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The elastic scattering angular distributions of the weakly bound nuéleiusn “Li, °Be, 12C, 13C, N, 27Al, 5V, 58Ni, and2°®Pb are
analyzed at various incident energies. For this purpose, the real potential is generated for nine different density distributidih$ of the
nucleus by using the double folding within the optical model. The theoretical results are in good agreement with the experimental data. In
our study, also, new and practical sets of imaginary potentials for the investigated densities are derived.
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1. Introduction distributions of®Li + ®'V reaction were reported at incident
energies of 18.5 and 26 MeV [11, 16]. The elastic scattering

From past to present days, determining the density distribu®f SLi from °*Ni were measured at incident energies of 14,
tions of nuclei has always been one of the main subjects i#9-6, 20.2:and 27 MeV [15, 17]. Kolae al [18] measured
the field of nuclear physics. In this context, with the im- the elastic scattering cross sections'of+ *°*Pb system at
provement of computational techniques, different approache@cm = 24.4,27.6, 28.9, 30.6, 33.1 MeV.

are applied to determine the density distributions of nuclei.  Inaddition to all these studies, some works have been also
Density distributions have been widely used to explain theundertaken to investigate the density distributions of*thie
structure of the nucleus, to determine nuclear potential angucleus. Dobrovolsket al. [19] determined the density pa-
to investigate the nucleus-nucleus interactions [1-8]. Theréameters of thé-*%!!Li nuclei. The elastic scattering angu-
are various experimental and theoretical distributions in thdar distributions of‘Li from different targets have been stud-
literature. In this sense, it is known that the Fermi type denied by using the gauss-gauss density distribution [20]. A dif-
sity distribution gives good results for the charge densities oferent density distribution dfLi has been obtained by means
heavy nuclei while the gaussian density distribution is moreof the variational Monte Carlo calculations (VMC) [21]. In
convenient for the charge densities of light nuclei [9]. How-addition to all these findings, the new density distributions
ever, this is not a general approach that can be applied tof ®Li nucleus can also be determined by using different ap-
every reaction at any energy. For this reason, investigation gfroaches. For example, Dhiman [22] has determined differ-
density distributions of nuclei is still one of the most active ent densities for the’Ni nucleus. Thus, we consider that new
topics in nuclear physics. Thus, it will be important to seedensity distributions ofLi would be determined in terms of
the effectiveness of different density distributions in explain-these approaches.

ing the nuclear interactions. In the present study, we extend the theoretical analysis

8Li, which has a very short half-life (838 ms) [10], the carried out in Ref. [20] in order to investigate the behaviors
first excited state at 0.980 MeV [10], and the deparation  Of different density distributions GfLi in describing the elas-
energy at 2.033 MeV [11], is an interesting test case in nuIiC Scattering angular distributions &fi on |Ight, medium
clear structure, nuclear reactions, and astrophysics. In th@hd heavy mass targets likei, °Be, '*C, '*C, N, Al
respectSLi is an important tool in the subsequent synthe-"V, *®Ni, and>**Pb. With this goal, we perform the double
sis of heavier elements [10], to obtain seed nuclei for the rfolding model analysis within the framework of the optical
process in Type 1] supernovae [12], and in inhomogeneou@Odel for nine different denSity distributions of tAki nu-
big bang nucleosynthesis [13]. Many studies have been pefleus. Some of these density distributions are reported for
formed both experimentally and theoretically on #hé nu- the first time this work while others are available in the lit-
clear interactions. Among all the possible reaction channel€rature. Then, we compare the theoretical results with the
elastic scattering has a particular importance. In this sens€xperimental data. Thus, a relative evaluation of the effects
Howell et al. [14] reported the angular distribution of the ©Of the density distributions on the scattering cross sections of
TLi(3Li,5Li) "Li reaction atEjs, = 11 MeV. The angular dis- 8Li is provided. We also develop new imaginary potential
tributions of8Li from °Be target were measured at 14, 19.6 sets by using the parameters determined from the theoretical
and 27 MeV [10, 11, 15]. Becchetit al. [15] reported the analysis of each density distribution.
elastic scattering angular distributions of the + 13C, 3Li + Section 2 describes the theoretical formalism used in the
14N, and3Li + 27Al reactions aEy, = 14 MeV. The angular  calculations. Section 3 shows the results and discussion for
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the reactions and densities analyzed. Section 4 provides22.1. The Variational Monte Carlo (VMC) density distri-

