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ABSTRACT 

The optical madsl for nuclear scattering is very 

important to analyse the elastic s^d reaction cross sections in 

the nucleon-nacleus and nucIeus-nucieLis scatterings. In this 

approach, the nucieon-nucleus and nucleus-nucleus systems can De 

treated as a two body problem governed by campleK effective 

interaction. This effective interaction is i^nown as the optical 

potential. The availability of many reaction channels m addition 

to elastic channel in the nuclear scattering leads to the cample;; 

effective interaction m the nuclean-nucleus ar the 

nucleus-nucleus scattering. The imaginary part of the ccmpie,; 

potential is responsible for the remo/al of the fluK from the 

incident beam leading to reaction and other ncn-elastic processes. 

Thus, the potential based on optical model is a useful tool for 

the study of nucieon-nucleus and nucleus-nucleus scatterings. 

Recently, the production of antiproton ip) beams with 

high flu," and good resolution from the LEAR facility at CERN has 

opened up a new and wider field of research work. Due to tne 

advent of the LEAR facility exploration cf nucleus using 

antiproton as probes has become possible. The study of p-A 

scattering is of great importance because it may generate new 

information on nucies" structure, antiproton-nucleus interaction, 

strange particle production etc. Atomic type bound states of 

antiproton with the nucleus has generated antiprotonic atom 

physics research. 



We have studied several aspects of low energy p-nucleus 

collisions based on some of the ejipenmental results which have 

become available. In Chapter 2, a brief revieH of various aspects 

of low energy p-nucleus collision, which forms the dackground for 

our wort, is discussed. 

Experimental results and theoretical analyses carried 

out so far provide interesting similarities between 

antiproton—nucleus (p—A) scattering and heavy ion scattering 

(HIS). The angular distribution of p-A systems shows a Ciffraction 

pattern which is similar to the Fraunhofer diffraction occuring m 

several cases of HIS. This is m contrast with the corresponding 

case of proton-nucleus scattering at the same energy. Moreover, 

both (HIS as well as p—A; the scattering processes are surface 

dominant. These similarities indicate that some of the techniques 

developed for the analysis of HIS can also be adopted for the 

analysis of p-A scattering. Semiclassical approaches lit-e 

one-turning point and three-turning point WHB approKimation &ra 

found to be quite successful m HIS. It has also been suggested 

that, for strongly absorbed particles, the elastic and inelastic 

scattering data can be srislyBsd using a technique f nown as closed 

formalism or parametric S matri;c approach. In this approach one 

parametrises the nuclear 3 matri;: m terms of several parameters 

appropriate to reproduce the scattering data and the associated 

physical features. Two commonly used parametrisations of S mat*"!;' 

&t-e the Ericson and Mclntyre parametrisations. In Chapter 3, we 

have described antip"cton-nucleus collision using semiclassical 

and closed formalism techniques, thereby demonstrating that 

ii 



phenomenologxcal and semiphenomenolDQical theoretical approarhes 

which Are useful in heavy icn scattering can also be applied in 

the case of antiproton-nucieus scatterinq. 

Another interesting feature of p-A scattering that we 

have studied m Chapter 4 pertains to the relative sensitivity of 

the optical potential in different regions of the interaction 

volume. Using the technique of region-wise absorption it is 

possible to study the absorption of the incident fluK in different 

shells around the scattering centre. In view of the similarity 

between p-A and HIS, it is interesting to examine the interaction 

regions which contribute maximum to the reaction cross section in 

the p-A scattering. This, and some related aspects 3.re discussed 

m Chapter 4. 

The heavy ion scattering has been found to be a very 

powerful tool m the study cf nucleus during the last two decades. 

Many of the important reaction processes which have been studied 

are elastic and inelastic scatterings, fusion cross section, 

nuclear-molecular resonances, deep inelastic scattering etc. In 

Chapter 5, we have described the heavy ion fusion cross section 

results obtained using the recently proposed effective fusion 

ba^-rler transmission model. This model is formulated within the 

framework of nuclear optical model and transmission across the 

effective barrier and is complimentary to tne direct reaction 

model of fusion. The model is ^er/ successful m interpreting the 

fusion cross section c\er a wide range of energies below and above 

tne Coulomb barrier. This approach also brings out the role c,-^ 

absorption a.nd transmission across the barrier, m heavy ion 

iii 



fusion. Thus, the thesis incorporates several aspects of nuclear 

scattering which are of current and general interest within the 

broad framework of nuclear optical model. 
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CHAPTER 1 

INTRODUCTION 

The optical model for nuclear scattering CHo 71, Ma 703 

is very important to analyse the elastic and reaction cross 

sections in the nucleon-nucleus and nucleus-nucleus scattering. In 

this approach, the nucleon-nucleus and nucleus-nucleus system can 

be treated as a two body problem governed by complex effective 

interaction. This effective interaction is known as the optical 

potential. The availability of many reaction channels in addition 

to elastic channel in the nuclear scattering leads to the complex 

effective interaction in the nucleon—nucleus or the 

nucleus-nucleus scattering. The imaginary part of the complex 

potential leads to the absorption of the incident flux from the 

incident channel to various possible reaction channels leading to 

the total reaction cross section. Apart from describing the 

scattering data, optical model is useful in studying the 

properties of nuclear matter, density distribution and effective 

nucleon—nucleon interaction in the nuclear medium. 

Since the discovery of atomic nucleus, it has been 

studied by collision experiments using various probes such as 

electrons, protons, ot-particles, light ions, etc. Recently an 

additional probe namely, the antiproton has become available to 

study the nucleus. Antiproton <p) which is the antiparticle of 

proton was discovered in 1955 . The availability of p source CBa 

841 at CERN, Geneva and Fermi lab, etc. provides an experimental 

facility to carry out a variety of research using p as probes. In 
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particular, it was realised that low energy antiproton can provide 

an interesting probe to study atomic nucleus and this gave rise to 

the LEAR ( low energy antiproton ring ) facility at CERN which has 

generated some interesting data CGa 84, Ba 84al on antiproton— 

nucleus (p-A) collisions. 

We now briefly summarise some areas of physics which 

benefit from the research carried out using p as probe, the most 

important area being Particle Physics. In particular, low energy 

antiproton machines can be useful in the study of weak symmetry 

breakdown, the origin of CP violation, etc. CPi 8£>3. It can also 

be useful in the study of quark structure of matter, because p-p 

offers appropriate initial states to couple directly to the rich 

spectroscopy of heavy quark systems. It has been visualised that 

very low energy antiprotons can be used in condensed matter 

studies, gravitation, etc. Atomic type bound states of antiproton 

with nucleus has generated antiprotonic atom physics research CBa 

87, Pa 88, Th 853. Antiproton-nucleus collisions, apart from 

giving an extra knowledge of the nuclear matter, has the potential 

to lead to a proper understanding of quark-gluon plasma Clic 86, Ra 

80, Ra 88, Ra 893. Further the availability of polarised 

antiprotons can provide a useful tool for the study of spin 

dependent of interactions. 

We have studied several aspects of low energy p-nucleus 

collisions based on some of the experimental results which have 

become available. In Chapter 2, we have given a brief review of 

various aspects of low energy p-nucleus collision which forms the 

background for our work. 
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Experimental results and theoretical analyses CDa 84, Ja 

86, Ku 85, Li 851 show that antiproton-nucleus scattering has 

several similarities with heavy ion scattering (HIS). The angular 

distribution of p-A systems shows a diffraction pattern which is 

similar to the Fraunhofer diffraction occuring in several cases of 

HIS. This is in contrast with the corresponding case of 

proton-nucleus scattering at the same energy. Moreover, both (HIS 

as well as p-A) the scattering processes Are surface dominant. 

These similarities indicate that some of the techniques developed 

for the analysis of HIS can also be adopted for the analysis of 

p-A scattering. 

Semiclassical approaches like one—turning point and 

three-turning point WKB approximation are found to be quite 

successful in HIS. Apart from some other well known techniques 

like optical model calculation and distorted wave Born 

approximation, another technique, developed mainly by Frahn CFr 

75, Fr 761 is used in the case of HIS. It has been suggested that, 

for strongly absorbed particles, the elastic and inelastic 

scattering data can be analysed using this technique which is 

known as closed formalism or parametric S matrix approach. In this 

approach one parametrises the nuclear S matrix in terms of several 

parameters appropriate to reproduce the scattering data and the 

associated physical features. Two commonly used parametrisations 

of S matrix are the Ericson and Mclntyre parametrisations CFr 78, 

Ma 78, Mc 601. In Chapter 3, we have described antiproton-nucleus 

collision using semiclassical and closed formalism techniques, 

thereby demonstrating that phenomenological and semiphenomeno-
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logical theoretical approaches which Are useful in heavy ion 

scattering can also be applied in the case of antiproton-nucleus 

scattering. 

Another interesting feature of p-A scattering that we 

have studied in Chapter 4 pertains to the relative sensitivity of 

the optical potential in different regions of the interaction 

volume. It is well known that, in most of the HIS, optical 

potential is sensitive only to the surface region. To investigate 

the relative importance of different regions Shastry and Gambhir 

CSh 833 have formulated a procedure to calculate the absorption of 

the incident flux in different shells around the scattering 

centre. Using this procedure, they have demonstrated that, in 

heavy ion scattering, the absorption cross section generated by 

both the fully absorbed and partially absorbed partial waves are 

confined to the surface region even when volume absorptive optical 

potential is used. In their work it is also demonstrated CSh 843 

as to how the inner regions of the potential become sensitive in 

the case of light ion-nucleus scattering and nucleon-nucleus 

scattering. In view of the similarity between p-A and HIS, it is 

interesting to examine the interaction regions which contribute 

maximum to the reaction cross section in the p-A scattering. This, 

and some relatCed aspects Bre discussed in Chapter 4. 

The heavy ion scattering has been found to be a very 

powerful tool in the study of nucleus during the last two decades. 

Many of the important reaction processes which have been studied 

are elastic and inelastic scatterings, fusion cross section, 

nucleai—molecular resonances, deep inelastic scattering etc. In 
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Chapter 5, we have described the heavy ion fusion cross section 

results obtained using the effective fusion barrier transmission 

model CSa 893. This model is formulated within the framework of 

nuclear optical model and transmission across the effective 

barrier. This model correlates the relationship between the direct 

reaction model CUd 84, Ud 853 and barrier penetration model CBi 

83f Hi 53, Va 81] of fusion and is very successful in interpreting 

the fusion cross section over a wide range of energies below and 

above the Coulomb barrier. This approach also brings out the role 

of absorption and transmission across the barrier, in heavy ion 

fusion. Thus, the thesis incorporates several aspects of nuclear 

scattering which are of current and general interest within the 

broad framework of nuclear optical model. 
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CHAPTER 2 

REVIEW OF SOME ASPECTS OF ANTIPROTON-NUCLEUS COLLISION 

2.1 General features of anllprolon-nucieon reaction 

2.1.1 Introduction 

The antiproton—nucleon interaction can lead to various 

reaction channels like elastic, inelastic and charge exchange 

scattering and to annihilation. Among them annihilation is most 

dominant and is not associated with the corresponding 

nucleon-nucleon interaction. We discuss briefly p- annihilation 

involving one nucleon and also the possibility of annihilations 

involving several nucleons. The other relevant topics which follow 

annihilation are LCa. 83!! : (l) regions of annihilation, (2) 

transfer or dissipation of the energy released, (3) pion 

multiplicity, (4) the time evolution of the system, etc. All these 

aspects are discussed in great detail by Cahay CCa 833. The 

deposit of energy of about 2 GeV due to p annihilation inside the 

nucleus opens up new and interesting prospects as first mentioned 

by Rafelski CRa 803. Energy of this magnitude can excite the 

nucleus to high temperature or can result in nuclear explosion. It 

may also create large bags from coalescence of nucleons. 

For the last few years annihilation of p in light nuclei 

CBa 87, Na 87, Ph 873 as well as in heavy nuclei CCa 83, Ra 803 

has been studied in great detail. There is also a considerable 

discussion about the possibility of annihilation involving more 

than one nucleon CCu 84, He 87, Ka 84, Ra 843. Such a possibility 
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i.e., occurence of annihilation involving more than one nucleon 

has been suggested long time back CPo 563. The p-nucleus 

annihilation may give rise to the production of strange particles. 

Strange particles produced in hot matter can carry information 

about the dense phase of the annihilation, as particles having 

strangeness Are mostly produced in hot and dense zone. The 

abundance of strange particles can be considered as an important 

signal CKo 873 in the search of quark matter present in the hot 

zone. 

2.1.2 p-p cross sections 

Different p-p cross sections which were parametrised CCu 

893 in terms of p, the incident antiproton laboratory momentum, 

are given below: 

(1) Annihilation cross section: 

(2> 

24 38 

ANN 1.1 0.5 
P P 

Charge exchange cross section: 

(p p •n n) 

CEX 
10.9 

p - O. 1 

1.6 ' 
p < 0.5 

(2.1.1) 

<3> 

7 1 -0.9 = 7. 1 p , 

Elastic cross section: 

p > 0.5 

EL 
= 42-3 p ^'^^ +4.3 exp 

(2.1.2) 

[p - 1.5J 

(2.1.3) 
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(4> Non strange production cross section: 

(with a nucleon and an antinucleon in the final state) 

(p-0.793)^'''^ 

^PROD = ^^ 3 7 ^ <2. i.4) 
PROD 2 +(p-0.793)'^'" 

(5) Strange production cross section: 

(with atleast one hyperon (antihyperon) in the final 

state) 

(p - 1.435) 
o- = 3 . (2.1.5) 

10 + (p - 1.435) 

Here cross sections are expressed in mb and momentum p in GeV/c. 

Variations of the cross sections as a function of p are shown in 

Fig. 2.1.1. A glance at the figure indicates that various reaction 

channels open at different p momentum. At very low momentum 

annihilation channel (N N • mesons) is the most dominating 

one. In such cases, elastic and total cross sections can be 

described by the strong absorption model or by a boundary 

condition model with R % 1 fm CDe 783. At about 0.1 BeV/c, the 

charge eMchange (p p • n n) reaction starts. The inelastic 

channels with the production of a nucleon and an antinucleon in 

the final state (N N • N N + mesons) starts contributing at 

energies % 0.79 GeV/c whereas the momentum required for the 

production of strange particles in the inelastic channel is % 1.43 

GeV/c. It is also to be noted that, in the case of p-p scattering, 

the total cross section o'^m *^ mwch larger than in the case of 



PP CROSS SECTIONS 

2 A 6 
p lab. momentum (GeV/c) 

Fig.2.1.1 Dependence of the different p p cross sections 

on the antiproton laboratory momentum CCu 89J. 
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p-p scattering CYa 873. This is mainly due to the annihilation 

process involved in p-p case. From Fig. 2.1.1 it is seen that o^rMu 

is « 60X of ty-j-nT '^®'"®^s o-p.. is i& 30% . 

One can formulate the N N collision problem at low 

momentum (< 1 GeV/c) within the framework of the potential model 

CBr 68, Ya 873. The nucleon-antinucleKjn potential has two parts. 

The first part is obtained from the corresponding nucleon-nucleon 

potential V|̂ „ using the S - parity transformation. However, this 

will not be adequate to describe N N interaction because of the 

presence of annihilation channels. The other part accounts for 

annihilation, which is not present in NN collision. 

Phenomenologically one can represent the potentials corresponding 

to the annihilation channel by the complex potential V . As a 
ann 

result the nucleon - antinucleon potential (Vrr̂ ,) can be indicated 
NN 

as follows CYa 873: 

NN c c N N T N N < 7 T N N N N 

•••(tensor, s p i n - o r b i t , and o t h e r terms) 
+ V ( 2 . 1 . 6 ) 

ann 

The first two lines which include the central, spin dependent, 

isospin dependent, tensor, spin-orbit and other terras, represent 

the interactions, which are deduced from ^Y>»I '•»sing the 6—parity 

transformation. 

There are two widely used NN potentials in the 

literature. The first one due to Dover and Richard CDo 80, Do 823 

uses a complex annihilation potential V . The second one known 
ann 

as Paris potential CCo 823 uses an imaginary, but strongly spin 

dependent annihilation potential . V— contains interesting 
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physics and can be expected to be deep to account for the NN bound 

state and resonances CYa 873. The imaginary part of V— can be 

expected to make resonant state widths large. 

2.1.3 Annihilation range 

With the availability of LEAR facility elastic 

scattering, charge exchange, reaction and annihilation cross 

sections have been measured in the scattering of p-p interaction 

in the momentum range between 180 and 600 MeV/c CBr 85, Br 86, Br 

86a, Sh 883. As it is clear from Fig.2.1.1 that in p-p 

interaction, annihilation is the most dominant channel it is 

interesting to know at what distance annihilation takes place CPo 

86, Sh 873. It is expected that annihilation proceeds via quark 

rearrangement and consequently it can be determined by the short 

range potential whereas elastic scattering and charge exchange 

reactions are determined by the long range part of nuclear force 

such as one—pion-exchange. The ranges of these three interactions 

have been investigated CSh 87, Sh 883 within the framework of a 

model having a long range one—pion—exchange potential and a short 

range complex Woods-Saxon potential. The results of the 

investigation show that antiproton—proton annihilation takes place 

at short distances of less than 2 fm while charge exchange 

reaction can extend upto 4 fm. 

2.1.4 Models of N-N annihilation 

N—N annihilation can be handled either by statistical 

model CCu 84, Cu 89, Cu 89c3 or by quark model CRu 663. The 
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special features of p-p annihilation at rest and low momentum can 

be interpreted well by using the simple statistical approach. 

Here, we have briefly summarised the important aspects of the 

statistical approach. In this model there atre a number of 

parameters which are able to interpret the pion multiplicities CMa 

76, Mo 75, Or 73, Va 74, Va 80 3. There is a free parameter which 

is related to the interaction volume. This model is suitable for 

low momentum annihilation and can be extended to intermediate 

energies by varying interaction volume with energy. The new 

version of the statistical model explains the p-p experimental 

data upto about 10 BeV/c CVa 78, Va 803. To account for the 

strange particle production in annihilation, the statistical model 

requires extra parameters CCu 873. The model describes fairly well 

the data for baryon number B = O annihilation and is generalised 

for B > O cases also. Although there exists experimental evidence 

CBi 69, Oh 733 in support of the annihilation involving several 

nucleons the corresponding statistical picture, however, is not 

yet fully explored. Summarising, the statistical model is found to 

be quite successful in describing many properties of pN 

annihilation. One also expects that during the process of NN 

annihilation, overlapping of the interacting particles lead to the 

development of quark model. In Fig. 2.1.2 , we schematically 

represent the NN annihilation within the framework of quark 

picture CCu 893. The symbol >. represents a nucleon and ^ 

represents a meson. 
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2.1.5 Interaction at rest 

Slow antiprotons CBa 86a, Cu 69, Re 883 captured in a 

Bohr orbit having high principal quantum number form antiprotonic 

atoms CBa 87a, Po 88, Th 853 which deexcite by radiative 

transition (lasts for ^ 1 0 s in dense targets) or by Auger 

emission. The antiprotonic atom finally reaches a state where p 

overlaps with the nucleus which subsequently annihilates on the 

surface of the nucleus (lifetime of the captured state is ^ 

—18 10 s.> generating few pions. These pions cascade through the 

nucleus in the process of successive collision with nucleons of 

the nucleus. The residual nucleus is then left in an excited state 

and th© nucleus dissipates this excitation energy either by 

evaporating few nucleons (in the case of light nuclei) or by 

fission (in the case of heavy nuclei). The p-p annihilation at 

rest, follows the capture of an antiproton in a Bohr orbit around 

a proton. In this kind of annihilation about 5X of the events 

produce a KK pair, with two pions on the average CBa 64, 6a 663. 

Measurement of non-strange p-p annihilation in liquid hydrogen 

produces a mean number 3.05 of charged pions and 1.96 ± 0.23 of 

neutral pions per annihilation CGh 743. The theoretical 

calculation of Montanet CMo 753 gives the mean number of neutral 

pion to be % 1.80. The production rates for some final states in 

pp and pn reaction at rest are given in details in reference CCu 

893. The fraction of strange annihilation increases from 5: 5% at 

rest ta ^ lOV. At a few GeV/c. 
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2.1.6 Annihilation probability density 

As antipratan is a strongly absorbed particle the 

probability density inside the nucleus decreases. The probability 

density distribution PCr) represented by the solid curve ( > and 

the nuclear density p(r) represented by the dashed curve < ) are 

shown as a function of (r-R^) in Fig.2.1.3 for various nuclei 
16 238 ranging from 0 to U CCu 89, Ja 883. Here, R^ denotes the half 

density radius and r is the distance betvieen the centre of the 

nucleus and the annihilation site. The annihilation probability 

density P(r) for the annihilation of quantal state with the 

principal quantum number n and orbital quantum number I - n-1 is 

2 '^ 

defined by the expression P(r) = r p(r>|v' _*^*"H'"' ^^^ numerical 

results obtained by Jasselette et al. CJa 883 (shown in Fig.2.1.3) 

indicate that, annihilation state is not precisely known in the 

case of heavy nuclei unlike that of light nuclei. In the farmer, 

several states may make a contribution. This figure also indicates 

that annihilation takes place on the surface of the nucleus where 

nuclear density is quite low. This result could be used to test 

the neutron sensitivity at the surface of the nucleus CLe 743. The 

variation of annihilation probability density with r is of much 

relevance to the result described in Chapter 4 where we have 

discussed the contribution to the reaction cross section '̂'̂O'Jj 

different shells of the nuclei. 

