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Abstract. Experiments with heavy ions at moderate energies show the importance of
deformation in heavy ion collisions. A deformation model which takes deformation
dynamically into account is developed. Having described fusion and deep inelastic collision for
a very heavy system (Xe + Bi) and a medium heavy system (Ar + Th) at various energies
successfully, we turn to some comparatively lighter heavy ions where fusion is the most
dominant feature. Fusion cross-sections for six pairs of lighter systems ( 3 5 0 + H6Sn,
SSNi + eZNi, 3SCl + e2Ni, 32S + Z4Mg, 24Mg + 24Mg and 12C + 27Ai) have been obtained
using our deformation model which agree well with experiment. The two-slope-behaviour of
fusion excitation function which is an important feature of light ion fusion systematics is also
obtained, in our model calculations for all the systems studied.
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1. Introduction

In the last decade, experiments have been conducted using heavy systems like Ar + Th,
Kr + Bi and Xe + Bi at moderate energies in which very low energy reaction products
with energies much below the spherical coulomb barrier have been detected. This shows
the importance of deformation in the dynamics of heavy ion collisions. The spherical
model of Gross et al (1974) was qualitatively successful in explaining heavy ion collision
data but it gave too high fusion cross-sections and too low energy loss. Inclusion of
phenomenological deformation by Wilczynska and Wilczynski (1976) improves energy
loss but worsens fusion cross-section. The relative success and shortcomings of the
above models prompted us (Gross et al 1981) to develop a dynamical model in which
deformation is treated as a new generalised co-ordinate of the system. This
deformation model (Gross et al 1981) circumvents the difficulties encountered in the
spherical model (Gross et al 1974) and the phenomenological deformation model
(Wilczynska and Wilczynski 1976) and is able to describe deep inelastic collision (mc)
and fusion processes satisfactorily in heavy systems like Ar + Th and Xe + Bi at
various energies. The friction and potential parameters of spherical model of Gross et
al (1974) have been retained in our deformation model.
Earlier we (Nayak 1983) have successfully described the fusion and DIC of a very
heavy system (Xe + Bi at Elab = 700, 940, 1130 and 1422 MeV) and a medium heavy
system (Ar + Th at Eab = 220, 250, 379, 500, 700 MeV). In this paper we apply our
model to some comparatively lighter ions (~SCl + 1l~Sn, 5aNi + 62Ni, 3sC1 + 62Ni, 32S
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+ 24Mg, 24Mg+ 24Mg and 12C + 27A1) some o f which have been studied rather
recently. In §2 we present the theory of our model in detail. Section 3 gives the results o f
our calculation and §4 a brief conclusion.

2. Theory
The geometry of the two colliding nuclei adopted in our deformation model is
presented in figure 1. We describe the total system by the collective co-ordinates r, 0 and
0t where r = [r l is the distance between the Centres o f the interacting nuclei, 0 is the polar
angle of r and 0t is the spheroidal deformation defined as the ratio of the semi axes
perpendicular and parallel to the symmetry axis which is taken to be the line connecting
the two centres of the nuclei. To keep the dynamics simple and tractable, we assume that
throughout the process o f interaction, nose-to-nose symmetry is maintained. This
means the symmetry axis is coincident with the major axes o f the two colliding nuclei.
We assume that at any instant the deformations of the two nuclei are identical. Thus
prolate, spherical and oblate shapes o f the nuclei are described by different values of a
as: ct < I prolate, ~t = 1 sphere, and ~t > 1 oblate. Thus the deformation o f both the
nuclei are described by one co-ordinate ~t. This is o f course a serious over-simplification.
Allowing for different deformations cq and at2 for the two nuclei demands the
calculation of nuclear potential V N (r, otI , or2) in three-dimensional parameter space.
This was not possible technically. The restriction to coinciding symmetry axes
(collinear symmetry axes) may not be a serious simplification because the frictional
coupling is very strong and forces the two shapes to follow one another.
2.1 Equations of motion
The system is described by the lagrangian

L=T-V,
where the kinetic energy T and potential energy V are given as

r = ~ , f ~ +½~,r'O ~ + ll,(=)~ ~,
and

V = Vl(ct)+ V2(ot)+ V~c(ct,r)+ Vs(ct, r).

