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Abstract. Supplementing the optical model potential by repulsive core 
Ve allows to model Anomalous Large Angle Scattering in the a-particle 
scattering. Motivated by recent discussions, an analytical Soliton Form 
Factor is used for Ve that may be interpreted as a storage for kinetic energy 
in compressed nuclear matter. Computed angular distributions with the 
proposed potential of optical model with a repulsive core in the cases of 
Carbon 12 C and Oxygen 16 0 nuclei agree nicely with the experiment thus 
furnishing support for such a parametrization and compressibility moduli 
values, where 

K = 318 ± 273 
15% 

and K = 334 ± 20~ Me V 
6,o, 

for the two systems a+12 C and a+16 0 respectively. 

Pe3IOMe. II pHJIO)f{eHHe Ve ( OTTaJIKHBa10ru;ero H.n;pa) K rroTeHUHany orr
TH'lecKoil: MO)(eJIH rrpHBO,!{HT K MO)(eJIH aHOMaJlbHO 60JibIIIOro yrna pac
ceHBaHHH rrpH pacceHBaHHH aJlbcj>a qacTHU, rrpH'IeM B Ka'leCTBe Ve HC
IIOJib3JeTCH aHaJIHTH'leCKHH COJIHTOHOo6pa3yIOru;Hil: cj>aKTOp, KOTopbrli 
MOlt\eT 6h1Tb paCCMOTpeH KaK HaKaIIJIHBaHHe KHHeTH'leCKOH aHeprHH B 
C)f{aTOM H.n;epHOM nemecTBe. Ha6n10.n;aeTCH xopoI1Iee conrra.n;eHHe Me)f{.n;y 
aKcrrepHMeHTOM H Bhl'IHCJieHHhlM yrnonoM pacrrpe.n;eneHHeM rrpe.n;nara
eMoro IIOTeHIJ;HaJia OIITH'leCKOH MO)(eJIH c OTTaJIKHBaIOll(HM H.D;pOM )(JIH 
12C H 16 0 H.n;pa. ~~~-..-

@1993 St. Kliment Ohridski University Press All rights reserved 
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1. Introduction 

The elastic scattering of a-particles by 12C and 160 nuclei has been widely studied 
by means of the optical model [1-7]. The optical model parameters obtained by the 
study of these results have been collected in the compilation performed by Perey 
and Perey [8]. Some recent studies on the nature of a-states in light nuclei have 
given rise to a deeper understanding of such a process [9]. 

The Anomalous Large Angle Scattering (ALAS), in particular of a-particles 
on a-cluster nuclei, is a phenomenon of considerable interest in the low and high 
energy physics. It is apparently difficult to explain this phenomenon by means of 
the standard optical model. Many theoretical approaches have been designed to 
explain ALAS [1,6 and 10]. 

The preliminary applications of the Nonlinearity Schrodinger Equation (NLSE) 
have been successfully approximated by a phenomenological repulsive potential Ve 
[11] supplementing the usual optical potential Vom by a repulsive term 

VEsP = Vom + Ve 

where VEsP stands for Effective Surface Potential and the effect of Ve is to provide 
an adequate description of d<7/dfl for backward angles [2,12], and in the present 
study it takes the form: 

r - Llr(-1)1 >Re 
r-Llr(-l)1 >Re. 

R; is an adjustable parameter of the order R 1 + R 2 = r(A~13 + A~13 ) where R; and 
A; denote the radius and mass number of the ith particle, i = 1, 2 for projectile 
and target respectively. The one-dimensional NLSE has analytical Soliton solution 
[13,14]. Thus, it is suggested that one should apply (instead of the previously used 
phenomenological form factors for Ve) the well defined analytical soliton to analyze 
ALAS of a-incident on 12C at energies 2.80-9.33 and 19.00 MeV and on 160 at 
energies 5.20-7.50 and 30.00 MeV. 

2. Computations and Discussion 

The NLSE in our case may be written in the form: 

fi.2 
--\121/; + V1/; + VNL'l/J = E1/; 

2µ 

Wher VNL = C(p - Po)/ po arises due to the short-ranged interaction between the 
touc ng liquid drops nuclei, while the potential V acts over a long range. The 
densities p and p0 are given by p(r) = l1/Jl 2 and po, is the unperturbed density 
of the two nuclei involved. The NLSE is modified to the form by containing the 
modulating wave function x = x(r, B): 

fi.2 c 
--\12x + VomX + - L VLPL(cos B)x =Ex. 

2µ Po L 
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In the limit c~ 0, the quantity x is simply the usual optical model wave function. 
Before endulging into a discussion of the numerical results, let us make a clear 
statement in respect to the input parameters in the computation. 

i) The optical model parameters are extracted from the fit of du/ d[}, for forward 
angles, hence, · 

ii) C = K/9 remains the only parameter that is at our disposal. 

