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Abstract The elastic and inelastic scattering of °Li on '*C,
5 8Ni, QOZr, and 2°*Pb targets at 600 MeV are analyzed via
double-folding optical model potentials based on the S1Y
effective nucleon—nucleon (NN) interaction and ¢pp approx-
imation. Information is provided, by single- and coupled-
channel calculations, on the effect of breakup and its feedback
on the elastic scattering of °Li ions. Experimental results are
successfully reproduced. The in-medium NN cross-section
and second-order (double-scattering) correction to the #pp
potential are taken into account. Reaction cross-sections are
computed from exact and approximate solutions.

Keywords °Lielastic and inelastic scattering - Optical model -
Folding model

1 Introduction

During the last three decades, the elastic scattering and inclu-
sive breakup of light ions on heavy target nuclei have been
extensively studied both theoretically and experimentally
[1-3]. Nuclear reactions of energetic projectiles with low
breakup thresholds are currently investigated with new vigor
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in view of possible access to fusion reactions of astrophysical
interest at stellar energies [4]. Since breakup is expected to be
the dominant direct-reaction process for weakly bound pro-
jectiles, its effect on other reaction channels, especially on the
fusion process, has recently been intensively investigated [3].
Due to the particular nuclear structure of the °Li nucleus, °Li-
induced reactions provide a unique opportunity to study spe-
cific features of the nuclear reaction mechanism, in particular
the role of breakup processes and their feedback on other
reaction channels [5—7]. The investigation of ®Li elastic scat-
tering is of considerable interest, not only because of the
striking failure of the DF model to predict their data as pointed
by Satchler and Love [8], which was attributed to the effect of
the breakup of the loosely bound °Li nucleus, but also because
the °Li ion occupies an intermediate position in the mass
number range A =4—12 of ions whose elastic scattering exhibit
a transition between the ranges characteristic of light ions
(4 <4) and of heavy ions (HI) (4 >12) [9]. Coupled discretized
contimuum channel (CDCC) studies [5] have shown that the
breakup effect is the key to understanding the experimental
cross-sections in the low-energy region, where the elastic and
breakup channels are strongly coupled, the coupling being
expected to decrease with increasing incident energy. In a
CDCC study at E15,=100A MeV using the cluster folding
model [10], the breakup channels were predicted to decouple
from the elastic-reaction channel at intermediate energies [11].
A theoretical investigation of the projectile-breakup effect on
®Li elastic scattering using CDCC calculations with a potential
constructed from the DDM3Y interaction [12] in a double-
folding model (DFM) showed that the breakup effect becomes
less important, albeit not completely negligible, even at £,,=
100A MeV [16]. The diminishing significance of the breakup
effect with increasing energy can be traced to the decrease of
the coupling potentials for breakup channels [2].

Recent valuable experimental data for elastic scattering and
inclusive breakup of °Li particles on 12¢, 38N, *Zr, and 2°*Pb
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targets at 100A MeV have been studied by Schwarz et al. [2].
The fragmentation of °Li into an o-particle and a deuteron was
observed as a prominent reaction channel at this energy. The
CDCC calculations, analogous to single-channel optical mod-
el calculations, were carried out with DFM potentials based
upon the DDM3Y [17, 18] effective interaction. Coupling to
breakup reactions was found at projectile energies above
100A MeV, although it was reduced in comparison with the
lower-energy effect. The authors also investigated the effects
of target excitation in the case of '*C targets and showed that
these effects are completely negligible in comparison with °Li
breakup. For other targets, all of which are closed-shell nuclei,
the excitation effects are expected to be even smaller.

In three successive studies [13—15], DF potentials based
upon four different NN interactions, M3Y [17], SIY [19], KH
[20], and JLM [21], were generated. Twenty-six sets of data
for the angular distribution of ®Li elastic scattering differen-
tial cross-section at intermediate energies were analyzed, and
successful predictions for the observed cross-sections were
obtained. For the sake of comparison, besides the distorted-
wave Born approximation (DWBA), an analysis of the
coupled channels (CC) mechanism was also carried out to
investigate the effect of coupling to the inelastic channels
upon elastic-scattering calculations. Eight sets of ®’Li inelas-
tic scattering data in the energy range 12-35 MeV/nucleon
from different targets were analyzed using DF optical poten-
tials based on the S1Y interaction [15].

Here, we extend previous studies [13—15] to test the per-
formance of the DF optical model potentials in analyses of the
®Li elastic- and inelastic-scattering processes at intermediate
energies. We analyze four scattering systems: elastic and
inelastic scattering of °Li on '2C, **Ni, *°Zr, and *°*Pb targets
at 600 MeV. At high and intermediate bombarding energies,
the nuclear densities can be directly related to the optical
potential, as long as the effects of multiple NN scattering can
be neglected. The effective interaction is taken to be the free
NN z-matrix scattering amplitude, which is referred to as the
impulse approximation [22, 23] or ¢pp approximation [24].

