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Global optical potential for "Be on various targets at sub- and near-barrier energies
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A global phenomenological energy dependent optical potential for the radioactive nucleus "Be on various
targets is developed. This optical potential is based on Woods-Saxon form factors with a smooth mass dependent
potential depth for above-barrier energies and an energy and mass dependent depth below barrier. The potential
is validated with elastic scattering and fusion calculations which are compared with experimental data and are
found to be in very good agreement. The present potential is compared with the energy dependent Cook potential,

developed for SLi and "Li.
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I. INTRODUCTION

Weakly bound nuclei, either radioactive or stable, attract
the interest of physicists as open quantum systems, due to
their strong interactions with the continuum environment.
This may lead to unexpected phenomena in elastic scattering
as well as to large enhancements in sub-barrier fusion. Good
examples in that direction are the ''Li and ''Be nuclei, where
a dramatic deviation from Rutherford scattering below barrier
occurs for the first one and a strong rainbow suppression for
the second one [1-3] at sub- or near-barrier energies. Such
effects are produced via Coulomb and/or nuclear couplings to
continuum, interpreted via Continuum Discretized Coupled
Channel (CDCC) calculations. Another interesting case
is the behavior of the proton halo nucleus ®B. In contrast
to the above neutron rich nuclei, no dramatic coupled
channel effects are observed and only slight deviations occur
between uncoupled and CDCC calculations, despite the large
measured breakup cross sections [4-7]. These large cross
sections persist up to very deep sub-barrier energies, where
the distance of closest approach is several times the sum of
radii of the colliding nuclei and the breakup probability is
rather of pure Coulomb type [5].

Generally speaking, CDCC calculations taking into ac-
count continuum excitations or coupled reaction channels
(CRC) calculations taking into account transfer channels re-
quire input potentials which have to be sought from the
literature [8—14]. Such potentials are of critical importance
for the success of the calculation and the interpretation of
measurements with weakly bound nuclei, especially at sub-
and near-barrier energies. For ®B on various targets one of
the needed input potentials is the potential of the breakup
fragment "Be with the specific target. In this respect, it is of
primary importance to obtain a global potential with "Be as
projectile on various targets. Underlined here is the necessity
of an energy dependent potential at low energies, where the
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existence of the threshold potential anomaly (TA) [15-18]
is well established. This anomaly for well bound nuclei is
described through a dispersion relation which connects the de-
crease of the imaginary part of the potential when approaching
the Coulomb barrier from higher to lower energies with the
real part of the potential, which appears at the barrier as a bell
shaped peak. For weakly bound nuclei, however, with empha-
sis on research with the weakly bound but stable °Li and "Li
nuclei, the energy dependence of the potential presents con-
flicting results [19-21]. Variations occur not only between 5Li
and Li but also between collisions either with light or with
heavy targets [22]. For 'Li and "Be, the energy dependence of
the optical potential resembles that of well bound nuclei, with
the appearance of the standard TA. But this is valid only for
the heavier targets. It was reported recently [22,23] that for
lighter targets like 2®Si the real part of the potential is flat and
constant, while the transition between a flat potential and a
bell shaped one occurs for targets with mass numbers close to
that of *°Zr [23]. It was also shown that the potential for "Be
resembles that of Li for both light and heavy targets [22,24].
This contradicts the fact that the breakup threshold for "Be is
1.59 MeV, close to the threshold of °Li, 1.47 MeV, and not that
of its mirror nucleus "Li, 2.37 MeV. Within this context, the
development of a global energy dependent optical potential
for "Be should take into account the above issues and can be
validated in a consistent analysis of 'Be scattering and fusion
on a variety of targets. This would answer the fundamental
question posed in Ref. [25] by Keeley, Kemper, and Rusek, as
to whether the elastic scattering and fusion of weakly bound
nuclei is governed by their breakup threshold, in which case
the behavior of "Be will follow that of °Li, or by their internal
structure, and then "Be and "Li will behave the same.

