear molecular analogue states has its origins in some early studies by Okabe et al. [nma1] and Seya et al. [nma2], using a molecular orbit model. This model in essence is a two centred shell model, where the nuclear potential is characterised in terms of two spatially distinct components. The Schrodinger equation is then solved as a function of the separation of the two potentials. The adoption of this model by Seya et al. for the calculation of the properties of the structure of B and Be isotopes was to reflect the underlying influence of the (+( cluster structure found in 8Be. This cluster structure is a reflection of the strong binding of the (-particle and the relatively weak (-( interaction together with a repulsive core due to the Pauli principle. The structure of 8Be should thus have a strong influence on the behaviour of the energy levels in which neutrons or protons added to this core reside (figure nma1). The calculations of Sega suggest that the appropriate separation of the two potentials is 3.5 fm (as indicated by the dotted line). This would then imply for the nuclei 9Be and 9B that there should be a 3 low lying configurations based on particles in the p1/2, p3/2 and d5/2 orbits. As the system is deformed the latter level should be labelled in accordance with the deformed (Nilsson), rather than spherical, shell model quantum numbers, i.e. ((=1/2+. Thus one might expect that there should be three low-lying states in 9Be and 9B with J(= 1/2-, 3/2- and 1/2+. This is the observed pattern for 9Be; 3/2- [0.0 MeV], 1/2+ [1.68 MeV], 1/2- [2.43 MeV]. The rotational bands built on these K-configurations are identified with large moments of inertia demonstrating that the deformation of the 8Be nucleus is not quenched by the additional neutron. These orbits are two centred in nature, i.e. the neutron being shared between the two (-cores and are shown in figure nma2, from the calculations of Okabe et al. [nma1]. These 9Be orbits correspond with a large overlap to the ( (positive parity) and (-binding (negative parity) atomic orbits. Interestingly, the 9Be nucleus is what has been called Borremean, meaning that if any one of the three constituents is removed then the any of the remaining subsystems, 5He or 8Be, is also unbound. The addition of the neutron thus binds the two (-particles. The nature of the binding is of considerable interest and may be related to the [image: image7.png]SHe | SHe
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three body part of the nuclear interaction [nma3]. However, there is an interesting analogy again in atomic physics. The H2+ molecule is, of course, formed from two protons, bound by a single electron via the exchange interaction. An understanding of the exchange interaction can also be found in terms of a two-centre shell model. In this instance illustrated using two hydrogen atoms represented by two Coulomb potentials. At infinite separations the energy levels in the two potentials are degenerate, but as the separation is reduced to the point that the potentials over-lap the degeneracy must be removed, this is essence a response to the Pauli principle, and is also observed in figure nma1. This perturbing effect results in the formation of two new wave-functions, two centred wave-functions. As in the two separated potentials the electrons will reside in the 1s1/2 level it is the interaction of these two levels which is important. The two-[image: image8.png]10512
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centred wave-functions that are formed are either symmetric or antisymmetric, the symmetric wave-function corresponds to the conservation of the number of nodes in the constituents, whereas an additional node is created in the antisymmetic case.  As the total wavefunction must be antisymmetric, if the spatial part is symmetric this leads to antisymetric spin part (singlet), and vice versa. The antisymmetric  (triplet) level is pushed up in energy and the symmetric (singlet) level descends. The gain in energy for the singlet state results in the binding of the hydrogen molecule (figure nma3). 

The behaviour of the energy levels that is observed in figure nma3, is also mimicked in figure nma1. The two 1s1/2 levels produce a 1s1/2 (symmetric; positive parity) and 1p3/2 (antisymmetric; negative parity) levels. Similarly, the two [image: image9.png]Fig. 4. Density contours of the
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1p3/2 levels in the separated potentials form 1p3/2 and 1p1/2 levels (symmetric) and two levels leading to 1d5/2 configurations (antisymmetric). The symmetric energy levels always being pushed lower in energy. Thus, the binding of 9Be leading to the 3/2- ground state can be viewed in terms of the gain of energy from a nuclear exchange interaction. 

