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ABSTRACT

A stack of emulsion pellicles has been exposed to & 300 MéV
beam of  -mesons and their intersctions with nuclei have been
observed by following 140 m of track.

In order to analyse the eveﬁts the usual techniques have
been employed in addition to which a new method due to the author
of measuring the ionization of tracks, steeply inclined to the
emulsion piane, is presented.

The interaction lengths for the production of inelastic
interactions and elastic scatterings are (37.9 il2.0)cm and
(77.4.1 5.8)cm respectively. .An Optical Model analysis leads to
an absorption coefficient ana change in wave number of (1.5 ; 0.15)

(r3xr 1 012) -

10*2 em™! and —éihibffésiélola el respectivély. The differences
from the expected values are consistent with a reduction of the
cross-section for elastiec scattering within the nucleus of about
3 times. |

The average energy for inelastically scattered pions varies
with the angle of scattering and resembles that for the scattering
of pions by free, stationary nucleons except that the eneérgy in the
forward direction is somewhat reduced. .The angular distribution for
the scattered pions shows near isotropy whereas the-equivalent graph
for scattering on free nucleons is strongly peaked in the forwafd

direction.



A mode of interaction in which-only a single collision of the
pion with a nucleon occurs is proposed. The pion emerges without
further collision gnd tﬁe struck nucleon goes on ta make otherl
collisions; The exclusion principle has beén appiied to an
experimentally -determined distribution of momentum in the nucleus
and a strongly inhibitive'effecf results, producihg an isotrepic
distributioﬁ of_the-secondary‘pionS«and a‘lOWEéing of the average
energy of these.pibns in tﬂe forward direction.

.For absorption of the pion it is proposed that two absorbing
nﬁcleons are invol%ed which go on to make other collisions.

Energy balances have been performed on the‘inelastic scatter-
ings and absérptive events. They show good égreement with the

available energy..



CONTENTS

Page
PREFACE ««eeosasssasscsssesosacaseasssocassscscsncssasssanse i
LIST OF FIGURES csnvvascscsancrossvseccscecsscscsessonscsssssess L1
LIST OF TABLES -........--.....a......-...-......;..--.-..... iiy
INTRODUCTION eeeceovvasansssscoanssassssscsccacasnssssscsasasces 1

CHAPTER 1 : THE INTERACTIONS OF II-MESONS WITH NUCLEONS AND
NUCIET eececescssaccarascsasscaseancssssasncsnssas 4

l.1 Interactions of the s-meson with individual
NUCIEONS suvesesacesassoasssnssccascccnsonnnes L
1.2 Interactions with complex nUClel ceeascascees B
1.3 The Optical Model of the NUCleUS eesveecscass 9

1.} Application of the Optical Model to the

eMU]1SIiON eseesenscccccscconsscsssscsnssscnnes 12
CHAPTER 2 : TECHNIQUES OF IDENTIFICATION .-........-............ 14
2.] RANEE esescescsscssassncsassccsesscsaccnsnses 1l
2.2 Track density secesssccoccssscsssscessasssnses 15
2.3 ScAttering secvecscscscsscaccssraccsasiccscas 22
2.4 Methods of identifying particles seeeesenssss 23
CHAPTER 3 : THE ELASTIC INTERACTIONS OF 285 MEV II-MESONS..... 25
3.1 Experimental DetailsS ccececceescasccccaacccnsse 25
3,2 Interaction Length ceececescscecscsesscncecses . 26

3.3 Application of the Optical Model seceseeeisse 28



CHAPTER L4 : THE INELASTIC SCATTERINGS OF 285 MEV I-MESONS .. 33
k1 Ine'lastfic Scéﬁ:btering : experimental results . 3k
4,2 Inelastic Scattering : discusSSiON secesccecss 35‘
%e2.1 Multiple COl1iSiONS eseeecssscanssonses 36
4. 2,2 Motion of the NUCLEONS eeasssscssssnnes 36 -
4.2,3 Bffects of- the exclusion principle .... 36
4.3 Analysis of the.Inelastic :J_Zntera.ct.ion ceeres 38
L.3.1 Inelastic Scattering seecesescesscessee 38
4k.3.2 Absorption of the Pion ecececeeccssceees K4l
.4 Conclusions e eesceesccenteasacncanssennannas L% |

ACK:NOWLEDGI\ENTS 0.'-l<l..¢c|.ao..'gu"'.t.c-‘.lnc..n.c.lo'...cl )+5

REE‘ERENCES ?‘.--.oI.....-.n..l...-.an...l...vl-v.l.l’l.tl'cococotl..v.. h‘6



PREFACE

The material in this thesis-vis an account of the work carried
out by the suthor during 1959-1961 at Durham University. It is
concerned with the elastic and inelastic interactions of 3(_)0 MeV
T -mesons obsefved. in nueclear emulsion. - Some of the results
presented here have already been published (Finney et al. 1961).

In the experimental work on elastic scattering of the |
n -meson, the .author worked in collaboration with Mr. P.J. Finney
and Dr. J.V. Major. 'The experimental work on the inelastic
interactions has been the sole responsibility of the author.

The analysis of the work has been made jointly with

Dr. Major-
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INTRODUCTION

Since high energy n-mesons have become available from
accelerating machines it has been possible to study in detail
the elementary interactions between the w-meson and the proton,
and, to some extent, wthe neutron.. The interaction schemes have
beén elucidateaand the total and d&ifferential cross-sections for
many of them have been determined.

To a much lesser extent the interactions of n-mesons with
complex nuclei héve been investigated.  These may be elastic
collisions in which the nucleus simply recoils or inelastic in
which it disrupts. The general features of these may be under-
stood in terms of. the Optical Model. It is thought that the
inelastic interaction takes place predominantly through
collisions ;f the n-meson with single nuqleons of the nucleus.
That the meson does interact with groups of nucleons is shown
by the process of aBsorptioﬁ of the mesdn whiph requi;es two or
more nucleons to be involved. After an initial collision with
a nucleon, a meson may make further collisions in the nucleus
before being absorbed or escaping from the nucleus.

The collision between the n-meson and s nucleon in the
nucleus is expected to be similar to a collision with a free
nucleon, though there are some modifications. These modifica-~

tions are due firstly to the motion of the nucleons whichalters
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the energy availlable for interactions in the centre of mass system;
secondly to the Pauli Exclusion Principle which must be applied to
the nucleons which have been struck. .Although the beam of n-mesons
is mono-energetic the formerleffect leads to variations in the
crogs-section in the centre of mass system, though their average
value is usually little .different from that of the free nucleon
cross-section at the energy of the n-meson beam. The second modifi-
cation inhibits those collisions in which low values of momentum
should be transferred to the struck nucleon and consequently this
leads to a reduction of the cross-section. |

It is possible to interpret the inelastic interactions of
n-mesons with nuclei by taking info account these modificétions to
‘the free-nucleon cross-section as well as the possibility of inter-
actions with groups of nucleons.

