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The elastic scattering of 14N on 9Be at 25 MeV and 1 6 0 on n B at 30 MeV has been measured 
and analyzed with Optical Model and Ingoing Wave Boundary Condition calculations. Acceptable 
fits were obtained for the angular region below 100° c.m. The reflection coefficients derived from 
these calculations are compared with the Diffraction Model calculations of DAR to the corresponding 
p- and a-transfer reactions, in which a WOODS-SAXON distribution of the reflection coefficients is 
used. 

During the measurement of transfer reactions 2 

with the Heidelberg Tandem V A N D E G R A A F F acceler-
ator angular distributions of the elastic scattering of 
heavy ions have been obtained. In this note the 
analysis of the elastic scattering of 1 4N on 9Be at 
25 MeV and of 1 6 0 on " B at 30 MeV (£ i a b ) with the 
Optical Model (OM) and the Ingoing Wave 
Boundary Condition ( I W B ) 3 will be described. Only 
few heavy ion elastic scattering data in this energy 
region have been published 4 ' 5 and only in some 
cases optical model calculations have been done. The 
calculations of K U E H N E R and A L M Q V I S T 5 with the 
optical model gave good fits to the elastic scattering 
of 1 6 0 on 12C, 1 4N on 12C and 14N on 9Be at energies 
smaller 10 MeV (£ c . m ) , but the physical inter-
pretation of the parameters (especially of the 
imaginary potential depth) obtained led to diffi-
culties. Such calculations however are of great inter-
est, because they yield the parameters required to 
interpret the experimental transfer reactions 2 by 
means of D W B A and Diffraction Model calculations. 

Discussion of experimental Data 

The experimental procedure of the measurements 
with a dE/dX — E counter telescope has been de-
scribed in r e f . 1 . The absolute cross sections result 
f r om a measurement in a special isolated chamber 
and have an uncertainty of 15%. The experimental 
curves are shown in Fig. 1 and 2 together with the 
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calculated curves. The 1 4N - 9Be data at 25 MeV 
agree within 10 — 15% with the excitation function 
of K U E H N E R and A L M Q V I S T 5 measured at 9 0 ° c. m. 

For the compound-elastic contribution an upper 
limit can be estimated f rom the cross sections of the 
9 Be( 1 4 N, 6 Li) 1 7 0 and 9 Be( 1 4 N, 7 L i ) 1 6 0 reactions at 

Fig. 1. Optical model and IWB calculations of the elastic 
scattering of 14N on ®Be at 25 MeV. 

Parameters * 
opt. Mod. 1: V0 = - 7 0 . 0 MeV, a i = 0 . 4 7 6 f, ^ = 5 . 8 0 f, 

r 0 = - 1 0 . 2 MeV, a w = 0 . 4 5 f, Rw = 5.88 f; 
IWB 2: Vt= - 8 0 000 MeV, a=0 .7 f, 

ffr0=—1.8 M e V , a w = 1 . 2 f , Rw = 7 . 0 f . 

3 G . H. RAWITSCHER, Phys. Rev. 1 3 5 , B 605 [1964]. - J. S. 
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25 MeV as shown in ref. 1 . The cross sections are 
smaller than the elastic cross section by a factor of 
80 ( 9 0 ° c. m.) and 20 (120° c. m. ) . If these reac-

B C . M 

Fig. 2. IWB calculations for the elastic scattering of 1 60 on 
n B at 30 MeV. 

Parameters: (1) V0 = - 8 0 000 MeV, a=0.72 f, 
r 0 = - 1 . 0 M e V , a w = 0 , 6 f , Rw=1.0 f; 

(2) a=0 .71 f, other parameters unchanged. 

tions are taken as purely compound nuclear reactions 
(the cross section for the emission of a 9Be nucleus 
should be even smaller) a negligible compound-
elastic contribution can be expected. 