(1)

Here la = AIA2/(A~ + A2) is the reduced mass of the system and Vi the self-energies of
the nuclei 1 and 2, Vic(ct,r) the coulomb interaction energy between the nuclei with
deformation ct when the two centres of mass are at a distance r, VN(ct, r) the nuclear
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Figure I. Geometry of two colliding spheroidal nuclei.
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interaction energy at deformation ~t and separation r and/~(~t) is the vibrational mass
parameter or the mass associated with the deformation degree o f freedom.
For dissipative forces we take radial, tangential and vibrational friction. However,
unlike in the spherical model we assume that the radial friction force is proportional to
the relative velocity of the surface d rather than the velocity o f the centres of mass f. We
call this as the surface friction. The separating distance d between the two surfaces when
the nuclei are spherical with their centres at a distance r apart is given as
d = r - (R1 + R2),

and the surface separation d for identical deformation ct is given as
d = r - (b I + b2) = r - (R 1 + R2)/ot2/a.

(2)

Here R~ are the equivalent sharp radii of the spherical nuclei and b~ the semi major axes
o f the deformed nuclei. From volume conservation b~ = Ri/ot 2/3. From (2)

dd/dot = (2/3) (R l + R2)ot- 5/3,
dd

d =,:+~.

and

(3)

So t: = 0, does not imply d = 0. Thus our friction force has a simple physical meaning.
When the two nuclei are in contact and the relative velocity t: = 0, the vibration o f the
shape still continues to give rise to friction. Hence we take the radial friction to be
proportional to d, the tangential friction proportional to rOand the vibrational friction
describing the damping of the isolated nuclei proportional to 6t. Thus the Raleigh
dissipation function

= ½K,d 2 + ½Kor202 + ~ Ka0~ 2,

(4)

where K,, Ko and K~ are radial, tangential and vibrational friction coefficients
respectively. From the general form of the Lagrangian equation
d dL
did4

dL d ~
dq + ~-~ = 0 '

we can get the respective equations in the three degrees of freedom r, 0 and ct. Thus the
radial equation is
d dL
dt dF

dL d ~
Or +~-~ = 0.

Using (3) and (4) the radial equation becomes

#?'-I~rO2 + d~[Vc'(cr)'t+dr
d dL
Similarly from dt dO

dL

VN(ct'r)] + K'(F + ~ d )

= O.

t~l

tg0 +frO- = 0, we get

ltr20 + 21~rFO+ Kor2t~ = 0.
d dL

Using dt da

dL

d~

(5)

da -I--~ = 0 and (3), we get ct degree equations as

(6)
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.

1 ou(~) . 2 + a [ v,, (~, r) + v,,(~, r) + v~ (~) + v~ (~)]

.

+K,

i+~+0~\0~]

+ K , 0 [ = 0.

(7)

Here the vibrational mass/a(~) o f the two nuclei is the sum o f the individual vibrational
masses/z x(n) and/a2(~ ). For spheroidal deformation n o f a nucleus o f mass Mi and sharp
radius Ri, the vibrational mass/ai(~ ) is given by Nix (1964) as
/a/(~)=

1+-~-

M,R~/5.

(8)

We take the radial and tangential friction form factors as used by Gross
the spherical model as

et al (1974) in

K, = IC°[°v~(~''~")j]~,
and

Ko=K°[OVu(a'r)]
2'Or

(9)

with the same strengths o f friction coefficients
K ° = 0.4 x 10 -22 sec/MeV,
Ko° = 0.001 x 10 -22 sec/MeV.

(10)

For vibrational friction coefficient K , we use the expression (Deubler and Dietrich
1977)
K , = (16/9)nq(Rza + R•),
(11)
where q is the viscosity coefficient. We took q = 1 x

2.2

10 -22

MeV sec/fm a.

Nuclearpotential

To calculate the nuclear interaction potential in the spherical model, the single folding
method was used where the interaction energy between two ions 1 and 2 with their
centres of mass at a distance r is given as

V~(r) = ~ p~(r:)

v2(lr- rll)d3rl.

