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Toward a systematic nucleus-nucleus potential for peripheral collisions
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A systematic nucleus-nucleus potential is proposed based on an optical model analysis of angular distributions
of differential cross sections of °Li and "Li elastic scattering from targets with A > 40 with incident energies
between 5 and 40 MeV /nucleon. A single-folding model based on the Bruyeres Jeukenne-Lejeune-Mahaux
(JLMB) model nucleon-nucleus potentials was used. Systematics in energy dependence of the potential parameters
were obtained. This systematics was found to give reasonable account for both elastic scattering and total reaction
cross sections for projectiles with mass numbers up to A ~ 40, including both stable and unstable nuclei, for
incident energies from the vicinity of the Coulomb barrier to about 100 MeV /nucleon.
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I. INTRODUCTION

Systematics in optical model potentials are extremely
important in describing nuclear reactions. Systematic optical
model potentials not only allow people to study nuclear
reactions consistently [1], they are also essential in studies of
nuclear reactions induced by radioactive nuclei. Unlike light
particles; namely, proton, neutron, deuteron, helion, triton,
and alpha-particle for which many studies have been made
on systematics of their optical potentials [2-9], studies on
systematics of nucleus-nucleus (A A) potentials (with A > 6)
are very rare. For many years the only published results were
for °Li and “Li [10]. The reason is not only because there
are much fewer experimental data for heavy ions than for
light particles. Nuclear reactions induced by heavy ions are
also more complicated than those involving light particles.
Complicated reaction dynamics are involved, such as strong
collective excitations, breakup, and transfer reactions [11] in
heavy-ion reactions. However, recently considerable progress
has been made on systematic AA potentials. By taking into
account the Pauli nonlocality of the nucleon potentials and
a parameterized nuclear densities, Chamon et al. proposed
a global description of the nucleus-nucleus interactions (the
Sdo Paulo potential, SPP) [12]. Considerable success has been
obtained when applying this systematic potential to various
cases including both stable and unstable particles [13,14].
Recently, another global AA potential, which covers a large
range of nuclear masses and for incident energies above
50 MeV /nucleon, with a complex G-matrix interaction and
the Sdo Paulo systematics of nuclear density were proposed
by Furumoto et al. [15].

In this paper, we propose to study the global nucleus-
nucleus potential with a single-folding model (SFM) approach.
With this model, a nucleon potential, which is responsible to
the nucleon-nucleus elastic scattering and total reaction cross
sections, is folded with the nucleon density distribution of
the projectile nucleus. The single-folded A A potential is then
renormalized by fitting the nucleus-nucleus elastic scattering
data. One important property of the SFM is that it connects the

“dypang @buaa.edu.cn

0556-2813/2013/87(4)/044605(11)

044605-1

PACS number(s): 24.10.Ht, 25.10.+s, 25.70.Bc

properties of simple systems, the nucleon-nucleus potential,
to that of a complex systems, the AA potential. The resulting
renormalization factors (RFs) of the AA potential could
be studied theoretically. Perkin, Kobos, and Rook attribute
the real parts of the RFs and their energy dependence to
(i) three-body terms, (ii) the Pauli principle, and (iii) the
energy dependence of the nucleon-nucleus potential [16] (the
PKR model), which quantitatively agrees with the empirical
results for deuteron, >He, and “He [9,16]. The renormalization
factors can also be related to the nonlocality of the nucleon-
nucleus potentials [17]. Understanding of these properties are
important in nuclear physics. In this work we aimed not only
to study the systematics of the heavy-ion potential but also to
provide the “experimental data” for further theoretical studies
on their renormalization factors.

The single-folding-model approach has been previously
used to study the systematics of deuteron and alpha-particle
potentials [9,18]. In this paper we apply the same method to
the °Li and "Li potentials. Experimental angular distributions
of elastic scattering cross sections are fit and optimum
renormalization factors for each data set are obtained, from
which the energy dependence of these RFs are derived.
Unexpectedly, the resulting systematics was found to account
well for elastic scattering of not only SLi and "Li themselves,
but also for the elastic scattering and total reaction cross
sections of much heavier projectiles with mass numbers
up to A =40, including both stable and unstable nuclei.
This result suggests that a systematic AA potential can
be obtained with the single-folding-model approach. De-
tailed descriptions of the procedures are presented in this
paper.

