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Elastic scattering and total reaction cross sections of °Li examined via a
microscopic continuum discretized coupled-channels model”
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Abstract: We present a systematic study of °Li elastic scattering and total reaction cross sections at incident ener-
gies around the Coulomb barrier within the continuum discretized coupled-channels (CDCC) framework, where °Li
is treated in an a+d two-body model. Collisions with *’Al, #Zn, **Ba, and **®Pa are analyzed. The microscopic optic-
al potentials (MOP) based on Skyrme nucleon-nucleon interaction for a and d are adopted in CDCC calculations and
satisfactory agreement with the experimental data is obtained without any adjustment on MOPs. For comparison, a
and d global phenomenological optical potentials (GOP) are also used in CDCC analysis and a reduction of no less
than 50% on the surface imaginary part of deuteron GOP is required for describing the data. In all cases, the °Li
breakup effect is significant and provides repulsive correction to the folding model potential. The reduction on the
surface imaginary part of GOP of deuteron reveals a strong suppression of the reaction probability of deuteron as a
component of °Li when compared with that of a free deuteron. Further investigation is performed by considering the
d breakup process equivalently within the dynamic polarization potential approach, and the results show that d be-
haves in a manner similar to a tightly bound nucleus in °Li induced reactions.
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I. INTRODUCTION

Comprehending the mechanisms of nucleus-nucleus
reactions remains a perpetual objective in the field of
nuclear physics. In recent years, nuclear reactions in-
volving weakly bound projectiles have garnered signific-
ant interest. These reactions exhibit several unique char-
acteristics, distinct from those induced by tightly bound
nuclei [1—-4]. Owing to the cluster structure and low sep-
aration energy in weakly bound nuclei, these exhibit a
high probability of breakup. This tendency significantly
impacts other relevant observables, including the elastic
scattering angular distributions and total reaction cross
sections.

The optical potential is an essential tool for calculat-
ing elastic scattering angular distributions and total reac-
tion cross sections, providing a straightforward method
for prediction. Generally, there are two types of optical
potentials. The first is the phenomenological optical po-

tential, which requires parameter adjustments to align
with experimental data. The second type is the micro-
scopic optical potential (MOP), theoretically derived
from nucleon-nucleon interactions. In the study of nucle-
ar reactions induced by weakly bound nuclei, MOP as-
sumes a crucial role, especially because scattering meas-
urements often do not yield sufficient data to derive a re-
liable global phenomenological optical potential (GOP).
However, it is usually difficult to build a unified de-
scription with unadjusted MOP for the elastic scattering
of weakly bound nuclei, as there are strong coupling ef-
fects from breakup, transfer, and other reaction channels.
For example, °Li can break up into a+d and exhibits a
low threshold breakup energy of 1.47 MeV. Hence the
breakup mechanisms are crucial in its induced reactions.
To date, there have been several measurements for °Li
elastic scattering, total reaction cross sections, and other
observables [5—8]. However, the results are still far from
being fully understood. The breakup threshold anomaly
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[9] has been observed in several experiments for °Li pro-
jectile with a wide range of targets [3], in which the ima-
ginary part of optical potential increases as the energy de-
creases to well below the Coulomb barrier. This anomaly,
arising from the breakup effect, creates a hindrance for
both MOP and GOP in accurately describing the elastic
scattering angular distributions at energies around the
Coulomb barrier.

Recently, an analysis [10] of °Li+%Zr elastic scatter-
ing shows that a reduction factor of ~0.5 on the real part
of MOP constructed with Sao Paulo potential [11, 12] is
required to fit the data at energies below 2V, where Vj
denotes the height of the Coulomb barrier. This suppres-
sion is equivalent to adding a repulsive real polarization
potential [10], suggesting that the °Li breakup effect
should be considered for elastic scattering calculations.

To date, the continuum discretized coupled-channels
method (CDCC) [13—16] has been one of the most popu-
lar methods to handle the breakup effect and investigate
its role in the reactions induced by weakly bound nuclei.
In this approach, a two-body model is generally adopted
to describe the weakly bound nucleus, which is assumed
to be composed of core and valence particles and will
break up during the reaction. In early time, Sakuragi et al.
[16] presented a comprehensive CDCC study for °Li
elastic scattering at energies well above the Coulomb bar-
rier with M3Y interaction [17]. They determined that
there is no need to adjust the real part of optical potential
[17] in CDCC calculations, which is required to be re-
duced by ~40% in the folding model potential analysis of
Satchler and Love [18]. However. given that a few meas-
urements for ®Li scattering at energies around Vp have
been performed recently, it is worthwhile to provide a
systematic study for °Liinduced reactions and investig-
ate the effect of the breakup process.

