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Quantum mechanical coupled channels (CC) calculations, including coupling
only to the 2+ first excited state in 6*Ni are carried out for fusion of the $4Ni +
+ 64Ni. Considerable fusion cross section enhancement, down to energies almost
below the barrier, are found without restoring to other excited states in 4Ni. Sen-
sitivity of the CC fusion cross section (gy,,) to ambiguities associated with the pro-
per geometry of the absorbing potential are displaced, where as 10 orders of mag-
nitude reduction in g, comes out with <20%, changes in range of the absorbing
potential.

1. Introduction

There is increasing evidence that the fusion cross section (g;) of medium/hea-
vy ions systems cannot be reproduced accurately around the coulomb barrier if
one describes the fusion process through one-dimensional barrier penetration model
for two frozen ions. Going beyond the severe restriction imposed by the concept
of frozen ions, Vaz et al.?’ suggested the possibility of taking into account neck
formation. Jahnke et al.? treated the barrier curvature strength as a free parameter
to account for the neck formation numerically. Using the liquid drop model, Ro-
yer and Remaud® performed a systematic study of symmetrical fusion with a neck
degree of freedom and tunnelling effects. Their results shows better agreement to
experimental fusion cross section data of *$Ni + 8Ni particularly in comparison
with the work of Landowne and Nix* in which corrections as dynamical deforma-
tions and two-dimensional barrier transparency are considered. The only definite

FIZIKA 17 (1985) 4, 481—489 481



SHALABY AND KHALIL: ON THE SUB-BARRIER FUSION...

improvement in calculating o, along the one-dimensional barrier penetration model
is that of Beckerman et al.®> where specific barrier characteristics have been adjus-
ted for the heavy ion systems 5%:4Ni 4 *6-64Ni and a position-dependent mass
has been introduced. Both features considerably enhance the sub-barrier fusion cross
section without substantially overpredicting it at energies above the barrier.

The clear need to go beyond the conventional approaches, and to account for
the intrinsic structure of the colliding nuclei, has stimulated several attempts
to carry out full quantum mechanical coupled channel calculations:¢-®. However
use of optical potential that differed significantly from the elastic (conventional op-
tical model) potential resulted in a good agreement to data while the use of elastic
potential resulted in an overestimate of o,. A simple method based on direct reac-
tion theory is proposed by Udagawa and Tamura®, to describe subbarrier fusion
of two heavy ions using convenient elastic scattering potential. Only a part WF
of the whole imaginary part (W) of the elastic potential is considered to be respon-
sible for fusion. However W¥ could be parametrized (in sharp cutoff) shape so as
fusion cross section taking place in elastic channel can fit experimental data without
restoring to the cross section of the direct reaction followed by fusion. In another
simplified model that accounts for coupling to inelastic excitation and transfer reac-
tion channels'® and including all of the collective inelastic modes do not seem to
give enough: enhancement in g, without increasing the coupling strength by 1
MeV to fit data. Also drastic changes in the calculated o, resulted from allowing
309, uncertainties in the coupling strength.

Coupled channel formalism with an ingoing-wave boundary condition!?
explained enhancement effects in terms of the coupling interaction at the coulomb
barrier, but variation observed at higher energies are not explained in this way
where coulomb interaction tends to reduce o, at high energies and coupling to sta-
tes of higher excitation energies tend to increase it. Rhoades-Brown and Braun-
-Munzinger!?’ has made coupled channel calculations for the fusion cross section
of *8Ni.+ *8Ni using short range imaginary ‘potential and ascribe all of the lost flux
to fusion. The real potential they used is somewhat different from that of Landowne
and Pieper' !’ but qualitatively the two calculations give similar results. Although
two order of magnitude enchancement in ¢, are reported !?, g, overpredicts the
data above the barrier and underpredicts it below the barrier. This discrepancy was
attributed to the real part of the optical potential as being not sufficiently accurate.

In this note we are looking for quantum mechanical coupled channel calcula-
tions (CC) that using realistic nuclear potential geometry generated from double
folding of the nuclear densities of the two heavy ions (°*Ni -+ 94Ni) and explore
dependence of CC model calculations on the ambiguities associated with geometry
of the imaginary nuclear potential.