This paper is organized as follows: the single-folding model
for nucleus-nucleus potentials is briefly introduced in Sec. II.
Details of the analysis of the experimental data are given
in Sec. III. The energy dependence of the renormalization
factors for the real and imaginary potentials are obtained
and examined with the angular distributions (ADs) of elastic
scattering cross sections and total reaction cross sections
(ogr) for various projectiles at different incident energies.
The sensitivity of the nucleus-nucleus elastic scattering
cross sections and their total reaction cross sections to the
potential parameters are also investigated in this section.
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Discussions of the results and conclusions are given in
Sec. IV.

II. SINGLE-FOLDING MODEL OF NUCLEUS-NUCLEUS
POTENTIAL

With the single-folding model the nuclear potential encoun-
tered by a projectile nucleus (P) in its collision with a target
nucleus (T) at incident energy Ej,p is

Use(R, Ewp) = Y | pl(NUa(sl, Endr, (1)

i=p,n

where R is the vector from the center of mass (c.m.) of the
target nucleus to that of the projectile; ,oiP (r)isthenucleon (i =
p for proton and i = n for neutron) density in the projectile at
position r from its center of mass, and s is R + r; U;r(|s]|, E;),
as a function of |s| and incident energy per nucleon of the
projectiles, is the optical model potential for the nucleon-target
system. In the single-folding model the N A potential should
account for the elastic scattering of the nucleon from the target
nucleus at the incident energy E; = Ej,/A,. In this work
we found it convenient to use the semimicroscopic Lane-
consistent JLMB model potential [19,20] because, compared
to phenomenological potentials, it allows the geometry (radii
and diffuseness) of the resulting AA potential to vary with
incident energy through its energy-dependent finite-range
Gaussian parameters (; and #;, defined in, e.g., Refs. [19,20])
within a reasonable range [9,18]. Energy dependence in geom-
etry of a systematic AA potential is important to describe the
nucleus-nucleus elastic scattering within a sufficiently large
range of incident energies [9]. Details of the calculations of U;t
have been given in Refs. [9,19,20] and are omitted in this paper.

Point proton and neutron density distributions of the
projectile [in Eq. (1)] and the target nuclei (in calculating U;rt
[19,20]) are required in the single-folding model for the A A po-
tentials. In this work, results of the independent-particle model
were used for the nucleon density distributions of °Li and "Li
[21]. The corresponding root-mean-square radii are 2.401 and
2.367 fm for °Li and "Li, which are close to their experimental
values of 2.43 £ 0.02 and 2.33 £ 0.02 fm, respectively [22].
Expect where explicitly stated, all proton and neutron density
distributions in the target nuclei are obtained from Hartree-
Fock (HF) calculations based on the SkX parametrization [23].
This parameter set accounts for the differences of binding
energies for mirror nuclei [24], interaction cross sections [25],
and nuclear charge distributions [26] and has been extensively
used in folding-model calculations [9,27].

Equation (1) is only used for the calculation of the nuclear
part of the nucleus-nucleus potential. The Coulomb potential
has to be added for the full potential. Additionally, due to the
compositeness of the projectile nucleus [16], its SFM potential
has to be renormalized for describing its elastic scattering
and total reaction cross sections with a target nucleus. So,
eventually, a full AA potential in our single-folding-model
approach takes the following form:

U(R, Eipp) = NiRe[Usg(R, Eip)] + i N\Im[Usg(R, Elap)]
+ Ve(R), ()
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where N; and N; are renormalization factors for the real and
imaginary potentials, respectively. The Coulomb potential, V¢,
is calculated in the usual way with a radius R¢ = rC(A%/ P4

A}) where rc is fixed to 1.3 fm. Both SLi and "Li have
nonzero spins in their ground states. However, in this work,
only angular distributions of elastic scattering cross sections
were analyzed, which are known to be insensitive to spin-orbit
potentials [28]. For this reason, spin-orbit potentials are not
included in this work. In Ref. [9,18] we also study the energy
dependence of the finite-range Gaussian parameters #. and f
[19,20]. That approach was necessary for a range of incident
energies between 10 and 100 MeV /nucleon (see Fig. 2 in
Ref. [9]). The energy range analyzed in the present work is
only between 5 and 40 MeV /nucleon, within which the ¢, and
t; values can be taken to be constants. In this work, we keep
their valuestobe t, = 1.25fmand #; = 1.35 fm, which, overall,
provide good systematic nucleon-nucleus potential for various
targets from 1 keV to about 200 MeV [19,20].

