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A new polarization potential for heavy ion fusion spin distribution
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Abstract. The real part of the polarization potential which depends on both energy and
angular momentum is calculated in a simple way using dispersion relation. A barrier
penetration model (BPM) has been used to explain the fusion cross-sectionand compound
nucleus spin distribution for 32S+ 6~Ni system in the energy range 50-75 MeV. It is also
shown that the polarization potential which only depends on energy, is not adequate to
give rise to correct spin distribution even after including any radial dependence.
The proposed polarization potential with implicit E and l dependencesis able to explain
both fusion cross-sectionand average spin values.
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1. Introduction

The enhancement of fusion cross-sections and broadening of compound nucleus spin
distribution of two heavy nuclei at energies around the coulomb barrier are quite
well-known. A simple barrier penetration model (BPM) where the potential is a
function of one parameter i.e. the distance between the two nuclei is not adequate
to explain fusion cross-section at sub-barrier energies as well as the observed large
spin values (Beckerman 1985, 1988; Steadman 1985; Steadman and Rhooder-Brown
1986; Halbert et al 1989; Vandenbosch et al 1986), even though it explains them
correctly at much higher barrier energies. Several theoretical approaches have been
developed in order to understand the reaction mechanism at near and sub-barrier
energies. Modifications of the fusion potential by deformations (Wong 1973), coupling
to inelastic excitations (Dasso et al 1983a, b), nucleon transfer (Broglia et al 1983),
zero point motion (Esbensen 1981) and neck formation (Aguair et al 1985; Iwamoto
and Harada 1987; Ramamurthy et al 1990), have been shown to yield substantial
enhancements of sub-barrier fusion cross-sections. Therefore, sub-barrier fusion is an
interesting process for probing the role of different degrees of freedom in quantum
mechanical tunneling processes. A more stringent test of different models can be
obtained by comparing not only the fusion cross-section but also the shape of the
fusion spin distribution. Models which have different physical input can give rise to
different spin distribution (Dasso et al 1989), as partial wave distribution for fusion
is more sensitive to the detailed contents of the model than the cross-section and
thus, the determination of the spin distribution provides much tighter constraints on
the different theories of sub-barrier fusion enhancement. A detailed coupled channel
calculation where the non-elastic channel, both inelastic and transfer channels are
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treated explicitly have been more successful in explaining enhancement in fusion
cross-section as well as giving rise to broad spin distribution. These channel couplings
allow the ions to polarize each other as they come together. One way of representing
this is through the introduction of distribution of barriers (Dasso et al 1983a, b), one
or more of which will be lower than the uncoupled barrier height. Hence, it will
enhance the penetration when the incident energy is close to, or below, the uncoupled
barrier height. The channel couplings have little effect when the incident energy is
appreciably higher than the channel barrier heights.
The importance of couplings between various channels is also seen in simple
phenomenological model such as optical model analysis of elastic scattering data
where it was found that the strength of the real and imaginary potential vary rapidly
with energy (Lilley et al 1985; Fulton et al 1985; Baeza et al 1984). This class of
phenomena popularly known as threshold anomaly is simply an expression of the
effects of the coupling to the non-elastic channels and has the same origin as that of
enhancement of sub-barrier fusion (Mahaux et al 1986a, b). The same results could
be obtained in a simpler way by using an energy dependent barrier height in BPM
calculations. In other words, the nuclear potential becomes energy dependent due to
polarization effect and this real polarization potential AV(E) can be calculated from
the imaginary part of the optical potential through dispersion relation (Nagarajan
et al 1985). However, to make the spin distribution broad, the radial dependence of
the polarization potential AV(E,r) should also be taken into account. It has been
shown that (Satchler et a11990; Satchler 1991; Kubo et a11991), optical model analysis
for fusion can give rise to different spin distribution depending on different radial
shape of the imaginary fusion potential W:(r) which itself is composed of a short
range bare t e r m Wof(r) and a long range polarization term Wp:(r) responsible for
peripheral absorption. It is also known that (Rhoades-Brown and Braun-Munzinger
1984) the results of optical model analysis can be reproduced by WKB penetration
through the real potential provided the imaginary part is short-range and remains
well inside the barrier. Due to the polarization component, the imaginary potential
extends beyond the top of the barrier and fusion is initiated at larger radius near or
even beyond the top of the barrier. As Wz(r ) extends into the barrier, full penetration
is not required. Alternatively, penetration with the WKB calculation which deals
with the full traversal of the barrier will underestimate the fusion probability as fusion
also takes place under the barrier. However, the polarization correction to real
potential A V(E) can be included in WKB calculation to enhance the transmission as
the real potential becomes more attractive and inclusion of any radial dependence
of AV(E, r) also can make the barrier thin giving rise to large (l) as well as broad
spin distribution. In this paper we show that inclusion of r-dependence A V(E, r) is
not adequate to give rise to correct spin distribution with BPM model unless the
real polarization potential is allowed to vary with angular momentum I in addition
to its dependence on energy E. In the present work, this E and l dependent real
polarization potential is calculated in a simple way using dispersion relation.

