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Abstract. The energy E and angular momentum I dependence of optical potential for fusion
of 160 + :°SPb system, observed by Christley et al [5], is expressed as a function of radial
kinetic energy (e) instead of explicit E and I dependence. It is shown that the effects of different
channel couplings, which result in different effective potentials, can also be parametrizedas a
function of e. A correlation is obtained between the energy dependent part of this effective
potential and the maximum of the spin enhancement around the Coulomb barrier and both
these quantities depend on the details of the channel couplings.
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1. Introduction

The salient features found in the fusion of heavy ions are the enhanced sub-barrier
fusion cross-section and the broadening of the compound nucleus spin distribution
around the Coulomb barrier which seem to be closely related. The observed
sub-barrier fusion cross-sections are not compatible with the predictions of the
one-dimensional barrier penetration model (BPM). Earlier studies of sub-barrier
fusion enhancement in BPM invoked the influence of orientation of statically
deformed reaction partners and of zero point shape fluctuations on the height of
potential barrier. In a more general microscopic description, sub-barrier enhancement
can be explained by including the coupling to the inelastic and transfer channels.
However, one can use a macroscopic model with inclusion of neck degree of freedom
which provides an alternate path for fusion process. These dynamical effects of channel
coupling or neck opening can be incorporated in an optical model analysis or even
in a simple BPM by constructing an effective energy-dependent potential [1,2,1. It
has been shown that only energy-dependent effective potential is not consistent with
a full dynamical coupled channel calculations [3-1, unless it depends on both energy
E and angular momentum l [4, 5]. It has been shown that [41, the results of a model
coupled channel calculation can be reproduced by a simple BPM when the effective
barrier height is expressed as function of effective kinetic energy e, which is the radial
kinetic energy at the interaction barrier given by e = E - E R where the rotational
energy E R = l(l+ l)h2/(2~tR~). Therefore, this simple dependence of the effective
potential on e makes the barrier height (hence the nuclear potential) both E and l
dependent. Further evidence for E and I dependent nuclear potential comes from the
optical model analysis [5,1 of fusion for 160 + 2°spb system, where the diffuseness
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parameter 'a' of the imaginary potential has been varied as a function of both E and
I in order to reproduce coupled reaction channel (CRC) results. In § 3 of the present
work, it is shown that, diffuseness parameter a(E, l) can also be expressed as a function
of e, instead of an explicit E and I dependence used in [5]. Further, it is shown in
§ 4 that the effect of different channel couplings (i.e. coupling to inelastic and transfer
channels) results in different one channel effective real barrier height which can be
parametrized as a suitable function of e. In other words, a simple parametric form
of Vcff(~ ) in BPM can be used to explain the enhancement of fusion cross-section
and broadening of compound nucleus spin distribution.
The effective potential can be written as a sum of an energy independent part and
an energy dependent part: l/ff = Vb + AVp(e) where AVp can be identified as the
polarization potential. In the elastic scattering analysis also one needs a similar energy
dependent potential where the strength of the real and imaginary optical potentials
show a rapid variation around the Coulomb barrier, known as threshold anomaly
[6]. Further evidence shows the strength of the real potential versus energy is a
bell-shaped maxima in the vicinity of the Coulomb barrier. In the present case also
A Vp(~) has a similar behaviour, however instead of energy E it depends on the effective
energy ~. The peak of this polarization potential does not necessarily occur at Coulomb
barrier, rather it depends on Q value of the non-elastic and transfer channels. In § 5,
it is shown that this polarization potential which arises due to various channel
couplings, shows a maximum at an energy lower than the Coulomb barrier. However,
the effects of these channel couplings on the moments of the spin distribution is
maximum at around the Coulomb barrier. It is shown here that the strength of the
polarization potential and the spin enhancement around the Coulomb barrier are
strongly correlated.
2. The model
The fusion cross-section for a given energy E and partial wave I is written as
a t = (~/k2)(21 + 1) TI(E),

(1)

where T~(E) is the penetration probability of I th partial wave at energy E. Using
barrier penetration model, it can be written as
Vl(E) = 1/[1 + exp {(2n/hot)( Vo+ ER -- E)}I,

(2)

where E R is the rotational energy, R b is the position and hot is the width of the s-wave
barrier. The total fusion cross-section and the average spin value are given by
of =

(3)

l

and
E l o t.

