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Analysis of elastic and inelastic scattering of *’Ne on "°Ge at 306 MeV
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Angular distributions of the differential cross section for 2’Ne 4 "°Ge elastic and inelastic scattering at energy
306 MeV are analyzed in the framework of the optical model. The analysis is performed using the coupled-
channels mechanism by taking into account the effect of the low-lying states, 0* and 2+ for the projectile 2’Ne
(Eex. = 1.634 MeV), target °Ge (E.,. = 0.563 MeV) nuclei, and their mutual excitation (2%, 2*). Results are
obtained with the conventional phenomenological Woods-Saxon potential and three different semimicroscopic
potentials using the double folding model. Two real cluster potential models are calculated based upon the
cluster structure of 2°Ne nucleus as 5a and o + '°Q. For the sake of comparison, the real of the density-energy-
dependent CDM3Y6 potential is considered. The imaginary part for the three real potentials is treated in a
standard Woods-Saxon form. The calculations show that the experimental data can be reproduced successfully
with a scale factor close to 1. The coupled channels have a weak effect on the elastic scattering with significant
differences in calculations of the volume integrals and the total reaction cross sections compared to the available
previous study for this reaction. Other future studies are, therefore, required.
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I. INTRODUCTION

The ambiguous question of whether the neutrinos are Ma-
jorana fermions is still unsolved. The neutrinoless double g
decay (OvBp) if observed it will be the most promising re-
source to establish the Majorana or Dirac nature of neutrino
and would provide a precise measurement of its absolute
mass.

Recent projects [1-4] focus on nuclear single and double
charge exchange (DCE) nuclear reactions. Their aim is to ex-
tract relevant information for the Ov 8 8 nuclear matrix element
(NME) from the study of DCE reaction cross sections.

Therefore, the scope of the present paper focuses on
the DCE reactions due to their large current interest, and
the investigation of their initial- and final-state interactions
becomes of crucial importance to understand their precise
reaction mechanisms. One of these pertinent reactions is the
20Ne + "%Ge DCE reaction as "°Ge considers one of the most
promising candidates for direct observation of the Ov 88 mode
[1]. The analysis of the elastic and inelastic channels of the
20Ne + °Ge system is of particular interest for the cross sec-
tion of the 7°Ge(*’Ne ,2°0) 7°Se DCE that is performed within
the NUMEN project [1,2] since the proposed approach to get
information about NMEs of interest for Ov 88 within NUMEN
is a multichannel one. The study of the weak-interaction con-
siderations is out of the scope of the present paper.

For the first time, elastic and inelastic scattering angular
distributions for the >°Ne 4 *Ge system at 306-MeV labo-
ratory energy were measured [5], and the calculations are

“ahemdan @aswu.edu.eg

2469-9985/2021/104(4)/044604(8)

044604-1

analyzed within the optical model plus distorted-wave Born
approximation and coupled channel (CC) approaches. They
used three different optical potential (OP) models to describe
the elastic angular distribution. The three chosen OPs failed
to describe the elastic scattering experimental data above the
grazing angle (*9.4°). This result led them to confirm that
the theoretical description of elastic scattering is not strongly
dependent on the choice of the OP. They also studied the
CC effects which are found to be essential to obtain good
agreement with the experimental data. They concluded that
new analyses have to be performed to find the appropriate
characterization of the model space and average interaction
for the outgoing partition.

During the past three decades, the double folding (DF)
model has been widely used to calculate the real part of
nucleus-nucleus OP due to its simple handling in numerical
calculations to carry out a variety of analyses of heavy-ion
(HI) scattering [6]. The basic inputs of the DF calculations
are the nuclear densities of the colliding nuclei and effective
nucleon-nucleon (NN) interaction. One of the popular choices
for the NN interactions is the M3Y interaction [7]. This orig-
inal density-independent M3Y interaction is developed [8] to
include the density dependent (DD) in the nucleon OP which
leads to saturating the cold nuclear matter (NM) to collapse.
Afterward, several forms of M3Y density dependences were
introduced [9,10] with chosen parameter values to repro-
duce the observed NM saturation properties. The DD of the
M3Y denoted by CDM3Yrn (n = 1 — 6) is allowed to infer
the values of nuclear incompressibility with more precision
than the other different DD versions. The effective CDM3Y6
interaction has been widely tested in the DF model analyses
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of the elastic nucleus-nucleus scattering [9—13]. Therefore,
this version of NN interaction is adopted in the present
paper.