3. Elastic Scattering of a-particles 

We restrict ourselves to projectile energies below 10 MeV in the laboratory system. 
This energy range has the advantage that only a small number of reaction channels 
is open allowing for the use of completely real interaction [15]. We have analyzed 
the a-particles on 12C at projectile energies from 2.80 to 9.33 MeV and 19.00 MeV, 
on 160 at projectile energies from 5.20 to 7.50 and 30.00 MeV, where a remarkable 
ALAS phenomenon appeared. The experimental data were taken from [16-19]. 
The results of these calculations are illustrated in Figs 1- 8. 

In most cases the correspondence is excellent though the less satisfactory be
haviour at some energies indicates that possibly a reconsideration of the approach 

~ .... 
"' ?103 

_§_ 
~102 --b 
"'<::! 101 

12C(a, a)12c 

~MoV 
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102 • • Ea(l<>b) = 3.1 MeV .. . ... 
101 .. .. 

103 

102 
~-. Ea(l<>biyev 

~ 
101 .. 

50 100 150 0 (c.m) 

Fig. 1. Experimental and theoretical an
gular distributions for the elastic scattering 
of a-particles by 12 C. Solid curves calcula
tions with a purely real potential and pa
rameters from Table 1 (proposed potential) 
at Ea = 2.8, 3.10 and 3.4 MeV. Full circles 
- experimental data 

103 

102 

101 

103 

102 

101 

50 

12 C(a, a)12C 
Ea(l<>b) = 3.8 MeV 

Ea(l<>b) = 4 MeV 

~ __.--.: 
~-. ... 

Ea(l<>b) = 4.74 MeV 

100 150 0 (c.m) 

Fig. 2. As Fig. 1 but at Ea = 3.8, 4.0 and 
4.74 MeV. Dotted curve calculation uses 
only optical model potential 
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Fig. 3. As Fig. 1 but at Ea = 5.135, 5.165 
and 6.0 MeV 

• 
12c(a,a)12c 

~ •. ::b) = 6/eV 

'V'····v 

101 

~. ~=6./eV 

v·· ·v 
Ea(lab) = 9 .33 MeV 

102 
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Fig. 4. As Fig. 1 but at Ea = 6.28, 6.51 
and 9.33 MeV 

Table 1. Parameters of proposed potential of the optical model with a repulsive core 
(Vom is purely real potential) in the case of 12 C nucleus 

Ea Vo rov Bov c Re ac D.R 
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) 

2.80 70 1.30 0.65 35 1.30 0.5 0.2 
3.10 70 1.30 0.65 35 1.30 0.5 0.2 
3.40 70 1.30 0.65 35 1.30 0.5 0.2 
3.80 70 1.30 0.65 35 1.30 0.5 0.2 
4.00 70 1.30 0.65 35 1.30 0.5 0.2 
4.74 '70 1.22 0.65 35 1.25 0.5 0.2 
5.135 70 1.20 0.65 35 1.30 0.5 0.2 
5.165 70 1.20 0.65 35 1.30 0.5 0.2 
6.00 70 1.20 0.65 35 1.20 0.5 0.1 
6.25 70 1.20 0.63 35 1.20 0.5 0.1 
6.51 70 1.20 0.60 35 1.20 0.5 0.1 
9.33 70 1.30 0.65 45 1.32 0.5 0.2 

followed might be advisable. Since the role of other channels but the elastic one 
(for E < 9 MeV only inelastic channels are open) is small at relatively low energies 
of the incident a-particles , the Vom was taken to be purely a real one. At higher 
energies at E = 19.00 MeV for 12C and 30.00 MeV for 160 the value Vom should 
be considered to be complex (to account for the additional channels being opened) . 
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Fig. 6. As Fig. 5 but at Ea = 6.8, 6.97 and 
7.5 MeV 

In such cases agreement between the theoretical and experimental results can be 
achieved by the introduction of an imaginary part W into V0 m, Vom = V + iW. 
This is demonstrated in Figs 7,8. These results could be obtained when C = 0. 
The dotted curve in Figs 2, 5 as an example represents the results of calculations 

Table 2. Parameters of proposed potential of the optical model with a repulsive core 
(Varn is purely real potential) in the case of 16 0 nucleus 

Ea Vo Tov aov c Re a c AR 
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) 

5.20 70 1.35 0.65 35 1.35 0.5 0.2 
5.50 70 1.35 0.65 35 1.35 0.5 0.2 
5.80 70 1.35 0.65 35 1.35 0.5 0.2 
6.80 70 1.26 0.65 40 1.30 0.5 0.2 
6.97 70 1.26 0.65 35 1.40 0.5 0.1 
7.50 70 1.26 0.65 35 1.40 0.5 0.3 
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Ea(lab) = 19 MeV 
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Fig. 7. Experimental and theoretical angular distributions for the elastic scattering of 
a-particles by 12C at Ea = 19 MeV. Solid curves calculations with a complex optical 
potential and parameters from Table 3 (proposed potential). Dotted curve calculations 
use only the complex optical model potential. Full circles calculations - experimental 
calculations 
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Fig. 8. Experimental and theoretical angular distributions for the elastic scattering of 
a-particles by 16 0 at Ea = 30 MeV. Solid curves calculations with a complex optical 
potential and parameters from Table 3 (proposed potential) . The other curves - with 
different values of C 

with the usual optical model. These results could be obtained when C = 0 (in our 
proposed model), with Ve = 0. Taking C # 0 implies that Ve will also be different 

S. El-gazaly et al. Int 

from zero. The parameter. 
in Tables 1, 2 and 3. 