Previously, we obtained the nucleon-nucleus MOP
based on Skyrme effective nucleon-nucleon interactions
[19] and constructed MOPs for %*H, *%$He, and "Li
[20—25] with the folding method. In this study, we will
combine our previous reserach of the MOP for light ion
projectile with the CDCC method in the calculations of
Li induced reactions at energies around Vp. This com-
bination, termed as microscopic CDCC, is not only an ex-
ploratory study for examining the validity of our MOP on
the heavy ion projectile but also proposes a potential
methoed to apply our MOP on other heavier weakly
bound projectiles, whose breakup effect is considerable,
such as ''Li and !'Be.

On the other hand, a and d phenomenological optical
potentials have been widely adopted in the CDCC analys-
is for specific ®Li induced reactions. The adjustment on d
optical potential is generally accepted due to the effect-
ive suppression of the deuteron-target absorption [26].
However, this adjustment is found to be dependent on the
choice of d optical potential. The surface part of d optical

potential is removed for °Li+?*Bi reaction in Ref. [27]
but that is unchanged for °Li+!*Tb and ®Li+>°Co reac-
tions in Ref. [28]. In this study, we perform CDCC calcu-
lations with a and d GOPs to ensure consistency on the
adjustment of deuteron optical potential and compare
their results with those calculated with MOPs to verify
the validity of MOPs.

Additionally, 1n-stripping process has been found to
be a significant contributor to the inclusive a cross sec-
tions in °Li+!¥Tb [29] and SLi+!'!2!24Sn [30, 31] reac-
tions. In these cases, a neutron is stripped from °Li and
then SLi is broken into a+p. It would be interesting to in-
vestigate whether we should consider the breakup pro-
cess of d cluster in °Li induced reactions as that in (d, p)
reactions [32—34]. In this study, the breakup effect of d is
equivalently treated as a dynamic polarization potential.
This approach is integrated into the °Li CDCC calcula-
tions to examine the effect of d breakup and check the
validness of o+d two-body model for °Li.

The paper is organized as follows. The theoretical
framework is recapitulated in Sec. II. Furthermore, in
Sec. III, we present the calculated results for Li-induced
reactions and discuss the breakup effect of °Li. The
breakup probability of d cluster is discussed in Sec. IV.
Finally, a summary of the study is provided in Sec. V.

II. THEORETICAL FRAMEWORK

A. CDCC formalism

We recapitulate the three-body CDCC framework for
SLi scattering from a target nucleus (7). Details can be
found in Refs. [13, 16, 35]. Furthermore, a+d two-body
model is adopted to describe °Li. Hence the total wave
function of reaction system ¥ with total energy E is de-
termined by the three-body Schridinger equation

(H-E)¥ =0, (1)
where H denotes the total Hamiltonian,
H=Ty+U,+U,;+H,,. 2)

H;, denotes the internal Hamiltonian of °Li. Furthermore,
Tr denotes the kinetic energy with respect to the relative
coordinate R between °Li and 7. Additionally, U, (x=a,
d) denotes the optical potential between x and T.

In CDCC method, Eq. (1) is solved in the model
space spanned by the bound and discretized continuum
states, which are all obtained by diagonalizing H;, with
square-integrable basis functions. Therefore,

Hin{'r//y> :87’1»04/>’ (3)
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where ¢, denotes the y-th eigenstate with eigenenergy &, .
For °Li, y, represents the ground state and others denote
the discretized continuum states.

The total wave function ¥ can be expressed as:

LEDW A9 @)
Y

where y, denotes the relative motion between 7 and °Li
in its p-th state. Furthermore, y, can be solved with the
following coupled equations as follows:

N
[TR+U)’7_(E_SY)]XYZ_ZUW'XV’ (%)
Y'#Y

where the coupling potential matrix can be defined as fol-
lows:

Uyy = (Y| Ug + Uy |ty ). (6)

The Lagrange-mesh method is applied to diagonalize
H,,. Its basis functions are defined as follows:

(=1) Ly (r/h)re—r/Zh

fitr) = N ,

=1,2,..N, (7)

where r denotes the relative coordinate between a and d,
Ly denotes the Laguerre polynomial of degree &, and x;
denotes the zeros of Ly, that is

Ly(x)=0,i=1,2,...N. 8)

Specifically, /# denotes a scaling parameter, which is ad-
opted to the typical size of the system. See Refs. [35—37]
for details. The interaction between a and d is obtained
from Refs. [35, 38].