In addition tothe inherent interést of the interactions of the
n-meson with nuclei, a knowledge of the characteristics is essential
to the understanding of the interactions of K-mesons or anti-protons
with nuclei. In these interactions a x-meson is often the initial
product of the interaction which is terminated by the interaction of
the n-meson with the nucleﬁs. These mesons are produced with energies
of a few hundred MeV.

.This laboratory has been investigating the characteristics of

n-meson interactions with the nuclei of nuclear emulsions in the

energy range 100 - 800 MeV. Blocks of emulsions have been exposed



S
to- 88,300 and 750 MeV beams of n-mesoﬁSa The results of the elastic
interactions at these energies have been published. Inthis thesis
the elastic and.the inelgstic iﬁferactions of n~ -mesons at BOO.MEV
are described. |

In Chapter 1 the main features of the interactions of n-mesons
with free nuéleons'afe deséribed briefly. The mé&ificétions to
these are also considéred. Ehesé are followed by a brief account
of the Optical Model of interactions with the nucleus. This is used
extensively in Chapter 3.

- The complete anglysis of the inelastic interactions has
required the use' of most of the idénfification.techniques of nuclear
emulsions. These aré desqfibed in Chapter'E where emphasis is
given to the determination.qf ionization in steep-tracks in the
emulsion.

The .details of theexposﬁfe,'proéessigg'agd scahning are given
briefly in Chapter 3. The crbsS—sectiéns for elastic and inelastie
interactions are determined and the angular.distribution of elastic
scattering is given. Thesé are analysed in terms of thé Optical
Model. |

Chapter 4 presents the features of the inelastic interactions.



L.
CHAPTER 1

THE INTERACTIONS OF I-MESONS WITH NUCLEONS AND NUCLEI

The work described in this thesis is part of a programme on
the investigation of the élastic and inelastic interactions of
n -mesons with complex nuclei of the nuclear emulsion between
100 and 800 MeV. The elastic interaction and the cross-sections
for elastic and inelastic interactions are understood in terms of
the diffractipn and attenuation of a meson-wave by the nuclei of
the emulsion. The former corresponds to the elastic interaction,
the latter to the inelastic interaction.- The understanding of
the details of the inelastic interaction is made in terms of the
collisions,of the n-meson with individual nucleons of the nucleus.
Moreover the degree of attenuation of the meson wave in the Optical
Model is determined by this process. A summary of the main
features qf the collisions of pions with free nucleons is now
given with the extent to which these collisions are modified when
occurring in nuclei. This is followed by an account of the
Optical Model.

l.1 Interactions of the n-meson with individual nucleons

The main interactions of charged mesons with nucleons in the

energy range be;ow'800 MeV are as follows:
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:-:"":+p-v-n:-+p

l.lel n++p»1t++p :
} elastic scattering {1‘

lele2 it +n-> gt +n ~ +n-> g +0n

lele3 nt +n-© +p- charge exchange - +p-+>1° +p

1.1.4 :t+_ +n->y +p radiative capture e+ p-+7y +n

The cross-sections for the first thiree equations are of the
order of t'ens- of millibarns but the cross-section for radiative
absorption is of the order of 1 mb and so is negligible.

It should be noted that when elastic scdtteng occurs energy
is transferred between the -mesoh and_.- the nucleon, both of which
retain their initial identities.

Although the cross-sections for interaction with the neutron
cannot be measured directly, it 1s expected by charge symmetry that

"the total cross-sectigns (Uzt"'n’ dﬂ_,p) shéuld be equal as should be
(cn"n’ Ozr"'p)' The cross-sections Urr"'p- and Gs'c"p show a pronodunced
maximum at 190 MeV. At 300 MeV the values of the cross-sections are
respectively 75 + 5 mb and 32 + 2 mb. | The latter cross-section is
.made up of g.bout 22 mb for 'elastic scattering and about 11 mb for
charge exchange scattering; Yuan (1956).

Below 450 MeV the angular distribution for the scattered mesons
has been investigated in detail. Above this energy the angular .dis-
tributions are only partially known. In the ¢éentre of mass system
the angular distribution is given by:

dg

— = A + B cos ex' + C cos? Gx

ag
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vhere 0° is the angle of scattering in the centre of mass system
beﬁween the scattered w-meson and the incident one. The sign of

B determines whether-fhe distribution of scattering is predominantly
forward or backward.  Above 190 MeV this is positive (implying
forward scattering) but beléw tﬁis energy backward scattering
predominates for the gl&stic scattering of nt-mesons. In figure 1
the angular distribution in the centre of mass system and the
iaboratofy system are given for the elastic scattering of n-mesons
by protons and neutrons at 300 MeV.

1.2 Interaction§'with complex_nuclei'

A meson may,interaét with the whole of_thé-nucleus elastica;ly
or with individual nucleons through processes i.l;l to l.1l. k.

- Altheugh l.1l.1 and l.l.é are elastic c¢ollisions between the pion
and the nucleon, the nucleus is left in an excited state because
the nucleon has changed its'energy. Hence all four interactions,
l.1.1 to 1l.1.k4, should be taken as ineldstic interactions with the
nucleus.

One or more nucleons may be knocked forwird as a result of the
interaction of the.ﬁeson'with individual.nucleohs;'this‘leaves the
struck nucleus in an unstable s#ate. Equilibrium is subsequently
attained, usually, by further nuéleons being ejectéd. - These
nucleons are known as evapération particles. | |

The g-nucleon cross-sections in the nucleus will be modified

by the motion of the nucleons in the nucleus. For example, if a
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- 500 MeV n"-meson collides;with a proton moving towards it or directly
away from it-then the energy in the-centfe of mass will have values
El and E2 from thé'twb cases giving rise toltwo different cross-
sections. .For various possible-apgles of incidence between the

. meson and proton, there will be a continuous range of cross-sectdons
for the interactions, bounded.by the two values a;sociated with El
“and E,. The mean croés-section, at 300 MEV,_is-slightly raised by
this process.

A more important:consequence of the ﬁotion of the nucleons is
seen when the Pau;ilExclusion'Principle is applied. - Any nucleon
which has been. struck is required to recoil with a momentum greater
than some minimum value corresponding to the highest f£illed energy
_level of the nucleus. If the nucleon would have récoiled with a
mamentum less than the minimum then that collision is forbidden.
These collisions '‘correspond to the smaller angiés of scattering of
the T-meson. The expectea efféét is a. reduction of the cross-
section and a broédening éf the angular distribution of scattering.

-Finally the interactions'in nuclei will be different from the
ﬁ-nucleon case by the possibility of inelastic -interactions with 2:2:
or more, nucleons. It is known thﬁt n=mesonénare ébsorbed at rest
" in the nucleus chiefly by -the following processes:

i +p+n->n+n l.2.1

1r++p'+n-.->p+p 1.2, 2
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It is exbected that this process will be important even at
energies different from zero.

