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The break-up of weakly bound stable nuclei and 

its effect on the fusion cross section 

P. R. S. Gomes, R. M. Anjos,  J. Lubian
Instituto de Física, Universidade Federal Fluminense,  Niterói, R.J.,  24210-340, Brazil

The effect of the break-up process on the fusion cross section has been  investigated in the last years, and in the present it is still  far from being full understood. There is a special  interest on this subject  due to the recently available radioactive beams of very weakly bound nuclei. Due to the low intensities of the radioactive beams, it is very convenient to produce fusion reactions  with the high intensity stable beams that are weakly bound, and consequently should have a significant break-up probability. 

Theoretically there are models that predict  the fusion cross section enhancement, when compared with the fusion induced by strongly bound nuclei, due to the presence of low lying weakly-bound or unbound states, particularly important at sub-barrier energies, where the coupling effects on the fusion may be strong. On the other hand, some models  suggest the hindrance of the complete fusion, due to the loss of incident flux in this channel, caused by the break-up. There are also predictions of  fusion cross section enhancement at sub-barrier energies and fusion hindrance at above barrier energies [1].  

If one wants to have a comprehensive view of this problem, one has to study different energy regimes, from the sub-barrier to well above barrier energies and also one has to span  different nuclear masses, in order to investigate the effect, on the fusion, of nuclear and Coulomb break-ups. The suitable nuclei for this kind of study are 9Be, 6Li and 7Li, that have small separation energies: 6Li breaks-up into 4He + 2H, with separation energy S( = 1.48 MeV; 7Li into 4He + 3H, with S(  = 2.45 MeV and 9Be into 8Be + n ( n + 4He + 4He, with Sn = 1.67 MeV or into 5He + 4He, with S(  = 2.55 MeV.  The comparison between the fusion cross sections induced by them and by tightly bound nuclei on the same targets is  important for the understanding of the effect of the break-up on the fusion process.

In such studies, different reaction mechanisms should be considered: elastic break-up (BU) corresponding to either large or low partial waves; inelastic break-up, particularly incomplete fusion (ICF) and complete fusion (CFBU) of the break-up fragments. 

In this paper we try give an overall picture of the present understanding of the field, for energies above the Coulomb barrier, based mostly on recent results on the  fusion of the 9Be + 208Pb [2], 6,7Li + 209Bi [3], 6,7Li, 9Be + 27Al, 64Zn [4-7], 9Be + 19F [7] and  6,7Li + 16O, 12,13C; 7Li + 11B; 9Be + 9Be [8,9] systems and other systems involving tightly bound projectiles on the same targets and/or leading to the same compound nuclei. The analysis of the threshold anomaly in the elastic scattering was also studied for the 6,7Li + 138Ba [10,11] and 9Be + 64Zn [5,6] systems.

The experiments discussed here were performed in collaborative experiments involving Australian National University-ANU,-Canberra, Australia; Universidade de São Paulo-USP, São Paulo, Brazil; and Laboratorio TANDAR, Buenos Aires, Argentina. The results of Mukherjee et al. [8] on the fusion with low-Z targets are also discussed. Different experimental methods have been used in these studies and are described briefly below. 

The 6,7Li + 209Bi and 9Be + 208Pb CF and ICF cross sections were determined at ANU [2,3], by the measurement of  the yields of the alpha particles  emitted by the residual nuclei and of the fission products. On-line and  off-line spectra were accumulated for each irradiation. Fission following fusion was measured during the irradiations using two large area  two dimensional position sensitive multi-wire proportional counters. Barrier distributions were also derived. The total fusion (CF + ICF) cross sections of 6,7Li + 64Zn, 27Al [4] and 9Be + 27Al [7] were measured at the TANDAR. The lithium induced reactions were measured using a  time of flight  detection system.  The   9Be + 27Al system was studied  with a large ionization chamber followed by one surface barrier detector. Angular distributions of the fusion products were  obtained for all those systems.  The fusion of 9Be + 64Zn [5,6] was measured at USP by the gamma ray spectroscopy method (in-beam and off-beam), using  Ge detectors with Compton suppressors. The analysis of the gamma lines and the predictions of evaporation codes showed that the ICF cross section was negligible. The total fusion of 19F + 9Be (inverse reaction) [7] was also measured at USP, with  one large anode-splitted ionization chamber and one position sensitive silicon detector. Elastic scattering experiments for  6,7Li on 64Zn and 27Al, and  9Be on 27Al  were also performed at USP, with an array of nine silicon surface barrier detectors, allowing the derivation of reaction cross sections. Complete angular distributions for the scattering of 6,7Li on 138Ba [10,11] and 9Be on 64Zn [5,6], measured with the same experimental set-up, were used for the study of the behavior of the scattering at energies close to the Coulomb barrier. The fusion of the light 6,7Li + 16O, 12,13C; 7Li + 11B; 9Be + 9Be [8] systems were measured by Mukherjee et al [8] using the gamma ray spectroscopy method. The analysis of the gamma lines and the predictions of evaporation codes allowed the identification of CF cross sections and the derivation of negligible ICF cross sections. Reaction cross sections were also derived by elastic scattering. The total fusion of  the 12C + 7Li system was measured [9] for the inverse reaction by a E - (E large multi-anode gas ionization detector, at ANU. The results confirmed the data obtained by the gamma ray spectroscopy method [8].   