2. Model

Fusion cross-section at a given energy E and for partial wave I is written as:
try(l) = (rr/k2)(21 + 1) T,(E),

(1)
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where k is the wave vector and 7"1 is the penetration probability of l-th partial wave.
In a simple BPM model Tt(E) can be written as the well known Hill-Wheeler
expression:
Tt(E) = [1 + exp(2rc/hco)(V o + E a -

E)] -x

(2)

where
ER = l(I + 1)he/(2gR 2)
Vo, Ro and ho~ are S-wave barrier height, barrier position and barrier width. The
total fusion cross-section is the surn over all partial waves:
ay(E)=~a,,

(3)

l

and the various moments of the spin distribution are defined as
<I"> - ~ l " ' c h
~E a

(4)

In energy-dependent BPM model the barrier height Vo becomes energy dependent.
Therefore, Vo is replaced by an effective barrier height ~ff which has an energy
independent part Vo and an energy dependent part AV(E) such that
(5)

Vff(E) = V0 + AV(E).

The energy dependent part AV(E) is related to the imaginary part of the optical
potential required to explain the elastic scattering data through dispersion relation
(Nagarajan et al 1985)

AV(

) =

_

W(r, E ) dE'.

(6)

(E' - E)

The dispersion integral for AV(E) involves knowledge of W(E) at all energies. In
general, it is difficult to know this, particularly its high energy behaviour. However,
an analytic form of this integral in (6) can be obtained assuming a linear model of
W(E) which seems to be adequate in a limited energy interval. In this model, W(E)
falls to zero beyond E~, and assumes a constant value after Eb and is linear in the
region Eo < E < Eb. With these approximations (6) can be written as
A V(E, r) = 2(r) [K~ log[ K~I - Kb log t Kbl]

(7)

where
Ka = (E - E~)/(Eb - E~) and

K b =

(E - Eb)/(Eb -- E,).

This function is symmetric around mean energy (Ea + Eb)/2 and becomes zero at Eo
and Eb. The radial dependence of AV(E,r) is given by the factor ~.(r) = Wo(r)/n i.e.
it has the same radial dependence as that of imaginary potential. In another
approximation, 2(0 is evaluated at the interaction radius where the polarization
correction is maximum and is written as AV(E). Now (7) has three parameters
;to(2 (r) at r = R o), Ea and E b. These parameters are obtained from imaginary potentials
needed in elastic scattering analysis.
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3. Calculations

We have chosen 328 "at-64Ni system for which elastic scattering, (Stefanini et al 1987),
fusion cross-section and average spin values (Dasgupta et al 1991, 1992) are available.
In the present study, the polarization potential AV has been calculated in three
different ways. The effective potential in (5) can be written as:
Case I

Veff = V 0 -Jr AV(E,Ro)
(AV depends on energy E and is evaluated at a fixed r = Ro)

Case II

V ff = V o + AV(E,I, Ro)
(AV depends on both E and I and is evaluated at r = Ro)

Case III

Veff= V0 Jr-AV(E, r)
(The radial dependence of A V is included)