(l) = - -

(4)

3. L-dependent potential
In an earlier study [4], it was shown that the effects of channel couplings can be
introduced by making the barrier height lib to be energy and I dependent. This was
accomplished by parametrizing Vb as a function of e. Similarly, to reproduce the
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Figure 1. The diffuseness parameter a(E, l) versus I at different laboratory energies
from 90, 88, 86, 84, 80 MeV (©) and 82 MeV (0) taken from ref. [5]. The smooth
curve is obtained using (9) with parametrization R, = 12 fro, Ro = 1ff38 fm, E, =
72"2 MeV and ae = 1-4 MeV.
fusion mean square spin values of 160 + 2°spb system is an optical model study, the
imaginary potential was expressed as a function of e [8]. The need to have both E
and I dependence has also been studied by Christley et al [5], where the diffuseness
parameter of the imaginary potential was varied as a function of I. Figure 1 shows
the diffuseness parameters as a function of I for different energies E taken from [5].
However, we show here that the observed a(E, l) dependence can also be obtained
as a consequence of e-dependence of the strength of the imaginary potential [8]. In
these calculations, the imaginary potential is written as a product of two functions
i.e. the radial partf(r) and the e dependent part g(e). Therefore, the imaginary potential
is written as

Wi( r)= Wof(r)g(e),

(5)

and

f(r) = 1/{1 + exp[(r - Ro)/ao] },

(6)

g(e) = 1/{1 + exp[(E~ - e)/a~] }.

(7)

and
As seen from (7), g(e) has an implicit E and l dependence through the variable e.
The value of E e is very close to the Coulomb barrier. Alternatively, energy and !
dependence of Wi(r) can be introduced through the radial diffuseness parameter
Pramau - J. Phys., Vol. 41, No. 6, December 1993
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a(E, l) as in [5]. In this parametrization WI can be written as
WI(r ) = I4/o/{ 1 + exp [(r - Ro)/ab(E,/)] }.

(8)

Comparing the strength of(5) and (8) at strong absorption radius r = R,, we can write
ab(E, !) = (R, - Ro)/!og [ {f(R,)g(8)} - ' - 1].

(9)

The diffuseness values obtained by Christley et al [5] (see figure 1) can be reproduced
using (9) (solid curve in figure 1) except at 82 MeV with Ro = 10.38, a o = 0"33, E, =
72"2 MeV and a, = 1.4 MeV and R, = 12fro. The value of Coulomb barrier for this
system is 74.6 MeV which is quite close to E e. These a(E, l) values are also shown in
figure 2 as a function of t for different bombarding energies. For calculation of e, the
value of R~ is taken as 11 fm which is close to the position of the Coulomb barrier.
In spite of different E and ! dependence of a(E, l) as in figure 1, they all merge into a
single curve in e-scale except for 82 MeV. This data set at 82 MeV does not follow
the general systematics with energy and needs to be studied more carefully.
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Figure 2. Diffuseness a(8) versus 8. The smooth line is the result ofparametrization
given by (9) as in figure 1. The discrete values with different symbols show the
value of a(e) for different energies taken for ref. [5].
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4. Effective fusion barrier

The effective barrier I/eft(g) can be parametrized as [4]
if

e > E2 then Veff = V2

if

Ex < e < E2, then ~ff = fie + C

if

e < E 1 then ~ n = 1/1-

(10)

In this schematic model, we have two limiting barrier heights I"2 and V~, known
as sudden and adiabatic barriers. The difference AB = V2 - 1,'1 is shown to be a
monotonically increasing function of ZrZe [9]. The magnitude of AB reflects the
coupling effects in an average way. It has been realized that the direct coupling of
various inelastic and transfer processes highly influence the fusion cross-section and
the spin distribution. In addition to these single step processes, the multistep coupling
processes also contribute significantly to fusion. Therefore, one needs to solve the
coupled equations where all these effects are taken into account. On the other hand,
when expressed in terms of an effective potential, the various coupling processes affect
the adiabatic barrier 1,'1 significantly. In other words, the effect of adding more
channels results in the effective barrier which can be parametrized as some suitable
function ofe. In [4], we had considered the. couplings to only inelastic states. However,
in the present case we consider the effect of positive Q value transfer channels on
effective fusion barrier in addition to the inelastic states.
The coupled channel calculations are carried out for 5aNi + 64Ni systems using
CCFUS code [10]. The dashed curve in figure 3 shows the coupled channel results
for fusion cross-sections as a function of energy Ecru when coupling to only a few
inelastic states are included (2 ÷, 3- and 4 + states of 58Ni and 64Ni). The strength
of various inelastic modes are taken from [11]. To find the effective barrier height
•in BPM which will reproduce the coupled channel results, V ff is calculated by
inversion procedure from (1) and (2) as
Veff = E -~- (hoJ/2rc)log[(n/k2)(2l + 1)/O"1 -- 1].

