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ABSTRACT

The optical model for nuclear scattering 1s N2=103%
important to analyse the elast:ic snd reaction cross sections  in
the nucleon-nacleus and nuc.eus-nucleus scatterings. In this
approach, the nucleon—nucleus and nuclsus—nucleaus systems can Se
treated as a8 two hody problem governed by complex ffective
interaction. This effective intzraciicr 1s vnown a3 the optaical
potential. The availasbility of many reaction channels in addition
to elastic charnnel in the nuzlear scattering leads to the complen
effective interaction in the nucleon—-nucleus ar the
nucleus—nucleus scattsring. The 1majinary part of the comples
potential 15 responsibls for the removsal of the flux from  the
incident heam leading to rzaction and other non—elastic processes.
Thus, the potential based on optical medel 15 a useful tool for
the study o9f nucleco—nucligus and rsuclsus—-nuclevs scattesrings.

Recently, the production ef antiproton \5) beams with
high flur and good resslution from the LEAR facility at  CERM has
opened up a new ang wider field of ressarch worv., Due to the
advent of the LEAR fac:ility exploration cof nucleus U= 1ng
antiproton as prohes haes becoms  possible. The study aof S—A
scattering 1s of great imporiance because 1T may generate new
infaormation on nucles~ structure, antiproton—nucleq interactian,
strangs particle productiorn etz. Atomic type bound states of
antiproton with the nucleus has generated antiprotaonic atom

physics research.



We have studied several aspects of low energy E—nucleus
collisions based on some of the euperimental results which  have
become ava:ilable. In Chapter Z, a brief review of various aspects
of low snergy E~nucleus collision, which forms the packground for
our worl, 1s discussed.

Experimental results and theoretical analyses carried
out =0 far provide interesting similarities between
antiproton—nucleus {E—ﬁ) scattering and heavy 1on scattering
{HI5). The angula+r distribution of E—Q systems shows a dirffraction
pattern which 1s similar to the Fravnhofer oiffraction occuring in
several cases of HIS. This 1s 1n contrast wiitn the corresponding
case of proton—nucleus scattering at the same ensrgy. Moreover,
bath (HI5 as well as E—éi the scattering processes sasre surfacs
dominant. These similarities indicate that some of the technigues
developed for the analysis of HIS Zan alsc bhe adopted far  the
analysis of 5—% scattering. Semiclass:ical approaches like
one—turning point and three—turning point WE approximation ara
found to be guite successful in HIS. It haz alsc heen suggested
that, for strongly absorbed particles, the elastic and 1nelastac
scattering data can be analysad using a technigue lnown as claosed
farmalism or parametric § matrix sppreach. In this approach one
parametrises the nuclesar 5 matrix i1n terms cf several parameters
appropriate to reproduce the scattering date and the associated
physical features. Two commonly used parameirisations of 5§ mater
are the Ericson and Mclntyre parametrisations. In Chapter 2, we
have described antipectan—nucleus colliszion using semiciassical
and closed formalism techrnigues, thereby demonstrating that

ii



phenomenological and =emiphenomenclogical  theoretical approacthes

o

which are usetul i1n heavy 1cn scattering can alsoc be applisd
the case of antiproton—nucleus scattering.

Another i1nteresting feature of p-& scattering that we
have studied in Chapter 2 pertsin=s tg the relative sensitivity of
the optical potential in different regions of the i1nteraction
volume. Using the technigque of region—-wise absorpition 1t :s
possible to study the absgorption aof the incident flux in different
shells arcund the scattering centrs. In view of the similarity
between 5-& and HIS, 1t 1s interesting to examine the 1nteraction
regions which contribute maximum (o the reaction cross section 1n
the E—A scattering. This, and some related aspects are discussed
in Chapter 4.

The heavy 1on scatisring has been found to be a3 ver
powerful tool 1n the study of nucleus during the last two decades.
Many of the important reaction processes which have been studied
are elastic and 1nelastic scatierings. fusion cross section,
nuclear—-molecular resonances, deep i1nelastic scattering etc. In
Chapter 5, we have described the heavy 1on fus:ion cross section
results obtained using the recently proposed effective fus:ion
harrier transmission model. This model i1s  formulated within  the
framewort of nuclesar opitical model and fransmission aceross the
effective barrier and :1s complimentary to the direct reaction
model of fusion. The model 15 sery successful in interpreting the
fusion cross section over a wide range of energies below and shove
tne Coulomb barrier. This approsch also brings out  the role of
absarption and transmission  across  the barrier, in  heavy 1on

iii



fusion. Thus, thes thesis incorporates several aspects of nuclear
scattering which are of current and general interest within ths

broad Tramework of nuclear optical model.
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CHAPTER 1

INTRODUCTION

The optical model for nuclear scattering [Ho 71, Ma 701
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 gqoverned by complex effective
interaction. This effective interaction is known as the optical
potential. The availability of many reaction channels in addition
tag elastic channel in the nuclear scattering leads to the complex
effective interaction in the nucleon—nucléus 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 praobes such as
electrons, protons, o—-particles, light ions, etc. Recently an
additional probe namely, the antiproton has become available to
study the nucleus. Antipraoton (p) which is the antiparticle of
praton was discovered in 1935 . The availability of E source L[Ga
841 at CERN, Geneva and Fermilab, etc. provides an experimental

facility to carry out a variety of research using 6 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 enerqgy antiproton ring ) facility at CERN which has
generated some interesting data [Ga B4, BGa B84al on antiproton-
nucleus (E-A) collisions.

We now briefly summarise some areas of physics which
benefit from the research carried out using 6 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. EPi B&1. It can also
be useful in the study of quark structure of matter, because S—p
agffers appraopriate initial states to couple directly ta 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 antiprotaonic atom physics research [Ba
87, Po 88, Th B85]. Antiproton-nucleus collisions, apart froa
giving an extra knowledge of the nuclear matter, has the potential
to lead to a proper understanding of quark—-gluon plasma [Mc 846, Ra
80, Ra 88, Ra 8%]. Further the availahility of polarised
antiprotons can provide a useful tool for the study of spin
dependent of interactions.

We have studied several aspects of low energy E—nucleus
ctollisions 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 enerqy E—nucleus callision which faorms the

background for our work.
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Experimental results and theoretical analyses [Da 84, Ja
B4, Ku 83, Li B51 show that antiproton—-nucleus scattering has
several similarities with heavy ion scattering (HIS). The angular
distribution of ;;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. Moreaover, bath (HIS
as well as E—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
E—A scattering.

Semiclassical approaches like one—turning point and
three-turning point WKB approximation are found to be quite
successful in HIS5. Apart from some other well known techniques
like optical model calculation and distorted wave Barn
approximation, another technique, developed mainly by Frahn [Fr
73, Fr 761 is used in the case of HIS. 1t 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
apptroach one parametrises the nuclear § matrix in terms of several
parameters appropriate to repraduce the scattering data and the
associated physical features. Two commanly used parametrisations
of § matrix are the Ericson and McIntyre parametrisations [Fr 78,
Ma 78, Mc 601. In Chapter 3, we have described antiproton—nucleus
collision using semiclassical and closed formalism technigues,

thereby demonstrating that phenomenclogical and semiphenomenc—



4
lagical theoretical approaches which are useful in heavy 1ion
scattering can also be applied in the case of antiproton—-nucleus
scattering.

Another interesting feature of E—A scattering that we
have studied in Chapter 4 pertains to the relative sensitivity of
the optical potential in different regions of the interaction
valume. 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
£Sh 831 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
bath the fully absarbed and partially absorbed partial waves are
confinad to the surface region even when volume absorptive aoptical
potential is used. In their work it is also demonstrated [Sh 841
as to how the inner regions af the potential become sensitive in
the case of 1light ion-nucleus scattering and nucleon—nucleus
scattering. In view of the similarity between E—A and HIS, it |is
interesting tao examine the interaction regions which contribute
maximum to the reaction cross section in the E—A scattering. This,
and some relatted aspects are 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 slastic and inelastic scatterings, fusion cross section,

nuclear—-molecular resonances, deep inelastic scattering etc. In



5
Chapter 5, we have described the heavy ion fusion cross section
results obtained using the effective fusion barrier transmission
model [Sa 8%1. This model is formulated within the framework of
nuclear oaptical model and transmission across the effective
barrier. This model correlates the relationship between the direct
reaction maodel [Ud 84, Ud 831 and barrier penetration madel [Bi
83, Hi 53, Va 811 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 af nuclear
scattering which are af 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 antiproton-nucleon reaction

2.1.1 Introduction

The antiproton—-nucleon interaction can lead ta various
reaction channels like elastic, inelastic and charge exchange
scattering and to annihilation. Among them annihilation is most
dominant and is not assaciated with the carresponding
nuclean—nucleon interaction. We discuss briefly B- annihilation
involving one nucleon and also the possibility of annihilations
involving several nucleons. The other relevant taopics which follow

annihilation are [Ca B3] (1) regions of annihilation, (2)

transfer or dissipation of the energy released, (3) pion
multiplicity, (4) the time evalution of the system, etc. All these
aspects are discussed in great detail by Cahay [Ca 831. The
deposit of energy of about 2 GeV due to E annihilation inside the
nucleus opens up new and interesting prospects as first mentioned
by Rafelski [Ra 80l1. 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 E in light nuclei
[Ba B7, Na B7, Ph B7] as well as in heavy nuclei [La 83, Ra 801
has been studied in great detail. There 1is also a considerable
discussion about the possibility of annihilation involving more

than one nucleon [Cu 84, He 87, ka 84, Ra 84]. Such a possibility
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i.e., occurence of annihilation involving more than one nucleon
has been suggested long time back [Po 5&3. The E—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 mastly produced in hot and dense zone. The
abundance of strange particles can be considered as an important
signal [Ko 871 in the search of gquark matter present in the hot
zone.
2.1.2 S—p cross sections

Different E—p cross sections which were parametrised [Cu

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

are given below:

(13 Annihilation cross section:
24 38
OANN i1t 0.5 (2.1.1)
P P
{2 Charge exchange craoss section:

(g p—> o

p — O.1
OCEX = 10.9 -—-TTE~ « P < 0.5
p
(2.1.2)
= 7.1 p’o'q . pr 0.5
(37 Elastic cross section:

2
- -0.54
OpL < 2.3 p + 4.3 exp [ ~{p - 1.5] ]

(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)>7%

30 575 (2.1.4)
2 +(p-0.793)7"*~

°pROD

(5) Strange production cross section:
(with atleast one hyperon f{antihyperon) in the final
state)
{p — 1.435)

oy = 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 E momentum. At very low momentum

annihilation channel (N N » mesons) is the most dominating
one. In such cases, elastic and taotal cross sections can be
described by the strong absorption model or by a boundary
condition model with kKR = 1 fm [De 781. At about 0.1 GeV/c, the

charge exchange (E 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 x 0.79 GeV/c whereas the momentum required for the
production of strange particles in the inelastic channel is =z 1.43
GeV/c. It is also to be noted that, in the case of E—p scattering,

the total cross section o is much larger than in the case of

T07T
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Fig.2.1.1 Dependence aof the different S p cross sections

on the antiproton laboratory momentum {(Cu 891].
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p—p scattering [Ya 871. This is mainly due to the annihilation
process involved in E—p case. From Fig. 2Z2.1.1 it is seen that © ANN
is = &0% of °roT whereas gL is & 304 .

One can formulate the N N collision problem at low
momentum (< 1 GeV/c) within the framewark of the potential model
[Br &8, Ya 871. The nucleon—antinucleon potential has two parts.
The first part is obtained from the corresponding nucleon—nucleon

potential V using the 6 — parity transformation. However, this

NN

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.
FPhenomenologically one can represent the potentials corresponding
to the annihilation channel by the complex potential V . fs a

ann

result the nucleon - antinucleon potential (VﬁN) can be indicated

as follows [Ya 871:

VEN = Vc + Va aﬁ‘ON + VT TE-TN + Var aﬁ.oN Tﬁ.TN

+{tensor, spin-orhit, and other terms)
+ Y (2.1.6)
ann
The first two lines which include the central, spin dependent,
isospin dependent, tensor, spin-orbit and other terms, represent

the interactions, which are deduced from V using the G-parity

NN
transfaormation.

There are two widely used NN potentials in the
literature. The first one due to Dover and Richard [Do 80, Do 821
uses a complex annihilation potential Vann' The second one known

as Paris potential [Co 821 uses an imaginary, but strongly spin

dependent annihilation potential . VEN contains interesting
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physics and can be expected to be deep to account for the NN bound
state and resonances L[Ya 871. The imaginary part of Vﬁﬂ 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 E—p interaction
in the momentum range between 180 and 600 MeV/c [Br 85, Br B4, Br
8ta, Sh 881. 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 ([Po
B4, Bh B71. 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 aof these three interactions
have been investigated [Sh 87, Sh 881 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 ¥m 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 [Cu 84, Cu 89, Cu 89cl] or by quark madel [Ru &41. The
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special features of E—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 are a number of
parameters which are able to interpret the pion multiplicities [Ma
76, M3 73, Or 73, Va 74, Va 80 1. 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 wvarying interaction volume with energy. The new
version of the statistical maodel explains the E—p experimental
data upto about 10 GeV/c [Va 78, Va 801. To account faor the
strange particle production in annihilation, the statistical model
requires extra parameters [Cu 871. The model describes fairly well
the data for baryon number B = 0 annihilation and is generalised
for B > O cases also. Although there exists experimental evidence
[Bi 69, Oh 731 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 guite successful in describing many properties of EN
annihilation. One also expects that during the process of NN
annihilation, overlapping of the interacting particles lead ta the
development of quark model. In Fig. 2.1.2 , we schematically
represent the NN annihilation within the framework of quark
picture [Cu 8%91. The symbol EE;E represents a nucleon and —=2—

_+.

represents a meson.



v

N N—=S
a c
N > > N > >
N— X N ‘ >
d e
Fig.2.1.2 A schematic diagram illustrating NN annihilation

in quark model : (a) rearrangement, (b) and (c) annihilation j
all three leading to three mesons, (d) rearrangement and (e)

annihilation ;3 both leading to two mesans.
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2.1.5 Interaction at rest
Slow antiprotons [Ba 86a, Cu B89, Re 881 captured in a
Bohr orbit having high principal quantum number form antiprotonic

atoms ([(Ba 87a, Fo 88, Th 831 which deexcite by radiative

transition (lasts far 10—105 in dense targets) or by Auger

emission. The antiprotonic atom finally reaches a state where E
overlaps with the nucleus which subsequently annihilates on the
surface of the nucleus (lifetime of the captured state is =X
10-185.) 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 the nucleus dissipates this excitation enerqgy either by
evaporating few nucleons (in the case of 1light nuclei) ar by
fission (in the case of heavy nucleil). The E—p annihilation at
rest, follows the capture of an antiproton in a Bohr orbit around
a proton. In this kind of annihilation about 5% of the events
produce a KK pair, with two pions on the average [Ba &4, Ba 661.
Measurement of non—-strange E—p annihilation in 1liquid hydrogen
praoduces a mean number 3.05 of charged pions and 1.96 * 0.23 of
neutral pions per annihilation LB8h 741. The theoretical
calculation of Montanet [Mo 751 gives the mean number of neutral
pion to be = 1.80. The production rates far saome final states in
pp and pn reaction at rest are given in details in reference ([Cu

891. The fraction of strange annihilation increases from x 54 at

rest to x» 10% at a few GeV/c.
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2.1.6 Annihilation probability density
As antiproton is a strongly absorbed particle the

praobability density inside the nucleus decreases. The probability

density distribution P{(r} represented by the solid curve (—) and
the nuclear density p{r) represented by the dashed cutrve {(-——)} are
shown as a function of (P-RO) in Fig.2.1.3 for various nuclei
ranging from 160 to 238U [Cu 89, Ja 88]1. Here, R, denotes the half

0

density radius and r is the distance betwsen the centre aof 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 L = n—-1 is
defined by the expression P{r) = Pzp(r)lwn’nnl(r)lz. The numerical
results obtained by Jasselette et al. [Ja 881 (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 former,
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 [Le 74]. 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 toc the reaction cross section frofy
R {
different shells of the nuclei. o
[

[ =3

2.1.7 Annihilation Channel
In the study of 5— nucleus interaction, annihilation

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 numbet n. NRuclear density pl(r) is shawn by the

dashed curve. The arraws indicate the mean location of
238

annihilation. Faor U,only the 1location 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 [Ba Béal were measured whereas in the second one (PS
1B4), the residual nuclei were studied [(Mo 84, Mo B8éal. The
mechanism of 6 annihilation on nuclei can be handled in the
intranuclear cascade (INC) model [Ca 83, Cu 85, Cu 87, Ja 881. The
dynamics of the INC model [Cu 8%al 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

{iitirafter the first ejection process has taken place the
nucleus still contains some excitation energy which is dissipated
either by evaporating few nucleans or by fission at a

caomparatively slaower trate.