On the other hand, several studies have been carried out to
investigate the DF cluster potentials based upon the «-cluster
structure of the colliding nuclei in the analyses of «-nucleus
and nucleus-nucleus elastic scattering [14—19]. The structure
of 2'Ne has been earlier also studied by various models which
are almost based on the description of the motion of nucleons
in the nucleus [20].

In Ref. [21], 2°Ne is considered to be composed of two
clusters a core '°0 and an extra o particle. They obtained a
successful description for the elastic scattering of 800-MeV
protons by °Ne nucleus.

The same visualization of the cluster structure for *°Ne is
adopted [22]. The authors presented an analytical deduction
for the wave function for the relative motion of the  + '°0
system, and they succeeded very well to reproduce the ex-
perimental charge form factor of >°Ne and the elastic proton
+ 2Ne scattering differential cross sections.

Thereafter, a series of studies [23-25] provided support
to two-cluster (& + °0) model of *°Ne. For example, the
folding potential for the elastic o 4+ *°Ne scattering [23], a
satisfactory description for elastic scattering angular distribu-
tions for a wide incident energy region was obtained. Also,
the authors in Ref. [24] construct an «-folding potential for
the analysis of elastic '°0 +2°Ne scattering system in the
energy range of E. ., = 24.5-35.5 MeV. They aimed to fur-
ther examine the two-cluster model of the 2°Ne nucleus. The
experimental data have been reasonably well described using
the a-folding potential with an imaginary potential consisting
of a Woods-Saxon (WS) volume plus a derivative WS (WSD)
surface term. Moreover, the two-cluster model of the 2°Ne
nucleus is applied again to investigate its validity to get infor-
mation about the analysis of the elastic 2’Ne + 2°Ne scattering
[25] at energies of 62.1-74.5 MeV.

The motivation of the present paper is due to the limited
study of the *°Ne + "Ge interaction in conjunction with its
features which have not been well established yet. Further-
more, these data may provide opportunities to test various
scattering theories and nuclear-structure models. Therefore,
our aim in this paper is to reexamine the two-cluster model
in addition to the & cluster (S cluster) of *’Ne to present a
description of the experimental data for 2°Ne + 7°Ge elastic
and inelastic scattering [5]. For the sake of comparison, we
tested the DF potential using the CDM3Y6 effective NN in-
teraction, which is dependent on the density and energy and
proved to be effective in most folding calculations. Finally,
for a complete understanding of the scattering dynamics of the
studied reaction, the relevant internal states of the projectile-
target system are properly taken into account. Therefore, the
CC method is performed to describe the experimental cross-
section angular distributions extracted for the elastic and some
inelastic transitions.

This paper is organized as follows: A brief description
of the derived formalisms and the procedures are given in
Secs. II and III, respectively. Section IV is devoted to the
results and discussion. Finally, conclusions are reported in
Sec. V.

II. THEORETICAL FORMALISM

A. Elastic scattering

Four OP forms are used to calculate the nuclear potential
for 2°Ne 4 7%Ge elastic scattering in the present paper. The
form of the total nuclear potential is taken as

U(R) = Vc(R) + Un(R), ey

where the Coulomb potential V¢ (R) is taken as a uniformly
charged sphere of radius Rc = 1.2 (AIT/3 +A11,/3). A7 and Ap
are the masses of the target and the projectile, respectively.
Phenomenologically, the nuclear OP part Ux(R) is taken in
the form of WS shape,
R—Ry\1'
ay

~1
R —RW>] ’ )
aw

where the first term represents the real part of OP whereas
the second term represents the imaginary part. The param-
eters, Vo(Wy), Rv(Rw), and ay(aw) are the depth, radius
and diffuseness of the real (imaginary) potential, respectively.
The radius is calculated according to R, = r, (AIT/ 3 +A;,/ 3),
x = V, W. This potential is denoted as WSP.