brief summary and conclusions. bution
) ) The VMC approach is applied to construct a variational wave
2. Theoretical Formalism function. 8Li density obtained by means of the VMC calcula-
tions using the Argonne v18 (AV18) two-nucleon and Urbana
2.1. Model X three-nucleon potentials (AV18+UX) has been calculated

. . . . by Pieperet al. [25]. This density distribution is marked as
The theoretical calculations of the elastic scattering angula)s\y P [25] y

distributions of the®Li nucleus by different light, medium V18 in our work.

and heavy mass target nuclei are carried out in terms of 5 5 The Gaussian-Oscillator (GO) density distribution
the optical model. The real potential for the optical model

is calculated by using the double folding model that needsn this approach, théLi nucleus is considered to be com-
the density distributions of projectile and target nuclei to-posed of Li and n. Thus, the GO density distribution is the
gether with an effective nucleon-nucleon interaction potentiakum of the core”Li) and valences) densities shown as
(vnn)- Thus, the double folding potential can be parameter-

ized by psLi(r) = prLi(r) + pa(r). (5)
N N While the core density is assumed as the gaussian function
V(?) = /d?l/drgpp(r 1) given by ty g
x pr(T )N (T — 71+ Ta), (1) 3/2 2
3 3r
— — .. .. pe(r) = (2 Rz) e p<2R2>’ (6)
wherepp(71) and pr (7 2) are the densities of projectile T c

and target nuclei, respectively. They is considered asthe e 1n valence density is accepted as the 1p-shell harmonic
M3Y nucleon-nucleon (Michigan 3 Yukawa) realistic inter- ggcijlator density presented by

action displayed by [23]
3/2

exp(—4r) exp(—2.57) (r) = 5 <5> <r>2 ex <_ 5’ ) (7)
VNN (r) =T999 — —— = 2134 — ——— po 3 \2rR2 R, P\"2Rz )
4r 2.57 v v
+ Joo(E)6(r) MeV, (2) whereR. andR, are the root mean square (rms) radii of the
core and valence nucleon distributions, respectively. In our
whereJyo (E) is the exchange term given by calculations, the values d®. and R, are taken as 2.47 fm

and 2.62 fm, respectively [19]. The total matter distribution
E . . . . .
Joo(E) = — 276 {1  0.005 Lab] MeV fm3. (3) Pm normalized to unity [26], is in the following form

P

Pm (1) = [Nepe(r) + (A — Ne)po(r)] /A, (8)
The imaginary part of the optical potential was assumed
to have a Woods-Saxon shape where N, and A are the number of nucleons in the core and
the mass number, respectively. This density distribution is
W(r) = Wo ’ shown as GO in our work.

1+exp[%] . S
w 2.2.3. Gaussian-Halo (GH) density distribution

. 1/3 1/3
Ry =rw (Ap” + A7) (4) Another possible parameterization of the density ofhie

where Ap and Ay are the mass numbers of projectile and projectile is the GH density distribution written as

target nuclei, respectively. The code FRESCO [24] is used in 3 3/2 972
the theoretical calculations. = — 1 7
on) = (5 ) W+ aptlen(-2p ). @
2.2. Parametrization of density distributions of®Li pro- where
jectile

(10)

3 r\? r\*
In the analysis, nine different density distributions both phe- p(r) = 4 l‘r) —10 <R7n) +3 (Rm>
nomenological and microscopical are used. Eight densities
are evaluated phenomenologically while one density distri« is a parameter in the range<Oa < 0.4. R,,, is the matter
bution is investigated microscopically. The necessary inforradius of the nucleus. The values Bf, anda are taken as
mation on all density distributions is given in the following 2.53 fm and 0.02 fm, respectively. This density is indicated
subsections. as GH in our work.
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2.2.4. Symmetrized-Fermi (SF) density distribution

