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Global approach for the reactions "Be + 2Si and "Be + **’Pb at near- and sub-barrier energies
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Elastic scattering, total reaction, and fusion cross section measurements for the radioactive 'Be nucleus on a
light and a heavy target, are treated in a global approach at near and sub-barrier energies for probing the optical

potential and describing fusion at low energies. Elastic scattering data of "Li on the same target were analyzed
under the same context to support this analysis. It is found that for low mass targets, dispersion relations are not
adequate for describing the potential or the fusion. On the contrary this is possible for heavy targets, where the
standard potential threshold anomaly and fusion enhancement is observed. The consequences of the above on

fusion hindrance at deep sub-barrier energies is discussed.
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I. INTRODUCTION

Fusion at below barrier energies, between other aspects,
is an indispensable tool for understanding and probing the
nuclear potential. At these energies, elastic scattering, the
traditional observable for probing the optical potential, is
dominated by Rutherford scattering, due to the strong inter-
action with the Coulomb potential, and therefore it is not
adequate. At near and just below barrier energies the optical
potential presents an anomaly, the potential threshold anomaly
(TA). While for well bound nuclei this phenomenon related
to coupling channel effects is well established, for weakly
bound nuclei despite a long time effort, open questions persist.
In this respect, global studies, including various observables
between the fusion, are necessary to probe with significant
liability the energy dependence of the optical potential and
perhaps extrapolate it to deep sub-barrier energies. At these
energies there is a lot of interest from the point of view of
astrophysical problems. The threshold anomaly of the optical
potential U(E) = V(E) 4+ iW(E), is understood as a rapid
variation of the imaginary part which decreases as we ap-
proach the barrier, due to the Coulomb repulsion leading to the
closure of various reaction channels [1-3]. This is connected
with a rapid increase of the real part going from lower to
higher energies and then a decrease, with the development of a
bell shaped maximum at barrier. This maximum was later un-
derstood as necessary for describing the fusion enhancement
at near and below barrier energies due to coupling channel
effects, both aspects of the potential threshold anomaly and
fusion enhancement, being the two views of the same coin
[1]. In this respect it is customary to express the real part with
a correction term AV (E), V(E) = V,(E)+ AV (E), named
the dynamic polarization potential (DPP). If the causality
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principle is satisfied then it was suggested by Mahaux inde-
pendently by Nagarajan, and reported in detail by Satchler in
Ref. [1], that an appropriate mathematical tool to connect the
two quantities, AV (E) and W (E), is a dispersion relation. We
intend in this article, in a global approach, to probe the optical
potential and simultaneously to investigate these aspects from
the phenomenological point of view. The example case will
be related with the radioactive nucleus 'Be on a light and
heavy target, 28Si and 2*®Pb, respectively. Questions to be
posed are: Does the dispersion relation break down (causality
principle) for the connection of the imaginary and real parts
of the optical potential for weakly bound nuclei like "Be? Can
fusion be described by one Barrier Penetration Model (BPM)
if explicitly we take into account the energy dependence of the
optical potential? Could these calculations help for probing
the phenomenon of fusion hindrance [4,5]? Are the theoretical
coupling channel models, such as the continuum discretized
coupled channel (CDCC), capable of describing both elastic
scattering and fusion and therefore is excitation to continuum
a strong player to such problems?

"Be is an interesting weakly bound proton rich nucleus
with an “He + *He cluster structure. Its breakup threshold is
1.59 MeV to be compared with 2.47 MeV for the mirror "Li.
We note that the breakup threshold for °Li is 1.47 MeV and
a debate exists in the literature about the resemblance of the
behavior of "Be to one or the other weakly bound lithium
projectiles [6-9]. This issue will be also revisited here.