The result of these modifications will be briefly stated.

The n-meson-nucleon collision will be modified by the motion of
the nucleons within the nucleus and by absorption by nucleon
pairs.

The meson will therefore be scattered inelastically,
scattered with charge exchange or be absorbed. The last two
processes are difficult.to separate qpless-the energy and identity
of all the secéndary particles are knowh. This is impossible to do,
using the emulsion technique, since neutral particles leave no trackse.
It is expected that,on averége, nucleons emitted from absorption
processes will carry away about 137 MgV more than in the case of
charge exchange. If there is a known constant ratioy in all cases,
between the total number and energy of emitted nucleons to charged
nucleons emitted, it should theoretically be possible to distinguish
between the two cases.

Suppose that the probabilities for absorption, chafge exchange
and inelastic scattering of n;-mesons by the nﬁcleus are Pa’ Pc and
Ps then

Pa + Pc +'PS =1 1.2.3
The difference between the average tobtal energy of the incident

n-meson (Wﬁ) and the average total energy received by 21l secondary

nucleons fﬁs = £ (KeEeg + Binding Energy)] will be shared amongst
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n-mesons undergoing charge exchange and elastic scattering.

Wo- Es, = (p, + PS)(E“ + mncz) l.2.4
The probability of scattering, Ps’ is determined simply by identify-
ing charged mesons in the secondaries to stars. There is uncer-
tainty in the value of Es because only the energy of the charged
particles can be measured. The n -meson interacts predomihantly
with neutrons than with protons and it is expecﬁed'that a large part

of the energy will be taken off by the neutrons.

1.3 The Optical Model of thé'nucieué

.Serber-(i9h7) pointed out that the nucleus will appear
partially transparent to a high energy particle. This means that
the mean free path in nuclear matter for such a particle is of the
order of a nuclear diameter.

Fernbach, Serber and Taylor (1949) described a model of nuclear
interaction in which a matter wave (the incident particle) is
attenuated and diffracted by a nucleus which is treated as having
both a refractive index and absorption coefficient. In the
simplest case ﬁhis refractive index is assumed econstant throughout
the nucleus. |

The refractive index is related to the wave number of the

incident meson outside the nucleus, k, and change in wave humber k1

as the wave enters the nucleus.
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They show that the absorptidn crc_ass;section will be giveri by .

o, = nR2 -{1 -[1-(1+ EKR)ex_p(-EKR)]/ZKaRE} ='f1(K,R) 1301
where R is the nucleus radius and K the sbsorption coefficient.
It is also shown that the diffraction scattering cross-section .

can be represented &s

g = £, (KR,Xk) 1.3.2 'hw*&mvnmﬂﬁﬁ

nR? { 1L+[1-(1+ 2_1c§x)exp(-2&12)]/21@32

(1/ (K[ + 1,2 2R)[ (K2/k - K,2) *+ exp(-KR)
x [21&R(K2/t+ * kli’) +"le]_ sin 2k R - exp(-KR)
x t(Kg/l.; - k2) + KR(.KQ/LL +k 2)] cos '2__1:1'R]}

The diffetrential cross<section for . .diffraction scattering cé.h
be shown to be

doy, o4 - :
<5 =5 [9,(kR sin 8)]2 [(1 + cos 8)/2]2 1.3.3

where J, 1s the first ordef Bessel function. .It should be noted that
the obliquity factor [(1 + cos @)/ 2]_2 was not in the originéll paper by
Fernbach, Serber and -Ta'.y;l-.of, but was suggested by Perkins and iF.owler
(1958).

. The meson des not inté'raét w;ifh -ﬁhe geometrieal_cross-.'section' of
the nucleus 50 one of two vie-v; points may be followed.

If there ié an attractive force between the negatively "'c:'ha.rged.

meson and the positively chargéd nucleus, mesons will be drawn into
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the nucleus, effectively increasing thé absorption cross=section

to o .
a
It can be assumed that Gé' =F x 9, where
.F_l_F'Z.eaE' 13)4_
=12 Rlper - 3

Z = the nuclear charge, E = total energy -of the meson whose momentum
isjB?Ih

The alternative viewpeint is-due to Feshbach and Wéi;skqpf
(1949). Here the meson is supposed to have & chara;teristié '‘Hze"
equal to the reduced de Broglie wavelength N.

The new cross-section is ca" given by

g "= (.aa"/’ # qgA N2 : 1 1.3.5
Similarly :
o." = (crd"’a + 2 A2 1.3.6

At very'lOW'eneréies_h will be large and the correction will
be important. .PhysiCaliy the size of the meson will be as large or
larger than the geometrical cross—sectiop of the nucleus and so the
nucleus will then have lost all its trahsparency.

- It is sometimes useful to consider the potential equivalent
of the refractive index. This pictures the nucleus with a complex
potential well with both ?eal and imaginary parts, V. aﬁd Vi. 'Vf
introduces a phase différénce betﬁeen that part of the wavé passing
throﬁgh the nucleus.and that pérﬁ not passing through tﬂé nucleus.
Interference between these two-wavefronté gilves rise to diffraction.

V4 is responsible for absorption of the wave -in the nucleus and this
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can enhance the diffraction effect.

Fowler and Perkins give

k- k =kI[2 +-2VE/pﬁc_+ (Vr/pc)al% - 1.3.7
and Vi = % hBcK 1.3.8
where K isthe absorption coefficient in nuclear matter.

K can be expressed as

A . .
K= -4733 _ IEG;‘_P Z + O'ﬁ_n (_A-Z)] . 1l.3.9
or by N
- N

when absorption bylpairs of nucleons predominates. Here Oh is the
cross-section for absorption in deuterium and N -is the.effective
number of deuterium pairs in the nucieus.

Mso K=1/A 1.3.11

whe::-e?\l\T is the mean free path in nuclear matter.

1.4 Application of the Optical Model to the emulsion

A value for thé-absorptien coefficient, K, may be found by
comparing the observed absorption cross-seetion with 1l.3.1l. The
mean free path in-nuclear matter then follows fram 1.3.11.

The change in wave numbér, kl’ of thg matter wave on entering
the nucleus can be found from a comparison of the experimental
-angular distribution for diffraction scattering with the theoretical
one -le3.3. Most of the ¢contaminatien, at 300 MeV,lfrom scatterings
in the coulamb field can be removed by neglecting any. scattering

with a projected angle of less than 50.
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By using the values for K and kl in the equations l.3.7 and
1.3.8 the sizes of the real and imaginary parts of the optical

potential can be found.
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CHAPTER 2

TECHNIQUES OF IDENTIFICATION

The work on the inelastic interactions of n-mesons has required
the identification of m-mesons amongst the secondary particles and
the determination of the energies of all the secondary particles in
order that an energy balance can be made., The former gives the.
probability of inelastic scattering whereas the lack of energy
balance is used to distinguish between absorption and charge
exchange of the primary meson.