(12)

Here the nucleus-nucleon potential V2 between nucleus 2 and a nucleon is folded into
the density distribution Pl of nucleus 1 at the position of the nucleon at a distance rl
from the centre o f nucleus 1. In the spherical model the nucleus-nucleon potential and
density distributions are diffuse surfaces and the two interacting nuclei are spherical in
shape. In our deformation model we follow the same procedure but the interaction
energy is calculated for two spheroidally deformed nuclei where deformation ~ = 1
yields the spherical model result. In our model these distributions are not only
functions of separation but also of deformation ~ of the nuclei.
Taking an elliptical cross-section of a spheroid of deformation ~, any radius vector r
in general is
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ai
= [1 -- (1 -- 0C2)COS2 ~/] 1/2'

(13)

where ~ is the angle that r makes with the semi major axis b~. Here ai is the semi minor
axis and deformation u = ~,~/b~. N o w the potential and the density distribution as
functions of deformation ~, and angle ~ is
V2([r-rl], u )

Vo
=

1 + e x p ( [ r - r t l -R2j' (u' ~ ) / '
de

and

Pl (rl, ,v) =
1 + exp

Po
( r l - R w (a, ~b) ) '
av

(14)

where the half radius R2p for potential and R w for density distribution are
functions of ~ and $ (using (13))
R2j,

and

(~, ¢') =

[1 - (1 - ~ 'a,p
)cos

2

¢~]~/"

RID (0~,$) = [1 - (1 - ~,2)
awc o s 2 ~ ] ~ / 2

•

(15)

Here ~e and ~ are the angles for potential and density distribution respectively.
Potential Vz and density distribution p~ arc taken in the fermi distribution form and do
not have sharp boundaries; a e, aD arc diffuseness coefficients for potential and density
distribution respectively, Vo is the strength oftbe nuclear potential and Po is the central
density. We have taken the following parameters used by Gross et al (1974)
Vo = - 5 0 M e V ;

po=0"17/fm3;

ae=0"65fln

aD=0-54fm;

R°e = 1.25 A 1/3 fro; Ri° = 1-12 a~/3 -0-86 Ai -~/3 fm.
Here R iP,
° D refer to the spherical nuclei. The semi axes of the deformed nuclei can be
expressed in terms of radii of equivalent spheres. Thus from volume conservation, the
semi axes ai and bi for potential and density are
alp, D

= R iP,0 O ~1/3,

bie,o = R°e,o/~ 2/3.
For two spheroidally-deformed nuclei of deformation • centres separated by a distance
r, the single folding potential is
V~2 (r, 00 = S V2(]r - r , l, ~)P, (rl, u)d3rt •

(16)

But V~2 (r, u) # V 2x (r, 00. Therefore a symmetrised form of the potential is used in our
calculation taking the average potential as
V~2 (r, u) + V 21 (r, ¢x)

VN(r" ~) =

2

The potential is calculated numerically using cylindrical co-ordinates.
P--7

(17)
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2.3 Coulomb interaction eneroy
In the spherical model coulomb interaction energy of two interacting spherical nuclei is
given as Z t Z2e2/r. But this point charge approximation is not valid for spheroidally
deformed nuclei. Interaction coulomb energy between two spberoidally deformed
nuclei is given in detail by Hirschfeider et al (1954) and Nix (1964). It is obvious that this
interaction will be dependent on deformation 0t and r, the distance between the charge
centres.
The interaction coulomb energy of two separated charge distributions is given as a
multipol¢ summation. Assuming that the symmetry axes of the two charge distributions are coplanar and collinear, a very simplified expression results. The interaction
coulomb energy of the two deformed drops as a function of r and at is

(18)

Vi,(oL, r) = (Z t Z2e2/r) (S t -I- S 2 - 1 + S),

where
St,2 (2, 0) = 0.75

(~

1 'x
[14-2\
3
- ~ - ) lOg~l_ - ~ ) + 2-~

Si,2(w, 0 ) = 1"5 ( 1 + wl_~)t a n - I W - 2 w3 2

for prolate
for oblate.

Here 22 = (b2 -a2)/r2; b the semi major axis of the prolate drop; a the semi minor
axis of the prolate drop and r the separating distance between centres of charge
distribution. For the oblate case w 2 = - 22; subscripts 1 and 2 in St.2 refer to nucleus 1
and nucleus 2.
S in (18) for two interacting prolate charge distributions is
~
3
j--lk=l(2j+l)(2j+3)

3
×(2k+l)(2k+3)x

(2J+ 2k)! 22J 22",

(19)

2j!2k!

and for oblate charge drops
S

~
3
zb
.j = 1 kz~
= 1 (2j + 1) (2j + 3)
(2j +- 2k)!

X -

2j! 2k!

