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Original scientific paper 

The one-dimensional barrier penetration model was successfully applied in des­cription of excitation function for complete fusion of 5 8Ni + 5 8Ni system, parti­cularly at far sub-barrier energies. Using different nuclear potentials (KNS, pro-ximity, empirical SWW and NGO) a strong sensitivity to changes in nuclear radius parameter r0 (LI r0 < 0.065) was established for fitting this high precision data. The minor monotonic increase of r O with decreasing energy was manifested in geometry of the barrier and the attractive nature of the nuclear potentials (invol­ved) in the surface region. 
1. Introductfon

The increasing body of high precision data.measurements of excitation function for complete fusion of massive nuclei at near and sub-barrier energies are now available (Beckerman et al. 1 • 2>), to provide insight into the interplay between fu­sion dynamics and the underlying nuclear structure. A prototype example is the 
58Ni+ 58Ni complete fusion data at 187.6 < E,06 < 220 MeV. The cross-sections for complete fusion at sub-barrier energies are found to be far greater (more than two orders of magnitude) than those predicted by the standard one-dimensional barrier penetration model (Beckerman et al. 2>). On the other hand, fusion of light system as 14N+ 160 (Switkowski et aI.3>) and 32S+ 27Al (Gutbrod et al.4>) are 
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described i n  a very satisfactory way using this model (Krappe5>). The large sub­-barrier fusion cross-sections of massive nuclei was tried to be explained withina liquid drop framework as a consequence of zero point motion. Landowne andNix6> presented calculations for 5 8Ni+ 58Ni system which took into accountaverage dynamic deformations as well as zero point motion. Their results were anexcitation function similar to that for penetration of a one-dimensional barrierby spherical nuclei. The substantially increase in fusion cross section arising fromzero-point motion is, however, insufficient to explain the observed large sub­-barrier fusion data. A phenomenologicaly analysis based on one-dimensionalbarrier penetration model, employed the WBK method (in calculating the trans­mission coefficient) and introduce a radially dependent effective mass has beencarried out by Beckerman et al. 7>. Although a close agreement to 5 8Ni + 5 8Nifusion data was obtained, still at far sub-barrier energy better fit to data is needed.The extent to which the simple one-dimensional barrier (approximated to invertedharmonic oscillator) model can account for sub-barrier fusion data and strongsensitivity of the 58Ni+ 58Ni high precision fusion data to type and geometryof nuclear potential involved has been studied by introducing a minor monotonicdecrease of nuclear radius parameter r0, with energy. 

2. Method of analysis

A phenomenological analysis based on adiabatic, one-dimensional barrierpenetration model is presented. The condition for fusion is that, there exists amaximum in the effective real potential V (r, l) and the cross-section for completefusion is obtained from partial wave summation 

<1cf = n;ia, 2 :E (21 + 1) T,.' (1) 

The contribution of each partial wave (l) to acf was determined only by the trans­mission coefficient T1 (Ecm) which means that probability (P1) of fusion of partialwave /, that penetrates the effective real barrier with penetrability T,, is set equalto unity. T, (Ecm) for each partial wave l was calculated with the Hill-Wheeler8> 

relation 
T, (Ecml = [I+ exp(� (V, (R,) - E • ..)) 1-l (2)

where the shape of the interaction barrier was approximated to that of an invertedharmonic oscillator, V, (R1) is its height for the l-th partial wave, R1 is its radialposition and liw is its curvature given by 

h2 d2 v�, l) 11/2 li.w = l µ dr (3) 
r=Rt 
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R, corresponding to the maximum in the potential V (r, l) and µ is the reduced 
mass of the system. The interaction potential V (r, l) is the usual sum of the cou­
lomb, nuclear and centrifugal potentials 

li2 l (l + 1) V (r, l) = Vcoul (r) + Vnucl (r) + 2 2 
• µr 

a) Coulomb potentz'al

(4) 

The form of the coulomb potential used was that of a point plus spherical
charge distribution. Preliminary results shows that use of the phenomenological
coulomb potential of Bondorf et al. 9> makes no significant differences within the
involved energy range. 

b) Nuc/ea1' potential

Three widely used surface-surface potentials are applied in the present ana­
lysis: (i) The unified KNS potential (Krappe et al. 1 0>) as a most recent generali­
zation of liquid drop model, (ii) The proximity potential (Blocki et al. 1 u) where
ion-ion potential was calculated in terms of interaction energy per unit area between
two semiinfinite nuclei, (iii) The empirical Saxon-Woods potential SWW 12>,
where parameters involved are obtained from boundary conditions following the
liquid drop model. Two of these potentials are strongly attractive in the deep
nuclear interior (SWW) and (KNS) while the proximity potential is of hard core
repulsive nature. A fourth potential, has the same latter feature, and deduced
by Ng6 et al. 1 3> from the energy density formalism, was also tried in the present
analysis. 

