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ABSTRACT

This work deals with the study of interaction
of -pions in complex nuclei. The cross sections for
inelastic interactions of positive pions with emulsion
nuclei have been measured at.various pion energies in
the (3,3) resonance energy region. The results.-have been
interpreted in terﬁs of plon-nucleon interaction cross
section through isobar formation, using the optical model
formalism. Good agreements have beeh obtained between
the experimental and calculated results.

The results indicate that the maximum in cross
section occurs at about 160 MeV pion incident energy,
which is léssthan the energy at which the (3,3) resonance
occurs. This shift in thé position of the maximum cross
section is attributed to the optical model potential seen
by the pion inside the nucleus. Other available experi-
mental datavof positive pion interaction cross sections
with complex nuclei have been summarized and interpreted

successfully by using our model.

This model has aléo been used to obtain the
fraction of pions absorbed inside the nucleus in antiproton

annihilation. When an antiproton annihilates on a nucleon
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a8 number of pions are prodﬁced. If, however, the annihi-
lation takes place inside the nucleus, a fraction of pions
is absorbed before coming out of the nucleus. The availa-
ble experimental data on pion multiplicities in p annihi-~
lation with hydrogen and emulsion nuclei are compared to
obtain the absorption fraction. . The results have good
agreements with the calculated values in the (353) reso-
nance region. ‘

The pion-nucleus optical model potential used
for our calculation has been obtained on the basis of
the theory of Frank-Gammel and Watson in conjunction
with the "effective-range™ theory of Chew and Low. Many
body effects have been taken into éccohnt by applying the
Pauli exclusion principle to the intermediate state of
the nucleon. It has been shown that in the nucleus the
peak of the (3,3) resonance in pion-nucleon scattering
is considerably reduced and its position shifts towards

higher energy.

To investigate the mechanism of absorption of
pions in complex nuclei, a detailed analysis of the ener-~
getic protons produced in the‘pion induced emulsion stars
have been carried out. The stars were produced by

a) direct interaction of 70 MeV positive pions and

PSRN Lﬁ“;‘;v,‘,?w'\:ﬁ




b) D annihilation in emulsion. In the latter case, p
annihilates to produce pions which in turn interact with
other nucleons in the nucleus. The absorption of a pion
takes place on a pair of nucleons to emit two energetic
nucleons. The distributions of energy and opening angles
of the energetic proton pairs as well as the energy dis-~
tribution of the individual energetic protons have been
measured. The results are compared with the results

obtained from Monte Carlo calculations.
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Statement of Originality

This project is the first accurate and systematic
study of\the inelastic interaction of poéitive pilons with
complex nuclei of emulsion in the low energy region
exﬁending up to the (3,3) resonance energy region. To
the best of the author's knowledge; the following
contributions are original:

Calculation of the pion-nucleus optigal model
potentials based on the Chew-Low theory, considering the
effect of the (3,3) resonance as well as the Fermi motion
of the nucleons.

A nearly monoenergetic and wide pion beam has
been used to irradiate the emulsion plates; the incident
beam being inclined at certain suitable angles (and at
right angles) to the plane of the emulsion. Thé inclined
beam has been shown to be very useful in cross section -
measurements.

Syétematic and accurate measurement of the
inelastic interaction cross sections of positive pilons
with the complex nuclei of emulsion in the energy region
10 to 60 MeV and at three higher energies.

The results have .been interpreted on the basis
of the pion-nucleon interaction through the isobar formation.

The results tend to indicate the presence of the pion-

nucleus interaction potential.
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From the measured cross sections, the imaginary

parts of the optical model potential,‘V , have been obtained.

Fractional loss of pions (pions'being produced
inside the nucleus due to the annihilation of antiproton),
as a result of the absorption inside the nucleus, has
been explained on the basis of the above model.

From about seven hundred pion induced stars
(with pion energy.BO to 60 MeV) in nuclear emulsion, the
following experimental distributions have been obtained:

1) . Energy distribution of the fast protons emitted
in pion absorption stars.

2) Energy distribution (sum of the energy of the
two protons) of the fast proton pairs emitted in pion
absorption stars.

3) Distribution of the opening angles between the
two fast protons.

The.results have been compared with the Monte
Carlo calcuiations.
Similar distributions have also been obtained

experimentally for about 450 p annihilation stars.
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Chapter I

INTRODUCTION

~

I-1 Motivation for this Project

From the Yukawa's theory of nuclear forces, it
1s known that the pion is the main mediator of the nuclear
forces, the range of which 1s determined by the pion-
Compton wavelength ~ 1.4 Fermi. Since the discovery of
the plon in 1947, therefore, it has been used extensively
as a nuclear probe. The plon is a strongly lnteracting
boson of mass 139.6 MeV (positive and hegative pion o)

and 135 MeV (neutral pion w°) having isospin 1 and spin O.

Because of its strong interaction with the nuclear nucleons,

it is expected that these studies will give valuable
informations regarding the behaviour of the nucleons inside
the nucleus.

The advantage of the pilon over the nucleon as
a nuclear probe 1s due to the fact that the plon is a
boson and consequently can be absorbed in nucléi providsd
the energy-momentum balance'is satisfied. Thus pion can
be used as a probe, .like photon, which can disappear from

the final products of the reactions. Moreover, the rest

N S




mass and the kinetic energy'of the plon can be known
accurately and hence the kinematics can bé‘worked out
wlthout much difficulty. Since the plon has lsotoplc
spin 1, it exists in three different charge states;

n" (positive plon), m~ (negative pion) and n° (neutral
pion) with the z component of the isotopic sﬁin,_TZ,
equal to +1, -1 and O, respect%yely. This makes the
double charge exchénge, - ﬁ#ﬁpossible, with charged
particles in both initial and final states. These
reactions meke 1t possible to study ATZ = +2 transitions
in nuclel which are inaccessible by other means.

The plon, like other nuclear particles, can
interact wilth the nucleus either elastically or inelastic=
ally. In an elastic process, the nucleus is left
unexcited whereas in an inelastic process the incident
particlevtransfers energy to thevhucleus. A large number
of theoretlcal and experimental studies have been carried
out for the elastic scattering of pions (Rainwater 1956,
Auerbach 1967). There is however a general lack of
systematic study of Inelastlc Interactions of pions. At
the CERN conference (CERN 1963) the experimental know-

- ledge of pion interactions with complex nuclel was , on
the whole, characterized by a lack of quantitative

information on the basic properties of the m-nuclear




interaction. As a consequence rmuch of the theoretical
.discussion was .- qualitative, tentative, even 1in part
speculati&e. The need of a systematic study of pion
nucleus interaction was, therefore, emphasized by Ericson
(1965) and by Jean (196L). This group has, thus,
undertaken a study of the inelastic interaction of pions
(with special emphasi; on low energy pions with energy
‘less than 300 Mev) with complex nuclei. The particular
interest of working.with low energy pions, well below the
(3,3) resonance energy, is due to the fact that the
measurement of cross sections at these energies can yield
valuable information regarding the pion nucleus potential.
The results of Nikoltskii et al.(l957)kalso Metropolis et
al.(2);1958 and Fuji;1959) indicate that a nuclear potential,
which is the real part of the optical model potential, is-
seen by the pion inside the nucleus. Any potential seen
by the pion ié expected to influence the interaction cross
section. At low pion energies (i.e;the energy region of
our interest), potentials of the order of 10 to 30 MeV
(the magnitude of thé potential which may be seen by the
pion inside the nucleus) are expected to produce consider-

able changes in the .interaction cross section. Thus a

comparison of the experimental and the calculated results




can give us the magnitude of the potential. The measure-
‘ments near the resonance energy is expected to provide the

effect of the (3,3) resonance inside the nucleus.




I-2 Inelastic Interaction o6f Pions

N

In an inelastic 1lnteraction, thelpion can elther
get absorbed inside the nucleus or can come out of the
nucleus with reduced energy. 'Inelastic events! include
all the incoherent processes; i.e. absorptioﬁ, inelastic
scattering, slingle and double charge exchange and stops
in flight. In absorption, the rest mass and its asscciated
kinetic energy is transférred to the interacting nucleons.
Experimentally, from a serles of experiments on proton-
proton (pp), proton-neutron (pn) and neutron-neutron (nn)
pairs emitted in pion absorption (Ozaki 1960), it is
well known that the absorption predominantly takes place
on a pair of nucleons. This is also quite evident from
the consideration of absorption kinematics. For, if all
the avaiiable energy, which is the rest mass energy, 139 MeV
or more, is given to one single nucleon, its momentum
will be of the order of 500 MeV/c or more and this, by
momentum conservation, must be the order of magnitude
of its initial momentum. It 1s, however, unlikely to
find inside a nucleué a nucleon with momentum higher than
the Fermi momentum, 225 MeV/c, so that the emisslon of
one nucleon must be.strongly'suppressed. On the other

hand, if the available energy .is shared about-equally




between a pair of nucleons,.each nucleon carries with it
only 70 MeV kinetic energy; 1.e. a momentum of about
375 MeV/c. The angle between the two outgoing nucleons
can be such that the resultant final momentum is equal
to the resultant of the momenta of the two participating
Anucleons. Thus it is more likely that the absorption
occurs predominantly on a pair of nucleons rather than
on a single nucleon. The absorption on more than two
nucleons is, however, permitted; but the cross sections
are comparatively small. |

If the pion is nct absorbed, it can Interact
with one of the nucleons and can transfer a part of the
kinetic energy to the nucleon. The pibn can further
interact or may come out with reduced energy. In any
case, these nucleons can collide with other nucleons and
start a cascade. Durlng these colllsions, the nucleus
can become highly excited and evaporation may result |
emitting a few nucleons. In a charge sensitive medlum;
e.g. In emulsion, the charged particles are recorded
and hence the event is manifested as a visible star.
If no outgoing plon is visible, the star can be either
due to absorptiom, or chargé,exchange if the incident

plon is a charged one.




I-3 Models for Pion-Nucleus Interactions

On the basls that the absorption of pions takes
place on a pair of nucleons, Brueckner et al. (Brueckner
1951) proposed a model in which the pion is absorbed
on a pair of correlated nucieons, This modei, known as
Brueckner-Serber-Watson (B-S-W) model or !quasi-deuteron
.model?! of absorptiﬁn, satisfactorily explained the pi-
mesic-X-rays. This model, however, fails to explain the
correct ratio of n:n and n:p as observed by Ozaki et al.
This model can only predict the pure absorption cross
section, and cannot predict the total inelastic cross
section which can be easily measured. " According to this
model, the absorption cross sectioﬁ is proportional to
the plon-deuteron interaction cross sectlon. This pro-

- portionality constant is a measure of the nuclear corre-
lation inside the nucleus and 1s not a very well defined
quantity.

Comparatively recently, Fraenkel (1963) has
proposed a model in which the absorptlon takes place in
two stages. According to this model, the 1ncident pion
interacts with one of the nuqleons inside the nucleus to

form an unstable resonance state or an isobar:




m + Nl - N3 (a;)
where N and N* stand for a nucleon and an isobar,
respectively.

~ The 1sobar may then either

1) interact with another nucleon and gets
absorbed emitting two nucleons:
-1\r*+1\12-.1\13+1\rlP - (v)
or 1i) the isobar may decay into a pion and a
nucleon:
N = o+ N . (c)
In this process, the pion can exchange its.charge resulting
in a charge exchange reaction. This process can occur
ﬁwice and the result will be a double charge exchange.
These outgoing nucleons and the pion (if present) can
interact with other nucleons as described in the previous
section. Generally, the two nucleons which are emitted
due to the absorption will have high energy, since the
rest mass energy of the incident pion 1s transferred as
kinetic energy to these two primary nucleons. This model
1s also essentially & two-nucleon interaction model, but
1Is much simpler than the B-S-W model. In this model the
total interactlon cross section is simply determined by

the interaction given in stage 'a' which is precisely

known over a wide energy range.




I-4 The Scope of the Work

In the present work the result of the experimental
measurements of the cross section of inelastlc interaction
of positive pions with the complex nuclei in emulsioﬁ are
presented for the (3,3) resohancg energy regibn. More
emphasis has been given in the lower energies up to about
70 MeV. The experimentally measured cross sections are
comparéd with the predictions of the B-S-W model and the
1sobar model using the optical model potentials. The
optical model potentials used for this purpose have been
calculated in Chapter II on the basils of Chew-Low theory
(Chew 1956). Other available data on mr-nucleus inter-
action cross sections have also béen compared with the
isobar model calculations. In Chapter V, the absorption
fraction of pions, emitted in the antiproton annihilation
inside the nucleus have been interpreted with the same
model. The spectra of the energy and the opening angles
of the fast nucleon pairs (emitted in the primary inter-
action of pions) have been obtained experimentally and

are analysed with the model by Monte~Carlo calculations.
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I-5 Review of the Earlier Work.

‘Since 1950, a considerable number of experiments
have been carried out to explain the mechanism of interaction
of ;ions (both positive and negative) with complgx nuclei.
Due to the relative simplicity of obtaining & pure T beamn,
more experiments were done with ™~ than with ﬂ+_(Menon. et
al. 1950; Adelman.1952). Bernardini (1951) measured the
.mean free path for the interaction of both m' and m in
emulsion. They obtained the cross sections for star
production by ﬁ+ mesons at mean energies between 35 - 50
MeV, and 70 - 80 MeV, which were 380 and 670 mb, respecti-
vely. These results give the magnitude of the cross
sections, but are not very useful fér quantitative analy-
sis due to thé large energy width. Rankin and Bradner
(Rankin 1952) also studied the interaction of 45.5 MeV
m’ with the emulsion nuclei. Blau, Oliver and Smith
(Blau 1953) Worked with a 7 beam having an energy between
50 and 80 MeV. Using laminated emulsions they found tﬁat
2L-~30 percent of the emulsion stars originated in the light
nuclei of the emulsion. Their result indicated that the
absorption of pions occur chiefly on nucleon pairs. Byfield

Kessler and Lederman'(Byfield 1952) measured the elastic

interaction cross section of 62 MeV nt and T with carbon
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nuclei.

