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Fusion cross sections for heavy-ion reactions have been calculated in various classical and semi-classical models. In the classical
approach fusion cross sections have been calculated using different model such as Classical Molecular Dynamics (CMD), Classical
Rigid-Body Dynamics (CRBD), a 3-Stage Classical Molecular Dynamics (3S-CMD) model and a microscopic Static Barrier Penetration
Model (SBPM). In the present work 3S-CMD model is used to calculate fusion cross section. This model combines the advantages of both
CMD and CRBD models. This model uses ion-ion potential obtained from dynamically evolving classical microscopic configurations
of nuclei with a suitable NN-potential. The 3S-CMD model calculation proceeds in the following three stages: (1) Rutherford trajectory
calculation at very large separation, followed by (2) CRBD calculation with rigid-body constraint on both nuclei up to distances close
to the barrier, followed by (3) finding the trajectories of all the nucleons in a full CMD calculation for further evolution by numerically
solving Coupled Newton’s equations of motion for all the point nucleons. In the present work we have calculated fusion cross sections
for 24Mg + 208Pb system in 3S-CMD model. Fusion cross sections have been calculated using a soft-core Gaussian form of NN-potential
with the parameter set New Potential (NP). We also investigated the effect of this potential for 'O + 92Zr reaction which agree very
well with the experimental fusion cross sections. The use of this NP parameter set might give better agreement in the case of 3S-CMD
calculation of classical fusion cross sections for 2*Mg + 28Pb reaction.
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1. INTRODUCTION

Fusion cross sections for heavy-ion reactions have been calculated in various classical and semi-classical models.
In the classical approach fusion cross sections have been calculated using different model such as Classical Molecular
Dynamics (CMD) [1], Classical Rigid-Body Dynamics (CRBD) [2], a 3-Stage Classical Molecular Dynamics (3S-CMD)
[3] model and a microscopic Static Barrier Penetration Model (SBPM) [4]. In the present work 3S-CMD model is used
to calculate the fusion cross section. This model combines the advantages of both CMD and CRBD models. This model
uses ion-ion potential obtained from dynamically evolving classical microscopic configurations of nuclei with a suitable
NN-potential.

The 3S-CMD model calculation [3] proceeds in three stages: (1) Rutherford trajectory calculation at very large
separation, followed by (2) CRBD calculation with rigid-body constraint on both nuclei up to distances close to the barrier,
followed by (3) finding the trajectories of all the nucleons in a full CMD calculation for further evolution by numerically
solving Coupled Newton’s equations of motion for all the point nucleons.

In the present work, we calculate fusion cross sections for the 2*Mg + 2%Pb system in the 3S-CMD model. Fusion
cross sections are calculated using classical approximations and compared with the experiments. Fusion cross sections for
many reactions have been calculated using a soft-core Gaussian form of NN-potential (eq.(1)), with the parameter set P4
[2]. However, the calculated fusion cross sections do not match with the experimental data for many reactions at different
energies [5].

In the present work we have used a parameter set P4 and a new potential parameter set (called as NP) from ref.
[6]. Using this NP potential, the fusion cross sections calculated for the 160 + 927 reaction in ref. [6] shows good
agreement with the experimental data. The use of this NP parameter set might give better agreement in the case of
3S-CMD calculation of classical fusion cross sections for the >*Mg + 28Pb reaction.

2. CALCULATION DETAILS
2.1. Nucleon-Nucleon potential
The soft-core Gaussian form of NN-potential is given by

C r;
Vn (1) = =Vo (1 - T) exp 5 (D

Tj 0
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where Vj, C and r( are respectively, the depth parameter, repulsive-core radius and range parameter. The parameters V,
C and ry are chosen so that the NN-potential reproduces gross properties of the nuclei in their ground state such as, the
ground state binding energy, the rms radius etc.

The Coulomb potential between protons has the form

1.44
VC (rij) = ?(MGV) (2)

is also added to the two-body potential.

24Mg + 208Pb reaction has been studied with the potential parameter set P4 [1] and New Potential (NP) [6], which
is shown in Table 1. In the present 3S-CMD calculation, the individual nuclei are first generated using the variational
potential energy minimization code STATIC [7] and are further “cooled” using DYNAMIC [7] method. The nuclear
configurations are generated using the parameter set P4 and NP which reproduces the ground state properties close to the
experimental values (see Table 2).

