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___________________________________________________________________________ 

Abstract We present a survey of our comprehensive studies for determining the energy dependence 

of the optical potential at sub- and near- barrier energies, for weakly bound nuclei. A new algorithm for 

describing the optical potential for 7Be with mass and energy dependence on various targets is deduced 

and compared with existing optical potentials. The necessity of using global studies for determining the 

optical potential at sub- and near-barrier energies is outlined. 
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INTRODUCTION 

Coupling channel effects for weakly bound nuclei appear strong at sub- and near- barrier energies due 

to their low breakup threshold for breakup or/and transfer reactions. The last twenty years the research 

in that direction by using either stable or radioactive projectiles was vivid and productive. Several 

review articles were written in that respect [1-5], and the reader can go through and discover information 

for specific systems. Some of the studies have to do with the stable but weakly bound lithium projectiles, 
6,7Li for their own sake, but also as predecessor studies with radioactive nuclei. Breakup and transfer 

effects or in general reaction mechanisms at below and near barrier energies manifest on the energy 

dependence of the optical potential producing variations in the standard threshold anomaly [6-7]. 

Differences occurred between 6Li and 7Li projectiles but also between light and heavy targets [8]. 

Our contribution to these issues has lasted for 20 years now and will be briefly outlined in the next 

sections. A new algorithm for describing the energy dependence of the optical potential will be 

presented  together with the validation of it, via existing elastic scattering and fusion data at sub- and 

near-barrier energies. 

 

PREVIOUS WORK 

  Our work for the energy dependence of the optical potential at sub- and near-barrier energies started 

twenty years ago with elastic scattering and α-production measurements of 6,7Li on silicon targets. 

Measurements were performed at the 5.5 MV Tandem accelerator facility of the National Center of 

Scientific Research “Demokritos”. In Fig. 1, we present angular distributions for elastic scattering at 

below and near barrier energies. The analysis of these first pioneer results [9-11], and the reanalysis of 

existing data on heavier targets, underlined severe differences between the energy dependence of the 

optical potential for 6Li and 7Li (see Fig. 2). The optical model analysis was performed adopting a 

microscopic BDM3Y1 interaction [12] for the real part, double folded with the projectile and target 

densities. Assuming the same radial dependence as for the real part, this interaction was also used for 

the imaginary part, but with a different normalization factor. An inspection of Fig. 2 reveals that for 6Li 

instead of the drop of the imaginary potential approaching the barrier from higher to lower energies, an 
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increase occurs. Another interesting point is that for light targets either for 6Li or 7Li projectiles, a flat 

real potential is observed non-compatible with dispersion relations. Searching for the reasons behind 

these differences, we went through important measurements on various direct or compound channels 

[13-17], disentangling the various processes via particle – gamma coincidence experiments [13]. Our 

first results on reaction mechanisms are presented in Fig. 3, as the ratio of direct versus total reaction 

cross sections for 6Li+28Si. We should note that this system was comprehensively studied with 

measurements on elastic scattering [10], total reaction cross sections [17], breakup [16], transfer [14] 

and fusion [13,15]. 

 
Figure 1. Angular distributions of elastic scattering at sub- and near- barrier energies for 6Li+28Si (left) and 
7Li+28Si (right). Figures are from Refs. [9-10]. 

 

 
Figure 2. The energy dependence of the optical potential extracted into a BDM3Y1 framework. (Left) for 6Li and 

right for 7Li. Data with green symbols are for a 28Si target, with red color for 120Sn and with blue color for 208Pb. 

Figures are from Refs. [9-10]. 