The interaction of positive pions of energies
33, 46 and 68 MeV with beryllium, carbon, aluminum and
copper was investigated by Stork (1954). These and
earlier results were analyzed by means of the optical
model, and a strong energy dependence was found for the
pion interaction créss section In nuclear matter. The
general features of the energy dependence were explained
qualitatively by using optical model. A satisfactory

representation .of the energy dependenée was given by:

A L 2, -1
Ma = [ 2b (ky )% / w* ]
/Yq 0 | 1.1
where |
xa = mean free path of interaction
Yo = pion Compton wavelength
k = plon wave number
= Pp /33 Pp is the initial pion momentum and
# is the Planck's constant.
w = total pion energy expressed in units of

plon rest mass.

The quantity 'b?! is a constant and was obtained by extra-

polation. This analysis, howéver, does not give any

physical interpretation of the interaction mechanism.



- 12 -

The sharp energy.dependence of pion-nucleus
interaction cross section was also observed by Tracy (1953)
in his cloud chamber study of the interaction of n meson
with aluminum. He obtained the cross sectlons at average
energies of 38, 57 and 82 MeV. These results are further
discussed in section IV-6. Similar work was done by
Saphir (1956) with lead at 50 + 15 MeV. In most cases,
however, the resuifs can not be used for rigorous quanti-
tative analysis elther due to insufficient statistics
or large pion beam energy or because of lack of exact
knowledge of muon contamination. A comparatively more
Systematic study was carried out by Blinov et al. (Blinov
1958). They used a 17 liter bubble chamber to study the
interaction of m' mesons with complex nuclei in freon.
The cross sections for scattering, absorption, charge
exchange and production of charged mesons were measured
for the incident pion energy of 80 to 280 MeV. |

Frbm the theoretical point of view, the absorp~
tion mechanism was first given by Brueckner (1951), and
the model (B-S-W model) has been explained in section I-3.
In recent years, following the suggestion of Ericson and
Jean many attempts have been made to investigate the pion
interactions with nuclei. Kopalelshvili (1967) and his

group have investigated the pion capture processes 1n
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O and ~*C taking strictl& into account the interaction
between the emitted nucleons. The célculations were
made with the independent pair model for target nuclei.
The absorption of stopped negative pions on 6Li and 120;
accompanied by the emission of two nucleons, have been
studied by Sakamoto (1966) in terms of the direct pion
absorption by nucleon pairs. The absorption rates of
pions were expressed as a function of the ceﬁtre—of—mass
and relative momenta of the nucleon pairs for investigating
the momentum distributions of nucleons‘inside the nucleus.
Fraenkel (1963) proposed a model in which
absorption takes place in two stages through isobar
formation. This model has been discuésed in section I-3.
Recently, Le Tourneux (1966) has investigated the absorption
of pionsin a single nuclecon inside the nucleus. In this
case the absorption takes place by the Fermi motion of the
nucleons. Since the nuclear Fermi momentum is small, this
ébsorption mechanism is very weak. The absorption rate,
through this channel, is lO3 to lO4 times smaller than the

observed rate. This mechanism, therefore, does not play

any significant role in the absorption of pions.
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Chaptér 1T

PTON-NUCLEUS OPTICAL MODEL POTENTIAL

~

IT-1 Introduction

"The Optical model™ of a nucleus or the.so-calleq
'cloudy crystal ball! model is one of the simplest nuclear
models which can easily describe the interaction of a
particle with a nucleus. The initial dévelopment of the
model was due to Fernbach-Serber and Taylor (1949) follow-
ing some earlier work of Serber (1947).

In the optical model, the nucleus is represen-
ted by a complex nuclear potential, V, which is a function
of the space coordinate and incident energy of the parti-
cle. The imaginary part of the potential, VI’ describes
inelastic processes permitted by the Pauli principle and by
the law of conservation of energy. The real part, VR’
describes elastic processes and is manifested as the
interaction energy of the incident particle with the

nucleus.




_15_

In its simplest form, the optical model poten~

tial, V, can be represented by a square potential well

V = Vp+ i vy , (2.1)

Many other complicéted forms of V are available but in mest
casesba number of adjustable parameters are necessary.

The real and the imaginary parts of the bptical model poten-
tials may be related to the propagation coefficient, kl,

and the absorption coefficient K, respectively:

VR = B hckl (2.?)
Vi = 3B hek (2.3a)
s e, o1 L (2.3b)
2)\t )\t ).s Xa
Relativistically,VI is given by
o , . 2
v =k BC v 1-8" 4 (2.4)
. m B

where B is the ratio of the velocity of the incident particle
to the velocity of light ¢

m = mass of the incident particle in energy unit

E = kinetic energy of the incident particle.
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h = %ﬁ; h = Planck!s constant.
A, = mean free path for either inelastic scattering

or absorption of the incident particle.
~ "ks and A, are the mean free paths for inelastic
interaction and absorption, respectively.
The absorption coefficient, K, in nuclear matter is equal
to the particle density times the cross section for

scattering, 0, of the incident particle by a nucleon in

the nucleus:

3 As

K (2.5)

B 4 nR3

Here A and R are the mass number and the radius of the
nucleus, respectively. The propagation coefficient, kl’
is given by

[2m (E + V)j%

k + ky + 3K = 4 (2.6)
he

when the wave number k:

| (2mE)%
kK = —— (2.7)

he
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IT-2 Theory of Frank~Gammei and Watson

The first systematic theory of pion-nucleus optical
model potential was de&eldped by Frank-Gammel and Watson
(1955), hereafter referred to as F—G-W; Accordihg to
F-G-W, V(wo) should have the form-(excluding the ternm

involving the meson absorption):

V(U)o) = VR ("”o) + i VI(tJ)O)
W

2m |
1\~/Ifo (mo) (2.8)

it

m[ H

3

Anro -

The meson absorption term is obtained by taking 1/x, to
be proportional to the capture cross sectilon, 04 of pions

by deuterons

)

_ oo 0.107 5
— = L (0.14 + n°) ] (2.9)
he nq 9

>

The equation (2.9) is obtained by using the semiempirical
formula for o4 given by Gell-mann and Watson (1954).
According to this,od can be expressed as a function of the

pion momentum:




where =
N ﬂq

rest mass.

amplitude

U This

imaginary

fieen el
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L.L5 >
o4 = (—) [0.14 + nZ]
g

qc/mﬁ is the C.M. pion momentum in units of pion
fo(wo) is the pion-nucleon forward scattering

in the C.M. system for a pion having C.M. energy

is a complex quantity aﬁd consists of real and

parts. M is the rest mass of nucleon, Eﬂ is the

total energy of the pilon in the laboratory frame of refe-

rence, W is the total energy of the system in C.M. frame.

F-G-W- used ro = 1.4F.

Using Clebsh-~Gordon coefficients, the forward

scattering amplitude, fo(wo), for positive pion in a

nucleus having A nucleons and Z protons is

| 2 (%, 1 2 Z
fO(wO) = 3 (A + 2) f03 + 3 (l - A) fol
where fOB and fOl are forward scattering amplitudes for

isotopic spin 3/2 and %, respectively; and are given by

for = f. + F.. + 2of

03 31 33

fOl = + fll + 2£13

(2.1(5)

(2.11)
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where f3 and fl are the S wave amplitudes and f3l’ f33, fll’

b are the P-wave partial wave amplitudes..

13
For a nucleus of equal number of protons and
neutrons, equation (2.10) becomes identical for both posi-

tive and negative pions and is given by

+ % £ - (2.12)

2
folug) = 5 fog 01

It is to be noted that the value of the energy, w, at which

v(mo) is to be evaluated is obtained from the relation

w=w, - v(w) (2.13)

where w, is the actual energy of the incoming meson. The

scattering amplitude fo(wo) is complex and the real part

Re fo(wo) = = [2Re fo3 + Re fj;]

wli—-l Wi
O

[J03 + 3 JOl] (2.14)

J03 = sin 263 + sin 2631 + 2sin 2633
. (2.15)
JOl - sin 261 + sin'26ll + 2sin 2613
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where 6's are the pion-nucléon phaSe shifts. Given the
phase shifté, it is possible to evaluate the real part of
the optical model potential, VR’ by using equations 2.15,
2.1k and 2.8. Similarly, the imaginary part of the forward
scattering amplitude, Im fo(wo), can be expressed in terms
of a's to give V;. '

Frank-G;mmel and Watson used the values of JO3
and JOl directly determined from the pion-proton inter-
action studies by Anderson-Davidon and Kruse (1955). Ve
and Vi obtained by F-G—W are shown inlfig. 2.5 as a func-
tion of the plon kinetic energy outside the nucleus
(dashed lines: Vg (F-G-W) and Vg (F-G-W)). A sharp energy
dependence of the potentials are obserfea and VR changes
its sign at‘the free space resonance energy.

' The F-G-W theory is based on the assumption
that the two body forces within the nucleus are very near-
ly the same as between the free particles and that the
many body fofces are negligible. This assumption, however,
is not quite justified, particularly near the (3,3) reso-
nance energy for pion-nucleon scattering. The effect due
to the marny body forces can be taken into account through
the Pauli exclusion principlé! Instead of taking the phase

shifts directly from the pion-nucleon interaction results,

it is possible to calculate the scattering amplitude from
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the teffective-range theory! of Chew and Low (1956). In
its original form, the Chew-Low theory gives the pion-nucleon
scattering amplitude in free space. Pauli exclusion prin-
ciple can be applied to the intermediate state of the pion-
nucleon system; 1.e. to the isobar state, to account for
the effect of the neighbouring nucleons. Preliminary
attempts were made by Miyazawa (196L) and by Kimura and
Nagashima (1965, hereafter referred to as K-N). In their
calculations K-N assumed, for simplicity, that the nucleons
are on the average at rest although a.séattered nucleon must
have energy greater than the Fermi energy to satisfy the
Pauli exclusion principle. By neglecting the Fermi motion
of the target nucleons, K-N have made the effect of the
Pauli exclusion principle very severe. According to their
calculations the resonance energy inside the nucleus shifts
by about 200 MeV from the free state resonance value. It
was shown by Mes et al (1967) that such a high resonance
energy would cause much larger pion absorption than is ob-
served experimentally.

In the following sections we will use the Chew-
Low theory to obtain the (3,3) scattering amplitude inside
the nucleus by taking into aécount the many body effect and
the Fermi motion of the target nucleons. This amplitude
will be used to obtain the optical model potential inside

the nucleus.
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IT-3 Modified Theory for Pibn-Nucleus Optical Model Potential

II-3.1 Scattering Amplitude °

~ Let us consider the pion-nucleon scattering in
free space. We start with the unitarity relationship

between the scattering amplitudes as given by Chew and Low:

+ . 1
Tyq (0 =Tg, (W)= 27235 §(n=0) T () Tn(®) (2,16
n

where T's are the conventional T matrices of the scattering

theory and are given by:

2? (,5) h () (2.17)

- b
qu(w) w(e?) () wpwq 2.

T is the conjugate transpose of T and 0y = / 1+ n2, where

n includes the three components of the momentum .,

v(q2) is related to the source function p(x)
by
.3«; .
v(‘il)rje - P A (2.18)
The scattering amplitude fa(m) is obtained from

ha(w), from the relation
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ﬁ@pcﬁgw (2.19)

P's are the projection operators for the four states of the

total angular momentum and the isotopic spin:

gl_séktq(mvp)(o‘ A)= T, (TP) 4, (TF)

- =

i tq[qu ~(-F)(5- Cl)] 71 J3/z

13~ 3 P

| = > - 2 —
= (8pq” %tpt‘l)(ﬁ"‘b)("q> - ‘73/211/,3

(2.20)

= (8pq 3tpq)[3??z’ (&P )( )J 3/~J£;/2?

In the subscript o = (2T, 2J); I is the total isotopic spin
and J is the total angular momentum. Ty is the kﬁh compo-
nent of the nucleon isotopic spin, ¢ is the nucleon spin
vector-,gr(1 and ja's are the isospin and spin part of the
projection opefator, respectively. Substituting equation

(2.17) in (2.16) one obtains

’

+
z?oc(q,p){ho((w)—hd(w)}

n Llwn 7,3

(2-21)

i
§

%

T P m?) § (w0 w)z?(pnmq")h(“’)h“""

|
1
i
i
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.or

2 (q P)Im ]’lo((w)

X

-2 ‘U%W?) - T
:52712 S(w.n—w)gra((n,p)Pp(Q,n) ho( hp

n n «,f | _

(2.22)

Now since

an dn d S2y (2.23)

Spin

Z (zm

dn‘n: fd‘#fd CCS&

andu)§=n2+l

equation (2.22) can be rewritten as

gP(Q p) Imh ()

2X)3 zjndcanv 2(n?) s (0, w)gfdﬂ B (” P)P (1 n)
spin | %p

—~—

(2.24)

But since Pc's are projection operators, we can write
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L5 [da, B (n,p) Pe(@5m)

X,8 spin
=5 4§ Zfdﬂn 'P°<(TL,P) Po((q9n) (2.25)
8 xF Spin '

Hence, to obtain Im ha(w) we have to evaluate:

g [day T, p) B (2,7) (2.26)
Spin

for (3,3) amplitude, in particular,we have to evaluate

i,‘fdﬂn?g (W;P) 'P5(Q,7’l) (2.27)
Spin .

— Sfdp_n 35/2(P,n) %/z(n,q) .15/2(P,n) 15/2(n,q) (2.28)

Spin .