2.1.7 Annihilation Channel '^ ^ 

In the study of p- nucleus interaction, annihilation is 

an important factor which is to be taken into account. Two 
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Fig.2. 1.3 Distribution P<r') of the annihilation site in various 

targets for the Coulomb state (solid curve) specified by the 

principal quantum number n. Nuclear density piri is shown by the 

dashed curve. The arrows indicate the mean location of 
23Q 

annihilation. For U,only the location for n = 9 state is 

indicated. All the curves are normalised to their maximum. 
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experiments were carried out at LEAR. In the first experiment (PS 

179), negative pion multiplicity and the charged particle 

multiplicity CBa 86a] were measured whereas in the second one (PS 

186), the residual nuclei were studied CMo 86, Mo 86a3. The 

mechanism of p annihilation on nuclei can be handled in the 

intranuclear cascade (INC) model CCa 83, Cu 85, Cu 87, Ja 883. The 

dynamics of the INC model CCu 89a3 can be described as follows: 

(i) p annihilates on a single nucleon at the surface of the 

nucleus generating a few pions, with the same properties as those 

in free space 

(ii) some of the primordial pions produced, penetrate into 

the nucleus, some of them leave the nucleus without interacting 

and some are scattered or absorbed 

(iii)after the first ejection process has taken place the 

nucleus still contains some excitation energy which is dissipated 

either by evaporating few nucleons or by fission at a 

comparatively slower rate. 

2.1.8 Energy transfer to the nucleus 

During the process of annihilation the energy, of the 

order of 2 6eV or so, which is released, is not completely used 

to excite the nucleus CAr 883. Some of the pions escape through 

the nucleus without interaction while the rest (a fraction) of 

them are absorbed. This reduces the energy transfer to the 

nucleons substantially. The amount of energy transferred from 

pionic system to baryonic system is about 500 MeV for annihilation 

at rest and about 800 MeV for annihilation in flight CCu 883 in 
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the LEAR energy regime. The amount of energy transferred, E 

(MeV), to the nucleus (calculated within the framework of INC 

model) as a function of time 't' (fm/c> is displayed in Fig. 

2.1.4 for different systems CCu 87a]. The energy so acquired is 

dissipated in two time scales. Firstly, the energy is removed by 

the ejection of fast nucleons during which the eKitation energy is 

concentrated close to the pion paths. This is shown schematically 

in Fig.2.1.5. After the fast ejection process is over, the 

remaining energy is distributed evenly in the nuclear volume and 

is dissipated by evaporation. For example, CCu 883 in the case of 

98 
Mo, energy of about 150 MeV at rest (about 250 MeV for 

annihilation in flight) is acquired after the ejection of fast 

98 nucleons. Thus, Mo can loose about 15 nucleons on the average 

but due to large fluctuations, it can even loose upto 30 nucleons. 

Here it is worth mentioning that some of the debated questions are 

: CCu 89b3 (i) What is the minimum energy required to trigger the 

process?" (ii) Is the transition from evaporation to 

mult if ragmen tat ion rapid '? etc. These problems have been studied 

in p-nucleus and nucleus—nucleus collisions. It has been suggested 

that if the excitation energy is below some specific value, loss 

of nucleons is due to the evaporation process and if it is large 

the nucleus loses its cohesion and divides into many pieces of 

intermediate sizes. This is called multifragmentation process. The 

expected value of excitation energy is about 3 MeV per nucleon. 

Thus antiproton offers an excellent tool for multifragmentation as 

well as a vehicle for depositing large amount of energy without 

involving large momentum and angular momentum. A comparative study 



p-amihtation at rest 
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Fig,2.1.4 Variation of the target excitation energy 

with time, after annihilation of antiprotoh on a number of 

nuclei. 



Fig.2.1.5 A schematic representation of the interaction 

between the annihilation pions (dotted lines) and the nucleus. 
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of fflultifraQmentation, tCu 89b3 using p and heavy ion beams is 

given in Table 2.1.1. 

2.1.9 Unusual annihilation 

In the INC model, it has been assumed that p 

annihilation on nuclei is a point like phenomena. However, the 

process is a little more complicated. The annihilating system may 

last for some time before decaying into pions. During this time it 

travels through some distance inside the nucleus and encounters 

another nucleon. The frequency of this "unusual" event has been 

estimated to be % 10-20X for annihilation in flight CCu 89b3. An 

experiment for the measurement of strange particle production was 

carried out by Miyano et al. CHi 843 at 4 6eV/c for p-p 

annihilation on heavy nuclei like Tantalum <Ta). The production 

cross section for lambda <A) particles CCu 893 in p — p reaction 

is about ^ 0.53 mb at 4 GeV/c. Miyano et al. measured the cross 

section on Ta target and found an enhancement of the production 

cross section which is % 193 mb at the same momentum. Dependence 

of the production cross section on the atomic number and the 

geometrical cross section of the nuclear target is indicated in 

reference Clii 843- A very simple estimate of lambda (A) production 

cross section on Ta given by Ko and Yuan CKo 873 is about feO times 

larger than the value for p~p reaction. They CKo 873 suggested 

that if the kinetic energy of the pions produced in p-p 

annihilation is greater than 900 MeV, then the associated 

production (JTN • AK) between the secondary pions and target 

nucleus leads to the production of lambda particles. The total 
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Table 2.1.1 Coinparison between p and heavy ion beams for the 

study of multifragmentation ICu 89b]. 

heavy ions 

critical energy 

momentum transfer 

angular momentum transfer 

definition of the fragmenting 

system 

mixing of various sources 

^ 1 eeV 

smal 1 

small 

good 

no 

^ 200 MeV/A 

large 

large 

^ rather bad 

^ yes 
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cross section for producing lambda paticles via the associated 

production is about 29 mb. There arm other two step processes like 

(1> pN •• RX, KN • TTA a n d ( 2 ) pN • ZX, ZN • AN, 

which contribute to the production of lambda particles. Combining 

all the contributions for the lambda production, the cross section 

is estimated to be % 122 mb which is about 1.6 times smaller than 

the experimental value and needs more investigation. However, it 

is also shown in references CCu 84, De 853 that the p annihilation 

on a cluster of nucleons in nuclei leads to an enhancement of 

production of strange particles. Derreth et al. CDe 853 also 

showed that the strangeness production depends substantially on 

the baryon number density of the fire ball. 

2.2 General features of antiproton-nucleus scattering 

2.2.1 Introduction 

During the last decade low and medium energy antiproton 

interaction with nuclei have been investigated experimentally at 

BNL CAs 843, KEK CNa 843, LEAR CSa 843. Experimental data have 

4 208 been obtained for a number of nuclei ranging from He to Pb in 

the energy range from 20 - 200 MeV CAs 84, Ba 85, 6a 84, Na 843. 

The experimental data of antiproton-nucleus scattering is quite 

different from that of proton-nucleus scattering CWi 723 at the 

same energies. In the case of antiproton the differential 

scattering cross section shows a sharp diffraction pattern CGa 843 

whereas that of proton scattering at the same energy decreases 

more smoothly. This is illustrated in Fig. 2.2.1. The effective 
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nuclear radius in the case of antiproton scattering increases by a 

factor of about 1.5-2 in comparison with the ordinary nuclear 

radius CDa 853. Antiproton-nucleus scattering data have been 

analysed using various techniques namely, (1) Black body 

diffraction model CLi 85, Za 873, (2) Distorted wave approximation 

CAm 853, (3) Optical model calculation CHe 85, Ja 86, Ku 853, (4) 

Glauber model calculation CDa 84, Da 85, Da 883 and (5) Coupled 

channel calculation tin 863 etc. Some of the techniques used to 

analyse p-nucleus scattering data are discussed here briefly. The 

angular distribution of elastic and inelastic scattering of 

. . . , 12- 16,ia„ 40„ _, 208-^ .. t. _. i 

antiproton from C , O, Ca and Pb have been measured at 

about 47 and ISO MeV CGa 84, Ga 84a3. The important findings of 

the data are CYa 873: (i) the real (V(r)) and the imaginary (W<r)) 

parts of the potential cannot be determined in the interior region 

of the nucleus, (ii) however, V(r> in the interior is likely to be 

attractive and shallow, (iii> near the radius of strong absorption 

(R) both can be determined and |V(R>| < (i/2)|W(R)|, (iv) in the 

case of Woods-Saxon potential, the potential parameters 

approximately satisfy V < 60 MeV, V < (1/2)W and r na r. and 

(v) both R and the reaction cross section decreases with the 

incident p energy indicating that at higher energies p can 

penetrate deep into the nucleus. 

We have discussed in the previous section <i.e.,Sec.2.1) 

that at low incident energies, annihilation is an important 

process in p-p interaction. As the antiproton approaches the 

nucleus, the absorption of p results in an oscillatory diffractive 

pattern. Thus, it is necessary to consider this aspect in all the 
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theoretical models. This highly absorptive nature of the nucleus 

to the incoming p can be considered by assuming the nucleus to be 

a black sphere. 

2.2.2 Black body diffraction model 

When p impinges a nucleus the probability of the 

absorption of p is more as compared to any other probe. It has 

been shown that some of the characteristics of p—nucleus 

scattering data can be explained in the light of black disc 

scattering CLi 85, Za 873. Assuming that the scattering is caused 

by a black disc with a sharp edge of radius R, the differential 

scattering cross section in the centre—of—mass frame is given by 

Dd O 

r J {X)n2 

(2.2.1) 

where x = 2kR sin<©/2>. 

Here "^^^0^ is the scattering amplitude corresponding to the black 

disc scattering, k represents the incident p momentum and & is the 

scattering angle. The fully absorptive black disc representation 

of the nucleus for the incident p is a rather drastic 

approximation CYa 873. Hence, the effect of the surface 

diffuseness on ffv<0> was studied by some authors CBl 60, In 653. 

According to Inopin and Berezhvoy CIn 653, the scattering 

amplitude can be expressed as 

fie) = f^t©) F(©), (2.2.2) 

where F(0) is the diffuseness function. Assuming the shape of FiO) 

to be Gaussian type ,i.e., 

F<e) = exp r -A^k'^sin'^(©/2)1, (2.2.3) 
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where A is known as diffuseness or fuzziness parameter. Thus the 

scattering cross section can be written as 

a = |f(©>|^ = |fQ(e)|^ |F(©)|^ 

= o-ĵ t̂O) |F((9)|'̂  (2.2.4) 

which is a two-parameter formula. The best fitted curves (solid 

lines, ) obtained CYa 873 for different systems (viz, p + 

^^C at E, . = 47 and 180 MeV and p + '̂̂ Ca at E, . = 180 MeV ) 1ab 1ab 

within the framework of black disc model with A ^ O are displayed 

in Figs. 2.2.2(a)-(c). For comparison purpose the dashed curve 

( ) corresponding to sharp black disc calculation ( A = O ) is 

also shown in Fig. 2.2.2(a). The results show that a diffuseness 

parameter A ?* O, is required for the best fit of the curve. The 

parameters of the black disc model Are contained in Table 2.2.1. 

Thus,it is clear that A * 1.1 fm gives quite good fit to the 

experimental data CGa 84, 6a 853. It reproduces the position of 

the valleys but not the slope of the angular distributions. From 

1 /3 Table 2.2.1 it is seen that the radius parameter r k r =^ R/A ) 

corresponding to R is about 1.5 fm at 180 MeV and about 1.7 fm at 

47 MeV and A, the width of the diffuseness function is =s 1.1 fm at 

both energies. Thus A ?<̂  O, indicates that p can penetrate into the 

nucleus. Though the interior of the nucleus is black but there is 

a grey surface in and beyond which many interesting physics can 

take place which should be investigated CYa 873. The value of r>. 

indicates that the strong absorption radius extends well beyond 

the size of the target nuclei ( which is ^ 1.2A fm). 
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Table 2.2.1 A brief summary of the black d i sc  nmdel parawters 

for  di f ferent  6-A system. 

A R Target Elab 

Cfm) Cfm) C MeV) Cfm) 
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2.2.3 Distorted wave approximation 

Distorted wave approximation method EAm 853 is found to 

be quite useful in analysing the direct reaction data of p-A 

scattering. In this approach one uses the fact that, p-A collision 

is a surface dominated phenomena and the incident wave gets 

attenuated on the surface. One of the advantages of this approach 

is that parameters or scales can be varied freely. In this 

approKimation, an analytic form of the distorted wave function 

(-y/ (r) is assumed and is represented by 

V. (r) = N exp 
i 

iia - /5>k . . r 
' 1 

(2.2.5) 

with N, the value to yield unit magnitude at the nuclear surface. 

The parameters ot and (3 correspond to the refraction and 

attenuation character of the incident wave. The integral form of 

the elastic scattering amplitude is given by CDi 833 

f(0) = - exp (-ik^.r) U (r) v'.*'̂ Nr>dr . (2.2.6) 
2rTh2 J "̂  ^ om ^k. 

Here Woods-Saxon form of the optical model (U (r)) potential is 
om 

used. Using Eq.(2.2.5) the scattering amplitude in the analytic 

distorted wave approximation (AOWA) can be expressed as 

2 N ^^'^ 

00 

I 
0 

j, <Tr) j,(i/?k.r) U <r) r^ dr, (2.2.7) I I ' 1 om ' 

where T = otk. — k, 
1 f 

r (a-l)k. sin((jT-©)/2) 
n - e _ r 1 

and (O. -r) « - sin j 
•̂ i* 2 T 

] • 
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If the attenuation parameter ift « 1) and the scattering angles are 

small, all terms other than 1 = 0 can be neglected. With this 

approximation Eq. (2.2.7) becomes 

ADWA ^^^ r^ 2 
^HUWH ^ ^^^j ĵ ^^j ^^ ^^^ (2.2.8) 

^2 J O om O 

The total scattering amplitude can be obtained by incorporating 

Coulomb scattering amplitude tDu 841 which is given by 

f_(©) = R f .i&} F(q) (2.2.9) 
C 77 pt 

R being the relativistic correction factor and f ,(0) represents 
17 pt 

the Coulomb amplitude when the target and projectile are 

considered as point charges. F(q) is the form factor which takes 

care of the extended charge distribution of the nuclei. The 

expressions for the terms R , and f ,(S) are 
•Q pt 

R = 1 - (l/2)n7)v'^ sin (©/2) exp ( 2io'^ + 2io'_^^ ) , (2.2.10) 

2 2 ^^^ + 1 + iy)) 
where rf = (Z Z^e ^)/fi k , exp (2io', ) = 

r(l + 1 - iyj) 

and 

f ^(0) = (7?/2k sin'^(©/2)) exp [-217? In (sin (0/2)) + 2ia^^ + in] 

(2.2.11) 

Assuming the uniform charge distribution for the nucleus within a 

sphere of radius R , the form factor F(q) can be written as 

F(q) = j (qR ). (2.2.12) 
(qRj,)" 
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Thus, the full scattering amplitude is 

f<e> = f^^^^W) + f^W) (2.2.13) 

Amos and Di Harsio CAni 853 ussd these equations to calculate the 

differential scattering cross sections for the elastic scattering 

of p from *"C and "'Ai. A fit to the e;:perimental data (fof" 0 < 

20 > obtained for different beam momenta sre shown m Fig.2.2.3. 

This approximate method contains two mere parameters m addition 

to the conventional optical modal potential parameters. These 

(optical model potential parameters used in the calculation) 3.re 

listed in Table 2.2.2 . The parameters a and ft which give the best 

fit of the data for the above systems CAm 853 are summarised in 

Table 2.2.3. Their results are comparable to these obtained using 

optical model calculation and thus, it is suggested that m 

analysing the reacticn data ADWA is mors useful for p probe than 

aany other intermediate energy probe CDi S33. 

2.2.4 Glauber model tor antiproton-nucleus scattering at low 

energy 

It has been demonstrated that the ejioerimental data CGa 

84, Ga 84a3 for elastic and inelastic scattering of antiproton on 

12 40 208 

C, Ca, Pb targets at 46.8 and IS^ MeV energies can be 

explained using Glauber theory of diffraction scattering tGl 693. 

Glauber model is assumed to be valid m the high energy (E > IGeV) 

hadron-nucleus scattering CGI 593, but since the energy of the p-A 

scattering is low, it was expected that Glauber model may not be 

applicable m such cases. For the validity of Glauber 

approximation CDa 853 two conditions must be satisfied. These are 
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Fig.2-2.3 Differential cross section for p + ^^C 

- 27 
and p + Al systems at different beam momenta. 
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Table 2. 2. 2 Optical model potential parameters used in 

distorted wave approximation for p-A systems 

[Am 851. 

Target 

^̂ c 

27AI 

o 
<MeV> 

20 

30 

R A~ r 

<fm) 

1.3 

1.3 

1/3 
a r 

<fm) 

0.52 

0.52 

"o 
(MeV> 

95 

115 

R.A 
I 
(fm> 

1.1 

1.1 

1/3 
a. 
1 

(fm> 

0-52 

0.52 

Table 2.2.3 Parameters of distorted wave approximation of p-A 

system at various momenta CAm 8S1. 

Beam momentum 

(MeV/c) 

711 

779 

879 

Target 

12, 

a 

1.22 

1.19 

1. 175 

n 

0.005 

0.0 

-O.Ol 

702 

881 
27 Al 

1.202 

1.182 

-0.025 

-0.035 
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(1) eikonal approximation and (2) adiabatic approximation. In the 

former, the deviation of the incident particle from the 

rectilinear path is small. Thus, it appears that eikonal 

approximation is valid for small angle collisions which is the 

case for scattering at high energies. In adiabatic approximation, 

one assumes that during the flight time of the particle inside the 

nucleus, the positions of the nucleons of the target nucleus 

remains fixed (i.e., frozenness of nucleons). This condition is 

also valid at high energy. However, in the case of antiproton at 

low energy the validity of eikonal approximation is confirmed by 

by the fact that, pN scattering amplitude has a strongly 

pronounced peak in the forward direction which shrinks with the 

decrease in energy CDa 84, Da 853. For example, the slope of the 

-2 
elastic p-p forward peak at 46.8 MeV is 35.6 (GeV/c) CDa 851 

whereas p-p elastic cross section at the same energy is 

practically isotropic in nature CKe 593. Even at high energy the 

-2 
slope of the pp forward peak < 6 (GeV/c) . Such a narrow forward 

cone at small energy and its antishrinkage behaviour is favoured 

by the fact that even at low energy several partial waves CSh 783 

with nonzero orbital momenta contribute to pp scattering. Taking 

into account all the spin and isospin states the total number of 

partial waves > 20. The interference of the partial waves causes 

the narrow forward peak in pN scattering amplitude CDa 773. The 

existence of this forward peak at low energy could be one of the 

causes for the applicability of Glauber model. In the case of p-A 

scattering, Glauber model is found to be valid even at low energy 

( ^ 50 MeV) whereas this mechanism for proton scattering at the 
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same energy distinctly differs from the experimental data. The 

good agreement of the experimental results and theoretical 

calculations indicate that, contribution due to non adiabatic 

correction is small for low p energy. 

For small momentum transfer q, the elastic scattering 

amplitude (F ,(q)) for a nucleus of mass number A, can be written 

in the Glauber model as (without considering Coulomb effects) CGI 

671 
00 

F (q) = ik r(b) J^Cqb) b db , (2.2.14) 

where J.(qb) is the Bessel function, b the impact parameter and 

r<b) is a function of input amplitude given by 

r(b) = 1 - exp (iAr^(b)) , (2.2.15) 

where ^N**^^ '^ ~5nk ^ ^^' ^H^^^ ^^^^ ^'^^ 

is the nuclear phase. Here k is the incident beam momentum and 

0(q) is the nuclear form factor and is parametrised for 4 < A < 16 

as CBa 683 

^(q) = 
A - 4 

1 - R'̂ q̂  expf- R^q^/4l (2.2.16) 
6A 

R being the nuclear radius. The input amplitude pN is of the form 

ko-d + £) - ^ 
fĵ (q) = exp -Bq^/2| . (2.2.17) 

ko'(i + £) 

An 

c, £ and B are the parameters of the input amplitude which are 

different for pp and pn amplitude. In p-A scattering, Coulomb 

interaction is rather important which is very sensitive even for 

light nuclei. Coulomb effects can be incorporated by including the 
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Coulomb phase alongwith the nuclear phase. With this (Coulomb 

effect) inclusion, the elastic scattering amplitude takes the form 

CAl 78, Gl 673 
00 

exp[i;^^^^] Fei<q> = Fj,(q) + ik f J^<qb) e^p ^̂ iAr̂ jCb)j|l 

(̂ i(̂ ;):̂ (b) + ^ i < b > ] ] | fa db, 

where 

— exp 

(2.2-18) 

Fj^(q) = -2^(k/q ) eKp(ipj,] 

<p^ = -2e ln(q/2k) + 2r) 

T> = arg r (1 + if) 

A:Q(b) = 2e In kb 

2, 2,1/2 P** f r 1 + (1 - b^/r^) 
(b) = STT? p(r)Jln 

J. L L b/^' 

and the screening phase 

2 ? 
b /r ) " 1 2 . 

r dr 

A: = -2? logr2kR 1. 
^scr ^ ^ (̂ scrj 

In the expression for X-,^^^j P<f-> is the nuclear charge density. 

Ze m 
^ = 

tick 
, Z is the nuclear charge- Assuming the charge 

density p(r} (normalised to unity) to be equal to the nuclear 

density it can be parametrised (4 < A < 16 ) as 

/o(r) = T R Vrr] 
n-i 

4 + (2/3) (A - 4) (r/R)' exp i-r-^/R^). 

(2.2-19) 
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Using Eq.(2.2.18) Dalkarov and Karmanov CDa 84, Da 85, Da 87] 

obtained reaction and differential elastic cross sections for p 

scattering for a number of nuclei within the framework of Glauber 

- 12 model. For illustration, a typical case namely, p + C scattering 

at 46.8 MeV is chosen and is shown in Fig. 2.2.4 by the solid 

12 curve < ). For comparison purpose, the results of p + C 

case at the same energy is also shown in the figure by dashed 

curve ( ). Good agreement of the results with experimental 

data CGa 843 for antiproton scattering confirms the validity of 

Glauber model. On the other hand the results of the Glauber model 

calculation for proton scattering deviates from the experimental 

data. It has been observed that, for the incoming antiproton the 

central region of the nucleus is a black sphere with a diffused 

surface. The effective radius R ,, of the black nucleus in the 
ef f 

Glauber model is given by the formula 
I CD 

' - t ' ^ l R':^^ = 21 r(b)fa db 

0 

(2.2.20) 

- 12 
For p + C scattering it has been found that R ^, = 3.96 fm ^'^Q~ 

12 1.73 fm) and for p + C case R ,, = 3.06 fm. The effective radius 
^ ef f 

12 for antinucleon interaction is larger (by a factor of 1.5 for C) 
— 12 than that in the electron scattering CDa 853. In p + C case, the 

results, assuming the nucleus to be a black sphere with sharp 

surface A = O and R ,, = 3.96 fm, are also shown by the dotted 
ef f ^ 

curve ( ) in Fig. 2.2.4 . The data obtained by the black 

sphere model gives a good fit to the experimental data upto the 

first diffraction minimum and overestimates the data beyond this 

region which is due to the strong diffraction from the sharp 

surface. 
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The method is also used to determine the parameter c, 

the real-to-imaginary ratio of pN amplitude at diftractive minima. 

