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Abstract. In this paper, we obtain reliable expressions to calculate the barrier and pocket positions 
of the real part of the effective phenomenological optical potential having Woods-Saxon form factor, 
for different partial waves. The comparison of the results obtained from these formulae, when 
compared with the numerical results obtained using Newton-Raphson iterative procedure are found 
to be quite accurate, with error less than 1%. We also obtain algebraic expressions for estimating I , 
the angular momentum at which the potenlaal pocket vamshes, the accuracy of which is tested w~th 
the exact calculations, using self-consistent iterative procedures. These and other expressions deduced 
in this paper provide simple and useful methods for calculating critical parameters of heavy ion 
effective potentials like barrier and pocket positions, curvatures at the barrier and pocket positions, 
l and the grazing angular momentum lg to carry out the analysis of heavy ion scattering. 
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1. In trod u c t ion  

In the study of elastic scattering, fusion, etc, in heavy ion collisions, one generally uses 
the phenomenological  optical model potential (OMP). This has the general form 

U ( r )  = - U R g ( R ,  a ,  r)  - i U 1 g(Ri, al, r) d- Uc(r  ) 

where the most commonly  used expression for g(R, a, r) is the Woods -Saxon  form 
factor given by 

r - R  - 1  

The quantities r 0 and a are the radius and diffuseness parameters,  U R and U~ are the 
depths of the real and imaginary parts of the optical potential  and A 1 and A 2 are the 
mass numbers of the colliding particles having corresponding p ro ton  numbers Z1 and 
Z 2. Similarly, one uses the following expression for the Coulomb potential: 

Z1Z2 e2 
Uc(r) = ~ ( 3 R  2 -  r2), r < R c (1.2a) 

Z1Z2 e2 
- - - ,  r > R c ,  (1 .2b)  

r 
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where Rc = rc (A~/3 -[- A 1/3) and r c is the Coulomb radius parameter. 
When this O M P  is used in the radial Schrodinger equation, the effective potential 

governing the radial motion becomes 

l(l + 1)h 2 
Uar(l,r ) = - URg(R,a,r)-- iUig(RI, al, r) + Uc(r) -~ 2mr2 , (1.3) 

where the last term is the centrifugal energy term and m is the reduced mass of the two 
colliding nuclei having masses m 1 and m 2. 

The effective potential U~(l, r) in general is characterized by strong absorption, large 
Coulomb barrier and a potential pocket interior to the Coulomb barrier for most of the 
significant partial waves. The positions, heights and curvatures of the potential barrier 
are important in characterizing different aspects of the collision like nucleus-nucleus 
fusion around the Coulomb barrier [1], barrier region resonances, back angle oscilla- 
tions generated by interference of barrier and internal regions [2-4] etc. [5] gives 
approximate methods to calculate some of these quantities. Similarly, the angular 
momentum l = lpo ~ where the potential pocket vanishes and the grazing partial wave Ig 
such that Real (UCfr(/g, r)) -- E where E is the centre of mass energy, are important in the 
study of heavy ion collisions. 

For a global heavy ion potential having exponential form, Broglia and Winther [6] 
have given an approximate empirical expression for the position of the s-wave real 
potential barrier as 

RB0 = 1.07 (A~/3 + A~ Is) + 2"72 (1.4) 

and starting from this, the barrier position RBt and pocket position RMt can be 
calculated using the Newton-Raphson iterative procedure. This procedure requires 
judicious choice of initial values to avoid numerical complications when RMt and 
RBt are close to each other. 

Similarly, based on a global potential, [7] gives an empirical expression for tr~ as 

Ipoc=[m(Rl + R2)a(4nyR12 Z1Z2e2 ~q 1/2 
(g 1 + g2)2/j  (1.5) 

where R i = 1.233 A~/3 -- 0-978A71/3, R12 = RIR2/(R 1 + Rz) and 

E, 
N~ and N 2 being the neutron numbers of the two nuclei. 