The isospin part yields (see Appendix 1):

The spin space part:

€ fdernty, () By (mr)

=5 [da, [5 7,?-(?.?)(?.?)]33.7? (2.30)



g {

Fig. 2.1. Angle between two vectors

Referring to fig. 2.1, we write the first term of the R.H.S.

of the equation 2.30;

Sdon(3n-F)337)

—

= Qde’-n- n” pq Cas O Cos eP”
= qpan’[ds, cos6[€os 6, Cos B+ Sinb, SinOp Cos (4 <j>,,)]

(2.31a)

Here Cos epn has been obtained by using spherical harmonic

addition theorem (See Appendix 1). Now if we choose q to
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be our Z axis, then 9q=0, ep=e 8,=0 , Q=0 and equation

pPq’
(2.31) takes the form:

[da,(37-F)(337)

=9 P%zjdn Cos G[EOS EpqCos B + Sin 8y Sin@ cOs(¢Pq-<p)]

!
(2.31b) |
using P.q = cos 9 and
g p'q - pq pq
27
[do cos(Pp=@) = 0 i
lv)
the R.H.S. of equation (2.31b) becomes
- 2 '
3 p.Q m fdn 300326 : (2.32)

similarly, the second term of equation 2.30 can be written as:

-

-
_J'dnnﬁ.n & P

- =
39-n l

= -(?f?)(o‘—"-?f)fdﬂ 3Cosg 1 (2.33)

Using (2.32) and (2.33) in (2.30), we obtain

: Z;fdﬂn ‘13/2 (P, n) 5322 (m4)
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= 1.,(pP2) szdﬂ 3cos 6 . (2.34)

Finally using (2.34) and(2.29) in (2.27) we obtain -

€ [danP; (M P) P5(q,m)

2 ' 2
= Ty (P9) 15, (P, )M fdo 3cos’e
2 2
= P (2, P)7" [d Zcos . (2.35)
substituting (2.35) in (2.24) we have

2P3 (q, P)Im hS (©)

2 ) |
= 'ndv,v ) §(w. - w |
(271) ?,mj Wp¥ (n7) a (@ @) Py (2,P)n del 3eoselh,,<[ ;

or
Im h3 (&)

:7{ ['n dwnU(ﬂz)(g(Cd -(LJ)I {)5(&)) [d)y’:j’(‘fog e
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L @y (q? * Cos @
-1 ¥ (q*)] hs(wd)] |d= 3cos
4

2
= —é— q5v2(fl2)}h3(@)[ jBCcsze(dGOS’G)

6 | ] (2.36)

In free state, there 1s no restriction due to the Pauli
exclusion principle and 8§ varies from O to 180°. Hence

for free space

‘ 2
3 2
Imhz(w)= q v2(qz)l h;:,(w)l , ‘ (2.37)

Following Chew-Low, we also obtain, for free space

A3 |
ha(©) = ' (2.38a)
= ) R 3 .2
5 . 1-—7"’3&3— IJ\3Q v/ w
and
' 2
Re hy(w)= *C;% (.1“”3‘“‘” .*‘3(“’)’ (2.38b)

3
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with

i A f LI ()
= Y | G
] PR U R

~

(2.39)

where k3=(%)f2, the pion-nucleon coupling conétant £2-0.088.
¥y is the reciprocgl of the (3,3) resonance energy taken
in units of pion mass, o _(w)'s are the pion-nucleon total
cross sections.

However, for interaction inside the nucleus,
6 in equation (2.36) is restricted and depends on the

kinematics of the interaction. Thus the'(3,3) amplitude

inside the nucleus, Im hg(w): is given by

o v .2
Im h; (0)= 3 v q*) | hy (@] I3Cosze(d Cos 6)

¢
osevesim‘efec{

3 2 N 2 |
- q 19(‘22) I hs (@) ] q (2.40)

where

2
.J d CmSGCCcS 9)_
cosef‘éS’tn’cted :

3 L 2
M= i fdfos’é (Cc-s 9)
f d coso(Cos?e) z. (2.41)

Cesg=-1
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corresponding hg(w), Re hg(w) and r§ are given by

. 23
A)
he(w) = N . 3 2 (2.42a)
3 y -
1-7 @ z)\sqlf 'l/‘*J )
N w N N 2 — '
Rehg () = :\; (1-7 w)| h (@] (2.42b)
with
N 2 { dew N . N _
3 == . 6, (@ + o (w) (2.43)

I1T-3.2 Application of the Pauli Exclusion

Principle

Because of the exclusion principle, the momen-
tum of the recoiled nucleon must be larger than the Fermi
momentumn PF in the laboratory.system. If PL is the momen-
tum of the target nucleon in the same system, then the Pauli

exclusion principle requires:
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2 2
/ 2 2 d = /P. + M

~

(2.44)

where En and E; are the laboratory energies of the incident
and the scattered pion, respectively.

Now consider the pion-nucleon interaction in the
C.M. system. Referring to fig. 2.2, the four-dimensional
inner product of (q—n)k_l with Pu, the energy momentum vector

of the target nucleon, we get
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and

—

—E7) [(RP m* —(P‘ n/)?

I

in Lab. system

- (2.45)

qz(l_cOSe)_*_(—;;:T_:f;;).'PL = (EJZ__ EJ[) (PL2+ MZ)

But from (2..44)

. Py N 2 2
(€, EL V(RS D) 2 B JRT+MT) = (11T

(1 Coso) WW) (P -P e PL' (7 +M?)

(2.46)

Using binomial expansion and neglecting terms with orders
higher than (1/M)? and the theta dependence of the second

term in the right—hand—side of the above equation, we get
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2 2 Y
2 2 e B ) - A
(2 Q..Si‘nz-e) > (R-T 2m= -
) (2.47)
Using this limit of §, we obtain from (2.41) -
n(?LapF 7(2)
2 4 6
A 1, A
- - 3 (A o2 L - = [ — .
=1 ?(T)+s(q) 16(‘1) (2.48)

Since PL can have any value from O to PF, n is averaged

over the whole Fermi sphere. The Fermi-averaged n is then

: Br 2
given by ‘)7?_[ P q(PL’-P,:,‘i)dPL
oy - 0
Tl(PF7q)__ f= 2 ——
QTE'I R P,
0
o
2
= F%J n (PP d) 4R
F
0 4 s
. 2 P
RENELN 3&")+ Lo(28, 2% . % )
= 1 ‘i_‘F 5 lom? g qf Ics 35 M2 2sM
‘ ¢ - 12
1 f16% 5383  pl°

——

P
- F , ‘
. + +
A%9 315 Rlom2 4apb 72”6) (2.49)
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The energy dependence of n,-for PF=225 MeV is shown in fig.
2.3 by the solid curve (indicated as 7 modified). This
is compared with n obtained by K-N (dashed curve, n(X-N)):

~

3
N (K-N) = 1-.3_(”’ (P")‘ (7{1) (2.50)

As mentioned earlier, their calculations are based under
some simplifying assumptions and by considering the target

nucleons to be, on the average at rest (PL_O)

II-3.3 Calculation of h3:

|h3|2 and the corresponding-real and imaginary
parts in free space were calculated from equations (2.37)

and (2.38) and by using

ry = l/wr (2.51)
where w, is the (3,3) pion-nucleon resonance energy (total)
in the C.M. system. Re h3(w) and Im hB(w) as functions of
the total C.M. energy m (w expressed in units of pilon mass)
are plotted in figs. 2.La aﬁd.2.4b (dashed curve), respec-

tively.
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hg, however, cénnot be obtained in a straight
forward manner, since rg is not known. To obtain rg,
following K-N,we separéte the equation (2.43) in two parts;
an integral part including h§ and a residual part contain-

ing all other contributions:

rgfz - gﬁ [ g% Im h§(w) + residual part (2.52)

similarly for free space

r3f2 -2 Q% Im hy(w) + residual part (2.53)

In each case, the residual part consists of small amplitudes
other than the (3,3) amplitude and, hence, can be considered

equal. Since r3f2 and Im h3(w) are known, the two equations
2

N
3t

solved by Simpson's rule using the Ottawa University IBM

can be solved to obtain r The equations were numerically

360 (model 65) digital computer. Solving these equations,
rg was found to be 0.34. This value was used in equation

(2.42 a), (2.42 b) and (2.40) to obtain Ihg(w)lz, Re hg(m)

and Im hg(w). Re hg and Im hg are shown by solid curves

(indicated as Re hg (modified) and Im h§

figs. 2.4a and 2.4b, respectively. The corresponding vaiﬁes
N N '

(modified)) in

‘obtained by K-N, Re h3 (K-N) and Im h3 (K-N), are also shown

(dash-dotted curve) in the figure.
g
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I1-3.4 Calculation of Optical Model Potential

» From equation (2.8), the real and imaginary parts

of the potentials are given by:

N "217 l W N -
VR(w) = 3 — = Re fo(w) (2.54a)
. l.;.f[‘[l"o ETr M.
=2m 1 W -
V?(w) =——x — - Im i‘lg(w) -~ (2.54D)
hnro En M .

wheré, as before, quantities with the sﬁperscript N repre-
sent the quantities inside the nucleus. Re fﬁ(w) and Im fg(w)
are calculated by combining equations (2.11) and (2.12).

The most important contribution in fgkw) is due to the

(3,3) resonance scattering amplitude and is expected to

be changed considerably inside the nucleus. In the present

calculation, therefore, only the modified form of f33(w)

has been used. f§3(w) is obtained from:
f§3(w) = q2 hg(w) (2.55)

For other amplitudes we have used the free space values of
scattering amplitudes which are related to a set of pilon-

nucleon phase shifts éa's by (Geneva conf. 1958, Muirhead
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Fig. 2.5 The real and imaginary parts of the optical model potential
for pion-nucleus scattering as a function of the pion kinetic
energy. Experimental points are shown by vertical lines.
[The values of VI are from our measurements: Ch.IV.énd the
values of Vp are taken from: S(Shapiro 1951), B(Byfield 1952),
W1 Tiame 1954Y. F(Fuii 1959)1
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1965):
fa(w) = exp (ia&) sin 6a/q (2.56)
where
53 = -0.101q , 8, = 0.167q
' ; (2.57)
. - _ 3
811 = -0.016q", 813 = §31 = -0.0289q

In calculating VIN, we used equation 2.9 to account
for the contribution due to the meson absorption term. VRN(w)
and VIN(w), thus obtained for r, = 1.4F, are shown in fig. 2.5
as functions of the incident pion kinetic energy in the labo-
ratory system (solid curve; indicated as VRN (modified) and'
VIN (modified))i The corresponding values of the potentials

obtained by F-G-W and by K-N are also shown in the same

figure.
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IT-4 Discussion

In figs. 2.4 and 2.5, various results obtained
for free space and for nuclear matter (both the K-N and
our modified results) are plotted and compared. K-N
results include the effect of the Pauli excluéion princi-~

ple but neglects the Fermi motion of the target nucleons.

In the present calculation (specified as 'modified! results),

the momentum of the nucleon, PL’ has been properly inclu-
ded through equation (2.44).

-In fig. 2.4, it i1s seen that the Pauli exclu-
sion principle applied to the intermediate state of the
nucleon remarkably changes the behaviour of the pion-
nucleon scattering amplitude. The amplitude of the (3,3)
resonance 1s reduced and the resonance energy shifts to
a much higher value. From the modified calculation rg
was found to be .0.34, which corresponds to a total pion
energy of 410 MeV in the C.M. system. Slightly different
in magnitudes but similar results were obtained by K-N.
They obtained rg = 0.29, which corresponds to 480 MeV
resonance energy. It was shown by Mes.et al. (1966) that
such ‘a high resonance energy WOuld cause too much pion
absorption in the energy range O < En < 500 MeV and would
produce far too many high energy protons than are experi-

mentally observed. It was concluded that this large
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disagreement was, most probably, due to the neglect of

the Fermi motion of the target nucleons inside the nucleus.

K-N made the effect of the Pauli exclusion principle much
too severe by considering the target nucleons to be, on
the average, at rest. From the modified calculation,it
is found that the resonance énergy, indeed, ié reduced by
introducing thé Fermi motion of the target nucleons. The
modified (3,3) resdnance peak is also found to be higher
than that obtained by K-N (see fig. 2.4).

In fig. 2.5, it is observed that the potentials
calculated inside the nﬁcleus significantly differs from
the F-G-W potentials. It is interesting to note that the
real part of the F-G-W potential goes through a maximum
at about 80 MeV pion energy and changes its sign at the
pion-nucleon resonance energy: This difference is due
to the aséumption that the two body forces are not signi-
ficantly affected by the neighbouring nucleons. Accordihg
to the present modified calculation, Vg is attractive up
to about 320 MeV and changes the sign beyond that. The
result of K-N is similar,but Vg changes its sign at a
still higher energy.

In each case it is observed that our modified
results lie between the X-N and the free space results:

This is expected, since neglecting P. (K-N case) is
L
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equivalent to picking out a nucleon deep in the nucleus
whereas in case of F-G-W, n is effectively unity and is
equivalent to picking out a nucleon on the surface of the

nucleus. In our case, however, the target nucleon can

have any intermediate energy between O to PF'and hence

the results lie between the K-N and the free spéce results.

The experimental values of VR & VI are also

shown in fig. 2.5 (points with error bars), for comparison.

The values of VI, at various pion enefgies, have been
obtained from our experimentally measured cross sections.
The details of the calculations are discussed in sec-
tion IV-2. The values of VR shown in the fig., have been
' taken from the measurements of Shapirc (1951), B&field

et al. (1952), Williams et al. (1956) and Fuji (1959).
The results are plotted with the experimental errors,
wherever possible. It is observed that the experimental
results agree very well with the results of our modi-

fied calculations.
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Chapter ITI

EXPERTMENTAL

~

IITI-1 Introduction 4 -

The experimental part essentially consists of
the measurement ofvthe cross sections of interactions of
pions with the complex nuclei of emulsion at various pion
energies up to 60 MeV and at three highér energies: 163,
225 and 254 MeV. The distributions of the energy and the
opening angles of the fast protons emitted during the
primary interactions have also been‘expérimentally observed.
Similar distributions have been obtained for antiproton
(P) annihilation stars. The experimental work involves
the scanning of emulsion plates for stars, measurement
of flux, and the determination of energles and angles of
emitted-particles. In this chapter, the actual technlques

used and other experimental detaills will be discussed.
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- IIT-2 Irradiation of Emulsion Stacks

In the present series of measurements three

different emulsion stacks were used.

Stack 1: Four pellicles from a stack gf G5
emulsion, irradiated with antiproton (P) were obtained
from CERN. This stack was used to analyze the fast proton
pairs emitted from the absorption of pions which were
produced inside the nucleus by the annihilation of anti-
protons at rest. The pellicles had dimensions 24 x 15 x
0.06 cm. The nominal momentum of the incident beam was
650 MeV/c corresponding to a range of 11 cms, where most

of the annihilations took place.