Case h From the analysis of Udagawa et al (1989) we choose E~ 60MeV, above
which W(E) remains constant and E° = 44 MeV, beyond which W(E) vanishes. The
polarization potential has maximum value at around E = 52 MeV. To verify these
parameters Ea and Eb and to find out the strength factor 2o, the effective barrier height
Veff was obtained from the experimental fusion cross-sections at each energy using
=
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Figure 1. (a) (Vrf - Vo) versus Ec,* for n S + ~4Ni system. The solid dots with error bar
derived inverting the experimental fusion cross-sections taken from Sefanini et al (1987)
and Dasgupta et al (1991, 1992). The values of Ro, Vo and hoJ used are 9.6fm, 58.5 MeV
and 4MeV. (b) V , versus Ecru for 3es + 64Ni system.
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(2) and (3). The value of R0 and hco used are 9.6 fm and 4 MeV. Figure l(a) shows
the plot of (Vff - Vo) as a function of Ecru. Vo is chosen to be 58.5 MeV, which fits
the above barrier data. The above derived values of ( V e f f - - Vo) can be parametrized
using (7) with E~ = 44 MeV, E~ = 60 MeV and 2 o = 3.82 (see solid curve in figure l(a)).
Figure l(b) shows the effective barrier height Veff as a function of Ecru. As seen from
this figure, the polarization correction A V(E) becomes positive after Eb, which
increases effective potential V ff beyond V0. This positive polarisation correction
arises as we have choosen a simple model for W(E) which is constant for energies
E > Eb. However, the data do not demand any further correction for energy greater
than E~, as a single barrier height V0 can explain fusion cross-section well. Therefore,
AV is set to zero for energy greater than Eb in these calculations.
Figure 2 shows (open circle) the plot of fusion cross-section for 32S + 64Ni system
at different energies with A V(E) given in figure 1. The dashed line is the result of
energy independent BPM model with a constant barrier height Vo. The corresponding
average spin values ( l ) (open circle and dashed line) are shown in figure 3. Using
the energy dependent BPM model, even though the fusion cross-sections are
reproduced well, it fails to reproduce the experimental (1) values. This discrepancy
is seen more in the vicinity of the Coulomb barrier.
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Figure2. Fusioncross-sectionsversus Ecru for a2S + 64Ni system.The solid lineis the result
of BPM using AV as a function of e. The open circle is the result of BPM using AV as a
function of Ec,. The dashed line is the result of energyindependent BPM.
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Figure 3. Averagespin value (1) versus E=m.The continuouscurve,open circleand dashed
line are the correspondingvalues of BPM as shown in figure 2.

Case II: In this case, fusion cross-sections are calculated using an E and'/dependent
polarization potential AV(E, l). This is carried out by making the optical imaginary
potential E and l dependent. Following earlier studies (Mohanty et al 1990), the
imaginary potential is written as a product of two factors f(r) and o(E, l) as:
W(E, r, l) = Wof(r)g(E, l),

(8)

where the radial part f(r) has the form

f(r) = 1/[1 + e x p { ( r - Ro)/ao} ].

(9)

The energy and I dependent part has the form

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

(10)

with

l(l + 1)h 2

(11)

2#R 2
Now the polarization potential will depend on both E and ! as given by

AV(E,I)=

Wof(r)V-f

Ir _ ~ (g(E',l)
~)dE'.

From (10), it is obvious that

o(E, t) =

o),

(12)
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where e is given by (11). Substituting g(E,l) with g(e,0) in (12) and replacing the
variable of integration from E' to e, one can write
AV(e) = Wof(r )

t

J _ ~ (~ -

~)

de'

(13)

As seen from (13), the basic structure of (12) and (13) remains the same except that
the variable of integration i.e. the energy variable E' is replaced by a new energy
variable e' as defined by (11). Therefore, one can use the same logarithmic form of
(7) to calculate AV(e), the only difference is that instead of calculating AV at energy
E, one has to calculate AV at energy e which depends on both E and I. As a result,
the effective barrier height now depends on both ! and E. At any high energy, there
are some partial waves for which the barrier height is lower than Vo. Therefore, the
potential Vo has to be a little higher than the value used in earlier calculations. The
values of Vo = 60.4 MeV and 20 = 6.52 were chosen to reproduce the fusion data well
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Figure 4(a,b). Sameas figure l(a,b). But here Vaf and AV depends on energy variable e
which depends on E and L
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(see solid line in figure 2). The values of Eo and Eb used are same as before i.e. 44
and 60MeV. This value of Vo is same as that obtained from a proximity type
calculation with surface tension co-efficient 7 = 1"25 (1 -2"312) (Blocki et al 1977).
The corresponding value of (l) are shown in figure 3 as continuous line, which
explains the experimental values rather well. The values of AV(e) and V ff(e) are also
shown in figure 4 for comparisio~. Here also one sets the value of AV(e) to zero for
energy e > E b and e < Eo.