These ideas form the basis of the concept of nuclear molecular analogues which has provided the foundations for the work of von Oertzen [nma4,nma5,nma6], who has extended the above description to systems that include much larger numbers of neutrons or protons. The addition of a further neutron to 9Be or 9B should then form molecular states in 10Be and 10B. However, the ground states of these nuclei appear not to have the requisite deformations to indicate molecular behaviour. On the other hand, the collection of states at Ex~6 MeV (0+,1-,3- and 2+) appear to possess a deformation that is consistent with an underlying (+( cluster structure, and can be described in terms of combinations of the molecular orbitals arising from the 1p3/2 and 1d5/2 shell model orbits (figure nma1). This description is also consistent with that developed by Seya et al. [nma2] (figure nma4). The T=1 states in 10Be have isobaric analogues in the nuclei 10B and 10C, which then also have a similar molecular like structure. However, the properties of many of these states are unclear. For example, in the case of 10C the spectroscopy in the vicinity of where the isobaric analogue states would be expected is completely unknown. A detailed understanding of the spectroscopy of these nuclei and the partial decay widths should advance our understanding of this nuclear phenomenon. 

These ideas were extended further by von Oertzen, both in terms of the addition of further neutrons and (-clusters, the latter in an attempt to make more complex nuclear molecules. An example of the states which have been suggested to be linked to molecular structures is shown for the Be isotope chain in figure nma5. As noted above, in 9Be it is the ground state which possesses molecular characteristics [image: image10.wmf]5.0
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and in 10Be the collection of excited states. In 11Be, again the trend returns to the ground and low-lying states. However, until recently the location of the molecular states in the nucleus 12Be was unknown. 

A study of the break-up of 12Be was performed at the GANIL fragmentation faclity in France, by the Charissa collaboration [nma7]. The 4He, 6He and 8He break-up products were detected in an array of Silicon-CsI charged particle telescopes. Using the position information provided by the two-dimensional position sensitive silicon detectors, it was possible to reconstruct the 12Be excitation energy spectrum for the two possible decay channels involving He nuclei (figure nma6). These data appear to indicate that there are a number of states in the excitation energy interval 10 to 25 MeV that decay into two 6He nuclei or 4He+8He. An analysis of the angular correlations of the decay products was used to infer the spins of the decaying states (as indicated in figure nma6). The rotational-like energy-spin systematics appear to indicate that the break-up may be related to a deformed 12Be structure, possibly linked to a (+4n+( molecular structure. This is an interesting result as it might be expected that the continued addition of neutrons would disrupt the (+( cluster structure diminishing the molecular component. This is of course an important question, and one we hope to address with future measurements.

3.1.1. Proposed Studies of Nuclear Molecular Analogue States

We are interested in extending our understanding of molecular binding on the nuclear scale. These studies will examine the properties of both stable and unstable nuclei in an attempt to characterise the nature of the proposed molecular states and indeed search for further examples. As such the experimental programme will exploit both stable and radioactive beam facilities, notably Strasbourg, the Australian National University and GANIL.  The measurements shall primarily make use of the technique of invariant mass spectroscopy (IMS). By measuring the emission angles and energies of all of the break-up products of a nucleus after it decays, the invariant mass (or excitation energy) of the parent nucleus can be reconstructed. This experimental technique has been used to great advantage to study cluster states in stable nuclei where there are a number of critical advantages, for example the ability to determine spins of states at high excitation in a low background environment. This technique is eminently well suited to studies with radioactive beams, especially produced using fragmentation techniques. Typically nuclear spectroscopy techniques are limited either by beam or detector resolutions, in the case of radioactive beams the energy and angular resolution of the beam have a tendency to be rather poor. This is the determining factor in most spectroscopic measurements performed at RNB facilities. However, the invariant mass spectroscopy technique has the key advantage that the effect of the beam resolution cancels to second order, providing high resolution spectroscopic measurements.