Stack 2: This stack consisted of 13 pellicles
irradiated with m meson: The pellicles were obtained
from the Pion physics group of the University of Steckholm
and had dimensions 2 x 10 x 0.06 cm. The nominal flux
and the energy were 6 x lOL"/cm2 and 72 MeV, respectively.
The incident beam was highly monoenergetic and was suited
for our determination of m' -nucleus interaction cross

section as a function of energy.

Stack 3: In June 1968, four stacks of K5

emulsion were irradiated with n+ beam at the CERN
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synchrocyclotron by the University of Ottawa group. The

characteristics of the stacks are given in Table 3.1.

In each stack, there were one or more boron
embedded pellicles and their thicknesses varied from 200
to LOO p. These pellicles are being used for a different
experiment. Rest of the pelliclés had dimensions 10 x
10 x 0.06 cm. Different energies were obtained’by degrading
the'initial pion beam with copper blocks of suitable
thicknesses. Two different irradiations, one for stack
A and B (8400 seconds) and the other for C and D (4000
seconds) were made, and the geometry of the irradiations
are shown in fig. 3.1

In stack A and C, the pion beam was incldent
perpendicular to the emulsion surface, whereas in B and
D the beam was incident at angles of 20° and 30°,
respectively. This differs from the usual type of
irradiation in which the incident beam is always parallel
to the surface. The advantage of the perpendicular beam
1s that the énergy in any particular plate is same
throughout the whole surface. Thus for a certain energy,
a much larger surface area 1s available in a single

pellicle in contrast to the pellicles which are irradiated

wlth the incident beam parallel to the surface. Since
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the thickness of the plates are only about 600 u, the
energy does not change appreciably as the beam passes
through the pellicle. This mode of irradiation is ,
therefore, very useful when an accurate measurement with
large statistics and at a well defined energy 1s required.
In the case of parallel incident beam, if the
plate 1s narrow, the statistics can only be improved by
scanning a large ﬁumber of pellicles in a narrow strip
or by lncreasing the width of the strip. The latter
method increases the energy width,wheneas the former makes
it inconvenient, and sometimes unnecessary calibration
of each pellicle may be necessary. For the perpendicular
beam, howéver, the energy of the beaﬁ cannot be measured
directly and it i1s necessary to be able to obtain the
energy from the geometry of the irradiation. Moreover,
the accurate thickness of the emulsion, prilor to irradia-
tion, must be known if the length traversed by the incident
beam is reéuired. In this stack, we have used pellicles
A5 (5th pellicle in stack A), Cl and D5. In each pellicle
the thicknesses were measured around the center 'e! and
near the four .corners a, b, ¢ and d. The pelliclés were
found to have uniform thicknesses and the results are shown

in table 3.2.
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III-3’ Identification and Energy Measurements of Charged

Particles in Emulsion

- Nuclear emulsion is the simplest but at the
same time a very powerful detector of nuclear radiations
and charged particles. This consists of about equal parts
by volume of silver-halide crystals, a few tenths of a
micron in diametef, and a matrix material which is chiefly
gelatin. An ionizing particle on encountering a crystal
may render 1t developable. After development, followed
by fixing, the silver grains become visible under high
magnification. Thus, in emulsion, the path of a charged
particle 1s recorded as a visible.tréil of minute black
sllver grains. The number of grains per unit length or
the 'grain density?! is related to the specific lonization.
The tracks are divided into three categories based on}the
grain density of the track.

The grain density,g, corresponding to a parti-
cular value of lonization is not unique, but depends on
the sensitivity of the emulsion and on the degree of the
development. Thus it is necessary to have independant
calibrations for each stack, Usually the observed grain
density is expressed in terms of the the graln density 8o
for the track of a particle in the extreme relativistic.

region observed in the same emulsion.




The three categories of tracks are classified

according to the magnitude of the normalized grain density,

g*=g/go, as follows

(1) white track or shower track: g/gO < 1.4

(11) grey track: 1.4 < g/gO < 10
(iii) black track: g/go > 10

From the characteristics of a given track; i.e.
the grain or blob density, range, scattéring etc, 1t is
possible to identify the particle and measure its energy
and momentum. In most cases two or more different kinds
of measurements are needed for the complete identification
and specification of energy. No uQique prescription can
be given for the measurements and. the particular method
or methods must be thosen according to the specific
characteristics of the track. In some cases the identity
of the particle may be known elther from the given con-
ditions or from the physical considerations of the event.
In these cases, the measurement of energy is simple and
one type of measurement is sufficient to specify the
energy.

In the present study we are mostly concerned

with the measurement of energy of protons having grey

tracks (with energy more than 30 MeV) and plons with energy




20-70 MeV. The important techniques used were:
a) Range measurement
b) Ionization measurement
c) Scattering measurement

a) Range measurement: This is the simplest and the
most accurate method of measuring the energy of the
particle. This is applicable only when the track ends in
emulsion and the entire track‘can be followed. This is
very convenient if the track is flat;so that the entire
track can be seen in oné or two pellicles. The energy of
the incident pion beam was measured from the observed
range. If the track is inclined at a certain angle and
can be followed from one pellicle to the other, it is
possible to measure the length of the entire track. In
such cases it is essential that each pellicle has well
printed grid.exactly in the same way. In most caées the
ranges of the protons from the stars in stack 1l and 2
were measuréd by following the tracks from one plate to
the other. From the-observed range, the energy was obtai-
ned by using standard tables (Fay 1954; UCRL reports 1965).

The range of a particle is determined experi-

mentally from the measurements of the projected range x, .

in the plane of the emulsion, and the vertical projection,




d

¥, of the track. The range R is given by

R x2 + 82y2
where S is the shrinkage factor for the pellicle and is
given by the ratio of the thicknesses of the-unprocessed
and the processed emulsion. The magnitude of the shrinkage
factor is usually of the order of 2, and § is influenced
by the temperature and humidity.

The projected range was méasured by means of
a precalibrated linear scale at the focus of the eyepiece.
The vertical projection, y, over a distance X, was deter-
mined from the difference in the readings on the fine-
focus-depth—calibration of the microscope when focussed

on the first and the last grain along the length x.

b} Ionization measurement

Thé loss of energy per unit length traversed or
the 'specific ionization' is a measure of the velocity of
the particie. Since the grain density of the developed
track depends on the specific ionization, it is possible
to measure the velocity and hence the energy of the par-
ticle from the grain density'of the track. For a relati-
vistic particle of charge ze, passing through a medium of

atomic charge Ze; the specific ionlzation dB /dx is a
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function of the velocity, v, of the particle and is given

by the Bethe-Bloch formula (Bethe 1932; Burcham 1962)

L 2 ' 2,2
NZ
_ Eﬁ _ Le™ 2 [.logn 2m c“B .}-82 | ) (3.1)
dx my (1-8°)1 |
where ze = charge of the incoming particle

- Ze = nuclear charge of the atom
N = atomic density of the medium
I = effective ionization potential
v . .
B ="/c; c = velocity of light
If the medium consits of X different types of atoms, as

in emulsion, then

. L 2 2.2

- dE _ Lme” z Ehizi log 2m c”B -82 (3.2)
— 2 i=1, X n 2
dx mv ? (1-°)z1

where suffix i denotes the type of the atom, and the
summation extends over all the X types of atoms presenﬁ
in the medium. Variation of dE/dx as a function of B for
G5 emulsion, calculated from equation 3.2, is shown in
fig. 3.2. The values of I and N have been taken from

Powell (1959). From this curve, the variation of grain
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density as a function of momenta for pion and proton was
obtained and the results are shown in fig. 3.3. To obtain
the variation of g as a function of P, the graln densities
of ‘pion and proton tracks at few energies were measured.
Comparing these values with the specific ionigzation in
fig. 3.2, the average energy required per developed grain
was obtained., Using this value in conjunction with fig, 3.2,
the variation of g as functioﬁ of PB was obtained for our
range of interest. Direct experimental calibrations of
graln densities were also carried oﬁt for n" and P at few
energles where suitable tracks with khown energy was avai-
lable. These are shown in fig. 3.3, for stack number 2,
by points with error bars. The measurements on pions were
straight forward, since the incident plons were almost
flat. Measurements were made on reasonable number of
tracks such that the total number of the gralns counted
at each energy was of the order of 500 to 600. The length
over which the gralns were counted was kept small (300 ~
400 u) so that the ENergy was reaéonably constant over the
measuring length.

Similar measurements were carried out for protons
(both for stack number 1 aﬁd-2) with some selected tracks
which were long and flat and stopped in emulsion. In most

cases the experimental calibration curve was used to obtain




i

the energy of the particle from the measured grain density.
For occassional very fast protons, hcwever, the energy was
obtained from the theoretical curve. The measurements were
mostly confined to the central regilon as the development
near the surface was usually not uniform. If the identity
of the particle was known, measurement of g about one

point was sufficiént to specify the energy. If however

the 1dentity of thé particle was not known, in most cases
it was possible to obtain the energy and to identify the

particle by measuring g at two different ranges.

c) Multiple scattering: When a charged particle
passes through a material medium, its-direction of motion
changes continually as a result of frequent, small devia-
tions due to coulomb scattering by the atomic nuclei near

its line of motion.  For small scattering angles, the

‘average angular deviation » < a >, is given by:

1
: 2
<Q>=kz_t__
PR
where t = cell length in microns
z = charge of the incident particle

P = momentum of the particle in MeV/c.

k is a nearly constant quantity for a given value of cell
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3

length and is taken to be;26 MeV degree/(100 u)% for
t = 100 . with a cut off at <u> = 4,

By measuring <a> it is possible to obtain the
value of Pg and hence the energy of the particle. In
many cases the mass of the particle can be obtained from
a combined measurement of scattering and the range of
the particle. , -

<g> can be‘measured by two methods: in the
first, which is referred to as the angular method, the
ilrection of the tangent to the trajectbry is obtained at
& number of equally spaced points along the track, the
deviations’being deduced from the differences in succes-
slve readings. In the second, the 'c;)-ordinate' method,
the co-ordinates of succession of points along the tra-
jectory‘, separated by cell length t, are determined. In.
our measurements we have used the second method, and the
actual measuring technique for this method is explained
below (Fowle.r 1950).

A high preclsion stage microscope, built in
this laboratory by Ancsin & Hébert (196L4) was used for the
scattering measurement. The lateral noise of the micro-
scope was reduced to a minimum and was of the order of
hundred Angstfoms.' To measure the lateral deviation of

the track an objective with magnification 100x was used
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in conjunction with a Leitz precision micrometer eyepiece
of magnification 12.5 x with a reference wire at the focus
of the eyepiece. The reference wire could be moved by

~

rotating the micrometer screw, each division of which
corresponded to a linear displacement of 3 X 10-2 e
The track was alligned parallei to the direction of mo-
tion'of the stage and was moved albng this direétion.
At equal intervals of t microns, the positions Y15 Yo»
y3 vee Yy of the track were read in the micrometer

scale after bringing the reference wire in line with the

track (see fig. 3.4).

Fig. 3.4 Principle of scattering measurements.




The scattering angle <a> was then obtained from their

second differences: e.g.

. . =( 52 Ty ) L 180 1n degrees
t t 1
o ' (3.4)
ag‘:'(yl;y3 _ ¥37¥2 ) *}?_O_ |
t t n

The average of n possible measurements were taken to obtain
<a> . OScattering angles greater thah L <a> were rejected.
The choice of the cell length depended on the nature of
the track such that the track had a detectable deviation
over that cell length. If the cell léngth used is diffe-
rent from 100 M, then <a>, can be normalized to <a>100
corresponding 100 u cell length by using the formula
<§>t :
<e>100 = = a, 00 (3.5)

Jt/100

' If the identity of the particle was known, any
one of the above methods, depending upon the suitability
for the particular case, was used to determine the energy
of the particle. An attempt was made, whenever possible,
to use range measurements. In range measureﬁent, an accu-

racy of 1 to 2 percent could be achieved very easily. Most
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of the rest were measured By grain counts, except in few
cases where scattering measurements were carried out for
energy determination. When the identity of the particle
was not known or was ambiguous, two or more types of mea-
surements were made on the same track. The most frequently
used combinations were:

(2) Residual range and scattering-

(b) Residual range and ionization

(c) Grain counts at various residual

ranges along the track.

Using these techniques, 1t was possible to carry
ocut thé measurements In most cases, and the results of mea-
surements are shown in Chapter V.

In addition to the techniques mentioned above,
integral_gap count, blob count, width measurement were
used to identify and measure the energy of the very low

energy particles.
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ITI-4 Angular Measurements

Besides the energy measurements of the fast
protons emitted in pion absorption, their opéning angles
in space were also measured. The space angle '6' between

two tracks having azimuth and dip angles (¢i,al)'and

(¢2,a2) is given by

cos 6 = cos «; cos a, [cos (wz -'ml) + tan o) tan a,]

(3.6)

or in terms of the tangent of the dip .angle:

cos (g, - @) + tan o, tan o
cos @ = 2 ! . 2 (3.7)

N

(1 + tanzal) (1 + tan%xz)]

To measure the azimuth angle, an eyepiece reticle with a
protractor engraved on it was placed at the focus of the
e&epiece. The event was moved until its centre coincided
with that of the protractor. Angle ®q and G, were read

after bringing the zero degrée line along the x axis of

the grid which served as a reference line. ;
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The dip angle, o, for a track is the angle bet-
ween the track in the unprocessed emulsion and its own
projection on the surface of the emulsion. The angle o
wag determined from the height z of the track at a dis-
tance x from the origin of the track. Correcting for the
shrinkage factor S, the dip angie o is given by :

tan o = ‘ (3.8)
Sz

»

The angle « was taken as positive when the direction of
the particle motion was upward, and as negative for par-
ticles going down towards the glass surface. Usually

angles could be measured with a precision better than 1°

and z within about 1 to 2 percent.
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I1I-5 Calibration of Development with the Depth in

the Emulsion

> In thick emulsion, it is usually found that
there 1s a variation in the degree of development with
depth. The development is more.near the top and the bot-
tom and remains regsonably uniform in the middle. For
reliable measurements, therefore, it is necessary that
the development is uniform throughout the depth in which
lonization measurements are carried 6ut; The region of
uniform development can be found either i) from the
variation of the grain density (for same energy of the
same type of particle) as a function of depth or ii)
from the variation of the average grain size at different
depths in the emulsion. The results of measurements of

grain sizes as a function of the depth in the emulsion,

for stack 1 and 2, are shown in fig. 3.7. The results

are based on the measurement of 1000 grains at each depth.
In each case, the average size was cbtained by fitting
the histogram of grain size with suitable gaussian curves.
The sample results of grain size measurements at two
depths are shown in fig. B.S,and 3.6 for stack 1 and

stack 2, respectively. The results show that the devel-
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opment was practically uniform from about 100 M to 500 u
measured from the top. Most of the ionization measurements

were, therefore, performed in that region.