B. «aand d optical potentials

Microscopic optical potentials for a and d clusters are
constructed within folding model as

U(R,) = / ds [U, (IR, + ) s (5)

+U, (IR +51)ps (5)] 9)

where R, is the relative coordinate between x and 7, ands
denotes the internal coordinate of x. Furthermore, p., and
pxp denote the neutron and proton density distributions of
x, respectively. U, and U, are isospin-dependent nucle-
on-nucleus MOPs [19] based on Skyrme effective inter-
action. They are derived from the mass operator of the

single-particle Green’s function via the nuclear matter ap-
proximation and local density approximation. The real
and imaginary parts of nucleon-nucleus MOP are de-
noted by the first- and imaginary part of the second-order
mass operators, respectively. More details can be found
in Ref. [19].

In this study, the Skyrme interaction SkKMP [39] is
used to calculate the nucleon-nucleus MOP. Improve-
ments are made on the nucleon density distributions. The
proton and neutron density distributions of targets are re-
quired for U, and U, calculations. Instead of Negele's
formula [40] in the original version of MOP [19], they are
provided theoretically by an axially-symmetric self-con-
sistent Dirac-Hartree-Bogoliubov mean field approach
[41], which has obtained good agreements with ground
state masses and charge radii of near-stability nuclei
throughout the entire mass table [12]. The proton and
neutron density distributions of « are obtained from
Ref. [42] (version C in Table 1) and those of d are de-
rived from its bound state wave functions, which is calcu-
lated with the n-p Gaussian-type potential V(r,,) =
~Voexp(-r;,/15). Vo=72.25 MeV and ry=1.484 fm. Spe-
cifically, r,, denotes the distance between » and p.

For comparison, we also perform CDCC calculations
with GOPs of a [43] and d [44] and optical potential cal-
culations with a °Li GOP [45]. The a GOP of Avrigeanu
et al. [43] and d GOP of An et al. [44] have been ex-
amined for their validities at low incident energies. They
are well-suited for use in the current study.

III. RESULTS AND DISCUSSION

In the present study, °Li collisions with ¥’ Al, $Zn,
138Ba, and 2% Pb targets are analysed. The Coulomb barri-
ers in the laboratory system are 8.0, 14.5, 22.0, and 30.6
MeV for these four reaction systems [5—7, 46], respect-
ively. To investigate the breakup effect, we compare the
full CDCC results with the one-channel (1ch) calcula-
tions, in which the continuum coupling is switched off.

A. Calculation condition

The first step for the analysis of °Liinduced reac-
tions involves providing an adequate calculation condi-
tion for convergence. In the present study, we adopt para-
meters N=35 and #=0.5 for the Lagrange-mesh method
similar to that in Ref. [38]. Many tests have been per-
formed to ensure that the calculated results are insensit-
ive to N and A.

In CDCC calculations, the angular momentum / and
energy ¢ of a-d relative motion must be truncated at cer-
tain I, and &n. values, which are selected to be suffi-
ciently large to ensure the convergence of the associated
cross sections. Given that [, and en.x should be inde-
pendent of a and d optical potentials, we are able to only
examine the convergence of calculations with MOP, and
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Fig. 1. (color online) Elastic scattering angular distributions,

as ratios to Rutherford cross sections, for °®Li+27Al, ®Zn,
138Ba, and 2°Pb systems at incident energies below and
above the Coulomb barrier with respect to different values of
&max- Imax=2 18 fixed. The Coulomb barriers in the laboratory
system are 8.0, 14.5, 22.0, and 30.6 MeV for these four reac-
tion systems [5—7, 46], respectively. Black, purple, green,
blue, and red lines denote the CDCC calculations with &my,=0,
10, 20, 30, and 40 MeV, respectively. See text for details.

the final calculation condition can be applied to the calcu-
lations with GOP directly.