 
The thrust of the GANIL experimental programme will be the search for new molecular configurations in increasingly exotic nuclei. The next step shall be the proposed study of the nuclei 16C, 17C and 18C approved by the GANIL Programme Advisory Committee. This is an attempt to search for three centre molecular states in these nuclei. The advent of SPIRAL will provide many new experimental opportunities. Initially, the new beams will be noble gas elements. A letter of intent which has been submitted to the GANIL PAC outlined a number of experimental studies of proton rich nuclei, in particular 18Ne, which will use the IMS technique to search for exotic cluster structures in these. For example, states in 18Ne could have a 4(+2p molecular cluster structure.  Also, it is planned to measure the break-up of 12O, the mirror of 12Be, to two 6Be nuclei. This decay process could provide evidence for a (+4p+( cluster structure. Between these extreme limits there are a number of other systems, both neutron and proton rich, which may also possess molecular type configurations, for example the sequence of oxygen isotopes between 12O and 16O. 14O could be used to search for (+p+(+p+( structures via the 6Be+8Be decay channel.

3.1.2. Summary of Possible Measurements at GANIL

i. Break-up of 16C, 17C and 18C (approved by the GANIL PAC and to be run mid 1999). Search for 3(+xn molecular structures.
ii. Break-up of proton-rich oxygen isotopes e.g. 14O(6Be+8Be), 13O(6Be+7Be) and 12O(6Be+6Be).
iii. 18Ne break-up into, for example, 9B+9B. 9B subsequently decays into 2(+p. Alternative decay routes might be 6Be+12C(0+2) or 8Be+10C.
iv. Break-up of 10C into 6Be+(.
Most of these measurements would use the fragmentation beams which are presently available from GANIL, and the nuclei of interest would be excited into the break-up states either using inelastic scattering or transfer reactions. The exception is 18Ne, which would use a beam from SPIRAL which should be developed in the near future. It is expected that these themes may evolve as results from other measurements emerge and our understanding of the molecular phenomenon develops. The library of charged particle detection techniques that the Charissa collaboration has compiled, for example, strip-detectors, CsI-scintillators, gas-ionisation chambers and sheet two-dimensional position-sensitive detectors, implies that the detection system can be tailored to each experiment. This latter facility is crucial as different reactions lead to break-up channels with differing properties. For example, the break-up of 12Be to two 6He nuclei was adequately measured using large area resistive silicon detectors. On the other hand, the breakup of 12O into two 6Be nuclei would require the use of strip detectors to observe the subsequent decays of 6Be. The considerable flexibility of the charged particle detection systems of course must be matched by the capacity of the data acquisition system. In conjunction with LPC, Caen, we are embarking on the construction of a new data acquisition system. This will be VME centred, interfacing with digital conversion units in either CAMAC or VXI. LPC are responsible for the construction of the VME components, whilst the Charissa collaboration are committed to providing amplifiers and ADCs. The capacity of this system will be 256 channels of energy information.

3.1.3. Experimental Requirements at GANIL

The omission, at present, is a purpose built reaction chamber, at GANIL, in which to house the detection systems. We plan to design and build a scattering chamber to be sited on the LISE3 spectrometer. In addition to the construction of the chamber we propose to design and build the beam line, including vacuum systems and focusing elements, to connect to the LISE3 spectrometer. The chamber would contain a number of movable arms for the mounting of the detection systems, with variable target positioning and, significantly, thin walls. This latter feature ensures that the charged particle detectors may be combined with neutron detectors, external to the vacuum vessel. It is recognised that the experimental excursion towards neutron-rich nuclei, will ultimately require the detection of neutrons in coincidence with charged particles. The combination of these detection facilities will provide a powerful system for spectroscopic measurements of neutron rich-nuclei, via break-up reactions. In fact, the group has been active in a number of studies that are the precursor of the system described. The DEMON array of 100 neutron detectors has been employed in the study of the break-up of the halo-nuclei 14Be and 19C, where neutrons were detected in coincidence with charged particles in a simple charged particle detection system.  The Charissa group is also developing an array of neutron detectors that will be used in conjunction with charged particle detectors in the study of the decay of neutron-rich nuclei produced at the ANU stable beam facility.