Table 3. Parameters of pr• 
(Varn = V + iW) for 12C and 

Target Ea Vo 
(MeV) (MeV) (I 

12c 19 140 
160 30 175 

The computations wm 
compatible IBM 100% 806: 
Faculty of Science, Tanta 

3. Discussion of the Co 

In the foregoing applicati 
ter, the compressibility m 
as taken from literature 
experimental angular dist 
this study) it is an expecte 
backward angles are impr 
sides some minor changes 
growing value of C [3,13). 
(optical model) curve to 
The compressibility modul 
this study are displayed i 

MeV for a+ 12C system < 

by weighting all cases in 
Tables 1,3 for a+12C systi 
deviations between the co 
small enough to be. comp 
ined so far. Though the a 
should depend slightly on 
consideration). These ave 
matter K = 9C for the t 
generally accepted value [~ 

4. Conclusion 

It is certainly desirable t 
target nuclei up to a very 
arrive at definite conclusio 
on the mass numbers oft 



a-Cluster Nuclei ... 

150 9 (c.m) 

for the elastic scattering of 
'ans with a complex optical 
). Dotted curve calculations 
calculations - experimental 

30MeV 

102 

101 

150 9 (c.m) 

for the elastic scattering of 
ions with a complex optical 
). The other curves - with 

tained when C = 0 (in our 
at Ve will also be different 

S. El-gazaly et al. Interaction of a-Particles with a-Cluster Nuclei ... 15 

from zero. The parameters obtained in this study using this model are displayed 
in Tables 1, 2 and 3. 

Table 3. Parameters of proposed potential of the optical model with a repulsive core 
(Vom = V + iW) for 12 C and 16 0 nuclei at higher energies 

Target Ea Vo Tov aov Wo Tow aow c Re ac b..R 
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) 

12c 19 140 1.3 0.50 6 1.5 0.6 30 4.2 0.5 0.3 
160 30 175 1.3 0.57 15 1.5 0.6 45 4.2 0.5 0.2 

The computations were carried out on a personal computer PC-20 commodore 
compatible IBM 100% 80636 mathematic co-process, at the Department of Physics, 
Faculty of Science, Tanta University, using the computer code OPADSECH. 

3. Discussion of the Compressibility Modulus 

In the foregoing applications of the NLSE there is only one adjustable parame
ter, the compressibility modulus C = K/9. Employing optical model parameters 
as taken from literature (or extracted from the fit between the theoretical and 
experimental angular distribution of a-elastic scattering at forward angles as in 
this study) it is an expected and desired feature that the angular distributions for 
backward angles are improved for increased value of C. To be more specific, be
sides some minor changes in the structure of du/ dO, its magnitude increases with 
growing value of C (3,13]. A continuous increase in C brings us from the dotted 
(optical model) curve to the full curve which is reached for a critical value Ger· 
The compressibility moduli corresponding to the angular distributions analyzed in 
this study are displayed in Tables 1, 2 and 3. The average value of K = 318~i~~ 
MeV for a+ 12C system and K = 334~~~ MeV for a+160 system are obtained 
by weighting all cases in the same way and by taking the average of them, see 
Tables 1,3 for a+12 C system and Tables 2,3 for a+160 system. Apparently the 
deviations between the compressibilities extracted from two different systems are 
small enough to be. compatible with a common value for the whole system exam
ined so far. Though the available statistics are extremely bad, it is expected that C 
should depend slightly on the characteristics of the projectile (target system under 
consideration). These averaged values of the commpressibility moduli of nuclear 
matter K = 9C for the two systems a+12C, a+160 are in fairly agreement with 
generally accepted value (20,21]. 

4. Conclusion 

It is certainly desirable to extend the analysis to a wider range of projectile and 
target nuclei up to a very heavy system. By virtue of such studies, it is hoped to 
arrive at definite conclusions about the dependence of the compressibility constant 
on the mass numbers of the nuclei involved systematic studies of such processes for 
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a wider interval with more specific information about the range of applicability of 
the model. and about the way in which the determination of K is possibly affected 
by the dynamics of the interaction. 

Coming back to the present results, it may be stated that this approach has been 
shown to be a very useful tool for the analysis of the experimental data involving 
the elastic interaction of a-particles. Its novel feature is that it determines fairly 
accurately the compressibility modulus of nuclear matter. 
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