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Versions of the M3Y effective nucleon-nucleon interaction, with different prescriptions for the
knock-on exchange contributions and density dependence, have been used in a study of the energy
dependence of the nucleon optical potential in nuclear matter as well as in a systematic folding model
analysis of the elastic *Li+'2C scattering data at Ejab=60-318 MeV to study the energy dependence
of the ®Li+'2C optical potential. Contributions from the (breakup) dynamical polarization potential
to the real part of the ®Li+2C optical potential are simulated by a surface correction using splines
added to the real folded potential. This is shown to be strongest at Eja,=99 MeV. The correction
needed to fit the data is found to be qualitatively similar to that predicted theoretically for breakup
of the ®Li. The optical model analysis of the refractive °Li+'?C scattering data, using different types
of real folded potential, shows that the most successful is the folded potential built upon density-
dependent interactions, which have parameters chosen to reproduce the saturation properties of
nuclear matter and which predict a nuclear incompressibility K around 200 MeV.

PACS number(s): 25.70.Bc, 24.10.Ht, 21.30.+y, 24.50.+g

I. INTRODUCTION

During the last two decades, the double-folding model
[1] has been widely used to calculate the potential be-
tween two heavy ions (HI), due to its simple handling in
numerical calculations. Usually, the optical model (OM)
analysis of the HI scattering data is performed using the
folded potential as the real part of the optical potential,
while the imaginary potential is fitted in a phenomelog-
ical form. Data on the scattering of light HI systems at
large angles and high energies, such as those for éLi+!2C
considered here, are particularly valuable. They are dom-
inated by far-side scattering which in turn is sensitive to
the nucleus-nucleus potential at small radii and not just
at the surface [2]. Consequently, such data provide a
stronger test of the validity of any model for HI poten-
tial (see, e.g., in Fig. 1 the decomposition of the elastic
8Li+2C scattering amplitude at different energies into
the near- and far-side components using the method sug-
gested by Fuller [3]).

The key inputs in a folding calculation are the nuclear
densities of the colliding nuclei and the effective nucleon-
nucleon (NN) interaction. For the latter, the M3Y in-
teraction, based on the G-matrix elements of the Reid
soft-core NN potential in an oscillator basis [4], is very
popular. Due to uncertainties in the densities and the
effective NN interaction, a slight renormalization of the
folded potential to give the best fit to the data is a nor-
mally accepted procedure. If the deviation of the renor-
malization coefficient Ng from unity is small, this means
success for the simple folding model [1]. However, it is
well established that the folding analysis of the elastic
SLi scattering requires a reduction of the Ngr to about
0.6 [1,5]. This effect was shown by a complete coupled-
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channels reaction model [5] to be due to the breakup of
the loosely bound 6Li nucleus. The breakup effect can be
represented by a dynamical polarization potential (DPP)
which has a strongly repulsive real part in the surface,
and an additional absorptive (imaginary) part [5]. This
effect appears to remain important at energies up to at
least /A ~ 30 MeV.

Recently, elastic ®Li+12C scattering at £/A = 35 and
53 MeV have been measured [6,7] and analyzed within
the folding model. A surprising conclusion made in Ref.
[7] is that no renormalization of the folded potential was
necessary to reproduce the data at these energies, i.e.,
Ng ~ 1. Since such a result might show that the break-
up effect is totally absent at higher energies, it stimulated
another folding analysis [8] of the same data using the
original M3Y interaction [4]. It was found [8] that a
reduction of Ng of about 30% is still needed to reproduce
the data, and the result reported in Ref. [7] is mainly due
to a different treatment of the knock-on exchange effects
9].

[ ]Nevertheless, it remains unclear which treatment of the
exchange effects used in Refs. [8] and [7,9] is the most
realistic one (although the authors of Ref. [9] already
claim theirs to be so, based on an empirical compari-
son with the high-energy proton scattering data), and
how strong the breakup effect is (namely, how strongly
it might affect the real folded potential) at these higher
energies. In the present work we apply a generalized ver-
sion of the double-folding model [10], which takes into
account the exchange and density-dependent effects as
accurately as possible, to calculate the Li+12C potential
for the OM analysis of the data at E/A ranging from 10
to 53 MeV. The folding calculation is first performed us-
ing the original density-independent M3Y interaction in
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FIG. 1. Elastic ®Li+'2C scattering cross sections at E/A =
16.5-35 MeV obtained with the BDM3Y1+spline real optical
potential (see details in Sec. III C). The decomposition of the
scattering amplitude into the near- and far-side components
is done using the technique suggested in Ref. [3].

order to compare different treatments of the knock-on ex-
change effects, and to study the energy dependence of the
6Li+!2C optical potential. The new density-dependent
versions of the M3Y interaction [11], with the param-
eters chosen to reproduce the equilibrium density and
binding energy of nuclear matter, are also used to cal-
culate the 6Li+'2C potential. For consistency, different
interactions have also been used to study the energy de-
pendence of the nucleon optical potential in a nuclear
matter limit. Since the DPP contribution to the real
part of the ®Li+'2C optical potential has been shown to
be strongest at the surface [5], its contributions to dif-
ferent real folded potentials are further simulated by a
surface correction term constructed from splines. This
method is shown to be more appropriate than the simple
renormalization procedure (Ng # 1) to study the effects
in the folded potential originating from different choices
of the effective NN interaction.

II. THEORETICAL FORMALISM
A. M3Y effective interaction

To evaluate an in-medium NN interaction starting
from a realistic free VN interaction still remains a chal-
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lenge for the nuclear many-body theory. Therefore, most
of the microscopic nuclear models still use different kinds
of effective in-medium NN interaction. Among them,
the M3Y interaction [4] has been used with some suc-
cess in the folding model calculations of the HI optical
potential (see, e.g., Ref. [1]). The original M3Y inter-
action was derived by fitting its matrix elements in an
oscillator basis (with the oscillator parameters chosen to
reproduce the 0 ground state) to those elements of the
G matrix obtained with the Reid soft-core NN interac-
tion. Thus the medium modifications included are for
some average over density and energy. The ranges of the
M3Y forces were chosen to ensure a long-range (1.414
fm) tail of the one-pion-exchange potential (OPEP) as
well as two short-range terms (0.25 and 0.4 fm) simu-
lating the exchange of heavier mesons. The direct (vp)
and exchange (vgx) parts of the central (spin-isospin in-
dependent) M3Y interaction have been determined from
the singlet and triplet even (vsg, vrg) and odd (vso, vT0)
components of the two-nucleon force [4]

exp(—4r) exp(—2.57)
= O 913405 P20 g
vp(r) = 7999.0 ar 2By (1a)
exp(—4r) exp(—2.57)
= 4631.38 — — 1787.13 ———
vex(r) - 2.57

exp(—0.7072r)

pE ey Yo

(1b)
One can see from Egs. (1) that the long-range OPEP
is present only in the exchange part which makes the
correct treatment of the knock-on exchange of nucle-
ons between the projectile and the target very essential.
Since the exact treatment of the knock-on exchange ef-
fects leads immediately to a nonlocal optical potential
(see Sec. II B), various approximation schemes have been
proposed. The simplest one is to replace (1b) by a zero-
range, but energy-dependent, pseudopotential [12,13]. In
this model, the central M3Y interaction is replaced by

v(r) = vp(r) + Joo(E)(r). (2)

