
- i rt<rVfi ^ - ^ ^ 

t$m»*is «pen 4»iw&& "J 

** i t» i I P , , >, 

•r 

ni1* Î 

ft ^ * ^ 



Calculation of the real part of the interaction potential 
between two heavy iona in the sudden approximation 

H. Ngo 
que , I 

F-91406 ORSAY CEDEX 
Division de Physique Théorique , Institut de Physique Nue Saire 

and 

C. Ngo 
CEN Saclay, DPBH/KF, BP 2 F-91190 Gif-sur-Yvette 

IPNOrTH 80-20 April 1980 

"Laboratoire associé an CNRS 



CALCULATION OF THE REAL PART OF THE INTERACTION 

POTENTIAL BETWEEN TWO HEAVY IONS IN THE SUDDEN APPROXIMATION 

H. Ug3 
Division de Physique Thiorioo* 
Institut de Physique nucléaire 

9140C Orsay Cedex (Franaet 

Ch. Ng3 

r-N/MP, CED Saatay, BP 2, 91190 Gif-sur-ïvette (France) 

Abstract : We have calculated Che interaction potential between two heavy ions 

using the energy density formalism and Fermi distributions for the nuclear 

densities. The experimental fusion barriers are rather well reproduced. 

The conditions for the observation of fusion between two heavy ions is dis

cussed. As far as the nuclear part of the interaction potential is concer

ned, the proximity scaling is investigated in details. It is found that 

the proximity theorem is satisfied to a good extent. However, as far as 

the neutron excess is concerned, a disagreement with the proximity poten

tial is observed. 

Laboratoire associe au CNRS 



- 2 -

1. Introduction 

The energy density formalism has proved to be a, useful tool for calcula

ting properties of nuclei like the binding energies or the nuclear radii 1" 4). 

In this approach the total energy of a fermion system is written as a functional 

of the one body densities. Such an approach has also been used to calculate the 

interaction potential between two heavy lone either in the adiabatic5) or in 

the sudden approximation6-9). In ref. 7» 9) the interaction potential in the sud 

den approximation has been calculated for a large number of systems* This was 

done in the following way : 

The basic statement was the generalized Thomas Fermi functional of ref.3) 

which parameters were determined [ref.**/] by solving the variational problem. 

However, instead of the nuclear densities generated in that approach which dc 

not exhibit a good tail behaviour, the Hartree-Fock densities of ref. 1 0) were 

used. 

It was checked that the binding energies of the nuclei calculated using 

these Hartree-Fock densities and the functional were in good agreement with the 

experimental ones 9). The interaction potential between the two ions vas then cal

culated and a good agreement with the experimental interaction and fusion bar

riers was obtained7!9). Furthermore the proximity theorem which was proposed to 

work for heavy ions interaction potentials11 was checked to be satisfied to a 

good extent. 

The main drawback in using the interaction potential calculated according 

to ref. 7" 9) is that Hartree-Fock densities are needed as an input for the cal

culation. This leads to rather tedious computations and simplifications appear 

to be necessary. In this paper we propose to use simple analytic expressions for 

the nuclear densities instead of the calculated Hartree-Fock ones. These densi

ties are taken of the Fermi type and they allow to simply calculate the interac

tion potential between two heavy ions. However the parameters of the functional 

have to be redefined. This can be done using properties of nuclear matter together 



with the binding energy of **°Ca. The binding energies of some selected nuclei are 

checked to be reproduced with a good accuracy. The interaction potential bet

ween two ions will then be calculated and its properties studied. A special 

emphasis will be done to the comparison with the proximity potential of ref. 1 1) 

and to the scaling property which arises from the proximity theorem. Finally the 

influence of the neutron excess will be discussed. 

2. Choice of the functional and of the nuclear densities 

Within the framework of the energy density formalism the energy density of 

a nuclear system £(r) can be written as a functional of the one body densities : 

f) - € £ n(r), p p(r), pc(r7j, <1) 

where p , p and p , are respectively the neutrons, protons and charge densities. 

Consequently the total energy o of the nuclear system is obtained by integra

ting this energy density over the whole space : 

t = je<?)dr\ (Z) 

The inputs which are necessary to perform the calculations are the analytic ex

pression of the functional (which is not unique) together with the parameters 

which enter into its expression. Furthermore we shall not use the densities 

which can be generated by solving the variational problem but rather use simple 

analytic expressions. 