~
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II1-6 Measurements of Pion Flux and Energy

To determine the star formation cross section at
a given energy, it is necessary to determine the flux at
that energy and the density of the stars. Stacks 2 and 3
were used for the determination of the cross sections and

hence the flux was measured in these two stacks.

Measurements of Flux and Energy in Stack 2:

Since in this stack pions were parallel to the surface
of the pelliclé, it was possibie to follow the pions from
the beginning to the end of their range where they decayed
into u+; i.e. n - p++ v. Flux, at different energies,
was measured by two independent methods
| i) from the area of the ' - u* decay curve
ii) direct counting of pions.

i) The nominal energy of the pion beam in this stéck
was 72 £ 3 MéV. Most of the pions decayed,with the charac-
teristic n' - u+ decay, at a distance of about 6.4 cm. from
the entering edge of the plate. Number of n' - H+ decays
were counted from a distance of 59 mm to about 69 mm using
a magnification of 100 x 10. 'The experimental results and
the corresponding gaﬁssian fit afe shown in fig. 3.8.

From the area of the curve, the number of pions stopping

in emulsion were obtained. (The energy and the width of

O Ee
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the incident beam was obtained from the peak and the width
of the gaussianvdistributién and was found to be 72.5 + 2.5
MeV corresponding to a range of 64.8 mm.). The flux at
any\energy (corresponding to a certain value of the range)
was obtained by applying corrections for the loss of m
due to absorption and scattering between the energy of
interest and the mean peak position. )

In each pellicle,various neceséary characterlstics
of the incldent beam were obtained. The transverse dis-
tribution of the incident beam was found to be uniform.
Fig.3.9a shows the transverse distribution of the number
of mwh - u+ decays at the end of their ranges. Fig. 3.9b is
that for mesons at a distance of 1.2 cms. from the entering
edge and corresponds to an energy of 58 MeV. In both
these cases, the dotted and the solid lines represent the
distrlbutions in pellicles:number 12 andl3, respectively.
Figs 3.11 show the distribution of the angle of incidence
of the pion beam in pellicle.13 of stack 2. In fig. a
the distributions have been plotted at three different
resldual ranges, where as in b the average of them is
shown. The mean angle of incidence was found to be

- 2% 2% with respect to the grid axls parallel to

the longer edge of the pellicle.

&
T e
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1i) In the second methﬁd, the flux was measured by
actually counting the number of meson tracks (in pellicle
number 13) per unit area in the region corresponding to
each of the experimental point. The tracks having grain
densities from g* to 1.5g% were considered as meson tracks
which also included muons. Muons were separated on the
basis that, at these energles, pion grain densities are
20 to 30 percent higher than that of muons. Measurements
of grain densities wére carried out at two points, at
residual ranges of 29.8 and 49.8 mm,.aﬁd the gaussilan
distribution of grain densities were obtained by minimi-

zing xz.

Each histogram was fitted by superimposing two
gaussian curves (fig. 3.102 and'B.lob): The curves with
larger areas represent the distribution of pion and the
ones wilth smaller area represent that due to muon. From -
the ratio of these areas, the percentages of muons were
calculated and were found to be 11.5% + 2.5% and 12% + 1.5%
at resldual ranges of 29.8 mm and 49.8 mm, respectively.

Measurements of flux and energy in stack 3:

In these stacks plons were incident either normally or at
an angle and hence 1t was not possible to use the techﬁi-
ques previously mentioned fér the measurement of flux.
Iﬁ this case, flux was obtained by counting the number

of meson tracks leaving unit area on the surface of the
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pellicle. For this purpose small areas at equal intervals
were chosen in the region where the stars-were scanned.
The mean incident angle for each of the pellicles used,
were determined from the projected distances traversed
by the pions. The sample distribution of the projected
distances and the flux distribution in the transverse
direction are shown for pellicle Cl in fig. 3.12 and 3.13,
respectively. The results of the calibration and other
characteristics for the pellicles A5, Cl and D5 are glven

In table 3.3.
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IIT-7 Detection of Stars

The stars were obtalned by area scanning using
sultable magnification to suit the condition of the par-
ticular pellicle concerned. Stack 1 and 2, were scanned

with magnification 25 x 10, and stseck’ 3 with magnification

-43 x 10. For greater efficlency, each area was-scanned

twice, and the stafs which were not observed in the pre-
vious scanning were added to obtain the total number of

stars. The efficiency of star detection-was determined

by comparing the results with that obtained by scanning,
very carefully, a limited area with a magnification of

100 x 10. Efficiency was found to be {85 & 5) percent

and (82.5 + 5) percent for the stacks 2 and 3, respectively.

To calculate the cross section, secondary stars
were eliminated and suitable selection criteria were impo-
sed on the stars. Stars with the incident tracks inclihed
not more than 10° from the mean incident direction were
accepted; In stack 2 and 3; 783 and 645 stars were scan-
ned in which 554 and 551 stars;respectively, satisfied
the selection criteria. The break down of the data are
shown in table 6.2. In stack 1, 520 primary stars due to
P annihilations were obtained, and were used only for the

analysis of the fast proton pairs.
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Chapter IV

PION-NUCLEUS INTERACTION

~

IV-1 Introduction

The interaction cross sections of the plon with
free nucleons are Well established from about one GeV pion-
energy down to the lowest possible energies. It is obser-
ved that the behaviour of cross sections is characterized
by sharp peaks. The most predominant and important peak
occurs at about 180 MeV of pion energy, and i1s interpreted
as an unstable resonance state between pion and nucleon.

This resonance state or isobar, N*3/2’ 3/2, has - intrinsic
angular momentum J = 3/2 and a masé of 1236 MeV.

The cross sections for elastic scattering of n+ and
m with protonlare shown in fig. 4.1 (solid and dashed curve,

respectively) (Anderson et al. 1955; Focacci et al. 1966).

From the conservation of isospin, the positive pion-neutron ;
cross section, O F 5 and the negative pion proton cross sec-

tion, on-p, are equal. If the}nucleus is made up of an equal

number of neutrons and protons, and the interaction inside
the nucleus is similar to that of the nucleons, then the |

general behaviour of the m-nucleus interaction cross g
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section is expected to be similar to that of the average
cCross section (avérage of 0ﬂ+p and cﬂ-p)_which is shown
by the dashed curve in fig. 4.1. It is possible, there-

fore, to explain the m-nucleus interaction cross section

in terms of the average free space W-nucleon cross section.

The effect of the presence of other nucleons inside the
nucleus,'however, can be accounted for by using éﬁitable
model which can describe the effect. Thus in the frame
work of the optical model, it is possible to account for
the effect in é gross manner by introducing the optical
model potential.

From a different view point,'however, one can
start with the pion-deuteron interaction cross section
and obtain the cross section according to the quasi-
deuteron mbdel of B-5-W.

'In this chapter the results of the experimental
measurements, described in Chapter III, are given and the
cross sections gt various energies are calculated. The
results héve been analysed by:

i) Optical model calculation through

i1sobar formation.

iii) Quasi-deuteron model.
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IV-2 Experimental results and cross sections

From the observed number of stars and the inci-
dent pion flux, the interaction cross section was obtained

from

where
A = Area of the face in which pion 1s incident
N

g = Number of stars, in area 4, due to the complex

nuclei.
- f = plon flux/cm2
d = distance ﬁraversed by pion
Ne = number of atoms of complex nuclei per c.c.

Since o i1s the cross section due to the complex
nuclel only, 1t is necessary to eliminate the hydrogen
stars to obtain Ng. An unambiguous separation is, however,
not always possible. For this reason, the expected number
of hydrogen stars in each case was obtained from the known
nip cross section using equation L.1. For energies up to
gbout 60 MeV, ontp is small and the contribution of hydro-

gen stars was calculated to be less than 1 percent. At
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pion energies 168, 224 and.254 MeV, the contributions are
16.5, 13.5 and 12 percent, respectively. ' The results of
the experimental measurements and the cross sections ob-
taiﬁéa by using equatioh 4.l is shown in table 4.1.

The experimental cross sections are alsé used to
calculate the imaginary part of the optical model potential,

VI' From the measured cross section, the mean free pbath
kem for inelastic interaction of pions with complex nuclei
of emulsion is obtained. The corresponding mean free path

in nuclear matter, kn’ is given by:

where P, and Pom. 2F€ the densities of the nuclear matter

and the emulsion, respectively.

The absorption coefficient, K, is then given by

1. Fn
)‘n lem.. pem.

K =

This value of K is finally used in equation 2.4, to obtain
Vi. Vy, thus obtained,are shown in fig. 2.5 by small circles

with error bars. The results have already been discussed
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and compared with theoretiéal resuits in Chapter II.

The prong distributions of the-stars for average
incident pion energies 40 MeV and 240 MeV are shown in
figé A.2a and 4.2b, reépectively. It is seen that the
average number of prongs in stars induced by the higher
energy pions are somswhat largef than those induced by
the lower energy pions. This is evident, since %he energy

available for evaporation in the former case is more com-

pared to the latter.
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IV-3 Isobar model

IV-3.1 Theory

This is essentially a model in which the
absorption of 'pi-meson' takes place on two nuclecns. In
contrast to the quasi-deuteron model of B-S-W, this is
a two stage process in which the pion first interacts
with one of the nucleons to form an isobar. The inter-
action probability is determined from the pion-nucleon
interaction cross section. The isobaf may, then, either
interact with another nucleon and is absorbed, or decay.

The process can be most conveniently described as

m + N - N* (isobar)
N% + N, - Ny o+ N4 (absorption)
or

o N + (charge exchange or scattering)

The outgoing pion and the nucleons can further interact
wlth the nucleons andlmay lead to the excitétion and
subsequent evaporation of the residual nucleus. In any
case, a visible star is expected as a result of the colli-

sion of the pion with one of the nucleons inside the
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nucleus. It is possible, therefore, to obtain the

interaction cross section of the pion with complex nuclei,
+ . . .

from the average T -nucleon interaction cross section,

o, inside the nucleus.

Following Bethe (1938), Fernbach et al.(1949),

the inelastic interaction cross section 95 in terms of

0, is given by

v
o, = mR° (1 - —%) [1- {(1+2kR)e"*Ry/op2R2) 4.2
E o
where
VC =coulomb barrier of the nucleus
E = incident energy of the pion
A = mass number of the nucleus
R = nuclear radius _
‘ 30A
K = absorption coefficient = 3=
LR

The factor (1 - Vé/E) is the correction factor due to the
coulomb barrier Vc at the incident energy E.

It is to be noted that 0 must be evaluated at the
energy of the particle inside the nucleus. Thus, if the
pion sees a potential V_, thén.5 has to be evaluated at an

energy B + VR’ where E is the incident pion energy. In the
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present calculation VR has been taken from our calculations
(Chapter LI, hereafter referred to as Vp modified). For
comparison, the results have also been shown with the Frank-
Gammel-Watson'®s values of Vo (referred as Vp-F-G-W) and for
the case when pion does not see any potential.

If the medium contains two or more different types
nuclei (as is the case with the emulsion), the cross section
Oi must be calculated for each type of atomsiand the results
have to be suitably averaged over. In our calculation;lthe
emulsion has been considered to be made up of two groups of
nuclel with average mass number 1. and 94, corresponding to

the light group (consisting of C, N, O ~ 15.8% by weight)

and the heavy group (Ag, Br ~ 84.2%'by welght), respectively.
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IV-3.2 Pion-Nucleon Interaction Cross Section

.The average values of the pion-nucleon interac-
tion cross sections, &, used in equation 4.2, were taken
from the pion-nucleen interaction cross sections shown in
fig. 4.1. For the target nucleus with equal number of
protons and neutrons a simple average of Oﬂ+—p and Gn'—p
can be taken (curve c¢ in fig. 4.1). For heavier atoms,
however, there are‘more neutrons than protons and hence
the average must be taken, accordingly. Thus,if there
are x protons and y neutrons in a gilven -nucleus, then the

cross section ¢ 1s given by:

+ _ o+ =
X0 _p lyc _

qQy
|

=t

o}
=~
w

X+ vy

Finally, this is averaged over the percentage
abundances of the two groups of nuclei present in the
emulsion. The average cross section, calculated con this
basis, is shown in fig. 4.3. These cross sections are
applicable if the target nucleons are at rest. The target
nucleons, however, move in all directions inside the
nucleus, and change the effective cross section. At lower
pion energies, the-corresponding.changes were found to

introduce a difference in the a4 calculated from the
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equation 4.2. For this reason, the average pion-nucleon
interaction cross section, G, in the region up to about

100 MeV, was corrected for the Fermi motion of the target

nucleons inside the nucleus. The nucleons were assumed
to form a Ferml gas with 2 maximum momentum of 225 MeV/c.
A simple Monte-carlo type calculation was performed in
which the target nucleons, approaching from different
directions, were made to collide with the incident pion.
For each collision, the effective incident energy in the
rest frame of the target nucleon was calculated. The
corresponding cross section was obtained from the pion—

nucleon interaction cross sectiecn. For a particular

incident energy of the pion, the calcuiations were re-
peated many times with various values of the energy and
the direction of the target nucleon. The result was
finally averaged to obtain the desired corrected cross
‘section. The. scheme of the program used for this cal-
culgtion is given below:

For a given energy of the incident pion:

a) a suitable energy was attributed to the
target nugleon

b) A direction was given to the nucleon
chosen in "ar,

c) The total C.M. energy, E¥, was obtained
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2 -

Ex< = éEﬂEN+ (m§ + mﬁ) F 2 J(Eﬁ - mﬁ)(Eﬁ - m§) (4.4)

WhereiEn and EN are the total pion and nucleon energy
in the laboratory system, respectively; m_ and my are

the corresponding masses.

d) The equivalent laboratory energy of the
incoming pion, e', which produces the
above total C.M. energy E* on a nucleon

at rest, was calculated from:

2 7 2 2 -
E* = + M .
2emN+(mrr ) (4.5)

AT RN R DL A e

ge) The cross sectioﬁ corresponding to ¢!
was obtained.