2.1.8 Energy transfer to the nucleus

During the process of annihilation the energy, of the
order of 2 GeV or sa, which is released, is not completely used
to excite the nucleus [Ar 881. 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 BOO MeV for annihilation in flight [Cu B8] in
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the LEAR energy regime. The amount of energy transferred, E*
(MaV}), to the nucleus (calculated within the framework of INC
maodel}? as a function aof time "t° (fm/c) is displayed in Fig.
2.1.4 for different systems [Cu B7al. The energy so acquired is
dissipated in two time scales. Firstly, the energy is removed by
the ejection of fast nucleons during which the exitation 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, [Cu 8B]1 in the case of
QBMG, energy of about 150 MeY at rest (about 250 MeV for
annihilation in flight) is acquired after the ejection of fast
nucleons. Thus, 98Mn can loose about 15 nucleons on the average
but due to large fluctuations, it can even loose uptoc I0 nucleons.
Here it is worth mentioning that some of the debated questions are
: [Cu 89bB1 (i) What is the minimum energy required to trigger the
process’? (ii) Is the transition from evaporation to
multifragmentation rapid 7 etc. These problems have been studied
in E—nucleus and nucleus—nucleus collisions. 1t has been suggested
that if the excitation energy is below some specific value, lass

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 toal for multifragmentation as

well as a vehicle for depositing large amount of energy without

invalving large momentum and anqular momentum. A comparative study



P~ annihiigtion at rest
T ¥

Fig.2.1.4 Variation of the target excitation energy
with time, after annihilation of antiproton an 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 multifragmentation, [Cu 8%b1 using E 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 E
annihilation on nuclei is a point 1like phenomena. Hawever, the
pracess 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
anather nucleon. The frequency of this "unusual" event has been
estimated to be x 10-20% for annihilation in flight (Cu 8%9bl. An
experiment for the measurement of strange particle production was
carried out by Miyana et al. [Mi 841 at 4 GeV/c for 5—9
annihilation on heavy nuclei iike Tantalum (Ta). The production
cross section for lambda (A) particles [Cu 821 in 6 - p reaction
is about x 0.53 mb at 4 GeV/c. Mivano et al. measured the cross
section on Ta target and found an enhancement of the production
cross section which is x~ 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 [Mi 841. A very simple estimate of lambda (A) production
cross section on Ta given by Ko and Yuan [Ko 871 is about &0 times

—

larger than the value far p-p reaction. They [Ko 871 suggested
that i1f the Lkinetic energy af the pions produced in E-p
annihilation is qreater than 200 MeV, then the associated

production (nN —— 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 Comparison between S and heavy ion beams for the

study of multifragmentation [Cu 89bl.

p heavy ions
critical energy ~ 1 GeV A 200 MeV/A
momentum transfer small large
angular momentum transfer small large
definition of the fragmenting
system gaod ~ rather bad

mixing of various sources no ~ Yes
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cross section for producing lambda paticles via the associated
production is about 29 mb. There are other two step processes like
(1) pN — KX, KN — 7A and (2) pN —p» =X, IN —» AN,
which contribute to the production of lambda particles. Combining
all the contributions for the lambda production, the cross section
is estimated to be x 122 mb which is about 1.6 times smaller than
the experimental value and needs more investigation. However, it
is also shown in references [Cu 84, De 851 that the E annihilation
on a cluster af nucleaons in nuclei leads to an enhancement of
production of strange particles. Derreth et al. [De 851 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 [As 841, KEK [Na 841, LEAR [Ga 841. Experimental data have
been obtained for a number of nuclei ranging from 4He to 2OBPb in
the energy range from 20 - 200 MeV [As B4, Ba 85, Ga 84, Na 84].
The experimental data of antiproton-nucleus scattering is quite
different from that of proton-nucleus scattering (Wi 721 at the
same energies. In the case of antiproton the differential
scattering cross section shows a sharp diffraction pattern [Ga 841

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 [Da 851. 6Antiproton-nucleus scattering data have been
analysed using various techniques namely, (1) Black body
diffraction madel [Li 85, Za B71, (2) Distorted wave appraximation
[Am 853, (3) Optical model calculation [He 85, Ja 84, Ku 831, (4)
Glauber model calculation [(Da 84, Da 85, Da 881 and (5) Coupled
channel calculation [In B&] etc. Some of the techniques used to
analyse S-nucleus scattering data are discussed here briefly. The
angular distribution of elastic and inelastic scattering of
antiproton from 128 . 1&,180, 40Ca and 208Pb have been measured at
about 47 and 180 MeV [Ga 84, Ga B84al. The important findings of
the data are [Ya 871: (i) the real (V(r)) and the imaginary (MW{(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)| < (1/2) |W(R}], (iv} in the
case of Woods—-Saxon potential, the potential parameters
approximately satisfy VO < &0 MeV, VO < (1!2)“0 and r. x rs and
{v) both R and the treaction cross sgection decreases with the
incident 6 energy indicating that at higher energies 5 can
penetrate deep inta 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 E—p interaction. As the antiproton approaches the

nucleus, the absorption of E 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 af the nucleus
to the incoming S can be considered by assuming the nucleus to be

a black sphere.

2.2.2 Black body diffraction model

When 6 impinges a nucleus the probability of the
absorption of 5 is more as compared to any other probe. It has
been shown that same of the characteristics af E—nucleus
scattering data can be explained in the light of black disc
scattering [Li 85, Za 871. 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

‘b

Jl(x) 2
X

2 2.2

d(@) = Ifota)l = {kR™) {—————— ’ (2.2.1)
where x = 2kR sin(e/2}.
Here fo(e) is the scattering amplitude corresponding to the black
disc scattering, k represents the incident S momentum and @ is the
scattering angle. The fully absarptive black disc representation
of the nucleus for the incident 5 is a rather drastic
approximation ([{Ya 8731. Hence, the effect of the surface
diffuseness on fo(e) was studied by some authors [Bl &0, In 65].
Accarding to Inopin and Berezhvoy [In 451, the scattering
amplitude can be expressed as

fle) = fo(e) F(e), (2.2.2)
where F(8) is the diffuseness function. Assuming the shape of F(9)

to be Gaussian type ,i.e.,

~ ~
F(8) = exp [ —A‘kzsin‘<e/2)], (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

2
o= |f&)|% = |f0(e)|2 IFtey )~

= o (&) |Flo)|? (2.2.4)

bd

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

lines, ——— ) abtained (Ya B71 for different systems (viz, p +
12

C at Elab = 47 and 180 MeV and p + 40Ca at Elab = 180 MeV )
within the framewark 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 = 0 ) is
also shown in Fig. 2.2.2(a). The results show that a diffuseness
parameter A # 0, 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 x 1.1 fm gives quite good fit to the
experimental data [Ga B4, Ga 851. It reproduces the position of
the valleys but not the slope of the angular distributions. From

Table 2.2.1 it is seen that the radius parameter r. ( r. = R/A )

0 0O
corresponding to R is about 1.3 fm at 180 MeV and about 1.7 fm at

47 MeV and A, the width of the diffuseness function is = 1.1 fm at
both energies. Thus A # 0, indicates that E 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 [{Ya 87]1. The value of "o

indicates that the strong absorption radius extends well beyand

1/3

the size of the target nuclei ( which is 1.26A fm) .

Ay
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Table 2.2.1 A brief summary of the black disc model parameters

for different S-A systems.

Target Elab R L A
CMeVd Ctm Cfmd Cfm
120 47 3.91 1.71 1.12
40, 47 5.56 1.63 1.09
12 180 3.47 1.52 1.08
16
o 180 3.79 1.50 1.09
8
184 180 3.91 1.49 1.17
40

Ca 180 5.09 1.49 1.13
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2.2.3 Distorted wave approximation

Distorted wave approximation method [Am 831 is found ta
be quite useful in analysing the direct reaction data of E-A
scattering. In this approach one uses the fact that, E—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 wvaried freely. In this

approximation, an analytic form of the distorted wave function

{+

Yk
1

)(F) is assumed and is represented by

wéﬂ (r} = N exp [iia - B)Ei.F } (2.2.%)

1

with N, the value to yield unit magnitude at the nuclear surface.
The parameters o and 3 coarrespond to the refraction and
attenuation character of the incident wave. The integral form of
the elastic scattering amplitude is given by [Di 831

7]
- T = (+) —, -
f(8) = J exp 1kf.r) Uom(r) wki (ridr . (2.2.6)

2nh2
Here Woods—-Saxon form of the optical model (Uom(r)) potential is
used. Using Eqg. {(2.2.5) the scattering amplitude in the analytic

distorted wave approximation (ADWA} can be expressed as

172
ADWA 2uN
¥ (8 = —— 4 (21 + 1) Y Q y ox
2 1o k. T
h i
®
: - 2 -
J i, (T Jl(1Bkir) Uom(r) rodr, (2.2.7)
0
where T =oak, -k
i f

(a-l)ki sin{{n—8)/2)
T ]'

n —- 8 -1
and ({3 Yy = - sin
kT 2
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If the attenuation parameter (3 « 1) and the scattering angles are
small, all terms other than I = 0 can be neglected. With this

approximation Eq. (2.2.7}) becomes

2uN @

_ . 2
() = Z J ig (T U__(r) r®dr.  (2.2.8)

fADNA

O

The total scattering amplitude can be obtained by incorporating
Coulomb scattering amplitude EDu 841 which is given by

f_ (8) = Rn f @) Fq) (2.2.9)

C pt

Rn being the relativistic correctiaon factor and fpt(e) represents
the Coulomb amplitude when the target and projectile are
considered as point charges. F{g) is the form factor which takes
care of the extended charge distribution of the nuclei. The
expressions for the terms Rn, and f (8} are

pt

2
= — . ~ . .
R 1 (1/2¥nnv- sin (8/2) exp ( 2100 + 210_1/2), (2.2.10)

2 o ra + 1 + ind
where n = (leqe ur/hk o, exp(Eiol) =

ree +1 - in)
and

(0 = (n/2k sin2(8/2)) exp [~2in In(sin(8/2)) + 2ig, + 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

C‘!

3
Flg) = S §,¢aRp). (2.2.12)
(qRp) <
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Thus, the full scattering amplitude 1s

f(gy = fagwg(Q) + fc(e} (2.2.13%)

fmos and D1 Marzio [Am 851 ussd these sguations to calculate the
di:fferent:al scattering cross sect:ons for the elastic scattering
= 12 27
of p from ~~C and 1. A fi1t tgo the experimental data {(for 6 =
20%) obtained for different beam momenta are shown 1n Fig.2.2.5.
This approiimate method contains two more parameters 1n addition
to the conventional optical model potential parameters. These
{(optical model potential parameters used 1n the calculation) are
listed i1n Table 2.2.2 . The garameters o and 3 which give the best
fit of the data for the above systems [Am 831 are summarised 1n

Table Z2.7.3%. The:ir results are comparable to these obtained using

P

o

optical model calculation and thus, 1t 15 suggested that in
analysing the reacticn data ADES 1= more useful for g praobe  than

any other intermediate energy proke [D:1 BT

2.2.4 Glauber model for antiproton-nucleus scattering at low

energy

It has been demonstrszted that the experimental data [Ba
84, Ba B4al for elastic and inelastic scattering of antiproton on
128, 4953, :OEPb targets at 45.8 and 182 MsY energies can be
explained using Glauber theory of diffraction scattering [Gl  46%1.
Glauber medel 15 assumed to be valid in the high energy (E 2 1GeW)
hadron—nucleus scattering [61 521, but since the ensrgy of the S—A
scattering 1s low, 1t was expected that Glauber model may not be

applicable 1n such cases. Far the validity of Glauber

approximation [Da BS31 two conditions must be satisfied. These are
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Table 2.2.2

Optical model potential

distorted wave approximation for

28

parameters used in

S—A systems

f Am 851.
173 . —1/3
Target Vo RrA " RiA i
{FiaV/} {fm) {fm) {(fm) (fm)
12C 20 1.3 Q.52 1.1 0.52
27a1 30 1.3 0.52 1.1 0.52

Table 2.2.3

Parameters of distorted wave approximation of E-A

system at various momenta [Am 85].

Beam momentum Target ot I¢]

(MeV/c)

711 1.22 0.005

779 12e 1.19 0.0

879 1.17S -0.01

782 1.202 -0.025
27

gae1 Al 1.182 -0.033
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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 sesmall. 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 aof 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 enerqy the validity of eikonal approximation is confirmed by
by the fact that, EN scattering amplitude has a strongly
pronounced peak in the forward direction which shrinks with the
decrease in energy [Da B4, Da 85]. For example, the slope of the
elastic E-p forward peak at 46.8 MeV is 35.6 (BEV/C)-E [(Da 831
whereas p-p elastic cross section at the same energy is
practically isotropic in nature [Ke 391. Even at high energy the
slope of the pp forward peak £ &6 (GeV/c)—z. Such a narrow forward
cone at small energy and its antishrinkage behaviour is favaoured
by the fact that even at low energy several partial waves [Sh 78]
with nonzero orbital momenta contribute to Ep scattering. Taking
into account all the spin and isospin states the total number of
partial waves 2 20. The interference of the partial waves causes
the narrow forward peak in EN scattering amplitude [Da 771. 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 fram the experimental data. The
good agreement of the experimental results and theoretical
calculations indicate that, contribution due to non adiabatic
correction is small far low E energy.

For small momentum transfer a, the elastic scattering
amplitude (Feliq)) for a nucleus of mass number A; can be written
in the Glauber model as (without considering Coulomb effects) (61

&71
0

= i 2.

Feltq) ik J o) Jo(qb) b db , (2.2.14)
o

where Jotqb) is the Bessel function, b the impact parameter and

Mb) is a function aof input amplitude given by

by = 1 — exp (ixN(b)) ’ (2.2.1%
A -~
_ ~ig.b 2
where xN(b) = 5k e fN(q) ¢lq) d g

is the nuclear phase. Hetre k is the incident beam momentum and
¢{g} is the nuclear form factor and is parametrised for 4 < A £ 16

as [Ba 681

A-4 . . -
piq) = [ 1 - R g" ] exp[— R‘q2/4] (2.2.16)
&A

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

koli + &) -
fyl@) = ——— exp[~sq‘/2] . (2.2.17)
47

oy, £ and B are the parameters of the input amplitude which are
different for Ep and En amplitude. In E—A scattering, Coulomb
interaction is rather important which is very sensitive even for

light nuclei. Coulomb effects can be incarporated 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

fal 78, Gl &71
LY

Exp[leCP] Fel(q) = FC(q) + ik J;Jotqb) expg [1x0(b)]{1

- exp[i[xN(b) + xi(b)]]} b db,
(2.2.18)
where
F.i{q) = -2F (k/ 2) expl{ip.)
P < -2¢ Inl(g/2k} + 2n
n =arg [ (1 + 1F)

xpB) = 2¢ 1n kb

i}

o 2,2.1/2
x4 (B) } -

1+ (1 - b7/r")
8n¥ lpir¥{ln

b b/r
a5
1 - b /r”

and the screening phase

Xeer = -2 109[2kRscr]'
In the expression for xl(b), p(r) is the nuclear charge density.
Zezm
{ = - — , Z is the nuclear charge. Assuming the charge
hok

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

density it can be parametrised (4 £ 4 < 146 ) as

= ' 2 2, 2
plry = A[R ?h] 4 + (2/3) & - 4) /Ry lexp (—r"/R7).

(2.2.19)
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Using Eq. (2.2.18) Dalkarov and Karmanov [Da 84, Da 85, Da 87]
pbtained reaction and differential elastic cross sections for E
scattering for a number of nuclei within the framework of Glauber

1

madel. For illustration, a typical case namely, E + 2C scattering

at 46.8 MeV is chosen and is shown in Fig. 2.2.4 by the solid
curve ( —— ). Far comparison purpose, the results of p + 12C
case at the same enerqy is also shown in the figure by dashed
curve { ————— ). Good agreement of the results with experimental
data [Ga 841 for antiproton scattering confirms the wvalidity 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 Reff of the black nucleus in the
Glauber maodel is given by the formula
®
R> —2' r(b) |
cff = ‘ b db I (2.2.20)
(8]
For 5 + 120 scattering it has been found that Reff = Z.%6 tm (ro=
=
1.73 fm) and for p + ILC case Reff = 3.046 fm. The effective radius
for antinucleon interaction is larger (by a factor aof 1.5 for 12C)

than that in the electron scattering [(Da 831. In p + 12C case, the

results, assuming the nucleus toc be a black sphere with sharp
surface A = 0 and Reff = 3.946 tm, are alsao shown by the dotted
curve {...... } in Fig. 2.2.4 . The data obtained by the black
sphere model gives a good fit to the experimental data wupto the

first diffraction minimum and overestimates the data beyond this

region which is due ta the strong diffraction from the sharp

surface.
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The method is also used to determine the parameter g,
the real—to—imaginary ratio of EN amplitude at diffractive minima.
In the Glauber model, £ can be written in the form
£ = Re fN(O)/Im fN(O) (2.2.21)
Hence, from Glauber model analysis af E - A scattering, one can
get a check on the ratic, £, determined in NN scattering
experiments. The optical potential (V(r)) for E—A scattering can
be obtained by using this model. Ancother important utility of
Glauber madel is that it can be employed successfully in the study

of S~A inelastic scattering. This has been cartried out by Dalkarov

and Karmanav [Da 851 and Mahalanabis [Ma 871.

2.2.5 Optical model potential

Experimental E—A scattering data have been analysed in a
number of ways [Le 851. It has been observed that the angular
distribution of differential scattering crass 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 af 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 [He 85, In 86, Ja 84, Ku 851.

The standard form of the optical model potential having

Woods—Saxon geometry is given by
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Viry = —VOf(r, Rr‘ ap) - 1N0f(r, Ri’ ai) + Uc(r) + Vls(r),
(2.2.22)
r — R -1
where fir, Ry, a) = 1 + exp [ ——— ] '
a
R =r A1/3 and R, = P.A1/3.
t T i iT
Vo, Pr and ar are the strength , radius and surface diffusenes

parameters aof the real part aof the optical maodel potential
respectively. WO’ rs and a, are the corresponding parameters of
the imagqinary part of the potential. AT denotes the target mass
number and UC represents the Coulomb potential. The spin-orbit
term in E—A scattering is neglected, praobably, because it does nat
affect the angular distribution of differential cross section and
also due to non-existence of sufficient polarisation data [In 861].
Several other arguments are given in favour of the non—occurence
of spin-orbit term [Do 78, Ja B41. The optical model calculation
was performed by using ECIS code of Raynal [Ra 811 on several
targets like 120, 160, 4OCa and ZOBPb at different energies.
Optical model analysis fits the experimental data quite

satisfactorily. A list of best fitted parameters af aptical madel

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)y—{c) and
Figs.2.2.4{aY~(c) far three systems namely, E + 126, 5 + 40Ca and
5 + 2GBF‘b at the energies indicated in the respective figures.

FPotential parameters also show a deep imaginary part and a shallow

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

of §-A scattering. It is known that phenomenological nuclear
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le 2.2. 4 Best fitted optical potential parameters of E—A
scattering [{Ja 861.
9t Eyab Yo Tr 2 Yo "i 24 “r
{MaV) {MeV) {fm) {(fm) {MeV) {fm) (fm) {mb)
44,8 25 1.22 0.56 &1 1.17 0.56 b&14
179.7 44 1.05 0.556 184 0.935 0.346 310
47.8 2 1.4 0.463 143 1.03 0.43 1243
a
179.8 40.5 1.1 0.63 111 1.1 0.63 1035
48.3 0.0 - - 22 1.38 .50 34358
Pb
180.3 a0 1.097 Q.70 105 1.13 0.70 2710
178.4 35 1.2 Q.52 79 1.20 0.52 581
178.4 38.35 1.09 0,462 150 0.98 O.62 6460
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optical paotentials are naot unique which is true in E—A case also.
Ingemarsson [In 841 gave a large number of potentials which fit a
particular E~A scattering data at a given energy and gives
practically the same xz fit. A detailed study of these potentials
shows that, near the nuclear surface and the region of strong
absarption where |[W(R)| 2 2|V(R)| the optical potentials are well
determined. Correlations [He 83, Ja 861 between optical parameters
were also investigated and the existence af parameter ambiguity
was demonstrated by Kubo et al.lkEu 851. Janouin et al. [Ja 861
realised that, the parameters at 180 MeV can be determined more
correctly than at 44.8 MeV. Diffuseness and radius parameters of
the imaginary potential can be determined mare 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 abserve.