Semimicroscopically, the OP is generated when the imag-
inary part is taken as WS potential of Eq. (2) while the real
part is calculated by using the DF model form:

Ux(R) = Vo[l + exp <

+iW0|:1 + exp(

V(R) = Ni / / Pre(F1)PGe(r2) ¥ iy (8)dr1des,
s=R-—r|+r, 3)

where Ny is the real normalization factor. Three different
forms of the real DF potentials are generated.

In the first one, we consider the two-cluster structure
of the °Ne nucleus as « + '°0, and this potential for the
20Ne + 7°Ge scattering is denoted as CPI1. So, the real DF
potential model is calculated as

Vepi(R) = NR/ |:Voz-Ge (R — gr> + Vo-Ge (R + é)r}

x [y (r)|*dr, “

where ¥ (r) is the wave function for the relative motion of
the @ and '°0 clusters in the ground state (g.s.) of the *’Ne
nucleus, and r is the relative coordinate between the centers
of mass (c.m.) of o and '°Q. The - "Ge interaction potential
may be formulated as

Va-Ge(r) = f pGe(r,)vaN(r - l'/)dl'/. (®)]

The effective v,y interaction is taken in a Gaussian form as
[17]

Van(r) = —36.4¢02657", ©)

The '°0 - Ge interaction potential is formulated as

Vo-ge(r) = /,00(1'1)PGe(rz)vNN(S)dl'ldl’z,

044604-2



ANALYSIS OF ELASTIC AND INELASTIC SCATTERING ...

PHYSICAL REVIEW C 104, 044604 (2021)

TABLE I. Parameters of the colliding nuclear densities of **Ne
and "®Ge with its corresponding rms radius values comparable with
experimental and previous calculations. Experimentally, obtained
from (r2)1/2 = (2 )% — (rf,)‘/z.

po re(w) a.(B) {ra)
Nucleus (fm™3)  fm@fm™2) fm(fm™2) (fm)
2pF density
5Ge 0.16715 4.54 0.578 4.12*
4.0° [26]
Ne 0.153505 2.805 0.571 3.04%
2.897° [26]
2.722¢ [19]
MG density
Ne 0 0.1317 0.6457 0.3228 2.45*
a 04229 0.0 0.7024 2.72¢ [21]
20Ne (5w) 0.0403 0.412 0.277 247
2.44° [19]
“Present calculation.
"Experimental.
“Previous calculation.
S=r—r|+r; @)

The effective NN interaction [16] is defined as
UNN(s) = —20.97¢ 0463, (8)

The ground-state density distributions of the target "°Ge
nuclei is taken in 2pF [26] as

r—re -
pce(r)Zpo[lJreXP( p >] , )

whereas the nuclear matter density of 190 is taken in modified
Gaussian (MG) form as [14]

po(r) = po(1 + wr)e P, (10)

The parameters of the 2pF and MG matter densities form
with corresponding root mean square (rms) radii are listed in
Table 1. The relative motion wave-function v (r) was formu-
lated [22-25] and given as the following:

¥ (r) = Ro(r)Yoo (0, ¢), an

and the form of the radial wave-function Ry(r) can be abbre-
viated to be written as

Ro(r) = (n — £ r2)e” 127 (12)

since 0 =2(a’7)""/*[sin§ + %\/gcos%] and &=

2\/g(a6n)‘1/4cosg with a=1.96 and 6 =282.4° are
obtained [23] by fitting the experimental charge form factor
of the °Ne nucleus.

In the second form, the projectile 20Ne is visualized to be,
such as an « cluster (S«) with the same procedure for v,n
and the target density of °Ge nuclei in Eq. (9), the CP2 is
the denoted for this potential. Therefore, the real part in the

present potential takes the form

Vep2(R) = Ng f / Pxe (1) PGe(12) Van(s)dr1drs,
s=R—r| 41y, (13)

where, the cluster density pge(rl) of the °Ne nucleus as 5o
is taken in the MG density form which is calculated using
the same technique in Ref. [14]. Its parameters with the «-
matter density distribution [(py(r) = ,ooe’ﬁ’z] [27] are listed
in Table I.