3. Results and discussion

In Fig. l a  calculation of ucf using equation (1) fitted to the experimental data
of the excitation function for complete fusion of 5 8Ni + 5 8Ni is shown. It is clear
that quality of fit was strongly improved by introducing minor energy dependence
of the nuclear radius parameter r0, compared with both calculations of Beckerman
et at. 2> using constant r0 and that of Landowne and Nix6> (Fig. l b) using one­
-dimensional barrier corresponding to spherical nuclei and two-dimensional po­
tential-energy surface. The systematic smooth (very slight) increase of r0 with
decreasing energy is shown in Fig. 2. Associated with each of the four nuclear
potentials applied in the present analysis a display for the corresponding T, (Ecm)
at a mid Ecm= I00 MeV is also shown in Fig. l a  at two adjacent r0 values.Another
probing of fusion data to details of the nuclear potential involved is shown in Fig. 3.
Increasing r0 (with decreasing energy) produced a slight more attractive nuclear
potential in the tail region, with negligible changes in the far interior region for
the SWW and KNS potential (non hard core potentials). This is the possible
energy dependence in geometry (parameters) of the nuclear potential which are 
related to r0 • Other parameters involved in these potentials such as the range of 
Yukawa folding function which appears in the KNS potential (a= 0.68 fm) were 
kept constant. However, this adjustment of r0 was reflected in changes of the 
total interaction potential mainly in the tail region for the four different nuclear
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potentials. Thus only geometry of the barrier, independent of details of nuclear potential (particularly in deep nuclear interior) whether it is of hard repulsive core or strongly attractive one., will be the principle contribution in description of fusion mechanism. This is consistent with the present analysis of fusion data in terms of the one dimensional barrier penetration model. The quantities VO and liw0 that appears in Fig. 3 denote height and curva­ture of the S-wave interaction barrier maximum, as the most significant changes in T, is clearer at low partial waves. Only changes in V0 (more generally V, (R,))
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Fig. l.a. Excitation function for complete fusion of 58Ni+ 58Ni. (D Experimental data of 
Beckerman et al. ( 1981). (-) Solid and dotted (-- -) curves are the adiabatic barrier pene­
tration (model) calculations using smothely varying (present work) and constant (Beckerman 
et aL 1981) radius parameter r0, respectively. Nuclear potentials used are NGO, proximity., KNS 
and SWW potential. A display for T1 (Ecm) at mid Ecm = 100 MeV is shown in the insert of 
Fig I. associated with each of the four potentials used. The cros�-se:tion is expressed. in 1 o- 3 1 m 2• 

Fig. l.b. Dashed curve gives the result for one-dimensional barrier correspoding to spherical 
nuclei and solid curve gives result for two-dimensional potential energy surface (Landowne 

and Nix 3l). The cross-section is expressed in 10- 31 m 2• 
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Fig. 2. Systematic smoth (very slight) increase of r0 with decreasing energy associated with 

each of the four potentials used. 

is the principle factor affecting T1 and causes its drastic increase from say � 0.1 up to � 1.0 (for l = 0). In conclusion we find that fusion cross-sections at near barrier energies are extremely sensitive to slight changes in To and a L1 r0 < 0.065 was an upper limit changes required for' any of the nuclear potentials involved to fit fusion data in the energy range 187.6 < E,a'b < 220 MeV. As. 5 8Ni "is spherical vibrational nucleuswith an upper limit quadrupole deformation parameter, p = 0.183 1 >, it is possibleto consider variations in To (Llr0) as a manifestation to dynamical deformations associated with fusion of 5 8Ni + 5 8Ni system. The slightly smooth increase of r0 with decreasing energy was manifested in (i) a more attractive nuclear potential (with negligible changes away from the barrier), (ii) a depression in the maximum of the potential barrier (V, (R1)). This fusion dynamic may be an essential feature for description of the particularly far sub-barrier energy data where the slight drop of V, (R1) relative to Ecm strongly effects (rising) the corresponding T, and consequently its contribution to ,rf. 
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Fig. 3. The total (coulomb + nuclear + centrifugal) potential for the interaction of 5 8Ni + 
+ 58Ni at l = 0. Display for the nuclear potential used is also shown at two adjacent r0 values 
together with the corresponding height (V 0) and curvature liro0 of the S-wa'Uc interaction barrier 

maximum. 
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Originalni znanstveni rad 

Polazi se od racunanja koeficijenata transmisije kroz jednodimenzionalni poten­cijalni bedem. U potencijal koji sadrzi coulombski, centrifugalni i nuklearni clan, za nuklearni potencijal stavljaju se cetiri uobicajene parametrizacije (Krappe, Blocki, Saxon-Wood, Ngo). Kako koeficijenti transmisije, a time i udarni presjeci, jako ovise o nuklearnom radijusu r0, to se uz pretpostavku male ovisnosti r0 o energiji moze postici dobro slaganje izracunatih udarnih presjeka sa izmjerenim vrijednostima. 
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