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1. Introduction. 

The clastic scattering of nucleons and composite particles 

by an atomic nucleus is tht simplest type of nuclear reaction 

and the one which gives us basic information about interaction 

between bombarding particles and the nucleus. Thie informa¬ 

tion is usually obtained by fitting elastic differential cross 

sections with one of the existing models* Thus it is import¬ 

ant to know as precisely as possible what kind of effect we 

observe while measuring the elastic scattering. Due to the 

wave picture of the whole phenomenon the elastic scattering 

must consists of two main effects known from the wave physics 

as diffraction and refraction /here refraction contains also 

reflection/. First, it is necessary to explain what we under¬ 

stand as diffraction. The problem is not trivial, since there 

are few phenomena in optics and wave physics which are called 

diffraction /van de Hulst 1957, pp 24-7/. Nuclear physicists 

very often use the word diffraction while explaining the oscil¬ 

latory behaviour of the forward angle elastic angular distribu¬ 

tions but no one gives a precise unambigous definition of it. 

There is, however, one such unambigous and coherent definition 

of diffraction which can be used to explain the origin of that 

phenomenon in all parts of the wave physics including the 

nuclear scattering. According to that definition diffraction 

has the following origin /van de Hulst 1957, p. 104/ : The 

plane wave /or Coulomb distorted plane wave for charged par¬ 

ticles/ strikes the inhomogenious finite object i.e. the 

nucleus. Part of the plane wave front /the partial waves with 

angular momenta from zero to the grazing momentum/ is removed 

due to : /!/ complete absorption by the nucleus, or, /ii/ 

partial absorption and partial refraction, or, /Hi/ total 

refraction without absorption. The remaining incomplete plane 

wave front i.e. the partial waves with angular momenta from 

the gracing momentum to infinity, gives rise to a certain angu¬ 

lar distribution of intensity which is called diffraction 

pattern. Diffraction defined in this way depends on the form 

and on the size of the object but does not depend on its com-



position. Moreover, the diffraction patterns are the same 
for totally absorbing, partly absorbing or totally refracting 
objects. What we observe experimentally is the superposition 
of diffracted waves with those being partly or totally re¬ 
fracted, it is then clear that diffraction is always present 
irrespective of what happened to the partial wav^a with 
angular momenta from zero to gracing. The pure diffraction 
is observed only when the nucleus is completely opaque. As 
we can see from the above only the refracted waves really 
interact with the nucleus and only refractive effects should 
give us significant information about nuclear interaction. 
Then it is interesting to see what is the contribution of thus 
defined diffractive effect in the measured elastic differential 
cross sections. We are unable to determine experimentally 
which particle has been diffracted and wuich has been refrac¬ 
ted by the nucleus but we can try to do this theoretically 
separating the total elastic scattering amplitude into diffrac¬ 
tive and refractive parts on the basis of the above definition 
of diffraction. 

This paper describes an attempt to perform such a separ¬ 
ation on the quantum mechanical elastic scattering amplitude 
level without any classical or semiclassical aproximations. 
As we can see, it can easily be done if the total elastic 
scattering amplitude is expressed in the form slightly differ¬ 
ent from the usual one but better for the physical interpre¬ 
tation. 

2. Diffractive and refractive amplitudes. 

We start from the most general fora of the total elastic 
scattering amplitude for charged particles which la: 

((9) = (1/Zik)f_ (2Ł*1)(S\S' 1) Pt(cosB) , / l*o * 



%f 
where S^ and S? arc the nuclear elastic /diagonal/ scat¬ 

tering matrix elements and the Coulomb scattering matrix 

elements respektlvely and k is the ware number. 

If we now restrict our considerations to the scattering 

angles excluding zero degree, i.e. to the angular range where 

we can measure the elastic scattering, we can write the above 

amplitude in the simpler form: 

iv 

Amplitudes /1/ and /2/ are identical everywhere except at 

zero degree. The only difference between them is the delta 

function the role of which in /1/ is the following: for 

finite range potentials it makes the scattering amplitude 

converging at forward direction so the differential cross 

section i8 finite there and can be integrated over a whole 

angular range, and, it speeds up the convergence of the ampli¬ 

tude for all the other scattering angles /BjOrck and 

DahlquiBt 1974/. 