Beside the phenomenological potentials, we have generat-
ed microscopic DF potentials on the basis of the S1Y [19]
effective interaction and # pp approximation [24, 25]. We have
considered the in-medium NN cross-section and second-order
(double-scattering) corrections to the #pp potentials. We have
computed differential and total reaction cross-sections from
the exact and approximate solutions. To investigate the effect
of coupling to inelastic scattering on elastic scattering, we
have studied the low excited state 2" for the °Li+'2C reaction
at 100A MeV. We have also determined the target mass-
number dependence of the real and imaginary volume inte-
grals, as well as the total reaction cross-section.

The manuscript is organized as follows: In the next section,
the theoretical formalism is presented, while our procedure is
explained in Section 3. Results and discussion are presented in
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Section 4, and general conclusions are summarized in
Section 5.

2 Formalism
2.1 The Model

The Schrodinger equation, which describes the nucleus—nu-
cleus scattering through a total effective potential U(R) takes
the form
h2
—ﬂvz + U(R)~Ecm|¥P(R) = 0. (1)

The asymptotic behavior of its solutions (R ) describes the
projectile—target elastic scattering; u is the reduced mass of
the system when the projectile and target are well separated,
and E ¢y, is the energy of the relative motion in the center-of-
mass (c.m) frame. From the solution of this equation, we get
the scattering amplitude f{#), which can be written as a sum of
Coulomb and nuclear scattering amplitudes,

FO) = 1e(0) + 1n(0) = £e(0) + 3 3 (2L + 1) (™) (S1-1)Py cosd),

(2)
where the total reaction cross-section is defined as
ﬂ, 00
ov =133 L+ 1)(1-[S.F) (3)
L=0

where S;=exp (—2id ;) is the scattering matrix and d; is the
nuclear phase shift. In the Glauber eikonal approximation

Table 1 Parameters for the nucleon—nucleon scattering amplitude

E (MeV/nucleon) o i (fim?) anN ann (Fn?)
30 19.6 0.87

38 14.6 0.89

40 135 0.9

49 10.4 0.94

85 6.1 1.0

94 55 1.07 0.51
120 45 0.7 0.58
200 32 0.6 0.062
3425 2.84 0.26 031
425 32 0.36 0.24
550 3.62 0.04 0.062
650 4.0 -0.095 0.08
800 426 -0.075 0.105
1000 432 -0.275 0.105
2200 433 033 0.13
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[26, 27], the semi-classical relation between the impact
parameter b and the angular momentum L [28] yields the
following expression for the total reaction cross-section

ow = 2x[ bdb{1=¢ 0} (4)
0

The optical potential V'(R) for nucleus—nucleus scattering
in the DF model is defined by the expression

VZI;Q (R) = _[ﬁm(l’] )ﬁAQ(Fz)U,zn(S,E)dF;dF; (5)

where7iy, (1) and 7y, (r2) are the matter density distributions
of both the target and projectile nuclei, respectively, and

Unn (s, E) is the effective NN interaction with s =|R"—r]+r}|,
and E 4, is the laboratory bombarding nucleon energy.

2.2 The Nuclear Matter Density Distributions

The nuclear density of °Li nucleus is written in the form
[29]

pE9(rm) = 0.203exp(0.33072) + [0.0131 + 000137/ exp(0.15842)

(6)

which has been constructed from the proton charge distribu-
tion deduced from the phenomenological electron scattering
with the assumption that °Li proton and neutron densities are
equal at N=Z. The resulting root mean square (rms) radius is

()2 = 2.394fin .

Fig. 1 Measured angular
distributions of the elastic °Li
scattering on 12¢, 38Ni, 27,
and 2°°Pb targets compared
with predictions of the DF
optical potentials based upon
real (dashed lines) and complex
(dotted lines) S1Y effective
NN interaction besides
phenomenological potential
results (sold lines). Data are
from Schwarz [2]

T T T T T T T
e Exp.
-=---S1Y(R)
----- S1Y(R+l)
— Phen.

cfcﬂ
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For all the target densities, we use the two-parameter
Fermi-model (FM) form, defined as

P,(r,)=p, [1 —exp(ul]
a )

The parameters pg, ¢, and a and the corresponding
(P2 for 2C, %Ni [30], *Zr, and 2°*Pb [12] nuclei
are listed in El-Azab Farid and Hassanain [13], where
po=3/{4mc>[1+(x2d*/c*)]}. Here, d is the diffuseness
and ¢ is the half-value radius in terms of the rms radius
R for the FM distribution, calculated from the equality

c=[(5/3RY*~(7/3)m>d*~(5/3)r}]"*, where rp is the pro-
ton radius [31].

2.3 The Effective NN Interaction
2.3.1 The S1Y Effective NN Interaction

The S1Y effective NN interaction has the phenomenological
form [19]

exp(—s/t)
s/t

where v and w are the real and imaginary strengths, s (in fm) is
the NN separation, and # (in fin) is the range of the interaction.

