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Abstract: elastic scattering of o+*°Ca are analyzed in the framework of optical model based on the a-cluster model of “°Ca.
We adopted an independent o-cluster model to generate the a-cluster and matter densities of “°Ca. we pre-suggested the
functional form of a-cluster density and fixed its parameters according to the available experimental data about the a-
particle and *°Ca nuclei. The obtained a-cluster density of “°Ca is used to generate the real part of the optical potential. The
single folding procedure is used to generate this real optical potential with two different effective a-a interactions. The real
calculated potential supplied with an imaginary squared Woods Saxon potential are used to analyze 20 sets of experimental
data on the energy range between 18 and 166 MeV. We found that our model is successful in reproducing the data for
energies above 40 MeV and still doubtful for lower energies.
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1 Introduction

Collision between nuclear species is considered as a
powerful way to get information about nuclear interaction
potential and nuclear density. The simplest nuclear
collision process which is considered as the doorway for
other reactions is the elastic scattering. Optical model is
one of the mostly used models for the description of
nuclear scattering especially elastic scattering. The
microscopic description of the nucleus—nucleus optical
model potential is considered as one of the fundamental
tasks in nuclear physics. Good microscopic understanding
of this potential allows, besides understanding the relevant
reaction dynamics involved, predicting optical potentials of
colliding systems for which the elastic scattering
measurement is absent. One of the mostly used methods to
calculate the nucleus-nucleus interaction potential is the
folding model. Folding formulation of the nucleus—nucleus
potential was pioneered by Watanabe [1] in his analysis of
deuteron projectiles.

Through the last few decades folding model calculations
was used for the analysis of scattering processes for a large
number of interacting systems with microscopic and semi-
microscopic approaches. Successfully and intensively
Satchler and Love [2] used double folding (DF) model for

the analysis of light and heavy composite ions scattering.
They used in their analysis DF optical potentials built upon
a realistic effective nucleon—nucleon interaction folded
with the nuclear matter density distributions of projectile
and target nuclei. It is appeared that the beauty of the
folding model lies in its abilities to relate the nuclear
potential to some fundamental quantities, namely nuclear
densities and nucleon-nucleon effective interactions. More
review of this subject can be found in ref. [3].

The DF model based on the point nucleon densities and an
effective nucleon-nucleon interaction is widely and
successfully used to analyze a-nucleus and nucleus-nucleus
elastic scattering [4-9]. Also another approach of the
folding model based on a-cluster picture of the nucleus is
used. This a-cluster based folded potential is used to
analyze the elastic scattering of a-particle and a-like nuclei
from other a-like nuclei [10-13]. This o-cluster picture
dated back to the beginning of nuclear physics through the
explanation of nuclear a-decay from heavy nuclei. For
more details and review about a-clustering in light nuclei
from both experimental and theoretical point of view see
ref. [14,15] and references therein.

Previously, the present a-cluster folding model was used
successfully to describe the a-nucleus [16] and nucleus—
nucleus scattering [17]. The interaction potentials between
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these systems are formulated through the folding
procedures built upon an appropriate effective o—a
interaction folded over the a-cluster density distribution of
the target nucleus. Recently the a-cluster folding model is
applied successfully to analyze the diffractive elastic
scattering of 2C+!2C [18], %0+%0 [19] and elastic,
inelastic and fusion reactions of 2C+2*Mg [20] systems.

The a-cluster folding model has two important ingredients
a-cluster density of the target and an appropriate effective
a-o interaction. The o-a effective interaction could be
treated both phenomenologically [21-23] or
microscopically [24-27]. The parameters of these
interactions can be adjusted to fit some experimental data
as the energy and the decay width of the virtual Be
nucleus or the elastic scattering phase shifts of o—a system
itself.

In the present work, the singe folding a-cluster (SFC)
model is used to generate o+*°Ca real part of the optical
potentials. A simple a-cluster model is used to get the a-
cluster density of the target nuclei. This model is based in
our previous work found in ref. [16]. The new in this work
is that we pre-suggested the a-cluster density profile of the
target nuclei. This form respects the exponential decay of
the point nucleon matter density distribution at the nucleus
surface. The parameters of this suggested form is fixed
according to our experimental information of the a-particle
and the target nuclei. So, the aim in this work is to obtain a
continuous o-cluster distribution inside the nucleus in
model independent way. Hopefully this a-cluster
distribution is closed to the expected a-cluster distribution
inside the nucleus. To validate this model, it is used to
analyze the elastic scattering data of the o+*°Ca system
over a wide range of energies and angular distribution. The
40Ca nucleus is chosen because 1-) the scattering of a from
it is characterized by large angle scattering anomaly
(LASA) for energy less than 55 MeV and Nuclear rainbow
for energies above 100 MeV 2-) the availability of
enormous sets of experimental data over a wide energy
range cover both this scattering phenomena. These two
phenomena reflect the transparency of the potential over a
wide radial domain so with them a potential free of
ambiguities could be obtained. For this reasons this system
is a good test for any theoretical model. For this purpose
the obtained density in this work is implemented in the
single folding (SF) formula with an appropriate a-o
effective interaction to obtain the a-nucleus real potential.
The calculated SF cluster potential is used to analyze
twenty sets of o+*°Ca elastic scattering data over the
energy range 18-166 MeV.