The optical model for heavy ion elastic 
scattering 

In the case of elastic scattering of heavy ions the 
optical model should be regarded just as an useful 
parametrisation of the nuclear phase shifts. Never-
theless the choice of the parameters is a physical 
question. K U E H N E R and A L M Q V I S T 5 noted, that when 
they choose real potentials of W O O D S — S A X O N form 
with different depth, but identical surface form (as 
it was done by IGO 6 for the elastic scattering of 
a-particles), then the goodness of fit did not change, 
as long as the depth of the real potential was greater 
than some minimum value ( ~ 30 MeV for 1 6 0 on 
12C at 1 0 M e V ) . The calculations of R A W I T S C H E R 3 

showed also that the angular distribution of low 
energy elastic scattering of heavy ions is independent 

6 G. J. IGO, Phys. Rev. Letters 1, 72 [1958] ; Phys. Rev. 115, 
165 [1959]. 

of the depth and form of the interior part of the 
real potential, if the heavy ions are strongly ab-
sorbed. In this case only the surface of the nuclear 
potential can be determined from the elastic cross 
sections. This point also follows from the obser-
vations of D R I S K O , B A S S E L , and SATCHLER 7 concern-
ing the ambiguities in the optical model for strongly 
absorbed particles. The 

V0•eRIa^C1 and W0-eR/a* = C2 

(F0 , R and a being the depth, radius and diffuseness 
of a W O O D S — S A X O N potential) relations for the V and 
R parameters, which give essentially the same nuclear 
phase shifts mean, that it is the surface of the nucleus 
which determines scattering. Therefore a definite set 
of parameters for the nuclear potential can not be 
extracted from the elastic scattering of strongly ab-
sorbed particles. Since the IWB form of the optical 
model analysis is particularly suited when the con-
dition of strong absorption is fullfilled and only the 
surface of the optical potential needs to be specified, 
this method of analysis is employed in the present 
case. In this model at small distances a boundary 
condition is imposed on the partial waves (formu-
lated in WKB Approximation). With this procedure 
volume absorption for the partial waves is obtained 
and outgoing waves from the interior of the potential 
are eliminated. Standing waves at small distances 
are therefore impossible in this model. 

Calculations 

For the optical model calculations the W O O D S -

S A X O N form has been used for the real and imaginary 
part of the potential. 

yo 
V ( r ) = l+exp{(r—K)Ja} ' 

The potential for the calculations with the ingoing 
wave boundary condition was of the form 

V (r) = Vx • e~r'a + iW0• e-{(»—Ä)/a>«. 

The connection with the W O O D S - S A X O N potential at 
the surface of the nucleus, when can be 
achieved by neglecting the 1 in the denominator. 
Then 

V(r) =V0-eRla'e~rla. 

The Vt of the IWB-potential is 
V0 • eRla and the ambi-

guity of the optical model with the W O O D S - S A X O N 
7 R . M. DRISKO, G. R . SATCHLER, and R . H . BASSEL, Phys. Let-

ters 5, 347 [1963]. 



potential is absorbed in the new V1. The COULOMB 

potential used is 
V« = ZX Z.2 e2Jr. 

The deviation of this point charge potential f r o m a 
finite charge distribution is non-negligible only in the 
interior region f o r r < / ? j j , R\, being the radius where 
the Ingoing Wave Boundary Condit ion is placed. In 
this region changes in the potential have practically 
no effect on the cross section and therefore this 
simpler f o r m was chosen. 

The I W B potential was at first taken without the 
imaginary part. But without surface absorption the 
theoretical curves fell off too steeply with angle. The 
fit, which was at least accepted as the best is shown 
in Fig . 1. The parameters are given in the figure 
legend. The diffuseness of the real potential is 
determined by the absolute cross section, because f o r 
smaller diffuseness and the right slope of the angular 
distribution a cross section results, which is much 
too large. 

F o r the 1 6 0 , n B elastic scattering at 3 0 M e V the 
best I W B fit is shown in Fig. 2. The small difference 
between the parameters in the two cases is not 
astonishing, as the difference in radius of the both 
systems is about 5%, and some changes in the real 
potential can be compensated by adequate changes in 
the imaginary potential. But a diffuseness smaller 
than 0 .65 could not be taken in both cases. As the 
I W B analysis is formulated in W K B approximat ion , 
the radius where the I W B condit ion was placed is 
determined by this approximation. In the present 
calculations the W K B approximation was valid at 
about 3.5 fermis. A n y change in this radius in the 
realm of validity of the W K B approximation had no 
effect on the angular distribution, as demanded b y 
the model 3 . This radius was kept fixed at 3 .0 fermis. 

F o r the optical model analysis the depth of the 
real potential was chosen to have the fixed value of 
either 7 0 M e V or 2 0 0 M e V . In both cases the curves 
did not agree very well with experiment. The use of 
surface absorption (GAuss-form of imaginary po -
tential) gave no improvement. In Fig . 1 a fit f o r the 
1 4 N, 9 Be elastic scattering at 25 M e V is shown. The 
parameters are given in the figure legend. 