The exposure was of 60 pellicles of emulsion. . Tracks of
particles could be traced from one pellicle to another allowing long
lengths of track to be measured.

The characteristics which allow particles to be identified and
their energies to be determined are range, ionization and scattering
in the emulsion. The princiﬁles of the measurements of these
quantities are now described.

2.1 Range

Very exact values of range were not required so the range was
found by measuring the length of a track in each sheet of the
emulsion. The length of the track in unprocessed emulsion is readily
found if the shrinkage factor for each sheet is known. The identity

of the particle was determined from the end characteristics of the



track: i -mesons are recognised by G-stars or in the absence of
these by the characteristic scattering at thé end of their range.

If the track was not identified as a meson it was assumed to be that
of a proton. This ignores thé presence of ¢-particles in the
secondary particles and leads to an underestimation of the energy
carried away by chafged secoﬁdariés;

The total rénge is converted into an initial kinetic énergy
using tebles publiéhed'by,Fay et al. (1954). Graphs of range
against energy ‘have also been published by Powell et al. (1959).

The chief errors'are in not being_able to determine exactly
where the track leaves the emulsion and. the error in the track not
being a stralght line because of scatterings in the emulsion. The
total error fram these sources is estimated at 5%.

2.2 Track Density

In a developed track the number of grains per unit length is
a measure of the ionization of the particle. The grains tend to
coagulate to form groups or blobs. The density of blobs in a track
" can be.found less subjéctively than the grain density, which depénds
.on the criteria adopted by observers as to the number of grains per
blob. (Perkins and Daniells, 195k).

The blob density will depend on the degree of deveioPment of
the emulsion; development variation can be corrected, to first

order, by normalising the blob density against that of a standard:
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ionization in the emulsion. Such a standard is provided by the blob
density of electrons which ionize at a constant value for energies
in excess of about 5 MeV. Usually this is the method of normalisa-
tion. In the present work the exposure was deficient in electrons .
and so normalisation was made using the beam particles which idnize
at a fixed wvalue.

When & track is steeply inclined to the plane of the emulsion
it is necessary to take a series of reference tracks throughout the

: ' development
depth of the emulsion. This is because the degree of senizabien-
varies quite considerably throughout the de.pth of the emulsion.

At high ionizations the blob density approaches zero as the
track becomes totally clogged with grains. Between this state and
that of minimum iOnizaﬁion, the normalised blob density passes
through a maximum value of about 2.6. - For tracks whose blob density
is between zero and the meximum, the gap densitj is found, which,
of course, equals the blob density. . Here, the track has the
appearance of very lohg blebs separaped by gaps. It is useful to
have this distinction in the measured guantitiés for discussion of
lonization measurements.

Fig. 22 shows the experiméntal relationship between the number
of blobs (or gaps) and grains in a track.

This curve waé produced by counting the mean number of grains‘

and blobs per standard length in flat tracks using a magnification

(80 x 15 x 1.5)s The blob outline enabled the number of grains in
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it to be found with little difficulty. The accuracy of this
subjective test can be judged from the fact that the maximum
number of grains to a cell of éop is 83, by extrapolation. This
gives a grain diameter of 0.T2n, in good agreement with the
measured diameter, using an eyepiecé micrometer.

If e track were to pass through two regions of development,
oné of which caused twice as much development as the other, then
the track should contain twiée as many grains in one region as
in the other region. Similarly thé reference tracks would have
twice as many graiﬁs iﬁ oﬁé region as in the other. By normalizing
on grains the effect of develqﬁment-Wi;l’be removed.

But normelising the bidb density of the track which passes
through the two different development régions will only partially
remove the effect of dévelopﬁént-— i.e( this is the first order
correction. The same track will appear to have two different
ionizations in the two regions because the relstionship between grain
density and blob density is not linear. But by norﬁalizing on é
grain count this ancmaly should be'rgmoved; |

There are two reasons against such a practice. The first
is that normalisation of a grain cqunt gives a figure for the
ionization (frém 1-to 10) whicéh is quite different from that

obtained by the usual procéss of normalisation (from 1 to 2.3).
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The second reason is that it would be tedious always to count the
grain density of a track since it involves the estimation of grains
in each blob. .A compromise has been evolved.

The blob or gap density, b, is measured and fig. 28 is used
to convert it into a grain density g. The standard blob density
by is measured in the same region of development: this corresponds
to a standard grain density 8o CIF 8, is different from an arbit-
rarily chosen grain density of 8.5 grains/GOu, &, and g are both
adjusted proportionally until 86 is equal to the standard value
and g is then g'. These values gre'then reconverted intq bo'
(equal to 8.5 blobs/60u) and b'. The normalised grain density is

'b 1
then BX = 9 This gives a good estimation of the ionization of

8.5

a track in terms of numbers which are familiar. Fig. Zb shows, in
diagramatic form, how the above 1is achievéd.

An example of the correction will be given.

A track gave a blob count of 16 per 60y in a region where that
of the beam particle was 8.0 per 60u. The simple, first approxima-
tion, normalisation'gives a value of 2.00. Using the method advoca-
ted above a value for B = 1.95 is found. If it is supposed that
this track belongs to a proten then the energies corresponding to
the two values pf‘Bx = 2,00 and B* = 1;95 are 390 MeV and 350 MeV
respectively - a 16% variation in energy.

A correction for the inclination of the track in the emulsion

must be made. This corre¢tion falls into two parts. The first part
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is to correct the projected length of the track, as observed, into
its true length. This naturally alters thé blpb density - the
observed number of grains in a given projected length in the plane
of the emulsion beloéng to a track length which is longer. The
second correction is to remove the obscqring'of gaps by grains

in a track which is either steeply inclined or is less steeply
inclined but which has a high blob density. In both cases the
track appears blacker than it wouid if viewed normally.

In 1958 Viriasov and Pisareva; employing a suggestion made
by Hodgson (1952), showed that the obscuring effect can be
explained by introducing the concept of "dead-distance" analagous
%0 "dead-time" in an electronic counting device. i.e. a grain
is not seen separated from an adjacent grain by a gap if the
grains are closer than some critical distance, the dead distance.
For a flat track this dead distance is a grain diameter. _Any two
grains whose centres are closer than a diameter appear as a single
blob.

According to Viriasov and Pisareva, the true number of grains
in the track, N, is related to the observed number of blobs, n, by

h

0 2.2.1

N=

where 4 is the dead-distance. They also show that for an inclined
- track, any gap £, where

£<2r (sec B - 1) 2.2.2




20.
(the angle B is the angle bétweenlthe track and the plane of the
emulsion.and r is thé radius of the developed grain) is not seen
- fig. 3.

The above formula, (2.2.1) may be applied in cases where the
inclination, B, is not large and the grain density is low. . It is
not valid when these two conditions ﬁre not satisfied; this is
because the formula uses a fixed dead distance (cp..fixed dead time).»