SBurface sensitivity of the optical potential and their
comparative insensitivity to the inner region can be analysed as
Igo ambiguity [Ig 58]J. For strongly absorbed particles, all the
potentials which beshave similarly at the nuclear surface will
repraoduce  the scattering data. In the case of Waods—-Saxon

potential (for real part)
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» VO exp(Rr/ar)exp(—r/ar),

r > K
r
= Const x exp (—r/ar) (2.2.23)
i.e.,the combinations of the parameters VO’ Rr’ a_ are such that
Voexp(RP/ar) = Constant. Such a relation is also satisfied by the

imaginary part of the potential. A detailed study of E—ﬁ potential
shows that the potentials are uniguely determined near the region
of absorption radius Rs which is the distance of closest approach

for the Rutherford orbit of angular momentum l..“,2 such that

1 > 1/72
R.= ——{n+ [n thy o Ly * 1)] . (2.2.24)

where 7 and k are the Coulomb parameter and the incident momentum
respectively. L1/2 is that partial wave for which modulus of the S
matrix has the value of ]Sl[ = 0.5. In Table 2.2.5, the values of
Rs’ V(Rs) and W(Rs) for few E—Q systems are given. Comparing Rs
with R, the radius obtained in the black disc diffraction madel,
shaows that RS ~ 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 enerqgy. Many
attempts have been made to find a single potential which can
reproduce the data for different target nuclei [Ja 861. After
several trials, a potential with fixed values af 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

T
-
12C 208

the data from to Fbh at a given energy. Diffuseness



Table 2.2.5

Potentials at the distance of a
radius R (=r A
s s

different energies [Ja 86].

for

various E—A

38

storng absorption

systems at

System E—- R r V(R ) WR )
p s s s s
(MeV) {fm) (fm) (MeV) (MeV)

- 12

p +°C 45.8 3.465 1.59 -4.4 -9
179.7 3.40 1.48 -b6.7 -19

-~ 14

p + 0 178.4 Z.65 1.45 -8.3 -17.7

s +18g 178.4 3.9 1.49 -5.3 ~15.6

p +70%ca 47.8 5.2 1.55 -2.9 -8.7
179.8 5.0 1.48 -5.0 -14.9

- 208

p + Fb 48.4 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(Rs) and N(Rs)'
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parameter (a) is allowed to vary with AT in the following way [Ja
B&1:

1/3 173

0.6366 + 0.0894(AT - 40 } + 0.118B(N —~ Z)/A AL < 70

) Sl ¢

W
i

- 4 > 7
0 17 AT 2 O

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

0.636646 + 0.0894(701/ } + 0.118(M - Z) /A

Hi

the large uncertanities of the optical potential in the interior
region, an approach, which does naot start with a predetermined
potential form like the Woods—-Saxon form, is of interest. One such
approach is the Fourier-Bessel expansion method [Fr 78, 6i 801.
This method gives good fit to the data and confirms the fact that
the potentialse are well determined aonly 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 [Ja 861].
Target EE VO wo r.=r a _=a
{MeV) {(MeV/) (MeV) (fm) (fm)
12
C 179.7 40 105 1.1 0.54
160 178.4 40 1035 1.1 0,56
180 178.4 40 103 1.1 .58
40
Ca 179.8 40 105 1.1 0.64
208y, 180.3 40 105 1.1 0.72
12
c 44£.8 i8 105 1.1 0.54
0
40ca 47.8 18 105 1.1 0.44
208y, 26.8 18 105 1.1 0.72
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CHAPTER 3
SEMICLASSICAL AND CLOSED FORMALISM APPROACHES TO

ANTIPROTON-NUCLEUS SCATTERING

3.1 Introduction

The major advances 1n our understanding of atomic nucle:
have talen place as s result of detailed exploration of nucle:
using a variety of probes like electirons, nucleons, dseuterons and
heavy 1ons. During the last two decades the i1nformation gensrated
by heavy 1on scattering {HIS) has evolved as a major area of
nuclear physics. More recently, scattering and reaction
experiments conducted on different nucle: using antiproton (E) as
projectile have initiated a new line of esxploration of the nucle:
[Ga 84, In B&. Ja 8B4, kKr 84, Fu 853, Ma 841 which 15 of much
interest dues to several reasons. These can provide a hbetter 1dea
af the i1nteraction of antiprotons with the nuclear matter,
antiproton—nucleus (E—A) potentials, additional reaction channels
due to annilhilation of antiproton etc. The experiments and
theoretical calculations carried out so far provide interesting
similarities between antiproton—nucleus scattering and heavy i1on —
nucleus scattering. Both of these are predominantly surface
dominated phenomena and 1n general, the 1inner regions of the
interaction potent:ials ars not unigquely determinsed. In both cases
nucler appear as highly absorptive spheres and the differential
scattering cross ssctions show characteristic diffraction
patterns. FPhysical origin of the surface dominance i1n these cases,
however, appears to be different. The heavy 11on scattering, 1in

general, 1s dominated by a high Coulomb barecier. As a result, the
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interacting nuclel get slowed down 10 the barrier region and
hence, most of the resaction process at low energy tates place
around the barrier region which males the surface region of the
potential comparatively well detsrmined. Most of the partial waves
below the grazing partial wave get completely absorbed and hence,
are not helpful 1n unigquely determining the potential 1n the
interior region. On the other hand, the surface dominance of
antiproton—nucleus scattering has a di:fferent origin. In this case
there 1s no Coulomb barrier and for some paritial waves there may
be 2 very low barrier due fo centrifugal term. The surface
dominance of antiproton—-nucleus scattering 1s due o the large
number of additional channels that ocpen wup due to annihilation
process generated by proton—antiproton collisions. The scattering
wave gets strongly attenuated 1n the surface region due to these
additional channels and hence, only limited information regarding
the surface region of the i1nteraction 1s possible. In the case of
HIS, wvery 1mportant approaches have been developed for the
analysis af the scattering data. In view of the comparatively
smocth behaviour of the heavy i1on potential and very small de
Broglie wavelength involved, semiclassicsal methods [ Br 72, Br 74,
Fo 5%, Fr 75, Vo 753, Ma 72, Mc 70 1 of cellision theory have been
widely used in HIS and the data have been analysed i1n termzs of
phenomenon like rainbow and glory scattering. On the other hand
based on the fact that. HIS 15 a highly absorptive prozess leading
ts a smooth variation of the magnitude and the phase of the
part:al wave 5 matrix, diffracticr models wusing the gparametrissed
form of & matri: have been develecped :n HIS [F+r 78 3. These models

can explain wvery successfully the diffraction patterns 1like
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Fraunhofer and Fresnel d:ffracticn which are common in HIS. In
view of the several similarities between antiproton—nucleus
scattering and HIS, we have 1nvestigated the applicability of
semiclassizal methods and closed formalism L[Fr 7Bl for  the
analysis of p-A scattering data. A brief description af
semiclassical approach and the scattering phase shift 1= given 1n
S5ec.3.2. Section .3 deals with the comparative study of
effective potentials and reflection functicns 1n  the heavy
ton—nucleus and antiprotor—nucleus collisi1ons. Antiproton-nucleus
scattering data are analysed using WFEB technigue which 15
described i1n Sec. F.4. In Sec. Z.5. the closed formalism approach
incarparating the parametrised forama of 8 matrix 18 discussed.
Section T.6 discusses typical numerical results obtained by WkE

technique and the parametric § matriy approach.

3.2.1 Semiclassical approach

Semiclassical methods are useful when the de EBEroglie
wavelength of relative motion 15 small as compared to some
characteristic dimension of the system. In such cases, the problem
can he treated semiclass:ically, 1.e., the classical concepts can
be applied to a good degree of accuracy. If two nucler having

mass numbers 4 and ﬁT collide the corresponding wave numbher ({k?

P
of relative motion 1s L = {uv/h}, where u = éFﬁTf(AP+AT) 15 the
reduced mass and v = (EEI‘b/QPJIf* 1= the asymptotic relataive
=
velocity. Three dimensicnless variables [Gz 783 which are

freguently used to compare the values of L are:

{1} Sommerfeld parameter n = La_, compares the de Broglie

-2
wavelength with the Coulomb length parameter a_ (ac = ZPZTE“IZE).
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E denctes the asymptatic tinetic energy of relative mation

Gl

E = {1/2u" = E Lp A7/ P * AP - (T.2. 13

Here ZF and ZT are the proton numbers of projectile and target
ruclie:r respectively.

(2} vR_ compares the wavelength with the strong absorption radius

R 1=

E (R_=xr_iA + f Yy, r_ = 1.3 fm }.

= = =

{3) ta compares the wavelength with the surfare diffuseness
parameter a (iypically a & 2.5 fm ).

Due to larger mass, sice and electric charge of heavy
1ons as comparsad to conventional light projectiles, a typical
heavy 1on collision (HICY may evince three basic features (1)
short wavelength, {11} sitrong Coulomb interaction and (111} strong
absorption. These characterisiic features help to distinguish them
from the reactions of light nucler at medium energies. This
wavelength remains small sven 1f one talez Coulomb repulsicn 1nto
account [5a 783. In Table Z.2.1 some values of the parameters are
listed for a number of pairs of nuclei1 at the laboratory energy
Elab {= BQP MeV) of the projectile. From the table 1t 1s clear
that when both the particlies { 1.e., projectils and target 1} are
light, v = 1 and in other cases, 1 -> 1. LRE i1s large and ka -1,
for all pairs of nuclei. These characteristic features of heavy
1on systems show that classical and semiclassical descriptions are
useful i1n the analysis af HIS data. In the case aof Rutherford

orbit, the i1mpact parameter (b} and the distance of closest

approach {d) are given by :

{

b = a cot (8/2) {

and

o
n
W
n
+
N
AR
+
o
by
| ——
i
b
W



5e
Table 3.2.1 VYValues of various parameters for few heavy ion

systems [BrgSl.

Target Frojectile RS(fm) n kRs ka
1&g o 6.2 0.9 12.0 1.0
12
C 7.2 2.7 0.0 2.1
a 7.5 2.7 17.0 1.1
0 =
400, 1% 8.6 &6.7 49.0 z.8
40ca 10.3 272, 127.0 6.1
a 8.2 z.1 19.0 1.1
= =
”Bmi 1“6 .2 Q.4 5&.0 3.0
4004 10.9 31.5 158.0 7.2
o 11.3 3. 27.0 1.2
20 = .
By, 120 12.3 27.7 84.0 3.5
A0

Ca 14,0 F2.2 285.0 10.32
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where 6 iz the scattering anglz in the centre—of-mass syst2m  and

KA K
the interaction radius R is R = r_ (QPI/” + ATIK“) x R, + R,.

Semiclassically, the orbital angular maomentum 1 is associated with

the impact parameter b through the relation

=

1/2
[Z(l + 1}] x 1l + {172y = N = kb. (Z.2.4)
For the grazing collision, d >~ R and is related to the Rutherford

grazing angle @_ through the relatiocn

R

R = (nfk)[ 1 + 1/sin (QRXEE ] {2.2.5)

and the corresponding impact parameter for grazing trajectory is
B = {(p/k} cot(GHXE}. (Z.2.461

The grazing angular momentum is

= 2= B = 2
A=l +1/2 = KB =7 cotle /)

172
= kR [1 - En!(k,)] . (Z.2.7)

In general, n *>1 for HIC and hence, large values 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
praperties (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 guantal effect. The third property of HIC
i.2., the strong absorption character intrcocduces 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 inte the classically
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forbidden region. Blair first used semiclassical theories to
analyse the elastic [Bl S41 and inelastic [Bl 591 scattering data
of a—particles and later 1%t was applied extensively [Br 72, Br 74,

Fr 63, Fr 78, Vo 75, Ma 75, Mc 701 to HIS.

3.2.2 Semiclassical formulation of nuclear phase shift

One of the technigques of semiclassical analysis of the
groblem 15 to use WE approuvimation where WrE radial wave function
and the approximate phase shifis are cobtained. For a spherically

symmetric potential Vi(r? the radial Schrodinger eguation :s

d:Ul{r) -
p + P“(rlul(r} = O {(Z.2.8}
dr™
where the lgcal wave number Fi{r} 15 defined as follows:
- Zu
Tir) = — - ¥ ~ .2,
T ir) > [E Kefftr)] (Z.2.9})
h
and the corresponding momentum i1s p{r!= hkir’.
The effective potential which 15 dencted by Ueff(r} can be
eupressaed as
2
h
Y (ry = ¥{r; + L{l+1d (3.2.10}
eff o

In the HIS, 1t 15 sSeen that 1f the incident energy of the
prajectile 1= such that 1t 1= above the Coulomb barrier, the real
part of the effective potential will give one classical turning
gpowlnt. This 1= alsc true for senergles helow the potential paoclet
of the effective potential. If the energies lie :1n between the
potenti1al poclet and potentizl barrier height real effective
potential will give three turning points. However, 1n most cases
the two interior turaing poinits lie in the ab=arptive region and

hence, the scattering will be dominated by the region outer to the
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outermaost turning pgoint. Here we consider the case of the
potential such that k(r) has only cone zera, for r > O (k(ro)=0,
carvresponds to classical turning point!. In the case of HIS, in
the high energy region (energies abave the Coulomb barrier) as
well as the low snergy region (energises belaow the potential pocket
of the effective potent:ial? this holds good. Thus, the
semiclassical theory described here 1s obtained for the potential

having one turning point only. We consider the case of Vir) such

that
2 . .
E5{r} = O , when E - Veff(r}
- " .o -
and LET{rYy < ¢, when E “eff{P"
At the classical turning point "o k{rD}=O, i.e., Veff(g) = E and
the region + > r_ is allowed classically { E &V {(r) and r <
o aeff O
is classically forbidden (E < Ueff(r)). Assuming the salution of

the Echrodinger equation {(Z.2.8B) to be of the form [Jo 731

Ul(r) = A eup!{ i8{r)/h 3, {(3.2.11)
where S{r) satisfies inhomogenecus non—1inear differential
equation

ih 87 () ~ (S’(PE}E + ZuilE - Ueff(r}) = . (Z.2.12)

Here, S (r} and &”(r: stand for dS{r) /dr and d8’ (r) fdr
respectively. In the classical limit Hh PO, EqgQ. {(Z.2.12) reduces
to the farm

(S’ir)}: = Z2uilE ~ Veff(r)}.
This condition can slso be ocbtained {(without making Hh —»0), 1f

[h 87ty ] « |18 (rid 7).
Now, assuming S{r}! as a power series in h,

S(r) = §,(r) + h 8, (r) + B S () 4 ennennens (

<L

14

b
et
(A
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and substituting Sir! 1nto Eg. (3.2.12) one gets
(g y < z .2
S (ri}T = 2 - o= ~3
‘S5 r 1 AE Veffér} P}

18,7 (r) — 5L {r) B)(r) = 0, etc.

Integrating these esgquatuions one obtains

i
BQ(P3 = +h f Fir) dr T.o014
and
1
g = . oy {1} T.D.15
QI(P) = In F{r;, E T I i

This gives the solution of the form

— i r
U, (r) = A Lh(r] 1“exp [x 1f i{r'}dr'],
137 §{i™"
E veff{r‘) (Z.2.163
and
~1/2 d ,
U, (r) = B [p(r] em[tfywww],
4 ~ (3.7.
E NV gelr) 1771
-~ )
Here ir) = 1pir), y7iry = (2u/h7) {‘}nff{r“} - E!. Substituting these

solut:ions 1n the Schrod:inger equation cne obtains the following

canditions:

fdb (r) 7dr|
—_— 1 (3.2.19)
[F~ e |

o 2
[k (r) 7de™ |

and s <« 1 (3.2.1%9?
[# 7 ey |
for the validity of the spproximations made. Alternatively, one

can write Eg. (3.2.18:; as
xir) [dptrr/dr| « |pieY],
where X{(r) = 1/k(r).

Thessa conditions are not val:id near the classical turning point
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and hence., near the turning point one should e:xamine the problem

critically. Thus, we cons:ider only that solution described 1in

Lfl

equations (3.2.1&) and (3.2.17) which gives the appropriate

solution for the scattering case. assuming there 15 only one
-~

turning point {Po), and ¥ {r} ¢ for all v+ - "5 the sclution of

the Schrodinger sguation 1s

r
Ul(r} 2 1/2 Y1y (ry eup(—~ f Gy(r’)dr’), + 7 or {(3.2.20)
"

o
and
"
Ul(r} ~ Yis/t {v) cos €~f G (e 1dr - ni4), v ¢ *g (Z.2.217)
"
The soclutions give UL(P) = 0 at the origin and alsc a linear

combination of eupi+tibrir}) and expi{-i1tir}} at infinity. The exact

salutian Ul{r} has the behaviour rl+1

near the arigin which
cannot be completely reproduced in Eg. (3.2.20Y. HMear the origin

the centrifugal term dominates and Ultrk in Eg.{(Z.2.20) can be

written 1n the forms

i /0 1/2
U (ry ~ const x r “x exp [[l(l+1)]

! in r ] (Z.2.22)
PO

Langer noticed that, 1t 15 possible fo get the desired rl+1

behaviour within the WB formulation by replacing L1{(l1+1) by
(l+1/2}2 in the centrifugal term. This approrimation i1s valid for
large ¢t and 1s known as bLanger correction [La 34, La T71. In HIB
laower partial waves are fully absorbed and hence,il+1/2)2 can be
used i1n place of L{l+1}) and the wave number F(r) 15 alsc modified
by taking Langer correction into account. The asymptotic behaviour
of the solution Ul{P} as r P oo determines the scattering phase

shift. We get
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1 r

U, (ry = — sin {(rr — r Yk +] dr’ (Fir'} — kjy + n/d |,
1 I o
b

r
o

. Qo 172
where F(r) = [ BT — Q{rY — (1 +1/2Y /v ] .

~
2
B@ir) = - Vir}) and k is the asymptotic wave number which is given
e
by
172
ki = k = [2,45/%1‘] (3.2.24)

This approximate method developed above is the well known WEB
approximation. Comparing Eg. (3.2.23) with the asymptatic form of

the radial wave function [Jo 753

Ul(P) ;::;;P ﬁl sin{ kr-ln/2 + él ?
one can write WEB phase shift as
n ®
sMWE o — (v 17 - ke + J [F(f") - k]dr" 3 (3.2.25)
L ~ o
2 -
o

It is interesting to evaluate the WKE phase shift for Coulomb
potential. For the Coulomb potential vc(r), the semiclassical form

for a radial scattering wave function with the Langer correction

-
contains the integral f kc(r‘}dr' which can be evaluated exactly
=
to give [Br 851
"
2.2
JEC(P’}GF‘ = PkC(P} -7 ln{r% {(r} + rk —n) + (1/2¥n Inin +17)
r
c 2
-1 nkr + A7
+ X sin = = 170 - a2, (2.2.268)
ErinT+ 72
1/2
2,2
where k{r? = k - Ea ‘v — BT/ .
ko= Lyth kb = A = 1+1/2
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= 2
(=3 }Jllh b

= - = ri
and n = lac with a_ ZPLT
Here + 15 the Coulomb turning peoint (PC(PC} = ) which 1s given
c
by
172
~5 ~
= a_ + [ a~ + b~ ] . Z.2.27)
C c c
From Egq. (3.2.26), for large v, the Coulomb phase sh:ft 1s
1 = 2 —
U?KB =357 In (n™ + A7)y -n + A tan 1(nfh} (3.2.28)
The exact expression for the Coulcombh phase shift 1s o, = arg I
{l+1+17) which 1s asymptotically equal to o?hB in Eg. {(3.2.28) 1f

A
a2ithker n » 1 or A7 » n. In the presence of the nuclear potential
vn(r) the total phase shift él can be expressed as the sum of

Coulamb and nuclear phase shifts

61 = o, + éN(L}
In the WKB approximation, one can write
" r " r
J Firider = J Pcir}dr + j b (ridr - j ¥C(r)dr s (Z.2.2)
F r - r
o c a c
where Viry = v _(r) + v (1),
n c

The first integral corresponds to the Coulomb phase shift which 1s
given by Eg. (3.2.286) and the term within the sguare braclet ais
equal to the nuclear phase shift., Thus the nuclear phase shift

within the framewori of WE approximation 1s

R =
S (1) =~ j F{rddr — J b o{rYdr., {3.2.302
N c
| "
o o
where
Tu S S P2
kiry = [ = [ E - v (r) = v (r) - 5= 3 ]]
h"’ —pd ~ —
and
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The upper limit R 15 chosen to be ocuts:ide the range of the nuclear
interaction so that kFir: = @C{Pi. 2 R. Thus Eg./Z.2.30) 15 the

semiclassical formula for nuclear phase zhift which 1s used toc get

the clased form expression for émil}.