Fusion cross sections are calculated using the classical formula [1]

2
Ofusion = ”bcp 3)
where b, is the maximum (critical) impact parameter for which the two nuclei fuse.

Table 1. P4 and New Potential Parameter Set for the NN-potential of eq. (1).

V() C ro
POTENTIAL

(MeV) (fm) (fm)
P4 1155 2.07 1.2
NP 900 1.95 1.2

2.2. Construction of nuclei in their ground state

Utilizing the “STATIC” minimization technique around 2000 ground state configurations for 2*Mg and 2°’Pb are
produced using the P4 and NP potential parameter sets. The calculated ground state properties of the **Mg and 2*Pb
nuclei are presented in Fig. 1 and Fig. 2. Out of these 2000 ground state configurations in each case, the ones having
quadrupole deformation 3, value close to the experimental value is selected, which is indicated in Fig. 1 and Fig. 2 by a
red circle. The generated ground state properties using both potentials are shown in Table 2.

Table 2. Ground state properties of 2*Mg and °Pb nuclei used in present calculation.

BE R B
(MeV) (fm) (fm)

2iMg | Cal P4 -198.72 2.94 0.37
NP | -250.71 2.76 0.43

Exp. -198.25[8] | 3.07[9] | 0.39[10]
208pp Cal P4 | -1870.41 6.08 0.24
NP | -2389.46 5.73 0.16

Exp. -1636.46[8] | 5.50[9] | 0.00[10]

From Table 2 it can be seen that the ground state binding energy, rms radius and £, of the chosen **Mg nucleus
calculated using P4 potential are very close to the experimental values. None of the 2000 configuration generated for 2°8Pb
with potential P4 are very close to the experimental values of binding energy and rms radius. However, a configuration
with quadrupole deformation 3, = 0 is chosen which over estimates binding energy by 12% and rms radius by 6%.

In a similar way a configuration with quadrupole deformation 3, ~ 0 is chosen for 2*Mg and >*Pb for NP potential.
For 2*Mg the binding energy is over estimates by 21% and rms radius is under estimates by 11%. For 2°Pb the binding
energy is over estimates by 31% and rms radius is over estimates by 4%.

3. RESULTS AND DISCUSSION
24Mg + 28Pb Reaction : Fusion cross sections for 2*Mg + 2%8Pb reaction calculated using P4 and NP potential

parameter set and using eq.(2.1) are shown in Fig. 3 and 4 are compared with the experimental data of ref. [11]. The
dynamical simulation is carried out in the 3S-CMD model.
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Figure 1. Ground state properties of the 2*Mg and 2°®Pb nuclei generated by the “STATIC” method using P4 potential.
Red circle indicate the ground state properties of the nuclei used in the present study.
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Figure 2. Ground state properties of the 2*Mg and 2°*Pb nuclei generated by the “STATIC” method using NP potential.
Red circle indicate the ground state properties of the nuclei used in the present study.
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For this system fusion cross-sections averaged over about 500 initial orientations for Ecy = 160-190 MeV and 1000
for Ecm < 160 MeV are determined using both potentials (P4 & NP) and are shown in Fig. 3.

Since the effect of reorientation is expected to be noticeable at collision energies near the Coulomb barrier, it is
desirable to find fusion cross-sections at energies well below the lowest Ecy used in ref. [11]. Therefore, to clearly
bring out the effect of reorientation, fusion cross-sections are determined in 3S-CMD calculation up to energies as low as
124.5 MeV, which is well below the lowest energy in the experiment by Back. For Ecy < 124.0 MeV, no pocket in the
ion-ion potential is found in any of the 2000 initial random orientation that are considered. Therefore, fusion cross-section
is assumed to be zero for Ecy < 124.0 MeV MeV in the 3S-CMD calculation for this system.

Fusion cross section calculated using potential parameter set P4 and eq.(2.1) in 3S-CMD model are highly over-
estimated compared to the experimental data at all energy ranges. The reason for this overestimation is the larger rms
radius of the 2*Pb produced in this calculation as compared to the experimental value (see Table 2). Fusion cross sections
calculated using potential parameter set NP and eq.(2.1) in 3S-CMD model shows close agreement with the experimental
data than the fusion cross sections calculated using P4 potential.
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Figure 3. Fusion cross section for 2*Mg + 208Pb reaction Figure 4. Fusion cross section for Mg + ®Pb reaction
(log scale) (linear scale)

4. CONCLUSIONS

Although fusion cross sections calculated using potential parameter set NP which gives good agreement for °0 +
927r reaction in ref.[6], however, it is slightly overestimated around the barrier energies for the medium heavy mass and
heavy mass nucleus. i.e., >*Mg + 2°8Pb reactions.