(11)

Therefore, knowing I and ¢rI from CC calculations, Vaf(t) at different bombarding
energies is estimated. Figure 4 shows Vaf(~) versus e at two energies; 110 MeV and
100 MeV. It can be seen that irrespective of different bombarding energies, Veff(~) (for
different energy E) merge into a single curve. The values chosen are 1/2 = 102 MeV,
E 2 = 102.4 MeV, I,'1 = 96"5 MeV and E t = 95"7 MeV. The BPM calculation with these
parameters results in fusion cross-section shown in figure 3.
As seen in figure 3, coupling to only inelastic channels is not adequate to reproduce
the experimental fusion cross-sections. It was pointed out in [11] that it is most likely
due to the fact that 5SNi + 64Ni combination allows for two neutron transfer reactions
due to positive Q value. Accordingly, when coupling strength of 1 MeV is added at
Q = + 5 MeV, it results in the dashed-dot line. The corresponding V,ff values are
shown in figure 4. Therefore, it can be seen that any additional effects of channel
coupling results in lowering of the effective barrier height Vff. In other words, channel
coupling lowers the adiabatic barrier Vx (also E~), whereas the sudden limit values
1"2 and E 2 do not change significantly. Further, the CC results (with inclusion of
positive Q value transfer channel) enhance the fusion cross-section. It is not sufficient
to reproduce the experimental results as the number of channels included are not
Pramana - J. Phys., Vol. 41, No. 6, December 1993
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Figure 3. Fusion cross-sections versus Ec,. for 5SNi + 64Ni systems. ( - - - ) result
of coupled channel calculations with inelastic couplings alone. (. . . . ): CC results
with transfer channel included. (O) and (
) are the results of ~ dependent BPM
with the schematic barrier parameters given in figure 4 (smooth line and broken
line). The data points are taken from ref. [12].
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Figure 4. geff v e r s u s 5. The filled and open circles are obtained by inversion from
the CC results (with inelastic channels included) using (10) at Ecru= 110 and
100MeV. The stars and triangles are the corresponding values with transfer
channel included. The smooth and broken lines are two sets of schematic
parameters.
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adequate and also using CCFUS, couplings to inelastic and transfer channels are
considered in an approximate way I-11]. However, the new set of parameters i.e.
V2 = 101"6MeV, E 2 = 102.2 MeV, I"1 = 93.2 MeV and E 1 = 91.2 MeV results in the
smooth curve in figure 3, which fits the experimental fusion cross-section rather well.
Comparing the parameters of these two sets, it can be seen that the sudden values
of V~ and E2 remain more or less same but the adiabatic values I,'1 and E~ are
different. The difference between two adiabatic barrier heights is about 3.3 MeV which
is quite close to the Q value of two neutron transfer. It is now clear that the effective
barrier resulting from inclusion of more and more channels can be parametrized as
a function of e, which is a necessary and relevant parameter for fusion.
Therefore, the schematic model of (10), where the effective barrier height depends
on e, takes into account all the dynamical effects of channel coupling. In the following,
we use this model to study the polarization potentials and its effect on the average
spin of the compound nucleus, in the vicinity of the Coulomb barrier.
5. Polarization potential and enhancement in spin distribution