Unn () = (v + iw) MeV, (8)

Fig. 2 Measured angular
distributions, as in Fig. 1, but
for the pp approximation

1 1 Ll 1 1 T T
* Exp.
=== tpp(R)

----- top (R+1)
——Phen.

@ Springer
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2.3.2 The t pp Approximation

To obtain the nucleus—nucleus 7pp interaction, we insert the
NN G or T-matrix in the DF calculation. Thus, we write

1
v (Rt

(0= OO;E)J dr/pAl <r1>pA2 (R—r/)

= —47rf—2fNN (9 = OO;E)J dr,lpAl (rl>pA2 (R—rl)

©)

where fan(6) is the NN scattering amplitude. With the help of the
optical theorem, one may obtain the imaginary part of A11>A2 (R)

as

E

my, (R) = —EO'NN(E)J o (r ) (R )ar' s (10)

and the real part of V1(‘111>/12 (R) can be obtained from the
equality
Refy\y = odmfyy, Imfyy = (kogy/4m)exp(—anng®) (11)

The NN cross-sections onn, N, and any used to
construct the optical potential in the “¢/pp” approximation are

Fig. 3 Measured angular T * T T ’ ' ' ' N ' Exp '
distributions, as in Fig. 2, but for A T top (R+1)
complex #pp(R+I) approximated ! ! .i:';‘ & == tpp +coOIT.
potentials (dotted lines), after N T ; 3*~ i e tppémed.
adding the second-order potential 10°F ¥ "'i\ '_"j-.v ]
correction (dashed dotted lines) ‘ v
and after introducing the in- " [N
medium effect correction ‘.« v'e 1 3 f"
(short dashed lines) 10" - T ‘-1_,‘ it ,r 'f ,Q" b
P
| £
G} .\ i * """
E “ ¥ "R
107} 1 il - i
0 .55 i dqu
e k .
> %,
10° a4 el
A
SLiv'e | CLi+*Ni
10 15 20 25 5 10 15
0_,, [deg] 6, [ded]
T T T M T T
10°F, i
" My
@
P ™
-1 T e
107 "I.’ . ’.'b i ‘:ﬂ? T
4 "F g
4 ug L, e
4l G LU
102 | v '-.[ 4 E.O..\. 1 ¥ IL: b A
« I;' '3" S s
G B IR
107 | et Y e e e
' T K] .
S ¢ B
10* F + N
(Y
!
SLi+*zr SLi+™®Pb v
" 1 1 L 1 L 1
5 10 15 5 10 15
6., [deg] 6_, [deg]

@ Springer



78

Braz J Phys (2014) 44:73-90

shown in Table 1. For energies lower than 94A MeV,
axn=0.5 fm?. The second-order (double-scattering)

V,(42,)AZ(R) - 7(iK/4E)Rcm(.[ {VNAl (R*r,)]z

() + [V (3]

contribution to the ion—ion potential is given by the
expression

2

ou(¥)ar)

(12)

where V,(\}j,l (R) is the nucleon-nucleus (4 ;) potential (¢p).

The imaginary and real parts of the second-order nucleus—
nucleus potential are

Re VD=~ (E/2K) [Reor| 0 73 {5, 1, + P2, ) (R)
1 V=~ (E/48) Reonl (=1 5% {7, s, + 2,10, ) (R)
(Foas + 0, ) (R) = [ P (R ), ()l + [ 03, (Ror o, () )

(13)

where R.on [24, 25] is composed of four distinct
contributions,

(14)

Reorr = Rpauli + Rsrp + Rpsr + ReM.

As explained by Boridy and Feshbach [32], Rpay; is
related to the Pauli exclusion-principle correlations,
Rgsrp is related to the short-range dynamical correla-
tions, and Rpgr is connected to the combination of the

Fig. 4 Measured angular
distributions, as in Fig. 1, but
using the eikonal approximation

olo,

1 1 T T T 1 L

* Exp. .
----S1Y(R)
----- S1Y (R+l)
——Phen.

cfcR

1

@ Springer

5 10

15 ‘ 5
. [deg]

10
0. . [deg]



Braz J Phys (2014) 44:73-90

79

Pauli and a short-range dynamical term. Finally, Rcym
arises from center of mass correlations. The approximate
expressions for these four contributions to R, are
derived [24, 25] in the form

_R““=%p_%'i%%ofi) si :
J 10k (r 1+ B (1)
I, 2 1) b’
Ry =—[1-2+—1) ,
S0 2( Af+A2)JEb2+SB
1 -1
Y 2
Ryge = (1= + 203 120y, SV 2 gp( @, L))
2\ AT A0 b’ 5 b

“Rey =(-2/A+1/A7),

where the parameters 4, kz(r)B,b,l. are the target mass
number, local Fermi momentum, finite-range parameter of

NN elastic t-matrix, short-range dynamical correlation param-
eter and the effective “correlation length,” respectively.