Firstly, we perform calculations for °Li+%’Al, *Zn,
133Ba, and 2%®Pb systems at incident energies below and
above the Coulomb barrier with different values of &pay.
Specifically, ln.x=2 is fixed such that important 3*, 2%,
and 1 resonance states are included in CDCC calcula-
tions. Figure 1 shows the elastic scattering angular distri-
butions calculated with &,,,=0, 10, 20, 30, and 40 MeV.
The CDCC calculation with &,,,=0 corresponds to the
one-channel calculation. It can be observed that the calcu-
lated results are almost the same for %Zn, '3¥Ba, and
208Ph targets with £, > 10 MeV at incident energies ex-
ceeding the Coulomb barrier, while the convergence of
elastic scattering angular distribution is reached with
Emax 220 MeV in the sub-barrier energy region.
However, the situation becomes more complicated for
5Li+ 27 Al reaction systems. The calculated results are the
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Fig. 2.  (color online) Ri(emax) for SLi+?’Al, %Zn, '3*Ba,

and 298 Pb systems with respect t0 &max. Imax=2 is fixed. (a) In-
cident energies are below the Coulomb barrier. (b) Incident
energies are above the Coulomb barrier. The Coulomb barri-
ers in the laboratory system are 8.0, 14.5, 22.0, and 30.6 MeV
for these four reaction systems [5—7, 46], respectively. The
solid, dashed, short dashed, and dash-dotted lines denote the
CDCC calculations for SLi+?” Al, %Zn, 133 Ba, and 2°Pb sys-
tems, respectively. See text for details.

same with &g, > 20 and 30 MeV at E,,=7.0 and 18.0

MeV, respectively. A higher €,y is required for the con-

vergence of SLi+?7 Al elastic scattering angular distribu-

tion at incident energies exceeding the Coulomb barrier.
We define R;(emax) as:

OTR (Smax)

-1 1
U'TR(emax =40 MeV) ’ ( 0)

Ri(&max) =

where orr(ema) denotes the total cross section calculated
with ena. Specifically, ln.x=2. Figure 2 shows the value
of Ri(emax) as a function of &,,. For all reaction systems,
the absolute values of R;(emax) are less than 2% when
&gmax = 20 MeV. The convergence of total reaction cross
section requires lower &n, than that of elastic scattering
angular distribution. With an overall consideration,
emax=30 MeV is adopted to ensure the convergence of all
CDCC calculations in the current study.

Another important issue is the choice of /.. With
fixed £m.x=30 MeV, elastic scattering angular distribu-
tions are calculated with /,.«=0, 1, 2, and 3 for °Li+?*’ Al,
%4Zn, *8Ba, and 2%®Pb systems at incident energies be-
low and above the Coulomb barrier, as shown in Fig. 3.
For all reaction systems, the elastic scattering angular dis-
tributions increase in the large scattering angle region as
Inax Increases from 0 to 2, while the differences between
the calculated results with /,,,,=2 and 3 are low.

Similar to R (&nay), We define Ry (1) as follows:
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Fig. 3. (color online) Same as Fig. 1 but the CDCC calcula-

tions are performed with different values of Imax. &max=30
MeV is fixed. The black, green, blue, and red lines denote the
CDCC calculations with I.x=0, 1, 2, and 3, respectively. See
text for details.

O-TR(lmax)

_— 1, 11
OR(Imax = 3) ( )

RZ(lmax) =

where orr(lma) denotes the total cross section calculated
with .. Furthermore, £,,=30 MeV is fixed. Ry(lnax)
values are presented in Fig. 4 as a function of /.. For all
reaction systems, the value of R,(/.x) decreases as [y
increases and it becomes less than 2% at [,,.,,=2. Hence,
Imax=2 1s sufficient to ensure the convergences of elastic
scattering angular distribution and total reaction cross
section.

In the following calculations, &,,,=30 MeV and
lnax=2 are used.

B. Reduction factor of d GOP

Generally, °Li CDCC calculations with a and d phe-
nomenological optical potential require some renormaliz-
ations on the optical potentials as a consequence of the
effective suppression of the deuteron-target absorption in
a+d two-body model [26, 47]. Given that the paramet-
ers of GOP are adjusted to fit various elastic scattering
experimental data and total reaction cross sections, the
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Fig. 4. (color online) Same as Fig. 2 but for Ry(Imax), shown
as a function of /.« . See text for details.
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L

.
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Fig. 5. (color online) Elastic scattering angular distributions,
as ratios to Rutherford cross sections, for (a) °Li+?” Al reac-
tion at Ej;,=8.0 MeV and (b) °Li+%Zn reaction at Ej;»,=13.6
MeV. The dash-dotted, solid, and short dashed lines denote
the CDCC calculations with GOP, in which the surface ima-
ginary terms of d GOP are multiplied by different values of
Aa, respectively. The dashed lines represent the CDCC results
calculated with MOP. Experimental data are obtained from
Refs. [5, 6]. See text for details.

CDCC analysis with GOP is expected to ensure the con-
sistency of the renormalizations and improve reliability.