For no nuclear interaction /S, = 1/ amplitude /2/ becomes 

the Coulomb amplitude of the form /Shiff 1968/: 

O O 

IV 

Let us now assume the nucleus to be purely absorbing and 

having diffused surface, i.e. the black nucleus with grey 

nonrefracting surface /Mott and Hassey 1965/. In this case 

the nuclear elastic scattering matrix elements vary gradually 

from zero to one in angular momentum space and these elements 

can, for instance, have the following 1-dependence: 

.'-*» 
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The most important thing here is that ?, must be real 
in the case of pure absorption since the fraction of the 
incident wave which remains after absoiption is effected by 
the Coulomb force only and the total scattering amplitude 
must be a fraction or incomplete Coulomb amplitude /3/ i.e. 
must be: 

In reality the nucleus is not purely absorbing but 
refracts a part of the incident wave. The scattering matrix 
elements S, are complex and are obtained using complex nuclear 
potential. If we, however, remember the profil* of S1 in 
the angular momentum space we see that they can be split into 
two parts by writtings 

where Ś, describing the deviation from pure absorption are 
the part of the scattering matrix elements responsible for 
refraction, i.e. they are the refractive matrix elements. 
They vanish for high angular momenta like the nondiagonal 
elements do. /Of course, for purely refracting nucleus the 
above decomposition can be performed only in the sharp cut¬ 
off mode/. 

Inserting /6/ into /2/ we receive: 

ni 

where: 



1 1 — 1 Uli • "' "' " •'•' 

is the refractiTe scattering amplitude and previ¬ 

ously derived dlffractive amplitude /5/, l m n x is the angular 

momentum above which sf, vanish. 
max 

All the above considerations are valid also for neutral 

particles for which S-, 1. 

3. Nuclear extinction cross section. 

Let UB now write the refractive nuclear amplitude for 

neutral particles in the sharp cut-off case.. In this case 
Sl " ̂ 1' *1 = ° f o r a 1 1 a n S u l a r Dom«nta up to the grazing 
momentum and S, • 0, P, x 1 above it and the refractive 
amplitude is: 

The refractive differential cross section given by this 

amplitude is finite everywhere and can be integrated over 

the whole angular range and as a result of such an integration 

we have: 

M*. 
As in optics we can now define the extinction cross section 

which is the sum of refractive and absorption cross sections 

/van de Hulat 1957, p. 13/. We have then: 

exi T«J 1*0 

where R is the radius of the nucleus. 

is exactly the same as in optics. 

The obtained result 



The diffract!.re scattering amplitude in the present case 

la: 

(e) * (V)ll( 

The diffraetive differential cross section given by the 

above amplitude can also be easily Integrated over a whole 

angular range If we now include the neglected early delta 

function into it. As a result of this Integration we also 

receive the geometrical cross section of the nucleus. Also 

this result Is well known in optics as the Babinet principle. 

In the case of purely absorbing nucleus the extinction cross 

section equals the total reaction cross section and the total 

nuclear cross section Is exactly double the geometrical cross 

section of the nucleus. In the case of purely refracting 

nucleus /real nuclear potential/ the extinction cross section 

equals the refractive cross section and is again the geomet¬ 

rical cross section of the nucleus. Sue to the interference 

of diffracted and refracted waves the total nuclear cross 

section can then have any value from zero up to the double 

geometrical cross section for high energy and up to the four 

times the geometrical cross section for very low energy. 

/Diffraction by purely refracting nucleus is the case similar 

to the diffraction of light by water drops in optics /van de 

Hulst 1957, p 183//. 

4. Comparison to experimental data. 

Theoretical /optical model/ elastic differential cross 

sections can be decomposed into diffractive and refractive 

parts by dividing the elastic scattering matrix elements S, 

into S', and F, . This can be done in practice by fitting 

the tail of Re S, with function /4/ to get the 1 and 

delta for evaluation of F. and next of if, from 76/. 
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Inserting next S. into refractive /8/ and P, into diffrac-
tive /5/ amplitudes we can calculate refractive and diffrac-
tive differential cross sections which can be compared to the 
experimentally measured elastic differential cross sections. 
/The diffr&ctive amplitude /5/ converges very slowly and is 
unconvenient for numerical calculation. Instead of it the 
Bmooth cut-off Blair model amplitude /Blair 1954/ is used 
which converges quickly and is Identical with /5/ everywhere 
except at ssero degree/. 

The decomposition of the elastic differential cross sec¬ 
tions into diffractive and refractive parts were performed 
for few typical elastic angular distributions selected from 
literature. This was done for Si + n at EQ« 14.0 MeV 
/Klicaewski and Lewandowski 1978/, ^Al + Ot at E- =145.0 UeV 

op /Wiktor et al 1981/, Si + ot at E^ • 26.5 H»V /Chylą et al 
1970/ and for ^ V u • OC at £„ > 26.0 MeV /Wojciechowski 
et al 1977/. 