Discussion 

The smooth decreasing part of the angular distri-
butions can be satisfactory described b y both O M 
and I W B calculations. It was not possible, however , 

to describe at the same time the strong structure at 
large angles. Calculated curves, which have strong 
oscil latory structure at about 1 2 0 ° c. m. had oscilla-
tions at smaller angles too . And smooth curves at 
small angles did not have this strong oscillation at 
larger angles. This diff iculty is most pronounced in 
I W B calculations, in which less parameters are used. 
The posit ion of the strong minimum corresponds to 
roughly the same momentum transfer f o r the 2 0 8 , 
2 5 \ 27 .3 4 and 3 0 8 M e V 1 4N, 9Be angular distri-
butions. A similar structure occurs in the 1 6 0 on n B 
elastic scattering at 3 0 M e V and 32 .5 M e V 8 . A 
possible interpretation could be an interference 
between scattering due to a complex potential (with 
absorption, which begins at large distances) and 
some other process, which takes place at distances 
between the nuclei , which are smaller than the 
W O O D S — S A X O N radius. Contributions f r o m He 5 trans-
fer can also not be excluded at large angles ( > 1 2 0 ° ) . 

For the compar ison of the I W B and the usual 
optical model it must be mentioned, that they should 
give the same results, when the same f o r m of the 
real potential and an adequate imaginary potential 
is chosen 3 . But as the I W B condition simulates 
vo lume absorption, the optical model should be 
taken with both volume and surface absorption in 
the present case. 

For the compar ison with the di f fraction model 
calculations of DAR 9 we chose O M parameters 
( curves ) , which fit the angular distributions at angles 
smaller than 1 0 0 ° c. m. In Fig. 3 the modulus of the 
reflection coeff icients corresponding to the calcu-
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Fig. 3. Reflection coefficients for the calculated curves shown 

in Figs. 1 and 2. 

8 Unpublished data. 
9 A . DAR and B . KOZLOVSKY, Phys. Rev. Letters 1 5 , 1 0 3 6 

[ 1 9 6 5 ] , and private communications published in: Jahres-
bericht des Max-Planck-Instituts für Kernphysik, Heidel-
berg 1965. 



lations in Fig . 1 and 2 is shown. These curves can 
be compared with the parameters L0 and <5 of 
D A R ' S 10 d i f f ract ion theory f o r transfer processes. In 
this theory a W O O D S — S A X O N f o rm is chosen f o r the 
distribution of the reflection coefficients. These 
should be taken as an average over the elastic scatter-
ing in the ingo ing and outgoing channels of the 
transfer react ion: 

h , | = [ l + e x p { ( L 0 - / ) / < 3 } ] - i , 

\m\ = V\ vu\'\vu\-

Dif f ract ion model calculations have been done by 

No. Reaction Energy 
MeV 

Lo Ö 

1 1 1 B ( 1 6 0 , « N ) 1 2 C 30 10.5 0.62 
2 n B ( 1 6 0 , 1 5 N * ) 1 2 C 30 10.5 0.62 
3 1 1 B ( 1 6 0 , 1 2 C) 1 5 N 30 7.0 0.47 
4 9 B e ( 1 4 N , 1 3 C ) n B 25 8.2 0.27 
5 9 B e ( 1 4 N , U B ) 1 3 C 25 8.2 0.27 

Table 1. 

10 A. DAR. Phys. Rev. 139, B 1193 [1965]. 

DAR f o r the proton and a-transfer data of ref. 1 ' 2 . 
The parameters used in these calculations are listed 
in Table 1. 

These parameters were obtained without any con-
sideration of elastic scattering data. The L0 used in 
cases 1, 2 , 4 and 5 agrees with the L-value f o r which 
the reflection coeff icients, derived f r o m elastic 
scattering, have a value of about 0 .5 (Fig . 3 ) . The 
only disagreement occurs in case 3 f o r the a-transfer. 
The diffuseness <5 in L-space agrees in cases 1 and 2 
with the diffuseness derived f r o m the elastic scatter-
ing analysis. In the other cases the diffuseness <5 in 
L-space is by a factor 1.5 — 2 .5 greater than f o r the 
elastic scattering, but in these cases the di f fract ion 
structure is not pronounced . The proton and a-trans-
fer reactions should be calculated again with the 
parameters derived f r o m elastic scattering. 
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