The energy-dependent strength joo(E) has been deter-
mined empirically [12] by comparing proton scattering
cross sections for different targets and energies, calcu-
lated using (2), with those calculated with the exact
treatment of the exchange term of the proton-nucleus po-
tential, using Eq. (1b). The results for nucleon energies
up to about 80 MeV could be expressed [1] as

Joo(E) ~ —276[1 — 0.005(E/A)] MeV fm®,  (3)

where A is the mass number of the projectile (A=1 for
nucleons). In order to distinguish different treatments of
the knock-on exchange effects, we denote the approxima-
tion (2) and (3) for the central M3Y interaction as the
M3Y/PP1 interaction.

Another approach to the knock-on exchange effects,
suggested in Refs. [7,9], is to parametrize the energy-
dependent strength of the pseudopotential in a logarith-
mic form

Joo(E) = =Jgo + BIn(6E/A), (4)
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with J$ ~ 900 MeV fm3 and 8 ~ 140 MeV fm3. These
two parameters were chosen [7,9] to reproduce the empir-
ical energy dependence found for ®Li scattering [6,7] as
well as high energy proton and alpha scattering. It has
been emphasized in Ref. [9] that the logarithmic energy
dependence (4) is a more realistic representation of the
knock-on exchange effects than the linear one (3). We
refer to the prescription (2) and (4) for the central M3Y
interaction as the M3Y/PP2 interaction. The two pre-
scriptions give the same results at £/A = 17 MeV, when
the two corresponding j(]()(E) values are equal.

We note that of these two prescriptions for the zero-
range pseudopotential, the M3Y/PP1 interaction has
been widely used in different folding analyses. It could
deliver, however, satisfying results only in cases where
the HI interaction is dominated by strong absorption,
i.e., when the scattering data are sensitive to the HI op-
tical potential only in the surface region, and at ener-
gies neither too high (E/A < 20 MeV) nor too close to
the Coulomb barrier where other polarization effects are
expected to appear. In cases of nuclear rainbow scat-
tering, observed first for a particles [14] and later on for
other light HI systems (see, e.g., Refs. [15,16]), where the
data are sensitive to the optical potential over a wider ra-
dial domain, the simple M3Y/PP1 interaction failed to
give a good description of the data. In most cases the
M3Y /PP1 folded potential turned out to be too deep at
small internuclear distances which led to a wrong descrip-
tion of the rainbow (large-angle) region of the scattering
cross section. Therefore, some further developments have
been made to obtain a more realistic shape of the folded
potential. One of these approaches is to impose on the
original M3Y interaction an explicit density dependence,
to account effectively for the in-medium effects which
are more substantial at small distances (the so-called
DDMS3Y interaction [17]). Another way is to treat more
correctly the single nucleon knock-on exchange effects
[18,19], with the intrinsic energy and density dependence
of the HI potential due to the exchange effects taken
into account more accurately. In this approach the ex-
change potential is derived from first principles within a
local density formalism, using the finite-range exchange
interaction (1b), which is essentially a better approxi-
mation than the zero-range pseudopotential adopted in
the M3Y/PP1 and M3Y/PP2 interactions. The local
folded potential obtained in this method is referred to
as the M3Y/FRE one. A systematic comparison of the
M3Y/PP1 and M3Y /PP2 potentials with the M3Y/FRE
potential should tell which of the two approximations (3)
and (4) is the most realistic for the knock-on exchange
effects.

Even though the M3Y/FRE and DDM3Y potentials
have been successfully used to describe refractive a and
HI scattering data, our recent nuclear matter study [11]
using the M3Y interaction has shown that both the orig-
inal M3Y interaction and its density-dependent version
DDM3Y cannot provide a reasonable description of nor-
mal nuclear matter. Therefore, some different density de-
pendences of the M3Y interaction have been introduced
[11] which consistently reproduce the basic nuclear mat-
ter properties as well as the density and energy depen-
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dence of the nucleon optical potential. Namely, we have
parametrized the energy- and density-dependent M3Y in-
teraction in the form

vpEx)(p, E,r) = F(p)g(E)vpEx)(r),
with g(F) =1 —0.002E/A. (5)

The explicit form of the density-dependent factor F'(p)
is given by Egs. (3) and Table I of Ref. [10]. The new
density-dependent M3Y interactions have been used suc-
cessfully to calculate the nucleus-nucleus potential (with
the local exchange part evaluated exactly, in the same
way as for the M3Y/FRE potential) and applied to the
analysis [10,20] of the refractive scattering of a particles,
12C, and '©0. In the present work these new density-
dependent interactions are also used to calculate the
8Li+12C potential for the folding analysis of the consid-
ered scattering data.

B. Generalized double-folding model

We give here only a short summary of the generalized
version of the folding model and refer to Ref. [10] for
more details. In the first order of the many-body theory,
the microscopic nucleus-nucleus potential is evaluated as
an antisymmetrized Hartree-Fock-type potential of the
dinuclear system

V=Vp+Vex
= > [dloplis) + (Eilvex]id), (6)

i€A;,jEA2

where i) and |j) refer to the single-particle wave func-
tions of nucleons in the two colliding nuclei A; and As,
respectively; vp and vgx are the direct and exchange
parts [Egs. (1)] of the effective NN interaction. The
exchange potential Vgx accounts for the knock-on ex-
change of nucleons between the projectile and the target.
By introducing one-body density matrices py(2)(r,r’) of
the two colliding nuclei [with p(r,r) = p(r)], one can ex-
plicitly write the energy-dependent direct and exchange
potentials as

Vo(E,R) = /pl(rl)pz(rz)vp(p,E,s)d3r1d3r2,
s=ry—r; +R, (7

Vex(E,R) = /Pl(l‘h ry +s)pa2(r2,r2 — s)vex(p, E, s)

X exp [%] d3rid3rs. (8)

Here k(R) is the relative-motion momentum given by

2mM
K2
where M = A; Az/(A1+ Az) is the reduced mass number,
E. ... is the center-of-mass (c.m.) energy, and m is the
bare nucleon mass. V(E,R) = Vp(E,R) + Vgx(E,R)
and Vo (R) are the total nuclear and Coulomb potentials,

kz(R) = [Ecm. — V(EvR) - Ve (R)], (9)
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respectively. The folded potential V' is nonlocal through
its exchange term and contains a self-consistency problem
because k depends upon V. The exact treatment of the
nonlocal exchange term is complicated numerically, but
one may obtain an equivalent local potential by using a
realistic approximation for the mixed density matrix [21]

p(R,R +s) 2p(R+ ;)fl(kp(RJr —;—)s)

with  j1(z) = 3(sinz — z cos z) /z>. (10)

The average local Fermi momentum kg is chosen [21] to
accelerate the convergence of the density-matrix expan-
sion. Its explicit form is given in Ref. [10].