 

We can see from Fig. 3, that while at above barrier energies the compound mechanisms are strong, 

below barrier the direct ones become dominant. At the same figure (right) our predictions on light, 

medium, and heavy targets for weakly bound projectiles are presented with the red, green, and blue 

lines respectively. The predictions [18] were based on previous measurements on total reaction cross 
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sections and fusion cross sections, which were reduced accordingly, and ratios of direct (total-fusion) 

versus total reaction cross section were formed. These predictions are seen to be validated with data of 
7Be+28Si [19], 8B+58Ni [20-21], 6He+209Bi [22] and 8B+208Pb [23], the last performed at deep sub-barrier 

energies, where breakup is dominant exhausting all the total reaction cross section. 

 

 

Figure 3. The energy dependence of ratios direct to total reaction cross sections, (left) for 6Li+28Si are 

designated with the black stars. The decomposition of the direct part in  1n, 1p and 1α- transfer, is designated 

with the blue circles, red cubes and green triangles respectively. The Figure is from Refs. [13-14]. (right) 

Phenomenological predictions designated with a red line for a 28Si target, with green line for 90Zr and with a 

blue line for 208Pb target. The data designated with the red triangles are for 7Be+28Si, the black box for 8B+58Ni, 

the ciel circles for 6He+209Bi and the blue star for 8B+208Pb. The Figure is from Ref. [23]. 

 

While our research was on going for several years other studies became available with conflicting 

results. The questions that arose had to do with the real part of the optical potential which was different 

for the light and heavy targets, and the increasing behavior of the imaginary part for 6Li against the 

decreasing one for 7Li. It was soon understood that at sub- and near- barrier energies the elastic 

scattering is not sensitive to the nuclear potential since the Coulomb one becomes dominant. Therefore, 

other observables had to be determined complementary and considered for a more reliable extraction 

of the energy dependence of the optical potential. As such we had suggested the derivative of 

backscattering cross sections. The principle of this novel technique is described in detail in Refs. [24-

26] and is summarized in Fig. 4, for 6,7Li+28Si. While this technique is a very sensitive complementary 

tool to elastic scattering for the determination of the optical potential, it can be rather applied to stable 

weakly bound projectiles where the beam flux is substantial, since the elastic scattering cross sections 

at backward angles is weak. Instead, someone can also rely on e.g. fusion and direct total cross section 

measurements. 

This was understood when we started a program with radioactive beams and in fact with 7Be. 

Elastic scattering and fusion measurements for 7Be+28Si were performed at the EXOTIC facility of the 

Laboratori Nazionali di Legnaro in Italy by our group, while we participated at the same Laboratory on 

elastic scattering measurements for the system 7Be+208Pb.  Finally, we performed elastic scattering 

measurements for 7Be+90Zr at the Notre Dame Trisol radioactive facility-Indiana USA. All results were 

analyzed under the same phenomenological framework, by using the BDM3Y1 microscopic interaction, 

double folded with the projectile and target densities and appropriately normalized. The same 
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interaction but with different normalization factors was used for the imaginary part, assuming the same 

radial dependence with the real part. 

 
Figure 4. Top: backscattering measurements; the excitation function of elastic backscattering cross sections at 

θlab=1750 and the corresponding derivatives (left) for 6Li+28Si and (right) for 7Li+28Si. Bottom: Searching for 

the energy dependence of the optical potentials, considering the derivatives. Colors and type of lines are the 

same for excitation functions- derivatives and optical potentials The Figures are from Refs. [24-26]. 

 

The energy dependence of the potential was extracted considering as a restriction existing fusion 

measurement for the same system or for nearby systems. The results for 7Be+28Si, 7Be+208Pb and 
7Be+90Zr are summarized in Figs. 5 and 6.  It is seen that for heavy targets the energy dependence is the 

same as the one for 7Li and therefore the same with the one exhibited by stable projectiles. For the 

lighter target, 28Si, and for the real potential the reduction of the potential at higher energies persists at 

the lower ones, exhibiting a flat behavior not obeying the dispersion relations. Or it can be assumed that 

a strongly energy dependent breakup (transfer) polarization potential, on the presence of the anomaly 

been repulsive in nature, smooths out the real part. In other words, coupled channel effects are very 

weak and are not manifested either in elastic scattering with a potential anomaly or in fusion with an 

enhancement below barrier. For the heavier target the 7Be results are like the 7Li ones with the presence 

of the standard threshold anomaly, and the existence of a fusion enhancement below barrier. For the 

medium mass target, 90Zr, we have a similar situation as for 208Pb, but the existence of the anomaly 
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seems to be weaker (Fig.6).  Also, for fusion a weaker enhancement of the cross sections below barrier 

exists. 