3.1.4.  ANU and Strasbourg – Stable Beam Experiments

The complement to the above experimental programme at GANIL has already been initiated. Measurements of the breakup of 10Be have recently been performed at ANU and Strasbourg, in order identify decays into 6He+4He from the molecular band. These measurements were performed with the beams 12C and 7Li, and demonstrate that many of the properties of the less exotic molecular structures may be probed using stable beam target combinations. The advantage of these experimental facilities is that they provide high intensity beams with good resolution, diminishing the experimental challenges. However, the use of stable beams to access nuclei with neutron or proton excesses, often at relatively large excitation energies implies reactions with often very negative Q-values and small cross sections. Thus the detection of the reaction channel of interest requires considerable resolving power. It is clear from the measurement performed at ANU that the key to removing the significant backgrounds in these measurements is the ability to resolve the masses of the detected particles. We are at present developing detector telescopes that will provide mass resolution for light charged particles. These telescopes will be composed of three elements. A 1 cm thick CsI stopping detector for protons etc., and two passing detectors (i) a 70 um thick quadrant silicon detector and (ii) a 500 um thick silicon strip detector. 

We intend to extend the present experimental measurements of 10Be to the other available mass 10 systems, 10B and 10C. It is intended to measure the energies, spins, total and partial decay widths of states using break-up reactions. We also have plans to study the mass 11 systems 11C and 11B for evidence of molecular configurations. It would also be possible to trace the sequence of molecular states between 12Be and 12O.
3.1.5. Summary of Possible Measurements at ANU/Strasbourg

i. Break-up of 11B and 11C to search for (+(+2n+p and (+(+2p+n structures. Approved experiment by the ANU PAC. This measurement will identify states which decay into 8Be+t and 8Be+3He and might be molecular candidates. The states will be populated using the reactions 7Li(9Be,11B) and 16O(9Be,11C).
ii. Break-up of  11B and 11C. Follow-up experiment to (i), to determine the partial decay widths of the states, if observed.
iii. Study of molecular states in 10C via decay into (+6Be. States to be populated probably in a charge exchange reaction with 10B beam. 
iv. Extension to mass 12 analogues. 12B and 12N.
3.1.6. Further Possibilities

In addition to the above ideas, there exist other experimental possibilities that are much more speculative. This is because both the ideas are less well established and the experiments much more challenging. However, it is hoped that it will be possible to develop these themes. 
Figure nma7 shows the energy level scheme of the NH3 molecule as predicted by a two centred potential. The NH3 molecule has a tetrahedral structure, with rotation-inversion symmetry, where the nitrogen atom can lie either side of the plane formed by the three hydrogen atoms. These two positions are represented by two potentials. The finite probability that the nitrogen atom can tunnel through the barrier between the two potentials implies that the degeneracy of the energy levels of the levels in the two potentials is removed, giving a set of parity doublets for each rotational level.  The transitions between the two inversion states are dipole allowed and in the ground vibrational state, the frequency of these inversion transitions is between 18 and 40 GHz. These inversion frequencies are consistent with the probability for tunneling through the intermediate barrier.

