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In this paper, the cross-sections of fusion reactions 1O + 208Pb, 28Sj + 208Pb, 40C +
+ 40Ca, 40Ca + 48Ca, 58Ni + 58Ni, and 190 + 154Sm at bombarding energies above and
near the fusion barrier have been investigated. The fusion cross-sections have been
studied by means of the Monte Carlo method and effective soft-core nucleon-nucleon
interaction. One adjustable parameter was used in these calculations. This parameter
can change the strength and repulsive parts of soft-core potential values. It has to be
adjusted, so that the analytical results are in acceptable agreement with the experimen-
tal data.

In our calculations, we have taken the range of the nucleon-nucleon soft-core interac-
tion to be constant and equal to that of the M3 Y-Raid potential. Results show that the
higher values for the diffusion parameter in the Woods-Saxon potential obtained from
a careful analysis of 10 + 208Pb and 28Si + 208Pb reactions are due to the many particle
effects on the nucleon-nucleon potential.
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INTRODUCTION

The main issue when the interactions of
heavy-ions are concerned is the nucleus-nucleus po-
tential between the projectile and the target. This po-
tential can be used in analytical studies of fusion
cross-sections during heavy-ion reactions. One of the
possible models used to this end is the single-barrier
penetration model. In this model, the barrier formed by
the Coulomb potential and the nuclear potential of the
projectile-target system and the given nuclear poten-
tial is usually taken to be
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where R is the distance between the center of the mass
of the projectile (atomic number 4,)) and that of the tar-
get (atomic number 4,). The Woods-Saxon potential is
specified by the radial ry; , diffusion ay, and depth vy
parameters. Studies of fusion cross-sections using this
potential reveal that the calculated fusion cross-sec-
tions, for the most part, depend on the diffusion param-
eter ays [1, 2]. Recently, fusion cross-sections of
heavy-ions at energies higher than the fusion barrier of
0 + *®Pb and **Si + **Pb reactions, using the
Woods-Saxon potential and the Coupled-Channels
Model, have been calculated and the diffusion param-
eter has been reported to be about 1 fm[1]. The results
are higher than those obtained by elastic scattering.
Since in the fusion process the surface nucleons play
an importantrole, the higher values of the diffusion pa-
rameter might be associated with the variations of the
range of the nucleon-nucleon potential. In this study,
in order to ignore this effect, we have taken the range
of the nucleon-nucleon interaction to be constant and
equal to that of the M3Y-Reid potential [3,4]. We have
also chosen a semi-microscopic approach. By choos-
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ing an appropriate nucleon-nucleon interaction, while
keeping the range fixed and varying the depth and the
repulsive core of the nucleon-nucleon interaction si-
multaneously, by a single parameter, we will show that
the variations in the diffusion parameter are due to the
many particle effect corrections of the nucleon-nu-
cleon potential. We have simulated the nucleus-nu-
cleus potential using the Monte Carlo method instead
of the commonly employed double folding approach.
In this simulation method, the nucleus-nucleus poten-
tial has been evaluated for heavy-ion reactions by
summing the effective interaction potentials between
the individual nucleons belonging to each of interact-
ing nuclei and by averaging them over various accept-
able positions of nucleons inside each nucleus gener-
ated by the Monte Carlo method. Instead of the
DDM3Y potential [2], we have taken the soft-core nu-
cleon-nucleon interaction into consideration in our
calculations. Using this potential, and taking into ac-
count a single adjustable parameter, we have studied
the experimental fusion cross-sections for different re-
action at different energies.

FUSION CROSS-SECTION

The total potential in the semi-classical model is
defined by

2
Vi (R)=Vy (R)+Ve (R)+ 1D

n2i(1+1)

=7, (R)+ 2
2UR

(2)

where Vy, Ve, V, , i, and [ are the nuclear, Coulomb,
total potential for S-wave, reduced mass and relative
momentum between the nuclei of the projectile and the
target, respectively. Using this potential, the total fu-
sion cross-section in terms of the kinetic energy in the
center of the mass form has been calculated to be [5]

RS nh?
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where 7; is the penetration probability of the /-th par-
tial wave which, for energies lower than the barrier, is
approximately given by [5]
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where R, and Ry, are the classical turning points of the
[-th partial wave at energy E.