"Be, except this interesting structure, attracts vivid atten-
tion in problems of astrophysics. It is well known and still
not fully resolved that the cosmological lithium problem [10]
with respect to the discrepancy between the measurement and
the big bang nucleosynthesis (BBN) predicted abundance. In
BBN, it is produced via "Be, therefore the production PHe(a,
y) "Be] and destruction ["Be(n, «)*He and "Be(n, p)’Li] of
this nucleus is of vital importance [11-14]. And while the
present research is not directly connected with such problems,
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every piece of information connected with the behavior of "Be
in reactions with various elements may disclose solutions to
various problems. Important ingredients in such calculations
(see, e.g., Ref. [14]) are the binding potentials like the (‘He-
3He) one, used also in, e.g., CDCC calculations for elastic
scattering and the breakup of this nucleus. We will also touch
this point by adopting this binding potential.

In what follows in Sec. II, we will present our phe-
nomenological description of the potential through elastic
scattering and fusion existing data for the system 'Be + 28Si.
CDCC calculations will be also included. Relevant results for
"Be +2%8Pb will be presented in Sec. III. The consequences
of the above descriptions in connection with fusion hindrance
for both systems will be presented in Sec. IV. Finally in
Sec. V, we will discuss and compare our findings between the
two targets, the light and the heavy one, while also making
comparisons with the mirror “Li weakly bound but stable
projectile.

II. THE SYSTEM "Be + 3Si

A. The phenomenological description

Previous elastic scattering data [9] were revisited for the
needs of this work within the same formalism as before,
adopting the double-folding model and the BDM3Y1 inter-
action [15]. For the stable target, 28Gi, the nuclear matter
density was adopted from electron scattering data [16], ap-
propriately corrected to derive it. For the density of the
radioactive "Be nucleus, calculated values were used under
a semiphenomenological expression reported in [16]. For the
"Li nucleus we used Hartree-Fock calculations obtained by
Trache et al. [17]. These densities have been used in numerous
articles before [9,18-21] with very good results. Calculations
were not repeated with other densities, taking into account
explicitly the cluster structure of projectiles since at these low
energies, this structure cannot be effectively probed. The same
potential as for the real part of the OMP was also adopted
for the imaginary potential but with different normalization
factor. The two normalization factors, Ng and N; were best
fitted to the data and the results related with the energy depen-
dence of the potential, are shown in Fig. 1. Uncertainties were
obtained through a sensitivity analysis of the elastic scattering
data. It included a grid search, where at certain values of the
real normalization factor of the BDM3Y1 interaction, below
and above the best fitted value, the normalization factor of
the imaginary potential is searched, such as to fit the data.
The same was repeated with the normalization factor for the
imaginary part of the potential. Previous results for "Li and
the same target, analyzed under the same theoretical context
and reported in Ref. [18], are also presented for reasons of
comparison. The trend for "Li following the trend for 'Be
clearly presents a drop for the imaginary part of the OM
potential as we approach the barrier from higher to lower
energies, and a flat trend for the real part. For 'Be the data
points are few, determined with a large uncertainty, and an
indication for a dispersive correction to the real part cannot
be excluded [9]. To clarify this point other observables have

1.5 T
* "Be +28Si
® Li +2%Si

FIG. 1. Energy dependence of OMP for "Be 4 28Si in compar-
ison with results for "Li+?%Si. The lines for the imaginary part
correspond to various trials for describing the potential with their
relevant dispersion corrections on the real part of it. The flat cyan
lines drawn in the real part will be discussed in the text. The Coulomb
barrier was calculated according to Broglia [22].

to be taken into account [1,23]. In this respect, fusion data
reported before [8] have been treated in this work in the
same theoretical framework as the elastic scattering data, for
validating the energy dependence of the potential. For that we
attempted the description of the imaginary potential drawing
several lines and into a two segment model [1], the dispersive
correction was estimated for the real part and included in
Fig. 1. An attempt was also made to describe the real part
with flat lines between Ng = 0.4 to 0.5. Subsequently, BPM
calculations were performed, adopting the ansatz suggested
before [23-25], where the real part is taken from the elastic
scattering results and the imaginary was expressed by a short-
range Woods-Saxon form factor, such as to absorb all the flux
penetrating the barrier, simulating the ingoing wave boundary
conditions [24].