In the Glauber model, € can be written in the form 

4; = Re f <0)/Im f,̂ <0> (2.2.21) 

Hence, from Glauber model analysis of p - A scattering, one can 

get a check on the ratio, £, determined in NN scattering 

experiments. The optical potential (V(r)) for p-A scattering can 

be obtained by using this model. Another important utility of 

Glauber model is that it can be employed successfully in the study 

of p-A inelastic scattering. This has been c.a.rrxmd out by Dalkarov 

and Karmanov CDa 853 and Mahalanafais CMa 873. 

2. S. 5 Optical model potential 

Experimental p-A scattering data have been analysed in a 

number of ways CLe 853. It has been observed that the angular 

distribution of differential scattering cross sections of p-A 

scattering is very much similar to that of heavy ion scattering 

whereas in case of p-A scattering the elastic differential 

scattering cross section decreases smoothly. At the same energy, 

p-A scattering shows an oscillatory behaviour (as shown in Fig. 

2.2.1). One of the most common approaches for the analysis of heavy 

ion scattering is the optical model potential approach. The above 

similarity leads to the use of this approach for the analysis of 

p-A scattering data CHe 85, In 86, Ja 86, Ku 853. 

The standard form of the optical model potential having 

Woods-Saxon geometry is given by 
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V(r) = -V,-,f(r, R„, a J - iW,-.f<r, R^, a^) + U^(r) + V^^^Cr), 

(2.2.22) 

where "f^ff R» a) = 
r - R - - ' 

1 + exp (-:-] 

R = r A ^ ^ and R. = r A ^ ^ . r r T 1 1 T 

v., r and a are the strength , radius and surface diffusenes 
o' r r 

parameters of the real part of the optical model potential 

respectively. W., r. and a. are the corresponding parameters of 

the imaginary part of the potential. A^ denotes the target mass 

number and U represents the Coulomb potential. The spin-orbit 

term in p-A scattering is neglected, probably, because it does not 

affect the angular distribution of differential cross section and 

also due to non-existence of sufficient polarisation data CIn 863. 

Several other arguments are given in favour of the non-occurence 

of spin-orbit term CDo 78, Ja 861. The optical model calculation 

was performed by using ECIS code of Raynal CRa 81D on several 

targets like C, O, Ca and Pb at different energies. 

Optical model analysis fits the experimental data quite 

satisfactorily. A list of best fitted parameters of optical model 

potential for different systems is given in Table 2.2.4. Using 

these parameters the theoretically calculated angular 

distributions are shown in Figs. 2.2.5(a)-(c) and 

- 12 - 40 Figs.2.2.6(a)-(c) for three systems namely, p + C, p + Ca and 

_ 208 
p + Pb at the energies indicated in the respective figures. 

Potential parameters also show a deep imaginary part and a shallow 

real part. This is an indication of the highly absorptive nature 

of p-A scattering. It is known that phenomenological nuclear 
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ie 2.2.4 Best fitted optical potential parameters of p-A 

scattering CJa 861. 

get E- . V- r a W^ r. a. a^ 
^ l a b u r r O i x R 

(MeV) (MeV) (f/n) (fm) (MeV) (fm) (fm) (mb) 

46.8 25 1.22 0.56 61 1.17 0.56 616 

179.7 44 1.05 0.56 184 0.935 0.56 510 

47.8 9 1.4 0.63 143 1.03 0-63 1243 

a 

179.8 40.5 1.1 0.63 111 1.1 0.63 1035 

48.3 0.0 - - 22 1.38 0.50 3458 

Pb 

180.3 60 1.097 0.70 105 1.13 0.70 2710 

178.4 35 1.2 0.52 79 1.20 0.52 581 

178.4 38.5 1.05 0.62 150 0.98 0.62 660 
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optical potentials Are not unique which is true in p-A case also. 

Ingemarsson Cln 863 gave a large number af potentials which fit a 

particular p-A scattering data at a given energy and gives 

2 
practically the same ^ "fit. A detailed study of these potentials 

shows that, near the nuclear surface and the region of strong 

absorption where |W<R)| > 2|V(R>| the optical potentials &re well 

determined. Correlations CHe 85, Ja 863 between optical parameters 

were also investigated and the existence of parameter ambiguity 

was demonstrated by Kubo et al.CKu 853. Janouin et al. CJa 863 

realised that, the parameters at 180 MeV can be determined more 

correctly than at 46.8 MeV. Diffuseness and radius parameters of 

the imaginary potential can be determined more precisely than the 

real part. In order to describe the minima of the angular 

distribution, a small attraction around the nuclear surface is 

generally preferred for the real part. However, due to the minor 

role of the real part, a large degree of freedom exists in the 

choice of the potential geometry. 

An examination of the real part of the potential in the 

surface region does not exhibit any pockets in the effective 

potential, which suggests that antinucleon—nuclear bound states 

may be difficult to observe. 

Surface sensitivity of the optical potential and their 

comparative insensitivity to the inner region can be analysed as 

Igo ambiguity CIg 583. For strongly absorbed particles, all the 

potentials which behave similarly at the nuclear surface will 

reproduce the scattering data. In the case of Woods-Saxon 

potential (for real part) 
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_ - i 

r - R 
1 + eKp [ — 1 -• V^ eMp(R /a )e>{p(-r/a^> , 0 r r r 

r > R r 

= Const >; exp (-r/a ) (2.2.23) 

i.e.,the combinations of the parameters V̂ ,̂ R , a are such that 

V^exp(R /a > = Constant. Such a relation is also satisfied by the 
0 r r 

imaginary part of the potential. A detailed study of p-A potential 

shows that the potentials are uniquely determined near the region 

of absorption radius R which is the distance of closest approach 

for the Rutherford orbit of angular momentum L. ,„ such that 

1 
R = -, 
s k r {^ - P - 4/2 ^4/2 -̂  '']''^] ' <2-2-24) 

where 17 and k are the Coulomb parameter and the incident momentum 

respectively. L^ .̂  is that partial wave for which modulus of the S 

matrix has the value of |S | = 0.5. In Table 2.2.5, the values of 

R , V(R ) and W(R ) for few p-A systems are given. Comparing R 

with R, the radius obtained in the black disc diffraction model, 

shows that R % R. In spite of optical model potential parameter 

ambiguities the reaction cross section data are well determined 

and it is observed that like the strong absorption radius, the 

reaction cross section decreases with the increase in energy. Many 

attempts have been made to find a single potential which can 

reproduce the data for different target nuclei CJa 863. After 

several trials, a potential with fixed values of the potential 

strengths with r = r. = 1.1 fm and a smooth dependence of the 

diffuseness with target mass A^ is achieved which can reproduce 

12 ''OS 
the data from C to '̂  Pb at a given energy. Diffuseness 
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Table 2.2.5 Potentials at the distance of a storng absorption 

radius R C«r A _- 3 for various p-A systems at 
S S T r- -r 

different energies [Ja 861. 

System E- R r V(R ) W<R^) 
•' p s s s s 

(MeV) (fm) (fra) (MeV) (MeV) 

p +^^^0 46.8 3.65 1.59 -4.4 -9 

179.7 3.40 1.48 -6.7 -19 

p +*^0 178.4 3.65 1.45 -8.3 -17.7 

— 18 
p + O 178.4 3.9 1.49 -5.3 -15.6 

p +^'^C3i 47.8 5.25 1.55 -2.9 -8.7 

179.8 5.0 1.48 -5.0 -14.9 

p +̂ '-'̂ Pb 48.6 8.5 1.44 -0.9 -7.7 

180.3 8.25 1.39 -4.5 -10.0 

These values are determined with an ACcurAcy of + 0.1 fm for 

R and +2 Mev for V(R ) and W(R >. 
s s 
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parameter (a) is allowed to vary with A_ in the following way CJa 

B61s 

a = 0.6366 + 0.0894 (Â *''̂  - 40^''^) + O. 118(N - Z)/A^, A^ < 70 

= 0.6366 + 0.0894(70^^^ - 40^^^^) + O. 118(N - Z)/A^, A^ > 70 

The best fitted parameters are listed in Table 2.2.6. In view of 

the large uncertanities of the optical potential in the interior 

region, an approach, which does not start with a predetermined 

potential form like the Woods-Saxon form, is of interest. One such 

approach is the Fourier-Bessel expansion method CFr 78, Gi 801-

This method gives good fit to the data and confirms the fact that 

the potentials are well determined only at large radii where 

nuclear density is less than 10% of the central value and at such 

distances the imaginary potential is about twice that of the real 

potential. 
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Table 2.2.6 Best fitted parameters of the potential for 

which only diffueseness depends on A_ CJa 861. 

Target E- V. W. r =r. a =a. 
^ p O O r i r i 

(MeV) <MeV) <MeV) (fm) (fm) 

0.54 

0.56 

0.58 

0.64 

0.72 

0.54 

0.64 

0.72 

' \ 

'"^Q 

'% 

^^Ca 

2'̂ 8pt, 

î c 

•̂̂ Ca 

2^^Pb 

179.7 

178.4 

178.4 

179.8 

180.3 

46.8 

47.8 

46.8 

40 

40 

40 

40 

40 

18 

18 

18 

105 

105 

105 

105 

105 

105 

105 

105 

1.1 

1. 1 

1.1 

1.1 

1.1 

1.1 

1.1 

1.1 
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CHAPTER 3 

SEMICLASSICAL AND CLOSED FORMALISM APPROACHES TO 

ANTIPROTON-NUCLEUS SCATTERING 

3. 1 Introduction 

The maior advances m our umderstanding of atomic nuclei 

have tat en place as a result of detailed exploration of nuclei 

using a variety of probes like electrons, nucleons, dsuterons and 

heavy ions. During the last two decsides the information generated 

by heavy ion scattering <HIS) has evolved as a major area of 

nuclear physics. More recently, scattering and reaction 

experiments conducted on different nuclei using antiproton (p) as 

projectile have initiated a new line of exploration of the nuclei 

CGa 84, In 86, Ja 86, Kr 84, Pu 85, Ma 843 which is of much 

interest due to several reasons. These can provide a better idea 

of the interaction of antiprotons with the nuclear matter, 

antiproton-nucleus (p-A) potentials, additional reaction channels 

due to anniIhilation of antiproton etc. The experiments and 

theoretical calculations carried out so far provide interesting 

similarities between antiproton-nucleus scattering and heavy ion -

nucleus scattering. Both of these ars predominantly surface 

dominated phenomena and in general, the inner regions of the 

interaction potentials srs not uniquely determined. In both cases 

nuclei appea*̂ - as highly absorptive spheres and the differential 

scattering cross sections show characteristic diffraction 

patterns. Physical origin of the surface dominance m these cases, 

however, appears to be different. The heavy ion scattering, m 

general, is dominated by a high Coulomb barrier. As a result, the 
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interacting nuclei get slowed down n the barrier region and 

hence, most of the reaction process at low energy takes place 

around the barrier region which ma^es the surface region of the 

potential comparatively well determined. Most of the partial waves 

below the grazing partial wave get completely absorbed and hence, 

3ire not helpful in uniquely determining the potential m the 

interior region. On the other hand, the surface dominance of 

antiprotcn-nucleus scattering has a different origin. In this case 

there is no Coulomb barrier and for some partial waves there may 

be 3 very low barrier due to centrifugal term. The surface 

dominance of antiproton-nucleus scattering is due to the large 

number of additional channels that open up due to annihilation 

process generated by proton-antiproton collisions. The scattering 

wave gets strongly attenuated m the surface region due to these 

additional channels and hence, only limited information regarding 

the surface region of the interaction is possible. In the case of 

HIS, very important approaches have been developed for the 

analysis of the scattering data. In view of the comparatively 

smooth behaviour of tne heavy ion potential and very small de 

Broglie wavelength involved, semiclassical methods C Br 72, Br 74, 

Fo 59, Fr 75, Va 75, Ma 75, Mc 70 1 of collision theory have been 

widely used m HIS and the data have been analysed m terms of 

phenomenon like rainbow and glory scattering. On the other hand 

based on the fact that, HIS is a highly absorptive process leading 

to a smooth variation of the magnitude and the phase of the 

partial wave S matrix, diffraction models using the parametrised 

form of S matri;; have been developed in HIS CFr 78 3. These models 

can explain very successfully the diffraction patterns like 
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Fraunhofer and Fresnel diffracticn which are common m HIS. In 

view of the several similarities between antiproton-nucieus 

scattering and HIS, we have investigated the applicability of 

semiciassical methods and closed formalism CFr 783 for the 

analysis of p-A scattering data. A brief description of 

semiciassical approach and the scattering phase shift is given in 

Sec.3.2. Section 3-3 deals with the comparative study of 

effective potentials and reflection fLinctions in the heavy 

ion—nucleus and antiproton-nucleus collisions. Antiprotcn-nucleus 

scattering data a.rs analysed using WPB technique which is 

described in Sec. 3.4. In Sec. 3.5, the closed formalism approach 

incorporating the parametrised form of S matrix is discussed. 

Section 3.6 discusses typical numerical results obtained by IAJKB 

technique and the paramet^"lc S matriy approach. 

3.2.1 Semiciassical approach 

Semiciassical methods ars useful when the de Broglie 

wavelength of relative motion is small as compared to some 

characteristic dimension of the system. In such cases, the problem 

can be treated semiciassically, i.e., the classical concepts can 

be applied to a good degree of Bccuratzy. If two nuclei having 

mass numbers Ap and A.̂  collide the corresponding wave number (k) 

of relative motion is L = ifjv/h) , where ju = A^.A^/(A_.+A.^) is the 

1/'̂  
reduced mass and v = (2E /A > is the asymptotic relative 

velocity. Three dimensicnless variables CSa 783 which are 

frequently used to compare the values of I arez 

<i> Sommerfeld parameter r) = -̂a_» compares the de Broglie 
c 

wavelength with the Coulomb length parameter a ia — 2^ Z-̂ e'"/2E) . 
" c c r' T 
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E d e n o t e s t h e a s y m p t o t i c t i n s t i c e n e r g y o f r e l a t i v e ( n o t i o n 

E = (1/2) jj'--^ = E , . A^/<A_ + A_) . ( 3 . 2 . 1 ) 
l a b T P T 

Here Ẑ ^ and Ẑ . &re the proton numbers of projectile and target 
9 1 

nuclei respectively. 

(2) K R ^ compares the wavelength with the strong absorption radius 

R ( R 3S r '.Â ''''' + A^^''"), r = 1.5 fm >. 
s s s P T s 

(3) !̂  a compares the wavelength with tne surface diffusensss 

parameter a ^.typically a % 0.5 fm ). 

Due to larger mass, size and electric charge of heavy 

ions as compared to conventional light projectiles, a typical 

heavy ion collision (HIC) may evince three basic features (i) 

short wavelength, (ii> strong Coulomb interaction and (iii) strong 

absorption. These characteristic features help to distinguish them 

from the reactions of light nuclei at medium energies. This 

wavelength remains small even if one takes Coulomb repulsion into 

account CSa 783. In Table 3.2.1 some values of the parameters are 

listed for a number of pairs of nuclei at the laboratory energy 

E, . f= 8Ar-. MeV) of the projectile. From the table it is clear 
1 afa P ^ 

that -when both the particles ( i.e., projectile and target ) arm 

light, 7) % 1 and in other cases, n -J" 1. kR is large and ka ^^"1, 

for all pairs of nuclei. These characteristic features of heavy 

ion systems shew that classical and semiclassical descriptions are 

useful in the analysis of HIS data. In the case of Rutherford 

orbit, the impact parameter fb) and the distance of closest 

approach d̂> are given by : 

b = a cot ie/2) (3.2.2) 
c 

and 
1/2 

b^ - ^'] d = a + la + b I (3.2.3) 
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Table 3.2.1 Values of various paran»ters for few heavy ion 

systems [Br851. 

Target Prcjectile R (fm) T) kR ka 

^•^O OL 6.2 0.9 12.0 1.0 

i r> 7.2 2.7 30.0 2.1 

a 

'̂̂ Ca ^^C 

^̂ Ĉa 

7 . 5 

e.& 

1 0 . 3 

2 . 2 

6 . 7 

2 2 . 5 

1 7 . 0 

4 9 . 0 

1 2 7 . 0 

1 . 1 

2 . 8 

6 . 1 

a. 

'̂='ca 

8 . 2 

9 . 2 

1 0 . 9 

3 . 1 

9 . 4 

3 1 . 5 

1 9 . 0 

5 6 . 0 

1 5 8 . 0 

1 . 1 

3 . 0 

7 . 2 

a 

-^'^Pb ^-C 

^^Ca 

11 .3 

12 .3 

14 .0 

9 . 2 

2 7 . 7 

9 2 . 2 

2 7 . 0 

8 6 . 0 

2 8 9 . 0 

1 . 2 

3 . 5 

10 .3 
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where 6 is the scattering angle in the centre-of-mass system and 

the interaction radius R is R = r. (A_ "* + A_ "̂ ) ss R^ + R^. 

U P T i ^ 
Semiclassicaliy, the orbital angular momentum I is associated with 

the impact parameter b through the relation 
1/2 

sa I + (1/2) = X = kb. (3.2.4) \l it + 1)1 

For the grazing collision, d ~ R and is related to the Rutherford 

grazing angle 9^., through the relation 

R = (r?/k) 1 + l/sin (0/2) (3.2.5) 

and the corresponding impact parameter for grazing trajectory is 

B = <7)/k> cot(e^/2). (3.2.6) 

The grazing angular momentum is 

A = L + 1/2 = kB = 77 cot(e^/2) 
g R 

1/2 
= kR jl - 2r)/(kR)l . (3.2.7) 

In general, 77 >>1 for HIC and hence, large value of n implies the 

applicability of semiclassical methods. Thus, under certain 

conditions heavy ion systems behave, to a large extent, like 

classical bodies moving in a definite trajectory. The first two 

properties (i) and (ii) suggest that, the HIC can be described to 

a great extent by classical mechanics and this has led to the 

development of semiclassical theories in recent years. 

Superposition and interference from different classical 

trajectories gives quantal effect. The third property of HIC 

,i.e., the strong absorption character introduces complications in 

semiclassical theories. Weak absorption can be treated in a 

perturbative way but the strong absorption leads to wave 

mechanical effect, i.e., the wave propagates into the classically 
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forbidden region. Blair first used semiclassical theories to 

analyse the elastic CBl 543 and inelastic CBl 593 scatterino data 

of a—particles and later it was applied extensively CBr 72, Br 74, 

Fr 63, Fr 78, Ko 75, Ma 75, Mc 703 to HIS. 

3.2.2 Semiclassical formulation of nuclear phase shift 

One of the techniques of semiclassical analysis of the 

problem is to use Wi'B appro;;imat ion where WP B radial wave function 

and the appro:;imate phase shifts SLts obtained. For a spherically 

symnrietric potential V(r) the radial Schrodmger equation is 

d"u (r) ^ 
+ l-'-<r>U <r) = O <3.2.8> 

dr^ 

where the local wave number i'Cr) xs defined as follows: 

t^(r) = IE - V -^tr>l (3.2.9) 

and the corresponding momentum is p<r)= tik<r}. 

The effective potential which is denoted by V ,j.(r> can be 

e f f 

e icpressed as 

h^ 

e f f ^ 2 
2.fjr 

In the HIS, it is seen that if the incident energy of the 

projectile is such that it is above the Coulomb barrier, the real 

part of the effective potential will give one classical turning 

point. This IS also true for energies below the potential poetet 

of the effective potential. If the energies lie m between the 

potential pocket and potential barrier height real effective 

potential will give three turning points. However, m most cases 

the two interior turning points lie m the absorptive region and 

hence, the scattering will be dominated by the region outer to the 
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outermost turning point. here we consider the case of the 

potential such that k<r) has only one zero, for r > O (k(r )=0, 

corresponds to classical turning point). In the case of HIS, in 

the high energy region (energies above the Coulomb barrier) as 

well as the low energy region (energies below the potential pocket 

of the effective potential) this holds good. Thus, the 

semiclassical theory described here is obtained for the potential 

having one turning point only. Ule consider the case of V(r) such 

that 

k'̂ (r) •=- O , when E > V ̂ ^(r> 
ef f 

and k'"(r) < 0 , when E '' V --j-̂ r). 
' ef f 

At the classical turning point r , k(r )=0, i.e., V ,,(K;) = E and 
^ ^ o' o eff " 

the region v J- r is allowed classically ( E >V ,,(r)) and r < r ^ o ^ eff o 
is classically forbidden (E < V ,,(r)). Assuming the solution of 

•' eff ^ 

the Schrodinger equation (3.2.8) to be of the form CJo 753 

U^<r) = A e;:p( iS(r)/h ), <3.2.11) 

where S(r) satisfies mhomogenecus non-linear differential 

equation 

ih S " (r) - (S' (r))^ + 2^ (E - V ^^ (r) ) = O. (3.2.12) 
eff 

Here, S'(r) and S"(r) stand for dS(r)/dr and dS'(r)/dr 

respectively. In the classical limit fi — • O , Eq. (3.2.12) reduces 

to the form 

(S' (r))" = 2^iE - V ^^(r)). 
eff 

This condition can also be obtained (without making h — • © ) , if 

jh S' ' (r) j « j (B' ir) ) - ^ \ . 