However, it may be noted that the ground state properties of the nuclei generated using this potential (NP) are not
close to the experiment values (see Table 2).
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HEPEPI3U CUHTE3Y JJ14 PEAKHIi 24Mg +208pp Yy TPHCTAZ[IfIHIﬁ KJIACUYHINA MO/IEJIT
MOJIEKVJIAPHOI JUHAMIKHA
HMoxurnama [arenw?, Cyoonx Foape?, [linank X. [IxapiBajia
@ Vuisepcumem Ilieoennozo I'yoscapamy imeni Bipa Hapmaoa, Cypam - 395007, Inois
b enapmamenm gpizurcu, Hayxosuii konedxc Hasye, Cypam - 395009, Indis
IMepepi3u cuHTe3y AJs peakiiil BaXKMX iOHIB OyJaM po3paxoBaHi 3a JOMOMOIOI0 Pi3HMX KJIACMYHMX Ta HAIMiBKJIACUYHHUX MOJENCH.
V kJlacMYHOMY MiAXOMi Nepepi3u CuHTe3y OyJaM po3paxoBaHi 3 BUKOPHUCTAHHSM Pi3HHX MOJeJell, TAKHMX sIK KJIaCH4Ha MOJIEKYJspHa
nuHamika (CMD), kinacuuna nquHamika tBepaoro tia (CRBD), 3-eranHa monenb kiacuyHoi MosiekynsipHoi auHamiku (3S-CMD) ta
MiKpOCKOIiYHA MOJIeJIb IPOHUKHEHHsI cTaTnaHoro 6ap’epy (SBPM). V wiit po6oTi A71st po3paxyHKY Iepepizy CHHTE3y BHKOPUCTOBYETHCS
mozenb 3S-CMD. Ls mozens moeqaye nepeparu moaesieit CMD Ta CRBD. 111 Moniesib BUKOPUCTOBYE 10H-10HHUIA IOTEHITi ), OTPUMAaHHIA
3 AMHAMIYHO €BOJIOIIOHYIOUMX KJIACHYHUX MIKPOCKOMIYHMX KOH(pirypauiit saep 3 Bianosigaum NN-noteHmiagom. PozpaxyHok moaesi
3S-CMD BinOyBaeTbcs y Taki Tpu etanu: (1) po3paxyHok TpaekTopii Pesepdopaa Ha mysxe BesuKiil BigcTaHi, motiM (2) po3paxyHOK
CRBD 3 o0Me:xeHHSAM TBepIoro Tija Ha 000X f/ipax J0 BicTaHeil, OIM3bKHX 10 6ap’epy, a NOTiM (3) 3HAXOIKEHHs TPAEKTOPi ycix
HYKJIOHIB y NOBHOMY po3paxyHKy CMD 11 nogasnbiioi eBomoLii HUIIXOM YUCEIbHOTO PO3B’ 13aHHs 3B 13aHUX PiBHAHb pyXy HbloToHa
JUTA BCiX TOUKOBHX HYKJIOHIB. V 11iif po60Ti MI po3paxyBam epepisu cuHTe3y A1a cuctemu 2 Mg + 298Pb y Mozeni 3S-CMD. Tepepisu
CUHTE3Y Oyl po3paxoBaHi 3 BUKOPUCTAHHAM M’ K01 rayccoBoi popmu NN-noteHmiany 3 Habopom nmapamerpis Hoeuit motenmian (NP).
Mu Tako) JOCJIiIMIM BIUIMB IIbOTO NOTEHLiamy Ha peakiio '°0 + %2Zr, sxi myxe H00pe y3romKyloThCsA 3 eKCIEPUMEHTAIbHIMH
nepepizamu cuHTe3y. BukopucTtaHHs 11poro Habopy napamerpiB NP Moxe 3a0e3neunTn Kpallly Y3rojUKeHICTh Y BUMAJIKY PO3PaXyHKY
3SCMD kJacuuHHX Tiepepisis cuuTesy ana peakuii 2*Mg + 208Pb,
KuarouoBi ciioBa: nepepizu cunmesy; KaacuuHi MiKpOCKONiuHi nioxoou; peakuii 6axicKux ionie; 0egpopmosani s0pa
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