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ABSTRACT 

We have measured the angular distributions for 12C ion beam elastically scattered from 12C target of thickness 17.4 
μg/cm2 at energies 15, 18 and 21 MeV which is close to the Coulomb barrier energy for 12C + 12C nuclear system. The 
elastic scattering of 12C beam on 12C was analysed also at different energies (139.5, 158.8, 180, 240, 288.6, 300, 360 
and 420 MeV) from literature in order to obtain the global optical potential parameters, which could fairly reproduce the 
experimental data. The experimental results were analysed within the framework of both the optical model and the dou- 
ble folding potential obtained with different density-dependent NN interactions which give the corresponding values of 
the nuclear incompressibility K in the Hartree-Fock calculation of nuclear matter. The agreement between the experi- 
mental results and the theoretical predictions in the whole angular range is fairly good. 
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1. Introduction 

There have been rather extensive differential cross sec- 
tion studies for 12C + 12C nuclear system at different en- 
ergies [1-7] which have been attempted to be explained 

theoretically by using both phenomenological and mi- 
croscopic potentials [6-12]. It is commonly known that 
12C + 12C nuclear system is one of the key reactions for 
better understanding of the formation of heavier elements 
in nuclear burning process. In this work, we performed 
the experimental measurements for 12C ion beam elasti- 
cally scattered from 12C target at low energies close to 
the Coulomb barrier energy for this nuclear system, and 
the theoretical calculations were performed using both 
optical model (OM) and double folding potential (DF). In 
comparison with the various studies concerned 12C + 12C 
elastic scattering at high and intermediate energies, we 
found that, the experimental data at intermediate and 
high energies displaying the typical Fraunhofer oscilla-
tions at forward angles and the symmetrization interfer- 
ence near 90˚, with gross structures in between which 
one could surmise are due to Airy maxima and minima. 
Our experimental data at low energies close to the Cou-

lomb barrier energy are displaying the typical Fresnel 
scattering pattern and the symmetrization interference near 
90˚ is clearly observed as the experimental measurements 
were extended up to angle ~150˚. 

2. Experimental Details 

The experiments were performed in the cyclotron DC-60 
INP NNC located at Institute of Nuclear Physics, Almaty, 
Kazakhstan. The 12C ion beam was accelerated up to en- 
ergies 15, 18 and 21 MeV and then directed to 12C target 
of thickness 17.4 μg/cm2. The dead time was monitored 
and kept as constant as possible by changing the spec-
trometer entrance slits and/or the beam intensity. The 
angular distributions for 12C(12C,12C)12C nuclear system 
were measured in the angular range 20˚ - 155˚ in the 
centre of mass system with an increment Δθ = 2˚. The 
registration system of nuclear reaction products included 
electronic components firms ORTEC and CANBERRA 
with MAESTRO software for recording and processing 
of the spectra of nuclear processes. Energy spectra of 
scattered particles were measured using a silicon surface 
barrier detector (ORTEC) with a sensitive layer thickness 
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of 100 μm. The detector was located at a distance of 24 
cm from the scattering region and had the opportunity to 
move in the angular range from 10˚ to 75˚ in the labora- 
tory system. The maximum voltage which could be ap- 
plied on the detector was 30 volt but, during the experi- 
ment it was raised up to 20 volt. The 12C beam passed 
through three collimators of 1.5 mm diameter and fo- 
cused on the target to a spot diameter of ≈3.9 mm. In 
order to minimize the evaporation of the target, the beam 
current was 30 nA. Spectrum analysis has been done 
using the program MAESTRO [13]. Figure 1 shows the 
spectrum for 12C(12C,12C)12C elastic scattering at angle 
35˚ and at energy 18 MeV. Final normalization of the 
absolute cross sections was determined by comparing the 
measurements at the most forward angles, where Mott 
scattering dominates, with optical model predictions 
which in this angular region are only weakly dependent 
on potential parameters. 