We note that the procedure (7)—(10) is developed for
the folding calculation using the energy- and density-
dependent interaction (5). The overlap density which
enters Eq. (5) is taken to be the sum of the densities of
the two colliding nuclei at the midpoint of the internu-
cleon separation

F(P)ZF(P1<T1+§) +P2(P2—§))~ (11)

This is the so-called frozen density approximation, usu-
ally adopted in the folding-model calculation [1,10,17,22].
After certain transformations one obtains the self-
consistent and local exchange potential Vgx as

Vix(E,R) = 4rg(E) [o vinx (s)s2ds jo(k(R)s/M)

X /fl(r,s)fz(r —R,s)
xF(p1(r) + p2(r — R))d’r, (12)

where
fiz)(r,8) = p1iz) ()71 (kF1z)(T)s)
and
jo(z) = sinz/z.

The exchange potential (12) can then be evaluated ex-
actly by an iterative method [10]. Then the calculated
total potential V(E, R) has an energy dependence arising
from the exchange term [see Egs. (8) and (9)]. At the
energies considered in the present study, this exchange
energy dependence is roughly twice as great as the in-
trinsic dependence represented by the g(F) factor. Con-
sequently, to have a realistic energy dependence of the
folded potential, one should treat the knock-on exchange
effects as accurately as possible.

To calculate the M3Y /FRE potential using the energy-
and density-independent interaction (la) and (1b) one
needs to evaluate the direct and exchange potentials (7)
and (8) using the same procedure but putting F(p) =
g(F) = 1. The calculation of the M3Y/PP1 and
M3Y /PP2 potentials is simply reduced to the calculation
of the six-dimensional integral (7) with vp(r) being re-

placed by the interaction (2), using the prescriptions (3)
and (4) for the pseudopotential, respectively. Thus the
energy dependence of the M3Y/PP1 or M3Y/PP2 po-
tential is determined explicitly by the empirical relation
(3) or (4), while the energy dependence of the M3Y /FRE
potential comes out entirely from the evaluation of the
exchange potential (8).

A useful quantity in the study of the energy depen-
dence is the volume integral of the folded potential per
interacting nucleon pair

Jr(E)/(A142)

_ ﬁ/ﬂw Vb (E,r) + Vex (E,r)|r2dr.  (13)

Due to the zero range of the pseudopotential used in (3)
and (4) the Jg values for the M3Y/PP1 and M3Y/PP2
potentials are simply

Jr(E)/(A1A2) = Jp + Joo(E), (13"
where the volume integral of the direct part Jp = —145.9
MeV fm3. In other cases the integration has to be per-
formed separately at each energy to obtain the Jg/A; A2
value.

The nuclear densities used in our folding calculation
are constructed using the shell model [23] for the con-
sidered nuclei. Since the original M3Y interaction (1) is
real, the folded potentials enter the OM analyses as the
real part of the optical potential. The imaginary part is
taken to have a conventional Woods-Saxon (WS) form.
Thus the 8Li+'2C optical potential is

U(E,R) = Ng[Vp(E,R) + Vex(E,R)] +iW(R), (14)

with

-1

(15)

where the renormalization factor N together with WS
parameters Wy, 7y, and ay are adjusted for the best fit
to the data. The Coulomb potential Vo (R) used in the
calculation of the exchange potential [see Eq. (9)] and
in the OM analysis is generated by folding two uniform
charge distributions with radii of 3.22 and 3.17 fm for 8Li
and 2C, respectively. All the OM analyses were made
using the code PTOLEMY [24].

The breakup effect in the °Li+'2C system can be rep-
resented by a dynamical polarization potential [5] whose
real part is expected to be repulsive and peaked at the
surface. This contribution from the DPP is simulated in
our folding analysis by a surface correction term AV (R)
added to the real folded potential. Then the optical po-
tential becomes

_ 1/3 1/3
W(R) = —Wy {1 + exp [R rv (617 +12 )]

ay

U(E,R) =Vp(E,R) + Vex(E,R) + AV(R) +iW(R),
(16)

where the shape of AV(R) is defined by its values at
certain radial knots with a cubic spline interpolation be-
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tween the knots. The AV(R) values at the knots are
parameters adjusted to fit the scattering data. Although
in such a “folding+spline” analysis there are more free
parameters, the results should be more significant than
those obtained in a folding analysis where the contri-
bution from the DPP is taken into account simply by
renormalizing the folded potential as a whole. The vol-
ume integrals (13) have to be renormalized by Ng or have
contribution from AV added, depending on which of the
two schemes (14) and (16) is used in the OM analysis.

III. RESULTS AND DISCUSSIONS

A. Energy dependence of the nucleon optical
potential

We shall find below that, within the folding model,
more than one half of the energy dependence of the HI
potential comes from the exchange term (see Sec. II B).
The remainder comes from an intrinsic energy depen-
dence of the effective interaction which has been approx-
imated by the energy dependence (5). One finds a simi-
lar behavior for the nucleon optical potential [11], and it
was this study that led to the introduction of the energy
dependent factor g(E) in Eq. (5). We have calculated
the nucleon optical potential at nucleon incident ener-
gies up to 200 MeV using various M3Y interactions. In
the nuclear matter.limit, the nucleon optical potential is
determined as the interaction potential between the inci-
dent nucleon and those in the filled Fermi sea. Applying
a continuous choice for the nucleon single-particle poten-
tial [25] at positive energies, the following expression can
be obtained [11] for the nucleon optical potential using
the central (spin-isospin independent) M3Y interaction

(1
U(p, E) =p[JD+/j0(kr)31(kpr)vEx('r')d3r , (17)

where Jp = —145.9 MeV fm3, k is the nucleon momen-
tum (k > kp) and is related to the incident energy F
as

k=5~ U, ) (1)

We note that the exchange term in Eq. (17) is evaluated
ezactly in this nuclear matter case since the incident nu-
cleon has been antisymmetrized with all other nucleons
in the medium (with k¥’ < kp). This leads to a self-
consistency problem in evaluating U(p, F). We have used
a simple iteration method to calculate U(p, E), and the
results are shown in Fig. 2 as the M3Y/FRE curve.