'f) The direction of the target nuéleon was

- changed by 50 and the steps 'c! to 'e!?

were repeated. This was repeated to
cover the whole solid angle.

g) The energy of the target nucleon was
changed by 2.5 MeV and the steps tb!
to 'f' were performed. This was repea-

: , ted to cover the momentum up to 225 MeV/c.

A B R TR L L R e
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These cross sections were averaged.
To perform the step 'e', the energy dependence
of the cross section was supplied to the machine in the
form of the empirical equation
E°  E

°b - 200 - 10 * 45 (up to about 100 MeV)
‘ (4.6)

This equation, however, gives cross sections which are
slightly highef than the experimental values (fig. L.L:
curve 'a' is the average pion-nucleon cross section, and
the curve 'b! is the closest analytic fit). This was
accounted for by introducing a corréction in the calculated
cross section, and the corrected values are shown by the

curve 'ct.

IV-3.3 Comparison of the Experimental and

Theoretical Results

Using equation 4.2, the cross sections, 05
were calculated for the entire (3,3) resonance energy
region. In fig. 4.5, the results for r, = 1.3F, 1.4F

- and 1.5F (without any potential) are shown. The expe-

rimental results are also shown in the same figure with
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the error bars. It is observed that a very large value of
r, will be required to obtain any agreement between the
experimental and the calculated values in the low energy

~

region. No satisfactory agreement can, however, be obtained
over the entire range. A much better agreement cgn be ob-
tained if a pion-nucleus potentiél is introduced. In fig.
4 .6a, thé results of calculations are shown for éoth the
potentials Vp; i.e. Vo calculated in Chapter IT (VR—
modified) and that calculated by F-G-W (VR-F-G-W). The
results are shown for ry = 1.3F & 1.4F and are again com-
pared with the experimental results. The experimental
results have good general agreement‘wiéh the calculated
values forvrO = 1.4F and our values of VR' The experi-
mental cross section at 254 MeV, is, however, somewhat
lower than the predicted cross section. For comparison,
the results obtained on the basis of quasi-deuteron model
of B-S-W are also shwon in fig. 4.6a (dash-dotted line).
In'fig. L.6b, the results for the energy region
up to about 70 MeV (Stack 2) are shown separately for rol=

1.4F. A very good agreement is quite apparent in this region

with’VR—modified. The results with VR-F-G—W are also shown

" for comparison.
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In the preceding section, it has been noted that
the emulsion was considered to be made up of two groups .
of nuclel; a light group with mass number A = 14 and a
hea§y group with A = 94. Equation 2, however, is not
strictly applicable for very light nﬁclei, particﬁlarly
at low energies, where KR < 1 and KR ~ 1, (k = (2mE)%/ﬁ
and is the propagation vector). To check its apélicabi-
lity for the present case, the experimentally obtained
ratio of the cross section due to the light nuclei to
the total cross section was compared with the predicted
values on the basis of equation 4.2. At 20 MeV, equation
L.2 gives, o, (total) = 128 mb, O1ight . 34 mb. Thus the
contribution due to the light nuclei is 27 percent of the
total cross section. The experimental ratios were obtained
by separating the stars due to light and heavy nuclei by
using the criteria of Blau, Oliver and Smith (1953). The
ratios were found to be 30 x 6 percent and 25 + 5 percent
at energy ranges between 15 to 30 MeV and 40 to 60 MeV,
reépectively, and compare fairly weil with the calculated
values. This indicates that the equation 4.2 still yields
acceptable values for light nﬁclei at these low energies

and can be accepted within the experimental errors.

e

s
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Iv-) Quasi-deuteron Model for Pion Absorption

In the previous section it has been seen that
the isobar model of pion interaction can, very well,
explain the energy dependence of the pion-nucleus inter- f
action. The quasi-deuteron model of Brueckner-Serber

and Watson (B-S-W) is alsc a two nucleon interaction

process, and is based on the fact that the pion is

UV S

absorbed on a close proton-neutron pair. According to
this model, the cross section o, , can be obtained from
the pion-deuteron cross section, c(n+ +d - 2p).

.

B-S-W, the interaction cross section per proton can be

Following |

|

written as: |
. !

|

|

I

{

1
— o [+ nucleus -» star] =T . o (n+ d - 2p) (L.7)
Z ' '
where ¢ = number of protons in the nucleus. The propor- |

tionality factor, I’ , is essentially a correlation factor,
and is measure of the probability for a given nucleon of

forming a deuteron with another nucleon in the nucleps.
B-S-W prescribe a value of TV~ 10.

The cross section 0(n++ d - 2p), for the éntire
(3,3) resonance region was obtained from its inverse

cross section o(p + p - mhe d) using detailed balance,
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(Fig. 4.7, Hirt et al. 1968). From the detailed balance,

the cross section o(mi+d -2p) is given by: (Nishijima 1964) :-

~ @R
y P
o(nt +d-p+ p) = olp+ p - o+ d) 2 - p
' 2
S +1 *®
3(25,47) 3
- (4.8)

P
momenta of the proton and the pion in the C.M. system,

where STT is the spin of the pion = O; P and P: are the
respectively. The cross sections 0(ﬁ++ d - p + p) thus
obtained are shown in fig. 4.8.

It is to be noted that the quantity T.o(m +d -
P + p) is equivalent to the interaction cross section per
deuteron (since the number of protbns determines the
number of deuterons) inside the nucleus. The nucleus can
be considered'as a sphere of radius R with Z deuferons and
equation 4.2 can be used to obtain o;. In this case the

absorption coefficient K is given by:

. 3Zro(m+ d - p + p)

' AﬂRB

!
|
|
i
§
x
5
H
|
|
1
1
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The cross-sections thus obtained with ro, = 1.4F and

I' = 10, are shown by curve te! in fig. 4.6f The cross
sections are much larger in the low energy region, although
comparable values are obtained around 160 MeV. In general,
the results do not agree very well with the experimental
values. The results can, however, be fitted’to the expe-
rimental values by adjusting I'. This can be achieved by'
feducing T at lowef incident energies. This is contrary
to the fact that T is expected to be larger at smaller
energies. At low energy, the pion remains inside the
nucleus for larger period of time, and hence the proba-

bility of finding two nucleons together 1s greater.

. Moreover, a precise knowledge of nucledr correlation is

needed for a more rigorous defination of .

e
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IV-5 Other Available Data of ﬂ+—nucleus Interactions

On the basis of the isobar model, presented in
section IV-3, some existing data of the interaction of
positive pions with complex nuclei have been interpreted.
The experimental data consist of (a) The measurement of
Blinov et al. (1958) of w' on freon from 77 to 285 MeV;
(b) The measurement of Tracy (1953) of n¥ on aluminum
from 25 to 80 MeV.

The results of Blinov et al. are based on the
bubble chamber study of 4600 pairs of photographs. The
working liquid was a mixture of freon 12, (CC12F3) and

freon 13, (CClF They used three different beams

3}
having energies 320, 234 and 130 MeV to cover their expe-
rimental range. Use of different beams reduced the uncer—.
tainty due to straggling. The beams were falrly monoener-
getlc; the range of 130 MeV beam was (38 + 3) cm.on fréon.
The muon contamination was 13 percent.

The interpretation of the results are somewhat
difficult as the experimental results do not have the
explicit values of the total inelastic cross sections.

The values for the absorptioh'and the charge exchange

cross sections are given, whereas the equation 4.2 predicts

the total cross section for the inelastic processes. For
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this reason, a Monte—Carlo.calculation, similar togthe
one explained in Chapter VI, was performed to obtain the
fraction in which an inelastically scattered pion comes
out. This cross section was subtracted from the cross

section obtained by using equation 4.2. The results,

with P, = 1.4F, are shown for both the F-G-W and the

modified potential (fig. 4.9) by curves a and b; respec-
tively. These are compared with the experimental values

of Teh + 0 which are shown by points with error

ex. abs
bars. A good agreement is obtained and in both cases a

peak at about 160 MeV is observed.
The results on aluminum are taken from the cloud
chamber study of Tracy. He used a magﬁetic cloud chamber

"
containing five 1/8 aluminum plates as the target. The

usefulness of these results are, however, somewhat limited.

due to the large energy width and the probable loss of
small tracks inside the aluminum-plates for which a suita-
ble correctibn was applied. Moreover, the energies are
not well defined. The range of 100 MeV pions was divided
into three ranges to obtain three wide energy bands; e.g.
25 to 45 MeV, 45-70 MeV and 70-100 MeV, corresponding to
the mean energies of 38, 57,482 MeV. The results were
interpreted as in the case of freon, and are shown in fig.

4:10. Again the general agreement is good, although not .

much can be conclﬁded due to the large uncertainty and wide

spread of the energy.
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IV-6 Discussion

From the foregoing discussioens, iﬁ is seen that
the §i0n~nucleus interaction cross section can be well
explained by optical mcdel through the isobar_formétion.
The advantage of this mechanism over the quasi-deuteron
model, is attributed tc the fact that according to this
mechanism the m-nucleus interaction can be déscribed on
the basis of the well known m-nucleon interaction. The
use of isobar model does not require a nucleon palr to
form a deuteron within a very short time and thus avoids
the use of any uncertain correlation factor. Moreover,
the quasi-deuteron model require a p—n'pair, whereas in
the isobar model the absorption can take place with any
two nucleonsprovided the charge 1s conserved. The rela-
tive ratlio of the n-n/n-p pairs, produced in n~ capﬁure
can be well explained by isobar model (Mes . H. 1968), |
which the quasi-deuteron model fails to explain. Further

studies in Chapter V and VI, also indicate the applicability

of the isobar model.
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Chapter V

PIONS FROM ANTIPROTON ANNIHILATION

~

V-1 Introduction

An antiproton (p) is an antiparticle of proton (p)
and hence, has the.same mass but opposite charge (-1) as
that of a proton. Like proton, this is a Fermion and has
a spin (J) 3. It has a negative charge and odd parity.
Like antiproton, antinéutron is an antiparticle of neutron.
Antiproton forms an isospin doublet with antineutron.

The antinucleon-nucleon system has a total mass
of 1880 MeV and baryon number zero. The system is identi-
cal to a heavy meson and is highly unstable and breaks up
into a number of mesons (Baltay 1966, Cresti 1963) througﬁ
strong interactions. Ninety six percent of the mesons
are pilons and the remaining four percent are kaons, which
also eventually decay into pions through weak interactions.
The kaons form only a small fraction of the total and,
therefore, can be neglected. Since the antinucleon-nucleon
system has a total mass of 1880 MeV and pion mass of about

140 MeV, a maximum of about 13 pions can be produced in an

annihilation. Such a high pion multiplicity, however, is

i
e ﬁi?!’;}'.;r
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not observed and rarely more than 7 pions are produced.
In most cases 4, 5, 6 pions are produced with an average

multiplicity 5. Various pion multiplicities, both observed

and calculated, in antinucleon annihilations are given (Hébert
et all1968) in table 5.1. The experimental energy distri-

bution of the charged pions produced in p-p annihilation

N

is also shown on a log-log scale by the solid curve in

fig. 5.1.

If however, an antiproton annihilates on a nucleus,

it does so with one of the nucleons at the surface of the
nucleus (Barkas 1957, Chamberlain 1959). The annihilaticn
process is, therefore, similar to the antiproton-nucleon '

annihilation and emits pions in all directions, These

pions travel through the nucleus and can interact with
other nucleons, thus decreasing the total pion multiplicity
observed in annihilation with free nucleons. The observed

multiplicity and the energy distribution of the charged

pions producéd in p annihilation on emulsion nuclel are ;
shown in column 2 of table 5.1 and in fig. 5.1 (circles

with vertical bars), respectivély. The averaged charged
pion multiplicity, <Nni>, is 2.44 + 0.07, which is about

20 percent less than that observed in annihilation on

free nucleons.
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§ Extrapolated from fig. 5-1

— Caiculated (eqgn. 5-1)
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Fig. 5.2 Charged pions lost in nuclear matter following H - annihilation in

emulsion-
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V-2 Absorption of Pions

From the foregoing discussions, it is seen that
a fraction of the pions produéed inside the nucleus gets
absorbed before coming out of the nucleus. In fig. 5.1,
a large difference between the two distributions is appa-
rent between 100 and 200 MéV of pion energy. The frac-
tional difference between these two distributions are
plotted (circles with vertical error bars) in fig. 5.2.
A striking energy dependence of the abSbrption fraction
is quite obvious and has a peaking at about 160 MeV. In
Chapter IV, similar energy dependence and a peaking at
about 160 MeV was found in the piohjnucieus interaction
cross section. From this it can be inferred that a
similar mechanism prevails in the interaction of these
pions inside the nucleus. Assuming that the interaction
takes place through the isobar formation, the absorption

fraction 'f' can be written as (see appendix 2):

1
£=3 {1 — (1- 2R (5.1)
2KR
3Ac .
where K (K = —-3) and R have the same meaning as in
LR

equation 4.2.
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The equation 5.1 is derived on the assumptions:
1) Antiproton annihilates at the surface of
the nucleus.
- 2) Nucleus behaves as a sphere.

3) Isotropic angular distribution for the pions.

In calculating the absorption fracﬁion, the
emulsion has been considered to be made up of two groups
of nuclei (light and heavy) as in eqﬁation L.2. The effect
of the optical model potential has been accounted for,
as before. Thus a pion having observed energy E, outside
the nucleus, would have an energy E + Vp at the time of
production. This is the energy of the pion at the time
of interaction and hence & at that energy was used for
calculating K in equation 5.1.