2.3.3 The Medium Effect

A new phenomenological formula to calculate the in-medium
NN cross-section over a wide energy range based on several
recent theoretical studies is proposed as [33]:

/ 1.0
0, B= L0+

where o0, is the neutron—neutron (or proton—proton) cross-
section, o, is neutron—proton cross-section, p is nuclear
matter density in cubic fm units, E1,, is the incident energy

(16)

Fig. 5 Measured angular ; T T T T T T T - T
distributions, as in Fig. 2, but 10 T . 1 :ppm} i
using the eikonal approximation e, ’ﬁ\’ _____ i
1; -!'~: *
100 I_i' "1 “ i i
. .‘ ' .
G. \ 1
o o o Rk
10"} ‘54 1 4 f_;.""?, .
o G o e
B % b i
% 2o1 " Cooon,
10’2 B t '.\\ e . 'Y i
¢ ~,
107 F i
*Li+"C fLi+*Ni
" 1 1 " 1 L 1 " 1 " 1 1
5 10 15 20 25 10 15
Bc,m. [deg] 0: =y [deg]
10"+, _ 1 i
) g
sy.v._ 5‘?
1‘._ »
10t B i - |
A’ .
} LW ‘-
e "
« 107} 30 ‘*.'!"* il oo, i
-E 'l: ’-- L4 I'.‘l 5
=} ) ﬂ.ﬁ* ey o
'_*" \ * \
3 +¢“ = . ‘+'.+‘
107 + T+ ¢ ﬁ* i
g
#‘* ‘
107 | *Li+*2zr 1 5Li+?®pp r
10 15 5 10 15
0, ., [deg] 6, [deg]
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in the lab frame, and (3 is the ratio of the projectile velocity to
the speed of light.

2.4 Deformed Optical Potential Model

Inelastic scattering measurements are usually analyzed
using a deformed optical-model potential (DP) [22, 34].
This provides a transition potential whose radial depen-
dence is

dU(r)
dr

UP () =8

- ~ 1.0 + 7.772E000 o148
_ _ 1 2 Y- lab
om(E, p) = [(1373 15.043" 4 8.7657% + 68.6/3") [—1.o+ 13.01;'-46

1.0 4 20.88E004 202
owp(E. p) = [(—70.67—18.18[}*‘ 4252667 + 113.850) [#H

1.0 + 35.86p1%

(17)

where the deformation length 6§ determines the strength of
the interaction and U(r) is the complex optical potential
determined by the measured elastic scattering. The shape of
UP"(r) is independent of the multipolarity 1. The transition
density p{(r) is given by the equation

tr _ mdp(r)
py(r) = 4] dr (18)

where p(r) is the ground state density and 67" is its 2'-pole
deformation length.
3 Procedure

To analyze the °Li elastic scattering data, we have first
derived the real and imaginary phenomenological

Fig. 6 Measured angular
distributions, as in Fig. 3, but
using the eikonal approximation

ofcﬂ

T T T I T T T

* Exp.
----- top (R+1)
=-=: tpp+corr.
e tpp +med.

UIGR
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Table 2 Best-fit optical potential parameters extracted from the analysis of elastic °Li ion scattering using an exact solution

X2 op(mb) —J;(MeV fm’®) ay (fm) ry (fn) Wow) MeV) Ny  —Jr (MeV fin®) ap (fim) rp (fm) Vo(v) (MeV) Ny  Potential
°Li+'2C
45 724 128 0.757  0.761 457 180.0 4.6 SIY(R)
85 774 1685 40.0 177.3 420 SIY(R+I)
41 891 1315 0.779  1.037 220 222.4 0.73 tpp(R)
59 723 1430 0.60 174.4 0.57 tpp(R+])
66 687 1236 0.55 1585 0.40 tpp(corr.)
60 718 1429 0.40 171.5 0.40 1pp(med)
26 891 1266 0847 099 226 235.1 0945 0581 1153 Phen.
°Li+>®Ni
58 1987 1132 0944 1019 383 203.7 484 SIY(R)
8.1 1,795 2152 51.1 202.6 48.1 STY(R+I)
55 2047 1083 0988  1.037 343 196.6 0.65 tpp(R)
76 1,755 2111 0.90 199.1 0.65 tpp(R+])
110 1,769 2268 1.04 1832 0.43 tpp(corr.)
80 1,754 2156 0.60 199.4 0.46 tpp(med)
20 1935 1082 0.92 1.017 371 2182 1.099 0672 1782 Phen.

potentials in a six-parameter Woods-Saxon (WS) volume
form as

U(R) = Vyo/[1 +exp(R—R,/a,)] + Wo /[l + exp(R—R;/ay)],

(19)