For the M3Y/PP1 and M3Y/PP2 interactions the cal-
culation of U(p, E) is simplified by the zero-range pre-
scription for the exchange part, and one has

U(p, E) = plJp + Joo(E)]- (19)

The results obtained using prescription (3) or (4) for
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FIG. 2. Energy dependence of the nucleon optical poten-
tial evaluated at different nuclear matter densities using the
M3Y/PP1, M3Y/PP2, and M3Y/FRE prescriptions for the
knock-on exchange effects. The full circles and open squares
are the empirical data taken from Refs. [26] and [27], respec-
tively.

joo(E) are shown in Fig. 2 as the M3Y /PP1 or M3Y /PP2
curve, respectively. As in the case of the M3Y /FRE inter-
action, the energy dependence of U(p, E) obtained with
the M3Y/PP1 or M3Y/PP2 interaction arises entirely
from the exchange term.

For the energy- and density-dependent interactions (5)
the U(p, E) is calculated by the same method, but with
the energy- and density-dependent factors taken into ac-
count during the iteration, i.e.,

U(p,E) = F(p)g(E)p [JD+/jo(kr)j'l(kp'r)'ugx(r)d:;r .

(17)

In Figs. 2 and 3 we show U (p, F) evaluated for p close
to the normal nuclear matter density compared with the
empirical values [26,27]. From the discussion above it is
clear that the curves M3Y/PP1 and M3Y/PP2 are just
two different approximations to the exact M3Y/FRE re-
sult. One can see from Fig. 2 that the linear M3Y /PP1
result is closer to the exact result while the logarithmic
dependence (4) gives the M3Y /PP2 potential much more
attractive at low energies and less attractive at high en-
ergies compared to the exact M3Y/FRE potential.. The
slope of the M3Y/PP1 and M3Y /FRE potentials is in a
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FIG. 3. The same as Fig. 2 using the energy-independent
(upper part) and energy-dependent (lower part) DDM3Y1 in-
teraction, with the exact treatment of the knock-on exchange
effects.

good agreement with that of the empirical data at low en-
ergies. With increasing energy, the calculated M3Y /FRE
potential is somewhat more attractive than the empiri-
cal one. The logarithmic formula (4) leads to a wrong
slope of the M3Y /PP2 potential at energies up to about
50 MeV. At higher energies the slope of the M3Y /PP2
potential begins, as expected, to approach that of the
empirical data.

The density-independent M3Y interaction (1), as noted
above, is not able to reproduce the saturation properties
of normal nuclear matter [11]. This necessitated the in-
troduction of a realistic density dependence [see Eq. (5)]
to the M3Y interaction. To show the effects of the density
dependence in the nucleon optical potential we have cal-
culated U(p, FE) using the density-dependent DDM3Y1
interaction [11] but without the energy-dependent fac-
tor g(E), i.e., by putting g(E) = 1 in Eq. (17'). The
results are shown in the upper part of Fig. 3, and one
finds that the calculated U(p, E) is a bit less attractive
compared with the M3Y/FRE result, but the slope re-
mains almost the same. This effect is easily understood
in light of the microscopic results for the nucleon optical
potential [25], where the energy dependence was shown
to come not only from the exchange part but also from
the direct part of the Brueckner G matrix. That is the
reason why an additional energy dependence has been
introduced into the interaction (5), in terms of the g(E)
factor. In the lower part of Fig. 3 we show the results ob-

tained with the energy-dependent DDM3Y1 interaction
[g(E) # 1], and one can see a good agreement with the
empirical values at all energies. The best fit is given by
the nucleon optical potential evaluated at p < 0.14 fm 3.
This is natural since the elastic nucleon scattering occurs
not in the deepest interior but rather in outer regions of
the target. Thus the intrinsic energy dependence g(F) in
Eq. (5) is found to be appropriate for either the BDM3Y1
or DDM3Y1 versions of the interaction.

B. Folding analysis of the ®Li+'2C scattering and
the energy dependence of the real optical potential

Different treatments of the knock-on exchange effects
lead to similar differences in the calculated 6Li+!2C po-
tentials. We have first used different M3Y interactions
to evaluate the energy dependent volume integral (13) of
the 6Li+12C folded potentials at energies up to E/A = 80
MeV. The results shown in Fig. 4 are also compared with
an “empirical” energy dependence (solid curve) of the
Jr/6A value suggested in a logarithmic form by the au-
thors of Refs. [6,7,9]

Jr/6A = —Jp/(64) + BrIn(6E/A), (20)

with J}% ~ 830 MeV fm? and Br ~ 100 MeV fm3. Since
the parameters in Eq. (4) were actually chosen [7,9] to
give an energy dependence of the folded M3Y/PP2 po-
tential close to Eq. (20), one finds from Fig. 4 that the
M3Y/PP2 curve is quite close to the empirical one. As
in the case of the nucleon optical potential, the Jg/6A
values of the M3Y/PP1 potential agree well with those
of the M3Y/FRE potential. This again indicates that
the prescription (3) for the pseudopotential in Eq. (2) is
a better representation of the knock-on exchange effects
than is the prescription (4). The result obtained with
the energy- and density-dependent DDM3Y1 interaction
are less attractive than those given by the M3Y /PP1 and
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FIG. 4. Energy dependence of the volume integral (13)
per interacting nucleon pair Jr/6A4 of the real (unrenormal-
ized) ®Li+'2C folded potentials obtained with the M3Y /PP1,
M3Y/PP2, M3Y/FRE, and DDM3Y1 interactions. The solid
curve is the “empirical” logarithmic dependence suggested in
Refs. [6,7,9].
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M3Y/FRE interactions and also closer to the empirical
results. However, its slope at low energies is different
from the logarithmic dependence (20). It is also shown
below that the behavior of the realistic Jr/6A values de-
rived from the best fit to the whole set of data is quite
different from the logarithmic law at low energies.

The difference found in the Jr/6A values for different
potentials is reflected in the radial shape of the folded
potentials. In Fig. 5 we plotted the folded potentials
obtained with different interactions for the ®Li+!2C sys-
tem at £/A = 10 and 35 MeV. The M3Y /PP2 potential
is much deeper at £/A = 10 MeV but becomes much
shallower at E/A = 35 MeV than the M3Y/PP1 and
M3Y/FRE potentials. The M3Y/PP1 potential is al-
ways deeper than the M3Y /FRE potential in the center,
an effect shown [18,19] to be due to the inadequacy of the
pseudopotential approximation for the exchange term.
With both the exchange and density-dependent effects
more accurately taken into account, the DDM3Y1 folded
potential becomes less attractive at small radii than the
M3Y/PP1 and M3Y/FRE potentials. The difference be-
tween the M3Y/PP2 and DDM3Y1 potentials is very
large at low energies, but becomes smaller as the energy
increases.