Now, assuming Sir) as a power series m fi, 

S(r) = Sĵ (r) + fi Sj(r) + h^ S^(r) + (3.2.13) 
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and substitutiRQ Sir) into Eq. <3.2.12) one gets 

O '̂  ef f 

iS^' (r) - 2S,yr) S'̂^ (r) = O, etc. 

Integrating these equatuions one obtains 
r 

Sj.jCr̂  = ±h J k(r) dr (3.2.14) 

and 

1 

1 2 eft 

This Qives the solution of the form 

U^(r) = A Ct(r)] '̂'"̂ eiip \± ij t(r')dr'l 

E V x̂<f"> (3.2.16) 
ef f 

and 

U^(r) = B Lyir)! '̂''̂ e;:p \± J^(r')dr'l, 

E V ^^(r; (3.2.17; 
ef f 

Here M^r) = xyir), ^'"U-) = i2^/h'") (V^ (r> - E? . Substituting these 

solutions in the Schrodincer equation one obtains the following 

conditions: 

dt'(r)/dr| 
r « 1 (3.2.13) 

jt-tr) I 

o 

and « 1 (3.2.19 
|d k(r)/dr' 

lk^<r)j 

for the validity of the approximations made. Alternatively, one 

can write Eq.(3.2.18; as 

^(r) I dp (r,'/dr I « |p(r) | , 

where ?r(r) = l/kcr). 

These conditions are not valid near the classical turning point 
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and hence, near the turning point one should e::amine the problem 

critically. Thus, we consider only that solution described m 

equations (3.2.16) and (3.2.17) which gives the appropriate 

solution for the scattering case. Assuming there is only one 

turning point <r ) , and k^(r) O for all r -^ r the solution of 
^ Q ' o 

the Schrodmger equation is 

. r 
U ( r ) ^ 1/2 Vl/rir) eitpC- J ' ^ y ( r ' J d r ' ) , r (3.2.20) 

o 

and 

U, (r> ~ /l/Mr) cos (-f °t'(r' ) dr' -fT/4), r ^ r (3.2.21) I J ' o r 

The solutions give U (r) = O at the origin and also a linear 

combination of e;;p ( + 1^ (r) ) and e;;p (-ik (r) ) at infinity. The exact 

1*1 
solution U (r) has the behaviour r near the origin which 

cannot be completely reproduced m Eq.(3.2.20). Near the origin 

the centrifugal term dominates and U ir) in Eq.(3.2.20) can be 

written m the form 
1/2 

U, (r) ^ const x r^^-^x exp ffi (1 + 1)1 In r J (3.2.22) 
^ r— k O 

Langer noticed that, it is possible to get the desired r 

behaviour withm the Wt B formulation by replacing 1(1 + 1) fay 

2 

(1 + 1/2) m the centrifugal term. This appro>'imation is valid for 

large I and is known as Langer correction CLa 34, La 373, In HIS 

lower partial waves are fully absorbed and hence, (1 + 1/2)^^ can be 

used in place of i(i+i) and the wave numPer ^(r) is also modified 

by taking Langer correction into account. The asymptotic behaviour 

of the solution U (r) as r — • oo determines the scattering phase 

shift. We qet 
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U^ (r) ^ — sin r (r - r^)k + dr' JF(r') - kl + n/4 1 

(3.2.23) 

where F(r) 

2A^ 
' [ ^ ' - Q(r) - (I +i/2)^/r^ 

1/2 

q(r) 

by 

V<r) and k is the asymptotic wave number which is given 

1/2 
k<oo> = k = r2/LjE/ĥ ] 

This approximate method developed above is the well known WKB 

approximation. Comparing Eq. (3.2.23) with the asymptotic form of 

the radial wave function CJo 751 

U, (r) . 
L r—•oo 

• Aĵ  sin( kr-LTT/2 + 6 

one can write WKB phase shift as 

,WKB 
I 

00 

(I + 1/2) - kr + rF(r') - kldr'. ( T O O 5) 

It is interesting to evaluate the WKB phase shift for Coulomb 

potential. For the Coulomb potential v (r), the semiclassical form 

for a radial scattering wave function with the Langer correction 
r 

contains the integral f k (r')dr' which can be evaluated exactly 

: D g i v e EBr 8 5 1 
r 

I k Cr' ) d r ' = r k ( r ) - n l n ( r k ( r ) + r k -77) + ( l / 2 ) r ) l n ( r ) ^ + X " ) 

+ X s i n 
77k r + X ' 

kr(77 +X ) 
T1A./2, 2 . 2 6 ) 

w h e r e k ( r ) = k ( r ) = k 
c 

, 1 / 2 

i a / r b ' " / r 

k = 2^uE/h , kb = X. = L+1/2 



59 

and T) = Va. with a = 2 Z-.ê jLj/h'̂ t . 
c c p T 

Here r is the Coulomb turning point iV (r > = O) which is given 
c c c 

by 

r = a 
c c 

[ a= . b= ] 
1/2 

C ,27) 

From Eq. (3.2.26), for large r, the Coulomb phase shift is 
1 

a 
WKB 
I 

T) In (Ti*̂  + >J^) -T) + X tan ^ (T^/X) (3.2.28) 

The exact e;;pression for the Caulcmfa phase shift is cr = arg F 

(i + l + iT7) which IS asymptotically equal to a^ " in Eq. (3.2.28) if 

either -q » 1 or \^ » 77. In the presence of the nuclear potential 

V (r) the total phase shift 6, can be expressed as the sum of 

Coulomb and nuclear phase shifts 

In the WKB approximation, one can write 
r r r r r 

I ''•"'- ' I ^ (r)dr + \ (r)dr - ^ (r>di 

o 
I. f-

(3.2.29) 

where V(r) = v (r) + v tr). 
n c 

The first integral corresponds to the Coulomb phase shift which is 

given by Eq.(3.2.26) and the term within the square bractet is 

equal to the nuclear phase shift. Thus the nuclear phase shift 
within the framework of Wt B approximation i< 

R P 

jĵ (i) 2= Kr)d( j V Kr^^dx--. (3.2.30) 

where 

k(r) 
h^ X 

E - V (!•-) - V (r) 
n c '^7^^ 

1/2 

and 

<r. = [^(E h'' X 
r' (r) - ; ^ 
c 2/j ^]] 

1/2 
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The upper limit R is chosen to be outside the range of the nuclear 

interaction so that K r ) = L (r; , r > R. Thus Eq. '3.2.30) is the 

seTiiclassical formula for nuclear phase shift which is used to get 

the closed form e:;pression for 6^il) . 

3.3 Comparison of antiproton-nucleus and nucleus-nucleus 

scattering 

Before proceeding to analyse p-A scattering data using 

semiciassical methods we give a comparative study between the 

antiproton-nucleus and nucleus-nucleus scattering. Phenomeno-

logically it is found that elastic scattering m both cases can be 

described using the standard Woods-Saicon form for the 

phenomenological nuclear optical model COM) potential. Thus, the 

total optical model potential for the antiproton-nucleus or the 

nucleus—nucleus problem can be written as: 

V(r) = -V,.ffr, a , R ) -1 W.f (r, a , R ) f- U <r) U ' r' - o ' 1 ' 1 c 

= Uj,j(r) -*- U_(r) , (3.3.1) 

where f''r, a, R) = sxp [ — ] 
V^ and Ŵ ^ m Eq.3.3.1 represent the depth parameters of the real 

and imaginary parts of the potential and sre positive numbers. a 

and a are their respective surface diffuseness parameters. R and 
1 r 

R, are obtained from their radius parameters r and r 
1 r 1 

respectively. Here U (r) is the Coulomb potential due to a point 

charge and a uniformly charged sphere of radius R and is given by 

U (r) = (Z_Z^e^/2R ) (3 - (r'"/R'^)), r < R 
c P T c c c 

(3.3.2^ 
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= Z Z e^/r . r > R 

In the case of HIS, the paramsterB R ̂ , F^ and R^ ^rB given by 

i. / —' i J -f. 

r r r i 

1 I P T 

and R = r' (A^/^^ + A^^'^) . c c P i 

In the antiproton-nucleus scattering case 

R = r A^^^'^ r r T 
^ 1/3 

R = r A^ 
1 I T 

1 /3 
and R = r' A_^ ^ . 

c c T 

The auantitaes r , r and r' a'̂ ê the radius parameters. Here Z_ 
r 1 c P 

and Z^ denote the atomic nufnbers ai projectile and target nuclei 

respectively and A , A_ are the respective mass numders. The 

effective potential corresponding to the I partial wave m the 

radial Schrodmger equation is 
V 
e 
^^(r) = V(r> + ( h'^/2^) fid + D/r"^], (3.3.3) 

where ^ = A A^/ (A_ + Â .) denotes the reduced mass. Here we have 

considered a typical case of heavy ion scattering and compared it 

with antiproton-nucleus scattering. The typical cases of heavy ion 

18 58 
and antiproton scatterinq considered are O + Ni at E, , = 60 

lab 
— 1 "̂  — 40 — ^C'iP 

MeV and p + C, p + Ca and p + ""' Pb at E, ^ = 46.8 MeV. All 
lab 

the systems are analysed using phenomenological optical model 

potential. The optical model (OM) potential parameters used by us 

and the other relevant parameters are iisteo in Table 3.3.1. 

In Figs. 3.3.1a - 3,3.Id, the effective potentials are 
IS 

plotted for various partial waves for different systems namely, D 

58 — 1 "̂  — 4'") — '"'O'-' 
+ ^4l, p + ^C, p + 'Ca and p + "" '̂ Pb at the energies as 

indicated m the ccrrespanding figures. From the comparison of 

18 58 — 
effective potentials of O + 4̂l and p-A systems for different 
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18 58 ~ 
Table 3.3.1 Potential parameters for O + Nl and p - nucleus 

systems . E is the centre of mass energy. 

System 

E, ^<MeV) 
lab 

E(MeV) 

Kfm"'^) 

"17 

Vj^<MeV) 

r (fm) r 

a <fm> r 

Wj^(MeV) 

r (fm) 
1 

a (fm) 
I 

r' (fm) 
c 

Reference 

- 12 
p + C 

46. B 

43.2 

1.38 

-0.138 

40.0 

1.03 

0.562 

74. 1 

1.07 

0.625 

1.3 

CKu 853 

40^ 
p + Ca 

46.0 

45.66 

1.46 

-0.46 

40.0 

1. 10 

0.60 

100.0 

1.10 

0.60 

1.3 

CHe 853 

208^^ 
p + Pb 

46.8 

46.6 

1.49 

-1.89 

20.0 

1. 10 

0.65 

140.0 

1. 10 

0.65 

1.3 

CHe 853 

^^0 . -^Nx 

60.0 

45.79 

5.49 

19.32 

90.1 

1.22 

0.50 

42.9 

1.22 

0.50 

1.25 

CVi 763 



60 

| « 0 

lU 

20 

S-20 

-50 

18^ 58^,. 
0 + Ni E, .=60MeV 

(ab 

E=A5.79MeV 

8 
r(fm) 

12 16 20 

F i g . 3 . 3 . l a Plot of effective potential as a function of r for 

, = 60 heV. Potential 

parameters are given in Table 3.3.1-

18 *^fi 

several values of I for Q + Ni at E 



r(fm) 
8 

F i Q . 3 . 3 . lb Same as F ig . 3 . 3 . l a f o r p +^^^0 a t E, ^ = 4 6 . 8 MeV. 
lab 



0 
r(fm) 

F i Q . 3 . 3 . I c Same as F i g . 3 . 3 . l a f o r p +^^Ca. a t E, ^ = 4 6 . 8 MeV. 
lab 



FiQ.3.3.1d Same as Fig,3.3. la for p +*" Pb at E, ^ = 46.8 MeV. 
lao 
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partial waves it is clear that, both processes srs gaverned by 

strongly absorptive imaginary part of the potential but the 

surface regions are not similar. In tne heavy ion system for a 

number of partial waves it is easy to identify the interior 

region, barrier region a.nd outer region. In the antiproton-nucleus 

system the barrier near the surface is practically absent for 

aifpcst all partial waves end even when they are present, they are 

quite broad and shallow. The nature of the effective potential m 

the heavy ion scattering suggests, m general, a three-turning 

paint Wf-B approach. On the other hand, in the antiproton-nucleus 

scattering there will be, m general, only one turning point 

ccrresponding to the interior part of the centrifugal term m the 

potential. However, the comparatively very smooth potential in the 

surface region suggests that one-turning point Wi-B approach may be 

appropriate for the analysis of the scattering cross sections. One 

can verify the validity of \fi)rB appro;;imation m both these cases 

by verifying the conditions of validity of the WhB approximation 

CMe 703 namely, 

X^r) jdp(rJ/dr| '. |p(r)| (3.3.4) 

where X^r> = 2iT/k(r> and p(r) = ti'r (r> are the wavelength and 

momentum at position r. i (r) is considered as the effective wave 

number. Table 3.3.2 illustrates the validity of the WkB 

approMmation for r in the surface regicn for two cases only. It 

IS clear that the ratio X(r)|dp(r)/dr|/jp(r)j ^ 10 " is quite 

satisfactory for the validity of the Wt B appro:;imation. This 

indicates that it is quite appropriate to use WP B appro Ji-̂ at ion. 

The condition for the validity of Wi-'B approKimation is obtained by 



6 4 

T a b l e 3 . 3 . 2 V e r i f i c a t i o n of WKB a p p r o x i m a t i o n f o r v a r i o u s 

v a l u e s of I. 

System Xir) 

(fm-* (fm) 

d p ( r > ^ dp ( r> 
X v r ) j 1 | p f r ) | l>-<'">| 1^ 

^ d r 
( x i o " ^ ) | p ( r > j l ( x l O ^ ) 

d r 

(MeV-s/fm) (MeV-s/fm) 

18„ .58, '"0 + Ni 

lab 

60 MeV) 

25 

20 

9,4 

9.7 

3.51 

2.68 

29.45 

23.74 

1.18 

1.54 

2 4 . 9 6 

15 .35 

p . '̂'-'Ca 

^^lab= 

46.S MeV) 

4 

3 

5.2 

5.8 

4.69 

4.38 

2.58 

3.21 

0.88 

0.94 

2 . 9 3 

3 .40 
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2 
neglecting k' <r) (i.e., dk(r)/dr) when compared to k (r) in the 

leading order (n = 0) WKB approKimation which results in the 

standard formula for phase shift that is generally used. In the 

antiproton-nucleus and nucleus-nucleus scatterings that we have 

considered, the condition k'"(r) » k' Cr), is valid in the region 

of interest. The effect of incorporating higher order WKB 

approximation has been studied by Chan et al. CCh 813 which shows 

that the leading order WKB approximation is adequate for the 

simple parametric description of the scattering data. Another 

remarkable similarity between HIS and p-A scattering is their 

reflection functions defined as the magnitude (jS |) of the 

partial wave S matrix. The reflection functions <jS. j vs. L) arB 

plotted for different systems, vie have compared the reflection 

1S 5S 
functions corresponding to the systems O + Ni at E, ^ = 60 MeV 

1 ab 
- 40 

and p + Ca at Ej . = 46.8 MeV which is graphically illustrated 

in Fig.3.3.2a. We have also displayed the variation of reflection 

functions with I for the systems, like p + '̂ C and p + '̂  Pb at 

E,^j^ = 46.S MeV in Figs.3.3.2b and 3.3.2c respectively. Both 

processes being surface dominated phenomena, the reflection 

function rises quite rapidly near the grazing angular momentum. 

Based on these observations we have formulated in the next section 

analytical expressions for the nuclear phase shift using 

one-turning point WKB approximation and the mathematical 

techniques given for HIS CSh 823. 



1.0 

^-0.5 

0.0 
0 

_ 40 
p + Co 

E,Qg; 4&8 MeV 

15 

18^ 58„. 0 + Ni 

E,ab= SO"̂ ^̂  

30 45 

Comparison of reflection functions obtained 

18 ^%i at E^ ^ = 60 MeV and 
lab 

FiQ.3.3.2a 

from OM calculation for O 

p -•- '*̂ Ca at E, ^^ 46.8 MeV. Potential parameters are given 
'̂  lab 

in Table 3.3.1. 



to :- 0.5 -

0 12 

Fig.3.3.2b Plot of reflection function obtained 

— 12 
from OM calculation for p + C at E, ^ = 46.8 MeV. 

^ lab 

Potential parameters a.re given in Table 3.3.1. 



1.0 -

(/)"" 0.5 

0.0 
0 12 18 2̂  

FiQ.3.3.2c Same as Fig. 3.3.2b for p + '̂ '̂ P̂b at E, ̂  
lab 

MeV. Potential parameters are listed in Table 3.3.1. 

= 46.8 
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3.4 Approximate closed form expression for nuclear phase 

shift 

In the case of heavy ion scattering semiclassical WKB 

method can be applied atiite successfully in calculating the 

scattering amplitude. As we have seen m the case of p-A 

scattering, the semiclassical Wi-B approitimation is valid near the 

surface region and moreover, the real part of effective potential 

has m general, only one turning point. The nuclear phase shift in 

p—A scattering can be obtained using one-turning pcint W?<̂ B 

approximation. This turning p c m t becomes complex when complex 

effective potential (including the imaginary part) is used. Thus 

one-turning point WFB formula for nuclear phase shift (which is 

symbolised here as 6.,<X.) for convenience) is given by: 

1 '2 a li'^ - V̂ .Cr) - V (r) - y, (r) I 
L N c X J 

r. 

6ĵ (,\.> = Lim -{ I If'" - V^.Cr) - V (r) - KK ir) \ dr 

R ' 

I P - ̂ '̂c'̂'̂  - V^(r)]''^dr| 
r ^ 

drV, (3.4.1) 

where V',(r> = (2^j/h^)a, (r) , V (r) = (2u/fr.-U (r% 
N '̂  N ' c '̂  c ' 

k" = 2/jE/h^, V, (r) = X^^r"^ and > = L + (1/2). 
A-

Here E is the centre-cf-mass energy. U.,<r) and U ir) sre defined 
--̂  N c 

m Eq.(3.3.1) and Eq.(3.3.2). In Ea.(3.4.1), r is the complex 

turning point and r__ is the Coulomb turning point which is 

obtained when the nuclear potential is switched cf*. r asn be 

obtained by equating the second integrand to zero and the 

e,;pre5sion for r is given by 

• c 
T) •*• ( r?^ + X^)^''*^ /^ , r^ > R^ (3.4.2) 



6 7 

i / : 

= U-x + y) / ( 2 r ;k /R^) l , r < R 
c c 

o o w h e r e 

a n d 

I 

X = r A ^ - 3r)K j / f 

= [ - + 4X'-Y)k/R'-
I / O 

] • 
Now 6^,i\) can be written in the form 

6̂ ,<X.) = Lim 
^ R 

1/2 
dr 

I [' k" - V,,(r) - y <r) - V\ (r) N c X 

1/ 
dr 

R 

}[' k" - V (r) - V̂  < c X 

In the region r r) - y (r) - ŷ  (r) 
c X 

1/2 ^ 
<r) dr V 

r can be 

expanded in powers of K^Ar) and hence we get 

6 (X) = Lim 
R •QO ' [ ' k " - V^,<r> - y ( r ) - y^ <r> 

N c X 

1 / 
d r 

R 

1 t k - V ( r ) - y^<r)] 
1/2 

dr 

, - ! / : 
- ( 1 / 2 ) V <r) fk^ - y ^ ( r ) - '- ĵ̂ <5">J 

r 

1/2 1 
- I Fk^ - y ^ ( r ) - Vj^<r>l d r I 
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00 

1/2) J V^ < r ) p - V̂ .'r) - V^(r)] 
r 

ft 
dr 

r 
^N'^^] 

1/2 
dr 

(1 "f C*' 
= 6' (X) + 6., (X) 

N N (3.4.7) 

(1) (2) 

Thus 6., <> > and 6̂ , (̂  ) Qive the contributions to 6.,(K) m the 

region r to co and r to r respectively. The first integral can 

be evaluated 3S follows. In the reoion r R , R , U^,(r) can be 

r i' N 
approximated as 

00 

U^,(r) = V. 
N u 

n = O 

R - r 
r 

I - - [ - — ] 
n+l 

00 R - r 
1 

'̂̂o I^ - -̂ P [ -^— j 
n = O 

' i) 
Thus the integral corresponding to 6 (X> reduces to 

n + l 

r -̂  R , R 
r 1 

00 00 

(1) 2 
i5|̂  CX) = {-•2^/f^r) 

R - r 
r 

^ n =u r '̂  r -̂  

n + l 

ir/ 
- 1 / 2 

r 2 2 2 1 
/I ) r -2T)r/t - X / f dr 

00 °° r K — r 

n = O r ^ 

n 

{r/\ yU-^-'Zri-^r/^ - x ' / k ' ^ l dr l . 

Thus the integral corresponding to Re 6|^<X) is 



Re6j^^^ (X) = (-2uM̂ -,/ĥ ) 

00 OO 
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R - r ^n + 1 

^ I.I [--^(-V) 
r r^-2r)r/k - X"-/k-'̂  

-i/2 
dr . 