The total fusion cross sections were calculated with the
code ECIS [25,26]. In Fig. 2, we present our BPM calculations
according to the real potentials appearing through dispersion
relations in Fig. 1. Also two calculations adopting the flat
real potential, minimum, and maximum values (N = 0.4 and
Ni = 0.5) were also performed and are shown in the same
figure. We should note that the notation of the lines is the same
in both Figs. 1 and 2 for easiness of the reader. It becomes
evident that, taking into account any real potential extracted
with the dispersive correction, the calculated total fusion cross
sections are similar amongst themselves but strongly contrast
those determined, taking into account the flat line (no dis-
persion correction). These phenomenological calculations are
also compared in Fig. 3 with previously obtained data for
"Be + 28Si [8], "Be + 2’ Al [27], and "Li + 28Si [28-31], under
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FIG. 2. Excitation fusion function of BPM calculations for
"Be 4 2Si according to the potentials described in Fig. 1. The type
of lines are the same as in Fig. 1.

a reduced form [32]
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FIG. 3. Reduced total fusion excitation functions, F'(x), accord-
ing to Ref. [32] and Eqgs. (1) and (2), for "Be +28Si, "Be + 2" Al,
"Li+2Si are compared amongst themselves. Data are from
Refs. [8,27-31]. Lines are calculations in a BPM approach with real
potentials as the ones appearing in Fig. 1.

TABLE 1. Calculated total reaction cross sections for 'Be + 28Si,
designated as flatl, flat2, and disp, are compared with phenomeno-
logical predictions [33], designated as pred. For flatl, the real
potential is the one represented by a flat line at Ny = 0.5—see
Fig. 1—and imaginary one designated in the same figure with the red
solid line. For flat2, we adopt the same real potential as before but for
the imaginary potential we adopt below E /V¢;, = 1 a constant line
with N; = 0.2. For the calculation under the name disp, we used the
same imaginary as in flatl, but for the real we took into account the
dispersive correction—red solid line in Fig. 1.

o (mb)

E.py MeV) flatl flat2 disp pred
10.4 35 54 64 56

11.6 158 162 216 170
13 356 417 347
17 817 827 779
20 1000 998 990
22 1120 1100 1118

These data clearly follow the calculations with the flat
real potential. To validate further this optical potential, we
have proceeded with the calculation of total reaction cross
sections and their comparison with phenomenological predic-
tions deduced in Ref. [33]. We have chosen two potentials
appearing in Fig. 1. In both of them we refer to the same
imaginary part, designated in the figure with the solid red
line. For the real part we have chosen the one with the flat
line at Ng = 0.5, taking into account the compatibility of
the obtained total reaction cross sections for 'Be as appear
in Table I, under the column flatl. At the lower energy we
find some disagreement with the prediction and therefore we
proceed with some improvement at the imaginary part. As
such we have preferred the suggestion of Ref. [34], and a
constant step below E/V¢, = 1 is adopted—see dot-dashed
blue line in Fig. 1. This assumes the possibility of a continuous
loss of flux from the elastic channel below threshold, possibly
via Coulomb breakup, an issue not unreasonable. The new
total reaction cross section results appear now in Table I,
under the column with the name flat2, and present a very
good consistency with the predictions. Finally results with
the same imaginary potential as for flatl are adopted, and for
the real potential the one produced under a dispersive correc-
tion, solid red line in the same figure. The results are also
included in Table I, under the column disp. The agreement
is in principle fair. Taking into account our calculations for
both fusion and total reaction cross sections, we conclude that
an optical potential with a standard imaginary part, dropping
to zero approaching the barrier from higher to lower energies,
is necessary but which at below barrier energies develops a
constant trend, absorbing continuously flux out of elastic. This
is not connected however with a real one which is obtained via
a dispersive correction, posing the question of a noncausality
for the scattering process of this system or the inadequacy of
a mathematical formalism to describe all systems simultane-
ously. We will come back on this point later on.
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FIG. 4. Excitation fusion function of CDCC-BPM calculations
for "Be + 28Si (see text) are compared with data of "Be and "Li on the
8Si target [8,27-31] and the UFF curve. It is obvious that coupling
to continuum is negligible and of no importance.