3. Preparation of 12C Target and Thickness 
Measurements 

The 12C target was prepared using the technique of vac-
uum evaporation by resistance heating of the specimen 
with a spot electron gun at the facility UVS-2 (universal 
vacuum system) see Figure 2. The preparation chamber 
was connected with two pumps rotary pump and turbo 
molecular pump to achieve the desired vacuum (2 × 10−6 
torr) inside the chamber. Firstly, we deposited layers of 
NaCl crystal salt onto glass plates with the aid of tanta- 
lum cradle. Then, electron gun is directed to a sample of 
graphite with 12C concentration of 98% and placed at 3 
cm from the electron gun. The size of the beam spot (2 - 
3 mm diameter). Under the influence of electrons, the 
sample is strongly heated, evaporated, and deposited onto 
glass plates with previously deposited layers of salt 
which acts as a release agent and facilitates the removal  
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Figure 1. Spectrum for 12C(12C,12C)12C elastic scattering at 
angle 35˚ and at energy 18 MeV. 

of carbon film. After annealing for 12 hours at 150˚C, the 
carbon films were removed from the glass plates and 
placed to specially prepared frames. 

The target thickness was carried out using reactions 
that have narrow and well isolated resonances. For this 
purpose, the reaction 27Al(p,)28Si at Ep, lab. = 632, 773, 
992, 1089 keV [14] was used. After the measurement of 
the target yield curves over the 27Al(p,γ)28Si resonance at 
Ep = 992 keV for (an aluminum foil) and for (the 12C 
target + the aluminum foil) is made, target thicknesses 
are taken from the shift of the resonance energy obtained 
by comparing these yield curves as shown in Figure 3, 
these measurements were performed using the resonance 
chamber in the accelerator UKP-2-1 INP NNC RK lo-
cated in Almaty, Kazakhstan. 

4. Theoretical Analysis 

Our experimental results for 12C + 12C nuclear system at 
 

 

Figure 2. Block diagram of the vacuum system UVS-2; K1, 
K2, K3: Vacuum Valve; BB: Backing Balloon; S: Manual 
Vacuum Gate; BP: Backing Pump; VC: vacuum chamber; 
CH: Vent System; DP: a high-vacuum diffusion pump. 
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Figure 3. The shift of the 992 keV resonance energy of the 
27Al(p,γ)28Si reaction at the expense of the carbon film. The 
thickness of the 12C target is 17.4 g/cm2. 
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energies 15, 18 and 21 MeV and the experimental data at 
energies (139.5, 158.8, 180, 240, 288.6, 300, 360 and 
420 MeV) from literature [4,15] were analysed (phe-
nomenologically) within the frame work of optical model 
using Code SPI-GENOA [16] and (semi-microscopically) 
within the frame work of double folding using code 
FRESCO [17]. 

In the phenomenological analyses, Woods-Saxon form 
factor was taken for both the real and imaginary parts of 
the potential. 
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where, V0  and W0, av and aw, Rv and Rw being the depth, 
diffuseness and radii of the real and imaginary potentials 
respectively, VC is the Coulomb potential. The radii are 
expressed in terms of the target and projectile mass 
numbers At and Ap of the nuclei involved given by 

 1 3 1 3
, ,v w v w t pR r A A  

s

              (2) 

In the double folding calculations, the effective NN 
interaction potential is assumed to have a separable form 

  where D  and EX  are 
the direct and exchange terms, respectively, derived from 
the M3Y interactions [18,19], and s is the inter-nucleon 
separation; 