Using the table of integral transforms EEr 53,Er 543 and other 

relev'ant formulae CSh 821, the expression for Re 6 (X) becomes 

CO 

R. 5<" ,., = -<2.V,/̂ => ^\Y, - -^ ( - ^ 7 - ] 
-Y) +kR n -«-] 

X 

n=0 

n -*- 1 ^ ^ ̂ 1/7 

''^'i 17" t ̂ '̂ ̂ ^ ] ] ^ [ ̂ ^ ^ ^̂  ] 
1/2 

+ >)~ 1 X 

n + 1 1/2 
(3.4.4) 

where K. is the K-type modified Bessei function CAb 641. A similar 

expression for ^^'-'k, ^^- ^̂ '̂  ^^ written by replacing the 

parameters of the real potential vjith the corresponding parameters 

of the imaginary potential. If one apporoximates the comple;-; 

turning point r^ by r (1) <the first iteration value of r > given 

(1) = r - f < r ) / f' (r ) , 
c c c (3.4.5) 

^r) \ 
where f(r) = r' r - — V,,(r) and f ir > it's 

2 N c 

derivative at r = r , one can get a reasonable expression to 
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(2) 
6 (K) given by 

H 

N '̂ ' „ c 

;/2 

6.̂ .̂ Nx) = — r^ , <3.4.6) 

where 

c 

It may be pointed out that in this approach it is not essential to 

calculate the exact turning point. However, if one computes the 

(2) 
exact turning point, the expression for 6 (\) in the linear 

approKimation becomes 

6̂ . <X) = — (r - r,) -̂ ^̂ ,(r ) (3.4.7) 

The exact turning point is calculated by carrying out 

Newton-Raphson method of iteration ESc 663 till the saturation is 

reached. We have found that 4 to 5 iterations are adequate to get 

the exact turning point. For real potential, the turning point 

separates the classically allowed region from the forbidden 

region. Generalisation of this to complex potentials has been used 

in the study of HIS CBr 853. In Figs. 3.4.ia and 3.4.1b, we have 

plotted the real and imaginary parts of the complex turning points 

(1) ~ 1 '̂  
r. and r̂  for a number of partial waves for p + ^C at E, , = 
1 1 ^ ^ lab 

- 40 
46.S MeV. The corresponding results for p + Ca at E, = 46.S 

MeV are shown in Figs. 3.4.2a and 3.4.2b. The Figs.3.4.la and 

3.4.2a also include the Coulomb turning point r for the 

respective systems. These figures indicate that for most of the 
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t: 
a 
a 
•5 
(b 

"" 4 

0 

-

- Re 

~ ! ^ 

P^̂ 'C 

'v^ 
^ ^ 

1 1 

E| =46.8 MeV 

• 

1 1 1 1 1 
0 8 12 

Fig.3.4.la Variation of the turning points r., r. and r as 

a function of I for p + ^^C at E, . = 46.8 MeV with the potential 

parameters given in Table 3.3.1. 
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a a 

b 
c 
01 o 
E 

-1.0 -

-2.0 
0 12 15 

Fig.3.4.lb Variation of the imaginary part of the complex 

turning points r^and r̂  as a function of I for p + ^"C at 

E, . =46.8 MeV. lab 



13 

40, Same as Fig.3.4.la for p + Ca at E, . =46.8 MeV. 
lab 

Fic|.3.4.2a 

Potential parameters are given in Table 3.3.1 
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FiQ 3,4.2b Same as Fig.3.4.lb for p + ^^Ca at E, ^=46.B MeV. ^ ^ lab 



71 

partial waves, e^ccept for a few, r ^ is quite a good 

apprcjiisTsation tD r . The turning points obtained in the interior 

region by first iteration &re not close to the exact turning 

point. But the smaller partial waves a.re highly absorptive m 

nature <|S | ̂  0 ) , as can be seen from the graphs corresponding 

to reflection functions, and the scattering data are not very 

sensitive to the potential in the interior region. Hence some 

error in the calculation of the turning point does not 

significantly affect the cross sections as far as the partial 

waves which are more or less fully absorbed are concerned, i^e use 

(1) (2) 
the escpressions given above for 6 i>-) and 6 <X) to compute the 

nuclear phase shift. Since the arguments of the functions ^ ,̂  and 

L appreamg m Eq. (3.4.4) &re generally large we can approximate 

y. and } ^ by their asymptotic expansions which sre gi »'en by 

Abramowitz and Stegun EAb 64 3: 

-i/2 , ^ _ , ,n . . , . „ .--7 
r̂ jt;;,* = :; e Kp(-;.A a (2,';i>̂  "̂  •̂  i ' |-̂ tl i • 9 ;; lO" 

n=v 

^ / *-, '-̂  ^ -7 

f j<K) = K " e:cp(-:;)y b^(2/u>'^ + £_. , |£^| 2.2 u 10 ' 

n=0 

One may ncte that the formula developed can be readily used to 

compute the antiproton-nucleus scattering to fit the cross section 

data by suitably varying the parameters. This approach is similar 

to the closed formalism develpoed by Frahn and Rehm CFr 783. 
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3.5 Parametric S matrix approach to antiproton-nucleus 

scattering 

The closed formalism apnroach or mere conveniently the 

paramete.^-ic S matri?; approach has attained great success in the 

study of his. In this aLppraaah it is possible tc study HIS data 

without Qoing into the details of optical model potential 

parameters. In the parametric £ matrix apprcach one parametrises 

the nuclear S matri;; (S^.<X)) or the reflection function (rj <> ) = 
N 

|S (X>P and the real part of the phase shift < Re 6 i\)) 

simultaneously in terms of several parameters which are adjusted 

to fit the scattering data. Whatever the method of parametrisation 

of S matrix may be, it is rather a quite simple and useful tool 

for the analysis cf HIS data. The parameters of parametric S 

matri;; approach are related to the physical quantities like 

grazing angular momentum on one hand and can be related to the 

potential parameters on the other hand. The correlation of the 

parameters of parametric 5 matri:; apprcach and the conventional 

optical model potential parameters has also been established CGa 

S4a, Sh 9215. The antiproton-nuclues scattering which is of current 

interest has close similarity with HIS and morscv-er, semiclassical 

approach lil-e Wf̂ B appro;;imation is found to be valid m the case 

cf ant iproton-nucleus scattering also. Tr.us, many well formulated 

techniques which a>"e applicable to HIS can be fruitfully adopted 

m tne analysis of antiproton-nucleus scattering data. We have 

used well i-nown parametrisation srhemes of 5 matri;;, to analyse 

antiproton-nucleus scattering data. Two of the commonly used 

paracfetf^isation cf nuclear S matri,. 3.rsi 
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(1) Ericson paramet'~isation and <2) Mclntyre parametriBation. In 

the Ericson parametnsatlan nuclear S matrix S.AK) for I ' partial 
N 

wave IS represented as follows EMa 7 S J : 

S^(X) = r ^ ~ ^ ̂  
-i 

(3.5.1> 

where A (complsK) and A are the Ericson parameters and \= I + 1/2. 

In this parametrisation there Bre three real parameters namely. A, 

Re A and Im A. The eicpression for S^fKi in the Mclntyre 

parametrisation CFr 78, Mc 60, Me 85 1 is given by 

Sĵ CX.) = r?(X) eKp( 2i Re S AX.} ), (3.5.2) 

where 77 (X> S^<^>l = 1 + e •"[—) 
-1 

(3. 5. 3) 

and Re S^.iK) =6 ( 1 - T) <K) ) N o 'p (3.5.4) 

The form of TJ (X.) is similar to that of T?(X.) with the parameters 

A and A . A and A 3.rs the Mclntyre parameters for the reflection 
P P 

function (|S.,(X) I) and 6 , A and A_ are the Mclntyre parameters 
' N ' o p P - ^ 

for tha phase shift. This parametrisation is widely applied in the 

analysis of HIS. It may be mentioned that, m the conventional 

optical model also, the total potential is generally parametrised 

in terms of 5-7 parameters including the Coulomb radius parameter 

r^. It is to be noted that, in the parametric S matrix Appraaah 

adopted here, we restrict the parametrisation of S (\) to 3 or 5 

parameters. In the next section we have demonstrated our results 

of calculation for p-nuclsus scattering systems within the 
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framewcrf^ of closed formalism using both Ericson and Mclntyre 

parametrisations. 

3.6 Results and discussion 

In order to demonstrate the usefulness of WKB technique 

in analysing p-A scattering we have studied two typical cases 

- 12 - 4i'i 
namely, p + C and p + Ca at E . = 4£i.B MeV for which cross 

^ ao 

sections have been measured and optical model fits have been 

obtained. In Fig. 3.6.1 we have shown the reflection functions of 

both the systems obtained by optical model fits and compared them 

with those obtained by Wf B appro-iimation using both the 

approximate e;;pression for WKB turning point and numerically 

evaluated turning point. This indicates fairly good agreement with 

the reflection functions obtained using the optical model 

- 12_ - 40 
calculation for both p + 'w and p + Ca systems. The ratio of 

differential scattering cross section to the Rutherford cross 

- 12 - 40 
section (aO)/c (0) ) for p + C and p + Ca ars shown m Fig. 

3.6.2 and Fig.3.6.3 where we have plotted the cross sections 

obtained by using optical model calculation and the cross 

sections generated by one-turning point WFB approximation. In 

Figs.3.6.2 and 3.6.3 the solid curve < ) corresponds to the 

optical model result and dash-dot-dashed curve (— • — ) and 

dash-cross-dashed (— x — ) cuf^ves aire the results obtained using 

exact turning point and the first iteration value of r̂  

respectively. As the cross sections basecl on optical model give 

fairly good fit to the experimental data the optical model 

prediction can be tat en as to represent the experimental data. 
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12, 40. Fig. 3.6.1 Reflection functions for p + *'̂ C and p + ''"Ca 

obtained using the exact OM calculation ( ) and those obtained 

by using «5N<^)=«5^^^X>+6^^NX) 

0.5lr^-t'l^^)i-sj^ir^iy^^^ C— x — ) , and using 6^(X) = <5^^Sx) 

6ĵ  (\) where 6^ <X) is given by Eq. (3.4.7) ( 

parameters Are given in Table 3.3.1. 

with (2) 

). Potential 



10.0 -

1.0 

CD 
cr 

XD 

5 
0.1 

0.01 
25 /.S 65 85 

e,^(deg) 
cm 

Fig.3.6. cC©)/o'_.(0) as a function of angle (in the centre of 
R 
12 mass system) for p + C at E^ =46.8 MeV obtained by using OM 

(1) calculation (—) and those obtained by using S^AX) = 6^, (X) + 

( 2 ) ( 2 ) ( 1 > 1 /"T 6" (X) w i t h 6 " ( \>= 0 . 5 < r - r , ) (-V ( r ) ) ^ ' * - ( N N c i n e X — ) , and 

using 6^1X) = sj^^^ iX) + 6^^^ (\) where 6^^^ iX) is given by 

Fq. 13.4.7) ( > . 
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Thus, m FiQ. 3.6»2 and Fig. 3.6.3 ths cross sections generated by 

the one-turning point WP B approx injat ion have been compared with 

the optical mcdel predictions. Our ^'ssult shows that the WKB 

approach is useful to describe the essential features of cross 

sections. Thus, the semiciassical Uî  B approach is fairly suitable 

for p-A scattering and hence. can be adopted to analyse the 

antiproton-nucleus scattering amplitude and scattering cross 

sections m the same way as cne does m HIE. The primary 

difference, however, is that in p-A scattering, one-turning point 

Wr'B formula is reasonably adequate and the number of partial waves 

involved is small as comoared to that in HIS. 

-ri_ J. ^ - ^ î r- - ^0_ _, - . 208^. 
The crass sections for p + C, p + Ca and p + Fb 

- 12 
at E, , = 46.E MeV and p + C a t E . . = 1 8 0 MeV have also been 

lab lab 

analysed withn the framework of closed formalism, using both 

Ericson and Mclntyre parametrisations. Typical sets of optical 

model (OM; potential parameters which are used to describe p-A 

cross sections srs listed m Table 3.6.1. The parameters of 

Ericson and Mclntyre paracretrisations are listed m Table 3.6.2 

and Table 3.6.3 respectively tMhich generate the reflection 

functions and cross sections similar to that obtained using 

optical model calculation. The parameter A m both cases 

corresponds to the partial wave for which the f-efiection function 

IS close to 0.5. The parameter A is a measure of variation of the 

reflection function from the region cf full absorption (|S,.(X'» I = 

0> to the case of no absorption (|S (\)| = D . Some typical 

"esuits for 15 (\ > | and Differential cross section '.da/dO) 

obtained using seme typical sets of parameters are shown m 
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Table 3.6.1 Optical nrndel potential parameters for different 

systems. 

Systeni p + C p + C p + Ca p + Pb O + Ni 

46.8 46.8 

40.0 20,0 

1.1 1.1 

0.6 0.65 

100.0 140.0 

1.1 1.1 

0.6 0.65 

Ref. CHe 853 CKu 853 CHe 853 CHe 853 

lab 

V.(MeV) 

r (fm) 

a (fm) 
r 

Wj.j<MeV) 

r . <fm) 
1 

a . (fm) 
1 

r' (fm) 
c 

ISO 

20.0 

1.35 

0.44 

113.0 

1. 1 

0.5 

1.3 

46.8 

140.0 

0.421 

0.743 

120.9 

0.928 

0.636 

1.3 

62 > 

70.0 

1. 

0. 

9. 

1. 

0. 

1. 

09 

766 

0 

351 

529 

25 

CFr 783 
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Table 3.6.2 Ericson paran^ters for different p-A systems 

obtained to fit the elastic scattering data. 

System E, ^ ReA ImA A Eupt.data Remarks 

(MeV) at (MeV) 

p + -̂̂ C 180 8.908 0.263 1.264 179.7^ Figs. 3.6.4a 

and 3.6.5a 

P + ^^c 46.8 5.383 0.171 0.761 46.8^ Figs.3.6.4b 

and 3.6.5b 

— 4 0 3 

p + -£.3. 46.8 8.203 0.422 0.797 47.8 Figs. 3.6.4c 

and 3.6.5c 

p H- ̂ '"^Pb 46. S 13.820 1.478 1.396 40.3^ Figs. 3.6.4d 

and 3.6.5d 

a : CJa 863 
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Table 3.6.3 Mclntyre parameters for different p-A systems 

obtained to fit the elastic scattering data. 

System E, . A A 6 Â ,, Â ^ Remarks 
' lab D P P 

(MeV; (radian) 

p +'̂ Ĉ ISO 8.902 1.254 2.6 -0.fc4 1.697 Figs. 3.6.4a 

and 3.6.5a 

p +*'"C 46.8 5.246 0.982 2.25 -12.3 4.5 Figs.3.6.4b 

and 3.6.5b 

p +^^'ca 46.8 7.974 0.9B7 0.75 0.5 1.45 Figs. 3.6.4c 

and 3.6.5c 

p +2'-'̂ Pb 46. s 13.980 i.301 -0.735 12.733 1.174 Figs. 3.6.4d 

and 3.6.5d 
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F i Q S . 3 . 6 . 4 a - 3 . 6 . 4 d and f^iQS. 3 . 6 . 5 a - 3 . 6 . 5 d . 

In F i g s . 3 . 6 . 4 a - 3 . 6 . 4 d -ws have co/npared t h e r e f l e c t i o n 

f u n c t i o n o b t a i n e d u s m q E r i c s c n ( — • — ) and l i c l n t y r e ( x 

\ paranietrisations tcgathsr with that obtained by using optical 

- 1*̂  
model K > calculation for the systems p -̂  C at E^^j^ = ^^0 MeV 

and p + ^'^C, p + ^^'^Ca and p + '"'̂ P̂b at E, ^ = 46.8 MeV 
laD 

respectively. In Figs. 3.&.5a-3.6.5d we have illustrated typical 

cases of differential cross section, for the above mentioned p-A 

systems respectively, obtained usirg closed formalism along with 

that of the conventional optical model calculation. These indicate 

that closed formal iscr, provides a simple procedure for the analysis 

of antiproton-nucieus scattering data. Fcr comparison we have 

shown the results of closed formalism using Mclntyre 
18 6" 

parametrisation for a typical case of HIS namely, 0 + ^Ni at 

E, , = 63 fisV obtained by Frahn and Penm CFr 731. The reflection lab 

functions jSĵ ,(X) j obtained using optical model ' ) and closed 

formalism <.....) calculations a^e displayed m Fig.3.i.6. The 

best fitted cross section (a iO'i /a {9) ) c:ixrve represented by the 

solid curve < > is also shown m Fig. 3.6.7 and the dashed 

curve ( ) m the figure corresponds to 6 = 0. The Mclntyre 

parameters which fit the HIS curve best ^̂ "e also listed m Table 

3.6.4. The optical model potential parameters for this system 

used m the calculation LFr 7B1 is also contained in Table 3.6.1. 

A list of parameters of Mclntyre type of paranetrisation for 

elastic and inelastic scattering for 3 number of heavy ion systems 

IS given by Frahn and Rshn EFr "^83- These analyses show that both 

these parametrisations of S matri" developed for the analysis of 
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Table 3.6.4 Mclntyre parameters of closed formalism analysis 

for ^®0 + ®^Ni at E, ^ = 63 MeV tFr 781. 
lab 

A A 6 (deg) x" Expt.data 

34 2.i4±0.07 22.713 7.4±0.4 i46±50 6 LRs 753 
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heavy ion scattering dats are equally useful m generating the 

reflection function for p-A scattering alsc Our results along 

with that of Frahn et al. IFr 731 establish the fact that, m 

case ai surface dominant nuclear scattering showing semiclassical 

features, the closed formalism or parametric S matrix approach 

provides a simple method far the analysis of scattering data. In 

heavy ion physics, applicability of semiclassical approximations 

has led to extensive use of WKP techniques and closed formalism 

techniques for the analysis of scattering data. Our studies on 

same typical cases of law energy antiproton scattering indicate 

that these techniques can be e'cpected to be useful m 

understanding different characteristic phenomena m the 

antiproton-nucleus scattering case also. However, unlike the case 

of heavy ion collision the number of experiments using low energy 

antiproton beams are relatively small due to the difficulties 

involved in the e;:pBrimer.tatiDn m low energy antiproton beams. 

But we believe as more e;:tensive data become available, the 

semiclassical techniques and closed formalism methods can be 

ejipected to play a significant role n unde'^standmg the general 

properties of antipr^ton-nucleus scattering. 
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CHAPTER 4 

REGION-WISE ABSORPTION, INTERACTION TIME AND ANNIHILATION 

CROSS SECTION IN ANTIPROTON-NUCLEUS COLLISION 

4.1 Introduction 

In the last chapter we made a comparative study of 

antiproton-nucleus<p-A) collision and nucleus-nucleus collison and 

have shown that some of the approaches for the analysis of heavy 

ion scattering (HIS) 3ire applicable tc antiproton-nucleus 

scattering also EDe 883. We have also noted that in the case of 

heavy ions, ej;tensive studies have been rnade by Bhastry and 

Gambhir CSh S43 to determine the region-wiss absorption of 

incident flu- m different regions of the interaction potential. 

The absorption or reaction cross section io ) Qives qross 

r - -

contribution to reaction from all the partial waves withm the 

entire volume of the interaction potential. In order to test the 

sensitivity cf the differenr regions of the interaction potential, 

a technique has been developed by Shastry and Gambhir ESh S3, Sh 

843 which gives the contributicr tc the reaction cross section for 

different partial waves from different regions around the 

scattering centre. The process of absof-ption in HIE, cs-nucleus 

scattering and light nucleus-light nucleus scattering has been 

studied in great detail CSh 83, Sh 843. In the case cf HIS ,it is 

found that the interior region is not e-iplored even by those 

partial waves which srs strongly abso-'bed and the absorption is 

peaked almost symmetrically around the surface region for 

different partial waves. More recently CUd 853, m the case of 
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heavv ion collision (HIC), the contributicn tc a from the reQian 

r - R , vjhere R^ is the fu5i3n radius, is recognised as the 

fusion cross section a^. Thus, ir the case of HIC, elastic 

scattering cross section, reaction cross section end fusion cross 

section data help us in understanding nucleus-nucleus interaction 

i.n some detail. In this chapter we have studied the general 

pattern cf region-wise absorption of antxprotons msids the 

nucleus using several optical potentials which fit the 

evperimental scattering data a.r\d, ccTspared the results with the 

corresponding results of proton-nucleus(p—A) collision and HIC. It 

is known that, m free space, tne critical distance of approach 

far antips^oton annihilation is less than 2 fm CSh 871. If one 

considers the total reaction cross section generated m the region 

r . R^, where the mean free path A is less than 2 fm, as pritrarily 

annihilation cross section a , one oiav qet an estimate of the 

_ ann 
pA 

contribution of a to ©• . This p^^cvides an alternative method to 
_ ann r 
pA 

estimate a and to unde>"stand the domain of the nucleus m which 
ann 

p annihilation dominates. A recent \^iar^\' CHe S73, where p-A 

interaction has been analysed, shows that annihilation probability 

IS expected to increase m the nuclear matter. It also gives an 

D A — — 
estimate of a m p-A collision for a typical case namely, p + 

ann ^ ^^ JI f 
12 
C at E- . = 175 MeV. Here we have demonstrated a procedure to iao 

pA 
estimate a using the ccncepts of region—wise absorption and 

ann 

mean free path. 

Another important factor ô * interest, is the time scale 

involved m p-A collision. It has been estimated that p-p 
-24 annihilation time T - I S of the order of 5;;lo s CGo SSI. This 

PP 
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should be ccnpared with the maKinsum time thst p can be expected to 

spend withm the nuicleus before getting xnta annihilation ar other 

reaction channels. In the case of HIC, the time estimates for 

fusion ha/e been obtained using classical Coulomb trajectory or 

Coulomb-nuclea^' trajectory CBr 83, Sc S6D. These compare 

favourably well with the corresponding results obtained by using 

semiciassical or quantal methods CSa 883. Since p-A collision has 

semiclassicai features EDe 881, the evaluation of p-A interaction 

time T-. using classical p-A trajectory is meaningful. We have 

estimated p-A mte'^^action time ard the results are compared with 

the corresponding results of HIC and p-A collision. \Me have also 

compared the estimated time r-_ with T — for several cases. 

pH pp_ 
Similarlv p-p annihilation cross section a in free space LRa 

ann ^ 
803 IS also compared with the p-A reaction cross section c . The 

ratios a /a^^ , and T - . / T - s.r'S eiiammed m order to determine the 
r ann pA pp 

cori'-elation, if any, between p-A reaction cross section and 

interaction time. 