The calculated absorption fraction is shown by
the solid curve in fig. 5.2, for the energy region 80 to
300 MeV. A fajr agreement seems to have been obtained |
between the experimental and the calculated absorption
fractions. The calculated absorpfion fraction repfoduces
the peak roughly at the right energy where the experimen-
tal peak 1s observed.

Equation 5.1, howeVer, is based on the assump-
tions which are not strictly satisfied. It may be possi-

ble to improve the results by removing some of the
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assumptions. This will, however, complicate the calcu-
tions ahd is not expected to change the results signifi-
cantly. Moreover, the experimental results have large
errors and hence such a calculation is not considered
worthwhile. In any case, the agreement is fair and the
fraction of pions absorbed (pions from antiproton annihi-
lation on(emulsion‘nuclei) is satisfactorily explained

by the optical model formulation through isobar formation.
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Chapter VI

ANALYSIS OF PRIMARY PROTONS IN PION INDUCED STAR3

VI-1 Introduction

~

In the absorption of a pion by a pair of nucleons,
the rest mass energy (~140 MeV) released is shared more or
less egually by the two absorbing nucleons. Thus in low
energy pion absorption both the nucleons will have energles
of the order of 70 MeV. The study of these fast pairs can,
therefore, yield information on the abébrption process as
well as on the behaviour of the nucleons inside the nucleus.
These nucleons, however, interact with other nucleons in-
traversing through the nucleus, and henée change their
initial energies and directions. The presence of other
evaporated pafficles makes it difficult to distinguish
the primary nuclecns from the secondaries. A selection
criteria is, therefore, imposed on the energy of the
protons under investigation. It is seen in the following
section that most of the evaporated particles will have
energles less than 30 MeV. The nucleons with energy
greater than 30 MeV, therefore, can be considered as
coming from the primary intefaction.

In this chapter, the energy and the angular

distribution of these fast protons have been studied and
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have been compared with the.results of the M.C. calcula-
tions. The experimental results consist of
~1) The analysis of the fast protons
> emitted due to the absorption of pions
which are produced inside the nucleus
due to p annihilation (Stack 1)
ii) The analysis of the protons emitted due
to the direct absorption of pions which

are incident on emulsion (Stack 2)
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VI-2 Fnergy Spectrum of Evaporated Particles

Due to frequent collisions of the two outgoing
fast ‘nucleons and knock on nucleons, the whole nucleus
becomes excited. In a very shoft time the excitation
energy of the nucleus distfibutes.itself in a statistical
manner among all cther nuclear particles. In other words,
- the temperature ofhthe nucleus as a whole increases which
may lead to the explosion of the nucleus emitting a number
of low energy particles. Most of the eVaporated particles
are usually protons, neutrons and a-particles. The avera-
ge energy of the emitted particles is of the order of 10
MeV; their number and the energy distribution being de-
pendent on the temperature of the nucleus.

The energy spectrum of the evaporated particles
can be cbtained from the statistical thermodynamics. The
number of charged particles with energy E in a width dE

is given by (Rossi 1956):

(E - ®

N(E)dE = const. dE (6.1)
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where T and Véare the tempefature of the nucleus and the
height of the coulomb barrier in energy units, respecti-
vely. (E - %) is the energy which is observed outside
the nucleus. For a high energy interaction, T is of the
order of 3 to 5 MeV.

The fraction, N, of particles having energy up

to E is then given by: -

-(E - ¢
) (6.2)

Using equation 6.2, the fractions of evaporated particles
with energy less than (E - V) have been calculated and are
shown in table 6.1, for T = 3, 5, 6 and an average V.~ 6
MeV.

These results show that for typical values of Ve
and T,more than 98 percent of the evaporated particles have
energles less than 30 MeV. On this basisy;a cut off value
of 30 MeV was. chosen aﬁd the protons with higher energies

were considered as the primary nucleons coming out of the

nucleus.
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VI-3 Interaction of Pions Produced in Antiproton

Annihilation

N VI-3.1 Pions from Antiproton Annihilation Stars

Preliminary experiments were carried out with
the pions which were produced inside the nucleus by the

annihilations of antiprotons at rest. Due to the anni-

hilation, pions are produced with a definite energy spectra,

the characteristics of which have already been described
in Chapter V (fig. 5.1, table 5.1). It was concluded
that the charged pion multiplicity in emulsion stars was
20 percent less than the average multipliclity observed
with free proton and neutron. Obviousli these plons are
absorbed inside the nucleus. Thus on the average 0.6
pions get absorbed before coming out of the nucleus.
Hence twd fast protons, coming out from some of these
stars are expected to be from the absbrption of a single
pion inside the nucleus. The study of such protons 1is,
therefore, equlvalent to the study of protons coming out
from the direct absorption of pions. It is possible,
however, that the two fast protons are due to the absorp-
tion of two pions in the same nucleus, each emitting a
proton and a neutron.. This probability is small since

the statistical probability of two pions being absorbed




AL SRR MRS

B F IR TR e T el S e T

- 130 -

in the same nucleus is small. Moreover, as 1s shown below
from the various modes of absorptions, the probability of
emission of similarly charged particles are much higher
compared to the neutron-proton pairs. The various absorp-

tion modes and their frequencies are:

mto+ p - N 75% )
n o+ - N¥ 25%
%

¥ +p-op+p 128
N¥" 4+ n o n+p 12%

T 4 on o p+p 75%

mT o+ n oo N7 75%
m + p - N l25%
¥+ p-n+n 75%
N*+ p-n+op 12%

als

*+ n-n+n 12%

Thus in about 12 to 13 percent cases a proton-
neutron pair is emitted. From this, together with the
fact that only rarely more than one pion is absorbed in
the same nucleus, it can be ancluded that the fast proton
pairs coming out in the p-annihilation stars are in most
cases due to one single pion absorption. In the following
section the experimental study of these fast proton pairs

are reported.
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VI-3.2 Experimental

The exper&mental measurements were carried'out
in the emulsion stack which was irradiated with a beam of
antiprotons. The details of the stack are given in sec-
tion III-2. |

405 p-annihilation stars were obtained by
scanning a total area of 14 sq. cm. in four pellicles:
88, 89, 90, 91. Of these 66 stars were found to have
fast proton pairs. The breakdown of the data of the p-
annihilation stars are given in table 6.2.

The energies of these protons and the opening
angles between the two nucleons were measured using the
techniques explained in section IIT-4 and III-5. The
experimental results are shown in ﬁhe‘form of histograms
by solid lines in figs. 6.1, 6.2, 6.3a and 6.3b.

Fig. 6.1: The distribution of the individual
fast protons_(in terms of the fraction of the total number
of fast protons) as a function of the proton energy.

Fig. 6.2: The distribution of the fractional
number of proton pairs as a function of the total energy
of the pair. |

Fig. 6.3: The distribution of the fractional
number of pairs as a functioﬁ of

(a) the opening angle 6§ (laborétory system)
between the two protons. '

(b) cos 9.

2
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VI-L 70 MeV Pion Induced Stars

In stack 2, 882 pion induced sﬁars, in the
energy range up to 60 MeV, were examined for fast protons
with energy greater than 30 MeV. A total of 530 fast -
protons were found and 108 stars had fasﬁ prdton pairs.
Energies of these fast protons as well as the opening
angles between the two protons of the pairs were measured.
The experimental results are shown by solid lines in

histograms 6.4, 6.5, 6.6a and 6.6b.
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VI-5 Monte Carlo Calculatiogg

VI-5.1 Monte Carlo Technique

N The experimental results obtained in sections
VI-3 and VI-4 have been interpreted by Monte Carlo cal-
culations based on the isobar formation. Thé Monte Carlo
method is essentially a technique in which a given phy-
sical process, having one or more random variables, is
simulated in the same prescfibed manner in which the
process is expecﬁed to proceed. The process is completely
determined by choosing random numbers associated with
proper weighting factors determined by the physical process
under consideration. The calculations'are repeated many
times with different random numbers and the results are
statistically analysed. These results can then be compa- |
red with the experimental results. The scheme of the
Monte Cwrlo calculation and the program used for pion
interaction in the complex nuclei of emulsion is explainéd

in the next section.

VI-5.2 Programme

The Monte Carlo célpulation used is similar to
that of Metropolis et al. (1958) and of Werbrouck (1964).

In the calculation, the nucleus has been considered as
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a spherical potential well in which neutrons and protons
form two Fermi gases. The characteristics of the Fermi
gas, such as the nuclear potential and the FermilleVel were
taken from Metropolis et al.

In stack 2, the pions are the incident ?articles

and the energy and the direction of the incident beam is ‘

known. This direction and the energy can be takén as the
starting point in the programme. In case‘of D as inéident
particle, (Stack 1),the charges, energies and ‘the direc-
tions of the produced pions are not uniquely known and have
to be determined from the characteristics of the annihila-
tion process. It is assumed that the ﬁ‘annihilation takes
place on the surface of the nucleus and has equal probabi-
1lity of annihiiating on any one of the nucleons. Once the -
direction and the energy of the pion is determined, the
rest of the mechanism is identical to the former case.

The pions traversing the nucleus can interact
with the nucleons to form an isobar which in turn can
interact with another nucleon to get absorbed and emit
two fast nucleons or may be de-excited to a pioﬂ and a‘ i

nucleon. The emitted nucleons can set up a cascade.

The scheme of the programme is as follows.
A) Initialization: The relevant cross sections,

distributions and constants are read in and all
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counters are set.

Start: By means of random nuﬁbers, the incident
energy, position, direction and charge of the
pions are determined. This is necessary when
pions are produced due to p annihilation. For
monoenergetic incident pion, these quantities
are known from the intial condition. |
Penetration: From the input pion-nucleon cross
section, ihe mean free path of the pion in the
nuclear matter is calculated and by using a
random number the distance of the collision is
obtained. From the previous position, the direc-
tion of motion and the collision distance, the
position of the collision is obtained. If the

new position is inside the nucleus, the programme

proceeds with the next step otherwise it continues

at step H.

Collision: By using random numbers, the charge

of the target nucleon, its momentum, direction

and the type of interaction (i.e. charge exchange,
absorption etc.) are determined. The calculations
are done in the centre-of-mass (C.M.) system éﬁd
the outgoing direcﬁion of the scattering particles

is obtained by using another random number. The

use of random number is described in section VI-5.3.

:
i
i
|
i
|
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The outgoiﬁg direction and energy of the
scattered and the target particles (in the labo-
ratory system) are calculated using relativistic
mechanics. The energies of the outgoing nucleons
are tested to ensure that the Pauli exclusion
principle is not violated. |

The scheme of the kinematics used for the
collisioﬁ process is given below.

The energy, the direction and other cha-
racteristics of the interacting particles are
known. In thé laboratory frame, both the par-
ticles are moving but not generally along the
same line or along any one of’the'axes. Thus

to accomplish an easy calculation, it is neces-

sary to perform a series of rotations and rela-

tivistic transformations. In the first rotation
the target nucleon is made to move along the
x~axis and is followed by a transformation of
both the particles to the rest frame of the
target nucleon. Under this condition, one of
the particles is at rest while the other approé-
ches from some genéral direction. Another rota-
tion is performed, in the rest frame'of the

struck nucleon, to bring the incident particle

1A
H BAsaten



e
l:,«'m;‘

along the x-axis. The particles are then trans-
formed to the centre-of-mass system so that they
apprecach each other with equal momenta and along
the x-axis. The energy of each of the particles
in the centre-of-mass system is calculated. After
the collision, they move along direétions deter-
mined by the random numbers and have equal and
opposite momenta. Finally, the inverse trans-
formations and rotations are applied to obtain
the energy of the outgoing particles in the
laboratory system. The various transformations
are given in appendix 4 .

Struck particle: If the strudk nucleon is suffi-
ciently energetic after the collision, it is
stored in the memory to be followed later.
Incident particle: The energy of the incident
particle is tested to determine whether it is
sufficiently energetic to be followed. If so,
the programme proceeds with the step C, otherwise
the particle is abandoned and the programme
executes stép G.

If there is any particle stored in the memory,
its position, direction and other characteristics

are taken as those for a new incident particle

f——
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and the programme éxecutes step C. If not, step

H is performed. |
The energies and directions of.the outgoing par-
ticles are printed and a new event is started with
step B.

At the end of the programme, when the
required number of events have been simulated,
the energ& and the angular distribution of all
the incident and the outgoing particles are
printed. |

| A schematic flow chart of the program is

shown in fig. 6.7.
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VI-5.3 Random Number and its Use

From the foregoing discussions it is evident
that most of the decisions are taken by using random
numbers. The random numbers were generated by using the
subroutine 'Randu' supplied by IBM. A multiplicative
congruential method, having a period of 5 x 108 numbers,
was used for generating the numbers. Once the random
number is generated, it is necessary to use the number
properly, very often with a proper welghting factor.

The use of random numbers is illustrated by considering
the step C and D.

In step D, the nature of the target nucleon is
to be found from the given random numbef. From physical
considerations, it may be known that the probability, or
the welghting factor, of collision with a neutron is x.
The probébility of collision with a proton is, therefore,
l-x. If the random numbers are uniformly distributed |
between O and 1, then for a random number (R) less than X,
the target particle is taken as a neutron. On the other
hand, the target particle is taken as a proton if the
random number i1s greater than x. If the operation is
repeated many times, the ratiq of the neutron to proton
is expected to correspond, statistically, %o the physical

ratio.
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The above procedure can be extended to the case
of a multiple choice and for continuous probability func-
tions. For a multiple choice, consider n possibilities
having probabilities Xy, we-Xp- The ith possibility

would be chosen if the random number, R, lies between
th L th

the sum of the probabilities up to i-1"" and i~" possi-
bility, i.e.; if -
i-1 n i )
E:xj <R E:xj <) X5 (6.3)
j=1 =1 =1
n.