2.1. CHOICE OF THE FUNCTIONAL AND DETERMINATION OF THE PARAMETERS 

For the functional £(r) we have taken the generalized Thomas Fermi expres

sion of ref. 3), namely : 

£ = r ^ + p V(p,o) + n o (Pp> 2 + { e p p V c -0,7386 e2 p ^ \ (3) 

where p represent the total density (p = p + p ) and a the neutron excess : 
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The first term of eq.(3) represents the density of kinetic energy in the 

Thomas Fermi approximation J 

** • \ <>5/3 - i s (! " f / 3 Ï E ' - °> s / 3 •o*- ) v 3 p 5 / 3 - ( 5 ) 

m is the nucléon mass. 

The function V(p,a) corresponds to the potential energy per particle in 

nuclear matter : 

V(p,o) - b 1 (I + a2 o
2)p + b2 (I + a 2 a

2 ) p ^ 3 4 b 3 (1 + a 3 ti2)p^K (6) 

The third term of eq.(3) takes care of the finite range of nuclear forces. The 

two last terms in eq.(3) are respectively the direct and the exchange coulomb 

energies. It should be noted that in their expression we have assimilated the 

charge density to the proton density. 

In the functional £{r) there are 7 parameters which have to be chosen : 

a,, a,, a 3, b ] ( b 2, b 3 and n . Those entering in eq.(6) will be estimated from 

infinite nuclear matter properties. Far no neutron excess (a-0) bj, b 2 and b 3 

can be determined unambiguously if the binding energy per particle E/A, the 

equilibrium density p (or equivalently the Fermi momentum k_ at equilibrium) 

and the compressibility K at equilibrium are given. For these parameters we 

have taken : 

(p -0.17 fm-O 
E/A - - J5.6 M ° \ K - 250 MeV. (7) 

K " 1.36 f»"l J 

As far as the nuclear matter part of the binding energy per particle €(p,a) 

is concerned, we have : 

€<P,0) = a k p
2/3 + bj p + b 3 pV3 + b 3 p5/3 t ( 8 ) 

Consequently bj, b, and b-j are solutions of the following set of equations : 

e(p o,0) - - 15.6, (9) 
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*%«2Î.| - o. (.0) 

dp2 _ 9p 2 

This leads for b,, b and b 3 to the values listed in table 1. The energy per 

particle in infinite nuclear matter for cc«0 is shown in fig. 1 as a function 

of the Fermi momentum k_ or as a function of the density p. 

The 3 coefficients aj, a 2 and a 3 which describe the dependence of the ener

gy density on the neutron excess have been fitted to reproduce the calculations 

of ref. 1 2) for a neutron gas (aal)- Their value is listed in table I. The resul

ting binding energy € for oc=l is also shown in fig. 1 as a function of kp. 

The choice of the last parameter of the functional n can only be adjusted 

on a finite system. This will be done by fitting the binding energy of **°Ca. But 

at this s^ep the knowledge of the nuclear densities is needed, 

2.1. NUCLEAR DENSITIES 

In order to keep the things as simple as possible we have taken simple ana

lytic expressions for the densities. We have made use of the investigation of 

Myers 1 3) concerning nuclear densities. They are taken to be Fermi type distri

butions with spherical symmetry. If r denotes the distance from the center of 

the nucleus : 

P » " < E ) ^ V P Y ( Ï 2 ) 

where C represents the central radius of the distribution. It is related to the 

equivalent sharp radius R by the relation : 

Hi- (13) 



According to réf. 1 3) it is the equivalent sharp radius which is proportional 

to A 1 ' 3 

K • r„„ &l/3 a n d K m r«« A 1 / 3 04) 
p op n on 

respectively far the protons and neutrons. From fig. 5 of ref. 1 3) we can extract 

r - 1.128 Fin and r - 1.1375 + 1,875 * lCT^A, (15) op on 

p (0) are then simply given by : n,p 

P (0) mT-r-^~ *nd P CO) 'T-r^—, <!«> 
H n v ' 4ÏÏ A 3

 H p s 4ir A 3»
 > 

knowing the functional and the densities, it is possible to calculate the bin

ding energies of various nuclei by performing the integration of eq,<2). This 

allows furthermore to check the consistency between the functional and the den

sities. However there is one parameter left in the functional, namely n which 

has to be adjusted. This is done by fitting the binding energy of ÎJjjCa. T n e v a~ 

lue which we can deduce for n is shown in table 1. Table 2 shows for some nu

clei the calculated binding energies compared to the experimental ones and the 

corresponding errors. We can see that the agreement is fairly good for nuclei 

heavier tban i 6 0 . the large error for the 1 6 0 nucleus is not surprising since 

we expect the Thomas Fermi approximation not to be very good for such light ions. 