These folded potentials were used in the OM analysis of
the elastic 8Li+12C scattering at Ej,, = 60 [28], 99 [29],
156 [30], 210 [6], and 318 MeV [7], using the prescription
(14). In Figs. 6-9 and Table I the results given by the
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FIG. 5. Real (unrenormalized) ®Li+'?>C folded potential
obtained with the M3Y/PP1, M3Y/PP2, M3Y/FRE, and
DDM3Y1 interactions at E/A = 10 and 35 MeV.
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density-dependent DDM3Y1 and BDM3Y1 interactions
[10,11] are compared with those given by the density-
independent M3Y/PP1, M3Y/PP2, and M3Y/FRE in-
teractions. We emphasize that the exchange parts of
the DDM3Y1, BDM3Y1, and M3Y/FRE potentials are
calculated using the same method, with the finite-range
exchange interaction (1b). As in previous OM analy-
ses of these data, no spin-orbit potential was included in
our OM calculation since the weak spin-orbit interaction
for ®Li has been shown [31] to have little influence on
the elastic scattering cross section. Except at E/A = 10
MeV, the Li+12C scattering data show strong refractive
effects where the near- and far-side interference pattern
in the angular distribution is followed by a smooth rain-
bow pattern dominated by the refraction of the far-side
amplitude (see Fig. 1). We further recall that the refrac-
tive scattering pattern is very sensitive to the real optical
potential at small radii [2]. Therefore, the shape of the
measured angular distribution at large angles is essential
to test different types of the (real) folded potential.
From the results shown in Figs. 6-8 one finds that dif-
ferent folded potentials, after being properly renormal-
ized to optimize the fit to the data (see Table I and
Fig. 9), give slightly different descriptions of the elas-
tic scattering data. Since a strong renormalization of the
real folded potential has been shown to be caused by the
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FIG. 6. OM fits to the elastic °Li+!2C scattering data
at E/A = 16.5 MeV given by the renormalized M3Y /PP1,
M3Y/PP2, M3Y /FRE (upper part), and DDM3Y1, BDM3Y1
(lower part) folded potentials. The corresponding OM param-
eters are given in Table 1.
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o - Li+"C, E,=210 MeV solid Jr/6A curve is the “empirical” logarithmic dependence
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o
0.1000 | 3
. breakup effect [5], different energy dependences of the N
0.0100¢ 3 factor obtained with different types of the folded poten-
F ————M3Y/PPL tial (Fig. 9) raises some question about the energy depen-
00010 77T M3Y/PP2 i dence of the breakup effect in the elastic 5Li+'2C scat-
: M3Y/FRE tering. In the complete coupled-channels calculation by
0.0001] . ) . ' _\: Sakuragi [5], the M3Y/PP1 folded potential was used for
: c . x - . . . . both the real and imaginary potentials (with Ng = 1 and
i o e 12 Nr adjusted to fit the data). From these results, which
g i . Li+"C, E,=210 MeV certainly depend on the choice of the folded potential,
o 100008 x e, E one finds that the breakup effect depends little on the
o . energy (at E/A up to about 28 MeV) and the correspond-
0.1000k _ ing DPP has a repulsive real part peaked at the surface,
E with a strength there of about 30-40% of the M3Y /PP1
I 3 potential. In our folding analysis, the M3Y/PP1 and
0-0100F N 3 M3Y /FRE potentials have about the same Ng at differ-
i ’ ent energies (upper part of Fig. 9) and require a renor-
0.0010k T DDM3Y1 i malization of at least 30% up to E/A = 53 MeV which,
E EDM3Y1 3 according to Sakuragi’s results, might indicate a strong
0.0001L breakup effect also at higher energies. The M3Y/PP2
.0001 I 2 L 1 1 1 I . . . g
0 10 20 30 40 50 60 70 80 potential, calculated with a different prescription for the

Ocm [deg]

FIG. 8. The same as Fig. 6 but at /A = 35 MeV.

knock-on exchange effects, has N approaching unity al-
ready at E/A = 26 and 35 MeV, and one might expect
that the coupled-channels calculation using this potential
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would show a disappearance of the DPP at high energies
7,9].
| F]inally, the density-dependent DDM3Y1 and
BDM3Y1 potentials have Ng approaching the “stan-
dard” value of about 0.9 obtained from our previous fold-
ing analysis [10] of the '2C and 60 scattering data, al-
ready at E/A = 26 MeV. However different the Ny values
for different folded potentials are, they all tend to give
about the same Jr/6A value (lower part of Fig. 9). These
values seem to approach the “empirical” curve (20) at
high energies, while differing strongly from it at E/A =
10 and 16.5 MeV. It is expected from these discussions
that the most realistic connection of the renormalization
factor Ng to the breakup effect must be given by the
most realistic folded potential (to be used in the coupled-
channels calculation as the bare 8Li+!2C potential).
Based on the results of numerous folding analyses
[17-19], one might expect that among different folded
potentials, the simple M3Y/PP1 potential would give a
rather poor agreement with the data, the M3Y/FRE po-
tential (with a more accurate treatment of the exchange
term) and finally the DDM3Y1 and BDM3Y1 potentials
(with the most sophisticated treatment of the exchange
and density-dependent effects) would improve the agree-

ment essentially. It is therefore a surprise to find from
Figs. 6-8 and Table I that the M3Y /FRE potential gives
no better description than the M3Y/PP1 one, and the
DDM3Y1 and BDM3Y1 potentials systematically give a
worse description of the data than other simpler versions
of the folded potential. A folding analysis [32] using the
original DDM3Y interaction [17] also shows that the in-
clusion of this density dependence into the M3Y /PP1 in-
teraction worsens the fit to the present ®Li+'2C scatter-
ing data. The M3Y/PP2 potential (with a rather unreal-
istic treatment of the knock-on exchange effects) gives a
description comparable with that given by the M3Y/PP1
potential at E/A = 10 and 16.5 MeV only. At higher en-
ergies, when the refractive effects become stronger, the
M3Y /PP2 potential also gives a poorer description of the
data. Since the refractive pattern is sensitive to the real
potential at small radii [2], these results indicate that the
renormalized M3Y /PP2, DDM3Y1, and BDM3Y1 po-
tentials have unrealistic shapes at small internuclear dis-
tances. In Figs. 10 and 11 we have plotted radial shapes
of different folded potentials before and after renormal-
ization, at E/A = 16.5 and 26 MeV, respectively. One
finds that the renormalization of the various potentials
tends to give about the same value of the real potential

TABLE I. OM parameters [see Egs. (14) and (15)] used in the folding analysis of the elastic Li+'2C data at Ej.p = 60, 99,

156, 210, and 318 MeV.