III. DATA ANALYSIS

A. Derivation of systematic potential

The experimental data and their references are listed in Ta-
bles I and II. Only data on heavy targets were used. The incident
energies included are between 5 and 40 MeV /nucleon. The
upper limit is mainly due to the availability of the experimental
data. All the experimental data were taken from the nuclear
reaction database EXFOR/CSISRS [29], expect for Liat50.6,
99, and 156 MeV, and "Li at 52 and 88 MeV, which were
digitized from the Refs. [30-33].

The computer code JLM was adapted for calculations of
the JLMB model nucleon-nucleus potentials. Renormalization
factors N; and N; were found by fitting experimental data with
the standard minimum x? (divided by the number of data
points) method. Experimental error bars were used in these
fits if they were available; otherwise, uniform uncertainties
of 10% were applied for all data points. The optical model
fittings were performed by using the computer code SFRESCO,
which is a combination of the computer code FRESCO [34] and
a parameter-search routine MINUIT [35]. Detailed descriptions
for the procedure in the data analysis can be found in Ref. [9].
The resulting single-folding parameters are listed in Tables I
and II for ®Li and "Li, respectively, and are represented by the
symbols in Fig. 1.

As we can see, within the energy range of 5 to
40 MeV /nucleon, the N; values for SLi obtained from optical
model fits to each individual data set can be represented
by a linear function of incident energy, while the N; values
do not show an obvious energy dependence. Based on this
observation, we fit N, of °Li with a linear function, as shown in
Eq. (3), and take N; as a constant whose values was taken to be
the average of the individually fit values, as is shown in Eq. (4).
For ’Li, the maximum incident energy analyzed is only 88
MeV. Within such small energy range, both N, and N; can be
taken as constants, whose values are given in Egs. (5) and (6).
Note, however, that the distributions of N, and N; values of "Li
overlap with those of °Li at the same energy range. We assume
that they depend the same way on incident energy as those of
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TABLE 1. Experimental data analyzed in this work, their
references, and their results of individual fittings for Li. Note that
the x? values in this table are calculated with the energy-dependent
potential derived in this work [Egs. (3) and (4)].

Target Epn/MeV N, N; x2 Ref.
40Ca 99.0 0.4688 1.223 17.7 [31]
156.0 0.5426 1.275 18.1 [32]

210.0 0.6960 1.474 53.7 [36]

240.0 0.6472 1.345 29.2 [37]

“Ca 240.0 0.6144 1.227 25.3 [37]
S8Ni 34.0 0.5341 1.650 1.02 [38]
73.7 0.4604 1.202 8.38 [39]

90.0 0.5367 1.097 48.1 [40]

99.0 0.4746 1.164 23.1 [31]

240.0 0.5018 1.262 38.6 [37]

Oy 60.0 0.5560 1.213 7.51 [41]
07r 70.0 0.5101 1.166 1.37 [42]
73.7 0.3816 0.972 3.66 [39]

99.0 0.4186 1.112 8.89 [31]

210.0 0.6034 1.508 112 [36]

240.0 0.6107 1.398 42.4 [37]

27r 70.0 0.5118 0.995 8.88 [42]
%Zr 70.0 0.5207 1.009 9.99 [42]
%7y 70.0 04939  0.968 8.60 [42]
1165 240.0 0.5719 1.416 184 [43]
1208n 44.0 0.2394 1.022 6.57 [44]
90.0 0.2673 7.741 13.8 [40]

124Sn 73.7 0.4067 1.021 1.12 [39]
144Sm 30.1 0.4095 1.837 1.78 [45]
32.2 0.4452 1.683 1.22 [45]

35.1 0.4278 1.816 0.969 [45]

42.3 0.4173 1.304 1.85 [45]