Case IlI: In cases I and II, AV is evaluated at a fixed radius R o i.e. AV is independent
of r. In case III, calculations are carried out to see whether it is possible to explain
observed large average spin values by including the radial dependence of the
polarization potential along with only energy dependence A V(E, r), so that one need
not introduce an extra/-dependence in polarization potential AV(E, r, l). For these
calculations, a form factor f(r) which has same radial dependence as that of imaginary
optical potential is used to obtain AV(E, r) = AV(E).f(r). Two extreme radial shapes
i.e. (a) f(r) having the Woods-Saxon form and (b) f(r) having the surface peaked
form, are studied.
2(r) = 2of(r),
where
(a)

fw(r) = 2o/{1 + exp(x)}

(b)

fs(r) = 2oexp(x)/{1 + exp(x)} 2

(14)
Woods-Saxon
Surface peaked

x = (r - Ro)/a o.
With this radial dependence, the penetration factor using WKB approximation was
calculated for the total potential V(r)+ AV(E,r). The value of ro(Ro = ro A1/3) and ao
are 1.247 and 0.5 fm. The variation of AV with r as well as with E was studied to see
whether it is possible to reproduce observed ( l ) values without invoking/-dependence
of polarization potential. The radial dependence of polarization potential is shown
in figures 5(a) and (b). Figure 5(a) shows only AV(E, r) and figure 5(b) shows the plot
of total potential Vr = V(r) + AV(E, r) where V(r) is the sum of nuclear and Coulomb
potential. The nuclear potential is calculated from proximity parameters (Blocki et
al 1977). The bare potential V(r) (sum of nuclear and Coulomb potential) is shown
by solid line in figure 5(b). When a constant correction AV(E) depending on energy
is added, the total potential is scaled down by a constant amount AV(E) at each r
(see dashed line). The dotted and the dashed dot lines are the result when AV has
different r dependence. The dotted line is due to the radial dependence which has
surface peaked form factor fs(r) and the dashed dot line is due to the radial dependence
which has Woods-Saxon type form factor fw(r).
The results of spin distribution with different polarization potential AV are shown
in figure 6 at two bombarding energies 56-9 MeV and 58"2 MeV. The dashed line is
obtained with a constant polarization potential AV(E), the dashed dot line is with
A V(E, r) where the radial dependence is Woods-Saxon type. The solid curve is the
result of coupled channel calculations which includes 2 + and 3- states of 32S and
2 ÷, 3- and 4 + states of 64Ni and an additional coupling strength of 1 MeV at
Q = + 5 MeV arising due to particle transfer. The strength parameters and fl values
are taken from Stefanini et al (1987), Broglia et al (1985) and the simple code CCFUS
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Figure 5(a). Polarization potential AV(E,r) versus r. The dashed line is for AV(E) which
is independent of r. The dashed-dot line for AV(E,r) where the radial dependence is of
Woods-Saxon type, while the dotted line is with the surface peaked radial dependence.
Figure 5(b). The total potential Vr(r) versus r, with different polarization potential. The
curves have same meaning as that of figure 5(a). The solid line is for the bare potential
without any polarization correction.

(Broglia et al 1985; Dasso and Landowne 1987) was used for coupled channel
calculations. The barrier heights were adjusted in each case to give same fusion
cross-sections. As seen from figure, the spin distribution with and without radial
dependence of AV (dashed dot and dashed curve) are slightly different; the inclusion
of radial dependence giving slightly broader spin distribution than without radial
dependence. However, both the results are much smaller than the coupled channel
results which are quite close to the experimental values. As an example, the average
(I) values for Ecru = 58.2 MeV in the above three cases are 8.43, 8.8 and 11'2 where
as the experimental value of ( l ) is 10.8 +__0"8. In the figure we have not shown the
result of spin distribution due to AV(E,r) with surface peaked form factor fs, as it
is almost similar to that of dashed-dot curve. For comparison, the spin distribution
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the results with r-independent and r-dependent polarization potential AV(E) and AVw(E, r).
The solid curve is the result of the eo.upled channel calculation where the filled circles are
results of BPM using e-dependent polarization potential AV(~).

with polarization potential AV which depends on e (filled circle) is also shown in this
figure. In this calculation, no explicit r-dependence was included. As seen from figure,
the results of coupled channel calculation and results of z-dependent AV are in good
agreement. Inclusion of radial dependence in A V(e) will make spin distribution still
wider as in the case of A V(E).

4. Conclusion

It has been shown that, the barrier penetration model calculation including the
proposed polarization potential A V are able to reproduce both fusion cross-section
and spin distribution. The energy and radial dependent polarization potential A V(E, r)
is not adequate to give rise to broad spin distribution even though it gives rise to
correct fusion cross section. Although the radial dependence of polarization potential
in optical model analysis give high spin distribution values (Satchler et al 1990;
Satchler 1991 and Kubo et al 1991) such a high value is not reproduced with WKB
penetration through real potential V(r)+ AV(E,r). On the other hand, the present
study shows that the barrier penetration through the real potential which depends
on, both energy and angular momentum gives rise to higher spin values. The
polarization potential AV(e) is calculated in a simple way from imaginary optical
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potential using dispersion relation and is used in BPM model to explain experimental
fusion and spin distributions.
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