3 1/3
Rty = 1) (A}/ +47 )

where Vo, Wo, ) and a,), Ap, and A7 are the real and
imaginary depths in mega-electron volts, real and imaginary
radii parameters in fm, real and imaginary diffuseness

parameters in fin, the projectile, and the target mass numbers,
respectively. We performed the automatic search using the
computer code HI-OPTIM-94 [35] in order to minimize chi
squared, defined as

B 1 N O_(Gi)cal_o_(ai)cxp 2
XQ_NZ [Ao(@,) ) (20)

i=1

where N is the number of differential cross-section data
points, and o (0;)* is the calculated cross-section. In Eq. 20,
c(0,)® and Ao (6;) are the corresponding experimental

Table 3 Best-fit optical potential parameters, as in Table 2, but for *°Zr and *°*Pb targets

x> or(mb) —J;(MeV fin®) ap (fm) rp (fn) Wow) MeV) Ny —Jx MeV fin®) ap (fim) 7, (fn) Vo(v) (MeV) Ny  Potential
SLix!'2C
45 724 128 0.757  0.761 457 180.0 42.6 SIY(R)
85 774 1685 40.0 1773 42.0 SIY(R+])
41 81 1315 0779  1.037 220 2224 0.73 tpp(R)
59 723 1430 0.60 174.4 0.57 tpp(R+])
66 687 123.6 0.55 158.5 0.40 ¢pp(corr.)
6.0 718 1429 0.40 171.5 0.40 ¢pp(med)
26 891 1266 0.847 099 226 235.1 0945 0581 1153 Phen.
°Li+%*Ni
58 1987 1132 0944 1019 383 203.7 48.4 SIY(R)
81 1,795 2152 51.1 202.6 48.1 SIY(R+I)
55 2,047 1083 0988  1.037 343 196.6 0.65 tppR)
76 1,755 2111 0.90 199.1 0.65 tpp(R+1)
110 1,769  226.8 1.04 1832 043 tpp(corr.)
80 1,754 2156 0.60 199.4 0.46 tpp(med)
20 1935 1082 0.92 1.017 371 2182 1099 0672 1782 Phen.
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Table 4 Optical potential parameters obtained from the eikonal-approximation calculations

o (mb) aw (fim) ry (fim) Wo(w) MeV) Ny ay (fm) ry (fm) Vo(v) (MeV) Nr Potential
Lix!'2C
705 0.847 0.99 22.7 42.6 S1Y(R)
783 39.9 42.0 SIY(R+])
859 0.779 1.037 27.2 0.73 tpp(R)
810 0.82 0.63 tpp(R+1)
795 0.82 0.42 tpp(corr)
747 0.44 0.37 tpp(med)
946 0.847 0.99 22.7 0.945 0.581 115.3 Phen.
°Li+*®Nj
1,751 0.92 1.017 44.5 484 S1Y(R)
1,810 51.1 48.1 S1IY(R+I)
1,853 0.92 1.017 483 0.65 tpp(R)
1,702 0.75 0.58 tpp(R+I)
1,723 0.9 0.4 tpp(corr)
1,846 0.75 0.45 tpp(med)
1,950 0.92 1.017 37.1 1.099 0.672 178.2 Phen.
Lix"Zr
2,401 0.878 1.012 58.2 50.3 S1Y(R)
2,189 51.2 50.6 SIY(R+])
2,520 0.878 1.012 57.3 0.66 tpp(R)
1,930 0.54 0.5 tpp(R+1)
2,046 0.8 0.4 tpp(corr)
2,077 0.53 0.42 tpp(med)
2,310 0.878 1.012 47.7 1.09 0.715 207.2 Phen.
®Li+2%8ph
3,759 0.733 1.096 46.7 44.1 S1Y(R)
3,184 442 45.0 SIY(R+])
4,107 0.733 1.096 46.7 0.52 tpp(R)
3,141 0.8 0.6 tpp(R+1)
3,103 0.8 0.4 tpp(corr)
3,120 0.53 0.42 tpp(med)
3,219 0.733 1.096 46.7 1.055 0.826 2235 Phen.

cross-section and its relative uncertainty, respectively. The x>
values were obtained considering uniform 10 % error for all
analyzed data.

In the second step, we used the DF optical potentials gen-
erated from Eq. 5. The following procedures were considered:

1. We neglected the spin-orbit potential, to which the elastic

scattering cross-section data are insensitive in this energy
range [36].