3.3 Comparison of antiproton-nucleus and nucleus-nucleus

scattering

Before proceeding to analyse 5—& scattering data using
semiclassical methods we give & comparative study betwsen the
antiproton-nucleus and nucleus—nuclieus scattering. Phenomeno-
logically 1t 13 found that =lastic scattering in both cases can be
described using the standard Woods-5anon form for the
phenomenological nuclear optical model{DM) potential. Thus, the
total optical model poterntial for the antiproton—nucleus or the

nucleus—nucleus problem can be writiten ac:

k) = —ngfr, a s Rr} -1 MGf (r, a_ s R ¥ + Uc(r)
= | " ! =} T =
‘J;\l{! y o+ u{_{l’;, _, (I.3. 1)
r - R *
where f{r, a. R} = I+ enp [ ] .

-
o

VO and Nﬁ in Eq.3.3.1 represent the depth parameters of the real

and 1maginary parts of thes potential and are positive numbers. a.

and a, are their recpective surface diffuseness parameters. Rr and
R1 are obtained from their radius parameters + and r
r 1

respectively. Here UC{P} 1s the Coulcmb potential due to a point

charge and a uniformly charged sphere of radius FC and 1s given by
=

~x b
U (») = (Z_ 72 @ /2R_1(3 — (r"/R27, + < R
o =T c C c

- >

tasra all
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Z_e"/ > R
= a /r . oz
ZP T c
In the case of HIS5, the parameiers EP. F_ and R_ are given by
i/ 173
Fo=r  (A_ + & }
r r & T
172 1/7=
. = (A + A
I T
173 1732
and R_ = v’ A - .
c c F i

In the ant:proton—nucleus scattering case

1/7Z
Rr = r, QT
1/3
= - s
Rl ri HT
. © A 173
and LT {c T .

The gquantities P Ty and r’ a»e the radius parameters. Here ZP
i
and Z., denote the atomic numbers of grojectile and target nucle:
¥

respectively and QP, A are the respecit:ve mazs numbers. The

T
effective potential corresponding to the Lth partial wave 1n  the

radial Schrodinger eguation is

v

t.d

3

¥ i Ei"k i 7 2 T =
effr) = VR + ORI L+ D3/, (3.3.

where u = A_A

F K(AP + QT} denotses the reduced mass. Hers we have

T

considered a typical case of heavy 1on scattering and compared 1%

with antiproton—nucleus scattering. The typical caces of heavy 1on

and antiproton scattering considered are 180 + dBNx at Elab = &1
= iz — 40 —~ 208
MaV and p + C. p + Ca and p + Fb at Elab = 44.8 MelV. All

the systems are analysed using phenomenclogical optical model
potential. The optical model (OM) potent:i:al parameters used by us

and the octher relevant parameters are listeg in Table 3.3.1.

In Figs. T.3.1a — Z.7.1d., the effective poctentials are
3 + 1 -+ 18
plotted for wvarious partial waves for different systems namely, 0O
=0 — = - 2 — ~ 8
o 1 v i2 4 il
+ M1, p + C. p + Ca and p + “Pb at the energiles as

indicated 1n the corresponding figures. From the comparison of

effective potentials of 185 + JBNI and E-A systems for different



Table 3.3.1
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Potential parameters for 180 + 5‘8Ni and E - nucleus

systems

. E is the centre of mass energy.

System E + 12C 5 + 4083 E + EGBPb 18D + SSNl
ElabéMeV) 4&£.9 446.8 44.8 &0.0

E (MeV} 47,72 45. 66 46.6 45.79
bofm L 1.38 1.464 1.49 5. 49

n -0, 173 ~. 44 ~-1.8% 192.22
VD{HEU} 40,0 40,0 20.90 P0.1
rr(fm} 1.03 1.10 1.10 1.22
arifm> 0.5462 0. &0 0. 45 .50
NQ(HEV) F4.1 100.0 140.0 42.9
Pl(fm) 1.07 i.1¢ 1.10 1.22
alifm} 0.625 Q.60 0.65 .50
Pé(fm} 1.3 1.7 1.3 1.25
Reference [Fu B33 [He B8Z3 [He B33 [V1 741
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Fig.3.3.1a Plot of effective potential as a function of r For

several values aof { for 180 + 58Ni at Elab = &0 MeV. Potential

parameters are given in Table 3.3.1.
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partial waves 1t 15 clear that, both

strongly absorptive 1imaginary part

surface regions are not similar.

number of partial waves 1%t 1s

easy

reg:on, barrier region and guter

system the barrier near *the surface

almest 311 part:ial waves and even when

quite broad and shallow. The nature of

the heavy 10n scattering

point WHE approach. 0On the other hand,

scattering there will be, in general,

corresponding to the interior part of the centrifugal term 1in

otential. However
r

processes
of

In tne heavy

reglon.

-
Y
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are governed by

the potenti1al but the

ion system far a

to i1dentify the interior

In the antiproton—-nucleus

= absent for

practically

they are present, they are

the effective potential in

general, three—turning

o=

.
ko

in he antipraton-nucleus

only one turning pont

the

the comgaratively very smooth poitential i1n the

surfaze region suggests that one—turning point WR approach may be

appropriate for the analysis of the scattering cross sections.

can varify the validity of wH approximat:on 1n both

One

these cases

by verifying the conditicns of validity of the WrE approrimation
EMe 7901 namely,

Ardldpiri/dr| < |piry| (Z.3.4)
where Af{r? = 2n/L{r} and p{(r? = hi{r} are the wavelength and
momentum at positiaon r.o t (r) 12 considered as the effective wave
number. Table T.3.2 1llustrates the val:idity of the WkB
appronimation for v 1n the surfoce regicn for two cases only. It
1s clear that the ratioc Mir)|dp(r)/dr|/|p(rm]| = 10~ 15 guite
satisfactory for the wvalidity of ths WE approuvimation. This
indicates that 1t 15 gu:ite appropriate to use WE approiimation.

The condition for the validity of WE approximation

15 obtained by



Table 3.3.2

64
Verification of WKB approximation for various

values of 1.

dp{r} dp (r)
Svstem r NS aard | | |etr] [k(v)] |/
dr dr
o= s =1 Z
{1077y (<1077} |p ey ]| {x10™)
{fm: (fm} {MeY—-s/fm} {MeV-s/fm)
185 98 25 9.3 =.53 29,45 i.18 24.94
= 20 . 2. o= . -3
(Elab (h .7 &8 74 1.54 15.35
&0 Me\)
- s
5+ %ea 4 5.2 4,89 2.58 0.88 2.9
(Elab= 3 5.8 4.38 .21 O.24 .40

46.8 MeV)
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neglecting k’ {r) (i.e., dk(r)/dr) when caompared to kz(r) in the
leading arder (n = 0) WKER approximation 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 kE(r} > k' {r), is wvalid in the region
of interezt. The effect of incorporating higher order WikB
appraximation has been studied by Chan et al. [Ch B1l1 which shows
that the leading order WEKE approximation is adequate for the
simple parametric description of the scattering data. Another
remarkable similarity between HIS and B—A scattering is their
reflection functions defined as the magnitude (‘Stl) af the

partial wave § matrix. The reflection functions (lS VE. Ly are

1 |
plotted for different systems. ¥We have compared the reflection

=
functions corresponding to the systems 188 + qui at Elab = &0 MeV

and 5 + 4bCa at Elab = 46.8 MeY which is graphically illustrated

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

12 208

functions with 1t for the systems, like 5 + Cand p + Fb at
Elab = 446.8 MeV in Figs.Z.2.2b and 3.3.2c respectively. Both
processes being surface dominated phenomena, the reflection

function rises guite rapidly near the grazing angular momentum.
Based on these observations we have formulated in the next secticn
analytical expressions for the nuclear phase shift using
one-turning point WEKE approximation and the mathematical

technigues given for HIS [Sh 823.
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1.0 |

05 :

40

p+ Ca 18

O +58Ni

jaf 468 Mev E 60MeV

15 30 45

Fig.3.3.2a Comparisan of reflection functions abtained
. 18 S8, . -

fram OM calculation for 0+ TNi at Elab = &0 MeV and

p + 4003 at E = 446.8 MeV. Potential parameters are given

lab
in Table 3.3.1.
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Fig.3.3.2b Plot of reflection function obtained

from OM calculation for 5 + 12C at Ela = 46.8B MeV.

b
Potential parameters are given in Table 3.3.1.



-— I
Fig.3.3.2c Same as Fig. 3.3.2b for p + 2%Bpp at ., = 468

MeV. Potential parameters are listed in Table 3.3.1.
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3.4 Approximate closed form expression for nuclear phase

shift

In the case of heavy 1on scattering semiclassical WKEB
method can be applied guite successfully 1n calculating the
scattering ampl:itude. Az we have seen n the case of p-A
scattering, the semiclassical WHE approsimation is valid near the
surface region and moreover, the real part of effective potential
has i1n gensral, only one turning peoint. The nuclear gpghase shift in
E—Q scattering can be obtained wusing one-turnineg pcint WWE
approximation. This turning pocint becomes complex when complex
effective potential {including the imaginary part) 1s used. Thus

one~turring point WE formula for nuclear phase shift  (which 1s

symbolised here as éﬂik) for conveniencel) 1= gaiven by:

I

R g o
{A}Y = L PZ -~ WV {r) ~ Y {r) - Y () - dr
éN‘A, im N 2 - e N r L
R »w "
. 1
R 172
e ;
- J [L - ¥ dry - ¥ (r)] dr}. (Z.4.11
c A
r.. ~—
: 2 2
where %N{r? = {Zu/h )Umtr), VC{P) = {2u/sh }UC(P‘,
2 2 2,2
VU= ZuE/R . UA{P} = X7 and > =1 + {1/72).

Here E 13 the centre-aof-masese energy. U _4{r? and UE{P) are defined

M

in Eg.(3.3.1 and Eg. (3.3.2Y. In Eg.{(2.4.1}, ry 18 the complex

turning point and r_ 15 the Coelzoeb turning point which  is
e

obtained when the nuclszar potentizl 1s switched off., # can  be

I

obtained by eguating the second i1ntegrand to cferc and the

sapression for r_ 18 given by

]

M
r

2 o,1/2
re= | nr Ot D s, r2 R (3.4.2)
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172
= [{—x + oy} X{Enkfﬁz)], r =< RC
o =
where n = I e u/hk
= [ R — 3ZnE ]!RC
and
- 21/2
y = [ €S+ 4k£nkIR: ] .
how 5M(R} can be written in the form
FC - Lf:
éwik) = iim J [P“ - Y ey — Y {ry — Y {r)] dr
' K » oo - =
1
R 1/2
=
- — i -~ lF { s —_— % ir
+ j [l Jﬁ(r} S () JR }] dr
=
N ;
= 172
- J [k - ¥ {(r} - ¥ {P}] dr 3.
c N
=
- 1/2
in the region r > r_s [ T - VN(P} - vcir} - VX{P) ] can
expanded in powers of UN(P} and hence we get
FC ~ 1;’2
. — - = —_ t -t
éN(A) Lim j [k VN(P) JC{P) JK(P)] dr
(34 » oo "
i
R - 172
+ J [k‘ -~ Y {r} -V (.»«:r] dr
c A
r
c
A . L—1/2
- - S — 1 () — & ; "
{172} J UN(r}-m JC..) szr)J dy
"
K
- 172
- S O~ W {py - -
I ;\ &E\r, VK(P)- dr
-

be
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© —11['_
= —ei/0 S R N e S I 1S TR R ey -
£1/2) J N [% JC r 5t ] dr
+
c "
Cr 1/2
+ J [}“ - iy - Y ) =Y (r}] dr
C A
"1
(1, (2 T a4 -
= éN (A + éN (A . (Z.4.7)
{1 (2)
Thus éN 2} and bN {(*»} give the contributions to 6N£h} in the
regicn PC to oo and vy to re respectively. The first 1ntegral can
be =valuated as follows. In *the region Rr‘ Rl, UN(P} can be

appro:xmated as

® ’P
y = - . ——
UN(P. Vo E: enp [ ]
— a
E - r n + 1

@ 1
Y - e ——— -
T Yo E: =P [ 2 ]
n o= £

L8]

r - R, R

r 1
i
Thus the integral corresponding to 6N1}(K} reduces to
0 ) R - r n + 1
(1) oo 1 r
éN (A = (=20 hT) = VD 2: f - exp [ — ] =
n =D r_ ar*
2 ;2 : _1;,2
{Pf’%}[ e Inrdt — AT At ] dr
@ R - r n + 1

-1/2
b ~ ¥
ir/%)[p“—ﬁnrfs - A“lPh] dr }.

Thus the integral corresponding to Re éN(k) 1S
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1 o )
{1 . - iy 2 .
Red (LY = (-2u¥_ /Ry —/—— - exp ®
N £} i a
. o

n = "
- © s
* [ rT=2ne ik - AT/KT ] dr .

lleing the table of integral transforms [Er 353Z,Er 541 and other

(1,

relevant formulae [5h 821, the expression for Re éN (X} becomes

- . s 41
oy N +er n o +1

i
3 = *
e 5(1'(K} = —{2uV_ IR po ~ exp —_— ®
N Q s ka

- - 172
[ —— [ AT o+ T ] ] s (3.4.4)
1
ka

where Ki is the E-type maodified Bessel function [Ab &41. A similar

(1),
{

axpression for IméN

A can be written by replacing the
paramaters of the real potential with the corresponding parameters

of the imaginary potential. If one apporoximates the complex

. . (1} . . . .
turning point "y by ©y {the first iteration value of "y Y given
by

{13 ; , - -
e = r_ =~ f{r 3y/f" ir 1} . (Z.4.5)
i c c <
, N 2
- 2n r
where fir) = r° - — pr ~ —— - —z= ¥ {r} and f‘(rc) it's

derivative at r = r.: One can g2t a reasonable expression to
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(2} .
6N (N} given by
/2
(2 1 (—UN(FC}]
< = — {Z.4.482
éN (2 - PC - - .
= [l“r + AT - a]
d =
where e = r [*—— Py {rk}t ] .
c n
de =

[

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

calculate the sxact turning point. However, if one computes the
=

exact turning point, the expression for éé‘)(k) in the linear

approximation becomes

(2) 1 1/2
< . —_ — - _t 3’ .
éN (A - (rc rii[ JN{rC)] (Z.4.7)
The exact fturning point is calculatad by carrying out

Newton—-Raphson method of iteration ES5c &461 t1l1l the saturation is
reached. We have found that 4 tg S iterations are adequale to get
the exact turning point. For real potential, the turning point
separates the classically allowed regicn from the forbidden
region. Generalisation of this to complex potentials has been used
in the study of HIE [Br B5]. In Figs. 3.4.1a and Z.4.1b, we have
plotted the real and imaginary parts of the complex turning points
{1 12

ey and £y for a number of partizal waves for 5 + C at E =

46.8 Me¥. The corresponding results for E + 4UCa at Elab = 44.8
MeV are shown in Figs. 3.4.2a and 3.4.2b. The Figs.3.4.1a and

Z.4.2a alsc include the Coulomb turning point L. for the

respective systems. These figures indicate that for most of the
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C Elab= 46.8 MeV
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o

Fig.3.4.1a Variation of the turning points Py r;l’ and r& as
a function of I for E + 120 at Elab = 46.8 MeV with the potential

parameters given in Table 3.3.1.
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Fig.3.4.1b Variation of the imaginary part .of the complex

' X - 2
turning points r,and ril) as a function of ! for p + 1“(‘.‘ at

Elab=46.B MeV.

-



Real part (fm)

Fig.3.4.2a Same as Fig.3.4.1a far p + "VCa at E

lab=46.8 MeV.

Potential parameters are given in Table 3.3.1.



Imaginary part (fm)

"Fig 3.4.2b

Same ‘as Fig.3.4.1b for E +

20

Ca at E

1a

b=4§.8 MeV.
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- {1
partial waves, eucept Ffor s Taw, Pl is gquite a good

approuimation to r The turning points obtained 1n the interior

1"
region by first iteration are not close to the exact turning
point. But the smaller partial waves are highly absorptive 1n
nature (|Sl| x 9, as can be seen from the graphs corresponding
to reflection functions, and the scattering data are not  very
sensitive to the potential 1n the interior region. Hence some
error n the calculation of the turning point doss not
significantly affect the cross sections as far 83 the partial

waves which are more or less fully absorbed are concsrned. We use

o
the =supressions given above for ééi}(A} and é&“}{K} to compute the

nuclear phase shift. Since the arguments of the functions and

L1 appreaing in Eg. {(3.4.4) are generally large we can approirimate

Fﬁ and t |, by their asympiocti:z vpansions  which are given by
' 4

Ahramowlits and Stegun [Ab 4473:

&
~-1/2 o —7
¢y = oy #p -z {(Z0ur o+ 7o
o exp { )z a_{ £y s |si| 1 10
n:(:'.
£
—1 7 & - -
by = x T Taupi-nd) B (Drudt o+ s s el 2.0 0w 10 7
i 3| - =
n=0

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

compute the antiproton—nucleus scattering to fit the cross section
t u 1 ! he para BE. 1S appiroac 5 similar

data by suitably varying the p metars. Th pproach 13 m1l

to the closed fgormalism develposed by Frahn and Rehm [Fr 781,
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3.5 Parametric S matrix approach to antiproton-nucleus
scattering
The closed formalism aporoach or more convenisntly  the
parameteric 5 matriy approach Fas attained great success 1n the
study of RIS, In thiz approcaczh 1t 15 possible to study HIS data

without going i1nto the details of opftical model patential

ot
-
[
[
i
]

paramatiers. In the parametric € matr:x apprcach one parame

the nuclear £ matriu (SN{k)} o the reflection function {(nidd

2
m

O
>

!SM(k)[‘ and the real part of the phass shift

simulitansgusly i1n tarms of several parameters which are adjusted

by
ot
ot

o the scattering data. HWhatever the method of psrametrisaition
of S mairiy may be, 1%t 15 rathser a guite simple and ussful tool
for the analys:is of HIS data. The parameters of parametric &
matri1y appiroach are related (o *the physicsl guantitiss lile

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

potantial parameters on the other hand. The correslation of  the

3

parameters of paramefric 5 matrin approcach and the conventicnal
optical model potential paramsters has zlsc bzen sstablished [G=

B4z, £h 821, The antiproton—nucluss scattering whith 1z of current

of antigroton-—rnucleus scstisring 2lse. Trhus, many well formulated
technigues which are applicsble to HIS can be fruiifully adepted

i th=2 analvsis of antiproton-nucleus scattering data. ke have

0

gsed well | nown parametrisat:ion =chemses of & matrin, o analyse

antiproton—nuclau

]
1}

tiering data. Twe of the commonly used

——
=

pararetrisation of nuclsar § mairi. are:
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{1} Ericson paramet-i1sation and (2} Mcintvre parametrisation. In
o . th .
the Ericson parametrisation nuclear S matrix SN(A) for 1 partial

wave 1s represented as follows [Ma 783:
s A = | 1+ exp [-———-] , (3.5.1)
Py

where A {(complex}! and A are the Ericson parameters and A= ! + 1/2.
In this parametrisation there are sthree real parameters namely, A,
Re A and Im A. The expression  for SNIK; in the Mcintyre

parametrisation [Fr 78, Mc &0, Me 85 1 is given by

= f we f i & 3 - I
SN(X) niky sxp{ 21 Re éN(k; I {(2.5.2}
A - X -1
where nix: = ]SN(K}I = 11 + esxup [ R ] (Z.5.%)
A
and Re & (A =8 (1 —xn (XN} }. (Z1.5.4)
N ! al

The farm of np(k} is similar to that of ni{x} with the parameters
Ap and Ap. A and A are the MciIntyre parameters for the reflection

function ([SN(k}[} and & _, Ap and AP are the MclIntyre parameters

for the phase shift. This parametrisation 1= widely applied in the
analysis of HIGS. It may be mentioned that, 1in the conventional
optical model alsc, the tctal potential is generally parametrised
in terms of 53-7 paremsters i1ncluding the Coulomb radius parameter

r'’. It is %o bz noted that, in ths paramstric 5§ matrix approach
—
adopted here, we restrict the garametrisation of SN(A) to 3 or 35S

parameters. In the next section we have demonstrated our results

af calculation for p-nucleus scattering systems within the
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framewort of closed formalism using both Ericson and Mclntyre

parametrisations.