Figure 1 shows the results of the CF cross sections for the 6,7Li + 209Bi  systems. A similar result was obtained for the 9Be + 208Pb  system. For the three systems, single barrier penetration calculations (SBPC) and coupled channel calculations (CCC), including the first excited states of the projectiles and two excited states of the target nuclei, without the inclusion of any projectile break-up effect, predict larger values than the experimental ones at above barrier energies. Below the Coulomb barrier, the SBPC underpredict the experimental cross sections, whereas the CCC lead to  reasonable fits of the data. The average barrier positions used in the calculations were constrainted to match the ones obtained from the experimental barrier distributions. Agreement between the measured and calculated CF cross sections at high energies and the barrier distributions can only be obtained if the calculated cross sections are scaled by factors equal to   0.66 for 6Li, 0.74 for 7Li and 0.68 for 9Be. It is interesting to notice that although the suppression of the CF cross sections at high energies was found to be similar for the different systems,  the strongest CF suppression occurs for the 6Li projectile, that has the smallest break-up separation energy, and the smallest occurs for the 7Li, for which this value is the highest among the three projectiles. Therefore, the data at high energies show that the break-up process inhibits  the CF cross section at this energy regime, and there is a signature that the suppression factor increases as the break-up separation energy decreases. 

The measured cross sections for the 6,7Li + 209Bi systems were compared with a three-body classical trajectory model [3] that follows the path of the break-up fragments.  The model reproduces the data well, and a  remarkable prediction is that, at energies just above the Coulomb barrier,  roughly half of the total CF cross section  comes from the complete fusion following the break-up (CFBU). As the energy increases, the contribution of this process to the CF decreases. On the other hand, the ICF cross section is important in the whole energy range studied, and it is the  mechanism responsible for the CF suppression, more evident at above barrier energies. 
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Figure 1: Complete fusion cross sections for the 6,7Li + 209Bi systems (from Ref.[3]).


Although we observe differences in the fusion cross sections for the three systems, they are not so remarkable as the differences in the break-up threshold energy and in the elastic break-up cross sections of similar systems (6,7Li + 208Pb [12], 9Be + 209Bi [13], 9Be + 208Pb [14], 6He + 209Bi [15]) might suggest.  These cross sections were found to be large and much higher than the fusion cross sections at  sub-barrier energies, and there is a very strong dependence of the elastic break-up cross section with the break-up threshold energy. By far, the largest break-up cross sections are found for the projectile 6He, followed by 6Li and the 7Li and 9Be pair. A systematic study by Kolata [16] has shown that the largest sub-barrier fusion cross sections are found in systems that have  elastic break-up excitation functions  that do not fall down too steeply below the barrier. The reaction cross sections derived for some of these systems [12, 16,17] from the elastic scattering fits are in agreement with the sum of break-up and total fusion cross sections, and also increase strongly when the projectile break-up threshold energy decreases.  However, the large difference between the break-up cross sections for different weakly bound projectiles are not reflected in the fusion cross section, as pointed out by Keeley [18].
The influence of the break-up threshold energy on the behavior of the elastic and inelastic scattering at energies close to the Coulomb barrier was also studied  for the 6,7Li + 138Ba [10,11] and 9Be + 64Zn [5,6] systems, following similar studies performed by Keeley at al [17,18] for the 6,7Li + 208Pb systems.  The usual threshold anomaly of the optical potential is present in the 7Li scattering, but not in the 6Li and 9Be scattering, as it is shown in figure 2 for the 7Li and 6Li scatterings. 7Li is the only of these three nuclei that have one bound excited state, and when we  perform coupled channel calculations including  this  excited state, the anomaly vanishes for the 7Li scattering, as it is also shown in figure 2 by the dashed curves. These results are interpreted as the following: for the 7Li, the dissociation energy is higher than the first low lying excited state, and therefore the inelastic excitation is favored in relation to the break-up; the strong coupling between this  and the elastic scattering channel gives rise to an attractive polarization potential and the threshold anomaly. For the 6Li and 9Be scattering, the break-up channel is favored in relation to the inelastic excitation, giving rise to a repulsive polarization potential that might exceed the attractive term, resulting in the vanishing of the anomaly. Therefore, at energies close to the Coulomb barrier, the elastic break-up and the reaction cross sections should be higher for the 6Li induced reactions than for the 7Li, as the results obtained from the data show. 