B. CDCC calculations

Our two-body CDCC calculations for elastic scattering are
described in Ref. [9] with the "Be nucleus to be assumed with
a two-body “He + >He cluster structure. Couplings to resonant
and nonresonant cluster states corresponding to “He 4 *He
relative orbital angular momenta L = 0, 1, 2, 3, and 4 /i were
included. Excitation to the first excited state and ground state
reorientation were also taken into account. All the diago-
nal and coupling potentials were generated from empirical
o + 2Si and *He + 28Si optical model potentials [35,36], by
means of the single-folding technique. We should underline
here that the coupling potential is the one used in Ref. [14].
To obtain fusion in this formalism we follow the prescription
appearing in [37] and applied also in Refs. [23,31] in a BPM
framework. In this approach, an effective nuclear potential has
to be formed as the sum of the bare potential and the dynamic
polarization potential (DPP). The dynamic polarization poten-
tial was derived from our CDCC calculations following the
prescription of Thompson et al. [38]. Our calculation is com-
pared with reduced data [32] (see Egs. [1] to [2]) in Fig. 4, of
"Li and "Be on ?®Si and Wong calculations—UFF curve. Cal-
culations without coupling to continuum were also performed
but the difference with the CDCC ones was approximately of
the order of ~4% and are not included in the figure for reasons
of clarity. We should note that no coupling to collective states
of 28Si are applied either to the no coupling calculations or
the CDCC ones. While there is some overestimation of the
data the conclusion of this comparison is that coupling to
continuum is weak and of no importance for this light target.

III. THE "Be + 2*Pb SYSTEM

A. The phenomenological description

Previous elastic scattering data for "Be +2%Pb [7] and
"Li+2%8Pb [34] were analyzed into the same microscopic
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FIG. 5. Previous elastic scattering angular distribution data for
"Be + 2%®Pb, reported in Ref. [7], were fitted in a BDM3Y1 micro-
scopic framework. The fit is designated with the solid blue line. Other
lines were produced in a sensitivity analysis approach, see text. The
Coulomb barrier was calculated according to Broglia [22].

BDM3Y1 framework as above for the light target 2®Si. Ex-
ample angular distributions for "Be 4 2%®Pb are presented in
Fig. 5. The best fits were obtained by taking into account the
same imaginary potential as for the real part, but with different
normalization factors. The density distribution for 'Be, ’Li
was also the same as above, while for 2%Pb the nuclear matter
density was adopted from electron scattering data [16], ap-
propriately corrected to derive it. A sensitivity analysis was
performed for determining the uncertainties on the normaliza-
tion values. The energy dependence of the OM potentials after
fits to elastic scattering data for both projectiles 'Be and "Li
on a 2%Pb target are displayed in Fig. 6. While the data for 'Be
were few, the trend for the potential was more clear taking into
account the data for "Li. Describing the imaginary potential
into the two segment approach [1-3], two trials are shown
in Fig. 6, we were able to describe the real part through the
dispersion correction [1-3]. Subsequently it was necessary to
validate the suggested potential—solid black line in the figure.
Two observables were used for fusion and total reaction cross
sections. Fusion data do not exist for "Be + 2°8Pb, but do exist
for other heavy targets, as well as for °Be and ’Li on various
heavy targets [39—43]. Taking this opportunity, we have calcu-
lated fusion for "Be + 2°*Pb in one BPM approach [24,25] and
compare with the above experimental data in a reduced form
[32]. Our BPM results are included in Fig. 7, and exhibit an
excellent agreement with the various data. Additionally a large
enhancement versus the UFF curve (Wong approach with-
out couplings) is observed indicating that including explicitly
the energy dependence of OMP, we can describe adequately
well fusion data at near and sub-barrier energies down to
0.85V¢,. Further on to validate our suggested potential
we present in Table II, total reaction cross sections de-
duced within this potential, in comparison with previous
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FIG. 6. Energy dependence of the potentials of "Be and "Li on a
208ph target. The data are deduced in a BDM3Y1 framework. Two
different lines are drawn for describing the imaginary part of the
potential and the relevant dispersion correction for the real part is
deduced. The Coulomb barrier was calculated according to Broglia
[22].

phenomenological predictions [33]. The agreement is ad-
equately good reinforcing our argument that the potential
described with the solid black line in Fig. 6, can describe
simultaneously elastic scattering, fusion, and total reaction
Cross sections.
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FIG. 7. Excitation fusion function of BPM -calculations for
"Be + 2%®Pb according to the potentials described in Fig. 6 with the
solid black line. The results are compared with data of >"Be and "Li
on various heavy targets [34,39-43].