Finally, when both the target and the projectile are con-
sidered to be consist of nucleons and the choice of the NN
interaction is crucial, the third semimicroscopic potential is
calculated. In the present paper, the density-dependent version
of CDM3Y6 interaction [28] is used. Then the DF model of
nuclear OP will be in the form

Veomsys(R) = Nr f/ PNe(T1)pGe(r2) unn(S) dridrs, (14)

where pne and pg. are the ground-state 2pF density distribu-
tions of the projectile and target. Their parameters are listed
in Table 1. More details about the density-dependent version
of CDM3Y6 effective NN interaction is defined in Ref. [29].

B. Inelastic scattering

The nuclei ?’Ne and ®Ge are well known to be strongly
deformed and their low-lying states have a rotational na-
ture, therefore, the calculations in the framework of the
coupled-channels method are most adequate to describe the
experimental data on the elastic and inelastic scattering.

Two OPs are used to analyze the inelastic 2’Ne + "°Ge
scattering cross sections for the low-lying 2% state (Eox, =
0.563 MeV) of the target °Ge nucleus, 2% state (Ee =
1.634 MeV) of the projectile *°Ne nucleus and the mu-
tual excitation for two colliding nuclei ONe; 634(21) and
76Geo.563(2+) by using the CC technique (see Refs. [30,31]).

First, the deformed potential (DP) of the WSP is directly
obtained as a derivative of the WSP potential for the multipo-
larity A > 2. In the DP model, excitations of the nucleus with
A > 2 are characterized by a transition potential whose shape
is independent of A,

UPP(r) = —8YauU(r)/dr, (15)

since 8 is the potential deformation length that determines
the strength of the interaction.

The second model is the nuclear transition for Potential
CP1. The real transition potential, denoted as U;r(CP )(r) can
be written as

U () = N / f P (FD)PE (1) van (S)dErdrs, (16)

where pir(i)(r) is the transition density which describes the
inelastic excitation of the two colliding nuclei that derived
according to the following:

p;\r(,')(r) = Spoi(r)/dr,

since p;(r) is the ground-state density distribution of the pro-
jectile 2°Ne nucleus or the target "°Ge nucleus. 5" represents

i = Ne, Ge, (17)
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TABLE II. The best-fit parameters which obtained for elastic scattering of the *’Ne + *Ge system at 306 MeV. For the real part of WSP,
ay, = 0.964 fm and r, = 0.77 fm whereas the depth W, = 84.3 MeV is used for all imaginary potentials.

V() JR <r1%) w aw jw (r\z,v) OR
Pot. (MeV) (MeV fm?) (fm) (fm) (fm) (MeV fm?) (fm) x2 (mb)
WSP 288.7 270.5 5.92 1.048 0.94 104.5 6.63 3.0 3410
CP1 0.79 290.9 5.35 1.068 0.85 107.3 6.55 1.2 3209
CP2 0.7 257.7 5.5 1.13 0.723 120.9 6.63 2.2 3097
CDM3Y6 0.75 285.5 5.7 1.13 0.801 124.1 6.77 3.5 3344

Vo = N for the microscopic potential.

the matter deformation length which provides a measure of the
nuclear transition rate. It can be obtained from the measured
B(E ) transition rate. §;" = B, R, where B, is the deforma-
tion parameter and R is the radius of the deformed nucleus
(R = 1.2A'3 fm). The deformation parameter is determined
by B = %[B(E)\;I — I') b*¢*/e*]'/%. For the imaginary
transition potential, the derivative of the imaginary central
potential is obtained from

1
———=38}'dW (r)/dr,
Nk (r)/

where 6} refers to the imaginary deformation length de-
fined as 8} = BY'R’, and B} is the imaginary deformation
parameter.