Potential Ngr —Jr/6A <r§l)% Wv rv ay —Jw /64 (r%v)% oR x?
(MeV fm?) fm) (MeV) (fm) (fm) (MeV fm?) (fm) (mb)
SLi+12C, B = 60 MeV
M3Y/PP1 0.827 337.6 3.722 29.91 0.876 1.014 144.9 4.682 1487 13.4*
M3Y/PP2 0.706 334.0 3.674 30.02 0.876 0.981 141.1 4.585 1431 11.4*
M3Y/FRE 0.759 320.0 3.781 53.71 0.614 1.172 160.1 4.747 1606 17.1®
DDM3Y1 0.700 276.1 3.880 107.2 0.317 1.260 166.3 4.718 1646 23.1*
BDM3Y1 0.718 278.9 3.873 111.2 0.311 1.255 168.2 4.695 1643 22.6®
6Li+12C, Elap = 99 MeV
M3Y/PP1 0.623 248.4 3.730 89.27 0.328 1.328 159.9 4.959 1596 1.4®
M3Y/PP2 0.618 248.8 3.727 86.17 0.346 1.321 159.6 4.951 1591 1.3%
M3Y/FRE 0.601 243.4 3.790 93.60 0.322 1.321 162.9 4.930 1597 2.7
DDM3Y1 0.630 235.6 3.889 83.61 0.332 1.362 159.5 5.075 1644 9.3
BDM3Y1 0.641 235.9 3.882 85.21 0.330 1.356 160.2 5.052 1637 8.7%
8Li+'2C, Ejp = 156 MeV
M3Y/PP1 0.744 287.0 3.742 50.31 0.752 0.941 165.9 4.234 1207 8.6
M3Y/PP2 0.933 316.1 3.792 51.36 0.930 0.665 216.0 3.854 1088 14.6
M3Y/FRE 0.742 283.6 3.805 46.99 0.758 0.989 165.4 4.392 1265 8.7
DDM3Y1 0.860 298.2 3.902 54.34 0.948 0.625 234.3 3.808 1077 20.1
BDM3Y1 0.873 297.6 3.896 53.84 0.946 0.631 231.3 3.814 1078 19.5
SLi+'2C, Flap = 210 MeV
M3Y/PP1 0.717 267.8 3.754 93.38 0.525 1.001 173.8 4.063 1128 18.5
M3Y/PP2 0.968 287.7 3.849 75.50 0.850 0.660 252.8 3.650 1020 37.0
M3Y/FRE 0.702 254.4 3.820 140.8 0.396 1.025 183.5 3.985 1131 24.1
DDM3Y1 0.867 279.7 3.916 74.97 0.878 0.630 266.1 3.644 1017 42.8
BDM3Y1 0.879 278.8 3.910 75.32 0.869 0.639 262.0 3.644 1018 41.2
5Li+'2C, Ejap = 318 MeV
M3Y/PP1 0.697 243.1 3.781 58.52 0.572 1.142 150.9 4.595 1140 4.9
M3Y/PP2 1.019 243.7 3.960 149.7 0.281 1.153 173.4 4.320 1130 7.1
M3Y/FRE 0.731 238.7 3.853 64.83 0.498 1.208 150.5 4.724 1176 3.2
DDM3Y1 0.871 243.2 3.948 127.9 0.291 1.195 164.9 4.475 1153 6.1
BDM3Y1 0.883 242.4 3.918 126.3 0.292 1.199 164.4 4.488 1155 5.7

2%? values obtained with uniform 10% errors.
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FIG. 10. Unrenormalized (upper part) and renormalized FIG. 11. The same as Fig. 10 but at E/A = 26 MeV.
(lower part) by the Ng factors shown in Fig. 9 ®Li+'?C folded
potentials at E/A = 16.5 MeV, generated with the M3Y /PP1,
M3Y/PP2, M3Y/FRE, and DDM3Y1 interactions.
S *Li+C, E,,=318 MeV
at the surface, around 5 fm. The DDM3Y1 potential be- } 1.0000 3
comes too shallow at small radii after being renormalized o ]
and this leads to a poorer description of the large angle 0.1000 4
data. The same behavior is observed with the BDM3Y1 E
potential, which is close to the DDM3Y1 one. In con- i
trast, the renormalized M3Y /PP2 potential at F/A = 26 0.0100¢ 3
MeV (and higher energies) becomes deeper than the best- f ———— M3Y/PP1 ]
fit (renormalized) M3Y /PP1 potential (Fig. 11) and also 00010k M3Y/PP2 i
gives a worse fit to the data (Figs. 7 and 8). At E/A = : M3Y/FRE E
53 MeV the refractive part of the angular distribution i
moves towards smaller angles and the data become less 0.0001 - - - ; -
sensitive to the potential at small radii, and all folded < E P
potentials give a more or less satisfactory description of o r Li+"C, E,=318 MeV
the data (Fig. 12). S 1:0000%
The fact that the (renormalized) DDM3Y1 and o F
BDMS3Y1 potentials give poorer agreement with the 0.1000 -
data does not necessarily mean that these two density- E 3
dependent interactions are unrealistic. Instead, it raises i
the question whether a simple renormalization (Ng # 1) 0.0100 3
of the real folded potential is adequate for ®Li scattering.
The theoretical calculations of the breakup [5] indicate 0.00t0k T DDM3Y1 i
that the DPP effects on the optical potential cannot be BDM3Y1 E
represented realistically by a simple scaling. Instead, the
corresponding DPP contributions to the real potential 0'00010 10 20 70 v 50 60

are peaked in the surface. It is the need to reproduce
the correct value of the real potential in the surface that
mainly determines the Ng value. But then the renor-

®cm[deg]

FIG. 12. The same as Fig. 6 but at E/A = 53 MeV.
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malized potential at small radii is unrealistic, and this
deficiency is revealed at those energies where the scatter-
ing is sensitive to this radial region. Consequently, we
now consider a procedure that takes this into account by
using the spline procedure (16).