208y, 31.0 03998  2.298 2.09 [46]
33.0 0.3830 1.763 0.272 [47]

35.0 0.3913 1.554 2.30 [46]

39.0 0.4952 1.184 1.20 [47]

50.6 0.3494 1.015 1.33 [30]

73.7 0.4198 1.045 0.219 [39]

90.0 0.8807 1.877 9.63 [40]

99.0 0.4746 1.432 3.99 [31]

156.0 0.6224 1.245 39.8 [32]

210.0 0.4119 1.225 30.8 [36]

2098 32.8 0.3803 1.681 0.160 [48]
36.0 0.2850 2.029 2.41 [49]

40.0 0.3223 1.826 8.24 [49]

®Li. Note that the x 2 values (divided by number of data points)
in Tables I and II and the solid curves in Figs. 2 and 3 were
obtained with the energy-dependent potential parameters in
Egs. (3) and (4). Note also that in order to compare the degree
of agreement between different data sets, uniformly 10% of
experimental uncertainties were assumed for all data sets when
calculating the x? values in Tables I and II. One sees that the
systematic parameters can reproduce the °Li and "Li elastic
scattering satisfactorily except for °Li elastic scattering at
above 156 MeV. The uncertainties of N, and Nj; in Egs. (3)—(6)
are standard deviations of the differences between the individ-
ual values of these renormalization factors and their systematic
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TABLE II. Same as Table I but for "Li.

Target Ep/MeV N, N; x2 Ref.
40Ca 34.0 0.5806 1.390 22.7 [50]
88.0 0.4281 1.059 23.1 [51]
#Ca 34.0 0.4631 1.219 11.3 [50]
$Ca 34.0 0.4471 1.217 5.76 [50]
88.0 0.4257 1.030 46.7 [51]
SFe 36.0 0.5514 1.423 0.693 [50]
S4Fe 42.0 0.4596 1.255 0.952 [50]
Fe 48.0 0.4119 1.005 5.24 [50]
S0Fe 34.0 0.4658 1.192 2.00 [50]
SN 34.0 0.5510 1.624 2.07 [50]
42.0 0.3695 1.207 4.78 [52]
6ONj 34.0 0.8040 2.023 3.11 [50]
8y 60.0 0.2799 0.969 3.58 [41]
07y 34.0 0.5674 1.770 0.451 [50]
118G 48.0 0.5726 1.290 2.11 [10]
148 m 35.0 04825  1.738 1.21 [45]
40.8 0.3783 3.080 4.93 [45]
52.0 0.6762 1.134 4.28 [33]
208pp 33.0 0.4032 0.689 1.45 [47]
39.0 0.5960 1.939 6.03 [47]
42.0 0.4023 1.266 0.089 [53]
52.0 0.6470 1.316 2.86 [54]
values:

N (Ejp) = (0.00424 Eyp/ Ap + 0.423) £0.068,  (3)

NM =1.2240.17, )
NM = 0.489 + 0.096, (5)
NM =128 +0.22. (6)

Studies of ®Li elastic scattering from '>C show that the
dynamic polarization potentials (DPPs) induced by projectile
breakup couplings are oscillatory in regions when two nuclei
are close to each other [55]. For such cases, the effect of
DPP cannot be represented by overall renormalization factors
over all radial ranges. For example, we see from Fig. 3 that
the global potential parameters do not account well for the
angular distributions of 6L at 156, 210, and 240 MeV at large
angles, where the phenomena of rainbow scattering occurs,
which is well known to be sensitive to the inner part of
the optical model potentials [56]. Fortunately, as discussed
in Ref. [57], typical elastic scattering data of heavy ions
primarily determine the optical model potential near the strong
absorption radius where the nuclear matter densities of the
pair of colliding nuclei barely overlap [57]. This is true
even for cases with rather high incident energies, such as
160 elastic scattering at 94 MeV/nucleon, when the target
nucleus is heavy (A > 40) so that the Coulomb force is strong
[58]. For such peripheral collisions the systematic in RFs of
single-folding potentials should apply. Actually, from Fig. 3 we
also see that the magnitudes and shapes of angular distributions
for center-of-mass angles smaller than the rainbow angles are
well reproduced. This result suggest that the single-folding
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FIG. 1. N, and N; values from individual fits for °Li and 7Li:
(a) N, for °Li, (b) N; for °Li, (c) N, for "Li, and (d) N; for "Li.
Their numerical values are shown in Tables I and II. The dashed
curves represent the energy dependence of these parameters given by
Egs. (3)-(6).