According to Ref. [32], the equal deformation hypothesis
for matter distribution and potential is, in fact, correct if the
projectile is a pointlike particle and the potential is obtained
by folding the density with a zero-range interaction. The cor-
rect deformation length (85°") is adopted for the deformed
potential as in Ref. [33] to take into account the relative
differences in the density and potential radii, as follows:

Wi(r) = (18)

85°" = 8,R/Rpot; (19)

where the radius Ry of the CP1 potential is listed in Table II.

In our calculations, we assume that the imaginary deforma-
tion length is equal to the matter deformation i.e., 8}’ = §5°".
Therefore, the corrected deformation lengths for AZONe are
1.43 fm which is consistent with Ref. [33] and 1.28 fm for
"5Ge is of the CP1 potential.

III. PROCEDURE

The analysis of °Ne + °Ge elastic scattering is performed
based on the two-cluster approaches CP1 and CP2 as given
by Eqgs. (4) and (13), respectively. Furthermore, the DF real
part of the OP is also evaluated using the CDM3Y6 density-
energy-dependent effective NN interaction. The imaginary
part of the OPs is calculated by Eq. (2) as a phenomenological
WS volume form with three parameters.

The three considered real potentials given by the DFPD4
computer code [34] and our computer code [35] in addition
to the fourth WS potential (WSP) are fed into HI-OPTIM-94
[36]. Searches were carried out using the HI-OPTM94 [36]
computer code by optimizing four free parameters, the real
renormalization factor Ny for the calculated potentials besides
the parameters of the imaginary WS potentials to fit the data

by minimizing the x? value, defined as

1 A [on(Br) — oex (66) T
2 —_— _—
X = N kzz;[ Aaex(ek) :| '

(20)

owm(oex) is the theoretical (experimental) cross section at an
angle ;. in the c.m. system, Ao is the experimental error, and
N is the number of the data points. For the experimental errors
of all measured data, an average value of 10% is used. For
the phenomenological WS approach in Eq. (2), searches are
executed upon six free parameters for the elastic and inelastic
scattering.

In the next step, only, two potentials WSP and CP1 are
used to analyze inelastic 2’Ne + "°Ge scattering, in the frame-
work of the CC, at low-lying 2% state (Ee. = 0.563 MeV)
of the "®Ge target nucleus and the low-lying 2 state (Ee,, =
1.634 MeV) of the 2°Ne projectile nucleus. The transition
of the CP1 potential and the deformed WSP potential are
generated to study the excited channels and their effect on
ground channels. Therefore, the complex inelastic OP will be
in the form

Utihans(R) = VAC(R) + U){V(WSP’ CPI)(R)~ (21)

The inelastic angular distribution fits are obtained through
the automatic search option in the FRESCO code [37] using
the CC technique. The optimal set of the potential parameters
deduced from the optical model fitting are then used as the ini-
tial values in the CC procedure fitting. The coupling schemes
considered in the present paper are similar to what is sketched
in Fig. 2 of Ref. [5].

IV. RESULTS AND DISCUSION

A. Analysis of the elastic data

To test the execute vibrations of a-particle clusters with
respect to their most probable equilibrium positions at ge-
ometric bodies for the *°Ne nucleus, we assume the cluster
structure of ’Ne as S« (such as o density). At the same time,
extension to the success of the structure model for *’Ne den-
sity in Refs. [23-25] as two clusters, this distribution model is
also considered in the present paper. In addition, the matter
density distribution is taken as 2pF for the *’Ne and "°Ge
nuclei.

The radial shape of the different types of the density
distributions of 2°Ne is shown in Fig. 1, on linear and loga-
rithmic scales. The corresponding rms radius calculated for
20Ne (a cluster and 2pF) and 7°Ge nuclei (2pF) are listed
in Table I in comparison with previous calculations and
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04 (**Ne density distributions)
(a+'°0) Cluster
02l - - = ba- Cluster
B N Matter
3.6 4.8 6.0
\
\
\\
\
\
\ 1 1 ..l
6 9 12
r [fm]

FIG. 1. Nuclear density distributions of the >’Ne projectile; panel
(a) for the linear scale and panel (b) for the logarithm scale. The
solid line refers to the two cluster (a + '°0) density distribution,
the dashed line refers to the S« distribution, whereas the dotted one
represents the 2pF matter density form.

the experimental rms radius which are extracted using the
relation (r2)1/% = (r2 )12 — (rg)l/z, where 72 and r2, re-
spectively, are the charge density [19] and the proton rms
radii. The features of the density distributions are shown in
Fig. 1.