"Be is a very challenging nucleus, involved in the yet
unresolved cosmological lithium problem [26] regarding the
discrepancy between the measurement and the big bang nu-
cleosynthesis (BBN) predicted abundance. In BBN, it is pro-
duced via "Be. Its production [*He(«, ) "Be] and destruction
["Be(n, @) *“He and "Be(n, P) Li] are of critical importance
[27-30], and any information related to this nucleus, including
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the potentials, should be important. Several global potentials
for SLi and "Li were developed in the past [31-33] and are
evaluated for various systems in Ref. [34]. In the same ref-
erence the imaginary part of the Cook potential [31] was
modified to include the energy dependence. Therefore, it will
be interesting to make the appropriate comparisons with the
modified Cook potential either for °Li and/or for "Li and
propose a global optical potential to be used for predicting
reaction observables in regions where no measurements exist.

Presented in Sec. II is the potential and the validation via
elastic scattering and fusion calculations, in comparison with
experimental data. Then, in Sec. III, the results are discussed
and the final conclusions are given.

II. THE POTENTIAL

The potential is assumed to have 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.

In more detail the depth of the real part of the potential
at above-barrier energies for targets with A = 28 to 208 is
parametrized as

V = 0.0006027A2 + 3.034A — 11.69 MeV. (1

At below-barrier energies the same relation can be used for
targets with mass numbers 28 < A < 90. For heavier targets
A =90 to A =208 the following relation as a function of
energy should apply:

V/A = 3.703(E /Vp) %% MeV. )

For the imaginary part and for all targets, the potential
above barrier is taken to be energy independent and can be
written as

W = 0.9666A + 56.93 MeV 3)

Below barrier an energy dependence is necessary and the
potential can be either written as

W/A = 9.45126(E /Vg)* — 15.578(E /Vz) MeV,  (4)
or for E/Vg > 0.86 as

W/A = 1.25(E/Vp) — 0.305 MeV, (5)
and for E/Vp < 0.86 as
W/A = 0.767 MeV, (6)

where A is the mass number, E the projectile energy in the
center of mass, and Vp the Coulomb barrier according to
Broglia [35], as appears in the following equation in the center
of mass, expressed in MeV:
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FIG. 1. Previous angular distribution data for "Be +2%Pb, at
(a) 37.6 MeV, (b) 40.5 MeV, (c) 42 MeV, are compared with OMP
calculations. Calculations with the present potential are designated
with the solid red line, while those with the Cook potential for "Li
and °Li are shown with the dashed green and dotted-dashed blue
lines, respectively. The data are from Ref. [36].

where Z;, Z», A, A,, are the atomic and mass numbers of
projectile and target, respectively.

For all energy regions the geometrical parameters of the
Woods-Saxon form factor are taken for the reduced radii and
diffusivities respectively as

ro=0815fm and r)=0.83 fm (10)

and
a" =a =0.855fm (1D

with the radii given as R = ro(4;”” +A)) fm.

Underlined here is the constant step in the imaginary poten-
tial, described by Eq. (6) at energies below E /Vp = 0.86. The
possible existence of such a step was verified in studies with
"Li [39] and studies with "Be [24]. It will be very interesting
to see further research in this direction, delineating the energy
regime of this constant loss of flux from the elastic channel
and the related reaction mechanism.

A. Elastic scattering

The potential described above was used to calculate elastic
scattering angular distributions for ’Be on various targets such
as 208Pb, P°7r, 8Ni, and 8Si, displayed in Figs. 1-4, respec-
tively. These calculations are compared with existing data
[23,24,36-38]. As can be seen, the agreement is very good.
Then the calculations are repeated with the modified Cook
potential [34] and the results are also included in the same
figures. Taking into account that this potential was extracted
for lithium projectiles, the agreement is adequately good,
although not equally as good as with the present potential.
Further on, another interesting point will be underlined, re-
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FIG. 2. Previous angular distribution data for "Be +*°Zr, at
(a) 19.7 MeV, (b) 21.3 MeV, (c) 27.1 MeV, (d) 27.5 MeV, are
compared with OMP calculations. Calculations with the present po-
tential are designated with the solid red line, while those with the
Cook potential for ’Li and ®Li are shown with the dashed green and
dotted-dashed blue lines respectively. The data are from Ref. [23].
Note that the data at 26.6 MeV now appear as data at 27.1 MeV due
to a recalibration of the beam energies.
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FIG. 3. Previous angular distribution data for "Be+!Ni, at
(a) 15.1 MeV, (b) 17.1 MeV, (c) 199 MeV, (d) 21.5 MeV, are
compared with OMP calculations. Calculations with the present po-
tential are designated with the solid red line, while those with the
Cook potential for ’Li and ®Li are shown with the dashed green and
dotted-dashed blue lines, respectively. The data designated with the
stars are from Ref. [37] for all energies, while for the highest energy
data of Ref. [38] also appear and are designated with the filled circles.
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FIG. 4. Previous angular distribution data for "Be +2%Si, at
(a) 12.9 MeV, (b) 16.7 MeV, (c) 19.5 MeV, (d) 21.7 MeV, are
compared with OMP calculations. Calculations with the present po-
tential are designated with the solid red line, while those with the
Cook potential for “Li and °Li are shown with the dashed-green and
dotted-dashed blue lines, respectively. The data are from Ref. [24].