       D DEX EX, ,v s F v  v v

  is the density of the surrounding nuclear 
medium in which the two nucleons are embedded. The 
radial shape of the M3Y-Paris interaction [18] used in the 
present folding calculation is given in terms of three Yu-
kawas. The original M3Y interaction is density inde-
pendent and given in terms of the Yukawa functions as 
follows: 
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These interactions, especially the M3Y-Reid version, 
have been used with some success in the double folding 

model calculation of the HI optical potential at low ener- 
gies [20], with the elastic data usually limited to the for- 
ward scattering angles and, thus, sensitive to the optical 
potential (OP) only at the surface. However, in cases of 
refractive (rainbow) nucleus–nucleus scattering where 
the elastic data are sensitive to the nucleus-nucleus OP 
over a much wider radial domain, the density-independ- 
ent M3Y interactions failed to give a good description of 
the data. The inclusion of explicit density dependence 
was needed to account for a reduction in the strength of 
the nucleus-nucleus interaction that occurs at small R 
where the overlap density of the nuclear collision in-
creases. An early version of the density dependence of 
the M3Y-Reid interaction was constructed by Kobos et 
al. [21] based upon the G-matrix results obtained by 
Jeukenne et al. [22]. It was dubbed as the DDM3Y in-
teraction and has been used to improve the folding model 
description of the elastic α-nucleus [22,23] and light HI 
[24] scattering. Hartree-Fock (HF) calculation of the nu- 
clear matter (NM) energy has shown that the original 
density-independent M3Y interaction Equations (3) and 
(4) failed to saturate NM, leading to a collapse. The HF 
method is the first order of nuclear many-body calcula-
tion and the introduction of a density dependence into the 
original M3Y interaction accounts, therefore, for higher 
order NN correlations which lead to the NM saturation. 
Several versions of the density dependence of the M3Y- 
Reid and M3Y-Paris interactions have been introduced 
by scaling them with an explicit density-dependent func-
tion F(ρ). In our present work the density-dependent 
function F(ρ) was taken in the following form: 

   1 exp nF C    ,             (5) 

The parameters C, α, β, γ and n given in Table 1 were 
taken from ref. [25]. 

The nuclear density distribution for 12C was calculated 
using Three-parameter Fermi model (3PF), where ρ(r) 
was calculated using the following formula 

     
2

0 2
1 1 exp

wr
r r

c
 

 
    

 
c z  

where w = –0.149, Z = 0.5224 and c = 2.355. 

5. Theoretical Analysis 

The comparison between the experimental data and the 
theoretical predictions using both optical potential and 
double folding at energies 15, 18 and 21 MeV is shown 
in Figure 4. In the case of double folding calculations, 
 

Table 1. Parameters of density dependence function F(ρ). 

Model c α β(fm3) γ(fm3n) n K(MeV)

CDM3Y6 0.2658 3.8033 1.4099 4.0 1 252 
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Figure 4. Comparison between experimental and calculated 
differential cross section within the framework of OM 
(SPI-GENOA) code and DF (FRESCO) code, for 12C elasti-
cally scattered by 12C at energies 15, 18 and 21 MeV respec-
tively. 

the normalization factor (Nr) equals 1.2. The optical po-
tential parameters for 12C + 12C nuclear system and also 
those from double folding potential at different energies 
are listed in Table 2. The Coulomb radius parameter rc 
was fixed at 0.95 fm, the radius parameter for the real 
part of the potential was fixed at 1.225 fm, the diffuse-
ness parameter for the real part of the potential was fixed 
at 0.44 fm. While, the radius parameter for the imaginary 
part of the potential used in the optical model calcula-
tions was fixed at 1.294 fm. 

In identical particles elastic scattering such as 12C + 
12C, due to symmetry under the interchange of spatial 
coordinates of the two particles, the differential cross 
section is given by  

    2

identical

d
π

d
f f

        
. 

where      C Nf f f    , 

     π π πC Nf f f       , with Cf  is the Cou- 
lomb scattering amplitude and Nf  is the nuclear scat-
tering amplitude. As shown in our experimental results, 
the total symmetry between cross sections in forward and 
backward hemispheres tells that the experiments were 
done correctly. 

The comparison between the experimental data and the 
theoretical predictions using both optical potential and 
double folding at energies 139.5, 158.8, 180, 240, 288.6, 
300, 360 and 420 MeV is shown in Figures 5 and 6. The 
optical potential parameters for 12C + 12C nuclear system 
and also those from double folding potential at energies 
(139.5 - 420 MeV) are listed in Table 3. 