However, we find that for the most commonly used O M P  having Woods-Saxon 
form factor, there appears to be no simple formulae to calculate RBt and l~. This is 
important in view of the fact that lr~ calculated from (1.5) and RBo from (1.4) can be 
significantly different for the O MP with Woods-Saxon form factor. In view of these, we 
develop reliable and accurate algebraic expressions for RBt, Rut and l ~  for the real part 
of the potential given by (1.3). We obtain these in the next section and in § 3, we compare 
the results obtained by these formulae with those obtained by the iterative procedures 
and demonstrate that the formulae are quite accurate, having less than 1% error. 
Section 4 gives the summary and conclusions. 
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2. Algebraic expressions for g w ,  RM~ and l ~  

For  heavy ion systems, it is found that as I increases from 0 to Ipo ~, Rut shifts towards the 
interior region by about  a fermi. Similarly, the pocket position shifts to the exterior 
region by about  a fermi as I varies from 1 to lpo c. When l = lpo c, the barrier  and pocket  
positions practically merge, generating a point of inflexion. We exploit  this feature in 
deducing the algebraic formulae for Rut and RMr 

2.1 Expression for the barrier position Rat 

Since RB~ is in the vicinity of Ra0, we can expand (1.1) a round r = R 0 = RB0 for the 
barrier position calculation so that 

1 
9(R,a,r) = f ( x ) -  1 + Ce ~' (2.1) 

where C = exp ((R o - R)/a) and x = ((r - Ro)/a ). 
Expandingf (x)  a round x = 0, we get 

X 2 X 3 

f tx)  =riO) + xfl(O ) + -~.f2(O) + -~.t fa(O ) + .... 

1 C 
f(0) = 1 + C '  fx(0) = (1 + C) 2 

where 

C (C - 1) C ( (C - 2) 2 - 3)  
At0) = (1 + c) 3'  A(0) = - \ ( - q - - ~  _ 

Here, f/(0) denotes the ith order derivative of f (x)  at x = 0. 
The radius of convergence of series (2.2) is 

Ixol = + ~2 

(2.2) 

whereas the corresponding radius of convergence if one sets C = 1 is n (i.e. if the 
expansion is done at r = R). This means that, by expanding the original function 
around r = R o, one increases the radius of convergence and hence approximat ingf(x)  
by neglecting the fourth and higher order terms becomes reasonable. 

We note that, in general, Ru~ > R c. Hence, we use the following expansions 
for 1/r and 1/r 2 for handling the Coulomb and centrifugal terms of the effective 
potential  

, 1 ; = g o  To + \ g o /  \ g o /  +""  ' 
(2.3) 

l[l_2;a  ;a V 1 \ R o , ] + 3  - -4  + . . . .  \ a o /  \go/ 
(2.4) 
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For  convenience, we write the real part of U¢fr(l, r) as 

Zx Z2 e 2 22 h 2 "~ 
V~fr(l'x) = ~2 ( - URg(R'a'r) + r 

where 2 2 = l(l + 1) --_ (l + ½)2 for large I. Writing 

=- Z 1Z2eem 2m 
h 2 ' VR = ~ UR 

(2.5) 

and using (2.1)-(2.5), the effective potential, after neglecting terms higher than x 3 
becomes 

(4a322 2~a s VRf3(0)"~ [3a222 2~a 2 VRJ~(0) ) 
Kfr(/,x) = 

- t R + + ) + R . 

2a 22 2~a [ 2  2 2~ 
R~ +--~o + VRfl(O)) x+ -- VRf(0)). (2.6) - 

Thus 

where 

V'ar(l, x) = a B x  2 + bBx + cB, 

(12a322 @a a ' VRf3(0)" ~ 6a222 4~a 2 
aB = -- \ ~  + ~ + - - ~ - ) '  bB = R~ + R---~o -- VRf2(O)" 

[2a 22 2~a VRfl(O)'~.) c . - -  + 

Next, we evaluate the appropriate zero of V'e~r(l, x) (which is a quadratic function 
in x) to get xat: 

- bn - (b2 - 4aB CB)1/2 (2.7) 
XBI = 2 a a 

and 

RBI = a xal + R 0. (2.8) 

The other root  of xBt gives values of RBt that increase with l and hence does not 
correspond to the barrier position. It does not correspond to the pocket position either 
as the true pocket  position lies deeper inside. This root  is therefore ignored. Equation 
(2.8) can be used to calculate Ral for all/ 's from l = 0 to lpo ¢. 

2.2 Expression for the pocket position RMt 

It is found that for different l's, the minimum of the potential occurs mostly in the 
region interior to r = R. We have found that if f (x) is expanded around R o = R - 3a, 
minima calculations are quite accurate. The procedure is similar to that for the 
maxima except for the Coulomb part which can be written in the following exact 
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form in x using (1.2a). 

2a~R o ~a 2 x 2 
R 3 c x -  R--~c , r < R c. 