It can be seen that the two-cluster distribution has the
largest value at the small distance (» < 1 fm) whereas the S
distribution and 2pF densities have the same behavior with a
small difference in the same region. For large » (r > 1fm),
the clearly difference between the considered densities is
due to the different structure of the ?’Ne projectile nucleus.
Generally, it is obvious from Fig. 1 that the cluster distribu-
tions have different behaviors than the nucleonic distributions.
Moreover, the two-cluster distribution has a steeper slope than
the 5« form.

The deduced values of the rms radius listed in Table I,
together with the behavior of densities, shown in Fig. 1 leads
us to say that the cluster structure (o« + 160) of *°Ne can
play the function of deformation for the nucleus geometric
structure. According to this hypothesis, the resulted CP1 and
CP2 potential models will be affected.

The «-structure densities in addition to 2pF matter density
forms of the 2°Ne nucleus with the considered NN effective

1000

750

500

V(R) [MeV]

250

5 6 7 8 9 101

1 | |-

112 13

R (fm)

FIG. 2. The three OPs for ’Ne 4 "°Ge elastic scattering, CP1
(solid curve), CP2 (dashed curve), and CDM3Y6 (dashed-double
dotted curve).

interactions are investigated through the calculated DF poten-
tial. The three forms of the real part of the optical 2’Ne + "%Ge
potentials, CP1, CP2, and CDM3Y6 are shown in Fig. 2. It
is obvious that the CP1 potential is deeper at a small radius
whereas steeper than the other two potentials at a large radius
which is relevant to the cluster structure of the ?’Ne nucleus.
The behavior of the resulted potentials at a short distance is
useless because of the dominance of the absorption behavior
for the reaction. The difference between the folded potential is
shown in the inset figure of Fig. 2 at the surface distances. This
is mainly due to the peripheral nature of heavy-ion scattering
at this range.

The experimental angular distribution of 2’Ne + "°Ge elas-
tic scattering at 306 MeV has been analyzed using the derived
four potentials. The experimental data in comparison with
the theoretical calculations are shown in Fig. 3. The best-fit
parameters extracted from the autosearch processing in con-
junction with real and imaginary volume integrals Jg (Jw),
rms radii, and the reaction cross section oy are listed in
Table II. The listed parameters for the WSP potential are
used as a guide for our calculations with respect to other
work of the considered interaction [5]. One may note from
Fig. 3 and Table II that all the derived potentials describe well
the experimental data. It is obvious from this figure that the
calculated cluster CP1 and CP2 potentials lead to successful
predictions of the elastic scattering cross sections over all the
measured angular range for the 2’Ne + "Ge system. More-
over, in the angular range 6 = 12 — 17°, the CP1 and WSP
potentials play almost the best fitting with the experimental
data, smallest xZ, and normalization scale factor close to one
other than the other potentials (CP2 and CDM3Y6). For more
confirmation of the obtained results, a different deal is taken
to compare between the differential cross sections for the four
considered potentials WSP, CP1, CP2, and CDM3Y6 where
no real normalization (i.e., NR = 1.0) for the real poten-
tials is taken and the imaginary WS parameters Wy = 84.3,
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10° | Elastic scattering ol 3
102 i—76Ge(20N9, 20Neo+)76Geo+ ]
E 107? 3
10' 7
100 | — - E
o E -. - CDM3Y6 =17 E
% 10" 3 5 10 15 20 25
102 | 1
10°F ... 1
10% r —CPH1 \ -,
sF CcP2 E
10°F - CDM3Y6 T
10-6 L L 1 L 1 L 1 L 1 L R\ 1 -

0 5 10 15 20 25 30

Oc.m. [ded]