The Coulomb radius parameter rc was fixed at 0.95 fm, 
the radius parameter for the real part of the potential was 
 
Table 2. The optimal potential parameters or 12C elastically 
scattered on 12C at energies 15, 18 and 21 MeV, R   

 1 3 1 3
0 t pr A A . 

E (MeV) Model Nr V0 (MeV) W0 (MeV) rW (fm) aw (fm)

15.0 
 

OM 
DF 

 
1.2

99.93 
 

20.54 
40.0 

1.294
1.0 

0.292
0.532

18.0 
 

OM 
DF 

 
1.2

92.98 
 

26.92 
40.0 

1.294
1.2 

0.3 
0.765

21.0 
 

OM 
DF 

 
1.2

85.98 
 

29.64 
40.0 

1.294
1.1 

0.292
0.4 

 

E (MeV) Model JV (MeV·fm3) JW (MeV·fm3) 

15.0 
 

OM 
DF 

544.7 
544.7 

127.25 
126.58 

18.0 
 

OM 
DF 

528.07 
528.07 

198.02 
182.53 

21.0 
 

OM 
DF 

468.54 
468.54 

183.63 
157.93 
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Table 3. The optimal potential parameters for 12C elastically 

scattered on 12C at different energies,  1 3 1 3
0 t pR r A A  . 

E  
(MeV) 

Model Nr 
V0  

(MeV) 
aV  

(fm) 
W0  

(MeV) 
rW 

(fm)
aW 

(fm)
139.5 

 
OM 
DF 

 
0.68 

210.0 
 

0.835 
 

20.50 
40.0 

1.21
0.99

0.502
0.589

158.8 
 

OM 
DF 

 
0.622 

195.31 
 

0.836 
 

22.0 
39.9 

1.21
0.98

0.503
0.577

180.0 
 

OM 
DF 

 
0.795 

187.5 
 

0.765 
 

23.80 
22.64 

1.21
1.13

0.568
0.658

240.0 
 

OM 
DF 

 
0.907 

175.0 
 

0.844 
 

27.5 
28.0 

1.21
1.13

0.555
0.680

288.6 
 

OM 
DF 

 
0.961 

158.5 
 

0.878 
 

28.9 
39.99 

1.21
0.98

0.785
0.895

300.0 
 

OM 
DF 

 
0.875 

165.0 
 

0.709 
 

29.0 
25.28 

1.21
1.1

0.594
0.783

360.0 
 

OM 
DF 

 
0.708 

145.0 
 

0.813 
 

29.0 
40.0 

1.21
0.88

0.711
0.961

420.0 
 

OM 
DF 

 
0.695 

125.0 
 

0.668 
 

29.0 
19.43 

1.21
1.23

0.872
0.916

 

E (MeV) Model JV (MeV·fm3) JW (MeV·fm3) 