model adopted in this paper account well for the surface part
of the nucleus-nucleus potential. We demonstrate this in the
following subsection.
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B. Examination of systematic potential

The systematics of renormalization factors in Egs. (3) and
(4) are first checked with the elastic scattering data of °Li
and "Li, from which the systematic potential was derived.
The results are shown in Figs. 2 and 3 (their corresponding
x? values are presented in Tables I and II). For comparison,
calculations were also made with the systematic potential
derived by Cook [10] (depicted in dashed curves). In order to
see the angular distributions at higher energies more clearly,
the scattering angles in both figures are translated from 6,
t0 Oc . [9]:

®c.m. = [1 + E11;1{3467€C'm'/w]90.m.a (7)

where w was taken to be 30 degrees. The effect of these
translations can be seen in Fig. 4 for the cases of °Li and
7Li elastic scattering from various targets at 73.7 and 42 MeV,
respectively. The detailed differences in angular distributions
with this work and Cook’s systematics can also be seen in
this figure. In general, experimental data can be satisfactorily
described.

Nucleus-nucleus OMPs at low energies (around or even
below Coulomb barriers) are of great interest in studies of
fusion reactions. Experimental data at low energies, however,
are not included in the present systematic analysis. This
is not only because the optical model potential at low

FIG. 2. Comparisons between optical model calculations and experimental data of °Li and Li elastic scattering from heavy targets at
incident energies indicated in the figures. The solid and dashed curves were calculated with the systematics in this work and that of Cook’s [10],
respectively. Different data sets are offset by factors of 100 in panel (a) and 10* in panel (b) for optimum view. Experimental error bar are

smaller than size of the data points and are not shown in these figures.
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FIG. 3. Same as Fig. 2 but for °Li at higher incident energies (a) and for "Li (b).

energies suffer from greater uncertainties, but also because
at incident energies near Coulomb barriers, the heavy-ion
optical potentials show threshold anomaly, which cannot be
represented by a simple linear function of incident energies
[59]. It is interesting, phenomenologically, to see how a
systematic potential derived from a high-energy region works
when it is extrapolated to low-energy regions. In Fig. 5 we
show results of optical model calculations for °Li and 7Li
elastic scattering from various targets at incident energies

6
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between 2 and 5 MeV /nucleon and their comparisons with
the experimental data. Calculations with the SPP systematics
are also shown as dashed curves. Although, in general, the
present systematics reasonably reproduces these low-energy
data and gives very close results to that of the SPP, for
several cases it is inferior to the SPP by overestimating the
differential cross sections at large angles (actually in those
cases both systematics overestimate the cross sections). The
reason may be because the Pauli nonlocality is especially
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FIG. 4. Comparisons between optical model calculations and experimental data for (a) °Li elastic scattering at 73.7 MeV and (b) "Li elastic
scattering at 42 MeV, respectively, from various targets. Note that 6, ,,,, is used in this figure instead of ®,, to show the effect of the translation
of the scattering angles and a more detailed view of the differences in the present systematics and Cook’s systematics.

044605-5



Y. P. XU AND D. Y. PANG

58Nj 12 MeV
1.0 2044t ——0—ggyg]
9355 305

1.0 38, 2SN 20 MeV/

oa

1445m 21 MeV/

1.0

1.0

G/ORyth

85Cu 25 MeV

7OGe 28 MeV

0 30 60 90 120 150 180
0c m. (deg)

PHYSICAL REVIEW C 87, 044605 (2013)

59Co 12 MeV

'*4Sm 21.6 MeV

iiig

1.0
 2%pp 27 Mev

£

=]
o
L
o)

59co 18 MeV

85Cu 25 MeV

805e 23 MeV

e, “4Sm 30 MeV
10 L S SS5 =

90 120 150 180

0c.m. (deg)

60

FIG. 5. Comparisons between the optical model calculations and experimental data for (a) °Li and (b) "Li elastic scattering from heavy
targets at low energies (Ej,, < 5 MeV /nucleon). The incident energies are indicated in the figures. The solid and dashed curves were calculated
with the present systematics and that of SPP, respectively. The data are plotted in linear scales. Uniform 10% uncertainties were assumed for
all data points. The experimental data are all obtained from the EXFOR database with Refs. [45,46,61-69].

treated in SPP [60], which is important at low incident
energies [16].