Furthermore the densities for this nucleus are not so well described by the Fermi 

distributions and the set of parameters of Myers. 

3. Calculation .of heavy ions interaction 
potential within the sudden approximation 

3.1. GENERALITES 

Now we are able to calculate the interaction potential between two heavy 

ions. *Je shall do that within the sudden Approximation which assumes that the 

densities of the two ions remain frozen during the collision. Consequently the 

interaction potential V(R) between the two ions is given by : 
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V(R) - J jë<p | B • p 2 n , p l p • p 2 p ) - £ ( P l n , P l p ) - e c p 2 n . p 2 p 3 " ? . <"> 

where p. . and p. _ are respectively the neutron and proton densities of 

the two incident ions, R is the distance separating the two centers of mass of 

the two ions. Two examples of such a calculation are shown in figs, 2 and 3 for 

the J°Ar •»• ̂ A u and l|jxe + lJgAu systems. There the total interaction poten

tial V(R) for a head on collision is shown as a function of R. In addition are 

also shown the nuclear part V,.{R) and the coulomb part V_<S) : 

V(R> = VN(R) + V C(R). (IB) 

As usual for this kind of potential, we observe for small interdistances 

a repulsive core in the nuclear part V„(R) of the interaction potential. This 

arises from the incompressibility of nuclear matter. As far as the total inte

raction potential V(R) is concerned we observe two different behaviours for 

the Ar + Au and Xe + Au systems. In the first case V(R) exhibits a pocket for 

R % 12 Fm and in the other one it has completely disappeared. This behaviour 

has been noticed several years ago in ref. 7 - 9) and arises from the fact that the 

repulsive coulomb force increases more rapidly than the corresponding nuclear 

force when the product Z tZ 2 of the two atomic numbers of the two ions increases. 

For some value which is in between 2500 and 3000 the nuclear force cannot ba

lance anymore the coulomb force in order to create a pocket. This has an impor

tant inference which we would like to stress again : in heavy ion reactions the 

sudden potential seems to dominate the dynamics of the entrance channel. If we 

consider a collision with an initial orbital angular momentum I, then the po

tential which dominates the entrance channel dynamics is given by : 

VD(R> = V(R) +
 R ( * + 1 > t t 2 , (]<J) 

1 2 MR
2 

where u is the reduced mass of the system. Due to the repulsive centrifugal 

force the depth of the pocket will decrease with increasing i until it disap

pears completely. Due to friction forces the colliding system will loose kinetic 



energy during the interaction and it either separates again into two fragments 

leading to deep inelastic reactions, or it may be trapped in the pocket of the 

interaction potential. It is only in this latter case that we can have fusion 

of the two incident ions. Consequently, according to this description, we see 

that a pocket is necessary for two heavy ions to fuse. This means that the sys

tems which have no pocket for a head on collision (A»0) will not be able to fuse 

anymore. Therefore we can predict, in agreement with ref. 7» 9) that systems for 

which Z.22 i 2500-3000 exhibit no more fusion. This has been indeed observed 

experimentally for the first cime in ref.1"1), 

3.2. CALCULATION OF FUSION BARRIERS 

The outer barrier of the interaction potential V(R), when it exists, is 

usually called the fusion barrier of the system. Let us call R ] 2 its location. 

At this point the depth of the nuclear part of the interaction potential is 

V N(R. ?). It is convenient to define the fusion radius parameter r_ by : 

r T , , . (20) 
1 A}/3 + Al/2 

As in re£. 7> 9) we have plotted, for different systems the correlation between 

r and the quantity 1—2 in fig. 4. In fig. 5 the correlation between r_ 
I AJ/3 + Al/3 I 
and V„(R,2) is also shovm. In Both figures the full curve is just to guide the 

eyes. The dashed line corresponds to the calculations performed in ref. 7» 9) 

whereas Che dotted line corresponds Co a calculation performed in ref. 1 5) using 

a Skyrme interaction density functional. We see that these curves are quite close 

to each other. IC should be noted that figs. 4 and 5 can be used conjointly to 

graphically estimate the fusion barrier for any system for which it exisCs 

(Z Z < 2500-3000).Indeed the fusion barrier V(R J 2) is given by : 
V(R 1 2) - V„(R 1 2) + V C ( R ] 2 ) . (21) 

At chis distance : 
Z]2 2e 2 

V„(R,,> = - J — . (22) 
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with a good approximation. 