2. All the S1Y calculations used a fixed range at #=0.7 fm,

and the depths v and w have been optimized in order to fit

Table5 Quadrupole deformation length extracted from the analysis of °Li inelastic scattering to the first (2+, 4.44 MeV) excited state of 1>C at 600 MeV

using the DWBA treatment

5Y (fm) 32 aw (fm) 7w (fm) Wo (MeV) ay (fin) 7y (fm) Vo (MeV) Ny Potential
0.9 0.38 0.997 0.99 17.65 48. SIY(R)
0.8 0.36 0.997 0.99 17.65 0.71 tpp(R)
0.9 0.42 0.997 0.99 17.65 0.902 0.581 118.27 Phen.
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Table 6 Optical parameters and quadrupole deformation parameter and 4. A new phenomenological formula was considered [26] to
length extracted from the analysis of °Li inelastic scattering to the calculate the in-medium NN cross-section with 700 cal-
first (2+, 4.44 MeV) excited state of '>C at 600 MeV using the . Pe
CC technique culations. In the present study we used p (the nuclear
matter density)=0.fm " in Eq. 16.
Potential Phen. SIY(R) tpp(R) 5 The DF potentials generated from Eq. 5, using the S1Y
§¥ (fm) 12 13 12 and 7pp NN interactions, were fed into the computer code
7 . . . . .
HI- OPTIM-94 [35]. The same potentials were fed into
the computer code DWEIKO [37] to perform the same
the experimental data. We have nonetheless checked in calculation with the approximate solution. Two options
one of the analyzed data sets the effect of varying the were considered: In the first, we compared the complex
range ¢ upon the scattering cross-section. DF potentials predictions directly with the data; in the
3. The DF potential has been analytically derived using the second option, we constructed the real DF potential in
tpp approximation and the second-order (double-scattering) conjunction with an imaginary phenomenological WS
correction to the #p,p, potential from Egs. 9 and 12. volume shape.
Fig. 7 Target mass-number SIYR)
dependence of the real and S1Y(R+1) a b
imaginary volume integrals
obtained from the best-fit DF
potentials
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6. Routine searches were performed on two free parameters
(the real and imaginary renormalization factor Ny and Ny)
for the complex potential while four free parameters were
searched in the other option [Ny besides the WS imagi-
nary potential parameters (W, r;, and a;) were consid-
ered for the other potentials].

7. The deformation optical potentials were fed into the com-
puter code CHUCK3 [38] to study the 2" low excited
state, and the deformation parameter (3 and deformation
length 6 were calculated for both a single channel
(DWBA) and CC.

4 Results and Discusion

We want to assess the ability of the constructed DF optical
potentials, built upon the S1Y effective NN interaction and

tpp approximation, to describe °Li on 2C, **Ni, *°Zr, and
298pp elastic and inelastic scattering cross-sections at
100A MeV energy. Figures 1, 2, 3, 4, 5, 6, 11, 12, and 13
compare experimental elastic and inelastic scattering data with
the theoretical predictions from the microscopically derived
potentials.

4.1 Elastic Scattering

The derived DF potentials are employed to calculate the
angular distribution of elastic scattering differential cross-
sections for the °Li elastic scattering. The results are shown
in Figs. 1, 2, 3, 4, 5, and 6, compared with the corresponding
experimental data as well as with those produced by the
phenomenological WS potentials. The optimal real and imag-
inary strengths (v and w) for the S1Y interaction, the
renormalizing factors N and N for the 7pp interaction, and
the phenomenological WS parameters are given in Tables 2, 3,

Fig. 8 Target mass-number ' ! ' I
dependence of the reaction 4500 - e S1Y(R) o a -
cross-section o g extracted from A S1Y (R+l)
the analysis of the °Li scattering i y
3000 | A -
1500 ]
L ‘ -
L I il I
[T t T y 1 1
* tpR) % b
A top(R+) A
3000 -
~—
Q2
.g. [ A 1
> A
© 1500 -
| L | f |
1 d | Y | |
A top (R c
= fpp+corr.
3000 - tpp +med. / ]
1500 |- -
|/‘/ : ! : !

@ Springer

1/3



Braz J Phys (2014) 44:73-90

85

and 4, along with the associated volume integrals and predict-
ed total reaction cross-sections.

First, in Figs. 1, 2, and 3, we present the results of the exact
calculations. Figure 1 shows the cross-sections generated
using the real DF potentials based upon the S1Y interaction
(S1Y(R)) supplemented by phenomenological imaginary WS
potentials and the corresponding complex DF ones (S1Y(R +
1)). The cross-sections are compared with phenomenological
potentials results and corresponding experimental data. We
see that the phenomenological potentials produce the best
agreement with the data all over the measured angular range.
The S1Y(R) potentials are more successful in describing the
data than the S1Y(R+I) potentials. However, in general, both
S1Y(R) and S1Y(R+]) potentials produce reasonable descrip-
tions of the data. The results are comparable to those of
Schwarz et al. [2], who used the DDM3Y potentials and
CDCC method. The best-fit values of v and w, shown in
Tables 2 and 3, are larger than the values extracted by Satchler
[19] at the corresponding energy (100A MeV).