[image: image11.wmf]On the nuclear scale there may be possible counter parts to the behaviour of NH3 molecule. The ground state of 12C is known to have a strong association with a cluster of 3 (-particles in the form of an equilateral triangle. This oblate structure may be associated with four particles in each of the [000]1/2+, [101]3/2- and [101]1/2- Nilsson orbits. The next available orbits are either the prolate aligned [110]1/2- orbit or oblate aligned orbits from the s-d shell. One might then expect the nuclei 13N and 13C to have low-lying states with spins and parities 1/2-, 5/2+ and 1/2+. This is in agreement with the measured spectroscopy of these nuclei. The ground states of 13N and 13C have spin and parity 1/2-, and thus corresponds to the neutron or proton wave-function aligned with the z-axis (prolate-axis) perpendicular to the oblate plane of the 3 (-particles. This state could then correspond to one of the inversion doublets of 13N and 13C. The second level requires an additional oscillator quantum along the z-axis, following from the rules of the double-centre oscillator. Consequently, it is the [220]1/2+ orbit which would provide the parity partner. For oblate deformations, this level would not lie close to the ground state. In the two-centred description this would correspond to significant mixing between the two potentials associated with a significant tunneling probability and high frequency oscillations. In both the nuclei of interest there are 1/2+ states close to 10 MeV which despite being above particle decay thresholds have been observed to gamma decay to the ground state. The rotational band built on the 1/2- ground state should also have parity doublets arising from the same mechanism, e.g. (3/2-,3/2+),  (5/2-,5/2+)…. The experimental challenge is to be able to identify these states and the inter-linking transitions. There are two possible experimental approaches, the first is to use Coulomb excitation to excite the nuclei from the ground state into the 1/2+ excited state and then detect the subsequent breakup into 12C+n(or p). The 13N experiment would require a radioactive beam and the 13C experiment requires a neutron detection system, such as DEMON. The particle and total widths of the candidate states are known. Thus a measurement of the reaction cross sections together with the usual assumptions of the multipolarity and energy distributions of the virtual photons [nma8] from a heavy target such as 208Pb could be used to determine the gamma widths of the states.  Alternatively, states in 13N can be studied through the inverse reaction 12C(p,(). This radiative capture method would provide a much more precise experimental technique as the beam energy can be used to select out specific excited states in 13C and then through the detection of the subsequent (-decays the (-widths may be determined. Measurements of the 12C(p,() reaction were performed in the in the early 1970’s [nma9] but more comprehensive studies would be required to identify the suggested phenomenon. Present day gamma-ray detection devices including their Doppler correction capabilities should provide the advance needed to perform such measurements.

Due to the speculative nature of this work we would propose to perform the Coulex-breakup studies first to attempt to locate the candidate states and obtain a measure of the gamma-widths. Success would lead to the proposition of experiments involving the detection of the gamma-decays using a high resolution germanium-array. 
3.2. Alpha Analogue States

The Bloch-Brink (BB) [aas0] alpha cluster model has been shown in recent years to be a powerful tool in understanding the structure of super-deformed light nuclei. Over the last few years the relationships between states predicted by the BB model and the deformed oscillator model have become better understood. One of the attractive features of the BB model is that underlying geometrical symmetries are revealed and this enables us to connect many different excited rotational bands to a single intrinsic structure in some cases.

At first it would appear that the BB model is restricted to nuclei with even and equal numbers of neutrons and protons. However recently Kanada-En’yo et al [aas1] have extended the BB model to all nuclei. This extended model is called the Antisymmetrized Molecular Dynamics (AMD) model. In the new model the wavefunction of each nucleon is centered on some geometrical point and no restriction is placed on the geometry of the system. However quite remarkably there are a number of interesting results.  First the model has been used very successfully to describe the ground states of isotopic chains of light nuclei [aas1]. The predictions of the model for a number of observables are very impressive. Second inspection of the density plots of many of these nuclei reveals geometrical shapes that are very similar to those which appear in the BB alpha cluster model (see figure aas1). Finally it is often the case that “alpha” clusters are evident in the sense that the centres of the wavefunctions for different groups of four nucleons are almost identical. On this basis we identify some of the configurations predicted in the AMD calculations near N=Z as “Alpha Analogue States” where one, two or three nucleons replace a single alpha cluster in similar BB calculations.

Further away from the N=Z line we reach nuclei where the neutron and protons can take up completely different shapes (see figure aas1). These are not alpha analogue states as defined above however the density distributions are still related to those found in nuclei with N=Z. Thus we will still apply the same terminology, namely “Alpha Analogue Configurations”, to draw attention to the relationships between alpha cluster model calculations for N=Z and the AMD calculations for nuclei where N and Z are different.