3.6 Results and discussion
In order to demonstrate the usefulness of WKB technigque

1in analysing E—A scattering we have sivdied two typical cases

namely, p + 1% and p + s at £ p = 45.8 MeV for which cross

ot
h

sections have been measursed and optical model Tits have been
obtained. In Fig. Z.6.1 we have shown the reflection functions of
both the systems cobtained by optical model fits and compared them
wirth those aobtained hy WE approiimation using both the
approximate expression for WFB  fturning point and numerically
evaluated turrning point. This indicates fairly good agreement with
the reflection functicns obtained using the optical madel

iz 453

calculation for both g + S oand p + Ca =zystem=s. The ratio of

differential scattering cross section to the Rutherford coross

12 y

section (oie}iogiek) for 5 + £ and 5 + 4JE& are shown 11n F1ig.

T

S.6.2 and Fi1g.3.6.% where we have plotited the cross sections
obtained by wusing aoptical model calculation and the craoss

sections generated by one-turning point WE  approximation. In

Fi1gs.3.6.2 and 3.6.3% the solid curve {(—— 1} corresponds to the
aoptical model result and dash—-dot-dashed curve {(— -« — 1} and
dash—cross—dashed {(— x — } curves are the resuliz obtained using
exact turning pocint and the Ffirst 1teration value of r

i

respectively. As the cross sscticns basea on optical model give
fairly good T1t to the euypesrimental data the aoptical model

pred:ction can be talen as to represent the experimental data.
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00
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B Eigh, 468 MeV

_ 12
p+ C

Fig.3.6.1

obtained using the exact OM calculation

by using 6N(A)=6
0.5 -1y (cy (pr 1172
c 1 N ¢
{(2) (2)
6N (\) where 6N

Reflection functions for p

(1)
N

(-—_

(\) is given by Eq. (3.4.7)

15

> -
+ 1“(.': and p + 4oCa
(—) and thase abtained
7
) +642? () with 682 o=
N N
x =), and using 6N(A) = 6;1)(A) +

(——-— B

parameters are given in Table 3.3.1.

). Potential



10.0

1.0
~
D
o
D
\
~
D
S’
o
O'l
0.01 1 | 1 | l l ! |
5 25 45 65 85
eg)
0., deg
Fig.3.46.2 of{8) /oR(e) as a function of angle {(in the centre of
mass system) for E + 12C at Elab=46.8 MeV abtained by uwsing OM
calculation (—) and thaose obtained by using 6N(>\) = é,:l)(k) +
6127 0 with 62 0= o.5r v (r YT (— x —), and
N N c 1 n c
. (1) (2) (2) . .
using 6N()\) = cSN Ny + 6N (N} where éN (X)) is given by

Eg.(3.4.7) (—*— ).
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Fig.3.6.3 Same as Fig.3.6.2. for p + 1%Ca at €, = 46.8 Mev
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Thus, in Fig. 3.46.02 and Fig. 3.4.7 tha cross sections generated by
the one-*urning paint WHE approximation have been compared with
the optical mcdel predictions. Our result shows that the WKB
approach 1s useful to describe the essenti1al features of cross

zections. Thus, the semiclassical W E approach :s fairly suitable

for p-A scattering and hence. can be adopted +o analyse the
antiproton-nucleus scattering ampl:itude and scattering cross
sactions 1n the same wa, as cre does ::n HIE. The primary
difference., however, 1s that 1r 5-ﬁ scattering, Ine—-turning point
W'B formula 1s reasonably adeguate and the number of partial waves

involved 1s small as comoared to that in HIS.

i

= Z - { = 20
for o + C. p + 4 Ca and p + LSF

The cross sections b
— =
at Elab = 4458 HMeV and p + i“E at E = 184 MeVY have alsg been

analysed within the framswordy of clcsed formalism., using both

Ericson and McIntyre parametrisations. Typical sets of optical

model {OM:; potent:i:al parameters which are used to describe p-A

zross sections arse 1:

ut

t=d 1 Tabkle 3ZI.8.1i. The parameters of

in Table 3.6.2

0
1]
"3
1]
=
n
o
m
58

Ericson and Mcintyre pararetrisation
and Table 3F.46.7 respectively whic generate the reflection
functions and cross sections s:imilar ta that obtained using
optizal model calculstion. The parameter A 1n both cases
corresponds to the partial wave for which the reflection function

1€ close to G.5. The parameter A 18 & measure of variatiorn of the

]

reflection function from th2 region of full absorption (]SN(A‘I

2} to the czese of no abscrption {ISQ(XEI = 1'. Some typical

b
~esults for ISN(kll ancg a:fferentizl cross section {do/dQ}

obtained using scme typical ssis of parameters sre shown  1n
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Table 3.6.1 Optical model potential parameters for different
systems.
System 5 + 1°C p + 1°C e 185 4 &%y
Ezab{HeV) 1o 45,8 45.8 445.8 &3
V_ {Met 20.0 140, 0 40,0 20.0 70.0
 {fm} 1.35 G421 1.1 1.1 1.09
ar(fmk G.44 G.743 Q.6 CGL &5 0,786
NgiﬂeV) 11Z.0 120.9 100.0 140,90 g.0
ri(fm} 1.1 0.728 1.1 1.1 1.351
aiifm) C.5 2.636 0.4 .85 ¢.529
ré(fm) 1.3 1.3 1.3 1.3 1.25

Reft. [He 853 [kKu B53 [He 853 [LHe 831 IF+ 783
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Table 3.6.2 Ericson parameters for different p-A systems
obtained to fit the elastic scattering data.
System Eiab ReA ImA A Expt.data Remarks
{MeV} at (Mel)

- 12 - g - .

il C 18¢ 8.908 0.2483F 1.254 179.7 Figs.3.6.4a
and Z.&.5a

—~ 12 = = - : o2

fal C 45.8 5.383 $.171 0.7461 45.8 Figs.Z.b6.4b
and Z.46.5b

- 40 - . a

P Ca 44.8 8.203 0.422 0.797 47.8 Figs.Z.4.4c
and Z.6.5c

= 208

. Fb 46.8 13.820 1.478 1.796 48.7°2 Figs.3.6.4d
and J.&.5d
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Table 3.6.3 McIntyre parameters for different S—A systems
obtained to fit the elastic scattering data.
System Elab A A éG AP AP Femarks
{(MaV: {radiani

- iz

p +°°C 180 8.202 1.234 2.& ~0 A4 1.£97 Figs.Z.6.4a
and Z.45.5a

p +5 445.2 5.24& 0.8B2 2,25 —-12.Z 4.5 Fig=s.Z.4.4b
and 2.46.53b

-~ &0 - -

p + LCa 44.8 7.274 0,987 0,75 0.5 1.43 Figs.Z.5.4c
and 3.4.5c

- 208 -

+ Fe 4&.8 12.983 1.3¢1 —¢.7735 12.722 1.174 Figs.7.5.4d

and 3.46.5d
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Figs.Z%.&.4a — Z.4.4d and Figs. J.6.%a - T.6.5d.
In Figs.3.46.4a — Z.4.4d we have compared the reflection
function obtained using Eraicson | . } and Mclntyre (— x

— )} parametrisations tog=ther with that obtained by using cptical

— %

alculaticn for the systems p + L at Elab = 180 MeV
40

+ Ca and at E = 45.8 Me¥
lab

I

modal

. -
P

and 5 + C.

3

i
e
M
L

L

respectively. In Figs. 3.6.53-7.46.5d we have :1llustrated typical
cases of differential cross section, for the above mentioned E—A
systems respectively. obiained usirg closed formalism along with
that of the convent:ocnal optical model calculation. These i1ndicate
that closed formaliss provides a simple procedure for the analysis

of antiproton-nucleus scattering dsta. For comparison we have

shown the results of closed formalism Hs1ng Mcintyre
parametrisation far a typical case =2f HIE namsly, IBE + éle at
Elab = &2 MeV obtained by Frahn and Penm [Fr TBI. The reflection
functions }SN(RE’ obtained using cptical modsl }  and closed

fermalism {.....) calculestions a2 disgplayed 10 Fi £.6. The

-r
= 2 m

e

best fitited cross section (oi8lfo_{(8): curve represented by the

R
selid curve (—} 15 alsc shown in Fig. Z.4&£.7 and the dashed
curve (—-———} 1in the figure corresponds to & = 2. The HMcintyre

s

parameters which it the HIE curve best are also licsted 1 Table
Z.8.4. The opticzal model potentizl parameters for  this system
used 1n the calculation [Fr 781 13 alsc containsed 1n Table T.401.
A list of parameters of Molntvre type of parametrisatieon for
elastic and inelastic scsttering for 3 number of heavy 1on systeas
15 given by Frahn and Rehn {(Fyr 783. These analyses show that both

these parametrisations of 8 matri developed for the analysis of
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Fig.3.4.4a Flat af reflection function (|S () |) for p + 12¢

at Elab = 180 MeV. The dash-dot-dash (— + — ), dash-cross—dash
(— x =) and solid ( — ) curves are the results of the Ericson
and Mclntyre parametrisations and the oM calculations

respectively. 0OM parameters are contained in Table 3.6.1.
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Flg.3.6.4b Same as Fig.3.6.4a for p + '°C at Elap = 46.8 Mev.

OM potential parameters are contained in Table 3.4.1.
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Table 3.6.4 McIntyre parameters of closed formalism analysis

for 180 + 8Ni at E,,, = 63 MeV (Fr 78l.

=
A A A A éaideg) x~ Expt.data

L4
£

2.14+0.07 22,723 TF.A4x0.4 146150 & [LRe 751
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heavy 10n scattering data are eqgually useful 1n generating the
reflection function for 5—é scattering alsc. Our results along
with that of Frann et al. iFr 781 establish the fact that, 1n
case 2f surface dominant nuclear scattering showing semiclassical
features, the clossd formalism or parametric S5 matrix  approach
provides a simple method for the analysis of scattering data. In
heavy 1on physics, applicability of semiclassical apptroximations
has led to extens:ive use of WP technigues and cleosed formalism
techrniques faor the analysis of scattering data. Our studies an
some typical cases of low energy antiproton scattering 1ndicate
that these technigues can be eupected to be useful in
understanding different characterisiac phenomena in the
antiproton—nuclieus scatiering case slsc. However, unliie the case
of heavy 1on collision the number of super:iments using low energy
antiproton beams are relatively smzll dues to the difficulties
invoelved in the experimertation in low energy antiproton beams.
But we believe as more stensive data become available, the
semiclassical technigues and closed formalism methods zan be

npected to play a significant role 1n understanding the general

propertises of antiprateon-nucleus =s=cattsring.
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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
ant1pratﬂn-nucleusi§—ﬁ3 collision and nucleus-nucleus collison and
have shown that some of the approaches for the analysis of heavy
100 scatiering (HIS) are applicable to antiproton-nucleus
scattering also [De 881. We have alsc noted that 1n the case of
heavy 1ons, esntensive studies have been made by Shastry and
BGambhir [8h 841 ts5 determine the region-wise absorption of
incident flun in different regions of the 1nteraction potential.
The absorption or reaction cross section (or) gives gross
contribution to reaction from 21l the partial waves within the
entire volume of the i1nteraction poient:ial. In order to test  the
sensitivity of the different regilons of the interaction potential,
a technigue has been developed by Shasiry and Gambhir {8k 87, &h
843 which gives the contributicr tc the reaction cross section for
different cpartial waves from diffsrent regirons around the
scattering centre. The process of absorption 1n HIE, a-nucleus

scattering and light nucleus-l:ight nucleus scattering has been

A
P
n

studied 1n great detail [8h B3, Sh B41l. In the case of HIS ,1t
found that the interior region 1= not esplored even by those
partial waves which are sirongly abtsorked and the abscrpt:on 13
peaked almost svmmetrically around ths surface reglon for

different partial waves. More recently fUd BS1, 1in the case of
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heavy 1on collis:on (HIC), the contributicn tc o from the region

- PF , where R_ 15 the fus:izn radius, 1s recognised as the

0

fusion cross section o Thus. 1+ the caze of HIL. elastic

£
scattering cross section., re2action cross section and fusion cross
section data help us 1n understanding nucleus-—-nucleus 1nteraction
:n some detai1l. In this chaptsr we hawe studied the general

pattern of reglon-—wise abksorption of antiprotons i1nside the

e

micleus wusing sewveral nptical cotentials which fit the
gewperimental szattering dats and compared the results with  the
corvesponding resuvlts of protor—nucleus{p-A) ccll:si1on and HID. It
i kbnown that, in free space., the critical distance ot aspproach

nrihiiztion 15 less khan 2 fm [Bh B73. I¥ one

i}

for antiproton

considers the total reaction cross section generated i1n the region

. R, where the mean frze path A 1s less than 2 fm, as prisarily
l1at pA
annthilation cross section O onp? 218 may g2t an estimate of th=
=3 13
+ + PR + A
contribution of % ann to o This provides an aliernalive method to
i i

pA

gstimate oann and to understand the domain of the nucleus 1n whaich

g annihilation deominates. A recent work [He 871, whers p-A

interaction has besn analysed, shows that annihilation probability

15 expected to increase i1n the nuclear matter. It also gives an

A - -
estimate of oﬁpﬂ in p-A collision for & typical case riemely, 5 +
=S 1
i2
€ at E = 175 MeV. Here we hav demconsirated a procedures to

lab
A
estimate Oin using the ccocncepits 2f region—wiss  absorption and

N

mean fres path.
Another important fzcior of interest, 15 the ftime cscale
invalved 10 p—-A ccllision. It has been estimated *that p-p

annihilation time T:p 15 of thes order aof Sull™ = fEo 8B1. This
B
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should be compared with the maximum time that p can be expected to

spend within the nucleus befare getting into anmihilation or other

H

H

bl

as=s O

n

reaction channels. In the £, the time estimates for
fusion hass been ohtainsed wusing classical Coulomb  trajectory or
Coulomb—nuclesr trajesecitory [Br B3, 6&c 845£]7. These compare
favourably well with the corresponding results cbhitained by using
semiclassical or guantal methods [Sa BBlI. Since E~ﬁ callision has
semiclass:ical features [De 881. the evaluat:on of §~ﬁ interaction
time TEA using classical E~é trajectory 15 meaningfuil. We have
estimated 5~Q interaction time ard the resulis are compared with

the corresponding results aof HIC anc p-A cellision. We have alsc

compared the estimsted time rgﬁ with TEﬁ for =zeveral cases.
B_

Similarlv, p—f annih:lation oross section ozin in free spaces [Ha

8041

$ot

s alsc compared with ths p-A react:ion cross section O .- The

ratios o Job" s and T— . /T-_ are euaminsd i1n order to determine the
rooann p& pp

correlation, 1f any, between p-4 reaction cross section  and

interaction time.

Irn Bec. 4.2, a teschnigue for region-wise absorpition

analysis of reaction cross section and asszaciated terms which  are

]
L
|

relevant o the preszent worlk 1= discussed. In Se

13

region-wise absorption anslysis for p-& and p-8 scattering systems

I\

12 carried cut and the results of regiron-wis bsorpticon of  p

within the nuclisus er= comparsd w1tk that of HIC za2nd p-A

1

oy

cllisien. An estimate of ¢-3 annihilation cross section o 15
also indicated using the zoncepts of region—-wize absorption and
mean free path. In Eec. 4.4, details of p~& interaction time and

its 1mplication in p-A reaction creoss section inside the nucleus
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1= given. Section 4.3 contains the summary and conclusion.

4.2 Mathematical formulation for the analysis of region-wise
absorption
The two experimentally observable phys:cal guant:ities
are the different:ial scattering cross ssction {de’dQ) and  the
reacticn ar abscrption cross section o The complex potential, or
more euplicitly, the i1maginary part of the optical mcdel gotential

—haracter:ses the absorpiive propseriies of the nuclear medium. The

imaginary part of the comple: potential 15 responsible for  the

loss of flu: from the i1rcident beam leading to reaction cross
section generated by all non—-slastic channels. Since the reaction
cross section gives the gross effect 2f 211 the partial waves

within the region of interacticon, 1t 1s interssting to find the
contribution of =ach partizl wave to reaction cross secticn from
the region r and r+A. Before going intc the deta:ls of absaorption
process from a small region we first girse2 some ussful mathematical

getails which are relevant %o our analysis. The probabilaty

L

-~
H

v

current density associated with the wave has the gensral form

Lot
I
:,,--;
\
[N
™
i~
| p—|
€
<
€
i
€
<
©
-3
| NOSSS |

* — - —_
F:e[(mfzw w o ir) 9 w(m] (4.2.1)

The Schrodinger eguation for a complex potsntial Y

[
ut



o
hb hanad —— B

———— I TR S o ]w{r; = E gir:. {4.2.2)
Su

Multiplying Eg. (4.2.2) by v () and 1tsl.e., of Eg. (4.2.23)

J

complex conaiugate by yir! and substracting cne gets

2 = - = - T - * * -
—(h“!Ep)V.[ w*ir} V wirt—ypir ¥ y (P}] = [ wiry ¥ {r} v ir}
* - - —
-y Ary Viry yir} ] - {4.2.5
Assuming Yir! fto be of the farm Vir: = EBe VY{r: + 1 Im VY{r:.

Eg.{4.2.3) can be simplafied to ths form
— — - -
. = {Zr/h:r Im Vir} IW ir?l“ . ‘4. 2.4)
Now, the reaction cross section o which 1s of our interest can be
t

defined as the number of pariticles absorbed per amt crncident

fiux. Mathematically 1t can be eupresssd as

!

— % T o~
o, = {ustb f J. nod
==‘usnr) | 7.7 dr . (4.0.5)

In the above sguation, h! represents the incident momentum i1n  the

centre—of-mass system and {hitAgr gives the magnitude of the
incident probebilaty flavw. Using Eg. (4.0.4), Eg. (4.2.5) can be

written 1n the faorm

~ —_— 3 —
o, = = Sp/ato [ In Ve w2 |7 dr . (4.2.8)
in the S matrix approach, one can supress o, as
- x© =
o, = Am/FTYY (21410 (1-np2, (4.2.7)
1]
=1
where n, = [SO k0.