The SF density, which is the fourth density distribution used

in our work, is parameterized by

= () [ ]
sinh(£e)
8 cosh(£2) + cosh(%)

r
a

Ta

Ry

(11

whereRy anda is the half-density radius and diffuseness pa-
rameter, respectively, anda values are taken as 2.24 and
0.48, respectively [19]. This density distribution is displayed
as SF in our work.

2.2.5. Gupta 1 density distribution

The two parameter Fermi (2pF) density is given by
Y
1+ exp(—’“fm)

wherepg; (the central density) is in the following form
3A4A; Ta;

-1
= 1
477R8i [ * Rgi:| ’

whereRy; is half-density radius, ang; is the surface thick-
ness parameter. Gupghal [27] determinedRy; anda; pa-
rameters as [28]

p:(r) (12)

2

Poi (13)

Ro; = 0.90106 + 0.10957A; — 0.0013A?

+7.71458 x 107947 — 1.62164 x 107%A},  (14)
a; = 0.34175 4 0.01234A4; — 2.1864 x 10~ *A?
+ 1.46388 x 107647 — 3.24263 x 107°A}.  (15)

This density is marked as G1 in our work.

2.2.6. Gupta 2 density distribution

Guptaet al. [29] reported also different values &; anda;
parameters as

Ro; = 0.9543 4 0.0994A4; — 9.8851 x 10~*A?

+4.8399 x 107%A4% — 8.4366 x 107°A},  (16)
a; = 0.3719 + 0.00864; — 1.1898 x 10~ *A?
+6.1678 x 1077 A3 —1.0721 x 1072A4%.  (17)

This density distribution is shown as G2 in our work.

2.2.7. N@ - Ngo density distribution

The Ng@ - Ngd density distribution is assumed in the Fermi
form shown by [30, 31]

p,(1)

Poi

R b 1
1+exp(55) (

(i =mn,p) 8)

7
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where 3N 1 3721
pmlzﬂzﬁv PUPZEZ@ (19)
C'is the central radius
C:R(l—%), (20)
with NR, + ZR,
R=—"""_"°"% (21)

A
The sharp radii of a neutron and a proton are taken as

R, =10, AY?, R, =rg,AY3, (22)
with
Ton = 11375+ 1.875 x 107*A 1o, = 1.128 fm. (23)

This density distribution is marked as Ngo in the present
study.

2.2.8. Schechter density distribution

Schechteet al.[32] obtained the Fermi parameters as

B 0.212
PO= T 96642/
Ry =1.044Y3, ¢ =0.54 fm. (24)

This density distribution is displayed as S in our work.

2.2.9. Moszkowski density distribution

The last density distribution analyzed in our work is the
Moszkowski density in the Fermi form [33]. This density
accepts the parameters of Fermi density as

po = 0.16 nucl/fm?,

Ry = 1.15AY3 4 =0.50 fm. (25)

The Moszkowski density is marked as M in this study.

3. Results and Discussion

In the present study, the double folding model analysis is per-
formed for nine different density distributions (AV18, GO,
GH, SF, G1, G2, Ngo, S, M) of th&Li nucleus. The den-
sity distributions for these approaches are compared one to
another in Fig. 1. Also, the root mean square (rms) radii of
the examined densities are given in comparison with litera-
ture values in Table I. The largest radii are found for S and
M densities, while the smallest radii are obtained for G1 and
G2 densities. Also, we notice that the rms values of G1 and
G2 densities are too far from the other densities and literature
rms values, whereas the other rms results are in the range of
literature values.
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TABLE |. The rms radii for the investigated density distributions.
Nucleus AV18 GO GH SF Gl G2 Ngo S M Literature
SLi 2.344 2.482 2.530 2.488 2.061 2.074 2.485 2.573 2.574 253 250, 2.44,2.37