As far as a quantitative comparison of the calculated fusion barriers and 

the experimental ones is concerned, we refer the reader to ref. 1 6) were this 

has been done for a large number of systems (it should be noted that in this 

case the calculated potential was used and not the graphical method described 

above). Let us just illustrate the good agreement which is obtained by showing 

in fig, 6 the error in percent, between the calculated and experimental fusion 

barrier as a function of Z.2. for different systems. As we have already stated 

in section 3 the energy density formalism cannot well describe small nuclei 

(lighter than ^ l|0) which means that for the interaction potential calculated 

for systems involving a light ion a good agreement cannot be expected. This is 

for instance reflected in fig. 6 for Z,2. < 150. In ref. 1 G) several other poten

tials were tested as far as the fusion barrier is concerned. It appeared that 

the best agreement with experiment was obtained with two interaction potentials 

the modified liquid drop potential Df ref. 1 7) and our new version of the energy 

density potential. The proximity potential of ref. 1 1) turned out to be too weak 

with typical barrier deviations that may vary from -2 to 10 Z. 

4. Proximity scaling 

Blocki et al, 1 1) have pointed out a general formulation of the nuclear part 

of the interaction potential between two heavy ions. In order to do that they 

use the following statement known as the proximity theorem : 

"The force between two gently curved surfaces as a function of the separa

tion degree of freedom, s, is proportional to the interaction potential per unit 

area, e(S), between two flat surfaces, the proportionality factor being 2ÏÏ times 

the reciprocal of the square root of the gaussian curvature of the gap width 

function at the point of closest approach". 

In the case of two spherical ions, the force F(S) is given by : 

G C 
F(S) = It c W e(S), (23) 



and S = R - Cj-C2, (24) 

which means for the nuclear part V„(S) of the interaction potential : 

C,C, 

where H N(S) is a universal function independent of the geometry of the system. 

tal number of nucléons, namely using eq.(!3) with R defined as 

rJ R_ + Z R_ 
(26) A 

This meanr. that for a given system the nuclear part of the interaction po

tent ial can be factor!zed in two parts. One which is purely geometric and the 

other which is independent of the system provided the transformation (24) has 

been performed. This corresponds to what we can call the proximity scaling. 

Because in our approach we do not assume a priori the proximity theorem to 

be valid for nuclear systems it is interesting to see to which extent the pro

ximity scaling is satisfied. In réf. 8' 9) a similar study was performed but with 

the transformations : 

S - R-(Aj/3 + Al/3)r, (27) 

A}/3 Al/3 

1 2 

It was shown that to a good extent the proximity scaling was satisfied with r 

cloce to 1 Fm. However some dispersion around a mean behaviour was observed 

which could have several origins : it might be due to the use of A 1' 3 instead 

of the central radius C in the geometrical factor or it might come from the 

densities which still contain some single particle effect (because they were 

obtained from a Hartree-Fock calculation). Because we are now using Ferrai dis

tributions which vary slowly from one nucleus to another it is more easy to 

check the proximity scaling. Furthermore» because of the special choice of the 

densities the central radii can now be easily calculated. For several systems 



we have performed the scaling transformation defined by eq.(24) and (25) and 

plotted in fig. 7 ^u(S) (the nuclear interaction potential for a given system 

was calculated every 0.5 Fm). We see that ndeed all the points are focussed 

around a mean behaviour which means that to a good extent the proximity scaling 

is satisfied. However some deviations around the proximity seaLing are observed. 

It is interesting to try to get an analytic expression for 1L(S>. For 

that let us call S the position of the minimum of 1<L,(S). Then it turns ou 

<29) 

and for S < S by a parabola : 

S = - 1.6 Fm 
0 

U N ( S ) = - 33 exp < S -%> 2 ] U N ( S ) = - 33 exp 
L 5 J 

for S > S , (30) 

and U-..(S) = - 33 + 5.4 (S-S ) 2 for S < S . (31) 

PJ o o 

These expressions are able to reproduce the inean behaviour of U„(S). One 

has nevertheless to keep in mind the fact that these expressions describe only 

the approximate behaviour of IL (S). Consequently if we use eqs. (29-31) and eqs. 

part of the interaction potential compared to the exact calculation (the error 

can range up to 10 % ) . Therefore such an expression (it is similar for the one 

obtained in ref»8)) can only be used in situations where the correct magnitude 

of Vj,(R) is not crucial as for instance in dynamical calculations including 

friction for deep inelastic reactions. In this case, this allows to simply take 

into account mass transfer. However for some other uses like, for instance, 

static fusion calculations, one has to use the calculated potential. 