Eguation (4.2.7) indicates that mayimum absorc

v
¥
()
3
"5
iy
in
i
e
ok
]
z
F
)]
he
peol
o~

= . But 1t does not throw sny light on the region from where

maxaimum absorption takes place. On the cther hand., from Eqg.
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(4.2.462 1t 15 clear that manimum abksorprtion of the nzident  flux
=,y
will pcour in the region where Im V(r}lwsr)l 1S @maximum. Again, 2
volume abhsorptive potertial may not genarata sign:ificant
-2
absorption 1n the entire volume because Iw'r}' may be gquite small
in some regions. Thus, 10 order i test the degres of sensitividty
of the different regions towards the reaction cross secticon, 1t 13

necassary to find the absorption cross ssction {0 o {(r ,A:, which
1

gives the conitr:ibution of the flu. absorbed i1nside a shell of
racius F and r_ + A, for small A ~ T !} arising from a2 very =small
<
regi1on around the scatier:irg canirs. Thus, the r=act:on Cross
saction can be written in the form
o)
o = o (= LA rLo= o3, L= oo v A A O (4.2.8)
r ro1tT & A ¢ G ’
1=0
where o {(r ,AY 18 given bv
S | )
A
1 -
P * —~ =, 2
a“irl,A} = — {(Zu/h i} w ) owir: Im VY(r} rTde dQ
r
1
{(4.2.9}

Thus, orérl‘ A} gives the contribution to . n the region . < r
=< r1+A. It 15 clear that the imaginary part of the interaction
potential as well as the real part of the interactiorn {which comes
through the wave function ywi(r)) play an important part in  the
absorption process rathsr than the imaginary part of tre potential
alone. In order to analyse the absorpiion process from different
regirans 1t 1s necessary to solve the Gochrodingsr eguation.

For a pure Coulomb scattering the radial Schrodinger

th
equation for the !~ psrtial wave 1s



{(4.2.1»
~%

~
wnere t = ZuE/AT, n

A

Z_eTu R = . 7 z :
plpe u Tt oand A 1 + /2. e Iy and u

it
4

having the:ir usual meaning and E 1s the centre-of-mass energy. In
the presence of a nuclear gpotential Viir) {(Yi(r} = Upir) + 1NI(P)},

th
the corresponding radial Schrodinger squation far the [ partial

wave becomes

2 2

d - AC— 1/4 onk

_—;tﬁ(?\"i’?r} + [l"— - T A~ {"'}H{r} - ]CP'J\;‘,?"‘;' = 0,

dr™ = -

(4.2.11;
~ T ~

"y = ZuihT {r} Voiry - 2 Z.e i
where VN(t} [TV ¢t Viry + E{r; ply® 4t ]

- r N k
= Zu/h” Y_oiry + 31l _{rd + Y I ] - .

Uc{r) 1s the Coulomb potenti1al and :1is general form 15 given 1in

Chapter 2 (EqQ.3.3.2). Here we have assumsd that the reduced

—
potential VNiP} 15 less singular than r at the origin and
vanishes faster than r - at infinity. Thus Vwir} 1s such that 1t
satisfies the following conditions [Jo 751:
0
B S R I -
1} f r vﬂ\ri' dr . w
O
{4.02.12}
w"}
~= - -~
{11} f r IkNar)l dr o
G
L
The regular sclution ¢ix,}l,+) behaves libe - near the origin.

The irregular scluticn FOO 2 .3 alsgc brouwn as Jost sclutions

behave asymptotically as



fix,th,r} —>
P

BN, ¥,

enpt ¥

Acsymptotically 15
cutgoing Couvlomb distorted
cond:tions hceld good for the
f_iN, 2k, r} which
=

ig] and W

insM tin. A

¢C<k,¥,r} =
and

I -+ = - &
fohathyry =W,

Since the soluticns f{r,~t .}

linmarly :ndependent, the

car be repressnted by the

a2

1{ir — n 1In Tir} ¥. (4.2.173)

a superposition of 1ncoming and
srherical waves. SHamilar  boundary
and

Coulomb wave functions ¢C<k,k,r)

Whittaclker funcitions

respectively [Ab 547 and are written as

{(xT1k ).

asymptotic region can be erpressed as

BN b ry = RUYEOL b o)

M (21t
1. A
{(4.2.14)
ang T, ) feucept for ¥=C:  ar
regular solution ¢ix, b, 1In the
+ Birrfin.~t,r}. (4.2.15)

where Atk and Bt sre the cosff:icienis which can be e.alaated
using the Jost function apprcaczh [De 55, 8h 3. Tz faind  the
caoefficients we proceed :n the following way. The Wrenstian of two
sglutions @{n} and wiiy can be defined as

(Y, winlr = @lury’ () — @ (urypind. (4.2.18)
Using Eg. (4.2.13) one can write
Wi O, k.Y, TOLF,r}) =@ (Akor) T OGE.rY = FOGE R (N k)

= B} Wi{TO,,-L,r}, fO,k,ri}. {(4.2.17)

Similarly,
Wip{n,k,r}y FiXN,-¥,r22
Using the fact that the

solutions f{A,tk,r)

= Ath) WIFO, h,r,

Wronsekian

iz i1ncependent of r

Fin,—k.t¥}i.
{(4.2.18}
of 1ndependent

two linearly

s1.2.,
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WFObh,ry, FO—h,rds = FOLE, 0T O, =byr) = FO0, b, 10 (A b, r)
= Tib, (4.7.19)

we obtain from Egs. {4.2.17 and {(4.2.18}
i

2iv

B() = — Wi, by, FOLE.r)) (4.2.20)

and

i
ALY = o= WA, k,r), FO,~t,r)2. (4.2.21)

Zib

We now define the Jost functions F{L,.Zk} as follows [De &5, Jo 47]

Fingx L) = W{ap O, ,ry, FON.2k,r)? (42,20
In terms of Jost functions (cf. Eg. (4.2.20)), Eg. (4.2.13) can be
written as

@irab .} = T [ Fixn,—-tr Tin,bar) — Fia, bl fik,—#,r)].

(4.2.23)

Using similar analogy the regular Coulomb wave function ¢C(>.k.r)

can be egupressed in terms of Coulomb Jost functions Fcil.tk} as

G Ny bary = 3 [ F_Ou—k) f_Onbar) = Foa ) fC(K,—i,P}],
(4.7.74)

where

e21+2)

Ly AL/ - —

Fcik.i LY o= {2 exp {ap/ly expiy 1ln/} -
F{l+131n}

(4.2.05)

The Coulomb S matrix SC(K.E} 1S given by

S b= gxpiila) [F_{a,b¥/7F _ X ,—~ 11}
k] k]
C c o
= M{l+i+1n)/ Til+ri—-1n} = supilio,t. (4.2.062

o, 15 tricwn as the Coulamb phase shifit and 12 written as

o, = arg ['(1+i=in). (4.7.27)
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The & mat-i1x S0, 15 given by

S{A,li1= expliln? [kaii};Fa\,~ b ] (4.2,.28:

and the nuclear S matriv SN(x,i: can he written as

Ska.P)= SEK.L)!SCLA‘P} anga the reflection Tanction 15 given by
n, = [Sx. L] = 1SMﬁk,l}|. (4.2.29)

b d

In order to find {l—nz), we start with Eg. {4.2.11) and obtain

d , do de .
A [¢ ar @ ar ] = 21¢ ImvN(r3¢. (4.2,

e

}

hykar dependence in ¢ are dropped out for convenience. Integrating

1t between the limits L and r_+ A we get

»* ~ -
. de de r1+A r1+A .
—_ —_ = T Y i -, 4.2.3
E¢ prem ¢ - ] z J Im Y, (r}jg] 4 1)
[ 3 "
1 1

Using Eq. (4.2.27) 1t can bEe shown that, Eg.(4.2.321Y can be reduced

ta the form [5h 8332

- ® ¢iA,¥,P}12
-1 = ~—4d {ry | ~————————/— I
1=my h j Im Vytr ’ Fin, -1y | ©
]
[2.4]
=2 X (hgt_ LAY, Py = Uy P L, =P tAL A O
1=0

xP{K,r .42 15 given by the supress:ion

N R S S S S S S
x (A, r A} = -4} Im . (4.2.32)
d ! FOua—b)  Fran, =)

+4

i

1
The superscript praime in ¢{A,;t,r} denotes the derivative with
=
respect to +r and y {k,~_,A) gives the contribution to (1—31} from
) +
=
the region r, < r = F1+A. The function (l—nl} 15 jguite uwseful 1n

determining the relative importance of different regions 1in

generating =" which 15 given by



~3 ~
o = {nik }2 (T1+1) (i-pT)
| 3 t
L =0
- @ x
= {g/t™) z (31417 3 (1 LAY (4, 0.3y
| 4
1= =0

_ FA 1=
1
-~ ©
vrirl,A} = {r/t) {(Z2l1+12 _rik,“ sAY. (4.2.34)
1=0
Further the contribution to = from the regieon 2 2 ¢ < ty San be
eupressed ss
= n
[a ] = o ir_ LAY, (4,2.25
ol I TR 1
o -
1=
4.3 Analysis of region-wise absorption
Using the above mentioned technigue, analysis was

carvried out to explore differsnt regions of the nuclear medium for
apsorption of p 1r the case cf antiproton—nucleus scaftering
system. The elastic scattering coross section and the reaction

cross section data LA BL, As 85, Lo B4, Ga 24, Ga B4a, He 83, Ja

—— < 12 14
g8&., da 84, N1 873 are avairiable for several ftargets lite c, &,
4 248

Ca, t etc. at several i1ncident energies. Ir addition o

these expetrimental data, nfov-mation regarding annihilation oross
section may Further facilaiiate =2 simple way of estimating

annih:ilation cres ecticn from the technigue of region—wise
% h-]

n
1}

absorption. The erpsrimertal i1rnformarion snables vz to find  the

-gss section from a small region and

oy

antribution to the reactior C

]

conseguantly this provides an alternative and simple mathod of



af the opticsl mnodsl {8Mr potential 1= assumed tgo  be of

R ~1 =R -1
. L .
Yiry = -V 1 + e:x ~ 1l 1 + eup -
O a G a
e 1
= %P{r} + 1l =), (4.35.17
The parameters Vor Woe v, P 2. & and ros the Coulomb radius

parameter, used in the calculation, are given 1n Table 4.3.1.

r

v
xp(k,r,A), o {r,AY and [op] are evaluated numerically using
£

eguations (4.2.32}, (4.2.74) and 4.2.7Z) for different systems as
indicated in the Table 4.2.1. The symbol cr{r,ﬁ) signifies the
cantribution te the reaction cross sectian from the spgherical

[
shell of ragius » and thiciness A, whereas Eﬁ ] gives the
L]

contributzon to the total reaction Tross o section o fvom the
"

spherical volums of radius » around the scattering centre. The
. p ; 2.

function xPaK,P.A} gives the contributiorn o él—nli within the
rearan {r,r+A}. The variat:zons af xr(h.r,A} as a functrion aof r for

different values of partial waves, l, are depicted in Figs. 4.3.1

-
<

- 4.3.3. Figures 4.2.1 and 4.3.2 show the pattern of absorption in

— -2 _— a
the case of p + '“c and B+ “Ca scattering systems at E, , = 46.8

MeV respectively while Fig. 4.7.3 shows the corresponding result

>

1z
for p+ " "C scattering system at E = 4

1ab -2 H#Msv. From the Figs.

L

4.3.1 and 4.7.2 one finds that sven the gartial waves, which are
more gr less fully absorbed, cannot enplore the nterior region,

rathear, zr(k,r,ﬁi for all I are confined mostly to the surface

L

region. In —ontrast to Figs. 4.7.1 and 4.2.2. Fig. 4.7.7 indicates



a7
Table 4.3.1 Optical model potential parameters alongwith the

Coulomb radius parameter r. for various systems.

System E. W ~ = i
u tab Y s “r IE=
W) frl} {a Remart s
(Mgt ‘Mei) {fm- {fm: (fm?

- 1z 17
o + i 45.8 45,0 1.03 0.54a2 1.5 Fig.4.2.1
(74,11 (1.7 (L5250 Fig.4.2.4
-_— t ™ L IR}
o & -~ - - - e -
o + c 44.59 FO. 0 o521 DL 8 5 1.7 Fig.4.2.&

{108.9) {0,980 ¢ AT
=2}

oo~ Ca 46.87 A3, 0 i.lz . &0 1.2 Fig.4.7.2

DRI, fierwd2 (&0 Fig.4.2.5
iz - — . . - -
g+ C 445,72 41.3 i.147 G.4847 1.2 Fig.4.2.3

ig 58

0+ TN &0.00 Q.10 LoD 0.5C0 1.025 Fi1g.4.3.7

{42,990 {1.22 (D, 300 Fig.4.2.8

- = =

p + °C 456.87 oE.0 .oz 0L S&C 1.2  Fig.4.4.1
(&1L (1.173 (C.S60)

- 40 =e .

B+ Ca a7.3" Q.¢ 1.4 CLETO 1.7 Fig.4.4.1
114708 (1.2 (D.ET0}

- 708 23 L )

g o+ FB  47.9 20, 1.1¢ G &S0 1.7  Fig.4.4.1
C140. 0 (1.1 (0L BED

12 -3 I S ~
oo+ L 45.8 A5, L7 1.17 TS 1.2 Fig.4.4.1%




Table 4.3.1

contd.

a8

System E W r a r Remart =
lab o - - c
11 Fare T
{*Q) 2y {al)
{Mei: {HMeV?) {fm? {fm; {Fm?}
.’; .

o + ¥9Ca 37.g%’ 41.04 1.17 GL 70 1.7 Fig.4.4.1

(7.82) 11,300 (3,510
208 & e

p o+ PL 47,9 49,09 1.17 oL 7SO 1.7 Fig.4.4.1
17.848) (1.30) (0. 558)

~ 1T 73

5+ C 179.7 0, 00 o859 0.540 1.7 Fig
(17,00 r1.0040 (0. 557

5+ Mg 179,57 ac o0 G784 0.991 1.T  Fig
(154, 28) (1.051) (0.619) Fig
ga. aoP 0.&7 1.000 1.3 Fig
(154.88) (1.05) (0. &20)
200, 00" .77 1.018 1.5 Fig.4.4.7
(1&2.85) 11.0348) (0. 5675}

- 708 LT o i

p+ Fb 180,73 6. 00 1,122 0.587 1.7 F15.4.4.2
(LG, 64) (1.166) (0.739)

g1_ 90 - g3 o A

Br- "Ir  T15.02 35.00 1.35 0,470 1.75 Fig.4.4.

(12,.1%) (1.35) (0. 430}

1r:flbu 851,

5):[Be &91,

2r:I[He 831,

<

:LIn 8563,

Zr:L8a &713,

8):[ud 851

4y:[V: 761, Si:L0Ja 861,
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Qo4
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p+79Ca E gp=468 MeV

Fig.4.3.2

Same as Fig.4.3.1 far E + 4UCa at E

lab

= 44.8 MeV.
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a9
that in the case of proton-nucleus scatiering, the entire region
5f the nuclear potential tabes past 1n generating the contribution

tao {(1-pn

~

}. The aoscillatory nature of xP(k,P,A) {(Fig.4.3.73)

indicates that in some regicns i1is coniribution 1s less whereas 1n

thers 1t 1s more. Comparison 2F Figs. 24.7.1 and 4.27.2 with Fig.
4, 7.3 1llustrates the nature of suwrfacs dominance of A

ontrast tc p-8 scattering  for different partial

il
r
U}
<t
et
m
3
b
o
[Tl
4
|
n

waves. The cumulative effect of all the part:al waves within the

-— - - Lo

regsn rls o< r1+A 15 shown 1n Fics. 4.3.4 and 4.2.5 for g+ C
- 40

and p + La scattering systems at Eiab= 445.8 HMeV respectively,

where the nature of variation cf o _{(r,A} with r 15 depicted. It

[ES

15 also chserved that when ore usss different, but eguivalent
optical potentials, the gensral behavigur of aF(r,A} as a function
of r remains practically same. To confirm the case we have chosen
another s=et of e2gurvalent cpit:ical mode

potential parameters at

the same 1ncident energsy for p +77C scattering system  (for

nample, E 45,8 MaW, V_ = 0 HMsV, N0= 10B.9 MeV etc. as

1ab {

ment:ioned in Table 4.7.1) and the trend of the funci:ion OP(F,A)

calculated using this new sst of parameters 1z shown graphically

1

in Fi1g.4.2.&. Hence, we cconcoclude that Faigs. 4.7, and 4.3.5

—-A

DI

represent the genesral patitern of region—wise absorption 1in

scattering. These figuss show that the marimum absporption occurs

- = 12, - -
at P=Rﬂ= 2.4 f@ for o+ C {Fig.4.5.&) and « = m
13

A
]
I
o

o
—y
3
~h
]
i
]

+ "Ca, where Hm represents the p2al position.In Fig.4.7.5, we nave
alsc shown the corresponding results (1.e.., o ir,A}Y)Y for p + C

r
=-attering at E = 44.7% MeV. The variat:icn of [or] with » 1=

—
<

also depictec 1n Figs. 4.3.4 - 4.%.5. In cur analysis, we have



07 (r.a) (mb)

12
P+ C Ejqps 468MeV (—) -

a 12
C ElOb 46.3 MeV (_"—) ] 600

20

~—~
E
~—
10 =
L=
— 200
-ﬁ
r(fm)
¥
Fig.4.3.4 Variation of or(r,A) and [or] as a function of r.
O
. - 12
The solid curves (—) represent p + € scattering at Elab = 46.8
2
MeV and dashed curves (———-) represent p + 1“C scattering at Elab

= 44.3 MeV. The OM potential parameters are listed in Table

4.3.1. A = 0.1 fm.
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used A=C.1 fm in all caszes. Here it is worth mentioning that the

results of p-A scattering can be compared with the corresponding
] i85 S8 . e e et Mey .
results of HIE namely, o + PM: scattering at Eiab™ &GO e, I

has been shown that [8h B43 for rnucleus-nucleus scattering case,
even ifT ong2 takes volume absorgtivae potentizal, the contribution to
absarption cross section from the surface region is nore
significant than from the intarize region of the nuclear
potential.

The radial variations of y A,r. A} *For different 1

values and o {r,A} within the region {(r.r+A) are shown in  Figs.
¥

4
4.2.7 and 4.3.B respectively for the case of ‘BD + SBNi at Elab=
r
&2 MeV [Sh 83, Sh B41. VYariation of -eaction cross section [ar]
O
[ 2
ie also shown in Fig. 4.35.8. In all cases [ﬁ ] saturatesz to the
QO

reaction cross section o. for large . The optical model potential
. v i8_ SE. .
parameters used in the calculation for o + N1 at Elab = &0 MeV
is also given in Table 4.3.1. Assimilating the previous wark on
HIS as well as the present work on various p—-& scattering systems
we conclude that in both the cases reaction cross section data are
insensitive to the interior region of intesraction potential. Thus
there is a close similarity between region-wise absorpticon in p-A

scattering and nucleus—nucleus scattering. Our results indicate

that surface absarption is rather symmetrically distributed around

S . - 12 - 49
the peak position Rm in the cases of p + °0C and p + Ca

scattering systems. It may be noted that slastic scattering cross
section data as such may not be ussful in establishing

conclusively the detailsd naturz of region-wiss absorpition. This

is because, if a partial wave is fully sbsorbed, (i.e., ni=ISLf
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Fi1g.4.3.8 Same as Fig.4.3.4 for 180 + "8By. at E ., = 60 Mev.

A= 0.09 fm.