Figure 5(a) shows the plot of AVp = ( V e f f - - Vb) as a function of e for 5SNi + 64Ni
system. Veff is calculated using (11) where at is taken from CCFUS. Vb is the barrier
height when channel coupling is not present. The energy dependent part of the effective
potential i.e. AVp can be identified as the polarization potential at R~, which arises
due to channel coupling. While calculating Veff, we have used/-dependent hco given
by hcoI = hcoo + 0.0004 !2 as suggested in [4]. In the first case only 2 +, in the second
case 2 + and 3- and in the third case 2 +, 3- and 4 + states of both target and projectile
are included and the results are given in figure 5(a). As seen in the figure, the position
of the maximum occurs much below the barrier V~ which is around 99.4 MeV and
with more number of channels included, the peak value of the polarization potential
increases, while the position of the peak moves slightly to the left.
In the earlier studies [9], the (l)m values derived from this schematic model which
fits fusion cross-sections are compared with the (1)o J values obtained from energy
independent BPM with a constant barrier height Vb adjusted to explain fusion crosssections at high energies. A general feature of this study is that the ratio of (l)m/(1)o ~
shows a peak at around Coulomb barrier and falls to unity on either side. This
enhancement is an indication that effects of channel couplings are maximum near
the Coulomb barrier. This is in a way similar to the threshold anomaly seen in the
optical potential which explains elastic scattering. This effect is not seen in the fusion
cross-section data. However, these features are significant in the moments of the
compound nucleus spin distributions.
Figure 5(b) shows the value of (1)m/(l)od a s a function of energy with different
polarization potentials as shown in figure 5(a). Eventhough, the maximum in the
polarization potential is to the left of lib, the ratio of the moments peak at around
lib. However, the height and the width of the ratio depend very much on the strength
of the polarization potential A Vr Figure 5 (c) shows the plot of the height and width
of the enhancement factor as a function of AVp. In this figure, two additional data
points are obtained considering the 2 +, 3- and 4 + states of either the target or the
projectile. The observed correlation suggests that the height of this enhancement can
be treated as a measure of the coupling strength and the width as a measure of the
region over which the enhancement takes place. It is also evident from figure 5 that
the polarization potential peaks left to the one-dimensional barrier height lib, depend
Pramana- J. Phys., Vol. 41, No. 6, December 1993
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different coupling schemes as described in the text (b) (l),./(l)oa versus Ecru for
5SNi + 64Ni system with same coupling scheme as figure 5(a). (c) The peak and
the width of the ratio (1),./(l)o d as a function of AVp for 58Ni + 64Ni system.

on the Q value of the channel couplings, while (l),,/(l)o d peaks around Vb and this
peak position does not depend significantly on the details of the channel couplings.
However, the height and the width of the ratio depend strongly on the details of the
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channel coupling and are model-dependent. Figure 6(a) shows (l>w/(l>o d ratio for
160 + 154Sm system using Wong's model with three values of f12 parameter. It can
be inferred that the qualitative behaviour of enhancement for these two models
(figures 5(b) and 6(a)) are same. In addition to <l>, another physical quantity associated
with fusion spin distribution is its width i.e. the second central moment of the distribution as given by Al E= (l~ 2 - (l~ 2. The channel couplings broaden the fusion
spin distribution and this effect can be seen in Al as compared to its corresponding
one-dimensional BPM result. It contains the information as to how many partial
waves are effectively influenced by channel couplings. Figure 6b shows the plot of
Alw/Alod as a function of E for the same values of Vb and f12 parameter used in
figure 6a. It is seen that, as the coupling effects are maximum around Vb, this ratio
peaks around Vb. Thus, the channel coupling effects are best illustrated by the moments
of the spin distribution. Figure 7 shows the plot of (l>,~/(l~o d as function of E with
different value of Vb. As seen in this figure, the position of the peak also depends
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Figure 6(a). (l>w/(l>od versus Ecru for 160 + 154Sm system where (l>w has been
obtained from Wong's model with three deformation parameter (f12) as shown in
figure, (b) Alw/Alod versus Ecru for 160 + 154Sm system with three f12 values.
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strongly on V~. However, in reality V~ is taken as one-dimensional barrier height
which fits the high energy fusion cross-sections.
5. Summary

In conclusion, the dynamical effects of channel couplings can be incorporated in the
optical model or in BPM through the one-channel effective potential which is both
E and l dependent. This explicit E and l dependence of the effective potential has
been expressed as a function of e in both the cases. The observed E and I dependence
of radial diffuseness parameter a(E, l) in a recent optical model study is a natural
consequence of the dependence of imaginary potential on e parameter. It is also
shown that in a BPM, the e dependent barrier height can reproduce all the effects
of channel couplings. The ratio of (l)m, obtained from.the coupled channel, to (1)o ~
shows a peak around the coulomb barrier and its correlation with the polarization
potential has been studied in detail.
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