Our work is organized as follows, in sect-11 we introduced
the theoretical formulation in sect-111 we discuss the results
followed by general conclusions.

2 Formalism

2.1 Cluster density

Consider a nucleus of mass number A composed of an
integral number (m) of a particles, i.e., A = 4m. The o-
cluster distribution inside the nucleus is p.(7), is supposed
to be related to nuclear matter density distribution of the
nucleus, p,,(r), and to that of the a-particle, p, (7,), by,

pm(T) = [ pe() po(r — F)dF, (1)
This convolution relation has the following properties,
() = (12) + (1), @)

(r2), (r?) and (r;2) are the mean square radius for the
matter, cluster and a-particle densities, respectively. Both
(r;2) and (r;2) are known experimentally. For (r,2) there are
two important reported values, 1.47 + 0.02 fm obtained
from elastic electron scattering [28,29] and the other
1.58 £+ 0.04 fm extracted from Glauber model [30,31] for
the analysis of the experimental interaction cross sections.
In this work we adopted the value 1.47 + 0.02 fm to be
consistent with the ref. [16].
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Fig. 1: [a] This figure presents the calculated a-cluster
density (dot line), the matter based on the cluster density
(dashed) and the electron scattering density of “°Ca. [b]
This figure presents the calculated cluster single folding
potentials (SFC) of a-*°Ca system. The calculation based
on a-a effective interaction of ref.[23] are shown by
dashed dot line and denoted as SFB while that based on the
a-a effective interaction of ref.[27] is shown by dashed line
and denoted as SFZ.

The second property of convolution relation is,
](pm) = ](pc)](pa): (3)
Where,

J(f) =4m [r*f()dr (4)
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J(f) is the volume integral of the function f(r). From
these two properties (eqg. (2) and eq. (3)) of the convolution
relation the a-cluster density of the nucleus could be
obtained using an appropriate form of p.(7). In this work
we proposed the following three parameters Fermi form,

pe) = puc(1+ i) 1+ exp (CE)] 7 8)

Table 1: The calculated cluster density parameters of °Ca
nucleus.

1) R a (r?)

[fm?]  [fm] [fm] [fm?] [fm?] [fm?]

(i) (Bhre)

0.21955 3.47117 0.29053 9.988 12.112 12.121

This form is suggested to produce point nucleon
distribution with exponential decay at the nuclear surface
and a central depression expected for light nuclei after
folding with the a-particle density distribution [28].

Using eq. (2) and eq. (3), We fixed the parameters of a-
cluster density (eq. (5)) by varying the parameters , R
and a for “°Ca nucleus. The obtained parameters are listed
in Table-1. In this table beside the density parameters the
mean square radii (r2), (r2,) and (r2,) (cluster, point
nucleon based on the present cluster, experimental, mean
square radii, respectively) are tabulated in the last three
columns. The obtained a-cluster density is plotted in Fig.1
[a] (dot line). Also the point nucleon density of “°Ca
(dashed line) obtained from the convolution of the a-
cluster density and a-particle density [28] is shown in
comparison with matter density obtained from electron
scattering [29] (dashed dot line) in Fig.1[a].

2.2 Cluster folding model

Based on the obtained o-cluster density of “°Ca and an
appropriate V,,(s) o-o effective interaction, the a+*°Ca
real optical potential could be obtained through the single
folding procedure,

Vsrc(R) = fpc(r)Vzm(R —r)dr (6)

In this work two forms of the a-a effective interaction are
used. The first is that of Buck et.al. [23]. This potential,
which is also purely and strongly attractive energy-
independent potential. It reproduce the energy dependence
of the [ =0,2,4and 6 on -0 scattering phase shifts
reasonably well, up to about 40 MeV (lab) bombarding
energy. The radial form of this potential is of the following
simple Gaussian shape,

Voo (r) = 122.623exp(—0.2272) (7

Using the a-cluster density parameters listed on Table-1 for
“Ca and a-a effective interaction (eq.7) the a-*°Ca real
optical potential are obtained.