FIG. 3. A comparison between the measured elastic angular dis-
tribution [5] for 2°Ne + °Ge scattering at Ej,,, = 306 MeV and the
theoretical predictions obtained by using the optical CP1, CDM3Y6,
and CP2 as well as WSP potentials as shown by solid, dashed-double
dotted, dashed, and dotted lines, respectively. In the inset, fixed
N, = 1.0 with imaginary WS parameters are given inside the text.

a, = 0.83, and r,, = 1.095 are fixed for all the potentials.
These results are shown in the inset of Fig. 3 with the cor-
responding x2 values. The smallest x> for CP1 is obtained.
The potentials CP1 and WSP still give the description of
the experimental data. This presents one bonus for these two
potentials to continue the description of the inelastic scattering
using the CC technique.

This successful feature may be due to the cluster structure
of the ?’Ne nucleus density distribution which confirms that
the theoretical description of elastic scattering is sensitive to
the structure of the two colliding nuclei. The present results
are inconsistent with the previous study for Saptofora et al.
[5]. They performed their calculations using three different
OPs where all their chosen potentials failed to describe the
elastic scattering data after the grazing angle (X9.4°). This
leads them to confirm that the theoretical description of elastic
scattering is not strongly dependent on the choice of the OPs
since the strong absorption restricts the reaction source on the
colliding surface system.

To study the effect of adding the internal states of the
projectile-target systems to elastic 2’Ne + "°Ge scattering, the
CC calculations are explicitly taken into account. The results
of the deformed CP1 potential are shown in Fig. 4. Generally,
negligible effects of CC are observed on the elastic scattering
data. At large angles, a slightly effect of CC is noted for
mutual excitation 2’Ne; 34(21) and "°Gey s63(21).

The resulting volume integrals are inconsistent with the
previous one [5] also, the deduced values of the reaction
cross-section (og) are noted to be spread in a wider range
(og = 3265 £ 139.8) in comparison with the previous one
(og = 2808 £ 10.1). This refers to the dependence of cross-
section values on the geometrical structure of the colliding
nuclei.

T T T T T T T T T T T T T T T T
10° b Elastic scatt. with CC effect |
CP1 potential
10"
107
o
L
©10°F
10*E o Exp.Data
E Ge?* (0.563)
10° F ---- Ne* (1.643)
Fo— e?"+ Ne**
10-6 N 1 N 1 N 1 N 1 N 1 N 1 L 1 L 1 L
1] 3 6 9 12 15 18 21 24 27

8c.m. [deg]

FIG. 4. The same as Fig. 3 but for the CP1 potential using the
effect of CC calculations on elastic scattering. The solid line for the
first low-lying excited states Ge*? of target, the dashed line is for
the first low-lying excited states of projectile Ne*?, and the dashed-
double dotted line refers to the mutual excitation (2, 21).

B. Analysis of the inelastic scattering

For a deeper understanding of the scattering dynamics, the
CC method where the relevant internal states of the projectile-
target systems are explicitly taken into account, the theoretical
calculations of angular distributions for the inelastic channels
of the 2°Ne + "°Ge system are performed.

To study the influence of different types of OPs, two dif-
ferent forms, CP1 and WSP are used to analyze the inelastic
scattering data in the context of the CC approach. The effect
of coupling is studied upon the elastic scattering cross section.
The effect of couplings for the first low-lying excited states
of projectile and target on the elastic channel is shown in
Fig. 4. This figure substantiates the reliability of the CP1
cluster model.

The agreement with the data required to adjust the optical
parameters by fitting the elastic and 27 inelastic curves in the
CC calculations. This is performed separately for each nucleus
in order to take into account the different coupling strengths.
The obtained best-fit OP parameters are listed in Table III.
The corresponding CP1 angular distribution calculations of
inelastic scattering for 2’Neg s (07) +7° Geg s63(27), and the
mutually excited 27 states in both nuclei are shown in Fig. 5
compared to the experimental data and those extracted by
the phenomenological WSP potential. It is obvious that a

TABLEIII. The best-fit parameters for the WSP potential for CC
calculations.