The calculated transmitting probability for the
I-th partial wave at energies higher than the fusion bar-
rier using Hill-Wheeler’s formula is given by [6]
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and Vp is the height, Rp is the position and @, is the
curvature of the barrier for the /-th partial wave.

EFFECTIVE SOFT-CORE
NUCLEON-NUCLEON INTERACTION

The effective soft-core nucleon-nucleon interac-
tion is strongly attractive, while at short distances it is
repulsive. For hard-core potentials at short ranges, the
repulsion is infinity. Unlike the soft-core potentials,
these potentials do not explain the physical aspects of
the problem. The form of the soft-core potential has
been suggested to be [7, §].

n

V(r)=—v, S V(5y) (7)

rn

wherelV/(r|,) may have any of the following shapes:

Gaussian 2
V(n,)=e [] (8)
Yukawa ,
e T,
V()= 9)
r
and 2
rO
exponential
V(ry)=e " (10)

Suitably chosen values for v,, ¢, n, and r,, yield a
potential that plays an important role in the calcula-
tions of many body problems. This is not the case for
hard-core potential. For n — < these potentials are in-
finitely repulsive in the range » < ¢, i. e. they become
hard-core.

SIMULATION METHOD

In order to calculate the nuclear potential in the
Monte Carlo method, this potential is taken to be the
average sum of all the possible interactions between
the nucleons of the target and the projectile. In this
model, each of the nuclei of the projectile and the tar-
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get is considered as a collection of points in which the
nuclear matter is randomly distributed and each point
represents a nucleon’s position. The relation between
this distribution and the nuclear charge distribution is
given by p,q) 4 =P 4z A/ Z, wherep,, and p,, are
the nucleon densities of the projectile and target nu-
clei, respectively. The two-parameter Fermi distribu-
tion (2PF) and three-parameter Fermi profiles (3PF)
are used for the nuclear charge distribution, tab. 1. The
random distribution of the positions of the nucleons, in
general, provides an unstable state for the nucleons. To
achieve a real nucleus in its ground state, the nucleons
must move randomly under the static or dynamic pro-
cesses [9]. The static process has been chosen for our
studies. These nucleons move over very short dis-
tances, so that the sum of Coulomb and nuclear poten-
tials between the nucleons inside the nucleus, consid-
ering the BDM3Y 1-Paris potential [3], is equal to the
total energy of the nucleus in its ground state and the
R, parameter is also consistent with the experimental
data. The results are given in tab. 1.

The Coulomb potential between two-point pro-
tons is given by

2 144

e
Ven=2==2
r r

[MeV] (11)

Note that the radius of the proton is about 0.9 fm.
When the distance between the two protons is less than
this, the point-like assumption for protons fails. In that
case, the effective Coulomb potential between the two
protons has to be modified as [10]

2 -5 2
Ve (r):e{(l—e_s )= (11+ 3s+5ﬂ (12)
r 16 3
wheres=ArandA =0.71"? GeV. This effect has been
taken into account in our calculations and for the soft
core nuclear potential between two protons, eqs. (7)
and (9) are chosen. The nucleon-nucleon potential be-
tween the like particles is taken to be 20% weaker than
that of the unlike particles [11].

RESULTS

In this paper, we have studied the fusion reac-
tions of 1°0 +298Pb and 28Si + 2% Pb at energies above
the fusion barrier. We have chosen the soft-core effec-
tive nucleon-nucleon interaction for our studies.