(--

×

3
(2k + 1) (2k + 3)

I/J+ku'2J"'2k
A!
~1 w2

"

(20)

;q, )-2 refer to nucleus 1 and 2 respectively. For prolates
)-f = (b~ - a ~ ) / r 2 = b~ (1 - ~ 2 ) / r 2

and

semi axis perpendicular to the symmetry axis
ai
~t = -=
semi axis parallel to the symmetry axis
bi

For oblates w~ = - ) t 2 = (a 2 - b ~ ) / r 2 = b~ (~t2 - 1)/r 2. For oblates a, > b I and hence
deformation at > 1. For prolates ai < bi and hence deformation at < 1. For spheres
as = b~ and hence deformation ct = 1.
In actual calculation wc find that ~
j=l

~" can be taken care of by limiting j and k up
k=l

to 5. For ~rr Vic(ct, r) and ~ Vi, (a, r) we have taken the derivatives for appropriate
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shapes in our calculation for two interacting spheres S t = S 2 = 1. For interacting
spheres as seen from (19) g~ = 0 and hence S = 0. So interaction coulomb energy of the
two spheres from (18) simplifies to
V~,(0[ = 1, r) = Z t Z 2 e 2 / r

which is a very familiar expression of point charge approximation. Equation (18)
presents a rather general and simple expression for coulomb interaction of two
spheroidally deformed charge-drops maintaining nose-to-nose symmetry.
2.4 Self energies
For our purpose the self energies of the projectile and target will only consist of
coulomb and surface terms which are only shape dependent. So V~(0[), V2(0[)used in (1)
can be written as
V~(0[) = V~ E(0[) + V ss~ ("),

where CSEmeans coulomb self-energy and ssE means surface self-energy. For spheroidal
deformation ~, these quantities are given by Nix (1964) as
012/3
[1+(1_012),/2 1
vtcsE(0[) = t E~0 2(1--0[2) 1/2 log ] ' - ( 1 _012)t/2
1 0 2/3
=

E , 0[

tan- 1 (012 -- 1)1/2
(0[2 _ 1)t/2

= IEcO = ~ Z 2 e 2 / R t

v~E (0[) = tOEs0[2/31 1 + sin-t~-~-~2-~(1012)t/2 ]
i

o012/s[ I ÷ log(012- I)'/2+ 0[]

= tE,O = a,(1 - K I Z ) A 2/3

prolate 0[ < 1,
oblate 0[ > 1,
sphere 0[ = 1,
prolate ~, < 1,
oblate 0[ > l,
sphere 0[ = 1.

Subscript and superscript 1 refers to nucleus 1. rE° and rE° are the SCE and SSE of the
spherical nucleus 1. The surface energy parameter a, = 17.9439 MeV, the surface
energy constant K = 27.9198/15.4941 and the neutron asymmetry term 1 = (N~
- Z 3 / A . N~, Z~ and A~ being neutron, proton and mass number of the nucleus.
2.5 Fusion cross-section
The asymptotic de Broglie wavelength (~ at ~ ) is small compared to the dimension
of the colliding nuclei even for light colliding systems. For a light system like
24Mg+24Mg above coulomb barrier l/c, (= 22 MeV) at E ~ = 24-7 MeV, ):~
= 0.26 fm whereas the dimension oftbe colliding nuclei R l + R 2 = ? fro. With increase
in incident energy ~ decreases. So classical mechanics is expected to work well to
describe ion-ion collision phenomena even for light ~ystems. So the motion of the
projectile can be described in terms of impact parameter or angular momentum. Using
a sharp cut-off approximation the fusion cross-section act is given as
aCF = ltX 2 ( l c r + 1) 2
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where the critical angular momentum L~ = l~r~ corresponds to that trajectory at and
below which all trajectories lead to fusion. Often ¢rcr is taken to be
o~ = ~:~

l~.

In our calculation we use
oct = x~c~ (lcr + ½)2.

