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Abstract: The angular distributions (ADs) for 2°Ne elastically scattered from a
**Mg target were measured experimentally many years ago at E, , = 50-100 MeV.
Unfortunately, these data received little attention and were analyzed only from
a phenomenological perspective at that time. This work is essentially devoted
to investigating these data from a microscopic point of view, with a special
interest given to the probable a + 0 cluster structure of the **Ne nucleus.The
considered data are fairly well reproduced by the implemented potentials. The
study demonstrated the success of the proposed a + °0 cluster model of the
2Ne nucleus in reproducing the considered *°Ne + **Mg ADs over a wide range
of energies.
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Introduction

The traditional view of the nucleus is that it has a uniform distribution of neutrons and
protons. However, from the early days of nuclear research, it has been recognized that
nucleon clusters, or nuclear clustering, might be crucial for a deeper understanding of nuclear
interactions and structure. In the 1950s, Morinaga [1] made a bold prediction that alpha
particles could align linearly. He suggested that cluster structures would not be present in the
ground state of a nucleus but would emerge as the internal energy of the nucleus increased.
Thus, a nucleus needs a certain amount of energy to develop a cluster structure, with these
structures becoming evident near or just below the cluster decay threshold energy. Ikeda
et al. [2] expected that the cluster structure would become most pronounced at excitation
energy (Ex) corresponding to specific decay thresholds.

Experimental evidence supporting the concept of clusterization in light nuclei is detailed in
M. Freer’s work [3]. A clear example is the two alpha-particle system in ®Be, where the strong
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alpha-particle binding energy (~28 MeV) implies that °Li and ’Li nuclei are likely to form o +
dand a + t cluster structures, respectively. The Hoyle state in *2C, observed at Ex = 7.65 MeV, is
an exemplary cluster state. Hoyle [4] had predicted this state to explain the cosmic abundance
of carbon, and Cook [5] detected it at an energy very close to Hoyle’s prediction.

The **Ne + **Mg system is particularly intriguing and could provide valuable insights for
extracting spectroscopic factors for the *°Ne — '°0 + o and #*Mg — ?°Ne + aconfigurations.
However, only a few studies [6, 7] have investigated this system, and these studies used
predominantly phenomenological approaches. In Ref. [6], angular distributions (ADs) for the
**Mg (*°Ne, *°Ne) **Mg at E, , = 50-100 MeV were measured in the angular range 10° <6c.m.<
75°. These data were described using optical model potentials (OMPs). Reduced absorption
and a-cluster transfer were discussed theoretically but not observed experimentally at this
energy range. Volume integrals and total reaction cross-sections for the potentials were also
determined. Ref. [7] involved measurements of ADs for a *°Ne ion beam at 40 MeV elastically
scattered from a **Mg target. The measured ADs exhibited oscillations associated with the
24Mg (*°Ne, 2*Mg)?*°Ne reaction. An a-spectroscopic factor (SF) of 0.08 + 0.02 was derived from
the analysis, considering the coherent sum of scattering amplitudes from elastic scattering
and a-transfer.

In a previous study [8], the ?°Ne + **Mg ADs were analyzed using the S3do Paulo potential
(SPP2) and a cluster folding potential (CFP). The latter was generated based on available
phenomenological OMPs for the o + Mg and '°0 + Mg channels. In the current study, the
20Ne + **Mg ADs are reanalyzed using a microscopic CFP and the Brazilian Nuclear Potential
(BNP), which is independent of both projectile energy and relative velocity. The CFP used in
this study was generated from microscopic a + 2*Mg and '¢0 + 2*Mg potentials, rather than the
phenomenological ones used in Ref. [8].

Overall, the concept of clusterization offers a valuable framework for understanding
complex nuclear systems and enhances our knowledge of nuclear physics. This work focuses
on exploring the probable a + %0 structure model of ?°Ne nucleus and its ability to reproduce
the °Ne + Mg ADs across a broad energy range within this model. The manuscript is
organized as follows: Section II presents the potentials used, Section III covers the analyses
and discussion of the results, and Section IV provides a summary and conclusions.

