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It is known, that under certain conditions the scattering of 

heavy charged particles may be considered in the framework of 

trre theory of multiple Coulomb excitation/1/. The main feature of 

this process is a rather large magnitude of the elastic and inelas

tic cross sections, which is due to the large Coulomb interaction 
c 

Hint of the projectile with the target-f\ucleus. Therefore each 

transition is a many-step onf:! and goes through a number of other 

states of a target-nucleus. 

It is clear that the physical picture mentioned above will not 

change sharply if the projectile energy increases up to and little 

above the Coulomb barrier. Therefore the bombarding particle tra

jectories will be close to the Coulomb ones. From this point of 

view the only thing to be done near the barrier U 8 - is the inclu-

sion of the nuclear interaction H ~nt • Indeed, it occurs usually 

that small deviations (about lOo/o) of the true potential from the pure 

Coulomb one near the barrier, the influence of which on the tra

jectory may be neglected, lead to a large difference (about 80%) 

between the total H ~n~ n and the Coulomb H ~nt interactions. 

It does not allow one to consider the nuclear interaction in the 
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framework of the first perturbation order onl~2( therefore, we shall 

use the theory of multiple excitation with the total interaction H~n+n 
instead of the Coulomb one H~nt which was ·employed in re/.

1? 
In the sudden approxirh!;ition the excitation cross section 

with transition to the state with spin I of an even nucleus is 

du .. du • Pc+n 
R I (1) 

where the excitation probability PI c+n can be found by means of 

the amplitude 

"" 
aiM=< I M I exp- _L J H o+n dt I 00 > 

h tnt • 
-co 

(2) 

The nuclear interaction is defined as a derivative of the Saxon

Woods potential and then 

o+n 0 n 
H tnt =H tnt+ 8 tnt ,.. ..!!!: Z 

1 
e Q

0 
I. ( S 0 + N S n ) Y * ( f3a ) 1 5 21-! 21-! 21-! 

(3) 

where 
- c -3 - n -3 -2 
S =r Y (fJ¢ ), S 

2 
=R dt Z(r)Y (fJ¢), 

2/L 21-! 1L 2/L 

z = _1_ r -R , R = r A 1/a. 
2 b 0 

(4) 
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The dimensionless negative (if W = 0 ) coefficient N = l'i 

j_ JL U+iW • =- 2 b Us charactertzes the "strength" of the nuc. 

tion, and in the case N == 0 there remains only the pu 

term in eq, (3), Introducing tht::Yl the parametrization of tl 

trajectory of the projectile (i,e, rO¢ .... rc(t) fJc(t) ¢ 0 (t); 

using the method of ref./
1

/ we obtain in the sudden app 

the following result for the excitation probability of rotat 

o+n 2 
p 1 ( q err ( fJ)) = ( 2I + 1) I A 10 ( 17 ' q err ( fJ)) I 

A 
10 

2 1 T q .. rr 
e 

I - 21 q x
2 

JP(x)e err dx 
0 I 

( PI (x) - is the Legendre polynomial). 

The form of A 10 

ref./1/ but now 

is analogous to that ·given by eq, (5 

q eff = q l + j q 2 
= !_ J c+n ( fJ) 

4 q 20 

2 

(q 
zl e Q 0 

41'1 va 2 ) 1 

where the total orbital integral J c+n 
20 

the usual Coulomb 

consists of the ~ 

0 2 () 2 () [ 1T -fJ () ] 
J = sin - + tg - 1 - -- tg -

20 .2 2 2 2 
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of the first perturbation order onlt2
( therefore, we shall 

eory of multiple excitation with the total interaction u:n+n 

the Coulomb one H~nt which was ·employed in re/.1f 
e sudden approximation the excitation cross section 

tion to the state with spin I of an even nucleus is 

du=du .pc+n 
R I (1) 

excitation probability P 
1 
c+n can be found by means of 

de 

00 

=<I M I exp- _i_ J H o+n dt I 00 > 
h lnt • 

-oo 
(2) 

r interaction is defined as a derivative of the Saxon-

entia! and then 

n 

t + Hint ,_!!!: z eQ I. (S" + NS n )Y* 
5 J 

0 2/L 2!L 2!L 
( (3a ) 1 

-3 y ( Ocp ) , 
2p. S n =R- 3 ch-2Z(r)Y (0¢) 

2p. 2p. ' 

Z =-1- r-R 2-
b 

...,. 

R=r Al/3 
0 • 

4 

{3) 

(4) 

\ I 

The dimensionless negative (if W = 0 ) coefficient N = N 
1 

+iN 
2 

= 

=-..LJL U+iW 
2 b U8 

characterizes the "strength" of the nuclear interac":' 

tion, and in the case N = 0 there remains only the pure Coulomb 

term· in eq. {3). Introducing th~Yl the parametrization of the Coulomb 

trajectory of the projectile {i.e. rOcp ... r.,(t) O.,(t) ¢., (t)) and 

using the method of ret./
1

/ we obtain in the sudden approximation 

the following result for the excitation probability of rotational band 

P:+n(qetr (0)) =(2I +1) I A
10 

(11, q elf (0))1
2 

{5) 

A 
IO 

I 2 3 qerr 
e (6) 

1 - 21 q x
2 

JP(x)e eft dx 
0 I 

( P1 (x) - is the Legendre polynomial). 

