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Using phenomenological and microscopic potentials, the experimental angular distributions*f6the nuclei elastically scattered from

a2%%pp target a1, = 22 MeV are investigated. Both the modified version of CDM3Y6 interaction based on the inclusion of the rear-
rangement term (RT) and those obtained from the Sao Paulo Potentials are used for the microscopic potentials. The cluster folding potentia
for ®°He+*°%Pbh is calculated using the triton + triton cluster structure®de. This analysis revealed that the real cluster folding potential
strength must be reduced by about 90%. Using the extracted potentials, the total reaction cross sections were successfully reproduced.
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1. Introduction phenomenological OM as well as the DF with the appropri-
ate optimized parameter sets accurately reproduce the elas-

Elastic scattering processes between two colliding nuclei stiltic scattering angular distributions fér°-*He +°%Pb elas-

remain an important topic in nuclear physics studies. The scitic scattering. We reanalyzed the experimental data of the

entific community has been attracted'tb®He because ofits  *%*He +*°®Pb reaction at 22 MeV [8-16] by calculating the

special aspects in scattering with heavy targets. The weakluclear potential using a variety of potentials, including Sao

bound nucleu§He has a broad neutron distribution and a low Paulo potentials, CDM3Y6 potentials with and without the

2n-binding energy, which is well known[1-4]. These char- rearrangement term (RT), and phenomenological WS poten-

acteristics favor neutron transfer and breakup, and therefor@éals [17-22].

should affect the angular distribution of elastic cross sections The paper is organized as follows. Section 2 discusses

[5-9]. ®He has more valence neutrons but is more tightlythe nuclear potentials that are used in the data analysis, while

bound, with binding energies comparable for 1n and 2n sysSec. 3 discusses the results and discussion. The summary is

tems, wherea$He favors two-neutron breakup. The elastic provided in Sec. 4.

and reaction cross sections for collisions with heavy targets

at Coulomb barrier energie; are expected to reflect the differzl Theoretical methods

ences between the two helium isotopes.

A. M. Sanchez-Benteet al [5] analyzed data of elas- As a first step for probing the interaction mechanism for the
tic scattering of 6He+208Pb measured at laboratory energiezonsidered nuclear systems, OM of the nucleus is applied.
of 14, 16, 18, and 22 MeV using phenomenological WoodsThe implemented phenomenological OM potential has the
Saxon form factors and optical model calculations. The disfollowing form:
persion relations that connect the real and imaginary parts of .
the opthallpotentlal were found to_ be consistent with the en- Ulr) = Ve — Vo [1 T exp (7“ — Ry ﬂ
ergy variation of the optical potential. ay

The goal of this research is to see how sensititéHe r— Ry \1
+208pp elastic scattering is to various phenomenological and — Wy [1 +exp ()} : (1)
semi-microscopic potentials [10-16]. Various models have aw
been used to explain nuclear-particle interactions. The V(r) is the Coulomb potential due to a uniform
Some of these approaches include the double-foldingphere with a charge equal to that of the target nucleus and
model (DFM), the Woods—Saxon (WS) potential, and vari-radiusrgo A}/?’.The nuclear potential is consisting from two
ous variations of the WS potential. However, for analyzingparts: real volume (which simulate the scattering) and imag-
experimental angular distributions of low-energy scatteringnary volume (simulate the reduction in flux due to absorp-
of exotic nuclei on stable nuclei, the well-known double-tion), both has the phenomenological Woods-Saxon (WS)
folding (DF) model is the most widely used method. Theshape.
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According to the different parameter ambiguities bothwhere, the density dependent functieris written as [21]
discrete and continuous associated with the OM calculations,
and the fact that phenomenological representations do not in- F(p) = 0.2658 [1 4 3.8033exp( — 1.41p) —4.0p], (8)
clude a description of the projectile or target’s structure, the ) N .
real part of potential was constructed using the microscopi@ndg (E) is the additional energy dependent factor written
double folding (DF) procedure extracted from the CDM3Y®6 @S [21],
interactions with and without rearrangement term RT as well
as Sao Paulo potential (SPP) via the double convolution inte- g(E) = [1 —0.003 ()] 9)
gral

The termAF(p) is added to the folding model calcula-

Vpr(r) = // pp(r1)pe(r2)unn (S)d*rid®r2,  (2)  tion for the modified (CDM3Y6-RT) interaction with the in-
clusion of the RT term, wherA F'(p) can be written as [29],

wherep, (1), pi(r2)are the matter densities of the projectile

and the target respectively ang,y (S)is the effectiveNN AF(p) = 1.5 [exp(—0.833p) — 1]. (10)

interaction between two nucleons whefe= R — 7] + 75.