Let us now come back to the dispersion of the calculated points around a 

mean behaviour. It seems to be related to deviations from the proximity scaling 

and not to the special choice or the parametrization of the functional and of 

the densities. One may wonder about these small deviations and possibly asso-



this point below. But before we go on it is interesting, on a typical example 

to compare our nuclear part of the interaction potential and the proximity for

mulation. In fig. fl such A comparison is shown for the |£Kr + 2§?Bi system. We 

observe that the tail behaviours are in good agreement with each other. A noti

ceable difference only occurs for small interdistances which cannot be easily 

reached in standard nuclear reactions. 

•5. Influence of neutron excess 

The last point which we have to investigate is the influence of neutron 

excess. Indeed in the formulation of ref. 1 1) there are two dependences on neu

tron excess : first the central radius of the two ions depends on their neutron 

excess. This is also the case in our formulation. As a matter of fact S will 

also depend on it. Second there is also an additional dependence contained in 

U„(S) which can be written as follows : N 

U N(S> = 4 i y *(S>, (32) 

where *(S) is a universal function and y the surface tension parameter given by : 

Y=0.95I7 [l - 1.7826 Ve], (33) 

with I being the neutron excess of the total system 

(N+N - Z -Z ) 

It is interesting to see whether such a dependence ia observed in out < U^ N(S). 

In order to investigate this point we have chosen a particular class of systems 

consisting of !j{jCa for one nucleus and tin isotopes for the other ( l 0 8Sn, l l 2Sn, 
m S n , 1 1 6Sn, n a S n , 1 2 2 S n , l Z 4Sn, I 2 8Sn and 1 3 2 S n ) . Fig, 9 shows, on the two ex

treme systems, that indeed there is a difference in the nuclear part of the in

teraction potential. The dependence on the neutron excess of each ion, due to the 

change of the central radius, can be removed after performing the set of transfor

mations (24) tnd (25). In fig. 10 is shown ^ N(S) es a function of S for the two 



preceding systems. We still observe a dependence on neutron excess of 1L.(S). 

Furthermore, for a given value of S, we see that W-M(S) decreases when I increa

ses. For these particular systems this is at variance to what has been predicted 

by the proximity potential of ref. 1 1). There indeed, as it is expressed in eq. 

(33), ^*W(S) increases linearly as a function oi I
2, 

For the systems ranging from "°ca + 1 0 8Sn to ''"Ca + l 3 2Sn we have located 

the position S of the minimum of ^«(S) and its corresponding value U • These 

quantities are plotted as a function of I 2 in fig. II and 12. We observe that 

all the points can be put on a straight line. Here again we see In fig. 11 that 

as variance to the proximity potential, 1JL decreases linearly with I 2 instead 

of increasing. Furthermore fig. 12 shows a dependence of S on I 2 which is also 

linear. If we would try for other systems to plot U, and S as a function of I 2 

in fig. 11 and 12 we would observe the following : 

- As far as S is concerned, the points would not deviate too much from the 

solid line of fig. 12. 

- For U strong deviations are observed. However for Che ~?Ca + ..«Sn systems, 

the neutron excess only arises from the tin isotopes. For other systems where 

there is both a contribution from the two ions, one can observe a decrease of U 

when I increases. This is, for instance, observed if we compare the systems 

3 1gSn + 2£|Pb (U =-32. à M ev ) and
 1 2JSn + 2£fPb (U - - 32.0 MeV). However, 

although the variation of U occurs in this case in the direction predicted by 

the proximity potential, there still remains a dependence of S on the neutron 

excess which is not accounted by the proximity potential. This means that the de

pendence on neutron excess is not as simple as the one used in ref. 1 , 1). Very li

kely for a general system, one could expect a dependence not only on I 2 but also 

on I 2, l| and I,I2 (where I, and I 2 are the isospin of the individual fragments) 

or on some more complicated function of these quantities. Consequently the slight 

deviations from the proximity scaling observed in fig. 7 cannot be only accounted 

by a linear dependence on I 2, We believe that in calculating 4(S) in ref. 1 1), 

which is related to the nuclear interaction between too flat semi infinite pieces 
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of nuclear matter, the relative position of the neutron and of the proton sur

faces is oZ importance. Consequently these slight deviations from the proximit* 

scaling might mostly arise from this effect. 