lated to a nonsubstantial differentiation between calculations
with the 7Li or the °Li modified Cook potential.

Next is an attempt to compare calculations with the present
potential and the modified ®Li Cook potential for "Li elastic
scattering on various targets, where previous data exist. These
targets are 28Pb, '*Sm, 13¥Ba, ®*Zn, **Ni, and ?8Si at various
sub- and near-barrier energies. The results are presented in
Figs. 5-10, respectively, for the above targets. The comparison
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FIG. 5. Previous angular distribution data for ’Li+ 2°Pb, at
(a) 31 MeV, (b) 35 MeV, (c) 39 MeV, (d) 44 MeV, are compared with
OMP calculations. Calculations with the present potential are desig-
nated with the solid red line, while those with the Cook potential for
"Li and °Li are shown with the dashed green and dotted-dashed blue
lines, respectively. The data are from Ref. [39].
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FIG. 6. Previous angular distribution data for "Li+ '“*Sm, at
(a) 22.6 MeV, (b) 25 MeV, (c) 27 MeV, (d) 32 MeV, are com-
pared with OMP calculations. Calculations with the present potential
are designated with the solid red line, while those with the Cook
potential for ’Li and °Li are shown with the dashed green and dotted-
dashed blue lines, respectively. The data are from Ref. [40].

of data and calculations with the present potential is fair.
While the data are reproduced very well for forward angles,
at backward angles the agreement is not equally good. The
results with the Cook potential referring either to °Li or to
"Li are very good. On the other hand, a better agreement at
the rainbow region for the higher energies is obtained with
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FIG. 7. Previous angular distribution data for "Li+ **Ba, at
(a) 22. MeV, (b) 24 MeV, (c) 26 MeV, (d) 30 MeV, are compared with
OMP calculations. Calculations with the present potential are desig-
nated with the solid red line, while those with the Cook potential for
"Li and °Li are shown with the dashed green and dotted-dashed blue
lines, respectively. The data are from Ref. [41].
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FIG. 8. Previous angular distribution data for ’Li+%Zn, at
(a) 23.8 MeV, (b) 15.02 MeV, (c) 18.15 MeV, (d) 20.12 MeV, are
compared with OMP calculations. Calculations with the present po-
tential are designated with the solid red line, while those with the
Cook potential for "Li and ®Li are shown with the dashed green and
dotted-dashed blue lines, respectively. The data are from Ref. [42].

the present potential. This is displayed in Fig. 11, where the
rainbow structure is clearly observed for three systems, 'Li
on 2%Pb, *Sm, and '*®Ba at 52 MeV. Finally, in Fig. 12,
calculations with the modified Cook potential and the present
one for SLi+ *°Zr are compared with previous data [48].
As expected for the sub- barrier energies, where the energy
dependence of the optical potential for °Li is very different
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FIG. 9. Previous angular distribution data for ’Li4 *Ni, at
(a) 14.22 MeV, (b) 16.25 MeV, (c) 18.28 MeV, (d) 20.31 MeV,
are compared with OMP calculations. Calculations with the present
potential are designated with the solid red line, while those with the
Cook potential for "Li and °Li are showm with the dashed-green and
dotted-dashed blue lines, respectively. The data are from Ref. [43].
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FIG. 10. Previous angular distribution data for ’Li+ 2Si, at
(a) 7.8 MeV, (b) 9.82 MeV, (c) 12.84 MeV, (d) 14.85 MeV, are
compared with OMP calculations. Calculations with the present po-
tential are designated with the solid red line, while those with the
Cook potential for ’Li and ®Li are shown with the dashed- green and
dotted-dashed blue lines, respectively. The data are from Ref. [44].

from that of "Li and "Be, the agreement with data is very
good only for the modified Cook potential for °Li. At higher
energies calculations with all the potentials deviate from data
at backward angles.