a Skyrme-Hartree-Fock model in terms of the SK14 force parameters{&®termined in Ref. [19] Stochastic Variational Multi-Cluster approach [36, 37].
d Determined in Ref. [39] via the interaction cross sections [38, 39].
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FIGURE 1. The density distributions of AV18, GO, GH, SF, G1, FIGURE 2. The elastic scattering angular distributions for AV18,
G2, Ngo, S, M in logarithmic scale. GO, GH, SF, G1, G2, Ngo, S, M density distributions of the +

"Li reaction atELq = 11 MeV in comparison with the experimen-

The real potentials are produced by using AV18, GO, GH,taI data. The experimental data are taken from Ref. [14].

SF, G1, G2, Ngo, S, M densities while the imaginary poten-
tials are determined as Woods-Saxon potential. In order to
determine the optical potential parameters, the initial values  ,°
of the depth ¥,), the radius«,,) and the diffusiond.,) pa-

LR LRy LR LR LR LR LRy LR ELLLR AR LERRpS;

< N N7

s

L AL R B ma
ol ol coud o) v

Z10
rameters of the imaginary potential are assumed as the value gx 102 SLi+ Be
given in Ref. [20]. Then, to obtain better agreement with the | 3sp 14 MeV :
experimental data, the test calculations are performed at stej 10'45“"“"1"“"“216“'“"élc')'"“”élé'“”“l'o'd""”1'%3”””1'41;3'””'1'26””“1'580
intervals of 0.1 and 0.01 fm. It is conceived that the param-
eters of the previous work [20] are suitable for our analysis. D L A A A B
Thus, ther,, anda,, values of the imaginary potential are ~_ '* 3
taken as 1.34 fm and 0.90 fm in all theoretical calculations, & 10'g 3
respectively. Thus, the normalization value and the imagi- © 10,; 19.6 MeV — /3
nary depth are freely varied in the analysis. . ||.||1|F

0

The theoretical analysis related to the projectile is car- 20 40 60 80 100 120 140 160 180

ried out through the experimental data available in the liter-  10° grrrrmrrrrmrrrrrrrssr

ature. With this goal, nine different target nuclei likei, 3 10°] — —:
9Be, 12C, 13C, 1N, 27Al, 51V, Ni, and**8Pb are consid- £ 10| —o
ered as light, medium and heavy nucleus reactions. For light ¢ 0k F
nucleus reactionsLi + “Li (at 11 MeV), 3Li + ?Be (at 14, 5 11(?: g 7MY —s
19.6 and 27 MeV)3Li + 2C (at 14 and 23.9 MeV}Li+ 3C ot Besvvons boossssens b bsnbondusselie Do e
0 20 40 60 80 100 120 140 160 180

(at 14 MeV),5Li + N (at 14 MeV), and’Li + 27Al (at 14
MeV) are evaluated. The elastic scattering angular distribu-
tions of these reactions are obtained for nine different densityicure 3. Same as Fig. 2, but féiLi + *Be reaction af ap = 14,
distributions of thé’Li nucleus via the double folding model. 19.6, and 27 MeV. The experimental data are taken from Refs.
The theoretical results are in very good agreement with th¢l0,11, 15].

experimental data, as shown in Figs. 2-5. However, the ex-

perimental data on light nucleus reactions have an oscillatorperiment data. We think that the calculations including more
structure, especially fotLi + 13C reaction. Therefore, it is interactions such as coupled channels may provide better re-
very difficult to achieve perfect agreement results with the exsults.

0 (deg)

c.am.
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Finally, as heavy nucleus reaction, the angular distribu-
tions of 8Li + 208Pb elastic scattering are analyzed at inci-
dent energies of 25.3, 28.6, 30.0, 31.7 and 34.3 MeV. It is
observed that our theoretical results describe well the experi-
mental data, which are shown in Fig. 8.