For NN effective interactions, the widely held choosing has

been based on the M3Y interactions which were designed t

reproduce the G-matrix elements of Paris [18-RlY inter-

actions. The density distribution 6f-*He is deduced using NN

the Argonne v18 two-nucleon and Urbana X three-nucleon Vr (R) = // pp (rp) pr (r1) Voo (‘ s D d rpd’rr,

> N

In the SPP model, the following two equations link the
Beal part of the local-equivalent interaction to the DF poten-
tial Vp(R)as

potentials (AV18+UX) in a realistic Variational Monte Carlo
(VMC) wave function [26]. For the density distributions of
208pp,, the following fermi form is assumed [27,28].

=R-Tp+rr, (11)

wherepp (rp) andpr (rr), respectively are the nuclear mat-
p(r)= Po , (3) ter density distributions for the two colliding nuclei. The fol-
1+exp(r—R)/a lowing two equations link the real part of the local-equivalent
R = 6.8 fm ,a = 0.515 fm and root-mean-square (rms) interaction to the DF potentidlr(R)as
matter radius 0b.604 fm, respectively whilepy can be

determined from the normalization condition. Va (R.E) = Ve (R) exp (_ |:i(J:| 2) | w2

47r/p (r)r?dr = 208.0. 4)

2
V2(R,E)==(E -V (R) = Vy (R, E)).  (13)
The DF potential consists mainly of two parts: K

The direct part is WhereV is the nuclei’s local relative velocity and C is the
_4r _25r speed of light. The nuclear densities were obtained from the
vp(r) = [110626 — 2538¢ MeV, (5) Dirac-Hartree-Bogoliubov model [30], and the Sao Paulo po-
Ar 2.5r tential (SPP2) was calculated using the REGINA code [20].
and the knock-on exchange part in the infinite-range ex-
change is 3. Results and discussion
_ | 15246_4T For incident energies df;,;, = 22 MeV, elastic scattering re-
UEz(T> = . 4,6,8 208 ; i
4r sults for the®*°He +““°Pb reactions were obtained. Three
different theoretical approaches were used for this purpose
e1s 86’2‘57” e 847670‘707% ©) microscopic double folding model based on Sao Paulo po-
257 070720 | tential, CDM3Y6 interaction with and without RT, and phe-

nomenological Woods Saxon (WS) model. The potentials
In this study, a modified version of the CDM3Y6 inter- that resulted are represented in Fig. 1. The comparisons be
action is used, which includes the rearrangement term (RTjween the experimentdt®®He nuclei elastically scattered
(CDM3Y6-RT). The density-dependent version (CDM3Y6) from a208Pb target at? = 22 MeV and the theoretical cal-
of the M3Y effective NN interaction based on the G-matrix culations using both phenomenological OM and microscopic
elements of the Paris potential is used for the direct and exmodel are shown in the Fig. 2.

change terms in Egs. (5) and (6). [21], which is the full  For the real and imaginary potentials, three parameters

CDM3YE6 interaction form. were used in the OM computations. Depths, radius, and dif-
fuseness for the reabq, vy, ag ) and imaginary g, r, @ )
vp(za) (p:7) = g(E)F (p)vp (82 (1), (™) volume parts of the interaction potential were freely changed
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FIGURE 1. The generated real SPP as well as CDM3Y6 with and

without RT for*58He +2%%Pb target af;q, = 22 MeV.

until the best fit for the data was achieved by minimizing the

x? value defined by

1N (o) = o)
e (M)

whereN is the number of data points,(#;)°*! ando(6;)°*P
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FIGURE 2. Comparison of experimental angular distributions
(solid black circles) and theoretical calculations (solid red curves)
for +%8He+*°8Ph elastic scattering using WS and real folded po-
tential atE;.,= 22 MeV. Ref.[10-16] provided the experimental
data. Cluster folding potential fotHe+*°®Pb is performed by
considering triton + triton cluster structure forle as well as the
CDCC calculations.

agreement between theoretical results and experimental data
is almost perfect. The results of tH&le+2°2Pb reaction,

in particular, are shown to be almost excellent for the WS
model, which properly represents the experimental data for
both small and large angles. However, the conclusions of the
SPP and CDM3Y6 models for all incidence energy exclude
some angles of the experimental data.