The calculation based on the #pp approximation for both
real (1pp(R)) and complex potentials #pp(R +/) are shown in

Fig. 2. These potentials successfully reproduce the scattering
data. The best-fit Ny and N; are 0.6+0.06 and 0.75+0.15,
respectively. These values are similar to those found by El-
Azab and Hassanian [13] from the analysis of °Li over the
energy range 76-380 MeV using DF potentials based upon the
DDM3Y effective NN interaction. As already mentioned, we
considered two modifications of the #pp(R+I) potential: the
in-medium effect and the second-order (double-scattering)
correction. Figure 3 shows the results. The second-order cor-
rection improves the qualitative features of the angular distri-
butions, while the in-medium effect has negligible influence
upon the curves. Tables 2 and 3 show that the depths of the
folded potentials, represented by v, w for the S1Y potential
and Ny, N; for the tpp potentials have similar behaviors.
Except for the '>C target, insertion of the second-order cor-
rection reduces N and increases Ny. For the '°C target, the in-
medium effect reduces both renormalization factors.

Second, we present the DWEIKO-code [37] calcula-
tions based on the eikonal approximation using the
previously derived potentials. We generate the elastic
scattering differential cross-sections of the considered

Fig. 9 Target mass-number

dependence of the reaction cross- 4500 - : g:‘\; :21” Eikonal approx. a
section, as in Fig. 8, but for the i |
eikonal approximation
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reactions and list the corresponding best-fit parameters
in Tables 4, 5, and 6. The extracted cross-sections are
plotted in Figs. 4, 5, and 6. Almost no change is found
in the parameters of the real and imaginary folded
potentials. Figure 4 shows that the S1Y(R) potential
best describes of the data. The phenomenological poten-
tial substantially overestimates the '*C target data
throughout the angular range 6.,,~15-25. This result
is similar to that of Schwarz et al. [2] for the same
target. Reasonable fits of the data are obtained for the
other targets. Figure 5 shows that also the 7pp poten-
tials overestimate the data at the backward angles for
the '*C target. In general, reasonable fits to the data are
obtained for the other targets.

Evident in Fig. 4 is a discrepancy between the 7pp real DF
potentials and those corrected by the medium effect and high
order correction, especially at small radius. By contrast, these
potentials agree quite well at R>Rgs. The corresponding
imaginary DF potentials have the same behavior. In compar-

ison with the Vf.)Az (R) potential, the range of the second-

order potential is appreciably shorter than that of the first one,
owing to the high order density dependence ((¢p1)p,)° versus
((p1)p2) [24]. Therefore, the form of ReV’® in Eq. 13, which
is linear in Refyy (corresponding to the parameter «v), is
attractive at energy 100A MeV. As shown by Fig. 4,
the real part of the potential (Vﬁ)AZ(R) + V/(fl)AZ (R)§ is
much deeper than V/(411)Az (R). The relative difference between
VYL R + VY, (R) and V), (R) is 22+1% for the con-
sidered reactions. By contrast, Im V@ behaves as a>—1, a>
1, so that the imaginary part for potential

(Vﬁlb (R) + VE}I)AQ (R)) , as shown in Fig. 5, is shallower
than the potential Vﬁ,ll)Az (R) , and the ratio between

VPR + VY (R) and V'), (R) equals 5.5+0.5% for
these reactions. Figure 6 shows how the second-order
correction and in-medium effect in the calculated poten-
tials affect the obtained angular distributions of the

differential cross-section. Clearly, the second-order cor-
rection both qualitatively and quantitatively improves

Fig. 10 Comparison between the
reaction cross-sections o
extracted from the exact and
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the description of the data. On the other side, the in-
medium treatment slightly improves the fits to data,
except for the **Ni target.

4.2 Inelastic Scattering

The theoretical predictions of the angular distribution of the
differential inelastic scattering cross-sections are shown in
Fig. 11, compared with the experimental data. The upper
panel shows the results of the DWBA and the bottom panel,
those of the CC technique. Clearly, the S1Y(R) potential best
fits the data, in both the DWBA and CC treatments. The
S1Y(R) and zpp (R) potentials yield almost identical predic-
tions with the CC mechanism. In the DWBA calculation, the
phenomenological and #pp (R) potentials underestimate the
data at 0 ,,>15°. Figure 12 shows the results for the real and
complex S1Y potentials using the CC calculations and the
feedback to elastic scattering channel in comparison with the

experimental data. As shown from both figures, the experi-
mental data are successfully reproduced. Similar comparisons
for the tpp potentials are shown in Fig. 13. Comparison
between Figs. 11 and 13 highlights the importance of the
CC mechanism.