C. Folding+spline analysis of the ®Li+'2C scattering
and the effective DPP correction
to the real folded potential

The results discussed in the previous section clearly in-
dicate that simply renormalizing the folded potential is
not adequate to take into account the breakup effects in
the ®Li+12C case. Therefore, we have further analyzed
the same data using the definition (16) for the optical
potential. The correction AV (R) to the real folded po-
tential is defined by its values at certain radial knots
in the surface region 3 fm < R < 10 fm, with a cubic
spline interpolation between the knots. The values at
the knots, together with the imaginary potential param-
eters, are then adjusted to optimize the fit to the data.
The renormalization factor Ng was kept fixed at unity.
The potential values at R outside the spline-search region
were fixed to those given by the unrenormalized folded
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FIG. 13. OM fits to the elastic °Li+'2C scattering
data at E/A = 16.5 MeV given by the (unrenormal-

ized) M3Y/PP1, M3Y/PP2, M3Y/FRE (upper part), and
DDM3Y1, BDM3Y1 (lower part) folded potentials supplied
with a surface spline-shape term. The corresponding OM pa-
rameters are given in Table II.
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potential. Results obtained in this analysis using differ-
ent reference folded potentials are shown in Figs. 13-18
and Table II. In general, the fits given by different poten-
tials are much improved (compare the x? values in Tables
I and II) due to the more flexible shape of the real poten-
tial at the surface. Since the shape of the real potential
is fixed at small radii, the difference between different
types of the folded potential shows up noticeably in the
calculated cross sections at large angles. One finds that
the best fit to the data in the whole angular range (at
different energies) is given by the OM potentials which
use the density-dependent DDM3Y1 and BDM3Y1 po-
tentials as the reference potentials for the spline search of
the AV (R). The spline fit always leads to about the same
value of the real potential at the surface, around 4-5 fm,
which mainly determines the renormalization factor Ng
given in Table I (compare Figs. 14 and 16 with Figs. 10
and 11). Without affecting the shape of the folded po-
tential at small radii, the folding+spline analysis offers
a unique possibility to test different shapes of the folded
potential, as given by different effective NNV interactions.
At E/A = 53 MeV the bare M3Y/PP1 and M3Y/FRE
potentials are too deep in the center compared with the
DDM3Y1 one (Fig. 19). Therefore, they introduce os-
cillations into the angular distribution at large angles
(Fig. 18) which are not evident in the measurement (al-
though more complete data in this region would be valu-
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FIG. 14. Unrenormalized M3Y/PP1, M3Y/PP2,

M3Y/FRE (upper part), and DDM3Y1, BDM3Y1 (lower
part) folded potentials supplied with a surface spline-shape
term to fit the elastic scattering data at E/A = 16.5 MeV.
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FIG. 18. The same as Fig. 13 but at E/A = 53 MeV.
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able). The results of the folding+spline analysis now con-
firm that the DDM3Y1 and BDM3Y1 potentials (with
the exchange and density-dependent effects taken prop-
erly into account) are the most realistic candidates for
the bare 8Li+!2C potential, which should be used in an
explicit coupled-channels calculation of the breakup pro-
cess.

As discussed in Sec. III B, the DPP correction AV (R)
to the real folded potential due to the breakup effect
must depend on the chosen type of the bare folded po-
tential. We emphasize that the AV (R) terms obtained
with different folded potentials (see Figs. 14, 16, 20, and
21) are all repulsive and correct the folded potential so
that all the real potentials have about the same value
at the surface region (R around 4-5 fm) as that given
by the renormalization procedure. Therefore, different
Npg values obtained with different real folded potentials
(Table I) directly indicate different strengths of the DPP
term. The energy- and density-dependent DDM3Y1 and
BDM3Y1 interactions, which give consistently the best
description of the energy dependence of the nucleon opti-
cal potential (see Sec. IIl A) and of the refractive «,'2C,
and %0 scattering data [10,20], are shown in the present
folding+spline analysis also to give the best folded po-

tentials for the bare 6Li+'2C system. This gives us the
confidence to interpret the surface corrections AV (R) to
the DDM3Y1 and BDM3Y1 potentials found at different
energies as the DPP contribution caused by the breakup
effect. In Figs. 20 and 21 we show the DDM3Y1 po-
tentials [unrenormalized, renormalized to fit the data as
shown in Sec. IIIB, and unrenormalized but with the
spline-fit AV (R) term added] at different energies. The
AV (R) correction to the bare DDM3Y1 potential, unlike
that obtained with the M3Y /PP1 potential, seems to de-
pend more strongly on the incident energy. The effective
DPP contribution (Figs. 20 and 21) is strongest at E/A =
16.5 MeV, with AV (R)/[Vb(R) + VeEx (R)] ~ 40% in the
surface. At E/A = 35 and 53 MeV this ratio is about
13%. Although the DPP strength is weaker at high ener-
gies, its contribution is essential to improve the descrip-
tion of the scattering data (compare, e.g., the lower parts
of Figs. 7 and 8 with those of Figs. 15 and 17). The fi-
nal answer on the energy dependence of the DPP correc-
tion might be obtained in a complete coupled-channels
calculation [5], using the realistic energy- and density-
dependent DDM3Y1 or BDM3Y1 potential as the bare
6Li+12C potential to describe the scattering data at dif-
ferent energies.

TABLE II. OM parameters [see Eq. (16)] used in the folding+spline analysis of the elastic *Li+'*C data at Ej.p = 60, 99,
156, 210, and 318 MeV. Nr = 1 for all folded potentials.

Potential —Jr/6A (r%) 2 Wv rv av —Jw/6A (r¥) 2 OR x?
(MeV fm?) (fm) (MeV) (fm) (fm) (MeV fm?) (fm) (mb)
5Li+12C, Eiap = 60 MeV
M3Y/PP1+Spline 357.9 3.577 41.22 0.771 1.044 158.4 4.582 1481 11.6*
M3Y/PP2+Spline 475.0 3.463 38.48 0.775 1.028 147.0 4.541 1444 8.5%
M3Y/FRE+Spline 355.4 3.739 39.22 0.794 1.028 157.1 4.572 1491 12.0°
DDM3Y1+Spline 342.3 3.648 37.35 0.806 1.021 153.3 4.573 1463 9.4*
BDM3Y1+Spline 342.7 3.651 39.83 0.777 1.036 154.4 4.567 1470 9.5%
SLi+'2C, Elap = 99 MeV
M3Y/PP1+Spline 329.9 3.579 168.2 0.284 1.158 198.0 4.338 1462 1.6
M3Y /PP2+Spline 321.2 3.553 147.0 0.291 1.190 187.6 4.455 1483 1.6*
M3Y/FRE+Spline 314.3 3.593 167.7 0.285 1.157 197.9 4.337 1461 2.4*
DDM3Y1+Spline 273.2 3.630 84.05 0.385 1.281 161.6 4.851 1556 1.1®
BDM3Y1+Spline 265.3 3.630 86.93 0.335 1.328 158.3 4.963 1591 0.9
SLi+'2C, Elap = 156 MeV
M3Y/PP1+Spline 357.1 3.714 34.07 1.015 0.640 176.5 4.003 1073 7.9
M3Y /PP2+Spline 323.8 3.716 44.37 0.927 0.714 192.0 3.968 1109 5.0
M3Y /FRE+Spline 346.5 3.740 34.94 1.001 0.657 176.8 4.002 1082 6.2
DDM3Y1+Spline 316.6 3.751 39.84 0.949 0.718 183.0 4.029 1115 4.6
BDM3Y1+Spline 313.2 3.748 39.59 0.948 0.723 182.0 4.038 1118 4.5
5Li+12C, Elap = 210 MeV
M3Y/PP1+Spline 346.3 3.678 56.65 0.865 0.712 206.3 3.818 1038 11.0
M3Y /PP2+Spline 279.1 3.737 56.65 0.748 0.875 172.3 4.028 1089 10.4
M3Y /FRE+Spline 326.2 3.695 48.19 0.894 0.715 190.8 3.892 1041 9.6
DDM3Y1+Spline 288.7 3.744 42.63 0.857 0.810 165.8 4.062 1071 9.2
BDM3Y1+Spline 285.6 3.748 44.40 0.839 0.824 165.3 4.061 1075 9.5
SLi+'2C, Elap = 318 MeV
M3Y/PP1+Spline 332.6 3.735 65.27 0.910 0.658 258.4 3.787 1013 8.3
M3Y /PP2+Spline 236.7 3.923 121.5 0.296 1.210 163.3 4.530 1163 3.4
M3Y /FRE+Spline 311.4 3.806 59.41 0.921 0.658 242.5 3.815 1006 7.6
DDM3Y1+Spline 262.3 3.869 34.57 0.858 0.947 150.9 4.451 1093 3.3
BDM3Y1+Spline 259.5 3.888 34.15 0.846 0.976 148.4 4.511 1105 2.9