At first replacement of “localized” alpha clusters with single or pairs of nucleons might seem unreasonable since these nucleons are unlikely to be localized. However this observation is not justified. The reasons for this are connected to the relationships between the BB model and the shell model. In the BB model the single particle states are chosen to have localized amplitudes around a single point in the nucleus. However these wavefunctions are not orthogonal and in the process of [image: image12.png]Counts
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antisymmetrization a process of orthogonalization is also carried out implicitly. Once this has been done the resulting wavefunctions are no longer localized at one point in space although the wavefunction will still have a maximum at this point. A further transformation is required to turn these orthogonal wavefunctions into functions more reminiscent of the shell model. Recently Freer et al [aas2] have performed this transformation in reverse to illustrate exactly this point. They started with shell model wavefunctions and by forming different linear combinations with different symmetries they generated more localized functions not unlike those obtained using the BB model. The key step in this process is identifying the geometrical symmetries that underlie the shell model wavefunctions. In general this is a difficult step to formulate in reverse and this is where the insight gained by the use of the BB model or the AMD leads to a better understanding of the different configurations in the nuclei under study.

Over recent years we have developed a good understanding of the BB model which has enabled us to systematically associate different rotational bands in many nuclei with intrinsic states in the BB model. The model is also very useful even at its crudest implementation in terms of simple geometrical shapes. These simple shapes give insight into nuclear reaction processes and suggest which reactions might be most fruitful in forming particular states in the final nuclei. Some of this knowledge base and insight can now be immediately applied to more exotic nuclei as described using the AMD calculations. But as we have stressed above a novel feature of this approach is that we can relate rotational bands in quite different nuclei to similar geometrical structures. While the replacement of the alpha clusters by up to 3 nucleons must involve considerable change in the predicted properties of the individual nuclei, the common underlying geometrical structures should enable us to get a much deeper insight into the way the nuclear structure changes as a function of nucleon number.

Of course one can replace more than one alpha cluster by a smaller number of nucleons and in fact there is thus a much greater richness in the number of configurations which can be formed. Also as the numbers of clusters which are exchanged increases, particular configurations will become more or less bound with respect to the ground state or a breakup threshold. Finally it is quite likely that in some cases these simple analogue structures which are postulated may become totally unstable and the nucleons form some completely different type of structure which is not related to alpha cluster structures in any simple way.

These ideas need to be tested before we can use them as a tool for the study and interpretation of nuclei far from stability. There are a number of systems which can be formed and studied with nearly stable and stable beams and targets. The experiments that would be done would use multi-nucleon transfer reactions coupled with invariant mass spectroscopy (IMS) to obtain level structures and measure spins by standard angular correlation techniques. The main challenges in these experiments are common to those discussed elsewhere, namely good particle identification techniques coupled with good angular resolution and high efficiency. Particle identification is essential, much more so than in studies of alpha cluster structures.

3.2.1. Proposed Studies of Alpha Analogue States

The study of the cluster structure of 14C would be a good example of a stable beam experiment. We can expect a number of alpha analogue states in this nucleus. We can form some states by 2-nucleon transfer on 12C which will form the analogue of the -cluster kite states in 16O. Three nucleon transfer on 11B should enable us to reach other configurations with different structures. With radioactive beams we could study alpha transfer onto 10Be. In many of these cases we would study the excited states of 14C by studying their alpha decay to this channel and since there are no known alpha decay widths for 14C this would provide valuable additional nuclear structure information on this nucleus.
In the overview we suggested that the ground states of 16C, 18O and 20Ne might share a single bitetrahedral geometric symmetry. In the past it has been assumed that the excited 4p-2h  K=0+2 band in 18O was related to the ground state band in 20Ne. However these new ideas suggest that it may be better to relate the K=0+2 band in 18O to the K=0+4 band in 20Ne which has a maximum spin of 10+. To test this we might need to study alpha transfer on 14C to determine whether the K=0+2 band in 18O has a 10+ member. Next it would be of interest to then try to identify the analogue bands in 16C and lighter nuclei using radioactive beams.