The factor EZ xj‘is the total probability of choosing any
=1
one of the possibilities and is normalized to unity. The

choice is repeated many times to obtain correct frequency.
For continuous probabilities, the probability Xj
is replaced by a continuous function and the sum by inte-
gration: Thus if P(x)dx is the probability for a variable
to have a value between x and x + dx, where dx is infini-
tesimal, then for a random number R the choice of the

point x' is made from the equality:

X 1 . .
R fax P(x)dx = [ P(x)dx (6.4)

X . X .
min min

[ARE
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If the left hand integral ié normalized to unity, then
x' can be obtained by solving the right hand integral.
This equation has been used to obtain the collision dis-
tance (penetration) in step C. If A 1is the mean.free
path of interaction, then the probability of interaction

within a distance ' ' is given by

2 ,
[ Plx)ax =1 - &= /> (6.5)

since the total normalized probability of interaction is:

I Plx)ax = 1 | (6.6)
(o]

we have,.using 6.4, 6.5 and 6.6

1-R=c¢ ) (6.7)

Since (1 - R) is also-a random number between O and 1,

it may be replaced by R, i.e.

{, : .
R = e— /}\ . ) ] (6.8)

or 4

"

-\log R (6.9)

Thus knowing R and A, the distance of collision '4' can be

chosen for a particular event.
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Constants, distrivutions, etc. ]

®

®

Is incident particle
energetic enough to

Determinaiion of incident energy
and direction,

©

Calculation of distance to collision
dand new position.
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VI-6 Results and Discussions

The output of the program contained a listing‘
of ‘the energy and direction of the outgoing particles.
From this,suitable statistical distributions of the
energy and opening angles of the: fast pairs were obtained.

For the antiproton annihilation, 2000 events
were calculated and the results are shown by dotted lines
along with the experimental results in fig. 6.1, 6.2,
6.3a and 6.3b.. A general agreement is.obtained, although
nothing definitely can be concluded due to the poor sta-
tistics of the experimental resulﬁs.

With the pion induced stars, éhe experimental
results consist of events produced by pions with a maxi-
mum energy of 60 MeV. Most of the stars, however, were
with pions having energy more than 30 MeV. The Monte-
Carlo calculations were, therefore, performed for 2000
monoenergetic pions with energies 30, 50 and 60 MeV and
was properly averaged over for obtaining the distributions.
The results obtained from the Monte. Carlo calculations
are summarized in tables 6.3, 6.4 and 6.5 and are shown
by dotted histograms in figs. 6.4, 6.5, 6.6a and 6.6b
and are compared with the corresponding experimental

results shown by solid histograms.
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It is observed that there is a very good agreement
between the experimental and the Monte Carlo results. From
the single proton spectrum (figs. 6.1 and 6.4) it is seen
that the number of protons having energies greater than 80
MeV falls rapidly and have a flat spectrum fpom about 50
to 80 MeV, This is what is expected if the pion rest mass
(lhouﬂbV) is divided more or less equally betweén the two
interacting nucleons. In the energy spectrum of the proton
pairs, the total kinetic energy of the pairs predominently
lies between 80 to 130 MeV and is close to the rest mass
of the pion.

The agreement for the distribution of the opening
angles is also fairly good (fig. 6.6). The experimental
and the Monte Carlo results (fig. 6.6a), both show a

peaking between 140° and 160°.
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Chapter VII

CONCLUSION

It is found that the isobar model of pion inter-
action is quite successful in explaining the interaction
of pilons with complex nuclei. The advantage of this model
is due to the fact that only well known pion—nuéleon inter-
action cross section is necessary to explain the pion-
nucleus cross section. This model avoids the use of any
uncertain nuclear correlation factor as was used by Bernar-
dini and Levy (1951) in the interpretation of their pion
interaction results with complex nuélei.

It has been seen (Chapter IV) that the isobar
model repfoduces very well the experimentally measured
cross section of positive pion interaction with complex
nuclei in the entire (3,3) resonance energy region. The
results tend to favour a value of ry = 1.4F and show the
presence of the pion-nuclear potential. Due to the presence
of the nuclear potential, the peak in the pion-nucleus inter-
actlon cross section occurs at a lower energy than the (3,3)
resonance energy. This is indicated by a considerably
higher cross section at 168 MeV. Similar results are

also obtained (reference Chapter V) in the study of
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the fraction of pions absorbed (where pions are produced
inside the nucleus) inside the nucleus in éntiproton anni-
hilation. Maximum absorption occurs at about 160 MeV.

Also the observed absorption fraction agrees satisfactorily
with the isobar model calculations. The experimental
distribution (Chapter VI) of the.opéning angles between

the two fast nucleons produced in the n' absorption is

also well reproducéd by the Monte Carlo calculations based

on isobar model. In both cases a peaking around 150° is

" observed.

According to the isobar model, the interaction
of negative pions with complex nuclei is expected to be
similar and, hence can be treated similérly. The inter-
action cross section can be obtained by changing the sign
of the coulomb barrier in equation (L.2). Thus the 1 -
nucleus cross section is expected to be larger than the
corresponding m -nucleus results. This was observed by
Bernardini inbhis work with 35 and 70 MeV pions. At
higher energies, however, the différence between the two
is expected to be negligible. A systematic measurement
of the cross section of interaction of negative pion
with the emulsion nuclei wili, therefore, be very useful
for further verification of our model. A comparison bet-

ween the two results may also be very useful. It will
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also be worthwhile to carry.out similar experiments in
the entire (3,3) resonance energy range with positive and
negative pions on given complex nuclei like lead or alu-
minum. The analysis of stars produced with a given type
of nuclel is much easier and more reliable than the ana-
lysis of the results with emulsion or freon where more

than one. types of nuclei are involved. -
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Appendix 1 Some Expressioﬁs Used in Chapter II

(a) Properties of Projection Operator

. The important properties of projection operators

used in Chapter II are:

g
N
)
o)
+d
+d

o = 0 for q g B . A1.1

Similar relations hold good for the isospin and spin com-

ponents of the projection operator.

(b) Derivation of Eguation 2.29

The L.H.S. of the equation 2.29

- 3Ty B, Ty, 53
=tz (5pn - —31- tntp) (énq - %— tptn)
zti-(épn - % n p)énq -ti (6pn - % tntb) (% tqtn)
= .(épq -3 totp) _ti (5n - 3 tatp) (3 tqty)
=l(apq - %—_tqtp) —tz Ty/p (psn) Ty (n,q)

n
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(c) Angle Between Two Vectors

. The addition theorem for spherical harmonics is

given by:

1
. ™ m m
P%(cos epn) = EZAI~I E: Y, (6, @)Y (en’ @n)

where P& is the Legendre function and Y? is the spherical

harmonics of degree 4. The angles are defined in fig. 2.1.

For 2=1
1
_ 4m m mt

Pl(COS epn) - 3 mg_l Yl (ep) cpp) Yl (en) Cpn)
But

Pl(x) = X

1
_ Lm m m

Hence cos epn = 73 mZ—l ’Yl (ep"¢p) Yl (Gn, @n) A.1.2
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T, (8, o) = J i; cos 8 |
3t (e, @) = (DT[] (001% o & sin g eI

we obtain from A.1.2 . - |

- + gi ] : - i
cos 6 = cos Qp cos 8 + sin ep sin 8, cos (@p mn) |

A.1.3

This relation has been used in equation 2.3la and is also

the same as relation 3.6.
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Appendix 2 Absorption Fraction of Pions in P Annihilation

The following assumptions are made in the p

annihilation:
(1) p annihilates on the surface of the nucleus
(2) Nucleus is spherical
(3) Isotropic angular distribution for the pions
produced.
Let an antiproton annihilate at the point I on the surface
of the nucleus. Since the pions produded have isotropic
distribution, only the pions in the upper half plane will

enter the nucleus. Hence the absorption fraction:

Fig. A.1 Geometry used in ca]cu]atihg the pion absorption fraction.
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f=3[ (1 - e™%%) d(cos o)
where K = interaction co-efficient = iﬁ-&, R = nuclear

radius and x = distance traversed by pion.

2R

f:%j(l—_KX)% [cose_%c-ﬁ]
o

= 1 1 -Kx.2R
wxrre T
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Appendix 3 Sample Programme

In this appendix a copy of the Monte Carlo
programme, used in Chapter VI, is shown. The last page

-shows a sample of the output data.

The following are the important conventions

used in'the programme:

1) All symbols starting or ending in X, Y, 2
refer to space positions or directions.

2) Symbols starting in T, E or W refer to

kinetic_energy in MeV, momentum in MeV/c¢ and mass in
MeV/c?; respectively. |

| 3) Symbols starting with NUCL refer to pions
if their value is negative, neutrons if there value is
zero and protons if their value is positive.

4) Symbols with SEC or SIG refer to cross | |

sections measured in millibarns. . ]

5) Symbols ending in CHAR refer to the charge
of the pion.: |

6) 1In the subroutine CMSLOB, symbols starting
with T refer to total energy in MeV and symbols startiﬁg
with P refer to a component.of momentum measﬁred in MeV/c.

7) RZERO refers to the radius parameter r . |

8) RANDU is the subroutine for generating random

numbers.,
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Appendix 4 Kinematics Used in Subroutines

In the Monte Carlo calculationé shown in appen-
dix 3, the important kinematical calculations were carried
out by using the subroutines LBRSTB, CMSLOB and RSTLAB.
With the help of these subroutines, the finai momenta of
the two particles involved in é collision were calculated.
In this appendix,ithe explicit'rotations and relativistic
transformation matrices used in these subroutines are
described.

Thé first subroutine, LBRSTB, transforms the ,
incident particle to the rest frame of the target nucleon:
This consists of 1) a rotation, Ry, of the laboraﬁory
frame so that the target particle moves along the x-axis
and 2) a relativistic transformation T,

In fig. A-2, D denotes the momentum of the taréet
nucleon. Hence, the total rotation Rl consists of a rota-
tion about the z-axls through an angle v, followed by a
rotation about the new y-axis through an angle ("/2 - 8).

Thus

sin @8 O cos 8 cos @ sing O
R, = 0 1 0. -sino cosw O
cos 8 0 sin 8. 0 .0 1

s b e as e e A



7

(¢)

(b)

Fig. A.2 Geometry used in kinematics subroutine
a) Momentum vectar B of the particle in the Tab. system.

b) Momentum vector B after the frame has been rotated through an
angle ¢ about the z axis

c) Momentum vector coincides with the new x axis (x") after the
frame is rotated through 1/, - o about V'

S
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sin 6 cos o sin 6 sin o cos ©

= - sin ¢  cos ¢ ‘ 0
-COS 6 cos o -cos § sin o sin 8

This transformation 1s only applied to the incident
momentum 51, since the target particle will be along the
x-axis:” The quantities sin §, cos é, sin @ and cos ¢ are
obtained from the main programme using random numbers.
The relativistip transformation, Tl’ is then

applied to the momentum four-vector, Pl’ of the incident

particle:

where U1 is the total energy of the particle. The trans-

formation, Tl’ is given by :

Y1 0 0 insl
0 1 0 0
o 0 1 0
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where Bl is the velocity of the moving frame:

P,

- 2 2

P2 -+ M2

and Y1 is the Lorentz factor:

1
Yl'-:

w/l—sl2

These two transformations complete the éﬁbroutine LBRSTB
and transforms the incident particle to the appropriate
rest frame of the target nucleon. This‘information is
supplied to the next éubroutine CMSLOB.

The .subroutine CMSLOB transforms both ﬁarticles
to their center of mass and determines their new direc-
ﬁions and momenta in the center of mass after collision
and finally transforms back to the original rest frame
of the target nucleon.

First, a rotation éimilar to Rl is again per-
formed. 1In this case the frame is rotated so that the

incident particle moves along the x-axis. The value of
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sin 6, cos 8, sin » and cos ¢ are calculated from the
direction cosines (x, y, z) of the incident particle in
the rest frame of the target nucleon. The expressions

are:

cos 8 = 2

sin 6 =,J& - 22 = Q

cos 9 = */Q )
sin ¢ = Y/Q

The rotation, RZ’ is then given by:

. X y Z
R, = {|-Y/a %/ 0
=2 -Fa Q

The rotation is not actually app%ied to either particle,
since 1t is known that the incident particle will be
moving along ﬁhe x-axis. However, R2 willl be used later,
to obtain the inverse transformation, Rz_l.
A‘relativistic transformation, T2, is then per-
formed to the center of mass frame of'the two particles.

The velocity of the center of mass, 32, and the Lorentsz

factor, Yos are obtained from

P
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and
1

Y, =
Vo1 8,”

) '
where Ul is the total energy of the incident particle in
the rest frame of the target particle and M2 is the mass
of the target particle.

- '
In the center of mass system, the momenta, p¥,

are equal and opposite, and are given by:
A AP

Hence the total energy, U*, in the center of mass system

is given by:

This quantity is conserved and can, therefore, be equated

with the total energy after the collision. This enables
to determine the momenta of the two particles. The main
programme determines (by using random numbers) the new

directions in the center of mass system. If ﬁf* is the

center of mass momentum of each of the particles after the

coilision and M, and Mh are thelr masses, then the total

3
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energy
2 2 = 42 2
Uk =\ ( Ft IVI3 )+ (Pf + M, )
i.e.
2 1
f U2 M 22 :
D 4 3 2
P - /-y,
20
In our case M3=M4. Hence;
5 1
P.5] - ()2 - w2 4

4

This portion essentially describes the collvslon and can
be represented by a transformation C. This transformation
rotates and transforms the momenta of the partlcles, where-
as all other transformations rotate and transform the

frame of reference.

The new momentum four-vectors are transformed

back to the original rest frame of the target nucleon

by T2 :

R NN W
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Y, 0 0 —-182'y2
1 0 1 0 0
T =
2 0 0 1 0

and rotated back by using RZ— ;  where R2~1 is given by:

X ~J/q -2%/q
Rz"l = v */q -2 /q
Z 0 Q

These transformations are applied to both the outgoing

particlés and the data are supplied to the next subroutine

RSTLAB.
The subroutine RSTLAB transforms both particles

back to the original laboratory frame. This is accomplished
by the inverse transformation Tl—l followed by the inverse
rotation Rl_l. These transformations are applied to both

particles and the resultant momenta and directions are

supplied to the main programme.

O N
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