6. Conclusion 

The energy density formalism has been used Co calculate the real part of 

heavy ion interaction potentials within the sudden approximation. The densities 

of the nuclei were described by simple Fermi distributions. Determining simply 

the parameters of the functional from nuclear matter properties and from the bin

ding energy of 20^» w e n a v e reproduced with a good accuracy the binding ener

gies of various nuclei. 

From this real part of heavy ion interaction potentials, calculated without 

any adjustable parameter, a reasonable agreement with experimental fusion bar

rier was obtained. Furthermore it was found again that the fusion ot two heavy 

iocs cannot occur if Zfa % 2500-3000. The calculated potential has allowed us 

to test the proximity scaling which turns out to be satisfied to a good extent. 

However some slight deviations are observed which cannot be simply accounted bya 

neutron excess dependence contained in the scaling. Furthermore, as far as the neutron 

excess is concerned, an opposite behaviour to the one predicted by the proximity 

potential of ref. 1 1) is observed for some systems. This is likely to indicate a 

more complicated dependence of the real part of the interaction potential on 

the neutron excess of both ions. 
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Table Captions 

Table ) - Values of the coefficients used in the functional. 

Table 2 - Calculated binding energies (in MeV) for several nuclei compared to 

the experimental ones. 



Table I 

1>1 
-

b 2 "3 «1 a 2 a 3 n 

-588.75 563.56 160.92 -.424 -.0973 -2.25 7.23 
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Table 2 

Nucleus 
Experimental 

Binding energy 
(MeV) 

Calculated 
Binding energy 

(MeV) 
Error 
(%) 

160 127.6 121.2 5.1 

ï.°°« 342.1 342.1 O(adjusted) 

" 8Ca 
20 

416.0 418.9 .7 

S2»i 
28 

526.9 530.8 .7 

90 7 r 

• ) 0 Z r 
783.9 792.3 1.1 

50 988.7 1002.4 1.4 

'S8<* 1172.7 1185.1 1.05 

2e> 1636.5 1639.0 .2 

"Jo 1801.7 1814.0 .7 



Figure Captions 

Fig. 1 - Binding energy per particle in nuclear natter against the density p 

or the Fermi momentum k_ for two different neutron excess ct»D and ot=l. 

Fig. 2 - Interaction energy of two heavy ions as a function of their relative 

distance for a a-wave. VN(R) Ja the nuclear part of the potential, 

Vg(R) the coulomb part and V(R) the total interaction potential. For 

this system» the product 2jZ, is relatively low and V(R) exhibits a 

prcket. 

Fig. 3 - The same as fig. 2 for ^jjXe + 15ZAU. In this case the product Z.Z, 

is large and the function V(R) exhibits no pocket. 

Fig, 4 - A plot of r_ versus ZjZ^A}/ 3 + A ^ 3 ) (dashed line from ref. 7" 9) dotted 

line from ref. 1 5). The full curve is an average behaviour) see text* 

Fig. 5 - A plot of r_ as a function of the nuclear part of the potential V„ 

at the top of the barrier (dashed line from ref. 7~ 9) and dotted line 

from ref. 1 5). The full curve is just ot guide the eyes). 

Fig. 6 - Error between calculated and experimental fusion barriers as a func

tion of ZjZ 2 for different systems. Courtesy from ref. 1 6). 

Fig. 7 - Vf,(S) obtained from the nuclear interaction potential by the scaling 

transformation (24)-(25) for several systems (see text). 

Fig. 8 - The nuclear interaction potentials V„(R) obtained in this calculation 

compared to the proximity potential for the Kr + Bi system. 

Fig. 9 - Nuclear interaction potentials V„(R) for the two systems including the 

extreme tin isotopes. 

Fig.10 - After scaling transformation, a plot of 1L.(S) for both of the preceding 

systems. 
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Fig. 11 - A plot of the minimum U of the scaling potential U„(S) in terms of 

the total neutron excess I 2. 

Fig. 12 - The position so of the minimum U„(S) plotted versus the total neu

tron excess I 2, 
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