4.3 Volume Integrals

For further discussion, the potentials can be classified by their
real and imaginary volume integrals per interacting nucleon
pair. The volume integral is a sensitive measure of the poten-
tial strength. The obtained volume integrals of the best-fit real
folded potentials (JR) and of the associated imaginary poten-
tials (Jw) for the °Li elastic scattering from the considered
target nuclei are listed in Tables 2 and 3, respectively. Many
studies, e.g., El-Azab Farid and Hassanain [13] [14], have
investigated the target mass number dependence of Jgr
and found that Jr decreases as the target mass number

Fig. 11 Angular distributions of I
the inelastic scattering cross- 1 03
section (2+, 4.44 MeV) for

®Li+'2C at 600 MeV using the —
phenomenological and extracted __SQ
potentials via the DWBA and CC O
techniques -
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grows. This was attributed to the increased Pauli
blocking effects [39, 40]. From the analysis of °Li
elastic scattering on the light targets at low energies,
Gupta and Murthy [41] proposed the following linear—
in—A47'? relation for this dependence:

Jr= —C(l +DA;1/3)MeV.fm3, (21)
where C=147 MeV fm® and D=2.0. Nadasen et al. [39, 40]
obtained a similar 4 7'>~linear relation from the 210 MeV
data using the phenomenological optical-model potentials,
with different coefficients, C=215 MeV fm® and D=0.88.
In this work, we have compared the Jr and J; resulting from
the generated DF potentials using tpp and S1Y interac-
tions with 4> at 100A MeV. This mass dependence is
shown in Fig. 7. The left and right panels display the
real volume integral Jr and the imaginary volume inte-
gral Jp respectively. In each plot, we only have four

points, a number too small to realistically determine the
behavior of the results.

4.4 Total Reaction Cross-Sections

With the above-described formalism, using the derived poten-
tials in the framework of the exact solution and eikonal
approximation, we have computed the total reaction cross-
section oy for °Li ions colliding with '*C, **Ni, *°Zr, and
208pp targets at 100A MeV. The results are listed in Tables 2,
3, and 4. Figure 8 shows the target mass-number dependence
of o, which is clearly linear for all potentials. In general, the
o from the complex folded potentials are slightly lower than
those found from real folded potentials supplemented by
phenomenological imaginary WS potentials. Also, it is clear
from the lower part of Fig. 8 that o, is insensitive to the
second-order and in-medium corrections. The slopes of the
three plots in Fig. 10 are equal and consistent with the slope

Fig. 12 Elastic and inelastic %
scattering cross-sections for
SLi+'2C at 600 MeV using the 10" |
S1Y (R) and S1Y (R+T)
potentials
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previously found at lower energies [12, 13]. Similar conclu-
sions can be extracted from Fig. 9 for the eikonal approxima-
tion calculations. Figure 10 compares o computed from
the exact expression with eikonal-approximation calcula-
tions. It is evident that both methods yield identical re-
sults. This indicates that the eikonal approximation is
reliable to calculate the o, at the considered bombarding
energy, a result similar to that obtained by Rajendra et al.
[42] at the same energy. Figures 8, 9, and 10 show that o
has strongly linear dependence on the cubic root of the
target mass number, a result consistent with that found in
the previous studies [13, 14, 42].

At low energies, the calculation will most likely be im-
proved by corrections to the impulse approximation (# —matrix
amplitude) correlation effects [43], or perhaps relativistic ef-
fects [44]. It is evident from the calculated o g of °Li scattering
in Tables 2 and 3 that the o calculated from the (V®(R)+
VD(R)) potentials are 2 % smaller than those calculated with

VD(R). At this energy, the percentage difference between the
exact calculation and eikonal approximation solutions are
slightly smaller, as shown by Fig. 10, a result that gives
confidence on the eikonal approximation at the considered
energy (Figs. 11, 12, and 13).

5 Conclusions

We have analyzed the recently measured data on °Li scattering
from '%C, *®Ni, *°Zr, and >*®Pb at 100A MeV. Our calculations
have been divided into two main parts. The first analyzed the
data on °Li elastic and inelastic scattering at 100A MeV using
the constructed complex DF optical potentials, where both
real and imaginary parts are renormalized by two different
factors. In the other option, the real DF potential is combined
with a phenomenological imaginary one in a WS form. The
derived potentials from both options yielded reasonable fits to

Fig. 13 Elastic and inelastic
scattering cross-sections, as in
Fig. 12, but for the #pp(R) and 1 010 —
tpp(R+I) potentials
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the experimental data. However, in general, the success of the
latter potential to describe the data is more pronounced than
that of the former. This may be attributed to the added flexi-
bility provided by the four free parameters in the optimization.

The obtained best-fit values for the real and imaginary S1Y
interaction are larger than those expected by Satchler at the
corresponding energy (100A MeV). Improved agreement
with experimental data has been obtained using the exact
solution with the first option (complex DF potential) when
Pauli blocking was used or when the higher-order term of
multiple scattering was added. The medium effect works well
in the eikonal approximation and improves the agreement
with experiments. We conclude that the second-order (double
scattering) potential and in-medium correction have more
impact on the eikonal-approximation calculations than on
exact-solution calculations.

To validate the generated DF potentials, we have employed
the transition folded potentials derived from the transition
density of '2C to analyze the only available reaction data on
®Li inelastic scattering to the first (27, 2.44 MeV) excited state
100A MeV. Two methods were employed, the DWBA and
CC techniques. The performance of the DWBA was shown to
be more successful than the CC technique, due to the weak
coupling between elastic and non-elastic channels at high
energies.
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