0} it as such cannot give the details af the interaction
except its absorptive nature. For example, 1in the strong
absorption model where Sl = 0 for L - l&’ ane daes nat have any

information regarding the det

o

i

0

s of absorption process. Using an

optical potential one can alwave get the region-wise absorption.
Such an information is useful if one has information regarding the
cross section from the dominant channel like o n in addition to
o, and differential scattering cross section. In such cases one
can sxpect to get more details of 5~é interact:an in different
regions. An analogous siiuvation is present in HIS as described

helow.

It is well known that HIS data are s=sensitive to  the

of

surface regicn of the potentisl, but recently some [Ud 831

procedures have besn developed to understand tha 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 ons can write o in HIS as

o =T oot oo, , {(4.3.2)

+ F

where = genotes the fusion cross section and e denotes the cross
section for other orocesses. Recently, a2 guite successful direct

reaction model of fusion [Ud 853 has been developed which states

that coniribution to fusion reaction is from the region r < RF, RF
. . . . . . 173
being the fusion radius, which is of the rder RF o 1.4x(ﬁp +
1/32
Q;f“} fm. Here QP and QT are the grojectile and target mass

numbers, respectively. Since, in HIC, fusion cross section data
are available in addition to reacticn and scattering cross section

data, the dirsct reaction model of fusion helps us in
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understanding the potential, in particular its imaginary part, in
the region r < RF. Interestingly 2 somewhat analogous situation
can be visualised in 5—é zcattering. Annihilation being +the mast

dominant channel in p-A scattering, it wil be useful to wirrite o

r
as
o = opé + o 5 (4 .Z.3
T ann L=
ald L. . . . .
whare o represents the annihilation cross section inside the

ann

nuclsus and o is tha contributipn to reaction cross section  from
cther channels. An important parameter, which is known in  the
literature as annihilaticon radius, characterises the range of
annihilation. With the appearance of experimental data for p-p
cross sections, different croz=s sections like annihilation, charge
2xchangs and slastic scatisring, for i—ﬁ collision were analysed
by Shibata [S8h 871 betwesn 180 -~ &0 MeV/c using a potential
model. The result of his analysis indicates that the mean free
path associated with E—p ceilision is lese than 2 fm and
annihilation is peaked arocund ifm. Hg has alsc anticipated that
charge exchange reaction can extend uptc 4 fam. It is alsc known

that [Go 881 the sverage distance between nucleons in a nucleus is

= 1.3 fm. In view of these facts we have computed the mean free

e

path A using the formula [GBr &3]

A= «h‘afszywlérzi (4.7.4)

s

The radial positions R, and R_ where the mean free paths are =
4

fm and =~ 2 fm, respectively arz found outr for different p-A

L

systems. In Table 4.2.2 we have given the positions B, and R, for

- 1z ~ 40 . . .
g + C and p+ Ca at E?qb= 44.8 MsVY. It is intersesting toc note

! sk of 3 ion—wis sorption also oocurs 2t r 3
that the pe2sk of region s absorption 1 o t ver



Table 4.3.2

103

Various radius parameters r re and rs for three E—A

1’

systems and contribution to o from the regions 0 < r <

R, and O = r < RS obtained from Figs.4.3.4-4.3.6 .R

2 1
173 1/3 13 . .
rlAT ’ Ra = rEAT and RS = FSAT . Ri and R2 signify
the distances at which the mean free paths A are about
1 fm and 2 fm respectively.
- 12 - iz = 45
Sys=tems p o+ c g+ c 5+ Ca
{ H &. 45.8 445.8
Elahxﬁev 45.8 4
P {r,» {fm) 2.81.22T 2.&311.158: 4.25(1.2473)

R
15 (am

Lrlg

Remarl =

4.80{1.404>

T.A55{1.59 T.ES{1.59 S5.3C11.35:
Z.4 T.3E 4.561
285 232G M
I5S ThHC 857

Fig.4.I.4
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e TA]

gives a measure of o
ann

in 5—# cellision. It should be noted that

if the E-p annihilation distance inside the nucleus can be proved

to be significantly larger than 2 fm, the estimates of aﬁg by our

ann
+12

method will be larger. For example, in the case of 5 c

scattering at Elabz 446.8 MeV (Fig.4.3.4) 2%t r = R_, A = 3.

- 13
Rs R.
and [vr] = I35 mb which 1s substant:ally larger than [gr] o=
G 0

fm

285 mb.

4.4 Interaction time
The time scale plays a wvery imgortant role in the
detailed understanding of fusion process 1n HIC [Sa B8B1. The time

is estimated in a number of ways from different view points.

£

Scalia [Sc B&1 estimated the 1interacticn time :involved n the
fusion process of HIC along the clas=zical Coulombk  trajesctory. He
estimated the time within the region where the process of  fusion
taltes place. But it is more sesnsible 1T onz  incorporates  the
nuclear potential into it and then sstimates the time spent by the
system alorng the classical Coulomb-nucliear +trajectory. The time

spent along the classical trajectory within the region r_ . R

is given by

K
T = :zf dr/f, {4.4.1}
‘min
where | 15 the distance 3f closes* aspproach, where linetic

it T

energy wvanishes. In the case cof Toulomb irajectory the time (TC)

J\

T 20
- 1/2
. E - ¥ oy ~ WV, {r
min o L

c
whereas the presence af short range potential maodifies the

\ (4.4.2}



dencminator of Eg. {(4.4.2) and conseguently the time e

b
i

the Coulomb—nuclear trajectory

F:
' dr
T = 2 T
CN H Kl
- E-Y ir: -V _dra—-y i
min < R l
Here only the real part of the nuclear potential s
Using the above eapression fus:en time akove ths
estimated [8a 881 for a nusber of paiws of nvcle:
gnsrgies. The sstimation shows that the Toszion  for
above the barrier along thes zizssical Touloeb-nucliesar
2 21
1is af the crder of 10 - i< 5. It 15 alsoc bFnown *
collisian, ths time scals 1nvoived 18 of  the ord
-4
Sulad g 1n free sgaze. Thus ic hase an i1des of the ¢t
colirsion we have used the classical Coulamb-nuclear
which ¢ traverses as 1% passss througn the nucleus. U
classical picture for the estimation of time 13 not
bearause 1n p-A cocllision. semiclass:ical description s
valid. Using classical Coulomb-nuclear ‘ftrajesciory,
estimated the time Tgé which p spends 1nzide the
173
EE=PCQT "y where B 13 the Cculemb radius. Jsing Ea.
can write 7v—-, as
pA E
Vr—~“ o dr
- = ¥2 .
pA H

() -V _{r) -V (r

v R t

min

1/2
[E—VF }]

We have evaluated the 1nteract:ion time T;a for a varie
nucle: at various energies. The nuclear potential uw
analysis 1= of Woods-Sanon fyp=. The parameiers o
systems are also contasinsg in Table 4.7.1. In Fig. 4.4

shown the variation of the time estimated for the syst
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- ~ - v
Fig.4.4.1 Variation of v/t  with ¢ far p + '2c, 5 + *%ca  and

p + “%Fp at 44.8 Mev, 47.B MeV and 47.9 MeV (all shown by solid

curves ( ). Dashed curves (———-) represent the results for the

correspanding proton systems at the same energies. OM potential

parameters are listed in Table 4.3.1. T, = 10‘23 S.
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40 — 248
+ Ea and p + Ph at incident ensrgy El*b X 47 MeV for a number
=

of pertial waves. Figure 4.4.2 shows the ~esults for the same p-A

systems at a higher incident enerc,y ,i1.€., at E‘ab ~ 183 MeV. The
4 T
g1 20 -
fusion time of a typical HIZ namely, B or Zr &t El‘b =  T15.02
=i

MeV 1z alsc shown 1n Fig., 4.4.2 for corparision purpcse. The

Eu

estimated fime i1ncreases marginally by about 12¥% 1f cne uses

-~
=

pu g

o the interaction times

[}

instead of RC. Figure 4.4.1 alsoc =

o

within the region r R_ for

c he corrssgonding oo collisions at

the same 1incident energy as= that of p—-A colliszions. It 1s
interesting to note that the time obtained for E—ﬁ system 1s
practically same a= those ohtained for p-A svystze although the
proton encounters a Coulomb arrier. Figure #.4.F depicts the

P 44_} -
interaction time for p + Ca system at E

it

lab i7%.8 HesVY using

three different eguivalent optical potertial parameters. & close
examination of the results of Figs. 4.3.1 — 4.4.27 1leads tc the

following conclusions:

{1} The time scale i1nvolved in p—& collision 1s  approximately n
a5 -

-25 . -22
the rangs 10 —-1& S whergas in heasy 1on fusign 1t 153 of  the

=4
“— i

order of 10 ‘s,

b

{11 The timsz spent by the Coulomb-nuclear trajectories
corresponding to different partial waves for a particular system
at a particular snergy are same zxcept 1n the case of periobaral
partial waves where they gradually fall off. This zase 18 very
sim:zlar tc that of HIC for th certial waves ~hich ar

significantly smaller than the grating one.

{111) From Fig. 4.4.7 one czn conclude that the Coulomb-nuclear



20F

e]Br-{—gOZr E\of,31502 MeV

(TITo)
o
|

10

208 _
P+ Pb Ejgp =1803 MeV

log
o

p+0Ca E;,=1798MeV I

05

1 | 1 | \ i 1 I
e A L : . - 12 - 40
ig.4.4.2 Variation of log(rlro) with t for p + C, p + Ca,
6+ 298%en and Fler + 792 at 179.7 Mev, 179.8 Mev, 180.3 MeV and

315.02 MeV respectively. OM potential parameters are listed in

~-23
Table 4.3.1. TO = 10 S.



_ .40 _

Fig.4.4.3 Variation of -

pA/TO with t for a + 4

O _
Ca at Elab =

179.8 MeV for three equivalent aptical potentials listed in Table
4.%.1. Solid curve (—),

dashed curve (m===) il dash ~dut—dashed

(—*—) curve are obtained by using OM parameters represented by

(a), (b)) and (c) respectively in Table 4.7T.1.
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trajectory time obtained for a given system using different
optical potentials which fit the scattering data are practically
same.

{i1v} At aporoximately the same bomba-ding snergy the time spent by
5 in the Coulomb—nuclear trajectory increases by @ factor of 2.5
with the increase of mass number of the target from 12 to 208,
Azzuming that 5 gets annihilated before 1t reaches the
inner most point in the classically allowed trajectory, we can
compare E~p annihilation time 1in free space (which 115 71—
o PP
Sula 5) with the tim2 required ftc reach the 1anermast  turning
point. Denoting the time spent by 5 along the classical
Coulamb-nuclear trajectory within the region of strong absorption
radius by Tp 1 We assums T /2, a5 the time to reach the i1nnarmcst
5 5
turning point. Similarly one can compare the reaction cross
section o, in p~A collision with the fres spgace g-p  annihilation

Bp

cross section 7 3nn” In Table 4.4.1 we have ummarised these
= 1z - a7 = 238,

results for three zystems p + €, £ + Ca and p * Fs at the

bembharding ensrgy E ~ 47 Mev. In Tabls 4.4.1. in order to qgive

lab

‘_‘/_{
an i1%ea of various orders of magnitude we have listed opiczgn’T

The approximate constancy aof e/ indicates that c,. 1S

and the cross sectional area

pp
ann

preportional to the product of o

=
nR™ of the target nucleus. It may be noted that the ratios orfo

=5

and 7 iﬁrap have similar order of magrniiude.
=1
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Table 4.4.1 The ratios gp and T 72— for various
_ s
systems. PP o 153 mb and = < 10_l24 S.
ann
D . pp ho/T
System E o o toP fo A} Pt s
Y lab " O ann T enn T TRE Tpp
(MeV; {mb}
— 12
oo+ C 45,8 &42 4,22 L BOS 5.4
- 4 - -
p + Ca 44.9 iZi0 7.21 L ETE e 1
-— "‘i_(
g + JSFb 47.2 T2 21,77 .E1B i7.0
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4.5 Conclusion

In the present word we have shzoan that irn the case of

p—A collision dominsnt contribution to o comes from  the surface

Ll

4,451 fm for p + 7C

A
~h
o
i
o
1.
m
1]

region which i1s peabed arpund R =

{(Fig. 4.2.&) and p + Ca at E =45.2 MV, rescectively. These
}.‘—L

correspond to the razius pararsters 1,485 fm i1n the case of "L and

as - - -
Ca. Frem Figs. 4.27.46 and 4.7.8 one fTinds

=

1.2348 f1 1n the cass o

that the absorption peal of o_ir.A) nas s width which 15 of the
5 "y
arder of 2.4 fm for 1“8 and 2.3 fm for 4’Ea. It 15 i1nteresting to

note that the peal of absorption occurs at a region where mean

free path 1s about 2 fm which 1s the order of distance required in

p—p annithilation. Assuming that the contribution to o. from the

region r K. and R, - Rm i1s predominantly due to annihilation, we
-

P

conclude that oZin should be more than S50% of Ot This 1s

consistent with the results of Hernéndez and Oset [He B73 who

A —_— s
obtained Ognr in the range 2534 — 450 mb whereas experimental cross
H
secticn 1s 4202 + 22 mb. Further, the time spent by g 1ins:ide the
nucleus 1n the tegion + - F_ 1=z estimatad using classical

—

Coulomb—nuciear trajectory. In brief, we have found that TEA 15 of

1-“&

- 2. . = 4. ropt T =44, . -
the order of 4TU 4 ??TQ for p C at Elab 45.8 MeV, 4 170
- AQ — - 208
7.9t, for p+ Ca at E, =47.9 MeV and Z.9r.— 12t . for pt Fb at
¢ iab 8] 2
Eiab=47'9 Mell, where Tq=10_“‘5. This time 18 practically same for

different partial waves sgucept For peripheral partial waves.
P s

Assuming 1. 72 to bhe the ftigme spent by o 1nside the nucleus before

E
S —
ann:zhilation takes place, we find that the ratios o /oPF and
v Tann
e " 1 PA
T, 72t~ are of the same order. It esxperimentally obtained o
R op ann

=

:s5 substantially larger than o /2, 1% would 1imply that E—p
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annihilation can take place inside the nucleus even when p-p

saparation distance 1s more than 2 fm. This will be in conformity

with the cornclusicn of Ref. fHe 871 that p amnihil lation

probability increases substantizily insid
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CHAPTER 5
FUSION CROSS SECTION OF HEAVY ION SYSTEM USING EFFECTIVE FUSION

BARRIER TRANSMISSION MODEL

5.1 Introduction

Tz mechanism of fus:icn in the nuclesus-nucleus collaision

1zi1ons can generate supsrheavy nuole: by the process of fusion
resction. In the nucleus-ruclevs fus:on process, the projeciile
and tsrgst form 2 compound nucisus  through the fusion process.
Therae have been a number of models to zuplain the diffzrent
features of fus:ion preocess. They range from simple liguid drop
model and classical esgquations of motion to the solution of
Schrodinger equation with several var:ables pertaining to  fusion.
A review of different approaches used to describe hesavy 10n
cclliisions are discussed i1in references [Ba BO, Ng B&. Fh 2421, In
the macroscopilc  approach  one USES one-dimansional barrier
penetration model (BFM} [Bi1 87, Hi 52, Va EB11l for sub-harrier
fuszion,1.e., fusign below the Coulombk barrier and a two-parameter

R, V

cr formula [Br 8251 o = nR (1 - V_/AE} for above barrier

¥ 1S
B F cr B
cass. In gensral, the former underestimates the fusion data i1n the
sub—~barrier region (thiz fact 15 generally referred as the
sub—barrier enhancement) whereas the latter overestimates the data

at higher energies. Further thers seems to be no formulation of

the barrier transmission type which xplains the o data both

]

below and above the harr:ier height in 3 unified way. In order o
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have a better understarding of fus:ior process a simple macroscopic

[1n]

-

approach within the framsword of BPM ha

]

been formulated recently

sgel czlled effective fusion

3

by Sahu and Shastry [Ea 8%93. This
barrier transmissicn {EFE; model 15 found to bhe guite successful

in sx¥plaining the experimental fu

i

ion data over a wide trange of

agnargies around the Coulcab barrisr. It has been rezlised that EFE

i

e
LS

m
1]

model and direct reaction model (DEMY of ldagawa 1. fud 84, Uud

R

851 are two alternative ways of amaly atz. In the DRHM
2 g

4]

i}

inc fus:ion

one assumes that when the two 1nteracting nucle: approaching each

R 1/%
- . i ‘o i Zx
other., reach a daistance r = Ro (R = rFiéﬂ 5 ¥y fusion can
1 H 1
tatle place dus to absorpticn in the fus:ign channel. This distance

< R_ fusicn i1s goverred by the magina -y part cof  ths opticzsl
potential. O9n the octher hand. 1n EFE mogel when the colliding

nuclie:r come within the =

o
1
ud
J
i
0
~h

radius RF, complete fusior wall
tate place and in th:zs connection R sighifies the

pownt—of-no-return for the incoming wave, which 1s consistent with

the concept of i1ncoming wave boundary condition model of
Christensen and Switiowstii [Th 773. Trus +ftransmission nto this

region 1s the primary process nvolved in the fusion precess. For
transmissian into thie region 1t has to overcome the effzciive

barrier for complste fu=z:ion *o tabve plazce. One advantage oF  thais

o

model 1s that 1t uses only the surface regior of he poierntial

where the peotentizal paramsterz are wsll deterrined which 15 1n

cantrast to DEM. Thiz model 1s gurte justifiable bnecavse cof  the

|

fact that fusior radius paranster r_ obtai-ed i1n the present EFEB

model 1s praci:cally same as that of DRF of Udagawa et al. L[Ud 84,

[



ud 851.

Fef. [Ga 8%1. In view of all

the EFE model tco

study

~h
[

o tipons

8}

lowing se

few reavy 1on systems are d:

n
k3

In the simplest aod=zl for

a given =snergy 1t the

critical valus 1 (L = L.}

fu fu

and above the critical

Thus 1n the sharp cut-off model

section 1s given 10 tsrms o

he:ght VE and s written as
~
= - - ra Yo
= nRCF( 1 UB E

=

This model overestimates tha
to the fact that all
helow th

and barer

=

er,
1N a ctera cross section.
wh:ch 1s

to guantum mechanical

The phys:ical significance

iese facks
2

the thesor

angular
then the fus:ion probability 1s

valus (1 ~ 1 ¥

fusion
Hence, for energies
alsc Fnown as sub~-ha-+ri1er frsiocn,

Barrier
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has also been discussed :n

£
farks SN O

°F

we have further applied

heavy 1on fusion processes. In the

0
h
m
M
et
=

odel and 1ts applizaticn to

cussead.