Excitation Vo Ty ay Wo rw aw

Mode MeV) (fm) (Fm) MeV) (fm) (fm) X2
%Ge (2t) 177.12 084 0.80 5477 098 121 164
Ne (2t) 177.84 086 095 14.39 1.34 079 150
2,2 100.0 1.0 1.0 50.41 1.2 089 10.27
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Coupled channels technique}
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FIG. 5. The experimental angular distribution for the low-lying
of projectile and target populated in the **Ne 4 "*Ge inelastic scatter-
ing at 306 MeV in comparison to the theoretical CC calculations. The
top data represent the 2+ state of "°Ge at 0.563 MeV; the middle data
for the 27 state of *°Ne at 1.634 MeV; the bottom data correspond
to the excitation of both projectile and target (2T @ 27). The solid
lines are the results of the CP1 potential whereas the dotted lines are
the results of the WSP potential. Experimental data are taken from
Ref. [5].

satisfactory agreement is obtained. The best-fit parameters
of the imaginary WS part that is required to fit the CC cal-
culations are listed in Table IV with N, = 0.8. Generally,
these results for all states, 2°Ney ¢34(21), 7°Geg s63(27) and
the mutual excitation are better than that presented in Ref. [5].
Moreover, the resulted normalization factor Nk together with
the x? values indicate to the success the present calculations.

TABLEIV. The best-fit parameters of the imaginary WS part that
required to fit the CC calculations with N, = 0.8.

Wo Iy aw
Nucleus (MeV) (fm) (fm) x2
5Ge (21) 14.45 1.39 0.77 10.3
Ne (21) 50.15 1.21 0.83 33
2t, 2% 50.41 1.2 0.7 9.3

The satisfactory description for inelastic data may be due to
the success of using cluster potential CP1 model to reproduce
the elastic data for considered system.

The relative differences in the density and potential radii
[33] are considered. Therefore, the deformation length (87°")
that is adopted to match the deformed potential radii is used
in this paper as Eq. (19). In contrast, indefinite deforma-
tion lengths for deformed nuclei are used in the previous
study [5].

V. CONCLUSIONS

In the present paper, we have presented a successful de-
scription of the recently measured data for elastic and inelastic
scattering of 2’Ne + °Ge at 306 MeV using the phenomeno-
logical WSP in addition to different three real OPs. The
(o + '°0)-cluster structure for the 2°Ne nucleus is considered
to generate the real two-cluster CP1 potential in the optical
form. Also, the 5a-cluster structure for 2’Ne is used to deduce
the real potential. Moreover, the microscopic potential based
upon the effective CDM3Y6 Paris NN interaction is also con-
structed. The imaginary part of all the derived potentials is
used as a phenomenological WS form. The derived potentials
reveal a very good agreement with the experimental elastic
scattering angular distribution with a normalization factor
close to unity.

In the framework of the CC technique, the inelastic scat-
tering data are analyzed through two optical potentials, the
two-cluster CP1 and phenomenological WSP. The coupling
contribution from the first low-lying excited states 2% (Eex. =
0.563 MeV) for the target and 2% (Ee. = 1.634 MeV) for
the projectile in addition to mutual excitations (2%, 2%) are
considered. Very satisfactory reproduction of the inelastic and
elastic data is obtained for all considered OPs. The effect of
the CC on the elastic data is found to be negligible. These
good results imply the success of the (a + '°0)-cluster model
for 2°Ne to analyze the considered DCE reaction which is an
extension for the success of the previous studies in using this
cluster structure [23-25].

More deeply, we can argue that the suggested cluster struc-
ture of the 2°Ne nucleus may present an internal distortion that
makes the nucleus behave, such as a deformed nucleus. This
change in the nucleus geometrical shape leads to the potential
to be more sensitive at the surfaces of the colliding systems.
Also, the o space configuration shape is accepted physically
more than presented in the work of Spatafora et al. [5] where
changing the radius is important to correctly describe the
experimental data up to about 14° only. Furthermore, the
extracted volume integrals and oy are found to be inconsistent
with the only available previous study which requests another
analysis of the considered system to be available to enable
further discussion.
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