2. Method of calculation

The usual coupled differential equation for the radial wave functions of rela-
tive motion may be written as

d? | |
[ar—z, + K} (r)] Ue (r) E;f;‘]—’j_V.,,, ) Up (7). m
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The transition potential V¢” incorporating the intrinsic degrees of freedom was con-
structed from ground state or excited states eigenfunctions appropriate to the nuc-
lei of interest. K, (r) is the local wave number in the sub-channel a, that is

y2 -

Ka) = [ B - v o] @

where E, and Vg’ are therelative energy and effective potential (coulomb + nuclear +
+ centrifugal) for the sub-channel and g is the reduced mass. The equations (1)
are solved using the coupled channels version of Ptolemy!%. All coupled channel
calculations are performed with a standard first order derivative model for the tran-
sition potential.

Our model calculation for fusion is based on the assumption that any loss of
flux from the model space (inelastic as well as elastic channels) we can call fusion,
that is

Op = Opys = 04 (CC) — Otpet (3)
where ¢, (CC) is the reaction absorption coupled channel cross section:

Ty = ?(21 + D — |S¢l.al|2)

and ST
Cinet = ?ﬁ% (21 + 1) Isﬂl'.oﬂ |2

where Sg;,or and Spy- 1 are the elastic and inelastic S matrix elements calculated using
equation (1). Fusion cross section could be written as

Opys = ? ‘(21 + DT,

where
TI = 1 —ﬂ% |Sﬂl' ’,ﬂlz. (4)

As there is no information for the proper optical model elastic scattering potential
of 64Ni 4 64Ni (the system we have in the present study), we used for the real
part of the nuclear potential, a potential generated from folding an effective nucleon-
-nucleon.interaction: (V) into.the density distribution of 64Ni and ¢4Ni. Two pa-
rameters Fermi shapes were used for the densities. V,;, was taken as a sum of Yu-
kawa terms (M3Y) based upon G matrix calculations. The generated potential was
then exactly simulated to a WS shape in the surface region (Fig. 1) and then used
in our CC calculations. This potential has depth, radius parameter and diffuseness
63 MeV, 1.187 fm and 0.61 fm, respectively. Phenomenological imaginary potential
of WS geometry as the real one, except.-with shallow depth = 5 MeV, was used
(set IT of Table 1). Also, the short ranged WS squared imaginary. potential, that
applied in previous.CC calculations'?’, was used (set I of Table 1).
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Fig. 1. Real nuclear potential V (1) versus r. It is generated from double folding calculations
(— solid line) and simulated to WS geometry (- - - dashed line).

The coulomb potential was calculated for a uniformly charged sphere of radius
R.=1.2(64'/3464'/3). Conventional vibrational model is used for the nuclear form
factor with a deformation parameter of § = 0.19!'¥ for the 2+ — (1.34 MeV)
transition to the ground state.

3. Results and discussion

Coupled channels calculations that includes only coupling to the 2+ first ex-
cited state in ¢4Ni (1.34 MeV) are shown in Fig. 2. The dotted line is CC calcula-
tions using real and imaginary nuclear potentials defined as set I of Table 1. It is
clear that strong fusion cross section enhancement is needed. Instead of going further
towards including all other collective inelastic modes of $4Ni, where considerable
enhancement could be definitely acheived!?), we find it convenient to tray applying
another set of nuclear potential parameters, set II of Table 1, where the imaginary
potential is different. We find as shown in Fig. 2 (— . —. — line) that CC calcula-
tions, again including only coupling to the 2+ 'state, are sufficiently describing ex-
perimental fusion cross section over a wide range of energy from E,,, = 107 MeV
down to E,,, = 93 MeV, much below the barrier. This is directly suggesting nec-
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Fig. 2. Comparison of experimental and theoretical excitation function for complete fusion of
S4Ni + ®*Ni. Filled circles represents the experimental data®,

---------- CC calculations using set I of Table 1
————— CC calculations using set II of Table 1

————— CC calculations using set II of Table 1 and allowing gradual decrease in r,,.
WKB calculations®. 4

cessity of studying the crucial role of the involved nuclear potential, particularly
its imaginary part as seen in comparing sets I and II (Table 1).

