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This proposal is a continuation of our current programme to understand reactions involving weakly bound nuclei.  As part of this we have recently completed a series of measurements on all reactions in the 9Be+208Pb system.  The elastic transfer and inclusive breakup were measured at the A.N.U. and exclusive breakup measured at the Vivitron using our detector setup in coincidence with the DeMoN neutron detector array.   Two papers on this work have already been submitted and  a further three manuscripts are in preparation.  In this proposal we seek time to extend these breakup measurents to the 6Li and 7Li systems.





Background


 


In recent years there have been considerable developments in theoretical techniques for performing detailed, coupled reaction channels calculations to describe nuclear reactions.  In any given colliding system there is a complex interplay between the structure of the interacting nuclei and the flux feeding between different reaction channels.  It is only by including all the important reaction channels in the calculation that we can hope to extract reliable spectroscopic information on the participating nuclei.





One of the last reaction channels to be incorporated into the theoretical models  has been breakup.   Breakup has long been suspected to be important for weakly bound projectiles like 6Li, 7Li and 9Be and has been suggested as the reason why the usually successful double folding model fails to describe the elastic scattering of these nuclei.  It was shown many years ago that if breakup is included in a coupled channels description, this problem can be resolved.  However, there has never been any test of this theoretical description, since there were no measurements of the breakup yield to compare to the calculations





Advances in coupled reactions channels models in recent years have been such that even more refined calculations can now be carried out, but experiment has lagged behind theory and the breakup cross sections have still not been measured so that the theoretical descriptions remain untested.  The increasing interest in the structure of light, exotic nuclei, brought about by the recent development of radioactive beam facilities which allow previously inaccessable regions of nuclei to be accessed, makes it even more pressing that we test our ability to incorporate breakup in reaction calculations. If we are to be able to trust the spectroscopic information which we derive from reactions with exotic nuclei, we will need to be able to rely on our reaction models.  Since many of


these nuclei are weakly bound, this means model calculations will have to include the breakup channels.





In order to progress our understanding, we propose to carry out a measurement of the exclusive breakup cross section for 6Li and 7Li which will provide a stringent test of current coupled reaction channels codes.  The advantages of doing this with stable beams are obvious - the high beam intensity means that accurate cross sections can be measured at a number of energies.  The easy energy variability and good beam quality from the 14UD are important in this regard.














Physics case





Some of the earliest indications that breakup can modify the yield of other reaction processes came in the 1980s when it was realised that the double folding model could not describe the scattering of 6Li, 7Li and 9Be projectiles [1].  In the double folding model the potential used in an optical model calculation of the elastic scattering is derived from folding an effective nucleon-nucleon interaction over the nucleon density of the terget and projectile nuclei (these can be obtained from electron scattering measurements or from theoretical wavefunctions).  An effective nucleon-nucleon interaction is used instead of the bare interaction  since in nuclear matter some scatterings are blocked.  The model turns out to be remarkably successful, describing the scattering of a large range of projectiles across a wide energy range.  However, when applied to 6Li, 7Li and 9Be projectiles, the model consistently fails, and the potential has to be renormalised by a factor of about 0.6 to reproduce the measured cross sections.  Since these three nuclei are amongst the most weakly bound of the stable nuclei, it was conjectured that the failure was related to an enhanced breakup because of the low breakup energy threshold.  The coupling between the breakup and elastic channels produces a polarisation potential which in turn modifies the elastic scattering flux.  Sakuragi  et al. [2,3] subsequently showed that fits to the elastic scattering could be achieved with no need for a renormalisation factor if coupling to the breakup channels was included.  However, the coupling strengths were unconstrained in this calculation as there was no experimental measurements of the relevant breakup channels.





More recently, as part of our programme to understand reactions with weakly bound nuclei, we have measured accurate elastic scattering cross sections for 6Li and 7Li off 208Pb at a range of energies from the Coulomb barrier to several times this energy [4].  These results showed that the 7Li system displays a "threshold anomaly" while the 6Li system does not. The threshold anomaly (previously uncovered independently by ourselves [5] and a Strasbourg group [6]) is a universal feature of any scattering system and shows up as an increase in the strength of the real part of the nuclear optical potential as the scattering energy reduces to the Coulomb barrier.  It arises because of the dispersion relation between the real and imaginary parts of the complex potential, and is the effect on the real part of the potential as the imaginary part reduces to zero as reaction channels close at the Coulomb barrier.  The suggestion from this work was that breakup may be more important at low (below barrier) energies for the 6Li system, with the consequence that the imaginary potential does not drop off so abruptly, so reducing the effect on the real part of the potential.