Implemented theoretical methods

The available experimental ADs data for*’Ne+**Mg system at E, ,= 50, 60, 80, 90, and 100
MeV [6] are initially reanalyzed using the BNP, which incorporates the density distributions of
the interacting nuclei. Then, the full microscopic cluster folding potential (CFP) is employed
to evaluate the accuracy of reproducing the ?°Ne + **Mg data using the a + °0 model for *°Ne,
a model that has previously demonstrated significant success in describing various nuclear
systems induced by ?°Ne [8-10].
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BNP

To eliminate parameter ambiguities associated with OMP calculations, the more microscopic
Brazilian Nuclear potential (BNP)was employed to generate the real part of the potential. This
was done by folding the projectile (pp) and target (p, ) density distributions, obtained from the
Dirac-Hartree-Bogoliubov model [11], with an effective potential. Recently, L.C. Chamon et al.
[12] suggested two models for the nuclear potential between interacting nuclei: theSao Paulo
potential (SPP2), which depends on the relative velocity of the nuclei, and the BNP, which is
independent of both projectile energy and relative velocity. The effective nucleon-nucleon
(NN) interactions for the SPP2 and BNP aregiven by the following formulas:

R 4172

ser2 () = —p,e(-0) ol~e)

UNN

(1)

with U =735.813 MeV, a=0.5 fm, v representing the relative velocity between the interacting
nuclei, andc being the speed of light.

R

vENP(R) = —er(_E)z (2)

with U =87.226MeV and a=0.95 fm.

Data optimization was performed by minimizing the x? value, which quantifies the
discrepancy between the data and the theoretical results. The calculations and parameter
optimization were carried out using the FRESCO and SFRESCO code [13]. It is worth noting
that in a previous study [8], these ADs data for the ?°Ne + ?*Mg system were analyzed within
the SPP2 potential. Therefore, it is of interest to compare the SPP2 and BNP potentials in
reproducing the considered data.

CFP

The study advances by aiming to match the experimental data for the elastic scattering
of **Ne +?*Mg ADs using a cluster folding model (CFM). This approach is inspired by the
a + %0 cluster structure in the ground state of the *°Ne. In the CFM framework, both the
real and imaginary components of the potential are developed using the cluster folding
technique. To conduct the calculations for the ?°Ne + **Mg system, it is essential to establish
the potentials for the a + **Mg and 'O + **Mg channelsas well as the binding potential for the
a + %0 configuration in the **Ne nucleus. The real and imaginary components of the
20Ne + **Mg potential are derived from these a + Mg and 1°0 + #*Mg potentials as follows:

PR = J {Va24Mg[RérjmﬁoMMg(R%rﬂxo<r>2dr, 3)
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) . | 2 (4)
W (R) = {Wa24Mg(R-gereromMg(R+grj}|7(o(r)|dr’

where Vo s Mg’ Vieg 2s s W, s Mg’ and W » wig AT€ the potentials for a+?*Mg and 0+**Mg
channels, which reproduce the experimental data at £, ~ 1/5 E, and E"°0x 4/5 E, eprepared
within the BNP using standard normalizations of 1.0 and 0.78 for the real and imaginary
potential parts, respectively. The term is the intercluster wave function for the relative motion
of a and °0 in the ground state of 2°Ne, and is the relative coordinate between the centers of
mass of a and '°0. The bound state form factor a + 1°0 represents a 5§ state, is taken from Ref.
[14]. The real and imaginary components of the cluster folding potential used in the current

work are illustrated in Fig. 1.
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Fig. 1: The real and imaginary CFPs for the ?°Ne + ?*Mg system
Results and Discussions