As another alternative a second form of the a-a effective
interaction based on the single folding is used [27]. This

effective interaction based on the single folding of a-
nucleon density dependent effective interaction of the
following,

van (p,5) = 32.3(1 - 0.28p2/*)exp(—0.25s%), (8)

With the a-particle density, p, () of the following simple
Gaussian shape [28],

Po(r) = 0.4229exp(—0.702412), 9)

The obtained a-a effective interaction using eq. (6) through
eg. (9), has the following general form,

Vaa (1) = V(1) + Vi (), (10)

Where,
Vu(r) = v, fpa(ra)exP(—0-2552)dﬁ (11)
V(1) = —0.28v, f(pa(Ta))S/Sexp(—O.ZSSZ)d‘F, 5= T =Tl (12)

By performing the integration of eq.
a-o. effective interaction (eq.(10))
explicit form,

(11) and eq.(12), the
takes the following

Ve (r) = 82.0 exp(—0.184472) — 7.1 exp(—0.206072)

(13),

Substitute eq.(7) or eq.(13) into eq.(6) the a-nucleus real
part of the optical potential is obtained and the resulted real
optical potentials are shown in Fig.1[b].

3 Results and Discussion

The obtained results of this work are summarized in Table-
| to Table-1ll and in Fig.1 to Fig. 6. From Table-1 it is
shown the mean square radius for “°Ca point nucleon
density obtained in this work are in a good agreement with
the experimental one [29].
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Fig. 1: This figure presents the calculated elastic scattering
cross section based on the SFB and SFZ potentials
for the energy between 18 and 42.9 MeV. the calculations
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based on SFB potential are shown by dashed dot lines and
denoted as SFB while the calculations based on SFZ
potential are shown by dashed lines and denoted as SFZ.

From Fig.1 [a] it is shown that the obtained point nucleon
density has an exponential tail and quite agrees with the
experimental density profile in the surface region and does
not agree at the central region where the obtained density
has large depression. We implemented the obtained a-

Table 2: Optical model fitting parameters of the system
a-+*°Ca elastic scattering using real SFB potential

E wi Jr Ji Or
[MeV] N [MeV] [MeV.fm®] [MeV.fm3] [mb.]
18.0 1.050 12.731 434.34 46.07 1110.0
22.0 1.061 14.391 438.97 52.07 1220.0
241 1.066 14.754 440.83 53.39 1258.0
29.0 1.032 17.810 427.09 64.45 1322.0
36.2 1361 20.634 563.01 74.66 1433.0
39.6 1.049 19.970 433.93 72.26 1390.0
429 1.085 20.345 448.93 73.62 1406.0
46.0 1.083 21.300 448.13 77.07 1416.0
48.0 1.075 22534 44474 81.54 1423.0
49.5 1.080 23.425 446.95 84.76 1431.0
50.0 0.760 24.150 314.39 87.38 1381.0
54.0 0.754 20.258 311.90 73.30 1354.0
58.0 0.749 21.351 309.83 77.26 1362.0
61.0 0.744 21.280 307.74 76.94 1360.0
62.0 0.750 22.007 310.20 79.63 1367.0
81.0 0.712 25964 294.60 93.95 1383.0
100.0 0.696 27.136 287.96 98.19 1376.0
104.0 0.892 39.587 369.08 143.24 1482.0
141.7 0.650 26.048 268.88 94.25 1323.0
166.0 0.608 24.255 25151 87.76 1277.0

cluster density of “°Ca in the single folding procedure to
generate the real part of the optical model potential. The
calculated potentials are denoted as SFB for a-a effective
interaction based on eq. (7) and denoted as SFZ for a-a
effective interaction based on eq. (13). The calculated
potential are presented in Fig.1 [b]. It is shown from this
figure that the SFB and SFZ potentials intersect each other
at around 6 fm and SFZ potential is deeper than SFB
potential for distance larger than 6 fm and the situation is
reversed for distance less than 6 fm. This due to
introduction of a repulsive part in the a-o effective
interaction.