139.5 
 

OM 
DF 

366.34 
366.34 

109.63 
126.44 

158.8 
 

OM 
DF 

339.29 
339.29 

117.69 
121.98 

180.0 
 

OM 
DF 

305.21 
305.21 

129.52 
105.78 

240.0 
OM 
DF 

306.38 
306.38 

149.5 
132.05 

288.6 
OM 
DF 

304.54 
304.54 

171.3 
146.07 

300.0 
OM 
DF 

255.56 
255.56 

159.74 
116.37 

360.0 
OM 
DF 

246.68 
246.68 

166.78 
118.94 

420.0 
OM 
DF 

186.93 
186.93 

178.54 
127.36 

 
fixed at 0.726 fm. At small angles, the cross section is 
dominated by diffraction and exhibits a typical Fraun-
hofer diffraction pattern. Beyond this region the cross 
section exhibits a structureless exponential falloff. Dif-
ferent experiments showed that, there is no evidence of 
rainbow scattering could be seen in the 12C + 12C system 
studied at low incident energy [26]. At energies 140 and 
159 MeV, the differential cross sections were measured 
up to 90˚, and it is possible to guess at the presence of 
broad Airy maxima (centred at ≈50˚ at 159 MeV and at ≈ 
62˚ at 140 MeV), in between the Fraunhofer pattern at 
forward angles and the oscillations near 90˚ due to sym-
metrization. While the data at 240 and 289 MeV didn’t 
extend far enough to display the full extent of a nuclear 
rainbow, the measurements at 360 MeV show the begin-
ning of the exponential falloff of the nuclear rainbow, 
distinctly evident in the angular distribution beyond θcm ≈ 
25˚. As E/A approaches 100 MeV and higher, the rain-
bow moves forward faster than the Fraunhofer oscilla-
tions, and the visual identification of its Airy minima in 
the angular distribution is less clear. 
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Figure 5. Comparison between experimental and calculated 
differential cross section for 12C + 12C elastic scattering at 
energies 139.5, 158.8, 180 and 240 MeV using both OM and 
DF potentials. 
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Figure 6. Comparison between experimental and calculated 
differential cross section for 12C + 12C elastic scattering at 
energies 288.6, 300, 360 and 420 MeV using both OM and 
DF potentials. 
 

It has been found that, at incident energies of a few 
MeV per nucleon, several light heavy-ion systems, 
among which 12C + 12C display more transparency than 
most neighboring systems. Indeed, their elastic scattering 
angular distributions reveal refractive features, such as 
rainbow scattering patterns and broad interference min-
ima “Airy minima” [27]. These refractive features, can 
be described consistently only by using the optical poten-
tials with a deep (several hundreds MeV) real part, and 
the imaginary part of the potential is weak enough to 
allow some information to transpire from the nuclear 
interior in the elastic scattering differential cross section: 
the optical potential displays some transparency. The 
combination of these two features—deep real potential 
and incomplete absorption—makes possible the observa-
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tion in the elastic scattering data of distinctive refractive 
effects, like strong Airy minima, superimposed on more 
classic diffractive features. This refractive behavior is 
clear in the systematic analyses carried out for the 16O + 
16O system by Nicoli et al. [28] at incident energies be-
tween 75 and 124 MeV and by Khoa et al. [29] between 
124 and 1120 MeV, and for the 12C + 16O system by 
Nicoli et al. [30] between 62 and 124 MeV and by 
Ogloblin et al. [31] at 132 MeV. In particular, we want to 
clarify the transition between the region of relatively 
high incident energies where rainbow scattering has set 
in and lower energies close to Coulomb barrier energy 
where rainbow scattering is not yet observed. In our pre-
sent work, it is clearly shown that, refractive features 
such as; nuclear rainbow phenomenon is not observed in 
12C + 12C nuclear system at low energies close to Cou-
lomb barrier energy. The optical model analysis for this 
nuclear system at low energies near the Coulomb barrier 
energy doesn’t require deep real potential as at high en- 
ergies. 

6. Summary 

The angular distributions for 12C ion beam elastically 
scattered by 12C at energies 15, 18 and 21 MeV have 
been measured at the cyclotron DC-60. At these energies 
which are close to the Coulomb barrier energy for 12C + 
12C nuclear system (VCB = 17.44 MeV), the 12C + 12C 
nuclear system doesn’t show any refractive features such 
as rainbow and Airy minimum which is clearly observed 
for this nuclear system at high energies and the optical 
model analysis requires deep real potential and shallow 
imaginary potential. At low energies close to Coulomb 
barrier energy, rainbow scattering is not observed and the 
optical model analysis at such low energies doesn’t re- 
quire deep real potential. 

The experimental data were analysed within the frame 
work of both optical model and double folding. The ob-
tained normalization coefficient Nr equals 1.2. The ex-
perimental data showed the typical Fresnel scattering 
pattern and the symmetrization interference near 90˚ is 
clearly observed, while at high energies, the 12C + 12C 
nuclear system displaying typical Fraunhofer scattering 
pattern. 
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