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Elastic Scattering
Abd Elrahman Elgamala, N. Darwish, I. Bondouk, Sh. Hamada

Abstract—Auvailable experimental angular distributions for °Li
elastically scattered from '®O nucleus in the energy range 13.0-50.0
MeV are investigated and reanalyzed using optical model of the
conventional phenomenological potential and also using double
folding optical model of different interaction models: DDM3Y1,
CDM3Y1, CDM3Y2, and CDM3Y3. All the involved models of
interaction are of M3Y Paris except DDM3Y1 which is of M3Y Reid
and the main difference between them lies in the different values for
the parameters of the incorporated density distribution function F(p).
We have extracted the renormalization factor Ng for *Li+'*0O nuclear
system in the energy range 13.0-50.0 MeV using the aforementioned
interaction models.

Keywords—Elastic scattering, optical model, folding potential,
density distribution.
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1. INTRODUCTION

UCLEAR processes induced by lithium nuclei had

attracted nuclear physicists for decades due to the
interesting features which could be derived from these studies.
Cluster structure of °Li as consisting of a core (a-alpha) and a
valence particle (d- deuteron) orbiting the core is one of these
features. During the past decades, several experimental studies
and theoretical calculations were performed for °Li+X nuclear
systems (where, X is any target nuclei) and consequently
lithium scattering angular distributions have become available
at different beam energies for different nuclear systems among
them: a) °Li+'2C [1]-[14], b) *Li+'°0 [15]-[22], and c) °Li+?**Si
[91, [13], [16], [19], [23]-[27]. There are various studies
performed to reproduce the experimental angular distribution
measurements for °Li+X nuclear systems using either
phenomenological optical [28]-[30] as well as double folding
(DF) potentials. The essential information deduced from
previous lithium elastic scattering of different targets and
especially '®O nucleus are: a) Optical model is a successful
tool to reproduce the experimental data over a wide range of
bombarding energies. b) For a given reaction, potential
parameters are either constant or change smoothly with
bombarding energy. c¢) Spin orbit effects do not play a
significant role. d) Remarkable deviations between
experimentally and calculated cross sections at large angles
are observed. In other words “the potentials are not unique”. e)
The observed ambiguities of potential parameters families
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cannot experimentally be reduced unless data at higher
bombarding energies become available.

Various studies showed the effectiveness of optical model
(OM) to reproduce the experimental angular distributions data
for °Li+"C and "Li+"’C elastic scattering at beam energies
ranging from 4.5 to 13.0 MeV [28], °Li+"°C elastic scattering
at energies > 20.0 MeV [29], °Li and "Li elastically scattered
from °B, 2C, 1C, '°0, and *Si at energies between 4.0 and
13.0 MeV [30], °Li+'®0O system at energies 25.7 and 50.0
MeV [17], [22]. Vineyard et al. [17] and Trcka et al. [22] have
measured and analyzed the angular distributions for °Li+'°0
system at energies 25.7 MeV and 50.0 MeV. The data were
analyzed using double folded potentials with renormalization
factors 0.61 and 0.65 at the two studied energies 25.7 MeV
and 50.0 MeV respectively, in other words the potentials
needed to be reduced in strength by about 37% in order to
reproduce the data.

The current work aims to reanalyze the available angular
distribution data for *Li+'®O in the energy range 13.0-50.0
MeV using both OM and DFOM. In the DFOM, the real part
of potential is created on the basis of DF using different
models of interactions DDM3Y1, CDM3Y1, CDM3Y2, and
CDM3Y3 in order to examine the sensitivity of °Li+'°O
nuclear system to the different used interaction models.

The paper is organized as follows. In Section II the
theoretical calculations of the experimental data is presented.
Section III is devoted to the results of the theoretical analysis
and discussion. The summary is given in Section IV.

II. THEORETICAL ANALYSIS

The angular distributions for °Li+'°O elastic scattering in
energy range 13.0-50.0 MeV are reanalyzed using both
phenomenological and semi-microscopic potentials: OM
potential and DF potential of different models of interaction:
DDM3Y1, CDM3Y1, CDM3Y2, and CDM3Y3. Firstly, the
available experimental angular distributions data for *Li+160
elastic scattering at energies 13.0 MeV [15], 20.0 MeV [16],
25.7 MeV [17], 30.0 MeV [18], 32.0 MeV [19], 36.0 MeV
[20], 48.0 MeV [21], and 50.0 MeV [22] are investigated
within the framework of OM. We have started with the same
parameters of. [22] as starting parameters. The analyses
employed real and imaginary volume central potentials
together with a Coulomb potential. Spin orbit interaction for
SLi has not been included due to the well-known its little
influence on the differential cross section. The used potential
has the following form:
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U =V (r) % - il M
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where V(r)is the Coulomb potential due to a uniform sphere
with charge equal to that of the target nucleus and radius
e A,l/3 .
completes our ongoing studies for °Li+X [31], [32] nuclear
systems.