Jr. Sec. 4.2, a technique for region-wise absorption 

analysis of reaction cross section and associated terms which are 

relevant to the present wcrk is discussed. In Sec. 4.3, 

region-wise absorption analysis for p-A and p-A scattering systems 

is carried cut and the results of f-egion-wise sbscrption of p 

withm tna nucleus are compared i.-*ith that of HIC snd p-A 

cciiision. An estimate of p-A annihilation cross section cr is 
ann 

also indicated using the concepts of region-wise absorption and 

mean free path. In Sec. 4.4, details of p-A interaction time and 

its implication m p-A reaction cross section msids the nucleus 
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1= given. Section 4.5 contains the su.Timary and conclusion. 

4.2 Mathematical formulation for the analysis of region-wise 

absorption 

The two eKperimentally observable physical quantities 

Are the differential scattering cress section (dc'dO) and the 

reaction or absorption cross section a ^. The complex; potential, or 

more explicitly, the icnagmary part of the optical mcdel potential 

characterises the absorptive properties of the nuclear mediufn. The 

imaginary part of the comple;; potential is responsible for the 

loss of flu: frofr. the ircident beam leading to reaction cross 

section generated by all non-elastic channels. Since the reaction 

cross section gives the gross effect of all the partial waves 

withm the region of interaction, it is interesting to find the 

contribution of each partial wave to reaction cress section from 

the region r and r-̂ A. Be-^ore going into the details of absorption 

process from a small region we first gi/e sonse useful mathematical 

details which airs relevant to our analysis. The probability 

current density (J"' associated with the wave has the general form 

[ * — _ _ _ _ • _ • 

V (f̂ ) V ^ (r; - 1^ ', r) V ĵy (r) 

= R e [(h/i/j) ¥'*<>") 7 ¥'<f̂ > 1 (4.2.15 

The Schrodinger equation for a complex potential V(r) is 
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h 
^ '= * v<.. ] , jV'Cr; = E <pKx-i ^ (4.2.2) 

HultiplyiHQ Eq. (4.2.2) b> y*(r> and its',i.e., of Eq. (4.2.2)) 

complex conjugate by y<r) and substracting cne gets 

• 
- w (r) y<r) v<f'> - (4.2.3) 

Assuming y(r) to be of the farnt V(r) = Rs V(r> + i Im y(rJ, 

Eq.(4.2.3) can be simplified to the form 

7. J = (2/fi; Im V(r) ĵ ^ (r'i \~ . '4.2.4) 

Now, the reaction cross section a which is of our interest €.a.v\ be 
r 

defined as the number of particles absorbed per unit incident 

flu;;. Mathematically it can be s;cpressed as 

a — -(iU/hk) f J. n ds 

=-'/j/ti^) J 7. J dr . (4.2.5) 

In the above equation, t\\ represents the incident mcmentum m the 

centre-of-mass system and (ht/p'' gives the magnitude of the 

incident probability flu\. Using Eq. (4.2.4), Eq. (4.2.5) can be 

written m the form 

(2/u/h''k> J Im V(r) j>^(r)p ^1- . (^.2.6) 
a = 
r 

In the S matrix approach, one can B;;press a as 

-^2 
<y^ = <TT/k^)y t2l+l» <l-»p, 

1=0 

(4.2.7) 

where r?, = ]S(X,J--)j. 

Equation (4.2.7^ indicates that maKimum absorction results when Q 

= 0. But it does not throw 3T\y light on the region from where 

,T.a;iimum absorption takes place. On the ether hand, from Eq. 
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( 4 . 2 . 6 ) i t IS c l e a r t h a t ma;;xmufTi a b s a r p t i a n af t h e i n c i d e n t fluK 
_ •-> 

Will occur ir: ths region where Icp. M (r) | v̂ (r> j"" is maximum. Again, a 

volume absorptive potential ray not generate significant 

absorption in the entire voiume because jv/'r)!"" may be quite s.Tiall 

m some regions. Thus, in order to test the degree of sensitivity 

of the dif-f'erent regions towards the reaction cross section, it is 

necessarv to find the absorption cross section ( a (r ,^s, which 
r 1 

gives the contribution of the flu,c absorbed inside a shell of 

radius r and r^ + A, for small A - C ) arising from a very small 
1 1 

region around the scattering centre. Thus, the reaction cross 

section can be written m the form 

00 

= 1 ^r^'\'^-' '̂o= '̂ ' ^ r r̂ , + A, A - O 

1=0 

where a ir ,A> is given bv 
r 1 ^ 

r +A 

o-̂ ,Cr ,A> = - (2^/h^t ) I I v*(r) y/Cr> Im V(r) r^dr dO 

r 
1 

<4.2.9) 

Thus, o- <r , A) gives the contribution to a m the region r < r 
' r 1 r ^ 1 

< r +A. It IS clear that the imaginary part of the interaction 

potential as well as the real part of the interaction (which comes 

through the wave function ^(r>) play an important part m the 

absorption process rather than the imaginary part of the potential 

alone. In order to analyse the absorption process from different 

regions it is necessary to solve the Schrodmger equation. 

For a pure Coulomb scattering the radial Schrodmger 

th 
equation for the I ' partial wave is 
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^ <p^iK,\r ,r} + U^ - 2 (p^iK,\',t- = 0, 

(4.2.IC^ 

wnere t "= 2̂ iE/fî , rj = ZpZ^e""^ •''ĥF and X = L + 1/2. 2_, Z and ju 

having their usual meaning and E is the centre-of-mass energy. In 

the presence of a nuclear potential V'.r) (y<r) = V <r) + iW <r) ) , 

R I 
the corresponding radial Schrodinger equation for the I partial 

wave becomes 

d^ . ^ x"^- 1/4 27) t-
0(X.,k,r) -t- I t- - ;:;: - V^.,<r) - l<^'.X,t,r/ = O, 

(4.2.li> 

_, 2 ^ ' ' I 2 N 
dr ^ r 

where V.,(r) = Zjj/h'^ V(r) f y (r) - Z Z e^/r 

= 2/L̂ /fn̂  '^V'^^ "̂  iNj(r) + V^<r> - . 

y (r) IS the Coulomb potential and its general farm is given in 

Chapter 3 <Eq.3.3.2). Here we have assumed that the reduced 

potential VKJ'^'^ ^S less singular than r ^ at the origin and 

vanishes faster than r "" at infinity. Thus V^Cr; is such that it 

satisfies the following conditions EJo ''31 
00 

0 

(4.2.l2) 

"̂  ^ 
(11) J r^jV ir) I dr oo 

0 

The regular solution 0(X.,},r) behaves lî 'e " '̂  "" nsar the origin. 

The irregular solution f{\,±!,r) also ^ncwn as Jest solutions 

behave asymptotically as 



f(X,±k,r) • exp 1 + i(Sr - r) In Zi r) ). (4.2.13) 
r—•oo 

Asymptotically 0<X.,r',r) is a superposition of incoming and 

outgoing Coulomb distorted spherical waves. Similar boundary 

conditions held good for the Coulomb wave functions 0 (X,k,r) and 

f^<\,±k,r) which can be represented by the Whittacker functions 

!i a n d W^ ^ r e s p e c t i v e l y CAb 6 4 3 a n d a r e w r i t t e n a s 
177 5 X ±1T7,X 

0 < X . , t , r ) = ( Z i ^ " ' ^ " " - ^ ' ^ M , ( 2 i i - r ) 
^ c ' ' i n , X 

a n d ( 4 . 2 . 1 4 ) 

f - A j + k j r ) = W^ ^ ( ± 2 i t r ) . 
C ' ' ±17) j \ 

Since the solutions f(X,--i,r) and f'v>,-f,r) 'encept for t'=C,' are 

linearly independent, the regular solution 0',X,i,r) m the 

asymptotic region can be expressed as 

0<X,Kr) = A ( n f (X,t',r) + B U ) f (X,-f , r) . (4.2.15) 

where AU') and B (1̂  • are the coefficients which can be evaluated 

using the Jest function approach EDe =5, Sh 83j. To find the 

coefficients we proceed in the fallawing way. The WrcnsI- lan of two 

solutions (pii'.y and î;;> izan be defined as 

W(0(:;), v̂ (:;)) =0(;t)v/'<") - 0' (;: •• y (x) . (4.2.16) 

Using Eq. (4.2.15) one can write 

W(0(X,k,r), f(X,t',r)) = 0 iK^^^^r) f'(X,t,r) - f (X, k, r)0' (X, k, r) 

= B ( n Ul(f<X,-k,r), f(X,k,r)). (4.2.17) 

Simiiarly, 

W(0(X,k,r), ^(Xj-kjr)) = A a ) uJ(f(X,k,r>, f<X,-k,r)). 

(4.2.18) 

Using the fact that the Wronskian of two linearly independent 

solutions f(X,±k,r) is independent of r ,i.e.. 



93 

W(f <X.,K.,r), f(X,-k,r).- = f (X, J , r) f' (X,-î  , r) - f iX,-\ ,r) f iK,\ , r) 

= ZiK, (4.2.19) 

we obtain from Eqs.<4.2.17> and {4.2.10) 
1 

BCn = - :^—: \fH<piK^{',r) , f(X,Kr)) (4.2.20) 

and 
1 

A(k) = ^ 7 ^ W(0(X,k,r) , f<X,-t,r)J. (4.2.21) 

We now define the Jost functions F<X,±k) as follows CDs t5, Jo 473 

F(X,± k) = W(0(X,^,f-), f(X,±k,r)> (4.2.22) 

In terms of Jost functions (cf. Eq.(4.2.22)), Eq.(4.2.15) can be 

written as 

(j!>(X,l,r) = ^ ^ I F(X,-n f(X,t,r> - F'X,k) f(X,-!',r)l. 

(4.2.23) 

Using similar analogy the regular Coulomb wave function <f, (>,k,r) 

can be e::pressed in terms cf Couiomb Jost functions F (?.,±k) as 
c 

<i> (K,^',r} 

1 

2ik 

(4.2.24) 

\F (X,-k) f (X,i,r) - F^tX,n f^(X,-t,r)1, 

where 

r'2L+2) 
F (X,± k) = (2k)~'^'^^'''^ exp (no/2) exp (+ itn/2) 

^ r(l+l + ir7) 

(4.2.25) 

The Coulomb S matrix S (X,k) is given by 

B <X,n= e;;p(itfT) FF^ (A, t )/F^ (X , - 1) 1 

= r(L + l + ir))/ rd-i-l-iY}) = s;cp(2io' ). (4.2.26) 

a 13 known as the CDulomb phase shift and is written as 

a^ = arg r d + l-irj). (4.2.27) 
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The S mat^'iK S(X,l^) is giver, by 

and t h e n s j c l e a r 5 s n a t r i x 3^ (X, t J c a n b e w r i t t e n 

'N 
Sj^(X,k,>= S £\, K ;/S_ iX, ̂> anc3 the reflection function is ^iven by 

T)^ = |S(X,L)| = |Sĵ '̂.X,l ) I . (4,2.29) 

In order to find Cl-T^t"), we start with Eq.<4-2.1i) and obtain 

d<p d<p 

[̂ * 57 - ^ 57 ] = - 10 ImV ( r ) 0 . ( 4 . 2 . 3 0 ) d r \J d r 

X,k,r dependence in 0 are dropped out for convenience. Integrating 

it between the limits r and r + A we get 
1 1 ^ 

* T r +A r +A d 0 d ^ l i p i 
[̂  57 - ^ 57 J = 21 J Im v'̂ Cr > 101 f 4 . 2 . 3 1 ) 

1 1 

Using Eq.(4.2.23) it can be shewn that, Eq.t4.2.3i> can be reduced 

to the form CSh 833 
00 

1-77^ = -4k 

CD 

1. 
u 

Im V,,(r) 
r4 

0(X, t , r > . "̂  

Ff.X,-t ) 
dr 

=J^^(X,r^,A) 
1=0 

^^I) 
< r . = r +A, A 
' 1-̂ 1 1 

;^^(X,r ,A; is given by the e;;pression 

0(X, k , r) 0 IX, I- , r) 
X <X,r ,A) = -4t Im 
^r ' 1 

F(X,-n F (X,-t') 

0 

(4. 

The superscript prime m 0(X,t,r) denotes the derivative with 

respect to r and x ^^-^t"^ »AJ gives the contribution to (1-77^) from 
r 1 L 

the region r < r < r +A. The function ii—rj'T} is quite useful in 

determining the relative importance of different regions in 

generating c^ which is given by 



9 5 

<y, = <fT/i-' '")) ( 2 1 + 1) <l- f?7> 

= <rr/l^> 2 j (21-^1) ; t^<^ , r^ ,A) . <4.2.33) 
1=0 1=0 

The reaction cross sscticn a <r ,A) qensrated m the rsQion r < r< 
r X 1 

r +A IS 
1 

2 ^ £>- ir ,A> = (?T/J )> (2Z+1> > <X,r ,A). (4.2.34) r 1' Z. - r ' 1' 
i=0 

Further the cantributian to a frofr. the reqicn O < r < r., can be 
r ^ N 

s;;pressed as 

r N 
L I ^ = y cŷ (̂r,,A). (4.2.35) 

^̂  x=0 

4.3 Analysis of region-wise absorption 

Using the above mentioned technique, analysis was 

carried out to SKplore different regions of the nuclear rr.ediufn for 

adsorption of p in the case cf antiproton-nucleus scattering 

system. The elastic scattering cross section and the reaction 

cross section data CAi 81, As 85, Co 84, Ga S^, Ga B4a, He 85, Ja 

86, Na 84, Ni 833 are available for several targets lite ^C, "O, 

40 2i''8 

Ca, Pb etc. at several incident energies. Ir addition to 

these experimental data, info^-mation regarding annihilation cross 

section may f-jrther facilitate a simple way o-*" estimating 

annihilation cress section from the technique cf region-wise 

absorotion. The erpsrimertai infcr.-nation enables v= to find the 

contribution to the reaction cross section from a small region and 

consequently this provides an alternative and simole method of 
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estifnating approMt^ete annihilation cress sectiar:. In order to 

of the optical mndsi (0M,» potential is assumed to be of 

Woods-Sarcp type, i.e,, 

= \'ir> + iW-.(^-). (4.3. 1> 
R I 

The parameters V., W., r , r , 3. , s and r , the Coulomb radius 
U U r 1 r 1 c 

parameter, used m the calculation, 3.rB given in Table 4.3.1. 

;^^<X,r,A), a ^ir,A) and j<̂ ,j ^^^ evaluated numerically using 

equations (4.2.32), (4.2.34) and \4.2.35) for different systems as 

indicated m the Table 4.3.1. The svmbol a (r,A) signifies the 

contribution tc the reaction cross section from the spherical 

shell of radius r and thicl-ness A, whereas Ic I gives the 

L do 
contribution to the total reaction cross section a f'"om the 

r 
spherical volume of radius f^ around the scattering centre. The 

2 
function ;); <\,r,A) gives the contribution to (1-rj.) within the 

region <r,r+A), The variations of x^^^"^'!^^ ^s a function of r for 

different values of partial i^aves, L, are depicted m Figs. 4.3.1 

- 4.3.3. Figures 4.3.1 and 4.3.2 show the pattern of absorption in 

- 1'^ - Ai-j 
the case of p + C and p + Ca scattering systems at E, ,, = 46.8 

1 ab 
MeV respectively while Fig. 4.3.3 shows the corresponding result 

12 
for p+ C scattering system at E, . = 46.3 MeV. From the Figs. 

1 an 

4.3.1 and 4.3.2 one finds that even the partial waves, which are 

mere or less fully absorbed, cannot explore the interior region, 

rather, x' (\,r,Â  for all I &re confined mostly to the surface 

region. In contrast to Fics. 4.3.1 and 4.3.2, F13. 4.3.3 indicates 
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Table 4.3.1 Optical model potential parameters alongwith the 

Coulomb radius parameter r for various systems. 

Sys i 

p + 

P + 

P -̂  

P + 

^ ^ 0 

P + 

P + 

P + 

P + 

tern 

1 ' - > 

Ca 

1 •-> 

' - C 

+ ^^Ni 

12 

^^'Ca 

=^^Spb 

^-c 

l a b 

('^eV> 

1) 
4 6 . 8 

1 i 
4 6 . 9 

2 ) 
4 6 . 8 

4 6 . 3 ' ' 

4 ) 
6 0 . 0 0 

4 6 . 8 ^ ' 

4 7 . 9 

2 ) 
4 7 . '^ 

4 6 . 8 ' ^ ' 

1.) 

o 

^rleV) 

4 0 , 0 

( 7 4 . l i 

9 0 . 0 

( i oe .9 ) 

4 0 . 0 

, 1 0 0 . 0 ) 

4 1 . 5 

' 9 . 7 ) 

9 0 . 10 

( 4 2 . 9 0 ) 

2 5 . 0 

( 6 1 . 0 ) 

9.C 

a 4 3 . 0 5 

2 0 . 0 

• 1 4 0 . 0 ^ 

4 0 . 07 

( 7 . & ) 

r 

( r ) 
1 

( f f f -

1 . 0 3 

( 1 . 0 7 ) 

0 . 6 2 1 

( 0 . 9 t 2 ) 

1 . 1 J 

1 1 . i 0 ) 

1 . 143 

( 1 . 1 4 3 : 

1 . 2 2 

( 1 . 2 2 ) 

1 . 2 2 

( 1 . 1 7 ) 

1 .4 J 

( 1 . :-3) 

1 . 1 0 

• 1 . 1 0 ) 

1 . 17 

( 1 . 3 2 ) 

3 r 

( a , > 

< fm ; 

0 .5 .52 

f C . 6 2 5 / 

0 . 7 0 5 

( 0 . 6 3 2 J 

0 . 6 0 

( 0 . 6 0 ) 

0 . 6 4 3 

( 0 . 6 4 3 ) 

0 . 5 0 0 

( 0 . 5 0 0 ) 

0 . 5 6 0 

( 0 . 5 6 0 ) 

0 . 6 3 0 

( 0 . 6 3 0 ) 

0 . 6 5 0 

• '0 . 6 5 0 ) 

0 . 7 5 0 

i 0 . 5 i 0 > 

i" 

c 

( f m ) 

1 . 3 

1 -y 
JL m — 

1 .3 

•! - i 

1 . '"'5 

1 . 3 

1 . 3 

1 . 3 

1 . 3 

Remark s 

F i g . 4 . 3 . 1 

F i Q . 4 . 3 . 4 

F i q . 4 . 3 . 6 

F i g . 4 . 3 . 2 

F 1 9 . 4 . 3 . 5 

F i g . 4 . 3 . 3 

P i g . 4 . _/.-+ 

F i g . 4 . 3 . 7 

F i g . 4 . 3 . 9 

F i Q . 4 . 4 . 1 

F i g . 4 . 4 . 1 

F i q . 4 . 4 . 1 

F i g . 4 . 4 . 1 
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System 
~laD 

<MsV; 

iW,^) 

(HeV) <fm) 

a 

(a ) 
1 

(fm; <tm) 

Remari-

p + '̂-'Ca 47.9 6> 

208, 

p + 

40, 
U3 

- 208 
p+ Pb 

6: 47.9 

179.7 

1 79. 9 7) 

180.3 ^ 

:i5.02 9) 

41.04 

(7.82) 

49.29 

v7.84) 

90. OO 

6'I . 00"' 

(154.28) 

^- - -b 

(154.88) 

200.00^ 

a62.85) 

60.00 

35.00 

<12.13) 

1.17 

f1.32) 

1. 17 

t1_ 32) 

O.S59 

(1.014^ 

0.~'6h 

(1.051) 

0.67 

(1.05) 

0.371 

' 1.036) 

1. 122 

(1.166) 

1.35 

(1.35) 

0.750 

(0.510) 

O. 750 

(0.658) 

0.54== 

(0.557> 

0.9«'l 

(0.619) 

1 - 000 

(0.620) 

1.018 

(0.625) 

0.5S7 

(0.739) 

0.430 

(0.430) 

1.3 

F : Q. 4. 4. 1 

Fig.4.4.1 

Fig.4.4.2 

FiQ.4.4.2 

FiQ.4.4.3 

Fig.4.4.3 

Fig.4.4.3 

Fig.4.4.2 

FiQ.4.4.2 

l):CPu 853, 2):LHe 853, 3):LSa 673, 4):EVi 763, 5):CJa 863, 

6):CBe 693, 7):CIn 863, 8):CUd 853 
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that in tne case of praton-nucieus scattering, the entire region 

of the nuclear potential takes pa'̂ t̂ in generating the contribution 

to (l-n'T;. The oscillatory nature of x <X,r,A) (Fig.4.3.3) 

indicates that m soiBS regions its contribution is less whereas m 

others it is more. Comparison of Figs. ^.Z.l and 4.3.2 with Fig. 

4.3.3 illustrates the nature a^ surface dominance of p-A 

scattering in contrast tc p-A scattering fcr diffe'^ent partial 

waves. The cumulative effect of all the partial waves within the 

- 12 
reqion r < t- < r +A is shown m Fics. 4.3.4 and 4.3.5 for u+ C 

- 1 1 

4('» 
and p + Ca scattering systems at E = 46.8 MeV respectively, 

where the nature of variation cf a (r,A) witn r is depicted. It 

is also observed that when one uses different, but equivalent 

optical potentials, the penerai behaviour" of a (r.A) as a function 

r 

of r remains practically same. Tc confirm the case we have chosen 

another set of equivalent optical model potential parameters at 

the same incident energy for p + C scattering system (for 

Buample, E, , = ^c.S MeV, V.= 90 MeV, W.= ioe.9 MeV etc. as 
1 ab O u 

mentioned m Table 4.3.1) and the trend of the function a (r.A) 
r 

calculated using this new set of parameters is shown graphically 

in Fig.4.3.6. Hence, -we conclude that Figs- 4.3.4 and 4.3.5 

represent the general pattern Q-*" region-wise absorption m p-A 

scattering. These figues sho,-j that the ma;,'imum absorption occurs 

- 12 -
at r=R = 3.4 fm for p -̂  C \Fig.4.3.faJ and - = R = 4.ibl fn for D 
4'") 

+ Ca, where R represents the pea^ position. In Fig.4..3.5, we nave 

1'' 
also shown the correspondinq results (i.e., a ir.A)) for p + C 

=^ = tte.'-ing at E = 46.3 MeV. The variation of [o \ with r is 
H o "'• 

also depicted m Figs. 4.3.4 - 4.3.^:. In our analysis, we have 
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Si 
E 

b̂  10 

p+^C E,a|5= A6.8 MeV (—) 

p A E,a5= A6,3 MeV ( ) 

0 

F i Q . 4 . 3 . 4 V a r i a t i o n o f <y < r , A ) and r 

12, 
H: as a function of r. 