To choose the parameters representing the
soft-core potential, we have fitted it to the M3Y-Reid
potential, fig. 1. We have only considered the direct
and exchange terms, VOD (r) and VUE" (r), in the
M3Y-Reid potential, where [3, 4]
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The obtained values for n, v,, 7, and ¢ parameters
are 1.5, 1080 MeV, 0.57 fm, and 0.45 fm, respectively.

In our calculations, we have taken parameter c to
be an adjustable parameter and have chosen its values
so that the analytical calculations of fusion cross-sec-
tions, using the potential obtained from the Monte
Carlo method, are in agreement with experimental val-
ues. The reason for determining parameter ¢ as an ad-
justable parameter is that this parameter could simulta-
neously vary the depth and radius of the repulsive core
of'the soft-core interaction. These variations for differ-
ent reactions in different energies are shown in fig. 2.
They indicate that the range of the soft-core potential
is constant and close to the range of the M3Y-Reid po-
tential. The values obtained for parameter ¢ by regen-
erating the cross-sections of '°O + 2%%pPb and 28Si +
+ 208pb reactions, using the soft-core potential and the
Monte Carlo method, are shown in figs. 3 and 4. It can
be seen that as energy increases, parameter ¢ increases
accordingly. In order to deepen our understanding of

Table 1. Binding energies (B) and root mean squares (R,,) of the nuclei under consideration. Experimental data and the
parameters of two-parameter Fermi profiles (2PF) and three-parameter Fermi profiles (3PF) are taken from [12-17]

Nucleus . SC;;%E%?OH e [fm] |  [fin] 0 Experimental Monte Carlo
Ry [fm] B [MeV] Ry [fm] B [MeV]

0 3PF 2.608 | 0.513 |-0.051| 2.730+0.025 | 127.619+0.893 2.72£0.03 127.747 £ 0.986
i 3PF 3.340 | 0.580 |-0.233| 3.086+0.018 | 236.537 + 1.653 3.07+0.03 236.682 + 1.792
“Ca 3PF 3.766 | 0.586 |—0.161| 3.482+0.025 | 342.052+2.394 3.46+0.04 342.184 + 2.581
%Ca 3PF 3.7444 0.5255 | —0.03 | 3.4762 + 0.0254 | 415.991 +2.912 3.45+0.04 416.086 + 3.225
N 2PF 4.14 | 0.56 - 3.83+0.03 506.454 + 3.545 3.79+£0.05 506.592 £ 3.693
tSm 2PF 6.0226| 0.4711 - 5.108 £ 0.036 | 1266.943 + 8.868 5.05+0.06 1267.213 £9.018
20%py, 2PF 6.54 | 0.53 - 549+0.04 |1636.445+11.455 5.43 £ 0.06 1636.576 + 10.852
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Figure 2. The depth and repulsive radius of the soft-core
potential vs. parameter c. The calculated range of the
soft-core nucleon-nucleon potential has also been com-
pared with that of the M3Y-Reid potential for different
reactions at different energies

the variations of parameter ¢, we have applied the
same procedure to reactions “°Ca + 4°Ca, 4°Ca + 43Ca,
38Ni + %8Ni, and '°0 + '°* Sm. In these calculations, we
have used the spherical nuclei. The results are shown
in figs. 5 to 7. Again, one could see that an increase in
energy results in an increase of the parameter ¢, much
in the same way as in the case of the analysis of '°0 +
+ 208pb and 28Si +298Pb reactions. Figure 5 shows that,