The auto-search computer code HIOPTM-94[36] is feed
with the two calculated potential individually to analyze

the elastic scattering data of o+*°Ca system. These
calculated potentials are considered as the real part of the
general ion-ion potential,

U(R) = V.(R) — N Vspc(R) — iW,[f (R)]™ (14)

N, is a normalization factor, V.(R) is the Coulomb
potential of a charged spheres with radius R, = 1.34%3
and f(R) is the radial form factor of the imaginary
potential which is usually chosen in the form of Woods

Saxon,
f(R) = [1+exp(R - R;/a)]™" (15)

W,, R; and a; are the depth, the half radius and diffuseness
parameters of the imaginary, respectively. Since the system
under study is characterized by the low absorption of a-
particle a power n = n is needed (n = 2 in this work). A
search on nuclear potential parameters are carried out to
get best fitting to experimental data by minimizing ¥? ,
which is defined as

2 _ lzN Ocal(60i)—0exp(8;) z
X" = &i=t AGexp(6)) :

(16)

Where ¢, (0;) and 0., (8;) are the calculated and
experimental cross sections, respectively, at angle, 6;
Aoy (8;) is the experimental error and N is the number of
data points.
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Fig. 2: The same as Fig.2 but for the energy range between
49.5 and 166 MeV.

The experimental data at this energy range are taken from
ref. [33] and references therein. The search is carried out
on two fitting parameters, namely the real normalization
factor and the depth parameter of square Woods Saxon
imaginary potential. We found an imaginary potential of
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fixed shape parameters (R; =1.686fm and a; =
1.061 fm for SFB potential, and R; = 1.758 fm and a; =
1.142 fm for SFZ potential) is able to reproduce
successfully the experimental data. The best resulted
parameters of the elastic scattering calculations are listed
on Table-II for the calculations based on SFB and Table-I11
for the calculations based on SFZ potential. The resulted
elastic scattering cross sections are shown in comparison
with experimental data on Fig.2-4. The results based on
SFB potential are shown by dashed-dot lines while the
results based on SFZ potential are shown by dashed lines
on these figures.

107 ;_ a+""Ca
== elastic scattering
1°15 - 46.0 MEV x 10"
F oy - .
= AVA -"‘J"~;-\ﬂ_,--—-\_ A~ -..*1‘
10" | Vv Stpany, F T
-
== (h) v 4
RN 450 MEV x 10
L R A s J
b t ~. >4 v
s F v S
10" B, 0.0 MEV x 10° ¥
. F w7 W = £
£ 10° & v \'\,“‘W*A_—‘-“f
B s E Ny e n sS40 MEV x 10° .
= 10° 'y \J- -u—\_»-/—~-\_~\ .‘w"'-':.".a”
= - - hd
. E
10" Ny S0 MEY X 10° |
SR VAT 7 [ S T
10" | v N T e
BNy ey
10 F ] '\., > S eecesen,, 7/
= ¥
-2 — - -SFB
107 SFZ
- «  Exp. Data
PR PR SRR TP EPRN BRI NP P S
20 40 60 80 100 120 140 160 180
0_ . [degz.]

Fig. 3: The same as Fig.-2 but for backward scattering data
at energy range between 50 and 62 MeV.
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Fig. 4 : This figure presents the energy dependence of the
volume integrals of the SFB and SFZ potential and the
volume integrals of the squared Woods Saxon imaginary

potentials.

Table 3: Optical model fitting parameters of the system
o-+4%Ca elastic scattering using real SFZ potential

E Nr Wi Ir i ox
[MeV] [MeV] [MeV.fm®] [MeV.fm3] [mb.]
18.0 1.057 10.275 352.24 42.03 1178.
22.0 1.064 11.759 354.56 48.10 1286.
241 1.068 12.010 356.10 49.13 1323.
29.0 1.043 14494 34761 59.30 1390.
36.2 1.077 14944  358.89 61.14 1438.
39.6 1.053 16.064 351.14 65.72 1453.
42.9 1.075 16.175 358.42 66.17 1464.
46.0 1.066 17.083 355.39 69.88 1474.
48.0 1.050 17.930 350.19 73.35 1481.
49.5 1.055 18923 351.84 77.41 1493.
50.0 1.069 23326 356.31 95.42 1534.
54.0 1.075 19.472 358.50 79.66 1502.
58.0 1.055 20.737 351.55 84.83 1510.
61.0 1.026 20.228 342.11 82.79 1500.
62.0 1.081 21.644 360.35 88.54 1521.
81.0 1.014 24691 338.16 101.01 1528.
1000 0958 25304 319.35 103.51 1509.
1040 0794 29.474 328.53 120.57 1533.
141.7 0.838 22268 279.43 91.10 1415.
166.0 0.791 21.732 263.59 88.90 1378.
C a+"Ca
B Total reaction cross sections
. < <
26 Coey S [=] < < % <
10° |-

o [MeV]

R

a SFB
SFZ
© Exp.data

E [MeV]

Fig. 5 : SFB and SFZ potential calculated reaction cross
section in comparison with experimental data.