2x? values obtained with uniform 10% errors.
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FIG. 19. The same as Fig. 14 but at E/A = 53 MeV.

We show further in Fig. 22 the volume integrals per
interacting nucleon pair of the real (Jg/6A) and imag-
inary (Jw/6A) parts of the optical potential obtained
at different energies in our folding+spline analysis (the
Jr/6A values at E/A = 80 MeV are just given by the
bare folded potentials). Values given by the BDM3Y1
potential are close to those given by the DDM3Y1 po-
tential and are not shown in Fig. 21. One finds that only
the DDM3Y1 potential give values close to the empirical
trend shown in Fig. 9, while other potentials (even with a
spline correction added) give Jg/6A values strongly de-
viating from it. The WS imaginary potentials obtained
with the real DDM3Y1 folded+spline potential seems
also to agree with previous OM analyses of these data
[6,7], where Jw /6A is found to be centered around —150
MeV fm? at all energies.

To be sure that the results of the folding+spline anal-
ysis are stable, we have reanalyzed some data using the
BDM3Y1 folded+spline potential as the starting real po-
tential in the prescription (14). The results show that the
Np, factors obtained are very close to unity and the imag-
inary potential parameters are close to those in Table II.
For example, Ngp = 1.0041 for the energy 99 MeV where
the breakup effect is shown to be strongest. The pa-
rameters of the WS imaginary potential obtained at this
energy are rather different from other cases which might
also give a hint on the DPP effect in the imaginary po-
tential.

Finally we note that a folding+spline analysis involv-
ing other density-dependent versions of the M3Y interac-
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FIG. 20. Unrenormalized, renormalized by the Nr factors
shown in Fig. 9 and unrenormalized but supplied with a sur-
face spline-shape term °Li+'2C folded potentials at E/A =
10 (upper part) and 16.5 MeV (lower part), generated with
the energy- and density-dependent DDM3Y1 interaction.

tion (BDM3Y2 and BDM3Y3), which also reproduce sat-
uration properties of cold nuclear matter but give higher
nuclear incompressibilities [10,11], has shown [33] that
the best fit to the SLi+'2C scattering data is again ob-
tained with the DDM3Y1 and BDM3Y1 folded poten-
tials. These results confirm a conclusion drawn in our
previous folding analyses [10,20] that the most realistic
value of the nuclear incompressibility K is around 200
MeV.

IV. SUMMARY

Different versions of the M3Y interaction, with differ-
ent treatments of the nucleon knock-on exchange effects
and of the density dependence, have been used in a study
of the energy dependence of the nucleon optical potential
as well as in a systematic folding analysis of the elastic
6Li+12C scattering data at Fj,,=60-318 MeV. For the
latter, a generalized version [10] of the double-folding
model was applied, where the (local) exchange part of
the folded potential is evaluated exactly, within a local
density formalism.

It is found that the among the two M3Y/PP1
and M3Y/PP2 interactions which use zero-range pseu-
dopotential approximation for the exchange term, the
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FIG. 21. The same as Fig. 20 but at E/A = 26 (upper
part) and 35 MeV (lower part).

M3Y/PP1 one produces results closer to those given by
a more precise treatment of the exchange effects, i.e.,
the M3Y/FRE potentials. The energy dependence of
the nucleon optical potential, and eventually that of the
SLi+'2C optical potential, is shown to be determined
mainly by the exchange term which makes a correct treat-
ment of the knock-on exchange effects essential.

Given that the contribution from the DPP to the real
part of the 8Li+'2C optical potential is strongest at the
surface [5] and that the 8Li+'2C data are sensitive to the
real potential not only at the surface but also at smaller
distances, a renormalization of the folded potential as
a whole can be misleading. Therefore, the DPP con-
tributions to different real (unrenormalized) folded po-
tentials have been further simulated by a surface correc-
tion term, with the shape given by splines. The results
of the folding+spline analysis show that different energy
dependences of the (effective) DPP contribution to the
real folded ®Li+'2C potential are found with different
types of the folded potential. The energy- and density-
dependent DDM3Y1 and BDM3Y1 interactions, which
give consistently good description of the nuclear matter
properties and the energy dependence of the nucleon op-
tical potential, are shown in the present folding+spline
analysis also to be the most successful type of the folded
potential for the 8Li+!2C system. Thus, the surface cor-
rections AV (R) found with the DDM3Y1 and BDM3Y1
potentials (strongest at Ej,p=99 MeV) might give the
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FIG. 22. Energy dependence of the volume integral per
interacting nucleon pair of the real (Jr/6A) and imaginary
(Jw /6A) parts of different optical potentials for ®Li+*2C, us-
ing the real (unrenormalized) folded potentials supplied with
a surface spline-shape term. The Jr/6A values at E/A = 80
MeV are taken as given by the bare folded potentials. The
solid Jr/6A curve is the “empirical” logarithmic dependence
suggested in Refs. [6,7,9].

most realistic indication of the energy dependence of the
DPP caused by the breakup effect.

The success of the DDM3Y1 and BDM3Y1 interactions
in the present folding+spline analysis of the ®Li+!2C
scattering data also confirms the conclusion drawn earlier
[10,20] that the best folded potential is that built upon
density-dependent interactions, which have parameters
chosen to reproduce the saturation properties of nuclear
matter and which predict a nuclear incompressibility K
around 200 MeV.
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