Described above are the validation of the suggested poten-
tial versus the modified Cook one [34], taking into account
elastic scattering data. In the next subsection the validity of
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FIG. 11. Elastic scattering data at 52 MeV for (a) 'Li+ *®Pb
[45], (b) "Li+ **Sm [46], and (c) "Li + **Ba [47], are compared
with calculations adopting the present potential, solid red line, and
the ®7Li modified Cook potential, designated with the dotted dashed
and dashed blue and green lines. The rainbow structure is clearly
seen and it is reproduced very well with the present potential.
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FIG. 12. Previous angular distribution data for °Li+*Zr, at
(a) 14.89 MeV, (b) 16.9 MeV, (c) 18.9 MeV, (d) 24.92 MeV, are
compared with OMP calculations. Calculations with the present po-
tential are designated with the solid red line, while those with the
Cook potential for "Li and °Li are shown with the dashed green and
dotted-dashed blue lines, respectively. The data are from Ref. [48].

these potentials will be further explored with fusion one-BPM
calculations.

B. Fusion excitation functions

Barrier Penetration Model (BPM) calculations were per-
formed with the code ECIS [49-51] for the "Be + 26 Pb system,
taking into account the present potential and the modified
Cook potential for *’Li. The results, appropriately reduced,
are compared with two series of data for 'Li +2*Bi and *Be
+ 298pD, due to lack of "Be fusion data. Experimental data and
calculations are appropriately reduced as follows, according
to Ref. [53]:

2EC.II1.

_— 12
iwR? oF 12

or = F(x) =
corresponding to an energy E. , of the projectile reduced to
the quantity x given by the equation
Ecm — V)
Eem — x=—2 % (13)
ho
The reduced quantity F (x) is traditionally compared with the
so-called universal fusion function (UFF), corresponding to
the Wong fusion cross section oy in the one-barrier penetra-
tion model [52],
2E
ow —> Fo(x) = —oy =In[l1 + %] (14)
hoRy
The parameters of the Wong potential [52] used for the re-
duction, namely the curvature fiw, the barrier Vp, and the
radius Rp, are included in Table I. The results are displayed
in Fig. 13. It can be seen that calculations with the present
potential predict a fusion enhancement below barrier, as they
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TABLE I. Parameters used for the reduction of the fusion cross
sections.

System how (MeV) Vs MeV) Rp (fm)
“Be +2%Pb 4.704 39.174 11.351
"Li+2Bi 4.721 30.091 11.215
"Be +2%Pb 5.413 40.111 11.066
"Be 4+ Zr 4.555 22.69 9.447
"Be + *Ni 4.193 17.047 8.756
"Be + 28Si 3.481 9.351 7.92

SLi+>Co 3.837 12.251 8.822
Li+4 '2Sn 4.507 20.287 9.948

should, but not to the extent of the “exact” calculation with the
BDM3Y1 interaction reported in Ref. [22]. On the other hand
the predictions with the Cook potential are not satisfactory as
they remain lower than or equal to the uncoupled prediction
of Wong cross sections (UFF curve). Similar calculations for
Li 4 °Zr are plotted against data on *Co and '*°Sn targets
in Fig. 14. Even in that case, only the present potential is
capable of producing some enhancement, but not adequately
to describe the data. Subsequently the present calculations
for "Be on all targets (*°*Pb, *°Zr, *Ni, 28Si) with the three
potentials are presented in Fig. 15. It is again obvious that
only with the present potential can a fusion enhancement be
predicted. The results will be commented on below.