Secondly, the available °Li+'°O elastic scattering angular
distributions are analyzed in the framework of double folding
optical model (DFOM). In this model, the real part of the
interaction potential was derived on the basis of DF, where °Li
and '°0 densities in their ground states are folded to nucleon-
nucleon potential using code DFMSPH [33]. The real part of
potential is calculated from:

It is worth to mention that the current work

Vor (B) = [[ pr(n)pr (o ($)dRdR ()

where vy (s)is the effective nucleon-nucleon interaction

potential which is taken to be of the CDM3Y 1, CDM3Y2, and
CDM3Y3 [34] forms based on the M3Y-Paris potential:

exp(—4s) exp(—2.5s)

vp (s) =11061 .625 —2537.5 , (3)
2.5s
Ve (5) = —1524255PCH) _ 510 75 XRS5 g7 XP0.70725)

s Ss 0.7072s

and also is taken to be of the DDM3Y1 [35] form based on the
M3Y- Reid potential:

exp(—2.5s)

vp (s) = 7999 .0 XA 5134 55 XP(Z2.35) )
4s 2.5s
Ve (s) = 463138 XLEH) _ 1707 13 SXPELS) 5 474 XP(0.70725)
45 2.55 0.7072s

The M3Y-Paris and M3Y- Reid interactions are scaled by
an explicit density-dependent function F(p):

vD(EX)(psS) = F(P)VD(EX)(S), (5)

where VD (Ex) are the direct and exchange components of the

M3Y-Paris and M3Y- Reid, p is the nuclear matter (NM)
density, s is the distance between the two interacting nucleons.
Density-dependent function F(p), is taken to be of exponential
dependence and can be written as:

F(p)=C1+aexptpo)- '], (6)

The parameters C, a, f, y for the different concerned
interaction models are listed in Table I. The DF potential in
the present work is the sum of direct folded potential and
exchange folded potential, and can be written as

VERR) =V (RY+ VY (R) (7
TABLEI
PARAMETERS OF DENSITY-DEPENDENCE FUNCTION F(P)
Interaction p 3 K
Model ¢ “ g PO ey
DDM3Y1 02845  3.6391  2.9605 0.0 0 171
CDM3Y]1 03429  3.0232 35512 0.5 1 188
CDM3Y2 03346 3.0357  3.0685 1.0 1 204
CDM3Y3 02985 34528  2.6388 1.5 1 217

The density distribution of 0 is expressed in a modified
form of the Gaussian shape as: p(r)= p,(1+ wr?)exp(-f£r?)

where p,=0.1317, w=0.6457 and S=0.3228 [36]. The

density distribution of ®Li nucleus is taken from [37] as:

p(r) = 0.203 exp (—0.3306 r2) +
[— 0.0131 +0.001378 r2] exp (-0.1584 2) ®

The imaginary part of potential is taken in the Woods—
Saxon shape, the optimal imaginary potential parameters
obtained from OM calculations are taken the same in DFOM
calculations, and consequently only one variable parameter Ng
“renormalization factor for the real part of potential” was used
in the calculations using this approach. The nuclear potential
in this case has the following shape:

UR)=Ve(r) =N Vpp (r) =iWf (r,nyay) - (9)

III. RESULTS AND DISCUSSION

We have performed an OM analysis for the *Li+'®0 elastic
scattering angular distributions in the energy range 13.0-50.0
MeV using pure phenomenological Woods-Saxon potentials
for both real and imaginary volume parts. The comparisons
between the experimental data at energies (13.0, 20.0, 25.7,
30.0, 32.0, 36.0, 48.0, and 50.0 MeV) and the theoretical
calculation using OM are shown in Figs. 1 and 2. The optimal
extracted potential parameters are listed in Table II. Two
parameters “ry and ry” were fixed during search to the values
1.37 and 1.88 fm respectively, and the rest four parameters V,,
ay, Wy, and ay were allowed to be changed freely in order to
obtain the least y° value defined by:

s 13 a@)* o)™ |
R ) R eLl O (10)

N4 Ac(6;)

where N is the number of experimental data points. o(6,)"

and o(6;)*Pare the calculated and experimental cross

sections, Ao(6;) is the uncertainty of the data. Using this

technique, we could obtain an energy dependence on both real
and imaginary potential depths. Theoretical calculations
conducted in the present study are performed using the code
FRESCO [38], and SFRESCO search code was used in
searching for the optimal potential parameters. The Coulomb
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radius parameter was fixed at 2.3 fm during all the
calculations performed in this work.