We display Nr values versus E/Afor the density dis-

tributions examined with this study in Fig. 9. They are
TR TS TN IR PR TTL YT T TL FYSTTITTEt FOTTITTEt FPPTOTTIN FEVVIORTON FOVPOTTE grouped into light {Li, °Be, 12C, 13C, N, 27Al), medium
60 80 100 120 140 160 180 (°1V, %8Ni) and heavy 1°®Pb) nuclei. The normalization con-
stant (Vg) is applied to get good agreement results with the
experimental data in the theoretical calculations based on the
double folding model. It is assumed thi&; ~ 1 shows the
success of the theoretical results.Nik value deviates from
unity, it is considered as the uncertainty or oddities in the
experimental data or to the fitting of the theoretical calcula-
tions [23]. We notice that the theoretical results are sensi-
tive to the Ny values according to the reaction type, density
- and energy. In general, we observe that Mg values of re-
20 40 60 %0 (delg(;o 120 140 160 180 actions on light and medium mass targets are around unity.
However, this sensitivity increases for some density parame-
terizations. We observe that the theoretical results for reac-

FIGURE 4. Same as Fig. 2, but f6iLi + 12C reaction afLap = 14, tions on heavy target do not change much according to the

and 23.9 MeV. The experimental data are taken from Refs. [15,34].Nr value. Therefore, we takdr = 1 for heavy mass reac-
tions.

The total reaction cross-sectiong) is one of the im-

As medium nucleus reaction8Li + °'V (at 18.5 and portant reaction observables. Different approaches or mod-
26 MeV) andSLi + %®Ni (at 19.6, 20.2 and 22 MeV) reac- els are commonly used to calculate the cross-sections of the
tions are investigated. The elastic scattering cross sectionsvestigated reactions. In this context, the close-fitting cross-
are compared with the experimental data in Figs. 6 and 7sections for different approaches may be an indication that
Despite the limited number of experimental data points, theéhe experimental data are well reproduced. ®hevalues
agreement between theoretical results and experimental ddfar all the densities are listed as compared with the literature

i+
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(=)
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T
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™
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G/GR uth

T :Il'lll
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is quite good. in Table Il. We notice that the theoretical results are close
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FIGURE 5. Same as Fig. 2, but féiLi + '3C, 8Li + N, and®Li + >"Al reactions atFLa, = 14 MeV. The experimental data are taken from
Ref. [15].
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FIGURE 6. Same as Fig. 2, but fGiLi + 5V reaction atF .=18.5,
and 26 MeV. The experimental data are taken from Refs. [11,16]. Ficure 8. Same as Fig. 2, but fofLi + 2°®Pb reaction at
FELav=25.3, 28.6, 30.0, 31.7, and 34.3 MeV. The experimental data
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FIGURE 7. Same as Fig. 2, but fofLi + °*Ni reaction at 03k 1o s i
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together and provide a suitable description of the literature ing,  \cc 9 The normalization values\z) used in the calculations

a general sense. However, we have observed differences gy av18, GO, GH, SF, G1, G2, Ngo, S, M density distributions
tween theoretical and literature cross sections’for+ °Be  yersus E/A.

reaction. We consider that this is due to the approaches ap-

plied in the theoretical calculations and the structural differ-different target nucleus and energies. In this context, the

ences of nuclei. imaginary potential sets are derived by using the imaginary
In this study, one of the main objectives is to derive thepotential parameters obtained from the theoretical analysis

imaginary potential sets. These potential sets are necessanfthe elastic scattering cross sections ofthienucleus from

to describe various nuclear interactions®af with more “Li to 20%Pb target nuclei at various incident energies. These

Rev. Mex. Fis65(2019) 404-411



410 M. AYGUN AND Z. AYGUN

TABLE Il. The cross-sections (in mb) obtained for AV18, GO, GH, SF, G1, G2, Ngo, S, M density distributions in comparison with the
literature.