In this work it has 5een necessary to identify particles of all
deg£ees of steepﬁess. This means that measuremenfs have been taken
on tracks which do not sa;isfy the criteria of Viriasov and Pisareva.
. It has been found that muéh better results were .obtained using the -
following formula:

n = Nefmd' 2.2.3

Equation 2.2.1 is a first approximation of this equation. This
formula, 2.2.%, uses a variable dead distance, d. But 4 is still
igiven by 2r(sec B - 1) | . ..

It should be noted that for a particular inclination of the
track the dead distance is fixed; "Vériablé aead'distance" ig'
misleading but the term has been'uséd because of its analogue
'varisble dead-time".

'&t follows from the use of a variablé'dead distance thaﬁ any
number of.successive grains in a steep track will be taken as a
single blob if all the true gaps between the succession satisfy
2.2.2. This is what would be observed. Using 2.2.1, this same

set of grains may well have given N & 1, which is not true.
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The formula 2.2.% has been tested experimentally. In the
absence of tracks of knéwn inclination, flat tracks have been used in
the following way. The length of all the gaps in a set of tracks
(which were flat) were me@sured'using an eye-piece micrometer. An
imaginary tilt was placed upon the track. This effectively chose a
dead distance d = 2r (sec B - 1). In practice any gap less than this
would not be seen. The number of blobs which would be seen at a given
inclination is easily fournd from the observed gap distribution. Good
agreement was found betwééh the number given by the formule 2.2.3
and the number of blobs which would be seen for lightly ionizing
tracks up to e& pre-processed angle of dip of 6505 For tracks having
an ionization of twice the minimum, it was necessary to take 2r-as
greater than O.T5u which had been measured with the micrometer. A
value of 1.00u was found sat;sfactory.

As ﬁhe ionization increased above B- = 2.00 the effective
diameter of the grain had to be gradually increased. This has been
attributed to infectious development, which becomes more important
as the grains become closer together. |

A note on the application of the equation 2.2.3 in practice

Nd 2.2.h

will be given. If it is re-written as nd = Nde~
it can be easily plotted graphically as nd against Nd. Having
found 4, n is observed and so nd is known; from the graph Nd and

hence N may be easily found.
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This correction has been applied to all tracks. The reésult
is that the observed blob densities can be explained in terms of
dead distances and equation 2.2.4. The true blob densities can
be therefore calculated.

rhe two corrections, one for the steepness of a track (which
is in two parts) and the other for variable development have been
applied to all measurements of B5. In particular the results of
the correction can be seen on the calibration curve showing the
connexion between Bx and pf for n-mesons. Fig. ha shows uncorrected
values for B* against the correspoﬁding PP values for s -mesons.
Fig. 4b shows these same points which have been éorrected. The
continuous line represents the expected relation between the BY
and pB values for flat s~ -tracks. This continuous line has been
drawn through the points of fig. 4b and also marked on ka.
2.3 Scattering

When a charged particle passes through an emulsion it undergoces
a large number of elastic scatterings in the electric fields of the
atoms. The mean chénge in direction of the particle over a fixed
distance is inversely proportional to the product, pp for the
particle.

The coordinate method of Fowler (1950) is used in which the

mean angle of scattering G over a cell length of 100u is found.

100

Then K
alOO

B = 2.3.1
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Where K is approximately constant, with a value of 23.8 for a 100u
cell. The value increases &lowly as the cell length increases.

For inclined tracké.the true cell iength will be t sec B, where
't is the length of the cell‘measured in the plane of the emulsioﬁ
and B the angle of dip. This correction has been incorporated in
the work. It has been necessary to také'measurements on stéep
tracks in this work becaiise the objéct has been to separate n-mesons
from other particles. Such measurements on even very steep tracks
have often allowed the identification to be made with some certainty.

Generally the values of pp are noﬁ more asccurate than 15%
because the observed tracks are relatively short.

2.1 Methods of identifying particles

During the early'paﬁt of the experiment graphs relating to
the blob density with fange and the product pR were constructed for
protons and n-mesons. (Some deuterons may have been taken for protons).
The protons and.x-mesons were identified by their end-point character-
isties or from & combination of pPf and range.

There is insufficieﬁt energymat'285 MeV to produce particles
other than low energy mesons.

The maximum momentum which a protoﬁ can be given when struck
. by a beam particle is of the order of 800 MeV/c. This corresponds
to a pB valﬁe of ~530_MeV/c and a vaiue ef B® of 1.63. Any track

with a B® less than this must be produced by a n-meson.
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For a set of 125 consecutive stafé; all prongs of B* > 1.63
have been followed to theif end, had the Bx'at different ranges
measured or had theif pB determined. 314 prongs have been identi-
fied. .

Another set of 58 stars (chosén as likely to contain s-meson
secOndarieé) has had all its 173 tracké fully identified.

Very steep tracks have beén-most carefuily examined in order
to make full use of the available infofmation.

Short tracks of less than 100p length have been taken as

protons. Little error is introduced this way.
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CHAPTER

THE ELASTIC INTERACTIONS OF 285 MEV II-MESONS

3.1 Experimental Details

A stagk of 60 pelliclés of G5 emulsien, each.10 x 10 x O.k4 cm,
was exposed to the beam of 285 MeV n~-mesons produced frdm thé
660 MeV proton synchrotron at CaE.R.N}; Géneva. Afterwards the
péllicles wefé mounted on glass backs and processed by the tempera-
ture cycle method. The distortion was aéproximately,BOp.

The plates were examined by following tracks which were each
picked up 1 cm from the edge of the stack at which the beam entered.
A track was followed enly if it made an angle of less than 56 with
the main beam direétion. his was to remove the possibility of.
following secondary mesons. Tracks were followed under a magnifica-
tion of 45 x 15 x 1.5 until they interacted or travelled the
meximum traverse of the stage which was 2.5 cme. All interactions
of the meson, including scatterings through a horizontally projected
angle greater than 30 were recorded. Spatial angles of scatter were
TOund using the coordinaté.method, |

-Interactions were classified using the notation (hH + ns)n
where np and ng are the numbers of heavily and 1ightiy ioniziné o
(B* < 1.6) tracks which are generated, - For example, elastic
scatterings are classified as (;é5n, disappearances as (0O + O)m.
Each event was checked by two dbéervefs to reduce the chance of missing-

tracks which were near ‘the minimum of ionization or steep.
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Only an approximate'figure_of about-lo% was available as the
percentage cdntamination_gf the beam by p-mesons and electrons.
An attempt to compute the proportion of p-mesons in the beam from
the beam layout lead to a figure of a few percent, (~3%)s The
proportion of electrons was estimated experimentally by fin@ing the
distribution of bldb,degsities in 100 tracks? each 2.5 cm long, in
the beam. At 285 MeV, an electron will iénize at the minimum,
which is about 10% below the plateau value. No evidence for
electrons was found. |

-No correction has been applied because of the above findings.
It is usual te accépt 5% as a working contamination for such a beam.