Available experimental data for °Li+'°O are then analyzed
within the framework of DFOM using different models of
interaction: DDM3Y1, CDM3Y1, CDM3Y2, and CDM3Y3.
The data were fitted using only one parameter “Ng”, while the
imaginary phenomenological potential parameters are taken
the same as those obtained from OM calculations. The
comparisons between the experimental angular distributions
data for °Li+'°O nuclear system at different concerned
energies and theoretical calculations using DDM3Y1,
CDM3Y1, CDM3Y2, and CDM3Y3 models are shown in
Figs. 3-10. It is clearly shown that using such hard constraints,
the quality of fitting got worse “see the values of y*/N
extracted from the OM and DFOM calculations”. Data
analysis using DFOM with the different concerned
interactions showed and emphasized the necessity for
reduction Ng by about 40%. The optimal potential parameters
used in the DFOM calculations using DDM3Y1, CDM3Y1,
CDM3Y2, and CDM3Y3 interaction models are listed in
Table III.

T
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Fig. 1 Comparison between experimental angular distributions for
SLi+'%0 elastic scattering and the theoretical calculations using OM
at Ey,,= 13.0, 20.0, 25.7, and 30.0 MeV. The data sets at different
energies have been displaced by successive factors of 10~ for the
sake of clarity
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Fig. 2 Same as Fig. 1 but at £,,= 32.0, 36.0, 48.0, and 50.0 MeV
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Fig. 3 Comparison between experimental angular distributions for
°Li+'%0 elastic scattering and the theoretical calculations using
DFOM - DDM3Y1 at Ej,= 13.0, 20.0, 25.7, and 30.0 MeV

TABLEII
OPTIMAL OPTICAL POTENTIAL PARAMETERS FOR °L1+'°0 NUCLEAR SYSTEM EXTRACTED FROM THE OM ANALYSIS,
E Vo ry ay W, rw awy Xz N or Jy . Jw X
MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (mb) (MeV.fm’) (MeV.fm’)
13.0 186.01 1.37 0.719 7.14 1.88 0949 74 1183 477.0 46.3
20.0 185.87 1.37 0.666 9.11 1.88  0.93 8.1 1288 456.3 58.3
25.7 183.13 137 0716 11.23 188 093 115 1438 468.5 71.9
30.0 180.06 137 0.734 11.65 188 093 16.6 1477 467.6 74.6
32.0 182.15 1.37 0.721 1259  1.88 093 7.5 1496 467.9 80.6
36.0 18246 1.37 0.701 1364 188 093 179 1513 460.9 87.4
48.0 188.0 137 0.664 14.09 188 095 16.8 1530 460.8 91.3
50.0 185.6 137 0.708 1625 1.88 0.862 52 1439 471.6 100.0

The values of reaction cross sections o, as well as real Jy and imaginary Jy volume integrals are also listed.
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TABLE I
POTENTIAL PARAMETERS FOR °LI+'°0 SYSTEM EXTRACTED FROM THE DFOM ANALYSIS
E Interaction Ni Wo rw aw xz/ N [ Jy Jw
(MeV) model (MeV) (fm) (fm) (mb) (MeV.fin®) (MeV.fin’)

13.0 DDM3Y1 0.795 7.14 1.88 0.949 13.5 1211 403.9 46.3
CDM3Y1 0.774 145 1217 393.2
CDM3Y2 0.795 16.3 1215 403.9
CDM3Y3 0.795 14.7 1214 403.9

20.0 DDM3Y1 0.806 9.11 1.88 0.93 19.9 1415 403.9 583
CDM3Y1 0.79 20.2 1427 395.8
CDM3Y2 0.794 20.1 1414 397.8
CDM3Y3 0.586 23.9 1423 293.7

25.7 DDM3Y1 0.59 11.23 1.88 0.93 37.4 1453 294.3 71.9
CDM3Y1 0.58 383 1454 289.4
CDM3Y2 0.58 38.2 1453 289.4
CDM3Y3 0.58 38.1 1452 289.4