Target  Elap OAV18 0Go OGH OsF 061 0G2 ONgo os oM OlLiterature
(MeV) (mb) (mb) (mb) (mb) (mb) (mb)  (mb)  (mb)  (mb) (mb)
“Li 11 1437.1 1467.0 1480.0 1467.3 1388.6 1367.3 1465.2 1473.0 1489.0

14 1613.2  1599.8 1613.5 1598.5 1547.3 1561.8 1628.3 1560.6 1579.2

°Be 19.6 19559  2004.6  1991.7 1975.1 1900.4 1901.7 1977.1 1985.0 1971.8 1332 [11]
27 2081.5 2117.8 2125.2 2090.9 1998.4 2043.8 2113.0 21279 2116.9
14 1579.7  1617.0 1660.6 1619.6  1481.8 1487.4 1666.1 1698.9 1665.6

12
¢ 23.9 1702.1  1842.8 1876.6 1836.6 1767.0 1760.6 1881.7 1886.4 1869.2

13¢c 14 1295.0  1432.1  1447.8 1443.3 1304.5 1306.8 1447.4 14289 1377.7

N 14 1659.1  1700.6  1700.4 1715.6 1501.1 1532.3 1713.6 1713.2 1705.3

ZTAl 14 776.9 783.0 799.3 782.1 710.9 815.8 792.7 795.3 825.3

51y 18.5 767.3 957.5 975.4 957.9 748.2 750.9 873.9 985.5 981.0 975 [11]

26 1473.2 1075.1 1093.2 10729 1450.4 1591.6 1082.9 1102.2 1310.6 1510(70) [16]
19.6 14477 14325 1433.9  1430.7  1447.1  1448.1  1444.3 1417.0 1435.0

8N 20.2 1417.8  1438.2 1439.2 14174 1636.1 1533.2 1419.8 1420.6 1441.0
22 1463.8  1488.7 1520.6 1519.0 1529.8 15154  1434.7 1392.8 1438.6

25.3 240.5  240.8  241.6  241.1  239.3 2394 2420 2424 2418 225[18]
28.6 503.3  490.2  488.1  496.3 5182  518.7  488.8  482.0  483.8 504 [18]
208pp  30.0 612.0  596.4  573.5 5959 6484  639.6 5750  557.5 5711 624 [18]
31.7 880.9 8009  721.7 7939 9232 9241  733.7 6858  727.8 885 [18]

34.3 1290.3  1318.1 1281.6 1319.3 1069.0 1094.8 12814 1274.1 1286.0 1219 [18]

new and practical equations for each density distribution aréor G2 density,
parameterized in the following form:

for AV18 density, WY = 2.381 4+ 0.341E + 00;%% (31)
WAVIS — 2953 4+ 0.368E — OOASI# (26)  for Ngo density, '
T
for GO density, W9 = 3.484 4 0.388E — % (32)
T
WO =2.365 + 0.442F — O'Zjl%ZT (27)  for S density,
for GH density, : WS =3.092 + 0.409E — mjj? (33)
WEH = 3.264 + 0.408E — % (28)  forMdensity,
, ! WM =2934 + 0.399E — % (34)
for SF density, A
WS = 3.062 + 0.373E — mﬁ}? (299 4. Summary and conclusions
T

] This paper discussed the theoretical calculations of the elas-
for G1 density, tic scattering angular distributions &fi scattered from light
("Li, °Be, 12C, 13C, N, 27Al), medium 'V, ®2Ni) and

0.193Z7 . .
WE = 3.552 + 0.245F + f/f (30)  heavy £°Pb) mass target nuclei. The real potential of each
Ar system has been produced for nine different densitié4.iof
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via the double folding model inside an optical model frame-with different target nuclei and at several energies above the
work. It has been observed that our results are in good agre€&oulomb barrier.

ment with the experimental data. Then, new and practical
equations of the imaginary potentials for each density in-A
vestigated with this work have been derived from fitting the

data. These equations will provide a convenient databasgythors thank the referee for valuable discussion and com-
in describing various nuclear reactions of the nucleus  ments.
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