In the neighbourhood of x = 0. i.e. r = R - 3a, we get the following approximate 
expression after ignoring higher terms: 

and 

where 

/'4a322 VRf3(0)~ (3a222 
V:ir(l'x)= - - t - ~ o  + ~ ) x 3  + \ R 4 

( 2a22 + 2~aRo VRf (O))  
( 22 ¢R3 3~ ) 

+ ~o  2 g c  a FRc- -VRf(0)  + ... 

az VR f2(0)'~ 2 
R3 ~ ) x  

V'eu(l,x ) = aM X2 + bMX + C M, 

/'12a322 VRf3(0)'~ 

\(2a22Ro 2a~R°Rc ) _---- --ff~-t----g 5 -  CM l + V~L(O) . 

6 a 2 2 2  2 ~ a  2 

R~ Rc 3 
v~:(o), 

(2.9) 

f (x)  = 1 ( 1 -  tanh 2 )  

i.e. f ( x ) = l [ 1  Ix  x3 )], 
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The expression for xMt becomes 

- -  b M + (b 2 - -  4 a  M CM) 1/2 
xMt - 2 a M ' (2.10) 

RMi = aXMl q- R o, (2.11) 

where once again, the other root is neglected as this gives rise to values Of RMl that decrease 
with increasing I. One may note here also that the radius of convergence forf(x) in (2.9) is 

IXol = x//-9 + n 2 = 4-34. 

This is significantly greater than n and supports the reliability of our approximation. 

2.3 Calculation of lpo c 

At angular momentum l = lpo ~, the effective potential does not have a maxima or 
a minima but  has a point of inflexion. It is found that this point is in the vicinity o f t  = R. 
An expansion forf(x)  appropriate for r in the vicinity of R is 
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where x is now defined as x = (r - R)/a. 
Using this, we get the following approximate expressions for V'¢ff(l, x) and V'~(I, x). 
For  r < R c, 

and 

For  r > R C 

and 

I/Vo 12a322"~ 2 ( 6a2)'2 2~a2'~ 
V;ff(l'x) = -- t -~  +----RT--)x + !~ ~ -~cc ) x 

( V  o 2¢aR 2a22"~ 
+ Rc 2 R a ] (2.13a) 

(~__9_o 24a322"~ ¢6a222 2~aZ.'~ 
v; ' . ( t , x )=-  + R J" 

fvo 6¢a 3 12a322"~ 2 .  f4¢a 2 6a222'~ 
+ 

( V  o 2~a 2a22"~ 

+ R 2 
(2.13b) 

(~_po 12~ a3 24a322"~ {4~ a2 6a222'~ 
V;'~(1,x) = -- + ~ + ~ ) x  + t---R-g- + R4 ]. 

If, for a given I near lpoc, RBI and RM1 are present, by setting V~(l, x) = 0, one can obtain 
their positions. However,  when the roots of this equation in x become complex, we can 
say that the condition l = l ~  has been reached. The critical condition for this is that the 
discriminants of the quadratic equations (2.13a) and (2.13b) vanish. The expression for 
2po c with this condition corresponding to (2.13a) and (2.13b) are 

4~2a 4 V~ VR~aR -It/2 

2po¢ = R----~- + 16 2Rc3 J (2.14a) 
120a4~ VRa 12V~a 3 

+ R S 

and 

-6¢VRa 3 32¢2a 4 V~ VR~aGa/2 
R 4 R -----g-- -~ 16 2R 2 [ 

2P°¢= 96a'¢ VRa 1--~a3 VI~ [ " (2.14b) 

R 7 [- 2R ~ R s _J 

One can also calculate lw~ by a different manner. We can find by a self-consistent 
calculation that both V'e~(l, x) and V'e'~(l, x) vanish when r = Rpo ~ and l = Ipo c In this 
connection, we note that g(R, a, r) varies most rapidly at r -- R and hence #'(R, a, r) has 
a maxima at r = R. However, in the close vicinity of r = R, g'(R, a, r) changes very 
rapidly, i.e. r = R is a sharp maxima of ff'(R, a, r). And due to this, Rpo ~ is very close to R. 
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Hence, one may get the following first approximation to lpo ~ corresponding to (2.13a) 
and (2.13b) by setting V'~(l~, R) = 0 at r = R. 