 
Figure 5. Top: (left) The energy dependence of the optical potential for 7Be+208Pb and 7Li+208Pb. Data are 

designated with the black stars and red circles respectively. The lines represent our dispersion analysis. (Right) 

reduced fusion data as appear in the figure insert are described very well with one barrier penetration 

calculations, adopting the potential at left with the black line.  Bottom: The same but for 28Si target The Figures 

are from Ref. [7] 

 

       Considering as a guide all the above, we have proceeded in the determination of an algorithm for 

describing an optical potential for 7Be projectiles. In this algorithm we considered the potential as 

energy and mass dependent below barrier and only mass dependent above barrier. Additionally for the 

above barrier energies, we consider two cases one for target mass numbers with A<90 and one for 

targets with A≥90. 

 

THE OPTICAL POTENTIAL ALGORITHM 

      The potential was assumed of a Woods-Saxon form with a smooth mass dependent depth at above 

barrier energies, and an energy and mass dependent depth at below barrier energies. The reduced radii 

and diffusivities were fixed to the following values: 

𝑟0
𝑅 = 0.815𝑟0

𝐼 = 0.83 

𝑎𝑅 = 𝑎𝐼 = 0.855  𝑓𝑚 , 

with the radius R given as R=r0(A1
1/3+A2

1/3) fm.  
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Figure 6.  (left)The energy dependence of the optical potential for 7Be+natZr. (right) Reduced fusion functions 

for the systems indicated in the figure insert. Lines are one barrier penetration model calculations adopting the 

potentials indicated in the Figure left. The Figures are from Ref. [27]. 

 

The depth of the real part of the potential at above barrier energies for targets with A=28 to 208, 

are parameterized as following: 

𝑉 = 0.0006027 × 𝐴2 + 3.034 × 𝐴 − 11.69  𝑀𝑒𝑉 

At below barrier energies the same relation holds for targets with mass numbers 28 < 𝐴 < 90. At below 

barrier energies but for heavier targets the depth of the real potential is given as 

 

𝑉

𝐴
= 3.703 ×

𝐸

𝑉𝐵

−2.0865
MeV 

 

For the imaginary part and for all targets the potential above the barrier can be written as 

 

0.9666 × 𝐴 + 56.93𝑀𝑒𝑉 

 

Below barrier an energy dependence has to be taken into account as 

𝑊

𝐴
= 9.45126 × (

𝐸

𝑉𝐵
)

2

− 15.578 × (
𝐸

𝑉𝐵
) 𝑀𝑒𝑉 

Or as 

𝑊

𝐴
= (1.25 ×

𝐸

𝑉𝐵

⬚

− 0.305) 𝑀𝑒𝑉  𝑓𝑜𝑟
𝐸

𝑉𝐵
> 0.865 

And 

𝑊

𝐴
= 0.767𝑀𝑒𝑉  , 

where A is the target mass number, E the beam energy at the center of mass and VB  the Coulomb barrier 

according to Broglia [28] given below as 

𝑉𝐵 =
𝑅𝑓 × 1.44 × 𝑍1 × 𝑍2

𝑅2
  , 
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with 

𝑅𝑓 = 1 −
0.63

𝑅2
 

And 

𝑅2 = (1.07 × (𝐴1

1
3 + 𝐴2

1
3) + 2.72) 𝑓𝑚 

 
Figure 7. (top-left Ref.[31)Elastic scattering data for 7Be+208Pb at a) 37.6 MeV, b) 40.5 MeV, c) 42 MeV, (top-