Figure 3. Parameter c vs. energy for the '°0 + 208pp reac-
tion (a), and percentage difference between the experi-
mental [18] and the theoretical fusion cross-sections (b)
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Figure 4. Parameter c vs. energy for the Si + 2**Pb reac-
tion (a), and percentage difference between the experi-
mental [19, 20] and theoretical fusion cross-section (b)
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Figure 5. Parameter ¢ vs. energy for “*Ca + *°Ca and
#°Ca+*8Careactions (a), and percentage difference be-
tween the experimental [21, 22] and theoretical fusion
cross-sections (b)
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Figure 6. Parameter c vs. energy for the *Ni + *Ni reac-
tion (a), and percentage difference between the experi-
mental [23] and theoretical fusion cross-sections (b)
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Figure 7. Parameter c vs. energy for the '°0 + 54Sm reac-
tion (a), and percentage difference between the experi-
mental [24] and theoretical fusion cross-sections (b)

as the nuclear density of the target nucleus varies in the
40Ca+40Ca and “°Ca +*®Ca reactions, parameter c in-
creases. Since the increase in parameter ¢ decreases
the depth of the nucleon-nucleon potential (see fig. 2),
it can be deduced that the increase in nuclear density
decreases the nuclear attractive force. Also, the overall
variation of parameter ¢ is such that the increase in
projectile energy increases this parameter (see figs. 3
to 7). In other words, as the energy of the projectile in-
creases, the nuclear attractive force decreases. The
two results just mentioned could be due to the effects
of the many particles on the bare nucleon-nucleon po-
tential. These results show the importance of the many
particles effects on the calculation of the nuclear po-
tential in '°0 + 29%Pb and 23Si + 29%Pb reactions.

CONCLUSION

Instead of the commonly used double folding
method, we have applied a semi-microscopic method in
our studies and Monte Carlo simulation to calculate nu-
clear potential. Our results show that by choosing an ap-
propriate nucleon-nucleon potential and using this
method, one can calculate a nuclear potential so that the
calculated cross-sections are in good agreement with
experimentally obtained heavy-ion fusion cross-sec-
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tions. Here a soft-core type nucleon-nucleon potential
has been used. It has been shown that for a constant
range nucleon-nucleon potential that is equal to the
range of the M3Y-Reid potential and that, by covering
the repulsive core and the depth of the potential by only
one parameter, one can calculate the nuclear potential
in'°0 +298Pb and 28Si + 2%8Pb reactions in such a man-
ner that the calculated fusion cross-sections at energies
higher and lower than the Coulomb barrier are in good
agreement with experimental data.

The results obtained reveal that an increase in
energy increases parameter c¢. This trend in the varia-
tion of the said parameter has been further confirmed
by careful analysis of *°Ca + 4°Ca, 4°Ca + *¥Ca, ®Ni +
+ 38N(i, and '°O + 1**Sm reactions.

The variations in parameter ¢ indicate that an in-
crease in energy and nuclear density decreases the
depth of the nuclear potential. An increase in the pa-
rameter is also accompanied by an increase in the re-
pulsive core and this increase in the repulsive core pre-
vents the incoming projectile colliding with many of
the nucleons in the target nucleus. This leads us to the
conclusion that the higher values obtained for the dif-
fusion parameter in reactions '°O + 2%Pb and 28Si +
+ 208Pb are due to the effects of the many particles on
nucleon-nucleon potential.

REFERENCES

[1] Gontchar, I.1., Hinde, D. J., Dasgupta, M., Newton, J.
0., Surface Diffuseness of Nuclear Potential from
Heavy-lon Fusion Reactions, Nuclear Physics A, 722
(2003), pp. C479-C483

[2] Gontchar, I. I., Hinde, D. J., Dasgupta, M., Newton, J.
0., Double Folding Nucleus-Nucleus Potential Applied
to Heavy-Ion Fusion Reactions, Physical Review C, 69
(2004), 2, p. 024610

[3] Khoa, Dao T., von Oertzen, W., Refractive Alpha-Nu-
cleus Scattering: a Probe for the Incompressibility of
Cold Nuclear Matter, Physics Letters B, 342 (1995),
1-4, pp. 6-12

[4] Satchler, G. R., Love, W. G, Folding Model Potentials
from Realistic Interactions for Heavy-lon Scattering,
Physics Reports, 55 (1979), 3, pp. 183-254