The solid curves ( ) represent p + ~ C scattering at E^ . = 46.8 
lab 

12, MeV and dashed curves ( ) represent p + C scattering at ^j^j^ 

= 46.3 lieV. The OM potential parameters are listed in Table 

4.3.1. A = O.1 fm. 
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used A=0.i fm in all cases. Here it is worth mentioning that the 

results of p-A scattering cSiV. be conpared with the corresDonding 

results of HIS .namely, ^O + ^ Hi scattering at E^^^j^^ 6*̂' f'̂ eV. It 

has been shown that LSh 84 3 for nucleus-nucleus scattering case, 

even if one takes volume absorptive potential, the contribution to 

absorption cross section from the surface region is more 

significant than frcrr; the iitsrirr region of the nuclear 

potential. 

The radial variations of y iA.,r,A) for different L 

values and c (r,A) within the region (r,r+A) are shown in Fig? 

'lab 
4.3.7 and 4.3.8 respectively for the case of '̂  O + Hi at E 

r 
60 MeV CSh 83, Sh 841. Variation of "eaction cross section \a I 

is also shown in Fig. 4.3.S. In all cases la I saturates to the 

L do 
reaction cross section a for large r. The optical model potential 

13 58 
parameters used in the calculation for O + Ni at E, . = 60 MeV 

lab 

is also given in Table 4.3.1. Assimilating the previous work on 

HIS as well as the present work on various p-A scattering systems 

we conclude that in both the cases reaction cross section data are 

insensitive to the interior region of interaction potential. Thus 

there is a close similarity between region-wise absorption in p-A 

scattering and nucleus-nucleus scattering. Our results indicate 

that surface absorption is rather symmetrically distributed around 

- 12 - 40 the peak position R in the cases of p + C and p + Ca 
m 

scattering systems. It may be noted that elastic scattering cross 

section data as such may not be useful in establishing 

conclusively the detailed nature of region-wise absorption. This 

is because, if a partial wave is fully absorbed, <i.e., 77 = | S ( = 
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%+^^N i E,Q,3=60MeV 

r(fm) 

100 

CN 

^ 

50 

13 

F x Q . 4 . 3 . a 

A = 0 . 0 9 f m . 

18 5 f l 
Same as F i g . 4 - 3 . 4 f o r O + N i att E, = <bO MeV. 

l a b 



o) it as such cannot give the details af the interaction ^^«ion 

except its absorptive nature. For example, in the strong 

absorption model where S = O far I •. l.^^ one does not have any 

information regarding the details of absorption process. Using an 

optical potential one can always get the region-wise absorption. 

Such an information is useful if ans has inforTsation regarding the 

oA cross section from the dominant channel like c in addition to ann 

c and differential scattering cross section. In such cases one r 

can expect to get more details of p-A interaction in different 

regions. An analogous situation is present in HIS as described 

below. 

It is well known that HIS data s^re sensitive to the 

surface region of the potential, but recently some CUd 853 

procedures have been developed to understand the relative 

importance and the nature of the imaginary part of the potential 

from the fusion cross section data. In the vicinity of the Coulomb 

barrier one can write cy in HIS as 
r 

a = a^ •>- a„ , (4.3.2) 

r F S 
where a- denotes the fusion cross section and a- denotes the cross r S 

section for other processes. Recently, a quite successful direct 

reaction model of fusion CUd S53 has been developed which states 

that contribution to fusion reaction is from the region r < R_, R_ 
F F 

being the fusion radius, which is of the order R_ ~ 1.4K(A_ •*+ 
r F" 

A^ ") fm. Here A-, and A^ are the projectile and target mass 

numbers, respectively. Since, in HIC, fusion cross section data 

are available in addition to reaction and scattering cross section 

data, the direct reaction model of fusion helps us in 
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understanding the potential, in particular its imaginary part, in 

the region r < Rj-. Interestingly a somewhat analogous situation 

can be visualised in p-A scattering. Annihilation being the most 

dominant channel in p-A scattering, it wil be useful to write a 

as 

- -P*^ + a^. , <4.3.3) 
ann S ' 

where a represents the annihilation cross section inside the 
ann 

nucleus and a^-. is the contribution to reaction cross section from 
a 

other channels. An important parameter, which is known in the 

literature as annihilation radius, characterises the range of 

annihilation. UJith the appearance of eKperimental data for p-p 

cross sections, different cross sections like annihilation, charge 

exchange and elastic scattering, for p-p collision were analysed 

by Shibata LSh 873 between ISO - 600 HeV/c using a potential 

model. The result of his analysis indicates that the mean free 

path associated with p-p collision is less than 2 fm and 

annihilation is peaked around Ifm. He has also anticipated that 

charge exchange reaction can extend upto 4 fm. It is also known 

that LGO SSI the average distance between nucleans in a nucleus is 

ss 1.3 fm. In view of these facts we have consputed the mean free 

path A using the formula ESr 683 

A = -h'^k/C2/jW •{r)j (4.3.4) 

The radial positions R^ and R„ where the mean free paths are % 1 

fm and ^ 2 fm, respectively Br^ found out for different p-A 

systems. In Table 4.3.2 we have given the positions R^ and R^ for 
- i'?̂  - 40 
p + C and p+ 'Ca at E, .= 46.B MaV. It is interestinq to note 

iao 
that the peak of region-wise absorption also occurs at r \/ery 
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V a r i o u s r a d i u s p a r a m e t e r s r . , r ^ and r f o r t h r e e o-A 

s y s t e m s and c o n t r i b u t i o n t o cf f rom t h e r e g i o n s O < r < 

R and O < r < R o b t a i n e d from F i g s . 4 . 3 . 4 - 4 . 3 . 6 .R^ = 

c S 1 

r^A_ ' ^2 ~ ^^^ ^'^^ ^ ~ ^ ^T ' ^± ^^^ "̂ 2 signify 

the distances at which the mean free paths A are about 

1 fm and 2 fm respectively. 

Systems - 12 40 Ca 

lab 

P.(r ) ifm) 
X 1 

R (r > f*m) 
5 5 

R Cfm) 
m 

46.8 

2.8(1.223' 

3.35(1.463) 

3.65(1.59 ? 

3.4 

4&.8 

2.65(1.158! 

3.30(1.442) 

3.65(1.59.' 

-T -»-ir 

46.8 

4.25(1.243) 

4.80(1.404) 

5.30(1.55> 

4.61 

H R^ (mb; 285 290 630 

r-Jo ' 
RemarK s 

mb) 

Fig. :.6 

>3U 

FiQ.4.3.4 

053 

Fig.4.3.5 
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clasa to r = R„ v̂ ihsrs A ^ 2 ffr,. If we ccnjscture that annihilation 

iS tha mast predominant process in the region r -̂  R^, then we find 

that, the contribution of annihilation to a^^ is at least SCV. in 

ail cases. Howeser, m a recent wo-^ EHe S73 it has been shown 

that the probability of anninilaticn substantially increases 

inside the nuclear medium, Hernandez ana Oset CHe S73 have shown 

that as p enters the nucleus annimiatiar. cross section increases 

significantly. The '^esuit of their wcrî  shcrfs that even at very 

low nuclear density anninilaticn cross section is enhanced 

substantially and large p-h annihilation gives an idea that most 

of the annihilation occurs at the nuclear periphery. Based on this 

D A 
fact one can also expect that the contribution of c to a may 

ann '̂ -̂  

be hiqher than 50% of a . Usinq se/eral alternative methods, thev 
" _ r - ' -

D A — 1 '̂  
have evaluated a^ for p+ ""C system at E, . = iT5 HeV. "^heir 

ann ~ lao 
pA 

estimate gives a to be 350 .T.C to 450 mt whereas the 
ann 

e;;perimental value is 422±Z5 mb. Our result, based on tha mean 

free path of p inside the nucleus ?nd region—i«?ise absorption, 

indicates that <y should be more than 50% of a if R^ R . It 

ann r ^ _m 
pA 

will be of interest to ha\e a precise measurement of a m 
ann 

addition to a^^. This vgill indicate w*-ether there is substantial 

contribution to the anni''-1 lat ion cross section ir tha region r 

R^ and whether co'-'Side-^abie p annihilation can take place mside 

r 1^2 
the nucleus even when A ^ 2 fm. In Table 4.3.2 we also give \o I 

r n". ° 
and Icr J .i.e., the respective contribution to a from the 

1/"^ 
reqions 0 < r <; R„ and U < r < R where R = r A^ ~ is the strong 

^ s 5 5 T ^ 

absorption radius. R for different systems CJa Bhl is alsc given 
s 

in the Table 4.3.2. Since m the region r R^, A 2 fm, \<y ^ 
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pA — 
gives a measure of cf^^^ in p-A collision. It should be noted that 

if the p-p annihilation distance inside the nucleus can be proved 

to be significantly larger than 2 fm, the estimates of c^ bv our 
ann •' 

method will be larger. For e;;amplB, in the case of p + '^C 

scattering at E = 46,8 MeV CFig.4.3.6) at r = R , A = 3.13 fm 
R icib s -. 

and \<y I = 355 mfa which is substantial 1/ larqer than lo' I "̂  = 

285 mb. 

4.4 Interaction time 

The time scale plays a very important role in the 

detailed u^de^•'sta^ding of fusion process m NIC CSa 88J. The time 

is estimated in a number of ways frum different view points. 

Scalia ESc 863 estimated tne interaction time involved m the 

fusion process of HIC along the classical Coulomb trajectory. He 

estimated the time within the region where the process of fusion 

takes place. But it is more sensible if one incorporates the 

nuclear potential into it and then estimates the time spent by the 

system along the classical Coulomb-nuclear trajectory. The time 

spent along the classical trajectory within the region r . . r \R 
^ m m 

is given by 
R 

T = 2j dr/r, <4.4.1) 
• min 

where r is the distance of closest approach, where \ inetic 
m m 

energy vanishes. In the case cf Coulomb trajectory the time "̂̂--̂  

s p e n t I S 

dr 
T_ = V2ij I TT^ , ( 4 . 4 . 2 ) 

r . IE - V -.r) - V, <r) l 
mm L c ^ J 

whereas the presence of short range potential modifies the 

c ^ I r T1/: 

r 
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denaminatar of Eq. <4.4.2> and consequently the time elapsed along 

the Caulofnb-nuclear trajecto^^y is 

V^, = vCJ^^f r̂ " " (4.4.3) 

mm L c R I J 
Here only the real part of the nuclear potential i= considered. 

Using the above e^jpression fusion time above th= barrier was 

estimated ESa SS3 for a number of pai'^s of neclei at various 

energies. The estimation shows that the f_'siDn formation time 

above the barrier along the classical Coulofrb-nuciear trajectory 

— ' " i ' ^ — ' ^ 1 — 

15 of the order of 10 *~̂ - 10 "" s. It is also known that m p-p 

collision, the time scale in\.ci/ed is of the order of T - = 
PP 

-24 
5;clu s m free space. Thus tc ha/e an idea of the time in p-A 

collision we have used the classical Coulomb-nuclear tra^jectary 

which p traverses as it passes throu^n the nucleus. Use of this 

classical picture for the estimation of time is not unreasonable 

because m p-A collision, semic1 assical description is *ound to be 

valid. Using classical Coulomb-nuclear trajectory, we have 

estimated the time '^~/\ which p spends mside the region r< 

R =r fkl.' "', where R is the Coulomb radius. Using Eq. (4.4.3) we 

dr 
(4.4.4) 

JE-V ' m m ^ c 

1/: 
r' E-V (r)-V_(r)-V,(r) mm I c R I 

We have evaluated the interaction time T-_ for a variety of target 

nuclei at various energies. The nuclear potential used m our 

analysis is of Woods-Sa;,'on type. The parameters for different 

systems are also contained m Table 4.3.1. In Fig. 4.4.1 we have 

shown the variation of the time estimated for the systems p + '^^C, p 
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FiQ.4.4.1 Variation of T/T with I for p + ^^C, p + ^^'ca. and 

- 208 

p + Pb at 46.8 MeV, 47.8 MeV and 47.9 MeV (all shown by solid 

curves < )J. Dashed curves < ) represent the results for the 

corresponding proton systems at the same enerQies. DM potential 

parameters e^re listed in Table 4.3.1. T^ = lO s. 
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40 - 20a 
+ Ca and p + Pb at incident energy E % 47 lieV for a number 

1 ao 
of partial waves. Figure 4.4.2 shows the "ssults for the same p-A 

systems at a higher incident enerc. / ,i.e., at E, .21 ISO fieV. The 
-- lab 

fusion time of a typical HIC namely, ""^Br -̂ ' "'Zr at E, . = 315.02 
1 au 

MeV IS also shown in Fig. 4.4.2 for con-parision purpose. The 

estimated time increases marginally by about 10% if one uses R^ 
A. 

instead of R . Figure 4.4.1 also shows the interaction times 

withm the region r R fcr the corresponding c-A collisions at 

the same incident energy as that of p-A collisions. It is 

interesting to note that the time obtained for p-A system is 

practically same as those obtained •''or p-A system although the 

proton encounters a Coulomb barrier. Figure 4.4.3 depicts the 
- 40 

interaction time for p + 'Ca system at E, = 179,8 MeV using 

three different equivalent optical potential parameters. A close 

examination of the results of Figs. 4.4.1 — 4.4.3 leads tc the 

foilowing conclusions: 

(1) The time scale involved in p-A collision is approximately in 

the range 10 """•-10 ""s whereas m hea/y ion fusion it is of the 

order of 10 ̂ '^s. 

Cii> The time spent by the Coulomb-nuclear trajectories 

corresponding to different partial waves for a particular system 

at a particular energy 3irs same except m the case of perioharal 

partial waves where they gradually fall off. This case is very 

similar to that of HIC for the n=rtial waves •'jhich ars 

significantly smaller than the grazing one. 

<iii) From Fig. 4.4.3 one csn conclude that the Coulomb-nuclear 
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4.3.1. Solid curve ( >, Jd̂ l̂ ied curvi? < —) .(ml itu>̂lt -ilul—da&iu*tj 

(—•—) curve are obtained by using OM parameters represented by 

<a), (b) and (c) respectively in Tabic? 4.3.1. 
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trajectory time obtamea for a given system using different 

optical potentials which fit the scattering data are practically 

same. 

<iv) At aporoximataiy the same bomba'-ding energy the time spent by 

p in the Couiomb-nuclear trajectory increases by a factor of 2.5 

with the increase of mass number of the target from 12 to 20S. 

Assuming that p gets anrsihilated before it reaches the 

inner most point m the classically allowed trajectory, we can 

compare c-p annihilation time in free space (which is r- = 
pp 

—24 
5;;10 s) with the time required tc reach the innermost turning 

point. Denoting the time spent by p along the classical 

Coulomb-nuclear trajectory within the region of strong absorption 

radius by T_ , ws assume TJ_, /2, as the time to reach the innermost 
S S 

turning point. Similarly one iZBn compare the reaction cross 

section c m p-A collision with the free space o-p annihilation 

cross section o- . In Table 4.4.1 we have summarised these 
ann 

— 1 "̂  — 4'' — 2'"'8 results for three systems p + "C, p -*- 'Ca and p + ' Pb at the 

bcmbardinq energy E, . ~ 47 MeV. In Table 4.4.1, m order to Qive 
lab _ 

pp 2/3 
an idea of various orders of magnitude vMe have listed a /a Â . 

r ann T 
The approximate constancy of a /c^" Atl ^ indicates that a is 

'^^ ' f''_ snn T r 

proportional to the product of a and the cross sectional area 
^ ^ ann _ 

'? pp 
TiR'" of the target nucleus. It may be noted that the ratios c ^c 

^ -^ r ann 
and T^ / 2 T - have s i m i l a r o r d e r of Tiaqr . i tude. 

f̂ s PP 
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T a b l e 4 . 4 . 1 The r a t i o s a /^cr^ and r̂ ,̂ / c i r - t o r v a r i o u s 
r ann R pp 

systems, c ~ 153 mb and r- = 5 ^ 10 s. 
ann pp 

System E, , a a -'cP a /a' ^ A^ T^ / 2 T -
lab r r ann r enn T R pp 

(MeV; (mb) 

p + '̂̂ C 46. e 642 4.22 v. 805 6.4 

p + '^'^'^£.3. 46.3 1210 7.91 0.676 9.1 

p + "'''̂ Pb 47.9 3321 21.70 0.6ie 13.0 
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4.5 Conclusion 

In the present work we have shcjn that ip the csi^e of 

p-A collision dominant contribution to a comes froiTi the surface 
r 

12 
region which is peaked around R =3.4 fii and R = 4.il fm for p + C 

- 4'-. 
(FiQ. 4.3.6) and p + "Ca at E =46,9 MeV, respectively. These 

12 
correspond to the raaius pararreters i. 4S5 fcr m the case of C and 

40 
1.34u f.ii m the case of Ca. From Figs. 4.3.6 and 4.3.S one finds 

that the absorption peak of o- {r,A> has a width which is of the 
r 

1 '̂  40 

order of 2.4 fm for ^C and 2.3 fn? for ''Ca. It is interesting to 

note that the peak of absorption occurs at a region where mean 

free path is about 2 fm which is the order of distance required m 

p-p annihilation. Assuming that the contribution to <y ^ from the 
region r R_ and R_ ^ R is predominantly due to annihilation, we 2 _ 2 m 

D A 
conclude that <y*^ should be more than 50X of a . This is 

ann r 
consistent with the results of Hernandez and Oset CHe 871 who 

oA 
obtained a in the range 350 - 450 mb whereas experimental cross 

ann 

section is 422 ± 25 mb. Further, the time spent by p mside the 

nucleus m the region r ' P^ is estimated using classical 

Coulomb-nuclear trajectory. In brief, we have found that T-„ I S of 
•̂  p A 

the order of 2 . 4 T . - 4.99T^ for p+ "^C at E, ^=46.8 MeV, 4.1T.-

U O ^ lab ' O 
— AO — "̂ OP 

7.9T^ for D+ Ca at E, . =47.9 MeV and 2.9T.- 12T. for p+ Pb at 
O lab U O E, .=47.9 MeV, where T . = 1 0 *"~S. This time is practically same for 

lab 'J i- J 

different partial waves e;;cept for peripheral partial waves. 

Assuming T_ /2 to be the time spent by a inside the nucleus before 
s _ 

annihilation takes place, we find that the ratios cr /a and 
^ r ann _ 

pA 
T^ / 2 T - ere of the same order. If eKpsrimentally obtained a 
R pp ann 
s 

13 substantially larger than a^11^ it would imply that p-p 



Ill 

annihilation can take place inside the nucleus even when p-p 

separation distance is mere than 2 fm. This will be in conformity 

with the conclusion of Ref. CHe S 7 J that p annihiC: lation 

probability increases substantially ir.side the nucleus. 
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CHAPTER 5 

FUSION CROSS SECTION OF HEAVY ION SYSTEM USING EFFECTIVE FUSION 

BARRIER TRANSMISSION MODEL 

5.1 Introduction 

Ths rpschanism cf fasicn in tne nuclsus-nuclaLis collision 

15 an irfpcrtant &rea. cf investigation n heavy lan prtvsics. This 

IS particularly so because it was anticipated that heavy ion 

collisions can generate superheavy nuclei b\ the process of fusion 

reaction. In the nuclSLiS-nuc leLS fusion process, the projectile 

and target •̂ orm. a compound nucleus through the fusion process. 

There have been a nu^nbar of models to a;;plain the different 

features cf fusion process. They >̂ "ange from simple liquid drop 

model and classical equations of motion to the solution of 

Schrodinger equation with several variables pertaining to fusion. 

A review cf different approaches used to describe heavy ion 

collisions are discussed m references EBa 80, N Q 86. Rh S63. In 

the macroscopic approach one uses one-dimensional barrier 

penetration model (BPH) CPi 83, Hi 53, Va 813 for sub-barrier 

fusion^i.e., fusion below the Coulomb barrier and a two-parameter 

2 
(R , V_> formula CBr 853 a^ = nR <1 - K'/E'> for above barrier 

cr^ B F cr B 

case. In general, the former underestimates the fusion data m the 

sub-barrier region (this fact is generally referred as the 

sub-barrier enhancement) whereas the latter overestimates the data 

at higher energies. Further there seems to be no formulation of 

the barrier transmission type which eKolaxns the o-p. data both 

below and above the barrier heiqht m a unified way. In order to 
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have a better understardmo of ftisiar oracsss a sim.pie macroscopic 

approach within the framework cf BPM has been fDrmulated recently 

by SahLi and Shastry CSa 891. This model celled effective fusion 

barrier transmissicn (EFB; model is found to be quite successful 

m e^iplaining the e;;perimental fusion data o\'er a wide range of 

energies around the Coulomb barrisf^. It has been realised that EFB 

model &nd direct reaction model (DRM'' cf Udagawa et al. CUd S4, Ud 

S53 ars two alternative ways of analysinc fusion data. In the DRM 

one assumes that when the two inte^-actmg nuclei approaching each 

1''^ 1/3 other, reach a distance r < R_ (R_ = r_(A„ -*-Â  )) fusion can 
F F F <-" ; 

tal-e place due to absorption in the fusion channel. This distance 

F" 15 characterised as the fusion radios. Thus within the region r 

< R fusion IS governed by the in'.agma^y part cf the optical 

potential. On the other hand, m EFB model when the colliding 

nuclei come within the sphere cf radius R^, complete fusion will 

ta^e place and in this connection R signifies the 

pomt-of-no-return for the incoming wave, which is consistent with 

the concept of incoming wave boundar;^ condition model cf 

Christensen and Swittowsl^i CCh "771. Tnus transmission into this 

region is the primary process involved in tne fusion prccess. For 

transmission into this region it has to overcome the effective 

barrier for complete fusion to take place. One ad\antage o-* this 

model IS that it uses only the sur-*acs region of the potential 

where the potential parameters ^re wsil determned which is in 

contrast to DRM. This nodel is quite justifiable Decause cf the 

fact that -^usior radius para-neter r obtained m the present EFB 

model IS practically same as that of DPr-* of Udagawa et al. EUd 84, 
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Ud 953. The physical significance cf r^ has also been discussed in 
F 

Ref. CSa 893, In view af all these facts, we have further applied 

the EFB model ta study several heavy ion fusion processes. In the 

fcl lowing sections the tiheory of EFB model and its application to 

few i^esvy ion systems e.re discussed. 