3.2 Interaction Length

A total lenéth of 140.0 m of track waé followed. 255 elastic
evgnts, having a horizontally projected angle greater or equal to
30, and 370 inelastic interactioﬁs (all other events) were found.
The inelastic events contain 42 disappearances. The mean free path
for inelastic interaction is (57,9.i 2.0)cme . In the group classified
as being elastic scatterings. of the n-meéon, 8 events were identified,
dynamically, as being collisions between the s -meson and a free
proton.

A calecuwlation has shown that the scattering of ¢ less than 50
results largely from Rutherford scatfer;ng in the Coulomb field

rather than in the nuclear field of the nuclei. Consequently,
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attention has'been confined to those scatterings with ¢ greater or
equal t0'5° for which thé ﬁeasured mean free path is (77 ii5.8)cm.

| The values of thé.m;f.p. will be affected by the efficiency

of the scanning. Stars of small size might well‘be missed. This
can be tested by noting the measured frequency of a small sized
event which oecurs with a known croés-section. Such an example is
the elasstic scatterifig of n-mesons by the hydrogén in the emulsion
which leads to events of the.typeu(l + 1)x. -The élastic scattering
occurs with a cross-section of 11 mb. This would lead to an expected
number of 5 scatterings. In fact 8 have.beeﬁ jdentified. This
observation toéether with the fact_that.a largg number of disappear-
ances have been found suggests that there has been a high efficiency
of detection of small evénts.

Same of the (zg)n events may have been wrongly classified as
elastic-scatterings.' Some of these may be inelastic interactions
with neutron emission. In those.sfars vhere secondary mesons have
been found, the férward—backmafd ratio for their emission is
(O.7h i 0.17)e - Assuming thét all the 15.scatterings with backwardly
scattered mesons‘afe really inelastic interactions with neutron
emission and aiso éssuming that the F/B‘ratio of O.7A'is appro-
priate, thenzgneiastic scatterings are expected, classified as
(0 + 1), in which the meson is scattered forwards. These 15 + 9
misclassified events would alter the mean free path for elastic
scattering by 12% and the inelastic m.feps would be reduced by 5%.

- No corrections have been made as these represent upper-limits.



28.

33 Application of the Optiq@l Mgdg;_gg_ﬁgg results

. The Optical Model can supply various information aﬁout the
nucleus. (see section lek4). Ey considering equations l.%.1 and
l.4.1 & relationship between A, the inelastic interac¢tion length,

and X, the absorption coefficient, can be found. This is shown
as curve A in figure 5. The correction for -the reduced de Broglie
wavelength and the coulomb attractive forces (as mentioned in 1.3)
are shown as eurvesvﬁ and C respectively. |

Using the observed value for A of (37.§.i 2)em and curve B

an absorption coefficient, K equal to (1.5 + 0.15)10*% em™*

is found.
This ¢orresponds te a mef.p. for interaction within the nucileus, kn
of (6.7 + 0.7)10712 cm and to an opacity of the nucleus of 66%. This
meén free path is ;bout 1.5 times the mean emulsion constituent
radius.

Using the value of the absorption coefficient K, found above,
the angular distribution for diffraction scattering can be computed
from (1.3.3) for various assumed values of k , the change in wave
number of the meson wave upon entering the nucleus., These distribu-
tions are shown in fige 6 which also shows the Rutherford seattering.
The appropriaté value of'kl.has been found by integrating the curves
from 8° upwards to determine the mean free path for scattering

through angles greater than 80. These values were compared with the

observed value frdém wheénce ki = (1.32 + 0.12)10'2 cm~!. The sign of
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k, is expected t6 be negative (Sternheimer, 1956 ).
The above results may be used in (1.3.7) and (1.3.8) to find

the real and imaginary components of the nuclear potential, Vr

-and Vi' They are:

Vr

V.,
i

(25 + 1) MeV

-(14 + 1.4) MeV

If it is assumed that. interaction in the nucleus takes pléce
with scatferings on individual nucleons, then K will be determined
by the cross-sections in hydrogen a“_n énd an'p which are equivalent
to cﬂ+b and cﬂ—P‘ These cross-sections have been interpolated from
Yuan (1956) and are (75 + 5)mb and (32 t 2)mb respectively. These
values lead to a figure of (5.2 + 0.3)10*2 cui for K.

If the interaction were due only to the absorption of the
meson by a nucleon pair then use must be made of the cross-section
for absorption of a s -meson by deuterium. No data for this exists
at 300 MeV But the results -of Neganov and Parfenov (1958) suggest
8 l/Ea dependence of the cross-section with kinetic energy, Es This
leads-to a value of (1 * Oul)mb at 300 MeV from which a value for K
of (0.50 + 0.05)10*2 cm™! is obtained. Consequently absorption of
the meson wave corresponding to inelastic scattering should be
predominant and the expected Qalue of K is (5.2.i 0.3)1012 cmt

which is 3 to h_times larger than the observed value.
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Now the observed value of the absorption coefficient correspohnds
.to a long mean fxee path inside the nucleus of about 1.5 times the
nuclear radius. Most mesons, then, will make one collision only in
passing through thé nucleus. -At this collision scattering or
absorption occurs. The-values of the observed probabilities of
inelastic scattering and absorption can thus be takén to be the
probabilities of these processes at the first collision. These are
~30% and ~T0% réspectively - i.e. absorption and not scattering is
predominant. Adding the expected valués of K(scattering) and K
(absorption) in the pf0portions of these probabilities leads to an
expected value of K of (1.9 + 0.2)10%2 cw~?. 'his is in reasonsble
agreement with the observed value.

Table 1 shows the values of K feund by:other Workers.

It is always possible to make the observed ana calculated
values of K agree by édquting the size of the radial parameter.

r It rs is reduced to le12 x 10~2 cm then the experimental and

o
theoretical values of K would agree At 9.3 x 10*2 cm~t. A large
value of K, such as this; implies that the meson makes, on the
average, about 5 eollisions in the nucleus., This is not expected.
It implies that the mesons should emerge from the nucleus with an
energy of about TO MeV, mich lower than the aﬁerage energy 107 MeV

observed. The value of ry = 1.12 x 107*® cm is also outside the

accepted range for this parsmeter.
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These results, leading to agreement between the expected and
experimental values for K, suggest that the basis for calchlating K
is probably corrects 1i.e. the results a?e consistent with the
inelastic interaction taking place by a single ccllision in which
absorption and not scaﬁtering 1s the predominating feature. Con-
sequently the cross-section for scattering of the meson by # single

S
nucleonAat~500 MeV is reduced by a factor of ~3 within the nucleus.
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CHAPTER L

THE INELASTIC INTERACTIONS OF 285 MEV I -MESONS

In the process of line scanning, 370 inelastic interactions were
found. As a preliminary, the star sizes were determined together

with the average number of black and grey tracks persstar (np and ng)

and their forward to backward ratios of emissionrelative to the
primary beam ((F/B)B and (F/B)G>.