TABLE II. Total reaction cross sections, disp, are calculated tak-
ing into account the potential, as described by dispersion relations in
Fig. 6, solid black line. These are compared with phenomenological
predictions [33], designated as pred, exhibiting a very good agree-
ment with them.

o (mb)
E., MeV) disp pred
37 56 44
40 333 277
42 474 474
46.4 835 859

B. CDCC calculations

CDCC calculations for the elastic scattering of 'Be + 2°*Pb
are comprehensively discussed in Ref. [7]. Into this formal-
ism, preliminary values for fusion via a BPM approach at
three energies were obtained by private communication [44]
and compared with data in Fig. 7. These values present
an adequate compatibility with the data and the BPM phe-
nomenological calculation. It is apparent that here, contrary to
the light target, the coupling to continuum leading to a fusion
enhancement is strong. Some space possibly is left for other
couplings as to transfer.

IV. FUSION HINDRANCE

The phenomenon of fusion hindrance has been well es-
tablished by now for medium and heavy combinations of
projectile target [4,5,45]. Initially it was traced through de-
viations between measured fusion cross sections and coupled
channel (CC) calculations at deep sub-barrier energies [46].
Later, for avoiding model calculation dependences, a more
accurate determination of the threshold energy for hindrance
was suggested. This could be accomplished via excitation
functions of astrophysical S factors and their maximum
or/and via the crossing point between the logarithmic deriva-
tive of the S factor and the relevant constant astrophysical S
factor [46,47]. The astrophysical S factors are given by

S(E) =0 (E)E exp(2mn), 3)
where 7 is the Sommerfeld parameter,

iy
()

“

with v the relative velocity of the colliding ions and Z;, Z,
their atomic numbers.
The logarithmic derivative is given by

L(E) =d[In(c(E)E)]/dE (®)]
and the constant S factor as

Tn
Les = z (6)
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FIG. 8. Excitation functions of astrophysical S factors as a func-
tion of projectile energy for (a) "Be + *Si and (b) "Be 4 ***Pb. Data
are from Ref. [8]. Lines are from present calculations.

Astrophysical factors and logarithmic derivatives are related
[47] as
s S(E)[
dE

LE) -2 7
- )
Therefore the astrophysical S factor presents a maximum
at Lcg = mn/E, the crossing point between the logarithmic
derivative and the constant astrophysical S factor.

In this work the data considered concerned total fusion at
near barrier energies for 'Be + 2*Si while we have no fusion
data for "Be + 2%Pb. However our fusion BPM calculation,
performed with the energy dependent potential, deduced from
elastic scattering data was found to describe in an excellent
way fusion data below barrier for "Li 4 28Si, see Fig. 3, and
data of "Li, "Be, and °Be on various heavy targets as '*’Au,
208ph, and 238y, see Fig. 7. This give us the justification
for seeking the hindrance threshold energy via our BPM
calculations. This can validate further the deduced energy
dependence of our potential at deep sub-barrier energies. We
should note here that this potential was extracted via a double
folding procedure and a BDM3Y 1 interaction. Such potentials
have been suggested for the description of heavier systems
towards the determination of fusion hindrance [48]. In this
respect, seeking for the energy where hindrance may occur,
we present in Fig. 8, the energy evolution of astrophysical S
factors for "Be + 23Si and "Be + 2°®Pb. We see that tentative
maxima may occur at E. ,,, & 7 MeV and 34 MeV for 288 and
208pp, respectively. Subsequently in Figs. 9 and 10, we present
the fusion logarithmic slopes of several projectiles on light
or heavy targets. For this we present total fusion logarithmic
derivatives as a function of E_ , -V ;.. The Coulomb barrier
here is taken from the Bass prescription [49], to be compatible
with fusion hindrance results to be found in the literature.
Together with the fusion data we present results for the fusion
BPM calculations for "Be on 28Si and 2%Pb and fits to the