It is found that °Li elastic scattering angular distribu-
tion is sensitive to the surface imaginary part of d GOP,
which should be multiplied by a reduction factor A, to fit
the experimental data. Considering the elastic scattering
angular distributions and total cross sections simultan-
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Fig. 6. (color online) Same as Fig. 5 but for (a) °Li+!*¥Ba

reaction at Epp=23.0 MeV and (b) °Li+?8Pb reaction at

E,=33.0 MeV. Experimental data are obtained from Refs. [7,

48]. See text for details.

eously, 4, is optimized as 0, 0.45, 0.50, and 0.35 for
SLi+? Al, %Zn, *®Ba, and 2Pb reactions, respectively.
These reductions are maintained in the following calcula-
tions for °Li induced reactions with d GOP.

Figures 5 and 6 show the CDCC calculations with
GOP for SLi+?’Al, %Zn, '*®Ba, and *°Pb reactions at
E»,=8.0, 13.6, 23.0, and 33.0 MeV, respectively, when
compared with the results calculated with MOP. For
SLi+,% Zn, '3 Ba, and 2%Pb reactions, with the decrease
of A, from 1 to 0, the deuteron-target absorption process
is suppressed and the elastic scattering angular distribu-
tion increases in the angle region above 70 degrees, lead-
ing to a visible Coulomb rainbow [49]. Good agreement
between the experimental data [5—7, 48] and CDCC res-
ults, calculated with GOP, is obtained with the optimized
A4, which are no more than 0.5. However, for °Li+%7Al
reaction, the elastic scattering angular distribution
changes moderately as A, decreases from 1 to 0. We fi-
nally adopt 2,=0 for this reaction system to fit the total
reaction cross sections.

Unlike the calculations using GOP, the CDCC calcu-
lations with MOP successfully replicate the measured
values without requiring any adjustments.

C. SLi elastic scattering

Figure 7 shows the calculated elastic scattering angu-
lar distributions for $Li+?’ Al reactions at incident ener-
gies (Epp) from 7.0 MeV to 18.0 MeV. Compared with
one-channel results, continuum state coupling reduces the
Coulomb rainbows and increases the angular distribu-
tions in the angle region above 70 degrees significantly at

1.0

5L+ Al

0.6
E\5=7.0 MeV

10°

doldog

Y
E.,=12.0MeV T
A\
\\ ALY
50 100 150
0;.m (deg)

——MOP CDCC
——GOP CDCC
- - -MOP 1ch
- - -GOP 1ch
5Li GOP

107

0c.m (deg)

Fig. 7. (color online) Elastic scattering angular distributions,
as ratios to Rutherford cross sections, for °Li+27 Al reactions.
The red solid and blue solid lines denote CDCC calculations
with MOP and GOP, respectively. The red dashed and blue
dashed lines represent the one-channel calculations with MOP
and GOP, respectively. The black lines denote the results cal-
culated with the °Li GOP [45]. The surface imaginary part of
d GOP is multiplied by 1,=0 in the CDCC and one-channel
calculations involving d GOP. Experimental data are obtained
from Ref. [5] and represented by green circles. See text for de-
tails.

E\ < 12.0 MeV. More specifically, two types of CDCC
calculations provide almost the same results and obtain
good agreements with the experimental data [5], with the
exception of the underestimations in back angle region at
E»,=10.0 and 12.0 MeV. Given that the breakup reaction
channel is comprehensively incorporated in CDCC calcu-
lations, these underestimations are attributed to the ab-
sence of the transfer reaction channel. This channel rep-
resents another significant coupling mechanism in reac-
tions induced by weakly bound nuclei [50]. At E,,=18.0
MeV, remarkable oscillations occur in the one-channel
results while the CDCC results calculated with MOP are
much smoother and are in agreement with the measured
value. Additionally, the °Li GOP [45] significantly un-
derestimates the angular distributions above 50 degrees at
E.» < 10.0 MeV but provides similar results with CDCC
method at higher incident energies.

The elastic scattering angular distributions for
OLi+%Zn system at Ep,,=11.8-21.9 MeV are presented in
Fig. 8. CDCC results with GOP are the same as those
with MOP. However, they become slightly larger in the
back angle region, leading to a better agreement with ex-
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Fig. 8. (color online) Same as Fig. 7 but for °Li+%Zn reac-

tions. The surface imaginary part of 4 GOP is multiplied by
2¢=0.45 in the CDCC and one-channel calculations involving
d GOP. Experimental data are obtained from Ref. [6].

perimental data [6] at Ey, > 13.6 MeV. Coulomb rain-
bows are obvious in one-channel calculations but they are
negligible in CDCC results, which are strongly reduced
by continuum state coupling.