The influence of the break-up on the fusion cross section with medium – light mass (19 ( A ( 64) nuclei was investigated by the  comparison of the fusion excitation functions of several  systems, at above barrier energies: the  weakly bound 6,7Li and 9Be, and the tightly bound 16,17,18O, 14N, 12C  and 11,10B nuclei as projectiles and the 19F, 27Al, 29Si and 64Zn nuclei as targets. Only the CF + ICF cross sections were determined for all the systems, except for the  9Be + 64Zn, for which the CF cross sections were measured and the ICF cross section was found to be negligible [5,6]. We suppose  that the ICF is also not important for similar systems,  as opposed to the behavior when systems with heavy targets are used. Each fusion excitation function was fitted by SBPC. This  is justified in the energy region above the Coulomb barrier, where inelastic and transfer channels couplings do not affect the fusion cross section significantly. If the break-up process had an important influence on the fusion cross section, the derived barrier parameters should have anomalous values. However, reasonable fits  were obtained for all the systems, and the barrier parameters agree with the values from systematic, within the usual fluctuations around the average values.

Figure 3 shows  the reduced fusion excitation functions for the  6,7Li, 9Be, 16O + 64Zn  systems. The  fusion excitation functions for these systems are very similar, regardless of
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Figure 2: Dispersion relations for the 6,7Li + 138Ba systems. The dashed lines correspond to the calculation including the first 7Li excited state.

the presence or absence of weakly bound nuclei. The same behavior is found when we compare the excitation functions of the 6,7Li, 9Be, 11B, 16O + 27Al systems;   9Be + 27Al, 29Si  and 11B + 27Al systems (the last one leads to the same compound nucleus as 9Be + 29Si); 18O + 10B, 17O + 11B, 19F + 9Be - all the three leading to the same compound nucleus; 19F + 9Be and 19F + 12C. Therefore, the fusion excitation functions, which we expect to correspond to CF, for the medium-light systems do not seem to be influenced by the break-up process and do not show any  dependence on the projectile separation energy, within the ( 10% uncertainties of the measurements.


 We have also investigated the behavior of the  ratio fusion / reaction cross sections  for some of those systems, and it does not follow any systematic dependence with the separation energies either. Furthermore, the maximum measured experimental fusion cross sections is not smaller when a weakly bound nucleus fuses than when there is no such kind of nuclei involved. Therefore, we believe that there are strong signatures that there is no total fusion cross section hindrance, at above barrier energies, for these medium mass systems, and there are also some evidence that the ICF process is negligible at this mass range.
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Figure 3: Reduced fusion excitation functions of different projectiles on the 64Zn target.

Concerning the light systems, there was a controversy between the data obtained by the gamma ray spectroscopy method [8] and by the direct measurement of the evaporation residues [19,20], the later leading to much smaller fusion cross section and, consequently, to the interpretation that there was a strong fusion cross section suppression for light systems involving weakly bound nuclei[20]. However, fusion cross-section for the 12C + 7Li reaction [9] measured in inverse kinematics to minimize the problems of transmission of the low energy residues through the detector window, agree with that from the gamma ray method, as can be seen in figure 4. The behavior of the fusion cross section for light systems is, therefore, believed to be similar to the medium- mass systems, where no fusion suppression could be detected at energies above the Coulomb barrier. 

These results for light systems are in agreement with the continuum discretized coupled channel calculations performed by Keeley et al [21], using  a cluster folding model and deriving a dynamic polarization potential (DPP) for the 6,7Li + 16O systems. In the calculations the first excited bound state of the 7Li, continuum resonance states and bins of energy in the continuum were included. They derived similar values for the 6Li and 7Li induced fusion cross sections, just a little smaller than the reaction cross sections, at energies above the barrier. However, as they define fusion as the flux that penetrates the Coulomb barrier, their results do not distinguish between CF and ICF, but are related to the total fusion.  
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Figure 4: Fusion excitation function for the 7Li + 12C measured by different authors. The black star is the  experimental result, and the black dot is the value after its correction by an statistical code (Adapted from Ref. [9]) .

Very recently, Hinde et al [14], determined the dependence of the BU probability on the separation position of the two nuclei obtained directly from the BU differential cross sections for the 9Be + 208Pb system. Assuming that  (i)-the break-up probability is proportional to the gradient of the nuclear potential multiplied by a factor which is dependent on the surface-surface separation, (ii)- this is not target specific and (iii)- the probability of capture of both break-up fragments is the same for all target nuclei,  an expression was derived showing that  the CF suppression factor is almost proportional to the charge of the target nucleus. Their predictions leads to  suppression factors for the CF of 9Be + 64Zn equal to 0.13 ( 0.03 and 0.037 ( 0.008 for the 9Be + 19F, consistent with our measurements. Even more recently, Hussein at al [22], from a model based on the BU survival probability and assuming that the Coulomb dynamic polarization potential is proportional to the square of the charge of the target nucleus, predict results compatible with the data presented in the present paper, that is no fusion suppression for light systems. 