6 = | | 7
] B "Be:si ]
5 A : e {
g [ :'—_ = Constant L(E) ]
> [ 3 7 28 i
ENE BPM "Be+*’Si ]
S 4 B 7
= : 3 . Fit 1
— 3 | |
w i |
— k :
2 ]
1 *%" ' {
N ﬁﬂv*il
L | | L ‘ =
0 2.5 5 7.5 10

Ecm. Ve (MeV)

FIG. 9. Calculated logarithmic derivatives as a function of pro-
jectile energy minus the barrier for "Be +28Si. For that we take
into account total fusion cross sections of our BPM approach with
the real part of the potential, as extracted from elastic scattering
fits—see potential in Fig. 1, designated with the solid cyan flat line.
The constant S factor is also calculated and it is designated with the
solid red line. The dot-dashed blue line an extrapolation of fitted data
according to Eq. (8) is also shown. Calculations are compared with
data for "Be + 28Si, designated with the black boxes from Ref. [8]
and "Li 4 2Si designated with blue triangles from Ref. [30] and red
stars from Refs. [28,29]. Barriers were calculated according to the
Bass prescription [49], as 7.17 and 5.07 MeV for the two systems,
respectively.

lower energy data, according to Ref. [4]:

By

L(E):Ao—f-m. ®)

Experimental crossing points, E¢, between extrapolated
logarithmic derivatives, L, fitted to all data appearing in Figs. 9
and 10 with Eq. (8), and the constant S factor, L¢g, as well
as “theoretical” crossing points where they exist, E! via our
BPM results transformed to logarithmic derivatives, appear
in Table III. Experimental crossings appear at 7.6 MeV for
the light target ("Be +28Si) and at 33.5 MeV for the heavy
target ("Be + 2°®Pb). Similar values are obtained for 'Li + 28Si
and "Li and °Be on various heavy targets. These values are
compared with other existing values of well bound projec-
tiles. The obtained ratios of the crossing energy E{ versus
the Coulomb barrier according to the Bass model, are also
included. An inspection of Figs. 9 and 10 and Table III un-
derlines a strong differentiation between the appearance of
fusion hindrance via logarithmic derivatives of the weakly
bound projectiles with a light and a heavy target. For the
light target, the logarithmic slope of the S factor for the
BPM representation of fusion cross sections does not cross
the constant S factor, L¢g, but it proceeds in a parallel path
to it. The extrapolation of the data via the fit with Eq. (8)
does. We should mention however here that if we include in
the fit data points at higher energies up to E.,, — Ve, = 4.5
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FIG. 10. Calculated logarithmic derivatives as a function of pro-
jectile energy minus the barrier, according to our BPM approach
with the potential appearing in Fig. 6, with the black solid line.
The constant S factor is also shown as well as the extrapola-
tion of the data fits via Eq. (8). Data are from Refs. [34,39-43]
for "Be + 238U, 7Li+2%%Pb, "Li+ '*Pt, 7Li+ 28U, Be + 'Au,
9Be +2%Pb, °Be +2®U, with barriers according to the Bass
prescription as 42.56, 27.74, 26.5, 30.67, 36.37, 37.42, 41.41,
respectively.

then the extrapolated line does not cross either the constant S
curve but proceeds in parallel to it, like our BPM calculation.
This is contrary to the behavior of the heavy target, where a
clear cross point is evident for both, data extrapolation and
BPM calculation, in good compatibility between them (see

TABLE III. Threshold hindrance energies, determined in this
work for weakly bound projectiles on various targets through
previous total fusion experimental data, E;, and through present
calculations, E§, are compared with results of well bound systems.
Reference energies are also included E!; E/ = 0.356¢%/* with ¢ =
Z1Z:/ (MM, /(M| + M,) [4]. All energies are given in MeV, includ-
ing the Q value of the fusion reaction. Ratios of threshold energies
versus the Coulomb barrier are formed taking into account the Bass
formalism [49].