Figures 9 and 10 show °Li elastic scattering on **Ba
and 2%PD targets. Consistent with the previous two reac-
tion systems, continuum state coupling reduces the Cou-
lomb rainbow and increases the angular distributions in
the large angle region. Generally, CDCC results are in
good agreement with experimental data [7, 48, 51] with
the exception of ®Li+!*¥Ba scattering at E;,;,=21.0 MeV.
Additionally, the CDCC calculations with GOP repro-
duce the measured value better than those with MOP for
5Li+2%Pb reactions as they provide larger angular distri-
butions in the back angle region.

For a clearer understanding of the °Li breakup effect
on elastic scattering, we compare the elastic scattering S-
matrix elements S7,, obtained from CDCC and one-chan-
nel calculations. Specifically, J denotes the total angular
momentum, and L and L’ denote the orbital angular mo-
mentums of initial and final channels, respectively, with
respect to R. The diagonal elements S7, are plotted in
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Fig. 9. (color online) Same as Fig. 7 but for °Li+!**Ba reac-

tions. The surface imaginary part of d GOP is multiplied by
14=0.5 in the CDCC and one-channel calculations involving d
GOP. Experimental data are obtained from Ref. [7].
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Fig. 10. (color online) Same as Fig. 7 but for °Li+2%Pb re-
actions. The surface imaginary part of d GOP is multiplied by
14=0.35 in the CDCC and one-channel calculations involving

d GOP. Experimental data are obtained from Refs. [48, 51].

Fig. 11. As J increases, the module value of S/, in-
creases and finally S/, convergesto 1 . It can be ob-
served at any J that the real and imaginary parts of S7,
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Fig. 11.  (color online) Elastic scattering S-matrix elements

84, for °Li scattering on (a) 2’ Al at Ej,,=8.0 MeV, (b) *Ni at
Ein=14.8 MeV, (¢) *®Ba at E,,=23.0 MeV, and (d)***Pb at
E,=33.0 MeV. Closed circles connected with solid lines and
open squares connected with dashed lines denote the results of
CDCC and one-channel calculations, respectively. Red and
blue scatter lines represent the results obtained with MOP and
GOP, respectively. In the CDCC and one-channel calcula-
tions involving d GOP, the surface imaginary parts of d GOPs
are multiplied by 1,=0, 0.45, 0.5, and 0.35 for °Li+?7Al,
64Zn, 138Ba, and 208 Pb systems, respectively. See text for de-
tails.

are enlarged and reduced by continuum state coupling, re-
spectively, which provides a repulsive correction to the
results of one-channel calculations, i.e., the folding poten-
tial. This correction is independent of optical potentials
and reaction systems, consistent with that in the analysis
of Sakuragi et al. [16] at energies significantly above the
Coulomb barrier.

D. SLi total reaction cross section

Comparison between the calculated total reaction
cross sections and experimental data [6, 7, 48, 52, 53] are
presented in Figs. 12 and 13 for °Li+?"Al, ®Zn, '*®Ba,
and 2%Pb systems. Although the data for SLi+*" Al, %Zn,
and '*¥Ba reaction systems are obtained via optical mod-
el potential analysis instead of experimental measure-
ment, their values are reliable and can be adopted for
comparison. CDCC results obtain satisfactory agreement
with experimental data. In the calculations with MOP,
continuum state coupling has a weak suppressive effect
on o, forall four reactions at energies above the Cou-
lomb barrier but enlarges oz considerably in the sub-
barrier energy region for °Li+%Zn, '*¥Ba, and 2®Pb sys-
tems. These properties are maintained in the calculations
with GOP. However, the enhancement of orr at energies
below the Coulomb barrier is moderate for ®Li+?” Al re-

SLi+27Al

Grr(mb)

——MOP CDCC
102 ——GOP CDCC
— = MOP 1ch
- - GOP 1ch
—SLiGoP
A !
|
10! . . . . .
6 8 10 12 14 16 18 20
Ejon(MeV)

SLi+%zn
——MOP CDCC
——GOP CDCC
— = MOP 1ch
- = GOP 1ch
5Li GOP

10§ l
L L L L L L

12 14 16 18 20 22
Epp(MeV)

orr(Mb)