[5] Balantekin, A. B., Koonin, S. E., Negele, J. W., Inver-
sion Formula for the Internucleus Potential Using
Sub-Barrier Fusion Cross Sections, Physical Review C,
28 (1983), 4, pp. 1565-1569

[6] Hill,D.L., Wheeler,J. A., Nuclear Constitution and the
Interpretation of Fission Phenomena, Physical Review
C, 89 (1953), 5, pp. 1102-1145

[7] Waghmare, Y. R., Nuclear Spectroscopy with a Soft
Core Potential, Physical Review, 136 (1964), 5B, pp.
B1261-B1265

[8] Kohler, H. S., Waghmare, Y. R., Soft Core in Nuclear
Matter Calculations, Nuclear Physics, 66 (1965), pp.
261-266

[9] Godre, S. S., Waghmare, Y. R., Classical Microscopic
Calculations of 1°0 +'°0 and “°Ca + *Ca Fusion Cross
Sections, Physical Review C, 36 (1987), 4, pp. 1632-1635

[10] Beachey, D. J., Nogami, Y., Toyama, F. M., Charge
Asymmetry in Non-Relativistic Nucleon-Nucleon

Potential Derived from Charge Symmetric Relativistic
Interaction, Journal of Physics G: Nuclear and Particle
Physics, 18 (1992), 6, pp. 1039-1049

[11] Godre, S. S., Heavy-Ion Fusion Cross Sections in Mi-
croscopic Barrier Penetration Model, Nuclear Physics
A, 734 (2004), pp. E17-E20

[12] De Vries, H., De Jager, C. W., De Vries, C., Nuclear
Charge-Density-Distribution Parameters from Elastic
Electron Scattering, Atomic Data and Nuclear Data
Tables, 36 (1987), 3, pp. 495-536

[13] Frosch, R, F., Hofstadter, R., McCarthy, J. S., Noldeke,
G. K., Van Oostrum, K. J., Yearian, M. R., Clark, B. C.,
Herman, R., Ravenhall, D. G, Electron Scattering Stud-
ies of Calcium and Titanium Isotopes, Physical Review,
174 (1968), 4, pp. 1380-1399

[14] Audi, G.,, Wapstra, A. H., The 1995 Update to the
Atomic Mass Evaluation, Nuclear Physics A, 595
(1995), 4, pp. 409-480

[15] Nadjakov, E. G., Marinova, K. P., Gangrsky, Y. P., Sys-
tematics of Nuclear Charge Radii, Atomic Data and
Nucleur Data Tables, 56 (1994), 1, pp. 133-157

[16] Friar, J. L., Negele, J. W., The Determination of the
Nuclear Charge Distribution of 2%®Pb from Elastic Elec-
tron Scattering and Muonic X-Rays, Nuclear Physics
A, 212 (1973), 1, pp. 93-137

[17] Nerlopomorska, B., Mach, B., Nuclear Charge Radii
and Electric Quadrupole Moments of Even-Even Iso-
topes, Atomic Data and Nucleur Data Tables, 60
(1995), 2, pp. 287-319

[18] Morton, C. R., Berriman, A. C., Dasgupta, M., Hinde,
D.J., Newton, J. O., Hagino, K., Thompson, I. J., Cou-
pled-Channels Analysis of the '°O + 2°Pb Fusion Bar-
rier Distribution, Physical Review C, 60 (1999), 4, p.
044608

[19] Hinde, D.J., Morton, C. R., Dasgupta, M., Leigh, J.R.,
Mein, J. C., Timmers, H., Competition between Fu-
sion-Fission and Quasi-Fission in the Reaction 28Si +
208Pb, Nuclear Physics A, 592 (1995), 2, pp. 271-289

[20] Back, B. B., Betts, R. R., Gindler, J. E., Wilkins, B. D.,
Saini, S., Tsang, M. B., Gelbke, C. K., Lynch, W. G,
McMahan, M. A., Baisden, P. A., Angular Distributions
in Heavy-lon-Induced Fission, Physical Review C, 32
(1985), 1, pp. 195-213