5.2 Theory of effective fusion barrier transmission model 

In the simplest (nodsl for fusion it is assumed that at 

a given energy if the angular momentum I is less than some 

critical value i, < J. < i _ > then the fusion probability is unity 
TU TU 

and above the critical value il ^ I _r '^ fusion probability is cere. 
f u -̂  

Thus in the sharp cut-off model <SCM) EBr 853 the fusion cross 

section IS qiven m terms of critical radius R and barrier 
cr 

height V_ and is written as 

^F = ^^"cr^ ^-^B'"^ ^ ^ ^ • ̂ B̂ 

tf 

This model overestimates the data at higher energies which is due 

to the fact that all reactions :i\By not give rise to fusion process 

and below the barrier, fusion is classically forbidden and results 

in a zero cross section. Hence, for energies below the barrier 

which IS also l-'nown as sub-ba^'^-'ier fu'sicn, fusion is possible due 

to quantum mechanical barrier penetration. For fusion to tate 

place in the sub-barrier region a nodsl called barrier penetration 

model (BPH) is used CBi B3, Hi 53, Va 813. 

Very recently, within the framework' of direct reaction 

model (DRii) CUd S4, Ud S5 3 a -nodified barrier t.-^ansmission model 

know?-! as E'̂ B model has been developed ty Sanu and Shastry CSa 893. 
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In the DRH, it has been assuinad that f LIS ion takes place due to the 

absorption of the flu^' which is gcvsrrad by the imac,inary part of 

the potential within the region r < R = r fA + ^T '' where P 

characterises the fusion radius. Thus, tne transmission into this 

sphere is the primary process involved m the fusion process. Thus 

the barrier which has to be cvercorrse far transmission into this 

sphere is given by 

V___(l,r) = V^,(r^ + V <r) + V,(r". r R^ 
EFB N o t F 

^ 
',5-2.2) 

h^ HI + 1) 
where V, (r) = r ju bainq the reduced mass and V <r? is ths I ^ 2 '̂  - c 2^r 

CoulOiTsb potential between two interacting nuclei. VK,(r) 

corresponds to the real part of the nuclear optical potential. The 

total effective potential V ^,<i.jr) is given by 

V ^^n,r) = V^,(r) + V (r) + y,(r), <5.2.3J 

eff N c i. 

Hers the Woods-Saxon form of nuclear optical model potential 

(DMP)IS chosen. The optical model potential parameters alongwith 

the Coulamd radius parameter r_ far various heavy ion systems are 

listed m Table 5.2.1. The parafreters V. , r and a represent the 

strength, radius and surface diffuseness parameters respectively, 

of the real part c-f the optical model potential . The imaginary 

part of the potential parameters are denoted by W.̂ , r̂  and a . 

Variation of effective potential as a -function of r for various 
5Q 58 

partial waves is shown m Fig.5.2.1 for Hi + Hx system. The 

solid ci'jir\'e ( > cor>"espGnd5 to the E'̂ B model and the dashed 

curve ( '' 15 that of the total effective potential. The bar^^ier 
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Tab le S. 2 . 1 V a r i o u s p a r a m e t e r s u sed i n EFB nwodel 

A 
S y s t e m V^ r a r V ' tV f'̂  R e f e r e n c e 

0 r r c B B F 
(W,.> ( r ) ( a * QMP 

(HeV) (fm) (fm) <fm) (HeV) -fm) (fm> 

*̂̂ D+'̂ -'Cu 58.52 1.22 0.5^ 1.22 31.97 1.510 1.45 CFe 893 

(27.53) (1.22) (0.57) 

^^0+*^^Cu 54.76 1.22 0.57 1.22 31.93 1.503 1.45 CPs 89] 

(25.94) •:i.22) (0.57) 

^^Si+"^Ni 50.00 1.20 O.aS 1.20 53.14 1.420 1.35 CSt 373 

(10.00) (1.20) (0.65? 

" Bi+^^Ni 50.00 1.20 0.65 1.20 52.55 1.42^ 1.38 E5t 371 

(10.00) (1.20) (0.65) 

Si+° Ni 50.00 1.20 0.65 1.20 52.26 1.427 1.44 CSt 873 

(10.00) (1.20) (0.65) 
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r > Rp = 10.83 fm for a typical set of I for Ni + Ni- In the 

region r < R* dashed curves ( ) indicate variation of V _^^iL,r) 
r eft ' 

with r. When r > R_ , V -,(l,r) = V^^_(l,r). Dotted lines < > 
F ' eff * EFB ^ 

correspond to two typical incident energies. El and E2. Ari^ow 

indicates the Coulomb barrier position. 
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heights are denoted by Vp^ and V^ m the cases c* E=̂ B model and 

total effective potential -espective 1 v. It is seen that VJl for 
FE 

different partial waves m sr.anv cases is less than V , provided R^ 
P' F 

•I /-J 1 '"̂  
15 different f-c/n R^ <Pg = "g<Ap - A^'-,>>, the CoLiicmP barrier 

position. Due to these and the condition m Eq. •;5.2.2), the EFB 

model IS found to be successful m e;;piaininQ c' data m the 

sub-barrier region, in contrast to the earlier BPM. It has also 

been pointed out that CSa 741, cutting off the total effective 

potential near a certain effective interaction region and assuming 

either vanishing or constant /alues Qf potential for smaller 

distances, has a negligible influence on the oredicted elastic 

scattering cross section. Another poinr to be noted is that, in 

tne PPM, Bub-barrier and above barrier regions are identified 

based en two psramete'-s namely, E, tns centre-of--mass energy and. 

the 5-wave barrier height, '/̂  wr.ich is not fully justified. This 

car be understood in the •following wav. For a given energy E = E^ 

- V_ (as snown in Fig.5.2.1), Vr—o W-,r- - E for several partial 

waves and for other pa^-tlal waves ( I - 20 in F I Q . 5 . 2 . 1 > '"Vrc ̂  ̂ ' •"̂  

' E. The former corresponds to the above barrier fusion, while the 

latter to sub-barrier fusion and hence, for such energies both the 

aspects have to be taken into consideration. 

Sahu and Shastry ESa 893 hav-e demonstrated that m the 

above barrier case the appro;;imation T = i in SCM, is rather 

drastic. As the energy increases above the barrier, transmission 

coefficient approaches unity rather slowly. Comparison of 

transmission coefficients, T^ ard T ( wnere T^ is obtained by 

using a model potential and T by using the cut-off barrier of the 
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same modal patentia.!) indicates that (i) beiow the barrier T_ ^ Tp 

and (ii> above the barrier T . T . Morever, both the 

transmission coefficients approach unity rather slowly. Hence, by 

using results (i) and <ii) one can make the assumption that, in 

the c:aBe of nucleus-nucleus fusion, cutting off the potential may 

account for the enhancement of the e>;psrimental fusion data over 

the calculated values (obtained by using BPM with full barrier) 

and at the same time will be satisfacto>"ily above the harr-^er 

also. 

Based on the above observations, here we give more 

appropriate expression for T *.E) . Using the Ŵ  B approximation one 

can find the transmission coefficient T (E'̂  for transmission 

across the barrier '^^-^ ^(7., r) whicn is given by LSa 89Z 

T^iE) = [l + exp f-Z J ^ Q(r)drl 1 , E V^^ (5.2.4) 

^i 

where 

= [T5-[^EFB".-' -^]]" Q(r) = 
h 

Here r is the outermost turning point. When E is very close to 

V_^ , but below the barrier top, Eq. '5.Z.4) is not valid and the Fa 

better approximation far T (E) is 

(E) = ji/e + e/4 J T (E) = |i/e + e/4 I , (^.2.5) 

where 
R 

e 
r 

= exp j J Q(r;dr j 

1 

B ' i 
In the region where E ^ Vj_.p , T, (E) is gi\en by 



4^ Fir) 
T^(E. 

(l+F(^->)'" + (F' f v-; ; 
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With F(r) - [ i ^ ( '-•EFB" •-]] and {-"" = 2^E/h^ 

The transmission coefficients can be obtained by using 

Eq.(5.2.4>, f5.2.5) or (5.2.6) at different energies below or 

above the barrier. Numerical analysis tSa B91 shews that for 

almost all energies the comparison, is quite satisfactory except 

for energies near but abo^e the barrier. Hence, for those few 

partial waves for which E is close to V^-T^ but above it, the top of 
. 3-' 

the barrier is assumed to be parabolic and the transmission 

coefficient is 

T ~ I 1 + exp r-2jMjl 1 , (5.2.7^ 

where 

H = 1 J 
L "-ly 

Qiz> d= 

;c ± ly &re two complex conjugate rs"OS of Q^iz)= Z/u KE-V KZ.; )/h'^. 

Thus for those partial waves for which E is clcse to, b-it above 

vl.^ , Eq. (5.2.7) has to be used insread of Ec.(5,2.t;. ftlthcuqh 

this modif icatior. does not change the 

significantly, but n tie study of cy- as i 

fusion c-oss section 

fwtncticn of I nsar 

:he grazing i, Eq. (5.2.6) has its i •Tjportancs. 4̂ow the partial wave 

fusion cross section <̂̂ p' is given by 

cj-p = < n/y^ i ( 21 -I- 1/ T (E>P <E'-. 

Here y" = 2/jE / tî  and P" \E) is the energy deoendent parameter 

indicating the probability of fusion. In tbe EFB model it has been 

assumed that F" (E) = 1 m the energy region near the Coulomb 
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barrier. With this approKimation Eq.(5.2.8) becomes 

a^ = ( n/k^ ) (22. + 1) T^ (E) . 

The total fusion cross section c- can be written as 
00 

CO 

= n/k'^ y (2i + 1) T^(E)' (5.2.9) 

1=0 

Using the proper expressions for T, (E) , cŷ  can be calculated out. 
t. r 

In the calculation of r , the cut-off I value is chosen in such a 

—2 
way that, for a given energy T < 10 , for I > I . . Physically it 

is BKpected that I. = I , where L is that value of I for 
u poc poc 

which I > I V ,,(J.,r) shows no pocket. It has been observed 
poc eff ' ^ 

that for mast of the systems I. < I in the energy range 
u poc 

considered. In Table 5.2.2, a list of I. and I for the highest 
(J poc ^ 

energy, in the energy range studied, is given for five different 

systems. The fusion radius R is obtained by comparing 

experimental a,- with the calculated value. The significance of r^ 
r F 

is discussed in Ref.CSa 893. 
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Table 5.2.2 Energy range, R^-R„, I.. I for heavy ion 
tJ r !_' pOC 

systems. 

Sysrem ranae of E R_ - R_ I . I Reference. 
^ B F y PDZ 

(MeV^ ( f m ) E; 'p t . 

^ ^ 0 + '^^Cu 3 0 - 7 6 0 . 3 9 5 5 CPe 3 9 1 

l^Q ^ ^^cu 3 0 - 7 6 55 5 5 EPe 9 ^ 1 

S i - '^ N i 4 7 - 6 - 0 . 4 8 3 56 est °iil 

• ° S i + ^ > 4 i 4 8 - 5 8 0 . 3 2 9 5 6 e s t 863 

S i + N i 4 7 - 6 4 - 0 . 2 2 49 5 0 e s t 863 
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5.3 Results and Discussion 

In this section we have anplied this effective fusion 

barrier transmission model to study fusion barrier data of a few 

heavy ion systems li^e, G -f Cu, O + Cu, 31 + Mi, Si 

62 '̂ S 64 C^ 

+ Ni end Bi+ Ni c%er a range of energies around V^. The 

energy range studied for these systems is given m Table 5.2.2. 

Using Eos. <5.2.4), <5.2,5) and (5-2.6), the transtr ission 

coefficients T (E) can be obtained ard substituting it m Eq. 

(5.2.9) fusion cross section <y- can be calculated. Table 5.2.1 

shews a list af the optical model parameters used 11 the 

calculation fof" all the above systems studied alongwith the values 

of other relevant quantities like, fusion radius parajneter r , 

Coulomb barrier parameters V' and r_. It is worth fnentionmq- here 

that the same optical model parameters have been used for the 

entire energy range. The number of significant partial waves I. 

such that for I i , T 10 "", at the highest energy of the 
energy range, and I , i.e., the value of the partial waves ^ 3 1 pac 

beyond which pocket of the effecti/e potential vanishes, have been 

found out for all these systems and a list is given in Table 5.2.2. 

The fusion cross sections, which a.t-e obtained using EFB 

model, are plotted as a function c-f centre-of-mass energy E in 

Figs. 5.3.1 — 5.3.3. These "esults â''e aampa-^ed with the available 

E"Dt 

experimental data. While explaining c^" it may be noted CBa SOU 

that complete fusion is ^iven by the sum of the cross sections due 

to evaporation residue formation and -fusion followed by fission. 

However, at incident energies arcund V_, the farmer alone 

practically accounts for the whole of o^ in general. In Figs.5.3.1 



30 40 50 60 

E(MeV) 

Fig. 5.3.1 Plot of fusion cross section a^ as a function of 

incident centre-of-mass energy E for 0 + ' Cu systems. The 

solid curves correspond to EFB model . Arrows indicate Coulomb 

barrier heights V . The experimental points a.re represented by (•) 
16, "Iz 16, and (f) for O + °^Cu and A for D + 65 Cu. 



E(MeV) 

29 58,62,64j^^ systems. 

F19.5.3.2 Sa»e as ^^«;=-=-' J°^ ^ ^ ^ , L ^ . tO%n the ^, aKi, 
The nun-bers indicated by star. <-. 
for the corresponding curve. 
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90 100 110 
E(MeV) 

Fig.5.3.3 Comparison of o calculated using EFB model and the 

DRM with the e;:pei-impnl;.̂ l data for Ni + ' Ni system. Solid 

curves, EFB niorlel ; dnl;lnd curves, Df"<M. 
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EFB 
and 5.3.2, we have illustrated the results of o^ obtained by 

using EFB model as a function of E for the five pairs of -tuclei 

listed m Table 5.2.1. In each figure the solid curve ' ) 

correspands to the results of a^ . "''he results of o-p' for Q + 

"' "'Cu systesns are shown in Fig. 5.3.1. The corresponding results 

, EFB . 2e„ 58,62,6\, , . _ ^ , ^ _ 
of c- for si -*- Ni svstems are shown m Fiq.5._..2. The 

I-

experimental points are denoted by solid triangles and circles for 

0 + Cu and open triangles for 0 •*- Cu correscond to 

evaporation residue cross section UPe 891. From these figures it 

EFB E>cnt 
IS seen that the fit of a ' "̂  to a'' is reasonably good. Thus EFB 

r F 

fijodei IS quite successful as a general macroscopic method for 

analysing the fusior data around the Coulomb barrier. 

For relative ccsnparison we have shown the results of 

fusion cross section obtained by using both DF;M and EFB models for 

Ni + ' Ni systems in Fig.5.3.3 CSa 69]. From Figs. 5.3.3 it 

-c 5S^, , 58 
ass of i'̂i + Ni, is clear that in the case of h4i + Ni, both the oiodels give 

equally good fits to the e">perimental data. However m the case of 

58 64 

Ni + Ni system the fit of EFB model is .T.uch better than that 

of DF;!i. It has been seen that in some cases, DRM results are 

superior to that of EFB model. It may, however, be noted that 

results of DRM are obtained by changing the optical model 

parameters suitably, whereas m EFB model, energy independent 

optical model parameters are used. Good agreement of the EFB 

result ascertains the fact that EFE and DPfi n;odel3 cf fusion 

essentially describe the same phvsirai process in two different 

and cOiTpIsnentary wave withm the fr?mewart of macroscopic 

approach. 
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5.4 Summary and Conclusion 

In this ssctxon we briefly sumn^arise the >4ori discussed 

in this thesis. The tnesis rontains the investigations of se\erai 

features cf antiproton-nuclsus scattering and same aspects af 

heavy ion scattering. The icw energy antiproton-nucleus scattering 

has opened up a new field cf research in nuclear reactions which 

has interesting implications in the stad> of nuclear matter, 

strange particle production, ar.tiprotonic atoms, etc. In Chapter 

2, we have given a brief rsv'iew c;f several accumulated results of 

antiproton-nucleus scattering. The n a m thrust cf this thesis is 

on the comparative study of antiproton-nucleus scattering and 

heavy ion scattering and the applicability cf several techniques 

used m heavy ion scattering tc the analysis of antiproton-nucleus 

scattering. The whole worl- comes within the broad framewo^^k of 

nuclear optical model. The semiclassical and other related 

theoretical analyses ha/e greatly helped tc understand 

diffractive, refractive, absorptive and resonance aspects of heavy 

ion scattering. On the basis of several similarities between 

antiproton-nucleus scattering and heavy ion scattering, we bsve 

investigated the applicability of theoretical techniques developed 

fcr heavy ion scattering to the analysis c* antip>^-cton-nucleus 

scatte-mg. At present the e;:peri Tiental data in antiproton-r.ucleus 

scattering is considerably less e,(tensive as compared to that in 

hea/y ion scattering, part iculari j- pclarisaticn and d if-^erent lal 

cross section data at large angles which ere >et to be 

accuriL'lated. Bimilarlv m the absence cf cross section data over a 

ccntinuoL's range of energies, features like possible resonance 
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phercTiena are nat yet available fram s;;periments. However, we 

belie/e that as ncre diverse data become available m 

antiprotcn-nucieuB Hcattering at l3w energies, the theoretical 

tecnniq-jes stLsdied in this thesis will be Liseful in the analysis 

and physical interpretation of the data. This thesis also contains 

some calculation cf nucleus-nLicleus fLision vvithin the framewcrl- of 

effective barrier model which gives a comprehensi\e understanding 

of the direct reaction model based on optical potential in the 

interior region and the harrier penetration model where the 

effective potential m the barrie*" regicr. is tsost important. 

In chapter" Z, ws has'e studieci sefniclassical and closed 

formalisfD approaches to ant lorotcn-"-jcl 2us scattering. A smooth 

behaviour m the ef'^ecti'-e potential cf ant iprcton-nuc leas 

interaction suggests that, one-turning point Uii-B appro :imation can 

be applied successfully to study p-A scattering. Using this 

appro'iimation, closed form e^Dresslons for nuclear phase shifts 

have been obtained which wars then used to find the scattering 

cross sections. The method was illustrated by carrying out the 

- 1 ~ — 40 
cross section calculations of p+ C and p+ "Ca scattering systems 

at E, . = 4i.8 MeV. The study ô*" closed formalism ar parametric E 
lao 

matrix approach, using two well i-nown parametrisation schemes of 

nuclear S matri;;, gives a good fit to the p-A scattering data. Few 

— — f^ — 4<'! 
typical scattering data for p-A systems lit-e, p+ ^C, p+ " Ca and 

p+^ Fb at E, ^ = 4£.8 HeV and p+^'^C at E, ^ = 180 *ieV, have been ^ lab lab 

analysed using parametric S matri,; approach, which were then 

compared with the e ;perimental data. The results indicate that the 

closed formalism approach which was applied earlier for the 
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analysis of heavy ion scattering data (ZBn be successfully applied 

in the case of antiproton-nucleus scattering data as well. 

In chapter 4, we have e:;3mined the relative importance 

af different regions of antiprotwH-nucleus optical potential in 

generating the total reaction cross section using the method of 

region-wise absorption, as formulated m heavy ion scattering. It 

has been found that in antiproton-nucleus collision most of the 

contribution to reaction cross section comas from the surface 

_ 1 --i 

region which is peaked at ^ 3.4 fm for D + "^C at E = 46-8 MeV 
J. ab 

- 40 
and ^ 4.61 fai for p + 'Ca at the same value of E, . . We have also 

estimated the mean free path of antiproton msids the nucleus and 

obtained the radial positions R and R^ where the corresponding 

mean free paths &re about 1 fm and 2 fm repectively. From our 

study of region-wise absorption it was observed that the peal̂ - of 

regicn-wise absorption takes place around the region where the 

mean free path is about 2 fm. Using the method of region-wise 

absorption, together with the estimate of antiproton mean free 

path mside the nucleus and the critical distance for p-p 

annihilation, it was estimated that the contribution of 

annihilation cross section to reaction cross section would be 

about 50% or more. The time scale involved m p-A collision using 

classical Coulomb-nuclear trajectory was estimated. The time spent 

by antiproton m the classical Coulomb-nuclear trajectory was 

found to be approxi r.ately m the range 10 '"" - 10 " seconds. It 

was also found that the time elapsed for different partial waves 

within the region r R <R ,the Coulomb radius) for a given 
C CI 

nucleus at a given energy were practically same except for the 
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peripheral partial waves where the> gradually fall off. This 

result is also very similar to the corresponding result as in the 

case of heavy ion scattering. 

In chapter 5, heavy ion fusion cross section, using the 

effective fusion barrier transmission model have been studied 

around the Coulomb barrier region. Good agreement of the 

calculated fusion cross section data with the corresponding 

e-perimental result establishes the fact that, effective fusion 

barrier transmission model, which has been applied earlier, can be 

widely applied to the analysis of heavy ion fusion cross section 

near the Coulomb barrier region. This model for fusion is 

complementary to the direct reaction modal of fusion developed b̂ y 

Udagawa et al. 
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