Theory of effective fusion barrier transmission model

fuzi1on 1t 15 assumed that at

momentum iz less  than some

unity

fusian probability 1= cerc.

fu

tSCMy tBr» B85l the fusion coross

critizal radius Rcr and barrier

E -~ ¥
E
E UB. {5.2.1
data at higher energies which 13 due

reacticns may 1ot give rise to fusion process

lzss:ically farbidden and results

1s

N

belaow the barrier

fusion 15 poassible due

penetration. For fusiaon to tale

place 1n the sub-barrier region a nodel called barrisr penstratior

madel (BFM} 1s used [B1 BT, 33, VYa Bl

VYary rezently. ~ithin the frameword of direct reactioe
madel {(DRM) [Ud 84, Ud BE 1 naodifred barrier transmission  aodel
known as EFEB model has besn deveslcopad by Sanu and Shasiry [Sa B91.
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In the DRM, 1t has been assumed that fusion tabtes place dus to the

i

absorption of the flur which 1s goverred by the imaginary part of

1/3, 173
-+
= Ay F

1A

the potential withir the regicon v E_ = e (A

[any
H

characterises the fus:ion radivus. Thus, the transmission nto this

sghers 1s the primary proocess invelvyed

pu}
o
e
il
~h
[
n
ot
Q
ol
g
5
QO
"
]
W
]
-
T
i
i}

the barrier whith has to be cvercome for transmission into this

sphere 15 given by

i

<2
]

+
"
St
+
L
=
]
n

Y {l.r?

EFH N c H F
= (, r RF (5. 2.2
~r
h™ Ll + 1
where ¥ i(r}) = oy s being the reduced mass and V_{r; 1s the
L - e = c
Zur

Coulomb potential hetween two interacting nuclez. VN(P)

corresponds to the real part of the nuclear optical potent:al. The

total effective potentisl ve‘f(l’F} 1s given by

Y (L, =V (r) + Y

P o+ ~Y. S.za
M C{ JL{;} {5 ?

Here the Woods—-Saxon form of npucliear optical model potentisl
{(OMFY13 chosen. The optical model poternti:al parameters alongwith

the Coulomb radius parameter +_ for various heavy 1on system
-

P

n

ars
listed 1n Table 5.2.1. The paracsiters V_, r. and s represent  the

strength, radius and surface di:ffusens=ss parameters respectively,

cf thes real part of the octical model potential o The i1maginary

cart of the potential parameters are dencied by Nﬁ, v, snd  a .

Variation of effective potent:al a5 2 functien of » for variocus
= - 58 =58,

partial waves 1= shown 1n Fig.Z.2.1 for Wi + {1 =ystem. The

solid curve {(—! gcorrssronds to the EFE model snd the  dashed

curvg {———-=' 15 that of the tots: effective potential. The bar-ier
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Table 5.2.1 Various parameters used in EFB model
Syst Y v Ret
Fe Pl = -~ -~ - : = ~
ystem o .. a L o rg Pe Reference
(W_ ¥ {r 1 N OMF
3] 1
{Mei) {fm? {fm} {fm? (Mely ‘Tm: (fm}
16 &: = = = = L%en - = =
O+ 70w 58.52 1.22 0.57 S22 T1.97 1,510 1.485 iFe 821
(27.597) {1.22} (O.57)
1 &3 ~ -y - - - =T 1 o s
O+""Cu 54.74 1.2C 057 L20 T1.93 1LUECT 1.45 [Fe B23
(23.94} 1.2 (0,57}
28 EB = i 5 > [ Vo [~ e g —
Si1+7 N1 S0.00 1.29 .65 20 5Z.14 1.47¢ 1.35 et 871
(10.00) (1.24) (0. 45
28 &2
Si1+ M1 50,00 1.20 (At 1.2 Z2.55 1,437 1.78 [t g71
{10, 00} (1,200 (0. &5}
e
‘851+é4N1 SGL0n 1.20 . &2 1.00 52.04 1,437 1,443 L[St H71]
{10, 00) {1.200) (55
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total effective potential respectively. I+ 1s seen  that v;p for
H41Ffer e . . - s s ;L
Ji1Tterent part:ial waves in many ©3ses 1s less thso VE’ provided RF
g4 + & £ T ’f‘i’—:— 177
is c:fferent from EB Wy T it > A T, the Coulzmk barr:ier
pecsition. Due to these and the condition i1n Eg.(5.2.2:, the EFE
madel 1s found to be successful in explaining o, data in  the

sub-tarrier region, in contrast toc the sari:er BFM. It has also

ot

been pointed ogut that [Ea 7431, cutting cff +he +potszl efective
poctential near & certain seffective :interaction region and assuming

3 — < 5
£2130er vanishing or censtant salues of  goctential  fzor sSmaller

i

distances, has a negligiblie 1nflurence on  the opred:i:cted elastic

scattaring cross sectiza. Anpthsr point to bz neoted 15 that, in
tne PFM, szub-barrier and sktove Earrier reg:ons are  identifred

'y

based on

o
L)
th

132 = - 3 fan =t
w2 paramste-s namgly, Z. thz centre-ocf-mass energy  and

the Z-wave barrizr hzight, 2. which 15 not $ully justifisd.  Thas

zar ba undsrstooad :n the following may. For a3 given energy E = E,

5 i

. VE las shown n Fi15.5.2.1), U::B (Lyr: - E for several partial
(] B

wWwaves and for other partial waves (1 -~ 0 :n Fig.5.2.1% VEFB(Z,P}

; E. The former corresponds to the above barrier fusion, while the
latter to sub-barrier fus:on and herce. for such energ:es both the
aspects kave to be taken i1nto consideration.

Sahu and Shastry [5a 891 have desmonsirated that 1n the

above barr:ier case the approximat:ior Tt = 1 1in SCHM, 15 rather

drastic. As the energy i1ncresses above the bkarrier, transmission

coeffizient approaches unity rather =lowly. Compar:ison of

T~ { where TF 1is chtained by

s using the cut-cff barrier of the

L

transmission coefficients, TF ar

1

-

using & model potential and TC b
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same mada2l potential indicates that (1} below the barrier TC N TF

and (11} above the barrier T - Morever, both the

T -
c F
transmission coefficients approach vnity rather slowly. Hence, by
using tresulis (1} and (11) one can make the assumption that, in
the caze of nucleus—nucleus fusion, cutting off the potential ma
k4 =
account for the enhancement of the experaimental fusicn data over
the calculated values {obtained by uasing BFM with full barrier)
and at the same time will be satisfactorily abave the barr-er
also.
Based on the above oabsesrvations., her2 we gi1.8 more
appreopriate supression for TliE}. tsing the WER approximation one

can find the transmission coefficient TL{E‘ far transmission

across the barrier UEFB(l.P) which 1s given by [8a 893
RF -1 !
- 11 " - - E 9 5. 2.
T, (B {; + eup [.~ f Q(r)dr‘] ] . o (5.2.4)
i
b
where
2}.1 1/
G{ry = [ o [ V:FB(Z,P} - E] ] -
ha— Faa

Hare "y 15 the cutsrmost turning point. When E 15 very close to

L but below the barvrier top. Eg. (5.2.4) 12 not valid and  the

3
Vep

better approximation for TliE7 1=

~
-

oy
m
f
o
oot
.
o
+
i)
-
™
| Se—— |
(o
tJd
wn

13
In the regicn whers £ -~ ¥ . T (E; 15 Zziven by
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TL(E: = = . {S.7.8)
(LAF (rY 37 % (F vy /28 iry s~ v g
Y 1/2 - -
with E(ri = [ —_ [ £~ Vepg (L, ] ] and b~ = ZuE/R
h‘— .

The transmission coefficients can be gbhtained by using
Eg.(5.2.4), {3.2.5) or {(3.2.&) at different energies below or
abowve the barrier. Mumerical analys:is [8a 891 shows that  for
almost all energiez the comparison 1s guiite s=zatisfactory evcept
for energies near but abo.e the barrier. Hencs, for those fTew

t

partial waves for which E 13 close ftoc Vo but above 1t, the top of
i A7

the barrier 1s assumed to be parabolie and the transmission
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At

where
Y41y
M= {1 f iz do .
WLy

i t 1y are two complel congjugate ze-~os of @ izy= ZurE-M{zDsyshT.

Thus for those part:ial waves for which E 15 cleose t3, bhat  above
L

rer oy P - — ~~ = £ ~
i . Eg. {5.2.7) has to bz ussd 1nsvtead of Ec. (S.2.&0. Itbough

this mpdifization does not changes the fusipon o-ose s=ciion

significantly, but zn *the study of oo as & function of U nzar
the gracing 1, Eg.(3.2.6} hes 1ts i1mportance. Mow thes cartial wave
?'1 =

fus:ion cross section (UF: 18 given by

l -

oo = L /T s 020+ 1y TOIER (EL. {S.2.9)
F L 14
s

-
Here ¥7 = ZpE /7 BT and Plxﬁz 1= thes energy dependent parameter
indicating the probability of fusicn., In the EFE model 1t has been

assumad that FL(Ei =1 1n the energy region nesr the Coulomb
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barrier. With this approximation Eqg. (5.2.8) becomes

ol = tan®y @+ 1) T EY
F LY ~ P L4 L -

The total fusion cross section OF can be written as

n/k< z (20 + 1) T, (E)- (5.2.9)

'3

{E}, oo £an be calculated out.

Using the proper expressions for T E

t

In the calculation of » the cut—off | value is chosen in such a

F?

way that, for a given energy T, < 12 7, Ffar t > 1

[

Physically it

l o
is expected that 1. =1 . where 1 is that wvalue of 1 for
Q poc poc
which 1 > 1 vV {l,r?} shows no pocket. It has been observed
poc aff
that for most of the systems lﬂ < lpoc in the energy range

concsidered. In Table 5.2.2, a list of lO and lpoc for the highest
energy, in the energy range studied, is given for five different

systems. The fusion radius HF is cbtained by compatring

experimental o with the calculated valus. The significance of r

F F

is discussed in Ref. [Sa 8%1.
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Table 5.2.2 Energy range, RB—RF, lg, [poc for heavy ion
systems.
System range of E RB ~ RF 10 KBQ: Reference.
{MasV {fm? Erpt.
190 + ®-tu Z0-76 0.79 =5 =T [Fe 391
=
169 + &”Eu S0-7 2. 5S 55 =3 LFPe 221
~ o
285, « S5y 4747 0. A48T e =& [St 251
28 &2
51 + M1 48-58 0.72% = =6 L5% 841
~851 + &4N1 47-54 —3.22 45 =8 L2t B&1
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5.3 Results and Discussion

In this section we have anplied this esffective fusion

harrier transmission model to study fus:ion barrier data of a3 few
& &7 it &5 28_ ==y Z8
heavy 1on systems lite, 02 + “Cu, 0O+ Cu, S1 + W1, 51
&2 2e &4 (8]
+ W2 and Si+" Wi over a range of ensrgies arcund V_. The

E

= 3 <

snergy range studied for these systems 1= given 1n Table S5.2.02.

Using Egs. {(E.2.4:, {5.2.3}) and (S.2.47, the transmission

coefficients T, (E} can he obtained ard b

ul
L
Ul

t:tuting 11t in Eg.
{3.2.%r fusion cross sectieon oo can be caelculated. Table 50201
1 model psrameters ussd 1~ the
calculation for all the above systems studied zlongwith the values
of other relevant grantities late, fusizcn radivs paramster =
Caulomb karrier parameters vg and rye It 15 worth menticning here

that the same optical model parameters have heen usz=zd for the

entire energy range. The numbsr of significant partial waves L.

L8

—T
such that for U lﬂ, Tl i2 7y at the highest ensrgy of the
ensrgy range, and 1L s 1.2., thz2 wvalue of the partial waves

poc

beyond which pocket of the effectis 2 potent:al vanishes, have been
faound cut for =211 these systems ana a list 1s given :n Table S.2.2.

The fusion cro

u

s sectons, which are obtained using EFB
model, are plotted as a function cof centre-ocf-mass energy E  1n

Figs. 3.2.1 — 5.7.7. These +esults are compaved with the ava:ilable

Expt
—

3

experimental data. While euplaining o i1t may be noted [Ba 801
that complete fus:on 15 given by the sum of the cross sectionz due
to evaporstion residue formation and fusion followsd by fizsion.
Howewver, at i1ncident energies arcund V

practically azcounts for ths whole of o 1n general. In Figs.5.3.1

W]



30 40 50 60 70
E (MeV)

Fig. 5.3.1 Flot of fusion cross section o a function of

as
16 68, 65

incident centre-of-mass energy E for o + Cu systems. The

solid curves correspond to EFEB model . Arrows indicate Coulomb
0
5"

and 4 for %0 + “3cu and A for %0 + *Fru.

barrier heights V The experimental points are represented by (’)
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j oug
of OS‘B

rt

ted th ot teinsed by

m
-
m
0
i-
[
,u*
i}

]

and S.3.2, we have 1liustr

m
~h
g

using EFE mpodel az a function of v the five pairs of n~uclel

Lo

listed 1n Table 5.2.1. In each f:gure the solid curve
EFE EFFE 16,

- The results of o for O+

correspeonds to the resulis of o £

57,65 -
e me are schown 1n Fig. 5.5.1. The corresponding resulis

e
o8 58,62, 64

af o For 51 + 1 systems are shown in Fi1g9.5.5.2. The

experimental points are dencited by solid triangles and circles for

1é’!:l + “7Cu and open triangles for léﬁ + 65{u correscond o

-

evaporation residus cross section [Fe 8%91. From these figures 1t

is se=sn that the fi1t of ¢ ¥

t3 o 15 reasonably good. Thus EFE
model 1s gquite succeszsful e = gs=neral macroscopic methoad  for
analysing the fusior datz around the Coulomb barrier.

For relztive comparison we bPave shown the results  of

fusion oross section cbtained by using both DRM and EFE models for

=8 58,44 - = ;e -
Mz + T My systems in Fi1g.5.7.7 [Ss B92. From Figs. 5.37.3 1t
4 =8, S8 , \
15 clear that in the case of M1 + Mi, both the models give

equally good fits to the ewperimental data. However 1n the casz of

5 4
BNz + 5 M1 system the fi:1t of EFE modsl 15 much betier than that

of DRM. It has been seen that 11n scme cases. DRM results  are
superior to that of EFE model. It mav, howsver, ke noted  that
results of DRM are chtained by chsanging the optizal model

parameters suitably, whsreas 1 EFER  model. energy independs=nt

ot

re ussd. Good  agrseman of the EFE

~y

optical mode

[

T
1]
"3
0
=
m
o+
m
-3
in
1]

[Ia]

fusion

tA
o
=
A
U
L1
m
oot
1]
l
wh

result ascertains the fact tha:t EFE angd

ot

1 Fferen
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5.4 Summary and Conclusion

Irn this ssction we briefly summariss the worl 1sCcusss

m

t

in this thes:s. The thes:is Zontains the investigations of  several
festures of antiproton—nucleus scattsring and soame  asgecis of
heavy i1on scattering. The low ensrgy sntiproton-nucleus scattering

has opered up a2 new figld cf researzh in nuclear resactions which

¥ nuclear matter,

i

{

has i1nteresting i1mplications i the tudy

strangs psrticle production, antigrotonic stoms. etc. In Chapter

t

2, we have given a2 brief review f several accumulated results  of

antiproton—nucleus scatisring. Tha n Ythrust of this thesis 1=

3
]
bl

on the cemparative study of antiproton—nucleus scattering and

heavy ion scatiering and *ths applicabilz

o
el
r

¥ several techniguss

used 1n heavy 1on scattering to the analysis of antipreoton-nucleus
scatiering. The whele worl comes within the broad framewosk  of

er related

nuzlear opti:cal model. The semiclassical and ot

-

theorstical analyses havse grzatiy helged to understand

P

diffractive, refractive, absarptive and rescnance aspects of nesavy

1ion scattering. On the hbaszis of sveral similaritzes between
antiproton—nucleus scattering and hsavy 1on scattering, we Fave
investigated the applicarcil:ty of theorstical techniguss developed

for heavy :on scattering to the analysis cof antiprocton—nucleus

scatteving. At present ths siupsriassntal data 10 anftiproton-rucisus
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chercaena are not yet s.a:rlable from siperimsnts. Howesver, we

"

bpl:ze,se that as mor divsrsa data becom= available

[

antipraoten—nuclieus =catteEring at  low  energies, the theorstical
techniguss studied ir this thes:is will be wusseful 1n the analysis
and physical 1nterpretat:ion of the dzta. This thesis alss contsins
some calculation of nucleus-nucleus fus:on within the frameworl of
effective barrier model! which gives a comprehensive understanding
of the dirsct reaction model bassed o optizal potential 1n the
interiar region angd  the Ebarrier penetrationn model  wheres the

effoctivae o

9]

tenti1z2! in the bBarriss regicrh 1= scst important.,

In chapter 7., we hsve studied semiclass:ical and closed
formalism approaches ts snticroton--sclzus =zcattering. & smoocth
hehaviour 1 the effecti~= potent:ial of antiprocion—nucleus

interaction sugoestz trat, gne-turnirg point WE apprsiimation can

approimetion,. closea form snpressionz for nuclear phase shifis

have been obtainad which wers *hen wsaed fc find the szattering
cross sections. The method ass 1llustrated by carvrying out  the
y - 12 = 4G
crass section calculations of p+7 78 and p+ Ca scattering systems
at E‘qb = 45.8 MeV. The study of closed formalism or parametric E
A

matrix approach, using two well lnown carametrisation schemes of
nuclear § matriyx, gives a2 good fit to the p—A scattering data. Few

- - 12 - 40
typical scattering data for p-& systems live, p+ "G, p+ Ca and
-~

P+ %p at Eyap = %6.8 MeV and 5+1°C at E o = 180 MeV, have been

J

approach, which wers then

b
N
P

aralysed using paramerric 5 matr

ta. The results i1ndicats that the

R
V]

comgaraed with *he = :perimsnial

closed formalism approach which was applied earlier for  the
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analys:is af heavy 1on scattering data can be successfully opplied
1in the cazz of antiproton—nucleus scatier:ing data as aell.

In chapter 4, we have siamined the relative i1mporiance
of different regions of antiproion-nucleus optical potential  in
generating the tctal reaction cross section using the method of
regron—-wise aksorption, as formulated in hsavy i1on scatiering. It
has been found that 1n antiproton—nucleus collizzion most of  the
contribution to reaction cross ssct:on comss from the surface

4™
-

region which 1= peated at | 7.4 fm for o + £ at E1a = 45,8 MeV

E
Ay

and ., 4.51 fm for p o+ Ca at the =same wvalue of E We have also

lab”
estimated the mean free path of antiproston inside the nucleus and
abtsined the radial paositions E1 and Rz where the corresponding
mean fTree paths are about 1| fo and 2 fm repectively. From ocur
study of region—w:ise absorptiocn 1t was observed that the peal of
region—wise absorption tabtes place arcund the regicon where the
mean free path 1s about 2 fm. Using the method of regilon-wise
absorption, together with the estimate of antiproton mean free
path 1nside the nucleus and the critical distance for p-p
annihilation, 1t was estimated that the contribution of
annihilation cross secti:on to reaction cross  section would be
about S0% or morae. The time scale nvolved in E—ﬁ collision uvsing

classical Coulomb-nuclear trazectory was estimated. The time spent

by antiproton i1n the classical Coulomb-nuclear trajectory was

e P
as -

found to be approxitately in the range 1O - 14 - geconds. It
was also found that the time elapsad for different gpartial waves

«“ith:n the region v R_ {(R_,the Cculomb radius} for 3 given
£ .

nucieus at a given esnergy were practically same wcept  for  the
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peripheral partial waves where they gradually fall off. This
result is also very similar to the corresponding resuylt as in the
case of heavy ion scattering.

In chapter Z, heavy ion fusion cross section, using the
effective fusion barrier transmission model have hbeen studied
around the Coulomb barrier region. Good agreement ot the
calculated fusion cross section data with the corresponding
experimental 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 model of fusion developed by

Uidagawa et al.
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