(21)

Galin et al (1974) proposed a model called the critical distance approach model to
describe fusion charactoristics. According to this model if the projectile reaches a
certain distance Rcr (critical distance) from the target, then it will be captured leading to
fusion. In this model the expression for fusion cross-section act is

This formula of Galin et al (1974) was suitable for high energy fusion data. Gutbrod
et al (1973) also used a somewhat similar formula to describe low energy fusion data
as

¢cr = 7rR~(I -- Ec
mVc') ,

(23)

where R, is the coulomb barrier radius and Vcs is the coulomb barrier. Glas and Mosel
(1975) had tried to reconcile these two seemingly different formulae which refer to two
different regions of energy. The plot of acv vs E ~ t should have two straight lines of
different slopes with a bend in between. Most of the experimental fusion cross-section
data show the two-slope behaviour which is a very important feature of the capture
process.
2.6 Calculation of potentials for lighter systems
The nuclear interaction potentials VN(r, a) for six lighter pairs of nuclei have been
calculated using the shape-dependent generalised single folding method of (16). These
potentials were calculated at different deformations starting from ~, = 0.62 to a = 1.24
at intervals of 0-02 for r ranging roughly from 2 fm < (R~o + Rw) to about 18 fm at
regular intervals of 0"5 fro. For example, for (CI + Sn) system, we have generated the
nuclear interaction potential VN for a = 0.62, 0-64, 0 - 6 6 . . . 1, 1-02, 1.04 . . . . 1.20, 1.22,
1.24 and for each a the nuclear interaction potential VN is calculated for r = 7, 7.5,
8 . . . 12, 1 2 - 5 . . . 17.5 and 18 fm for 23 values o f r at regular intervals of 0-5 fro. The
potentials at a given ~, and all r have been fitted into a polynomial form
VN (r, ~) = -

A , ( a ) ( r - R ) "-1 log 1 + e x p

,

(24)

n=l

where R = 1"3 (A ~/3 + A ~/3), Al being masses of the projectile and target. For potential
V# at each deformation a, we vary the diffuseness coefficient a till we get the best fit.
Thus for each a, we get a fixed diffuseness coefficient a and a set of polynomial
coefficients At, A2, A3, A4 and As. Therefore A,'s and a's are a dependent. The nuclear
interaction potentials at a given deformation as a function of r are presented in
figures 2-4.
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3. R e s u l t s a n d d i s c u s s i o n

We have calculated the nuclear interaction potential Vn as a function o f inter-nuclear
separation r and deformation a for six lighter systems using the generalised folding
method. It is often argued that the folding model gives nuclear potentials which are
unrealistic at short distances. It is true that folding potentials are too attractive and do
not adhere to Pauli and other correlation effects properly. But for low and medium
energy heavy ion interactions, only the tail region o f the potential is relevant. Therefore
it is irrelevant how deep it is beyond the interaction region. In the interaction region, it
is neither too deep nor too shallow. Also it is interesting to note that for a given system
as the nuclei become more and more elongated (prolate shapes with ~ decreasing from
1), the range of the nuclear potential (the inter-nuclear separation distance for which VN
goes to zero) increases. This point can be seen from figures 2-4. This is expected since
the proximity o f the two nuclei increases as the nuclei becomes more and more prolate.
Also for different systems at same r and a, the nuclear interaction potentials are
different, the heavier the system, the deeper is the potential. This is expected since for
same r and ~, for the heavier system there will be more density overlap than the lighter
ones. This can also be seen from figures 2-4. It is found that at r = 10 fln and ~ = 0-80,
the nuclear interaction potential
Vs = - 3.21 MeV

for 24Mg + 24Mg,

VM-- - 98.30 MeV

for SSNi + 6'Ni,

VN = - 139.89 MeV

for 35CI + t~6Sn.