III. DISCUSSION AND CONCLUSIONS

Suggested in this work is an energy and target mass de-
pendent algorithm for describing the optical potential for
"Be on various light, medium and heavy targets at sub- and
near-barrier energies. Overall, this potential can adequately
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FIG. 13. Previous fusion data for *Be 4+ 2®Pb and "Li+ >”Bi
[54] are compared with BPM calculations taking into account a dis-
persion corrected potential [22], the present potential, the modified
Cook potential for ®7Li, and the Wong prediction (UFF).
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FIG. 14. Barrier penetration fusion calculations, appropriately
reduced, are presented for °Li 4+ °°Zr with the present potential and
the SLi and "Li Cook ones. The calculations are compared with total
fusion data [55,56] for Co and '*°Sn due to lack of data on *°Zr.

reproduce both elastic scattering and fusion cross sections.
The same algorithm can be used for predicting elastic and
fusion cross sections for 'Li projectiles on various targets.
In that case, however, the prediction of elastic scattering at
backward angles is fair. At the most forward angles and
above-barrier energies, the rainbow formation can be very
well reproduced. Results for elastic scattering of °Li are not
reproducible within the present model.

The effect of the present potential on elastic scattering
and on fusion versus the Cook potential [31] in its recent
energy dependent formalism [34] was also considered. The
Cook potential can fairly well describe the elastic scattering
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FIG. 15. Barrier penetration fusion calculations, appropriately
reduced, are presented for light, medium, and heavy mass targets
with the present potential as well as with the modified Cook potential
for 7Li, for "Be on various targets as shown in the inset.
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of "Be on various targets and very well describe "Li elastic
scattering data at this sub- and near-barrier energy region. It
should be noted that both Cook potentials for °Li and ’Li
present almost identical behavior. For the case of Li, the
only potential which can describe elastic scattering data is
the Cook one for ®Li and not the Cook one for ’Li or the
present one for 'Be. Further on, commenting on the present
results on fusion, the present potential can predict a substantial
enhancement below barrier for the heavier targets and no
enhancement for the light ones. The Cook potential in either
form for "Li or for °Li can reproduce any enhancement, occa-
sionally predicting fusion cross sections even below the Wong
prediction.

In more detail, an inspection of Fig. 15 reveals the follow-
ing interesting issues. As already seen from Fig. 13 for heavy
targets, the present potential is superior to the Cook one as it
gives fusion enhancement versus the UFF curve. For lighter
targets, the calculated fusion cross sections come closer to the
Wong calculations or coincide with it. This is expected since
for heavy targets a dispersive correction to the real part of the
potential represents strong coupled channel effects realized
with a fusion enhancement below barrier. For lighter targets
couplings to direct channels are weak, the potential becomes
flat, and a weak or no fusion enhancement is expected to be
observed. For the Cook potential for all targets, calculations
are kept around the Wong prediction, failing to predict any
enhancement below barrier. This becomes evident if one com-
pares the present real part of the potential with the BDM3Y1
interaction and the Cook potential; see Fig. 16. Indeed the
depths of the potential in the interior are different for the
present and the Cook potentials. The present potential is simi-
lar to the BDM3Y 1 interaction, but still less deep. It should be
noted here that the modification in the Cook potential is only
related to the imaginary part and therefore is irrelevant in the
present fusion calculation in a one-BPM model.

In summary

(i) The present optical potential can very well reproduce
elastic scattering and fusion cross sections at sub-
and near-barrier energies for Be projectiles on light,
medium, and heavy targets. It can fairly well repro-
duce elastic scattering and fusion of "Li on the same
targets. It can not predict elastic scattering for °Li
projectiles

0
=100 £ o B
>
(0] BDMS3Y1
2 t
= presen
= _200 .
Cook for °Li
Cook for “Li
—300 B
| | |
5 10 15 20
R(fm)

FIG. 16. The present optical potential is compared with the mod-
ified Cook potential for ®’Li and a BDM3Y1 interaction for the
system 'Be + *°Zr at projectile energy of 27 MeV.

(ii) The modified Cook potential for both the °Li or "Li
formalisms can very well reproduce the sub- and near-
barrier elastic scattering data for "Li and fairly well
reproduce the "Be elastic scattering. Elastic scattering
data for SLi can be represented only by the Cook °Li
algorithm

(iii) The Cook potential cannot reproduce any fusion en-
hancement below barrier for any projectile and target
combination.

From the above, it can be concluded that the present optical
potential is a global potential capable of predicting elastic
scattering and fusion below and near barrier very well for "Be
on various targets (A = 28 to 208) and fairly well for its mirror
"Li. This potential was validated only for energies in the sub-
and near-barrier region.
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