System (0] E; E¢ E! E!/Vy E!/Vs Ref.
Be+2%Pb —481 32 335 3475 0.87 0.9 present
"Be 4+ B8y 273 34.62 37.53 3878 0.88 0091 present
°Be+2%Pb —14.06 34.71 3245 33.7 087 0.9 present
Be+'Au  0.235 33.83 31.34 3229 0.86 0.9 present
Li+2Bi  —3.60 26.65 23.07 2432 0.82 0.87 present
g4+ 1%7Au -5 418 40 0.87 [54]
204 19pr —13.96 482 50 0.87 [55]
160 +2%pp —46.48 66 68 0.88 [56]
"Be + 28Si 1732 925 7.6 1.06 present
"Li+2si 2243  7.64 551 1.09 present
12C +3%si 1411 14 105 0.97 [57]

Table IIT). A common point between the systems with the light
and heavy target is that the logarithmic derivative as a function
of energy, as we go from higher to lower energies, presents a
continuous increasing trend without to present a saturation.
Such behavior is similar to the one with medium or heavy
well bound systems as, e.g., the symmetric ones *Ni + >*Fe
and ¥Ni and ¥Ni [50] or, e.g., asymmetric ®'Ni +#y [47].
For other systems either asymmetric ''B + ' Au [54] and
36§ 4+ *8Ca [51], light symmetric 28Si + 28Si [52], and medium
mass “°Ca + *8Ca, *°Ca +*°Ca [53], the increasing trend of
the logarithmic derivative presents a saturation-plateau range
between E /Vcp =~ 0.98 to 0.92 and then continues to in-
crease crossing the constant S factor at lower energies between
E /Vcp = 0.83 to 0.89. And while we cannot find a common
point to systematize the above, apparently due to a mixing of
different reaction dynamics, we could claim that for weakly
bound nuclei on heavy targets, the threshold energies for
hindrance are close to ones for well bound systems. For light
targets though as the reaction mechanism is very different as
was outlined from the energy dependence of the OM poten-
tial and the lack of fusion enhancement, either we have no
evidence of a fusion hindrance or possibly it starts from the
barrier and below. The last is in accordance with the similar
system '2C 4 3Si, reported in Ref. [57]. In that case while
the CC calculation develops in a parallel path to the constant
S factor, the extrapolation of the data crosses it at 10.5 MeV
(Table III) that is at E /V¢p,, = 0.97. In our case our BPM cal-
culation proceeds also in a parallel basis to the L¢g, while the
data extrapolation crosses it at E /V¢, = 1.1. This is in some
agreement with the findings of Fowler et al. [58] for '2C + 10
where the extrapolation recipe leads to a logarithmic slope

L:Lcs—a, (9)

where a = 0.64 MeV ! and therefore the logarithmic deriva-
tive of the astrophysical S factor will never cross the Lcg
curve.

We should underline here that our study and our conclu-
sions for fusion hindrance for weakly bound projectiles refers
to total fusion data and calculations or/and extrapolated fits to
data. They are all mean values extracted from the considera-
tion of various projectiles and targets. Previous results for °Li
and "Li on heavy targets refer to complete fusion data [54,59]
and were found to support possible fusion hindrance below
E /Vcp = 0.65 to 0.71, respectively.