On applying our deformation model to lighter systems we find that an appreciable
oblate deformation is obtained at closest approach contrary to the assumptions o f
spherical shape in entrance channel of Wilczynska et al (1976). For C + A! we find that
at Eia b = 180 MeV for L = 33, the oblate deformation at closest approach is 1-19.
Similarly for C I + S n it is 1.21 at Eab ----439-8 MeV for L = 107, 1.11 for L = 69
for CI + N i a t E¼b - - 225.6 MeV, 1.18 for L -- 91 for Ni + N i a t E~,b = 449 MeV, 1.116
for L - 45 for S + Mg at EL,b ----233 MeV and 1.116 for L = 40 for M g + Mg at Etmb
- 179-4 MeV.
In the actual calculation, we take a particular pair o f nuclei at a given energy above
coulomb barrier and solve (5), (6) and (7) for r,O and a degrees of freedom for a given L
using the Runge-Kutta (ag) method. Initially we start with two spherical nuclei (~ = 1)
with r of about 18 fm such that the nuclear interaction is effectively zero. The initial 0 is
supplied using Rutherford's weU-known formula connecting r, 0 and the eccentricity o f
the orbit. Initial 0 = L/#r 2, initial ~ is taken to be zero and initial t: is obtained by
equating the initial centre of mass energy E.cm with the kinetic and the potential energies
at the starting point. Quantities like r, ~:, 0, 0, a, c/at subsequent stages are obtained by the
az method. The deformation changes from the initial spherical shape to the oblate shape
due to coulomb repulsion and strong surface friction in the entrance phase (velocity
decreases almost to zero) and after closest approach velocity becomes positive,the shape
changing from oblate to less oblate, spherical and finally to prolate. If the trajectory at a
given L in question is obtained after some energy loss, we take the event to be an
inelastic collision but if for a smaller L, we find that the trajectory does not have
anything like a closest approach, the internuclear separation r steadily goes on
decreasing, the velocity continues to decrease, we assume that the two nuclei have a
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tendency for fusion. The highest L for which the trapping occurs and the projectile is
unable to come out is taken to be the critical angular momentum Lc~of the system at the
given energy. All trajectories at a given energy below this Lcr are trapped, contributing
to fusion. So after locating L¢~,we theoretically calculate fusion cross-section act using
(21). Energy dependence of the system is studied by going over to different incident
energies above coulomb barrier. Using different L, Lcr is located and ac~ is again
calculated using the new Lcr and the new Ecru of the system.
We have compared our nuclear interaction potential obtained from single folding
calculation with the potential obtained from elastic scattering data in figure 4a for
24Mg + 24Mg. The real part of the optical potential having W-Saxon form is
V