An important property of a systematic heavy-ion potential
is its range of applicability with respect to projectile masses.
In Figs. 6, 7, 8, and 9 we present the comparison between
experimental data and optical model calculations for '*C,
160, 328, and *°Ar elastic scattering from various targets at
incident energies from vicinity of Coulomb barrier to about
100 MeV /nucleon. These are the representatives of the stable
nuclei we have checked with atomic masses between 6 and 40.
The present systematics accounts well for the elastic scattering
angular distributions for most of the cases we checked. Notice,
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25 o o © , 0927V,]
Q,

64.9 MeV (+1.0) “N

2.0 ]

74.9 MeV (+0.5)

® o

G/ORyth
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however, that, it is not satisfactory for light targets with A < 40
(see, for example, 160y elastic scattering from 12C and 28Si in
Fig. 7). This, as discussed in Refs. [7,9,18], demonstrates thata
systematics established from the heavy-target region does not
guarantee the same quality of agreement for elastic scattering
from light targets. Total reaction cross sections from optical
model calculations using the present systematics also agree
reasonably well with the experimental data. We take Fig. 10
as an example where oy for 12¢ 20Ne, 40Ar, and “°Ca on
various targets from A = 12 to A = 208 are shown. These
results of optical model calculations are also close to those
obtained with Kox’s formula [70,71]. Except for 12, whose
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102 o 0.945 V|
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B 100 Q g0
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FIG. 6. Comparison between optical model calculations and experimental data for elastic scattering of (a) '>C and (b) '°O from 2%Pb at
incident energies indicated in the figures with the systematic potential obtained in this work. The ratio between center-of-mass energies and
the heights of Coulomb barriers (V},) are also indicated in the figures. The experimental data are from Refs. [74,75].
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FIG. 7. Comparison between optical model calculations and
experimental data for '°O elastic scattering from various targets at
94 MeV /nucleon. The experimental data are from Ref. [58].

density distribution were taken to be a two-parameter Fermi
function with parameters py = 0.194 fm=3, ¢ = 2.214 fm, and
a = 0.425 fm (set II in Table II of Ref. [72]), which has
been extensively used in folding-model calculations [18,22];
the nucleon density distributions of other projectile are all
taken from HF calculations using the SkX interaction as
stated previously. Relativistic corrections [73] to the reaction
kinematics were made for cases with incident energies above
40 MeV/nucleon, which was found to be necessary to
reproduce the angular distributions of the elastic scattering
cross sections on heavy targets.

For applying the present systematics to unstable nuclei, we
found that it reproduces very well for "Be, B [80], '°C, and
1C [81] the elastic scattering from 2°®Pb at incident energies
around three times the Coulomb barriers and '"F elastic
scattering from 208pp at 120 [82] and 170 MeV [83]. There
are, however, no systematic measurements of elastic scattering

calc

58Ni 107.3 MeV (x10) exp ©

- 40Ca 151.5 MeV %
(x0.1)

0 30 60 90 120 150 180
6c.m. (deg)

FIG. 8. Comparison between optical model calculations and
experimental data for 32S elastic scattering from various targets at
incident energies indicated in the figure. The experimental data are
from Refs. [76-78].
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FIG. 9. Comparison between optical model calculations and
experimental data for “’Ar elastic scattering from °Ni, '?°Sn, and
208pb at 44 MeV /nucleon. The experimental data are from Ref. [79].

angular distributions for unstable nuclei to compare with. We
demonstrate the applicability of the present systematics to
unstable nuclei by comparison with their total reaction cross
sections. Saint-Laurent et al. systematically measured the total
reaction cross sections induced by Li, Be, B, C, N, O, and F
isotopes including their neutron-rich ones on a natural copper
target [84]. These data were analyzed by Liatard et al. to obtain
the root-mean-square radii of the proton and neutron density
distributions in those projectiles assuming Gaussian-form
distributions [85]. We use these density distributions in our
single-folding model calculations and apply the systematic