/R3 fV_R 2~aR~ (2.15a) 
2P°¢ = X/2a \ 4 R--~- ,]' 

RX/~_~a ( 2¢a~ (2.15b) '~poc ~--" 'VR R 2 ]" 

Thus, we have three alternative procedures to estimate lpo ~ namely formulae (2.14a) and 
(2.14b), formulae (2.15a) and (2.15b), and the self consistent calculations. In table 2, we 
give the results of the calculations done using these procedures. 

2.4 Some other features 

Another advantage of the availability of algebraic expressions for Rat and RMZ is that 
using them, one can easily get the curvature of the effective potential a and fl at the 
maxima and the minima, in the parabolic approximation [3]. For example, near the 
maxima and minima, one can write 

1 2 Uaf(l,r ) = U B z - ~ a ( r -  Rw) , for maxima, 

1 
= UM~ + ~ fl (r - RM/) 2, for minima, 

where UB~ and UMl are the barrier and pocket heights. 
It may be noted that the energy levels E of the potential pocket in the parabolic 

approximation are related to fl by the formula 

E = h COMt, OJMZ = X/ft" 

Similarly, the parameter ~t can be related to the barrier top resonances. Due to this, 
the 0t and fl factors have considerable significance in several cases of heavy ion 
collisions. It is clear that 

o~ = U'e~(I,r) I,=RB,, fl = U'~(I,r)I,fRM, 

and these can be readily calculated using RB~ and RMr 
Hence a knowledge of RBz and R~  readily helps us to determine additional features of 

the quantal states associated with the effective potential. For completeness, we also note 
that the grazing angular momentum ;tg at any centre of mass energy E above the Coulomb 
barrier, can be calculated [8] using the approximate formula, valid for Woods-Saxon type 
form factors (for the nuclear part of the effective potential), given below. 

( )t2\l/Z 2 = (E-- EB) VNB.] 

where VcB and VN8 are the Coulomb and nuclear potentials at Rs0, E B = VcB + VNB and 
the Coulomb parameter rl = Z1 Z2 e2/hv, v being the initial relative velocity. 
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The expressions deduced in this section help in readily calculating Ral, Rut, Ipo¢, Ig, 
o~ut and ~%t for O M P  with Woods-Saxon form factors. However, it is necessary to 
verify the accuracy of the formulae for Rat, Rut and Ipo ~ by comparing with the exact 
calculation of these quantities. This is described in the next section. 

3. Resul ts  and discussion 

In order to verify the accuracy of our formulae for Rat and lpo ¢, we have used a number 
of optical potentials corresponding to systems of different heavy ion pairs. The O M P  
parameters are listed in table 1. In figures 1 and 2, we give a typical set of results for the 
variation of Rat and Ru~ as a function of l obtained from our expres- 
sions (2.7), (2.8) and (2.10), (2.11) respectively and compare the same with the corre- 
sponding exact results obtained using Newton-Raphson  iterative method. It is seen 
that our formula (2.7), (2.8), and (2.10), (2.11) give Ral and RMt quite accurately and in 
general, the error is less than 1% and in many cases, the accuracy is still better. Typical 
results are given in figures 1 and 2. We have verified that results similar to those 
indicated in figures 1 and 2 are obtained for all the heavy ion systems listed in table 1. 
The results shown in figures 1 and 2 include both shallow (4°Ca + 4°'44Ca) and deep 
potential wells (160 + 2°Spb). 

In table 2, we list the l ~  values obtained from the different procedures. Column 
A corresponds to the result obtained from the self-consistent calculation of V'err(l, x) = 0 
and V"en ~tl,, x) = 0 using the cubic polynomial approximation (2.12) to V~ (l, x). Columns 

Table 1. Optical model parameters used in the calculations. 