vN=

r--R

where V = 2.9 MeV, a = 0.58 fm and R = 8-65 fm as given by Jachcinski et al (1981)
obtained from a fitting with elastic scattering data. Using the experimental fusion data
they have extracted coulomb barrier VcB = 22-3 + 0-4 MeV and barrier radius R s = 8-9
+ 0.3 fro. After crossing R 8 a trajectory is likely to be trapped. So a separation distance
8.9 < r < 11 fm or so is the relevant region of interaction where the magnitude of the
two potentials can be compared. As seen from figure 4a for 24Mg + 24Mg at r = 9, 9.5,
10, 10.5, 11 fm VN = -- (3"7, 1"95, l, 0"5, 0-25) MeV from single folding calculation for
spherical nuclei and VN = - ( 1 , 0"5, 0.28,0-12, 0.05) MeV respectively from optical
model fitting of elastic scattering data. Therefore, although the difference widens at
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Figure 4a. Comparison of singlefolding nuclear interactionpotentialfor 24Mg + 24Mg for
spherical case with the potential obtained from elasticscatteringdata.
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short distances for these two potentials, yet in the region of interest they fairly agree.
That is why it matters little though the forms of the two potentials differ drastically at
short distances.
The two-slope-behaviour of fusion systematics is well understood theoretically and
is observed experimentally in a number of systems that have been thoroughly
investigated at a wide range of energies. As shown in (21), fusion cross-section depends
on l~/Ecm for a particular pair of nuclei. At low incident energies above the s wave
barrier, the fusion cross-section increases with energy because higher L potential
pockets are explored and l~ becomes the dominant term. But as we go to higher L, the
potential energy pockets become more shallow due to the centrifugal term and finally
the pockets disappear completely. Though increase in Ecru helps the projectile in seeing
a higher L pocket, thereby increasing Lcr and hence acv, yet after the pockets disappear,
there is no guarantee that the projectile could be trapped. Even though we are free to
increase Ecru indefinitely, we cannot increase Icr without limit. For a particular pair of
nuclei, the lcr approaches a saturation value which limits the numerator of (21). Again in
the denominator occurs Ecru, the increased value of which pulis trCF down. So trcv is
bound to decrease at high energies. This clearly explains the increase of trcv initially and
decrease oftrcF at very high energies through a bend. The increase of ~rcFin the initial
stage is very fast because for a small energy above the barrier, many partial waves
contribute to fusion but at high energy decrease of trCVis rather gradual as Let becomes
almost steady and Ecru term in the denominator of (21) slowly dominates over the
numerator.
We have presented the fusion cross-sections obtained in our model calculation in
figures 5-10. The increase of fusion cross-section initially above the coulomb barrier
energy and its decrease at very high energies, giving a two-slope behaviour of fusion
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cross-section with a bend in between, have been obtained in our calculation. For all the
systems studied by us, we find that for initial increase of incident energy above the
coulomb barrier, increase of ac~ is very fast but at higher energies, its decrease is very
gradual. To know fusion systematics correctly, it is essential that a system must be
thoroughly studied. At present, data are inadequate in certain cases. 12C + 27A1 has
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been experimentally investigated thoroughly. The two-slope-behaviour and a bend at
intermediate energy has been obtained experimentally. Our model calculations for this
system agree well with experiment (figure 10). For the 32S + 24Mg system (figure 8) our
results agree fairly with experiment. Experimental data are inadequate as the
experiment has not been extended to very high energies, yet the trend for decrease of aCF
with increase of energy is well indicated. We have obtained the two-slope-behaviour in
this case. Jachcinski et al (1981) studied 24Mg + 2*Mg experimentally but the system
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has not been investigated at high energies. In our model calculation we have obtained
the two-slope-behaviour and the overall agreement with experiment is fairly good
(figure 9). Sikora et al (1982) have experimentally investigated the SgNi + 62Ni system.
For this system our result agrees quite well with experiment and we have obtained the
two-slope behaviour (figure 6).
In 35C1+ 116Sn (figure 5) and 35C1+ 62Ni (figure 7) systems our fusion systematics
show the two-slope behaviour with a bend in between. The initial increase of act with
energy and the decrease of OCF at high energies have also come up in our model
calculations. Our fusion cross-sections fairly agree with experiment only at low energies
in these two cases. But at high energies the disagreement is more pronounced. One of
the reasons for this could be that the experimental fusion cross-sections are a little
overestimated. Scobel et a! (1976) admitted that the fission fragments which they have
included as arising from fusion might have arisen from asymmetric fission of inelastic
origin. So the experimental acF reported by them might be a little higher than the actual
aCr. The other reason is that in our model the oblate shape at closest approach enhances
the coulomb barrier resulting in reduction of Lcr and hence reduction of OCF.
Experimentally the two-slope behaviour is not exhibited for 35C1+ 62Ni, 3SCl+ 116Sn
and 5SNi+62Ni. Two-slope behaviour is a very well-known feature of fusion
systematics but unless the systems are extensively studied at a wide range of energies, we
cannot hope to get such a feature.
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An interesting outcome o f the study of fusion systematics o f light ions is the
observation of structures or periodic oscillations in the energy dependence o f fusion
cross-sections. Now the oscillatory nature o f fusion excitation functions of some light
systems like 12C+ 12C, 12C+ 24Mg, 12C+ t 6 0 and 160 + 160 is surprising. Again
absence o f such structures for some neighbouring interacting nuclei is also surprising.
The presence and absence o f oscillations in fusion cross-sections in some systems
reflects the role of the clusters present in the nuclei. 24Mg + 24Mg system was studied
experimentally by Jachcinski et al (198.1) with such a perspective. They found a
structureless fusion cross-section increasing with incident energy above the barrier in
line with Gutbrod et al (1973) and Glas and Mosel (1975) at low energies. No oscillation
is observed in fusion cross-section. Since it has not been studied at high energies
experimentally, Jachcinski et al (1981) have not been able to provide the nature of the
curve at high energies. We have theoretically studied the system at high energies and
have obtained decrease o f fusion cross-section at high energies and an intermediate
bend in line with predictions of Glas and Mosel (1975).

4. Conclusion
We have developed a classical friction model for the scattering of deformed nuclei to
describe capture processes for comparatively lighter heavy ions. We have incorporated
the spheroidal deformation dynamically into our model. In ion-ion collision Birkelund
et ai (1979) use the well-known expression for reduced mass even up to a separation
distance o f 0.2 fm which is not justified. But in our model the half density surface
separation is greater than 2 fm even for most penetrating trajectories. So the two-body
dynamics remains clean throughout the entire collision process.
We find that the two-slope behaviour o f fusion systematics is well reproduced in our
model. For SSNi+62Ni our model gives fusion cross-sections well within the
experimental uncertainties. For 24Mg+ 24Mg at low energies, our capture crosssections differ significantly from experiment. Gross and Satpathy (1981, 1982) and
Satpathy (1982) have also noticed similar overshooting of capture cross-sections for
light ions at low energies. They argue that the density profile for a heavy system and a
light system cannot be similar. For light systems they have modified the strength of
W-Saxon potential to Vo = - 40 MeV and diffuseness coefficient to ae = 0.45 fm from
Vo = - 50 MeV and a e = 0-65 fm. This agrees with experiment.
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