For each reaction, we calculated volume integrals as well
as chi squarg? values. Using various versions of the nuclear
model of the*5-8He nucleus, we found that the phenomeno-
logical potential (WS) with 6-free parameters provides good
fitting for all systems, as evidenced by the chi square values
in Table I, whereas the other microscopic potentials, the ob-
tained values for the chi square value give a closed value to
each other. Real real £J and imaginary (g) volume inte-
grals are used to calculate the volume integral. Thardd J

are the calculated and experimental differential cross sectionlume integrals are crucial for demonstrating the evaluated
(DCs) andAo (6;)is the relative uncertainty in experimental potential’s strength. In this context, the Table shows the J

data.

and J values for the WS, SPP, and CDM3Y6 models. It has

The parameters with the best fit are listed in the tablebeen found that altering the used model results in simgar J
The theoretical fits were done with the FRESCO code [27]and % values. The smallest values for the WS results can be
and the optimal potential parameters were found with theseen when thg? values are examined. Of course, a lower chi

SFRESCO search code. For th&He, it is obvious that the

squarey? value corresponds to a more accurate description
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TABLE |. The Optical potential parameters obtained from analysis offtftHe +2°%Pb elastic scattering & = 22 MeV using WS, folded

potential based on CDM3Y6 with and without rearrangement term, Sao Paulo potential (SPP), as well as cluster folding potential (CFP).
Volume depth Vo ,W)), radius and diffuseness parameters @; ), i = v, w. “Real and imaginary volume integralsg(&and 1), total

reaction cross sectiowr R) and the best fik 2 are presented.

Model V(N T) ry ay w r'w aw X2/N OR Jr Jr
4He+208 Pb
WS 9.442 1.850 0.850 9.11 1.850 0.7932 0.759 1255 66.32 63.52
SPP 1.0 6.178 1.850 1.306 1.688 1661 399.29 46.46
RT 1.0 7.319 1.850 1.2658 1.972 1693 196.32 54.86
RT=0 0.95 7.303 1.850 1.266 1.984 1693 335.68 54.74
6He+208 Pb
WS 23.72 1.4817 0.8501 139.99 1.850 0.300 3.05 1159 88.28 935.06
SPP 0.996 139.62 1.5949 0.850 2.543 1280 400.1 640.53
RT 0.998 39.365 1.850 0.7382 2.822 1333 350.89 272.69
RT=0 0.995 39.205 1.850 0.7420 2.835 1340 430.47 271.70
CFP 0.1 3.0 3.0 1330 43.2 187.4
8He+208 Pb
WS 17.15 1.5456 0.850 139.91 1.850 0.6506 5.33 1461 71.94 959.92
SPP 0.95 137.95 1.5834 0.7975 7.13 1408 286.75 614.38
RT 1.0 149.99 1.5834 0.7975 7.74 1412 326.30 668.01
RT=0 1.06 149.99 1.5834 0.7975 6.84 1420 439.12 668.01

description of the experimental data in terms of the choseB.1. Cluster folding Potential for *He+2°%Pb

theoretical representation. As a result, similar cross sections

for various approaches can indicate similar experimental reCluster folding (CF) potential obtained from the t + t proba-

sults [6-12]. As a result, it is reasonable to assume that vale cluster structure faspe +- 208pp elastic scattering data is

ious approaches have resulted in a successful analysis of thiged to fit the data. Based on the suggested model, the

experimental data. real and imaginary CF potentials féide +2°®Pb system can

be defined on the basis bf 2°®Pb potentials as: the real and

To validate our analysis, we plotted expressiag)(at ~maginary CF potentials for theHe +2°°Pb system may be

22 MeV for 4#68He+%%Ph and, against the DF potential defined on the basis of+- ¢ model. Using the recommended

H 208 i
with finite-range exchange contribution for the densities und +t model as follows, we can write thiéte +2°°Pb potential

der consideration, as shown in Fig. 1. At the center (R:O)f':ls
VSPP(0)/VPF (0))~1.2)(0.98(1.01)) for *HefHe and 1
gHe res(p()a{:tively(vv)iihout )IéT, trEis m)e)ans that the scattering V<" (R) = / [Vi—zospp(R = 1)
is sensitive to the real potential for both reactions considered.
This figure shows that the DF potential is about 5% deeper + V,_20spp, (R + lr)]lxt_t(r)lzdr. (15)
than the SPP potential at the cent&r £ 0), while they are 2
similar for radial distance& ranging from 0.5 fm to 7 fmfor - The/, _ .05 py, is the phenomenological potential for the two
%*He+*Pb scattering. t + 20Ph channels which fairly reproduce the experimen-
tal data at the appropriate energigs ~ 1/2E(°.) taken