From the arguments presented in this paper we may  can make a conjecture that the elastic break-up cross sections for the three stable weakly bound nuclei may be large and quite different for each of these projectiles, and they may increase the reaction cross sections, specially at sub-barrier energies, but they do not affect the total fusion cross section (CF + ICF), at least within the experimental  uncertainties.  Although more  sophisticated  quantum mechanical   calculations, including continuum discretized coupled channels [23] and nuclear structure effects, are required to understand the correlation between break-up, fusion and scattering mechanisms involving stable weakly bound nuclei, we believe that a simple picture of the process can be given at the moment, based on the experimental results presented in this paper, for energies above the Coulomb barrier. The BU corresponding to large partial waves is related to the measured  elastic break-up cross sections, and does not affect  the CF cross section, since these mechanisms are concerned with different partial waves. The fusion cross section should be affected by processes and interactions that take place near the nuclear surface of the colliding nuclei, where the fusion is decided. Our results show that the sum of ICF + CF cross sections correspond to the predictions of CCC and SBPC, without the inclusion of the BU process, for the whole mass range of the target.

Therefore, the BU process that occurs near the Coulomb barrier radius leads predominantly to the absorption, by the target nucleus, of one or all the fragments. The results from the classical trajectory calculations predict that the absorption of all the fragments, leading to CF, is important at energies close to the Coulomb barrier, corresponding to the need of closer approach of the projectile, in order to convert kinetic and potential energies in relative energy. As the energy increases, the probability of CF following the BU decreases. On the other hand, the probability that only one of the fragments fuses with the target, leading to ICF, is not so dependent on the distance where the BU occurs and therefore it is likely to occur at any energy above the barrier, for heavy targets, and it has a small dependence on the bombarding energy.   This is the mechanism responsible for the CF suppression at energies above the barrier, corresponding to a significant fraction of the total fusion cross section (of the order of 30%). For medium and light mass targets, however, the ICF is negligible, at least within the experimental error bars of the measured fusion cross sections (of the order of 10%). The conclusions related to the negligible ICF cross section for light targets may not  be a priori extended to halo nucleus projectiles, due to their abnormal large radii. 

Ackowledgements

The authors would like to thank the FAPERJ, CNPq and UFF for their financial support.  

References

1-K. Hagino et al; Phys. Rev. C65, 037602 (2000)

2 –M. Dasgupta et al; Phys. Rev Lett 82 (1999),1395. 

3- M. Dasgupta et al; Phys. Rev. C 66, 041602R (2002)

4- I. Padron et al, Phys. Rev. C 66, 044608 (2002)

5- P.R.S. Gomes et al; Heavy Ion Phys.11, 361 (2000).

6- S.B. Moraes et al; Phys. Rev C61, 64608 (2000). 

7- R.M. Anjos et al; Phys. Lett. B534, 45 (2002). 

8- A Mukherjee et al- Nucl. Phys. A 635, 205 (1998); 


Nucl. Phys. A 645, 13 (1999);

Nucl. Phys. A 596, 299 (1996)

9- A Mukherjee et al; Phys. Lett B526, 295 (2002). 

10- A M.M. Maciel et al- Phys. Rev. C59, 2103 (1999)

11- J. Lubian et al – Phys. Rev. C 64, 027601 (2001)

12 - G.R. Kelly et al – Phys. Rev. C 63, 024601 (2001)

13- C. Signorini et al – Europ. Phys. J. A10, 249 (2001)

14- D. J. Hinde et al; Phys. Re. Lett. 89, 272701 (2002)

15- E.F. Aguillera et al – Phys. Rev. C 63, 061603 (2001)

16- J.J. Kolata- Phys. Rev. C 63, 061604R (2001)

17- N. Keeley et al – Nucl. Phys. A 571, 326 (1994)

18- N. Keeley et al – Phys. Lett. B 427, 1 (1998)

19-Denis et al – Phys. Rev. C 26, 981  (1982),

     Mateja et al- Phys. Rev. C 30, 134 (1984); Phys. Rev. C 33, 1649 (1986)

20- J. Takahashi et al – Phys. Rev. Lett. 78, 30 (1997)

21- N. Keeley et al – Phys. Rev. C 65, 014601 (2001)

22- M. Hussein, L.F. Canto, R. Donangelo – to be published in Nucl. Phys. A 

23- A Diaz-Torres, I.J. Thompson; Phys. Rev. C 65, 024606 (2002) 