Fig. 12.  (color online) Total reaction cross sections for (a)
6Li+?7 Al and (b) °Li+%Zn systems. The red and blue solid
lines denote CDCC calculations with MOP and GOP, respect-
ively. The red and blue dashed lines represent the one-chan-
nel calculations with MOP and GOP, respectively. The black
lines denote the results calculated with the °Li GOP [45]. In
the CDCC and one-channel calculations involving d GOP, the
surface imaginary parts of d GOPs are multiplied by 1,=0 and
0.45 for °Li+?’Al and ®Zn systems, respectively. Experi-
mental data are obtained from Refs. [6, 52, 53] and represen-
ted by green circles. The arrows indicate the Coulomb barri-
ers in the laboratory system.

action and insignificant for SLi scattering on heavier tar-
gets.

IV. BREAKUP PROCESS OF d CLUSTER

As presented in Sec. 111, the surface imaginary part of
d GOP should be reduced by no less than 50% to fit the
data in 5Li CDCC calculations with GOP. Hence, this re-
veals a strong suppression on the d reaction probability. It
is well known that breakup and transfer reactions have
strong coupling effects in d induced reactions at low in-
cident energies. Their contributions are approximately in-
cluded in the surface imaginary part of d phenomenolo-
gical optical potentials, as these reactions mainly occur in
the surface region. Hence, it can be inferred that the d
cluster in °Li is not able to break up as easily as that in
the free state.

Given that the 1n-stripping reaction contributes signi-
ficantly to the inclusive a cross sections, we wish to in-
vestigate whether the breakup process of d cluster should
be considered in °Li induced reactions. In this study, d
breakup effect is treated approximately by means of dy-
namic polarization potential [16, 54], which provides a
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Fig. 13. (color online) Same as Fig. 12 but for (a) SLi+!*¥Ba
and (b) ®Li+28Pb systems. In the CDCC and one-channel cal-
culations involving d GOP, the surface imaginary parts of d
GOPs are multiplied by 1,=0.5 and 0.35 for ®Li+'*¥Ba and
208Ph systems, respectively. Experimental data are obtained
from Refs. [7, 48].

correction to the folding model optical
Ud:Ug)ld.

Let us make an extreme hypothesis that a and d
clusters in °Li are located close to each other. They move
with the same velocity at the beginning and react to the
target simultaneously. By ignoring the excitation of tar-
get, the breakup process of d can be described by the CD-
CC method at corresponding incident energy E;=%Eus.
For SLi+2?%Pb reaction at E,,=33.0 MeV, we perform
CDCC calculation for d+2%8Pb reaction at E;=11.0 MeV
with the microscopic nucleon optical potentials U, and
U, as described in Sec. IL.B. The n-p interaction is the
Gaussian-type potential as mentioned in Sec. II.B. Fur-
thermore, spins of nucleons are ignored. Following the
method of Chau Huu-Tai [55], the n-p continuum states
of S, P, and D partial waves in open channels are all con-
sidered into CDCC calculations. The Lagrange-mesh
method is used to discretize continuum states with para-
meters N=30 and 4#=0.4 as suggested in Refs. [35, 37].

With this CDCC calculation for d+2®Pb reaction, an
L-independent polarization potential can be obtained with
the method of Thompson et al. [56] as follows:

potential

ol QL+ DTy P U
URt = L (12)
ZL QL+ DTy |yl

where UP" denotes the trivially-equivalent L-dependent

|
1 (a)
0 ==
-
— V4
E, 10 b L
s d+2%Pb,E;=11.0 MeV : i
20 b U M
- Udlo\d V
30 | = — U0y Pl !
1 1 In
T
! (b)
I
0 9
— I/'
3 v/
S sf /1,'
2 B /'/|
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Fig. 14.  (color online) Polarization potential U%”, folding

model optical potential U'?¢, and their summation for d+2% Pb
reaction at E;=11.0 MeV. The solid, dashed, and dash-dotted
lines stand for U, U™, and their summation, respectively.
The real and imaginary parts of potentials are presented in
subfigures (a) and (b), respectively. The dashed vertical line
indicates the interaction radius Ry=8.05 fm of the surface ima-
ginary part of d GOP [44].

polarization potential calculated from the CDCC wave
functions [16, 57]. Furthermore, 7; and y; denote the
transmission coefficient and wave function of d-target re-
lative motion in the elastic channel for the L-th partial
wave, respectively.