Of special interest would be the study of super-deformed states in light exotic nuclei. There may actually be inversions where super-deformed states lie lower in energy than their less deformed counterparts and something like this appears to happen in the Be isotopes [aas1]. The AMD model also predicts that in some nuclei the protons and neutrons take up shapes with completely different deformations [aas1]. We have already discussed these states in other sections where we propose to try to measure the shapes of these nuclei using elastic and inelastic excitation and Coulomb excitation. Such states are not truly alpha analogue states in that there may be no alpha clusters remaining. But the AMD calculations show that the neutrons and protons take up analogous geometries to those found in the BB model. An example is 10Be (figure aas1) where the neutrons have almost three fold symmetry (cf. 12C ) while the protons have a dinuclear structure (cf. 8Be).

Similar structures are observed in the Carbon isotopes (figure aas1) where the protons retain the 3-fold structure while the neutrons take up positions which are tetrahedral, bitetrahedral, tritetrahedral and eventually pentagonal following the familiar sequence of alpha cluster “fingerprints” in 16O through 28Si. Thus again in this sequence we have different symmetries and shapes for the neutrons and protons. But if we look at the B isotopes we see quite a different sequence of shapes. In the C isotopes where the proton distribution is strongly oblate we see neutron shapes which have a large overlap with the oblate protons so that we end up in mass 20 with a pentagonal – oblate deformation of the protons. However in the B isotopes we end up in mass 19 with the neutrons taking up a prolate shape. The shapes in 20C and 19B are similar to oblate and prolate structures in 28Si. In the B isotopes the proton distribution appears to be rather soft and although starting out slightly oblate it becomes prolate in the heavier isotopes.

3.2.2. Summary of Possible Measurements on Alpha Analogue States

i. Study of cluster structure in 14C using (a) 2-nucleon transfer on 12C (b) 3-nucleon transfer on 11B and (c) alpha transfer on 10Be.
ii. Comparison of analogue bands in 16C, 18O and 20Ne. Study of molecular states in 18O via alpha transfer on 14C.
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Figure nma1. The energy level scheme for the two-centred shell model





Figure nma7. The energy level scheme of the NH3 molecule as predicted by the two potential model. 





Figure nma6. The excitation energy spectrum for 12Be breakup into two helium clusters (left).


 (a) 12Be->6He+6He from a 12C target (red) 12Be->6He+6He from proton and 12C targets (blue),


 (b) 12Be->4He+8He from a 12C target and (c) 12Be->4He+8He from a proton target. Energy-spin systematics of the observed states compared with that extracted for the 12Be ground state (right).








Figure nma5. The proposed structure and excitation energies of Be isotopes and their location with respect to the decay thresholds.
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Figure nma4. Total energy curves of states in 10Be as a function of the separation of the two potentials. The solid lines are for the ground state band, broken lines for the excited molecular states showing a minimisation at larger values of d.





Figure nma3. The effect of the exchange interaction – responsible for covalent binding.





Figure. nma2. Density plots for the 3/2- ground state and  1/2+ 1.67 MeV state for 9Be from [2]. The blue circles represent the position of the (-particles.
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Figure aas1.  Density distributions (fingerprints) of intrinsic states of B and C isotopes and 10Be from the AMD model [aas1].
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Figure sds2. 12C+24Mg results.
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Figure sds3. 12C+12C Results. The dashed curves are results of coupled channels calculations using a conventional coupling potential. The solid curves are the calculations using our new empirical potential. 








Figure sds1.  180o excitation functions for the elastic and  inelastic of 16O+ 28Si.





Figure sds4.  Total potential for the 12C+12C system as a function of the orientation of the two deformed nuclei. (a) without and (b) with the hexadecupole contribution.
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Fig. 11-4 Potential-energy curves for the H2 molecule in the singlet and triplet states
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