200 | ‘ ‘ ‘ 40, N
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FIG. 10. Comparison between results of optical model calcula-
tions and experimental data for total reaction cross sections of '>C,
20Ne, “°Ar and “°Ca with various targets at incident energies indicated
in the figure. The experimental data are from Refs. [70,86].
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TABLE III. Total reaction cross sections of carbon isotopes on
natural copper target at various energies and their comparisons with
results of optical model calculations with the systematic potential.
Their differences are denoted by A = |op™ — 0|/ Acy™. The
energies are in MeV /nucleon, and the total cross sections are in
barn.

Ap Elab O';XP[ + AO';;XPl O'Ealc A
11 36.77 2.28+0.44 2.35 0.169
12 29.78 2.404 +0.099 2.44 0.344
13 24.23 2.09£0.13 2.47 2.935
46.52 2.22+0.35 2.39 0.498
14 19.78 1.88 £0.28 2.61 2.598
39.52 2.521 +£0.051 2.56 0.845
45.00 2.62+0.22 2.53 0.396
15 33.82 2.847+0.59 2.72 0.213
38.68 2.666 + 0.081 2.70 0.354
16 29.10 2.69£0.11 2.77 0.738
33.44 2.743 £ 0.059 2.75 0.159
44.64 2.19+£0.77 2.69 0.644
17 24.55 2.24+£0.51 2.99 1.466
29.07 2.314+0.20 2.98 3.324
39.15 2.96 £0.12 292 0.366
18 34.51 2.89+£0.20 291 0.074
19 45.12 27+£15 2.78 0.053

renormalization factors to the resulting optical potentials. The
resulting total reaction cross sections from optical model
calculations are compared with experimental data for the
1-19C isotopes in Table IIl. The calculations agree with
experimental data within experimental error bars with only
a few exceptions. The same conclusion can be made for other
isotopes reported in Ref. [84]. In these calculations proton
and neutron density distribution of the natural copper target
were taken to be the average of those of 63Cu and % Cu, which
were obtained with HF model calculations, weighted with their
isotopic abundances.

The present systematic potential inevitably has limitations.
As mentioned above, the systematics is not satisfactory for
light targets with A < 40, such as '2C and 28Si. Limitations
also exist in the optical model itself on which the systematic
potential is based. We have checked that it cannot reproduce
elastic scattering of exotic nuclei at around Coulomb barriers,
such as ®He + 28Pb at 22 MeV [87] and ''Be + *Zn at
E.m =245 MeV [88]. Coupling effects from breakup
reaction channels strongly suppress the Coulomb-nuclear
interference peaks at intermediate angles for such cases [89].
Other couplings effects, such as strong Coulomb excitations,
can also affect the elastic scattering angular distributions
considerably [11]. The problem of strong Coulomb excitations
become important when both projectile and target nuclei
are heavy, which prohibits applying the present systematic
potential to such cases. Examples can be seen in Fig. 11 where
elastic scattering of “°Ca and *Kr from 2%®Pb at 235 and
695 MeV; both are close to their Coulomb barriers and are
compared with optical model calculations with the systematic
potential. The strong suppression of differential cross sections

PHYSICAL REVIEW C 87, 044605 (2013)
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FIG. 11. Comparison between optical model calculations and
experimental data for “°Ca and *Kr elastic scattering from 2°*Pb
at around Coulomb barriers (235 and 695 MeV, respectively). The
experimental data are from Refs. [90,91].

at intermediate angles in both cases cannot be reproduced by
the optical model calculation with the systematic potential.