30.0 DDM3Y1 0.597 11.65 1.88 0.93 418 1478 295.9 74.6
CDM3Y1 0.594 49 1479 294.5
CDM3Y2 0.593 42.7 1478 294.0
CDM3Y3 0.837 353 1477 414.9

32.0 DDM3Y1 0.593 12.59 1.88 0.93 15.0 1498 293.2 80.6
CDM3Y1 0.581 14.4 1563 287.2
CDM3Y2 0.582 15.6 1561 287.7
CDM3Y3 0.584 15.7 1560 288.7

36.0 DDM3Y1 0.521 13.64 1.88 0.93 28.1 1513 256.1 87.4
CDM3Y1 0.522 29.6 1515 256.6
CDM3Y2 0.507 29.1 1514 249.2
CDM3Y3 0.521 29.7 1513 256.1

48.0 DDM3Y1 0.554 14.09 1.88 0.95 82.1 1545 267.6 91.3
CDM3Y1 0.54 76.5 1544 260.8
CDM3Y2 0.54 72.1 1526 260.8
CDM3Y3 0.54 69.2 1543 260.8

50.0 DDM3Y1 0.559 16.25 1.88 0.862 232 1473 269.4 100.0
CDM3Y1 0.543 35.4 1478 261.7
CDM3Y2 0.545 35.5 1458 262.7
CDM3Y3 0.547 35.6 1477 263.7

The values (o, Jy and Jy) are also listed.
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Fig. 4 Same as Fig. 3 but at £1,,= 32.0, 36.0, 48.0, and 50.0 MeV

As shown in Figs. 3-10, the DFOM calculations using
DDM3Y1, CDM3Y1, CDM3Y2, and CDM3Y3 interaction
models gives equally fitting for the data except at Ej,= 25.7
MeV where there is a noticeable deviation especially at large
angle > 90°. It was expected that DF calculations using these
different interaction models will be close to each other, in
other words “the renormalization factors for the different used
models are close”. The main reason for this is that we used
four families of interaction models which has nearly the same

incompressibility constant K = 171-217. In case of using
different interaction models which have a higher
incompressibility constant, we could be able to fit the data
with a higher Ng value “more close to one” and consequently
the strength of Ng would be reduced by a factor < 40%.
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Fig. 5 Comparison between experimental angular distributions for
°Li+'%0 elastic scattering and the theoretical calculations using
DFOM - CDM3Y1 at Ep,,= 13.0, 20.0, 25.7, and 30.0 MeV
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Fig. 6 Same as Fig. 5 but at £,,= 32.0, 36.0, 48.0, and 50.0 MeV
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Fig. 7 Comparison between experimental angular distributions for
®Li+'°0 elastic scattering and the theoretical calculations using
DFOM — CDM3Y?2 at E},= 13.0, 20.0, 25.7, and 30.0 MeV
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Fig. 8 Same as Fig. 5 but at £,,= 32.0, 36.0, 48.0, and 50.0 MeV
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Fig. 9 Comparison between experimental angular distributions for
°Li+'%0 elastic scattering and the theoretical calculations using
DFOM — CDM3Y3 at E},,= 13.0, 20.0, 25.7, and 30.0 MeV
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Fig. 10 Same as Fig. 9 but at £},,= 32.0, 36.0, 48.0, and 50.0 MeV

IV. SUMMARY

Experimental angular distributions for °Li+'°0 elastic
scattering in the energy range 13.0-50.0 MeV are investigated
and analyzed using OM and DFOM. OM potentials consisting
of real volume term and an imaginary volume term both has
the phenomenological Woods-Saxon form could fairly
reproduce the experimental data in the whole angular range.
The radius parameters for real and imaginary parts of potential
were fixed in order to obtain the energy dependence on real
and imaginary potential depths and consequently reduce the
ambiguities which could be associated to OM calculations.
Then the optimal imaginary potential parameters extracted
from OM are used in DFOM. In DFOM, the real part of
potential was calculated on the basis of DF with different
interaction models DDM3Y1, CDM3Y1, CDM3Y2, and
CDM3Y3. The comparisons between experimental data and
the theoretical calculations using the different concerned
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models are fairly good at forward hemisphere (angles < 90°)
with worse fitting at larger angles. Data analysis using DFOM
of different interaction models showed that potentials needed
to be reduced in strength by about 40%; this fact was also
previously reported [7], [22] for various SLi+X nuclear
systems. Choosing an appropriate interaction model with a
high incompressibility constant could increase the value of Ng
to be closer to unity.
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