V. DISCUSSION—CONCLUSIONS

We have studied the reaction dynamics of 'Be + 28Si and
"Be +2%Pb at near and sub-barrier energies. The energy
dependence of the optical potential was probed in a coher-
ent analysis of previous elastic scattering and fusion data
for "Be 4+ 28Si and "Li and °Be on various light and heavy
targets 22Si, 2%®Pb, 2*¥y. Our microscopic phenomenologi-
cal approach was based on double folding potentials of the
BDM3Y1 interaction and appropriate matter densities. BPM
calculations were made taking into account the energy depen-
dence of the optical potential extracted from elastic scattering
data for "Be on 28Si and 2®Pb and dispersion calculations
where it applied. The validity of these results were confronted
with the excellent agreement of total fusion data of *Be and
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"Li on various light and heavy targets and by the consider-
ation of total reaction cross sections, determined before via
systematics [33]. This gave us the justification for seeking
the phenomenon of fusion hindrance of the weakly bound ra-
dioactive nucleus, 'Be, as well of the weakly bound but stable
nuclei "Li and °Be on light and heavy targets. Throughout this
work we noticed a clear distinction between the two systems
under investigation: 'Be + 28Si and "Be + 2%Pb. The same
behavior was closely followed by "Li on the same targets.
This refers to the energy dependence of the optical potential,
as well as to the consequences of this on fusion
In summary

(1) The behavior of "Be and "Li reacting at light and heavy
targets at near and sub-barrier energies in respect with
the OM potential is similar.

(2) The energy dependence of the OM potential of 'Be
and "Li on light targets is clearly diverting from the
one with a heavy target. For light targets the energy
dependence of the real part of the potential is con-
stant (the normalization factor of the real part of the
potential can be represented by a flat line), at least
between the energy range under investigation 0.8 to 1.2
E /Vc .. For the imaginary part we have the usual drop
around barrier, but which continuous as a step going to
sub-barrier energies, absorbing continually flux from
elastic. On the other hand for heavy targets we observe
the standard potential threshold anomaly obeying the
dispersion relations. Is that a sign that the causality
principle is not valid for light targets and the scattering
and reaction processes involved? Or it is simply a lack
of an appropriate mathematical representation of the
potential for both targets?

(3) Fusion for the mirror nuclei 'Be and ’Li on light
targets are compatible with simple Wong predictions
at near and sub-barrier energies (0.8 to 1.2V¢;) and
BPM calculations taking into account a flat real OM
potential. No enhancement is observed. This could be
understood for light systems, where we expect the
absence of couplings to internal degrees of freedom.
These are connected with the product of atomic num-
bers of the colliding nuclei Z,Z, [4,60]. Further on our
CDCC calculations support very small breakup cross
sections, of the order of ub, and negligible couplings
to continuum not playing a crucial role either.

(4) On the contrary, fusion for the mirror nuclei 'Be and
"Li on heavy targets is substantially enhanced ver-
sus Wong predictions, and can be described by BPM
calculations as long as the OM potential energy depen-
dence is taken into account. The last being compatible
with a description via dispersion relations. The fusion
enhancement according to CDCC calculations can be
interpreted to be mainly due to continuum excitations.
Here, we have a strong coupling related to a moderate
breakup cross sections (*10% of total reaction—see
Ref. [7]).

(5) Excitation functions of logarithmic derivatives, ex-
tracted from BPM fusion calculations as the above, can
be probably used for determining threshold fusion hin-
drance energies, as cross points between them and the
constant astrophysical S factors. In the present work
it became evident that for all weakly bound projectiles
"Be, ’Be, and "Li on heavy targets a potentially thresh-
old fusion hindrance will appear at E”/Vc, & 0.87
in very good compatibility with threshold energies
for well bound projectiles as ''B, '2C, and 'O on
heavy targets. An experimental indication for fusion
hindrance for weakly bound nuclei on heavy targets
at deep sub-barrier energies is given by the results in
Refs. [33,61], reporting on direct reactions dominance
at deep sub-barrier energies. In this work experimental
breakup cross sections exhausted all the reaction prob-
ability at energies E /V¢ . ~ 0.7.

(6) For light targets the situation is very different. The
logarithmic derivative extracted from our BPM calcu-
lations develops from higher to lower energies in a
parallel path to the constant astrophysical S factor at
deep sub-barrier energies. Extrapolation of the data,
depending on the data which are included in the fit,
predict either no crossing as the BPM calculation or
a crossing around E¢/Vc,, ~ 1.1. All the above im-
ply that for weakly bound projectiles on light targets
fusion develops smoothly without neither a cross sec-
tion enhancement close to the barrier nor an apparent
fusion hindrance.
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