From the figures it is shown the calculated real potential is
succeed in reproducing the data at 18 MeV. For energies
above 18 MeV and below 42.9 MeV the two potential
successes to reproduce the data for angles up to 80°. Also
it is shown as the energy increase above 29 MeV the
success of the calculated potentials to reproduce the data
increase and become in a good agreement with the data for
energies above 42.9 MeV. This could be attribute to two
reasons 1-) the strong coupling effect to the elastic
scattering channel 2-) the alpha cluster structure is not
suitable for low energies and the ideal alpha structure could
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occur only for incident or excitation energy above 40 MeV.
Since this failure at low energy region is common to any
optical model potentials, see refs. [32-35], we expect the
coupling effect has the major effect. So for this energy
region a generalized optical potential with dispersive
correction is needed to analyze the data.

In general it is found from Table -1l and Table-IlI that the
obtained real and imaginary volume integrals show clear
energy dependence as shown on Fig.5 [a] to Fig.5 [d].
Fig.5 [a] represents the energy dependence of the real SFB
potential. From this figure it is shown that the energy
dependence for energy below 50 MeV is different from
that of energy above 50 MeV. This energy dependence
could be represented by the following linear relations,

JSFP = 468.42275 — 0.45569 E, 429<E<495 (17)

JSFB = 340.37425 — 0.52521 E, 50.0 < E <166

(18)

This is clear from the different normalization factor at
these two energy range. Fig.5 [b] is represented the energy
dependence of the imaginary volume integrals conjugate to
the SFB potential. As it is shown from the figure, the
energy dependence for energy below 50 is different from
that above as well as the case of the real one. The energy
dependence for the low energy region could be represented
by the following relation,

J7F8 = 27.03559 + 1.15934 E, 18 <E <50

(19)

For the energy above 50 MeV the energy dependence
could be represented by a 2™ order equation as follows,

Ji8 =10.67756 + 1.50554 E — 0.00633 E?, 54 < E < 166 (20)

The energy dependence of the SFZ volume integrals are
shown in Fig.5[c]. From this figure it is shown the energy
dependence has very weak energy dependence for energy
between 18 and 50 MeV. This energy dependence could be
represented by the following linear relation,

J3F% = 353.57621 + 0.00174 E, 18 <E <50 (21)

For higher energies the volume integrals has a linear
decreasing energy dependence of the form,

JSFZ = 402.31907 — 0.84209 E, 50 < E < 166 (22)

The imaginary volume integrals conjugated to the SFZ real
potential also has clear energy dependence. If the energy
range between 18 and 62 MeV is considered the imaginary
volume integrals could be represented by the following
linear relation,

J7F% = 26.26589 + 0.98311E, 18<E <62 (23)

If the whole energy range is considered the variation of the
volume, integrals with energy could be represented by the

following 2" order equation,
(24)

The energy dependence of the reaction cross section oy
obtained from the present analysis of the a-*°Ca reactions
compared with experimental ones is demonstrated in Fig.
[6]. From this figure it is shown the agreement of the
calculated reaction cross sections obtained using the SFB
and SFZ potentials with the experimental data [33]. The
existence of the total reaction (absorption) cross section og
beside the elastic scattering angular distribution are added
another dimension for the investigation of the success and
validity of our a-cluster model.

J§F% = 16.73846 + 1.52844 E — 0.00673 E?, 18 <E <166

In conclusion we found that the simple model of a-cluster
presented in this work is reasonably reproduced the point
nucleon density of “°Ca at the surface region where the
elastic scattering is sensitive. Also we found that the a-
cluster single folding model used in the present work
works well in the description of o+*°Ca scattering. The
obtained single folded real potentials reasonably
reproduced the experimental data over a wide range of
energy (above 40 MeV) and angular distributions. This
success reflects the success and validity of our model
independent a-cluster model for energy above 40 MeV
while for energies below 40 MeV our a-cluster model is
still doubtful. Also we found the appropriate choice of the
effective o-o interaction affects the results of the
calculation. That means a more realistic effective o-a
interaction incorporate energy and density dependent for
o+a system is probably needed for a good description of
otnucleus scattering in the base of any a-cluster model.
We found that the absorption of a in the o+*°Ca scattering
is peaked at energy around 120 MeV.

Finally the present work the present analysis shows the
ability of the model independent a-cluster model to
reproduce the measured elastic o+4°Ca scattering and
reaction cross sections through the broad energy range
especially for energies above 40 MeV. This success
motivated us to refine this model by minimizing the
binding energy of the “°Ca nucleus using any energy
density functional formula. In addition it motivated us to
use this model for the elastic scattering of other a-
conjugate nuclei and for other reactions at different
energies.
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