TABLE 1.

ViMeV  ro/fm ao/fm WiMeV  ro/fm  ao,/fm

Set I 63.0 1.187 0.61 10.0 1.0 0.4
< Set II.. 63.0 -1.187- 0.61 5.0 1.187. 0.61 A
Set III 50.0 1.20 0.61 35.0 1.0 0.61

Nuclear potential parameters used in the CCcalculatioris. - -
‘A 179%, change (reduction) in the range of the absorbing potential produces 10
ordérs of magnitude reduction in the predicted CC fusion cross section (Fig. -3a):
Less drastic effects-are associated with changes. in the absorbing potential -depth
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Fig. 3. Ratio of CC fusion cross section calculations at E,,, = 90.1 MeV using set II of Table 1;
(a) versus ro: (b) versus W.
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Fig. 4. Transmission coefficients T, calculated according to equation (4) for S4Ni + %4Ni fu-
sion at E., = 90.1 MeV: (a) different r,, values (1.2 fm < r,, < 0.9 fm), (b) different W values
(40 MeV < W < 10 MeV).

W (Fig. 3b), however, decreasing W from 10 MeV to 5 MeV reduces CC fusion
cross section by a factor of 2.

A phenomenological theoretical interpretation could be drawn from the cha-
racter of the CC transmission coefficients T, calculated according to equation
(4). They are shown in Fig. 4, and clearly displaying the drastic changes in T; due
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to changes in geometry of the absorbing potential, particularly at low partial waves
that almost have the largest contribution to the fusion cross section. Implications
of these changes on the CC fusion cross section as compared to experimental data
could be viewed if one allow (just as an example) for 7o, to vary slightly with going
down in energy below 93 MeV. We get an exact fit to the data as shown by the
dashed (— — — =) line in Fig. 2. This may be -compared with the WKB cal-
culations of Beckerman et al.%’ (solid line in Fig. 2), that assuming radially depen-
dent effective mass M (r) instead of M (the usual reduced mass)® in the effective
potential,

o
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Fig. 5. Comparison of experimental and theoretical excitation function for complete fusion of
38Ni 4 5*Ni. Filled circles represent the experimental data®,

-------- - CC calculations using set III of Table 1
—————— CC Calculations using set III of Table 1 and allowing gradual decrease in r,;.
———— WKB calculations®.

It was found experimentally® that o, (*®Ni + 4Ni) decreases much faster
than did g, (®*Ni 4 6*Ni) when the energy was lowered. So we did coupled chan-
nel calculations that includes coupling only to the first excited state in 38Ni (2* —
— 1.45MeV, £ =0.2'9) and *Ni (2* — 1.34 MeV, f = 0.19'¥). The optical
model potential used (set III) is basically different from sets I and II in its deep
imaginary strength (35 MeV). As shown in Fig. 5, CC fusion cross section calcula-
tions are in close agreement with the corresponding experimental data over wide
energy range (95 MeV < E < 110 MeV), but overpredicting data at lower ener-
gies. This may further justify the question that whether one has realy sub-bar-
rier fusion cross section senhancement« at least, in view of the present coupled
channel model calculations.
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In conclusion the usual ambiguity encountered in the proper choice of op-
tical model potential, strongly affecting CC fusion cross section calculations, lea-
ding to indefinitness (almost misleading conclusion) in studying the role of coupling
to higher excited states in explaining fusion cross-section enhancement. At least
the present results address the difficulty. of isolating effects which specific (other)
couplings may have on the sub-barrier fusion cross section.
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Originalni znanstveni rad

Za fuziju ®*Ni 4 °*Ni napravljeni su raéuni u modelu vezanih kanala, s ukljuci-
vanjem vezanja samo na prvo pobudeno stanje 2+ u %4Ni. Dobiveno je znatno po-
vedanje fuzijskog udarnog presjeka, sve do energija gotovo ispod barijere. Pokazana
je osjetljivost racunatog fuzijskog udarnog presjeka (o,,s) na neodredenosti povezane
s geometrijom apsorbirajuéeg potencijala. Dobivena je redukcija oy,s za oko 10 re-
dova veli¢ina za promjenu 209, u dosegu apsorbirajuéeg potencijala.
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