2°Ne + ?*Mg data analysis using BNP

As depicted in Fig. 2, the experimental ADs for 2°Ne + 2*Mg are compared with theoretical
calculations using a real BNP component and an imaginary potential, which is a factor
multiplied by the real BNP. This approach, referred to as BNP Real + BNPImag,involves fitting
the data with two adjustable parameters:NRand NI, which are normalization factors for the
real and imaginary BNP strengths. The optimal extracted parameters using this method are
listed in Table L. The total potential is expressed as follows:

UR)=V.(R)— N, V*(R)—i N, V" (R) (5)
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The agreement between the data and theoretical calculations is generally good across the
entire angular range, as shown in Fig. 2, using the potential parameters listed in Table I. The
data is well fitted using an average extracted N, and N, values are 0.74+0.14 and 0.75%0.1,
respectively, which are close to the previously extracted values 0.87+0.18 and 0.75+0.1 from
previous analysis [8] within SPP2. The experimental angular distribution reveals a Coulomb-
nuclear interference peak, which shifts toward smaller scattering angles as the bombarding
energy increases.

10' : . . .
I I I o 20Nel+24Mg ADs Dlata
Calculations within BNP_'

Fig. 2: Comparison between *’Ne+**Mg ADs and calculations within BNP at £, ,= 50-100 MeV

2°Ne + **Mg data analysis using CFM

As illustrated in Fig. 3, the comparison between the experimental ADs for the 2°Ne+**Mg
system and the theoretical calculations using CFP model is quite accurate when employing
the optimal extracted parameters listed in Table I. In this analysis, the data is fitted using two
parameters N, and N, which represent the normalization factors for the real and imaginary
parts of the CFP, as shown in Fig. 1. The total potential is described by the following form:

UR) =V(R) =N V" (R)—i N, V" (R) (6)

The average values extracted for NR and NIwithinthe CFP model are 0.81+0.09 and
0.86+0.38, respectively. While those extracted from previous study [8] are 0.61+0.08 and
1.46%0.26.
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Fig. 3: Comparison between *°Ne+**Mg ADs and calculations within CFP at E_ = 50-100 MeV

Table I: Optimal potential parameters for ?’Ne +2*Mg system at different energies extracted from
the analyses within BNP and CFP

E_ Model N, N, xX2/N
(MeV)
50 BNP 0.57 0.60 0.11
CFP 0.79 1.26 0.08
60 BNP 0.69 0.74 0.19
CFP 0.97 1.28 0.20
80 BNP 0.81 0.86 5.95
CFP 0.79 0.64 4.85
90 BNP 0.67 0.83 0.18
CFP 0.77 0.66 1.42
100 BNP 0.94 0.703 4.31
CFP 0.75 0.45 4.30
Summary

In summary, the angular distributions for elastic scattering of stable 2°Ne a’*Mg target at
energies ranging from 50 to 100 MeV show a classical Fresnel diffraction scattering pattern,
asdepicted in Figs. 2 and 3. However, a distinct deviation from this pattern is observed in
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the case of elastic scattering involving weakly-bound nuclei, such as ''Be one-neutron halo
nucleus [15], when interacting with different targets like ¢*Zn [16], '?°Sn [17], °’Au [18], and
209Bij [19]. These interactions exhibit significant suppression of the Fresnel peak due to the
break-up effects. Theoretical calculations within CFM, which is based on the a + *°0 cluster
structure for ?°Ne, successfully reproduce the considered data,providingevidence supporting
this proposed structural model for the ?°Ne nucleus.
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@akynbmem ecmecmeeHHbIX HAyk, YHugepcumem Tauma, Tanma, E2zunem
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[ToBTOpPHBII aHAU3 YIVIOBBIX pacnpejeaeHuii ynpyroro paccesuus 2°Ne + 2*Mg
B pa3/IMYHbIX NOTEHIHA/IaX B3aMMO/EHCTBUA