Subsequently Resek et al. [7,8] used the continuum-discretised coupled channels (CDCC) approach to show that the inclusion of non resonant breakup permits the reproduction of the 6Li elastic scattering data without the need for renormalisation factors.  However, again the strength of the coupling is unconstrained as there was no experimental measurement of the breakup cross sections.  To rectify this we recently measured the inclusive breakup yield for both 6Li and 7Li on 208Pb [9].  These results showed that the 6Li breakup cross section was systematically enhanced over 7Li and that the cross section enhancement exhibits a pronounced energy dependence, being most pronounced at low beam energies near the Coulomb barrier.  Moreover, we were able to reproduce the enhancement using CDCC calculations, although there remained a discrepancy between the observed and predicted magnitudes of the cross sections.  These recent results are consistent with


the view that difference in breakup yields are responsible for the difference observed in the elastic scattering of the two systems.  However it is clear that the inclusive breakup yields still do not provide a stringent test of the model calculations.  What is needed is exclusive measurements where the yield through specific excited (unbound) states in the projectile is measured, along with any direct (non-resonant) yield.  These are much more challenging measurements as they require coincident detection of the two breakup fragments with good energy and angular resolution to allow the breakup kinematics to be determined.





There have in fact been a number of measurements [10-14] of the breakup of 6Li and 7Li projectiles off a variety of different target nuclei, although these have been carried out under very restricted kinematic conditions and so are not of use for the present study.  The interest


in the measurements was to use the breakup process to determine the inverse radiative capture rate at astrophysical energies. For this reason the breakup fragments detected at very forward angles where the scattering could be assumed to be Coulomb (an essential prerequisite to extract the radiative capture yield unambiguously). In addition, only the very low excitation energy region above the breakup threshold was studied.   Davis  et al. [15]  carried out a limited measurement for 7Li breakup off 120Sn at a single angle and found agreement with a CDCC calculation.  More recently Dhruba Gupta  et al. have reported measurements at a few angles for the breakup of 42MeV 7Li of 58Ni and 208Pb [16,17].





For the present investigation we require much more comprehensive measurements, which can produce differential cross sections over a wide angular range for all the sequential breakup states (and direct breakup).  This will require an array of large area detector telescopes capable of recording the coincident a+t and a+d particles over almost 4p.  We believe that using the detection systems developed for the MEGHA array we now have the capablitity to carry out such a measurement.





Experimental technique





For the proposed measurement we would make use of four telescopes, each comprising a 70 mm thick quadrant silicon detector, a 300 mm position sensitive strip detector and a CsI scintillator. We have used these telescopes in the past and know their performance.  They will readily allow us to identify d, t and a-particles from the breakup of 6Li and 7Li, and to measure their energy and emission angle with accuracy better than 100keV and 1° respectively.  This is adequate to enable the kinematic reconstruction of the excitation energy of the excited scattered particle with a resolution of less than 100 keV, much better than we need to separate the different excited states in 6Li or 7Li.  Target contaminents and breakup where the target is excited are easily separated because the kinematics is overdetermined. We have extensive experience of the reconstruction of such three body breakup measurements, from our investigations of clustering in light nuclei, and do not anticipate any difficulty with this aspect of the experiment or analysis.





The first priority in the experiment will be to obtain differential cross sections over a wide angular range for all the low-lying breakup states (and any direct yield).  We would like to carry out the measurements for a range of beam energies from, to well above, the Coulomb barrier energy.


This will allow us to make sensitive tests of the CDCC calculations by requiring simultaneous fits to the elastic and breakup channels at each energy.  For most of these measurements the four detectors would be arranged on a plane, so that coincidences between d and a, or t and a can be recorded.  The telescopes will be mounted on  an existing mount in the MEGHA chamber which allows telescopes to be moved so that we can measure the yield across a full range of scattering angle. It would also be interesting to carry out some measurements with one or more of the detectors above the plane of the others, to allow the yield to be measured for breakup when the plane of the breakup is normal to the initial scattering.  The ratio of "in-plane" to "out-of-plane" breakup is sensitive to the m-substate population of the excited Li nucleus prior to breakup.  This enables an even more sensitive test to be made of the reaction model predictions, since this is a direct test of the scattering amplitudes, rather than their modulas squared sum.





Since we do not know the yields of the individual states it is difficult to estimate the required beamtime.  It is also unclear, until we make some measurements, over what angular range we will need to measure and how low the "out-of'plane" yields will be.  We would like to ask for 5 days of beamtime to enable us to make some initial measurements.  We would hope that in this time we could obtain enough data at a single energy (which we hope would also allow for a first publication). We would anticipate coming back later with a follow up proposal to measure the cross sections across a range of beam energies.





We would hope that beam currents of 10pnA could be provided for both beam isotopes.  
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