C. Sensitivity test of potential parameters

Many studies shows that the double-folding potentials of
®Li and "Li have to be reduced by around 40%-50% to
reproduce their elastic scattering data [92]. It was later found
that this phenomena is related to the dynamic polarization
potentials induced by couplings from continuum states of the
projectiles due to their weakly bound nature [93]. Notice that
the N, values for ®Li and "Li are also around 0.5 with the
single-folding model adopted in this paper. One thus would
expect that this is also due to the effects of breakup couplings
to the elastic channel. However, it is then puzzling that the same
systematics for N, seems to be valid for tightly bound nuclei
like >C and '°0 as well. It is hard to imagine that the breakup
couplings have the same effects for both weakly and tightly
bound nuclei. One question one may ask is how sensitive are
the elastic scattering and total reaction cross sections of tightly
bound nuclei to the optical potential parameters? If they were
not sensitive to the potential parameters, this would solve the
puzzle and it would suggest that the optical model potentials
cannot be determined well for tightly bound heavy nuclei. We
check the sensitivity of the angular distributions of differential
cross sections and the total reaction cross sections to the four
potential parameters in our single-folding model; namely N,
N, t,, and #. We study this problem with '2C elastic scattering
from 2%8Pb at 85 and 480 MeV. We take the results with the
systematic potentials, namely, N; and N; given by Egs. (3)
and (4), respectively, and #, = 1.25 fm and f; = 1.35 fm as the
benchmark and check the changes in elastic scattering angular
distributions (taking %2 as the criterion) and in total reaction
cross section (by percent) with respect to the changes of these
parameters. For each parameter a multiplication factor varying
from 0.5 to 1.5 with steps of 0.05 were applied. The x 2 values
were evaluated with 6, ;,, from 20° to 100° for 84.9 MeV and
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FIG. 12. Sensitivity test of angular distributions of differential cross sections of potential parameters for '2C elastic scattering from 2°*Pb
at (a) 84.9 MeV and (b) 480 MeV. The curves are for renormalization factors, and the curves with symbols are for finite-range Gaussian

parameters.

from 4° to 24° for the 480 MeV case assuming a uniform 10%
uncertainty for the ratio-to-Rutherford cross sections at each
scattering angle. The result is shown in Fig. 12. One sees that,
at lower energies, the angular distribution data is more sensitive
to the changes in the real part of the potential, both in N; and #,,
while at 480 MeV sensitivity to changes in N; becomes equally
important. Actually, the lower sensitivity in #; has been found in
studies of a-particle scattering [9]. If we take x> = 5 (averaged
by number of angular points) as a criterion of “acceptable
agreement,” we see that angular distribution data can confine
N; values within 20% and ¢, values within around 15% at
84.9 MeV and these confinements are stronger at 480 MeV.
The total reaction cross sections, on the other hand, are more
sensitive to the changes in the parameters of the imaginary
potentials; namely N; and #, and depend very weakly on N, and
t.. Figure 13 suggests that if the total reaction cross sections
were measured with 5% error bars, they can confine the N;
values within about 20% and the ¢; values within about 15%.
These uncertainties are consistent with the uncertainties we get
in Egs. (3) and (4). It is now clear, with the above criteria, that

25

20
15 ¢
10 |

Changes in og (%)
o

10 |

0.4 0.6 0.8 1 1.2 1.4 1.6
Multiplication factor

the potential parameters can be determined with uncertainties
smaller than the needed renormalization of folding-model
potentials for °Li caused by breakup-coupling effects. More
efforts should be made to better understand these phenomena.

IV. SUMMARY

Elastic scattering of °Li from heavy targets at incident
energies between 5 and 40 MeV was analyzed with a
single-folding model. The simple energy dependence of the
potential parameters was obtained [Egs. (3) and (4)], which
was found to reproduce the angular distributions of elastic
scattering cross sections and total reaction cross sections for
projectiles with atomic masses up to around A = 40, including
both stable and unstable nuclei, for peripheral collisions
without strong-coupling effects (e.g., Coulomb excitations or
projectile breakup couplings) to the elastic scattering channel.
This result suggests that a global nucleus-nucleus potential
can be achieved with the single-folding model based on

12 +

Changes in og (%)

0.4 0.6 0.8 1 1.2 1.4 1.6
Multiplication factor

FIG. 13. Same as Fig. 12 but for total reaction cross sections.
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the JLMB model of systematic nucleon-nucleus potentials
and reasonable nucleon density distributions of the colliding
nuclei. Further analysis including more experimental data
for heavier projectiles will be made for the proposed global
nucleus-nucleus potential. Theoretical efforts should also be
made to understand the amplitudes and the energy dependence
of renormalization factors for these single-folding heavy-ion
potentials.
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