AHHoTanusA. YriioBble pacnpegenenus (YP) pnsa ynpyro paccesiHHoro 2°Ne oT MulieHu **Mg
ObLIM U3MEPEeHbl IKCIEPUMEHTaJIbHO MHOT0 JieT Haszaj npu E,, = 50-100 MaB. K coxanenuro, 3T
JlaHHbIE TOJIYYHUJIM MaJI0 BHUMAaHUS U ObLIM MPOAHAJTM3UPOBAHBI TOJBKO C $EeHOMEHOJJOTUYECKOH
TOYKH 3peHHUs] B TO BpeMs. JTa paboTa B OCHOBHOM INOCBSIleHA HUCCAEJOBAaHUI0 3TUX JAHHBIX C
MHUKPOCKOMTMYECKON TOYKHU 3peHHUs, PU 3TOM OCOOBIM MHTEpeC YAeJIeTC BEPOSITHON KJIacTepHOM
cTpykType o + '°0 azapa , Ne. PaccMOTpeHHbIe JaHHbIE J0OCTaTOYHO XOPOIIO BOCHPOM3BOJATCA
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peasM30BaHHBIMU NOTEHIMAMaMu. Mccien0BaHue IPOAEMOHCTPUPOBAJIO YCIEMHOCTD NMPeJIOKeH-
HOM KJacTepHOH Mozenu a + '°0 saapa *°Ne B BocnpousBeseHUH paccMaTpuBaeMbix AD*Ne +2*Mg B
IIMPOKOM JiMana3oHe 3HePTUH.

KilouyeBble c0Ba: pacnpejiesieHde IJIOTHOCTH, YIIPYyroe paccesiHhe, ONTHYECKUH MOTeHIMall,
KJIacTepHOe coeuHeHre, bpa3subCKUM A4epHbIA NOTEHLUAJ.

Homep(a) PACS: «21.10.Jx, 21.60.Cs, 24.10.Eq, 25.70.Hi»

III. Xamaaa
JKapamobiavicmaHy gakyabmemi, Tanma yHusepcumemi, Tauma, Ezunem
(E-mail: sh.m.hamada@science.tanta.edu.eg)

IpTYpJii 83apa apeKeTTecy NoTeHnuaagapbiaaa 2°Ne +2*Mg cepnimMai mambipayabiH,
OYPHIIITHIK YJIeCcTipiMaepiH KaiiTa Taaaay

Anparna. Mg HblcaHachklHaH cepniMi mambipagKbl 2°Ne yimiH GypbITHIK yJecTipyiaep (y)
KeIlTereH xbligap 6ypeiH E,, = 50-100 MaB Ke3iHje akcepuMeHTaN bl TYp/e e/lieH/i. OKiHimke
opai, 6yJ MaJsiMeTTepre Ha3ap asayAapblI/bl XKIHE COJI Ke3/ie TeK PeHOMEHOOTUSNBIK TYPFbIIaH
TanfaH/jbl. Byn KyMmbic HeriziHEH oOCbl JepeKTep/lii MHUKPOCKOMUSJIBIK TYPFblJAH 3€pTTeEyTe
6arbiTTasFad, °NE saapocekiHblH o + °0 kJjacTepJsiik KypbLIbIMbIHA e€epeKIle KbI3bIFYIIbLIbIK
TaHbITaAbl. KapacTeIpblIFaH JepeKTep iCKe achIpblIFaH dJieyeTTepMeH >KaKCbl OWHATBIIAJbl.
3epTTey ycbiHbLIFAH A + 1°0 2°NE s1ipoChIHBIH, KJacTepJiiK MoJesiHiH KapacThIpblLIbII OThIpFaH ad
20NE + #*MG-/i KeH 3Heprus Juana3oHblH/a OWHAYAAFbl COTTIJIITiH KOPCETTI.

TyiiiH ce3Aep: ThIFbI3ABIKTIH Tapasayhbl, CepHiM/i AlIbIpay, OMTUKAIBIK I0TEeHI[UaJ, KJaCTepJIik
Gails1aHbIC, 6PA3UIUABIK, S/POJIBIK TOTEHI[AAJ
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