A fﬁll analysis, using the techniques described in Chapter 2,
wasmde on 125 interactions found successively during the scanning
in which the ‘identity, energy and spatial angle of emission of each
secondary particle was defermined. In 31 of these stars a pion
secondary was observed. By examining those other stars which seeméd
likely to contain a meson secondary - i;e..largely those with grey or
lightly ionizing secondary tracks - the number of stars with pion
secondaries has been increased to 80.

These 80 events are classified as inelastic scatterings and
the remaining 290 as absorptions. Charge exchange scatterings are
grouped with the absorptive events but they are expected to be about
20% as frequent as the inelastic evehts. This means that they will
form only 5% of the absorption events.

" In the following sections the inelastic scatterings and

absorption events are considered in some detail.
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4,1 Inelastic écattering :'Experimbdtél resulté

When a f-meson colii@es_with a_§tafionary nucleon_thefe is a
unique relationship between-fhefangl? through which the pion isr
scattered and its gnergy;_In ;hp nucleus this unique relationship
" will not hold because, f&r.inStanqe,'the t@fgét'nuqleons are
moviﬁg. This.me;a'nls that for any given-angle of _;scé.tfering, 0 t.here-
is a spread in the éhergieé-éf tﬁe scattered pion. |

Ip'fié. 7-the meaﬁ@énergy, E‘, for four angular intervals of
scatﬁeriﬁg-is shown ﬁogefher wifh ;imiiar data for inel;stic-
scattering in carbon fMaer 1963) aﬁdﬁin NIKFI emulsion
- (Belovitskii 1959).lAi$6 éhow;,1as'th§;curve, is the unique
relationship between O and E, for the collision of the pion with
a stationar&.nucleqn. The thr?;'ééts of,éxpgrimental data show a
definite dep;ndence of E“ upon B and.thaf this dependence is
véry similar to that found when a pion is scattered Sy a single,
stationary-pucieon; This suggests_ghat the interaction involved
in inelastic scattering at 300 MeV ié one of scattering oflfhe'
pion by a single nucleon in the ﬁuqieﬁs. The diffefences, iargely
in the forward direction ofHScatfgfing;'mightlbe explained, for
example, by muitipie‘;éattqrings-bf the pion or the ihhibitipn@of l
small energy frahsfefs_by the exclusion principle. These possibil-
ities will be considered in‘sectibn 4.3,

The angular disﬁribufionaof the sqattéred pions is shown
as a histogram in fig. 8. Thehdotted line represents an isotropic

distribution of 80 events. The curves represent the angular
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distributionfor the scattéring of pions on stationary protons and

neutrons, normalised on the total 80 events (curve A) and

normalised on those pions which have been scattered backwards

(curve B)e The discrepencies are seen tb be chiefly in the forward

direction once agein and might be explained by miltiple collisions

or By_the exclusion p;inpiple. _Simildr eXperimentai.results have

been found by other workers. These results are summarised in

table 2 where the angular.-distribution is expressed as a forward to

backward ratio of the emitted pions. .The mean of the valués is

about unity.

Teble 2

The forward to backward ratio for pions which have been

xt Energy
xt 260 MeV
¥t 300 MeV

1~ 300 MeV

300 MeV
285 MeV
285 MeV

4,2 Inelastic Scattering :

scattered by ) target.

'Target
c

NIXKFI

NIKFI
G5

. &

(P:n)

F/B Reference
(1.29 + 0.29) Wang Kan-Chang 1959
(1.50 # 0.33)y - |
} Belovitskii 1959
(1.19 * 0.23)
(0. Bl _t_o-.19,) Chemel (1961)
(074 -+ 0.1T) ° this work

2.8 + 0.2 calculation

Discussion

It has been mentioned above that the results of fig. T are

similar to those-éxpected from & collision with a single, free

hucleon. In order to establish a mode Of interaction modifications
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will be considered to scattering when this process occurs in the
nucleus.

4.2.1 Multiple Collisions

An isotropic distribution for the scattered'pions would be
expected if many collisions occur between the pion and a moving
nucleon. The mean energy, i; should be much smaller for all aﬁgles
than that represented by the curve of fige 7 and there should be no
correlation of Eﬂ'with 8.

This process could account for the observed F/B ratio for the
pions but for neither their average energy nor the observed angular
dependence onlﬁ&.

4,2.2 Motion of the nucleons

The nucleons of -the hucleus are moving with a momentum of about .
200 MeV/c. -As a consequence of this, an approximate calculation
shows that the angular -distribution shown in fig. 8 curves A and B
will be smeared by about 250 but nevertheleés will still remain
strongly peaked in the forward direction. Another calculation shows
that the curve of fig. T will only be modified slightly.

Thus on average the motion of the struck nucleon will only make
slight modifications to the results of a pion scattered by a
stationary nucleon. |

4. 2.3 Effects of the exclusion principle

Small energy transfers from the pion to a target nucleon are

inhibited by the exclusion principle. In general small energy transfers

occur when the pion is scattered through a small angle. This means
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that inhibition of small energy transfers is accompanied by
inhibition of small angle“scatterings, which occur in the forward
direction. If the inhibition is sévere, then the expected strongly
forvard to backvard ratio of (2.8 + 0.2), obtained by calculation,
may be reduced to isotfopy or even into.backwardvpeaking: The
expected forwérd mean energy for. the écattéred pion will then be
considerably reduceds ﬁhé'scattering_through a large angle into
the backward direction isiuéually;écccmpanied by large energy
transfers and so W&il,bé less iﬁhibiteda Fig;.T clearly éhows
that the forward ﬁean pioﬁ energy has been reduced whilst that in
the backward direction is in good agreement with the expected
energy if single colliéions are the main piocess for interaction.

The near isotrépy_oflthe anuigr-distribution of the pions is
interpreted as a direct éonéequénée'of;the exclusion principle. The
small, forward angle scatterings h&ye béen severely inhibited.

Sincg the backmard»séatﬁéring»af pions is ;ess'affeéted'by'the
exclusion principle;:nqm?alisation of the free nucleon angular dis-
tribution (fig;-8) has Eeép,made;on the 46tscatterings in. the back- :
ward direction. _This is éhown as'curve B,

The.aréa under-curve B iép;eseﬁts the cross-section .for
scattering of Pions pn-fréé nucleons whereas.the area under the
histogram represents the'ébserVed cross-section, on bound nucleonse.
The ratio -of the cross-seééions is & measure of the effect of the

exc¢lusion principle and its value is (2.3;f Oe4). This is a lower
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limit since the effects of the exclusion principle in the backward
direction has been ignored. Thus the cross-section for the
scattering of a s -meson by a free nucleon is reduced by a factor
of 2.3 when the nucleon is bound in the nucleus.