System a (fm) r o (fm) U R (MeV) r c (fm) References 

160 8 -[- 144Nd6o 0"57 1"34 20"0 1"25 [9] 
160 8 + 1485m62 0.57 1-34 20-0 1"25 [10, 11] 
1608 q- 1525m62 0"57 1"34 20"0 1"25 [10, 11] 
160 8 -t- 1545m62 0"57 1-34 20"0 1'25 [10, 11] 
160 8 + 2°8Pb82 0"50 1-25 100"0 1"25 [12, 11] 
32516 ~t- 58Ni28 0"65 1"20 50"0 1"20 [13] 
32816 ~- 64Ni28 0"65 1"20 50"0 1"20 [13] 
37C117 -4- 1235b51 0-51 1"25 41"8 1"25 [9] 
4°Ar18 + 1225n5o 0"51 1.25 41"8 1-25 [14, 11] 
4°Ca2o + 4°Ca2o 0.43 1.35 35-0 1.35 [15, 11] 
4°Ca2o + 44Ca20 0.43 1.35 35.0 1.35 [15, 11] 
58Ni28 + 1245n5o 0"294 1-26 58"1 1"26 [17, 11] 
64Ni28 d- 1185n5o 0-294 1.26 58"1 1-26 [17, I1] 
64Ni28 + 96Zr4o 0"55 1-25 40"0 1"25 [9] 
8°Se34 + 8°5e34 0"55 1"25 40"0 1"25 [9] 
81Br35 + 9°Zr4o 0"43 1"35 35"0 1"35 [11] 
81Br35 + 94Zr4o 0"43 1"35 35"0 1"35 [11] 
81Br35 + 96M042 0'43 1"35 35"0 1"35 [11] 
81Br35 + 1°4Ru4~ 0"43 1"35 35"0 1"35 [11] 
58Ni28 + 180 8 0"50 1"22 90"0 1"22 [18] 
58Ni28 + 5aNi2a 0"55 1"20 40"0 1"25 [16, 11] 
5aNi2a + 64Ni28 0"55 1'20 40"0 1"25 [16, I1] 
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Figure 1. Variation of barrier position (RB~) and pocket position (RM~) as a func- 
tion of I for systems 4°Ca + 4°'4"Ca, obtained from algebraic expressions given in 
the text and these curves are denoted by symbol B. Symbol A denotes the 
corresponding results obtained using the Newton-Raphson iterative procedure. 
Upper pair of curves denote barrier positions and lower pair the pocket positions. 
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Same as figure 1 for system (160 + 2 ° 8 P b ) .  

B and C are the results for lpo ¢ obtained from (2.15b) and (2.14b) respectively. The results 
listed under  column D estimates l ~  setting the condition that at l = lpo ~ the difference 
between V~rr(l, x) at its maximum and minimum values is less than 0.1 MeV and using 
N e w t o n - R a p h s o n  procedures to calculate the maximum and minimum. We have 
noticed that this procedure can give rise to numerical problems of convergence near 
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Table 2. Comparison of l~  values from various formulations. 
The l~  values under columns (A) and (D) are obtained from the 
self-consistent calculation and Newton-Raphson method re- 
spectively. The l ~  values under columns (B) and (C) are ob- 
tained from (2" 15b) and (2.14b) respectively. 

System Ipo~ lr~ lpo¢ l ~  
A B C D 

160 8 + 144Nd6o 31 30 31 29 
160 8 4r 148Sm62 30 29 30 28 
1608 + 1525m62 31 30 31 29 
160 8 + 1548m62 31 31 32 30 
160 8 "~ 2°8Pb82 133 131 135 132 
32S16 -~- 5SNi2a 57 55 58 56 
32816 7 I- 6aNizs 60 58 62 59 
37C117 + 1235b51 83 82 84 81 
4°Arls + 1228n50 86 84 86 84 
4°Ca2o + 4°Ca20 72 71 73 71 
4°Ca2o + 44Ca2o 76 75 77 75 
58Ni2a + 1248n5o 209 208 210 207 
64Ni2s + 11SSnso 217 216 217 214 
6'*Ni2s + 96Zr4.0 70 68 70 67 
S°Se3a + S°Se34 69 67 70 66 
alBr35 + 9°Zr4o 103 102 103 99 
SaBr35 + 94Zr4o 107 106 107 103 
SXBr35 + 96Mo42 103 102 103 99 
SlBr35 + a°4Ru44 104 103 104 100 
5aNi2s + 180 8 82 80 84 79 
5SNi2s + SaNi28 54 53 55 51 
58Ni2a + 64Ni2s 59 58 60 55 

l = Ipo ~ due to the closeness of the maximum and minimum. F o r  the purpose of 
comparison,  we may treat results in column A obtained from self consis- 
tent calculations of Rpo ~ and lr~ as exact results. We find that the result from algebraic 
expressions corresponding to columns B and C give very good estimates of Ir~ c and 
difference of __+ 1 in most cases originate due to rounding off to the nearest integer. 
Fur ther  we note that the simple formula (2.15b) is a very good estimate of l ~  for O M P  
with W o o d s - S a x o n  form factor. The results from (2.14a) and (2.15a) also give substan- 
tially similar results except for the cases of O M P  where R c < R. Hence, we give only the 
numerical results obtained from (2.14b) and (2.15b) and the self-consistent calculation. 