The form of A 
10 

ret./1/ but now 

is analogous to that given by eq. {5.14) of 

q • 3 c+n err = q + I q = - q J ( 0) 
1 2 4 20 

(q 

2 
z1 e Q 0 ) 

2 I 411 va 

{7) 

where the total orbital integral J c+n 
20 

consists of the two parts: 

the usual Coulomb 

0 2 (J 2 (J 77 -6 (J ] 
J = sin - +tg - [ 1- -- tg -

20 .2 2 2 2 
(B) 
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and the nuclear integrals 

n a2 oo -2 2 2 -2 2 
J = 4 - f d w [ ch Z ( w) + 3 a ( 1- £ ) r ( w) dt Z(w)] r ( w) 

20 R so ' (9) 

Here 

dw)=a(£chw+l), 
Z Z e 2 

a= 1 2 

m v 2 

. -1 (J 
£ .. stn -

2 

Now one can make tre calculations by means of these equa

tions and compare the obtained results with the experimental data/3/ 

for scattering of a -par:f;icles on 1 ~0 Nd , at an energy of 

14-20MeVand (} ·150°. The five theoretical curves, which are shown 

in Fig.1 and Fig.2, were calculated with the following set of the 

optical parameters : 

b ( fm} r 
0
(fm) U(MeV) W(MeV) 

Curve 1 0.6 1.4 40 0 

2 o •. 5 1.5 40 0 

3 0.5 1.5 30 0 

4 0.5 1.4 40 0 

5 0.5 1.5 40 6 

The curve assigned by C corresponds to the pure multiple Cou-

lomb excitation ( V = W = 0) • In all cases one takes Q 0 • 4.85 barn. 

U 8 • 16.44 MeV. 

On the basis of these calculations and from the comparil~on 

with experimental results one can draw the following conclusions: 

i) The inclusion of the nuclear interaction in the energy region 

near the barrier disturbes sharply the usual picture predicted by 
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the theory of multiple Coulomb excitation. Besides, the i1 

cross section becomes sensitive to the tail of the nucle 

tion much before the elastic one. ii) The excitation prob 

rather sensit~ve to the change of the nuclear radius ( r 0 

fuseness {b) parameters and almost insensitive to the dE 

and W {see also ref/3/ ). Therefore the experimental st 

ion scattering at the energy near the Coulomb barrier o 

reliable information on their interaction near the nuclear 

iii). Finally, it should be noted that an extension of the 

method to the region E » U 8 gives us, as was mentic 

ej4/, the very quick oscillations of all the curves of P 

reover thj:! inclusion of the absorption parameter (W) car: 
/ c+n 

unphysical result P 1 > 1 • All these features appeal 

sequence of the main restriction of this method that the 

move along the Coulomb classical trajectories. Therefor• 

ciple, it is impossible to take into account the absorptio 

course of this movement. However, practically fr).ese pro 

at high energy only and for solving them some other m 

be used {see for instance ref./
5

/). 

One of the authors (V.L.) would like to thank ProfE 

A.Winther for stimulating discussion during his stay at · 

Instihte in 1966/67. 
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ear integrals 

00 [ -2 2 2 -2 2 J d w m Z ( w) + 3 a ( 1- ( ) r ( w) dt Z(w)] r ( w) 
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(9) 

Z Z e 2 
a= t 2 

m v 2 

. -t iJ 
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2 
cmw+l), 

e can make tre calculations by means of these equa

pare the obtained results with the experimeritai data/3 / 
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e = 150 °. The five theoretical curves, which ar~ shown 

F'ig.2, were calculated with the following set of the 
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signed by C corresponds to the pure multiple Cou-

n (V=W =0) • In all cases one takes Q 
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• 4.85 barn. 

MeV. 

basis of these calculations and from the comparison 

ntal results one can draw the following conclusions: 

on of the nuclear interaction in the energy region 

ier disturbes sharply the usual picture predicted by 

6 

~ 

... 

J 

l!li 
"j I' 

,\ 

hi 
~·1, 

' ' I 

the theory of multiple Coulomb excitation. Besides, the inelastic 

cross section becomes sensitive to the tail of the nuclear interac

tion much before the elastic one. ii) The excitation probabilities are 

rather · sensit~ve to the cha~ge of the nuclear radius ( r 
0 

) and dif

fuseness (b) parameters and almost insensitive to the depths of V 

and W (see also ref/
3

/ ). Therefore the experimental study of heavy 

ion scettering at the energy near the Coulomb barrier can give .us 

reliable information on their interaction near the nuclear surface. 

iii). Fina.lly, it should be noted that an extension of the present 

method to the region E » U 8 gives us, as was mentioned earli

eJ4/, the very quick oscillations of all the curves of P :+n . Mo

reover the inclusion of the absorption parameter{\\) can give an 
/ c+n 

unphysical result P 1 > 1 • All these features appear as a. con-

sequence of the main restriction of this method that the projectile$ 

move along the Coulomb classical trajectories. Therefore, in prin

ciple, it is impossible to take into account the absorption in the 

course of this movement. However, practically tl')ese problems arise 

at high energy only and for solving them some other method should 

be used (see for instance ret./5/). 

One of the authors (V.L.) would like to thank Professor 

A. Winther for stimulating discussion during his stay at ··Niels Bohr 

Instittte in 1966/67. 
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Fig.2. The experimental ratios of the multiple excitation probabili
ties with transition to the rotational states spin 4+ and spin 2+ 
and the corresponding theoretical curves as a function of the 

a -particle energy. 
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