The polarization potential U**, folding model poten-
tial U, and their summation are presented in Fig. 14. In
the low energy d induced reactions, elastic scattering an-
gular distribution is sensitive to the surface term of the
optical potential but nearly independent of the inner part.
It can be observed that U provides a repulsion correc-
tion to the real part of U, around Rg=8.05 fm, which is
the interaction radius of the surface imaginary part of d
GOP [44]. Furthermore, U" deepens the imaginary part
of d optical potentials around Rs.

Figure 15 shows the elastic scattering angular distri-
butions for d+2%Pb reaction at £,=11.0 MeV. Compared
with the results of UMY, continuum state coupling de-
creases the angular distributions in 40—80 degrees and in-
creases the results above 80 degrees, improving the
agreement with experimental data [58]. Optical potential
calculation with U™+U"" provides nearly the same res-
ults as those provided by CDCC calculation. Hence U
is sufficient to hold the d breakup effect when d is in a
free state.

Comparison between the CDCC results with deuter-
on optical potential U™ and U™4+y*" is presented in
Fig. 16 for °Li+?%Pb reaction at E;,=33.0 MeV. The «
MOP remains unchanged. The angular distributions signi-
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Fig. 15.  (color online) Elastic scattering angular distribu-

tions, as ratios to Rutherford cross sections, for d+2%Pb reac-
tion at E;=11.0 MeV. The solid, dashed, dash-dotted lines
represent the results of CDCC, UM+ and U™ calcula-
tions. Experimental data are taken from Ref. [58]. See text for
details.
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Fig. 16.  (color online) Elastic scattering angular distribu-

tions, as ratios to Rutherford cross sections, for °Li+208Pb re-
action at Ej,,=33.0 MeV. The solid and dashed lines represent
CDCC results with deuteron optical potentials U™ and
U4+ P! respectively. Experimental data are obtained from
Ref. [48]. See text for details.

ficantly decrease in 40—90 degrees and slightly increase
above 90 degrees when the dynamic polarization poten-
tial U is combined with folding model potential U™ to
be used as deuteron optical potential U,. Although the
agreement with experimental data [48] in the large scat-
tering angle region is improved, this procedure poorly un-
derestimates the angular distributions in 40—-90 degrees,
suggesting that U* should not be added into d optical
potential. As U™ is constructed without the considera-
tion of d breakup process, it can be concluded that d
cluster behaviors are similar to that of a tight bound nuc-

leus in °Li induced reactions. Hence, it is not necessary to
consider the d cluster breakup.

V. SUMMARY AND CONCLUSION

We systematically examined the °Li elastic scattering
and total reaction cross sections in the vicinity of the
Coulomb barrier within the a+d-+target three-body frame-
work for ®Li+?"Al, ®Zn, *®Ba, and 2%®Pb reaction sys-
tems. A combination of o and d MOPs based on the
Skyrme nucleon-nucleon effective interaction and CDCC
method provides satisfactory agreement with the experi-
mental data without any adjustment on optical potentials.
In all cases, the coupling of continuum states visibly re-
duces the Coulomb barrier and amplifies the elastic scat-
tering angular distributions in regions of large scattering
angles by introducing a repulsive correction to the fold-
ing model potential. When compared to one-channel cal-
culations where continuum state coupling is deactivated,
a modest decrease in the total cross section is noted in
CDCC results for all four reaction systems at incident en-
ergies above the Coulomb barrier. Conversely, in the sub-
barrier energy region, there is a substantial enhancement
of the total cross section for °Li+%Zn, 3¥Ba, and 2Pb
systems.

For comparison, we also performed CDCC calcula-
tions with o and d GOPs and optical potential calcula-
tions with ®Li GOP. The surface imaginary part of d GOP
should be reduced by no less than 50% to describe the
data. CDCC results calculated with MOP and GOP are
consistent with each other, suggesting that the MOP com-
bined with the CDCC method is applicable for SLi in-
duced reactions.

The breakup probability of the d cluster is investig-
ated. A local dynamic polarization potential is generated
to handle the breakup effect of d and is added to the d
MORP to be the d optical potential in °Li CDCC calcula-
tion. This procedure significantly underestimates the an-
gular distributions in the middle scattering angle region.
It reveals that d cluster behaviors are similar to a tightly
bound nucleus in °Li induced reactions, which is consist-
ent with the result of four-body CDCC analysis [26, 47].
This results in the adjustment of the surface imaginary
part of d GOP. Hence, it is practical to address the 1n-
stripping reaction effectively in Born approximation
within the three-body model, rather than conducting a
complete four-body computation involving a+n+p-+target.
Related research is in progress.
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