[21] Trotta, M., Stefanini, A. M., Corradi, L., Gadea, A.,
Scarlassara, F., Beghini, S., Montagnoli, G., Sub-Bar-
rier Fusion of the Magic Nuclei “*Ca +*3Ca, Physical
Review C, 65 (2001), 1, pp. 011601

[22] Beckerman, M., Subbarrier Fusion of Atomic Nuclei,
Physics Reports, 129 (1985), 3, pp. 145-223

[23] Beckerman, M., Ball, J., Enge, H., Salomaa, M.,
Sperduto, A., Gazes, S., DiRienzo, A., Molitoris, J. D.,
Near- and Sub-Barrier Fusion of 3Ni with **Ni, Physi-
cal Review C, 23 (1981), 4, pp. 1581-1589

[24] Leigh, J. R., Dasgupta, M., Hinde, D. J., Mein, J. C.,
Morton, C. R., Lemmon, R. C., Lestone, J. P., Newton,
J. O., Timmers, H., Wei, J. X., Rowley, N., Barrier Dis-
tributions from the Fusion of Oxygen lons with
144,148,1549m and %W, Physical Review C, 52 (1995), 6,
pp. 3151-3166



O. N. Ghodsi, M. Mahmodi, J. Ariai: Study of Fusion Cross-Sections of 160 + 208py and 288 + 298pyp, .. 17

Omvung H. TXOACHU, Moxamagx MAXMO/IU, Ilamuan APUAJ

NCTPAXKUBAIBE ®Y3UOHUX IMPECEKA PEAKIIMJA
160 4+ 208pp i 28Sj + 208pp [IOCPEACTBOM HYKJIEOH-HYKJIEOH
MHTEPAKIIMJE E®EKTUBHOT MEKOT JE3TPA

Y 0BOM pajiy UCTpa>KUBaHM Cy Tpecenu 3a pysuone peaknuje 100 +208Pb, 285 + 208pp, 40Cq +40Ca,
40Ca +48Ca, 38Ni + *¥Ni u '°0 + 134Sm mpu eHeprujama 6oMGapoBama HEMOCPEHO U3HAM (PY3UOHOT Mpara.
dy3uonn mpecenu wucnuTHBaHU cy MoHTe Kaprmo MeTOogoM ¥ HYKICOH-HYKJICOH HHTEPaKIHjoM
e(peKTUBHOT MEKOT je3rpa. ¥ IIpopauyHuMa je KopuiltheH jefjaH ycarjalasajyhu napamerap KOjuM ce MOT'y
MEHaTH jaurHa W PEeNyJ3MBHU YAeO H3HOcA IOTEHIMjasa MeKor jesrpa. IlpmmarobaBaH je Tako ja
AHAJIMTHYKU PE3yJITaTu OYAY Y MPUXBATILUBO] CATIACHOCTH Ca €KCICPUMEHTATHIM MOAALIMA.

VY HammnM pauyyHIMa n3abpaii CMO 1a PacloH HYKJICOH-HYKJICOH HHTEPaKIUje MEKOT je3rpa
Oyzne KOHCTaHTaH U jefHak oHoMe kKo M3Y-Reid norenuujana. PesynraTu yka3yjy fa Bullle BpeJHOCTH
nudy3noHor napamerpa y Byac-CakcoOHOBOM IOTeHIHUjany, Koje cy JoOujeHe MakJbHBOM aHAIIN30M
160 + 208Ph u 28Si + 208Pb peakuuja, HOTHYY Of BHUIICYESCTHIHUX e(eKaTa HAa HYKICOH-HYKJICOH
MOTEHIHUjall.

Kwyune peuu: peaxyuja iieutko? jona, ipecek 3a ¢py3ujy, uHillepaKuyuja mexoz je3zpa, suiieeciiusHu
eghexitiu