The parameters of the best optical model fits to the data 
together with the obtained 1 and delta parameters are 
listed in Table 1. The results of the decompositions are 
presented in Figs 1-4. 

5< Conclusions. 

The scattering amplitude can be split into two parts in 
infinite number of ways. Such a decomposition is useful only 
for some reasons like mathematical convenience or simple 
physical interpretation. Usually the amplitude /I/ is written 
as a sum of full Coulomb amplitude and the so called nuclear 
amplitude. That decomposition is performed for the purely 
mathematical convenience and does not precisely refleot the 
actual situation in the scattering process. If the energy of 
the incident particles is higher than the Coulomb barrier, we 
do not have the pure Coulomb scattering any more and we should 
not use the full Coulomb amplitude for physical interpretation. 
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Instead, we nave an incomplete Coulomb amplitude of the form 

/5/. The forward angle structure of the elastic angular dis¬ 

tributions, which is purely diffractive, is due to the incom¬ 

pleteness of the plane wav« /or Coulomb distorted plane wave/ 

front. This structure depends very little on the nuclear 

potential. In a drastic sharp cut-off case the incomplete 

Coulomb amplitude /12/ does not depend on the nuclear scat¬ 

tering matrix /i.e. on the nuclear potential/ at all. It 

depends only on the "range" of the extinction and its diffuse-

ness. The extinction cross section for strongly absorbed 

particles contains also a peripheral reactions which are not 

caused by nuclear forces - like, for instance, Coulomb excit¬ 

ation and Coulomb break-up. In this case the "range" of 

extinction is larger than the range of the nuclear forces. 

By fitting the forward angle part of the elastic angular dis¬ 

tribution in this case with the optical model, we night obtain 

a wrong range of the optical potential* In optical model wt 

indeed observe such a situation. Fitting the forward angle 

part of the angular distributions we obtain always larger 

radius parameter than when fitting the backward angle part 

/Grotowski 1978/. 

Examining Figs 1-4 we see that refractive effects domi¬ 

nate at the backward angles of elastic angular distributions. 

This fact might be of extreme importance in the optical nodel 

technique. In order to obtain correct parameters of the cent-

tral two-body nuclear potential for strongly absorbed particles 

we have to start our search for such a potential fron the 

refractive part of the elastic angular distribution i.e. from 

the backward angle parts. Only refracted particles "touch" 

the nucleus and interact with it, and only this very small 

refractive effect can give us significant information about 

the nuclear potential. 

Diffraction, defined in the sense presented here, is a 

kind of "background" which is always present and is only 

modified by true nuclear i.e. refractive effect. Diffraction 

is present only in the elastic channel, so only diagonal matrix 

elements can be decomposed into If, snd P, as proposed in 

12 



this paper. All this shows the essential difference between 

thla decomposition of the elastic scattering amplitude and 

those proposed by Puller /1975/ or by Brink and Tagikawa 

/1977/. 

The author wishes to thank S.Zubllc and J.Kwlecioski for 

helpful discussions and raluable remarks during preparation 

of this paper. 
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Table 1. Optical model parameters /'Voud-Saxon/ and obtained diffractive scattering 

parameters 1 and delta for the few selected typical e3antic angular dictributions 

used in the paper. 

Reaction 
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Figure captions. 

Fig. 1 The decomposition of the theoretical /optical nodal/ 

differential cross section into dlffractire cross 

section /diffractiTe effect/ and refractive cross 

section /refractive effect/ for Si + n, at 

^ . 14.0 MeV. 

^ 4 <X , tt S, . 26.5 MeT. 

, at SH * 145*0 KeV. 

, at Ba = 2S.0 MeV. 

Fig 

Fig 

Fig 

2 Ihe saae as Fig. 1 for ^ 

3 The same as Fig. 1 for ^ 

4 The sane as Pig. 1 for 208Pb • 
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28 S i * n ; 

60* 120* 180 

, r 

MeV. 
diffractive effects 
refractive effects 

60* 120* 180* 

9 cm 

Fig. 1 
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28 Si • OC ; E ,̂ = 26.5 MeV. 
• exp. points 

O M . 

0.1-

0.01-

0* 

diffractive effects 
refractive effects 

60" 120* 180* SC 120* 180* 
0 cm 

Pig. 2 



1.0-

0.1-

0.01. 

T 
27 

Ai • a ; 
exp- points 

— O-M. 

) MeV. 
diffractive effects 
retractive effects 

0* 20* 40* 60* 0* 

cm 

Fig. 
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1O*3-

2 0 8 P b * O C ; 26.0 MeV. 

• exp. points 
diffractive effects 
refractive effects 
O M . 

120* 180' 

'cm 

Pig. 4 
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