A strong absorption radiu8 s (closest approach) through from [29]. The termy;_.(r) is the intercluster wave function
the surface radial region can be defined as the distance bsr the relative motion of the two tritons in the ground state
tween colliding particles in terms of the transmission coeffi-of °He, andr is the relative coordinate between the centers
cientT'; s5, which is a function of the partial wave and mo- of mass of two tritons. The bound state form factor ¢
mentum L1/2, as well as the Sommerfield paramgtand  represents &5, /, state in a real Woods-Saxon potential of
the projectile wave numbér[28]. We can see that the differ- R = 1.15 fm, a = 0.7 fm, and the potential depth is al-
ent DF and cluster potentials agree with each other near tHewed to be changed till reach the binding energy of the clus-
strong absorption radiu® s where Rs = 10.5, 10.8, 11.1  ter (12.307 MeV). The constructed cluster folding potential
fm for the*:5-8He+*°®PDb reaction. for °He +2%8Pb is shown in Fig. 3.
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R, (fm) al. [40] improved this di-neutron model to account for four-

& 4 12 body effects by using an effective di-neutron separation en-
ergy, they observed an effective binding energy of around
1.6 MeV rather than the 0.973 MeV predicted in the previ-
-50 |- SHe+2%pp | ous model [40-42]. To investigate the effect of couplings to

i 1 the breakup channels, the (CDCC) method is used to analyze

-100 — the experimental elastic scattering angular distributions for
- 6He+%8Pp atE = 22 MeV. The results of the differential
S 150 - i cross section using CDCC and other models are compared in
=3 Fig. 2. The total reaction cross section calculated by CDCC
g_zoo i | is.equal 1313.4 mb, which agrees with the results of the other
g microscopic models.
-250 |-
—— Real CFP
— Imag.CFP | 4. Summary
-300 I The current study’s main goal is to conduct a further anal-
ysis of the interaction mechanism and peculiarities resulting
-350 : : : ' : ' : from the scattering of-®He from the heavy target’®Pb
FIGURE 3. Real cluster folding potential used file+*°®Pb anal-  at energyE = 22 MeV, above the Coulomb barrier. Anal-
ysis atEl = 22 MeV. ysis performed within both the derived real potential and

. the phenomenological WS potential. The DF potentials with

The °He + ?°°Pb experimental angular distribution at cCDM3Y6 effective interaction is considered with and with-
E = 22 MeV “see Fig. 2" is reanalyzed within the frame- oyt taking into consideration the effect of rearrangement term
work of cluster folding model using two adjustable parame-as well as Sao Paulo calculations. E6r8He+2%8Pb nuclear
tersNrcr andNjcr, namely the renormalization factor for system, the strength of the real double folded part is closed to
the real and imaginary cluster folding potentials, respectivelyynity to reproduce the data. All of the results are compared
derived based on Eq. (14) and presented in Fig. 1. The anajp the experimental data as well as to each other. On the other
ysis showed the necessity to reduce the real cluster foldingand, due to the lower probability 6He being treated as a
potential strength by about 90%. Although, it is well known cjyster of two tritons, the analysis revealed the need to reduce
that, in order to fit the experimental cross sections for systemghe real cluster folding potential strength by approximately
induced by weakly projectiles such @8Li and °He, the po-  90%. Additionally, for each theoretical approach, we provide
tential strength should be reduced®y10-60 % [30-35], the  potential parameters, cross sections, volume integrals, and
reported reduction (90%) in the potential strength could in-chj square values. The calculated potential’s renormalization
fer the less probability ofHe to be treated as a cluster of factor is maintained near unity. At all angular regions where
two tritons. More sophisticated approaches could be prefefthe real part of potential plays a critical role in cross sec-
able to derive the interaction potential based on three bOdﬁon calculations, the agreement between experimental data

treatment {He+n+n) for°He. Generally, the adopted po- and calculated cross sections using folded potential is fairly
tentials either Woods-Saxon or double folded CDM3Y6 po-good.

tentials with and without considering the rearrangement term

fairly described the considered data fé¥®He scattered from

208pp atE = 22 MeV, where the extractedy, is very close  Acknowledgement
to unity.
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