It may  be noted that the cubic polynomial expression for V~ (l, x) a round the barrier 
region given by (2.6) is quite accurate ( e r ro r<  1%) near the barrier region 
(Rs0 - s) < r < (RB0 + s), s ~< 1 fm. Similarly, V~fr(l, x) approximat ion by the cubic 
polynomial  (2.9) around r = ( R -  3a) is also a reliable expression in the region 
(R - 3a - s) < r < (R - 3a + s), where s ~< 1 fm. Hence, one may use appropriate 
generalization of this approach for complex O M P  to calculate algebraically the 
turning points of the effective potential in the WKB analysis of the heavy ion collisions. 
However,  to have accurate results, one should use complex optical potentials. Further,  
in our  procedure,  the expression for turning points close to the barrier can be obtained 
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as a solution of a cubic equation which are straightforward to calculate but algebraic- 
ally lengthy. Hence, we have not listed the expressions here. 

4. Summary 

We have obtained algebraic expressions for calculating the barrier and pocket posi- 
tions for all partial waves of the real effective OMP's  with Woods-Saxon  form factor 
and have verified their accuracy in a number of cases for heavy ion systems. We have 
also obtained simple algebraic expressions for calculating lpo ¢ where the effective 
potential vanishes. This gives a very good estimate of Ipo ¢ obtained from the self- 
consistent calculation. The algebraic expression for RB~, RMt and V~(I, x) in the barrier 
and pocket regions are useful in calculating easily the curvature parameters o~Bz and 
O~M~ near the barrier and pocket positions in the parabolic approximation. The 
approximate expressions for V~t f (l, x) are also useful in the calculation of the turning 
points in the W K B  analysis of heavy ion collisions. 

Acknowledgement 

The authors thank Dr B Sahu for his useful comments on the manuscript and the 
Nuclear Science Centre, New Delhi for extending the facilities provided to (I J) and 
(CSS) during their stay. 

References 

[1] U Mosel, in Treatise on heavy-ion science edited by D Allan Bromley (Plenum Press, New 
York, 1984) vol. 2, pp. 3-46 

[2] D M Brink and N Takigawa, Nucl. Phys. A279, 159 (1977) 
[3] D M Brink, in Semi-classical methods in nucleus-nucleus scattering (Cambridge University 

Press, Cambridge, 1985) pp. 105-108 
[4] C S Shastry and I Parija, Phys. Rev. C27, 2042 (1983) 
[5] V J Menon, S N Mukherjee, C S Shastry and B Sahu, Phys. Rev. C41, 1031 (1990) 
[6] R A Broglia and A Winther, in Heavy ion reactions parts I and II (Addison-Wesley, 

Massachusetts, 1991) pp. 115-116 
[7] P R Christensen and A Winther, Phys. Lett. B65, 19 (1976) 
[8] N Rowley and E Plagnol, Phys. Lett. B56, 221 (1975) 
[9] B T Kim, T Udagawa and T Tamura, Phys. Rev. C33, 370 (1986) 

[10] R (3 Stokestad and E E Gross, Phys. Rev. C23, 281 (1981) 
[11] T Udagawa, B T Kim and T Tamura, Phys. Rev. C32, 124 (1985) 
[12] F Videback, R B Goldstein, L Grodzins, S G Steadman, T A Belote and J D (3arrett, Phys. 

Rev. C15, 954 (1977) 
[13] A M Stefanini, G Montagnoli, G Fortuna, R Menegazzo, S Beghini, C Signorini, A Derosa, 

(3 Inglima, M Sandoli, F Rizzo, (3 Pappalardo and (3 Cardella, Phys. Lett. B185, 15 (1987) 
[14] H C Britt, B H Erkkila, R R Stokes, H H (3utbrod, F Plasil, R L Ferguson and M Blann, 

Phys. Rev. C13, 1483 (1976) 
[15] H Doubre, J C Jacmart, E Plagnol. N Poffe, M Riou and J C Roynette, Phys. Rev. C15, 693 

(1977) 
[16] F Plasil, Nucl. Phys. A400, 417c (1983) 
[17] W Henning, in Proc. Int. Conf. on fusion reactions below the Coulomb barrier, MIT,  

Cambridge, Mass. edited by S (3 Steadman (Springer, Berlin, 1984) p. 150 
[18] F Videback, P R Christensen, O Hansen and K Ulbak, Nucl. Phys. A256, 301 (1976) 

Pramana - J. Phys., VoL 48, No. 3, March 1997 835 