right Ref. [27])  for 7Be+90Zr  at a) 19.7 MeV, b) 21.3 MeV, c) 27.1 MeV, d) 27.5 MeV, (bottom-left Ref.[32] ) for 
7Be+  58Ni at a) 15.1 MeV, b) 17.1 MeV, c) 19.9 MeV, d) 21.5 MeV and (bottom-right Ref. [19]) for 7Be+28Si  at 

a) 12.9 MeV, b) 16.7 MeV, c) 19.5 MeV, d) 21.7 MeV, are compared with calculations adopting the present 

potential – solid red line- and the Cook potential for 6,7Li, green and blue lines. 

 

Calculations with the above potential for elastic scattering at sub- and near- barrier energies are 

compared with data for 7Be+208Pb, 7Be+90Zr, 7Be+58Ni and 7Be+28Si in Fig. 7. The agreement with the 

data is excellent. The calculations were repeated with the Cook potential [29] as modified in ref. [30], 

extracted for 6Li and 7Li on various targets. The agreement with the data is good. 

Subsequently, calculations were repeated with the present and Cook potentials for 7Li on various 

targets and the results are summarized in Figure 8. The agreement between data and calculations with 
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the present potential is fair but with the Cook is very good. However, final conclusions can only be 

reached if we look the agreement with data of another observable like fusion. Indeed in Fig. 9-left-, we 

present one barrier penetration calculations with the present or the Cook potential for 6Li and 7Li for 
7Be+208Pb.  Obviously only the present potential can predict the enhancement below barrier while the 

Cook remains either consistent with a Wong prediction or even below it. This is also evident from the 

same figure (right), where we compare fusion calculations with the present potential and the Cook ones 

in comparison with the Wong prediction. More details about our algorithm can be found in Ref. [36]. 

 

 

Figure 8. Elastic scattering data (top-left-from Ref. [33]) for 7Li+208Pb, (top-right Ref. [34]) for 7Li+138Ba, 

(bottom-left ref. [35]) for 7Li+64Zn and (bottom-right Ref. [9]) for 7Li+28Si, are compared with calculations 

adopting the present potential-solid red line- and the Cook potential for 6,7Li-green and blue lines. 
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Figure 9. (left) Reduced fusion cross sections for data as appear in the insert, are compared with our one barrier 

penetration calculations for 7Be+208Pb, adopting the present as well as the Cook potentials. (right)one barrier 

calculations for 7Be+208Pb, 7Be+90Zr, 7Be+58Ni and 7Be+28Si adopting the present potential and the Cook ones 

are compared amongst themselves as well as with the Wong predictions. See explanations in the insert. 

 

Summary 

The last twenty years we have performed research on elastic scattering and reaction channels with 

weakly bound projectiles at sub- and near-barrier energies. Among other issues, the outcome of this 

research had to do with the determination of the optical potential and the relevant reaction mechanisms. 

It was found that: 

• The energy dependence of the optical potential at sub- and near-barrier energies is different for 
6Li and 7Li 

• The energy dependence of the potential for 7Be resembles that of its mirror 7Li 

• The energy dependence of the optical potential for 7Be and therefore 7Li is different for light than 

for heavy targets. For light targets the reduction of the potential persists till very low energies, 

exhibiting a flat behavior. This may imply the absence of the anomaly with the absence of 

causality or the presence of the anomaly with a polarization potential strongly dependent on 

energy and smoothing out the anomaly. The consequence of a flat real potential is consistent with 

no fusion enhancement below barrier. For heavier targets the standard anomaly is observed, and 

an enhancement of fusion occurs.  

• For a reliable extraction of the optical potential at sub- and near-barrier energies, complementary 

observables to elastic scattering are necessary. In this direction fusion can play a critical role. 

• An algorithm for the description of the optical potential for 7Be is suggested, validated both by 

elastic scattering and fusion cross sections. 
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