A reduction factor of~3% was proposed at the end of Chapter 3
as a result of the analysis of the diffraction scattering and
inelastic interaction‘by the Optical Model.

Reductions of this magnitude due to the exclusion principle
camnot be achieved with the Fermi distribution of momenta for
nucleons in the nucleus where the maximum momentum is about 220
MbV/c. However, the experimentally determined distribution of
momenta (Garron et al. 1961) contains components with a momentum
as high as 350 MeV/c and with such distributions reductioﬁg in
cross-section by a factor of 3 can be realised. Preliminary
calculations have been made by Apostolakis et al. (1963) using
the distribution of Garron et al. If the distribution extends to
about 450 MEV/c, the effect of the exclusion principle on 300 MeV
pions is to reduce the scattering cross;section by a factor of 3
and the scattered pions have a F/B ratio of unity, in agreement
with the present results.

4.5 Analysis of the Inelastic Interaction

3.1 Inelastic Scattering

The scheme proposed is that the incident pion makes a single
collision with a nucleon. From the relative cross-sections for

the interaction of a 300 MeV n"-meson with protons and neutrons,



90% of the scatterings (excluding charge exchange) occur with a
neutron, and thé pion emerges without further encounter. The
neutron, which may be gquite energetic, will probably interact with
a nucleon before emerging from the nucleus. - Again, from relative
cross-sections, it is expected that the neutron will collide with a
proton. . The struck proton will, on average, recoil with half the
energy of thé neutron which struck'it; This recoiling proton will
give rise to a grey prong, which, in general, should be in the
forward direction relative to the incident meson. Evaporation
particles will then be ejecfed isotropically by the nucleus; tﬁese
are the biack prongs of starse This is confirmed by the results of
this experiment, as shown in table 3.

Table 3

The mean energies and forward to backward raties for secondary o -

mesons, grey prongs and black prongs from inelastic scatterings.

Secondary " - Secondary grey  Secondary black
mesons - . prongs prongs

EMeV  (F/B), 'EGMev (F/B); EpMeV (F/B)g

All x secon- (lOTilE)GlTﬁiQQI)(5Qill)'(5.&i5.1)(9.810.9) (1.340.2)

daries
E > 8 MeV  (164#26)(L13G35)(B546) (T +7) (9.5+1)  (1.3630.37)
E < 8 MeV  (5048) (0M6+036)(65+14) (5.3#3.3)(10 41)  (1.320.3)

After the collision of primary pion with the neutron, the neéutron
strikes a proton which loses s@bout 30 MeV excitation energy, Pugh and

Riley (l961),before emerging as a grey prong. It is possible to
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estimate the energy of the initial neutron En as En = E(EG + 30) MeV.
In this case B = (176 + 22) MeV, which together with the value of E '
emitted leads to a value of 283 MeV.

A similar enérgy balance can be made with the aata of table 3
for the two caseslwhen tﬁe.value of the emerging pion is either .
greater or less than 85 MEV, the energy which divi@es the mesons into
two groups of L4O each: These results are summarised in table b The
total energy shoﬁid beI285 MeV and the results are in good agreement
with this. o -

" Table 4

The energies involved in an ehergy balanceé.performed on

inelastic scatterings '

Energies in eV - .. E, o Figa Prinazy
All x secondaries. (ldzile) 'c;7qi22) (283+25) )

E > 85 MeV (1§&i26) ‘- (150432) .(3;&i41) ; 285

E < 85 MeV (50 + 8) (186428) (236429) )

On summarising the=dbove results, it is seen that the inelastic
scattering of pions in.nuélei is consistent with a single scattering
of a pion on a moving nucleon in the nucleus. The recoiling nucléon,
in general, has an observed probability of about'ﬁo% of interacting

‘with a second nucleon Béfpre eﬁerging.frcm the nucleus.
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4.3.2 Absorption of the pion

It will be assumed that the pion is absorbed by a proton-
neutron pair to form a pair of newtrons.

Thé effect of the exclusion primciple is té make'{iglastic
scattering of pions proceed Z_La_rg‘él}'r-through a single scatterir_lg ofb
the pion by a ﬁuc’lecin-, which ’implie‘s 8 .long mea;n free path in
nuclear matter for the sm-meson. Hence it is unlikely that the
absorption process will bBe preceded by' a scattering. The two
heutrons produced by the absorptiom will share the total energy. of
the pion.. A calculation ha.s-:b‘ee'n made vhich shows that the neutron
recoilSeg in the forward directien with an energy range of 227 to
303 MeV whereas?{hat in tile backward direction the energy range is
between lilv to 227 MeV. --El;fk'le average energies of-recoilv are about
265 MeV and 169 MeV for the forward and backwards recoiling neutrons.
The forward to backward ratio of the ‘neutrons is expected to be
1.94 . Since the neutron eﬁex—:g:_i,es aré of the same order as ‘the
neutron energies resultiﬁg from the inelastic scattering of the
plon, and since two neutrons are produced in this case, it is
expected that abSox.-_ptionj y_r;i.ll be accompér;iéd by twice as many grey
prongs as inelastic scatterings. The ‘mean energy of the grey
secondaries EG’ should be the same in the t#Wo cases.

The :E‘Orwara to backward ratio will be modified because the
backward recoiling r;eutrg"_r_;,. 6f lower aversge en?rgy, has a-larger
cross-section for »in-’eera.c;tion with protons than the higher energy

forward scattered neutron. . This effect is expected to modify the




'.(F/B)G_ratio for grey tracks to a value of.l.&. The evaporation
prongs should be black, distributed iSétrobically_and of the same
mean energy as the.evapqration prongs fram inelastic scatterings.

Table 5 gives the data for the absorption events and aﬁerage
prong sizes for the inelastic scatterings. The results here should
bevcompared with those in table 3.

rebe 5

The mean energies and forward to backward ratios for grey and black

secogﬂayygtgggggéﬁggm;apggrggive events. The.mean grey and black .

star sizes are given for absorptive events and inelastic

Sscatterings

Absorptive events

B, (F/B)g Ey (F/B)g . Ty ny

(64+11) (1.240.2) (94540.7) (1.1&id.o9) (Q.MQ£Q.oou) (2. 2440, 1k)

Inelastic scatterings

g g
(0.3440.07) (1.5:+0.25)
The forward to backward ratios for grey and black prongs and
their energies are-consistent with the.predicted values but the
number -of grey prongs is ﬁot twice as.large as the number -of

inelastic grey prongs.
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From the average value of the grey prongs the expected energy
of the pair of sbsorbing neutrons should be (376 + L4) MeV. This
should be the same as the total pionenergy of 422 MeV. Thus there is
good agreement on this energy balance.

If the incident meson had been scattered once before absorption,
the pion at absorption would have on the average a kinetic energy of
107 MeV. Hence the energy shared by the neutron pair would be about
250 MeV. Since this does not agree with the 'cbserved' wvalue, it is
concluded that absorption of a pion by a pair of nucleons is not
preceded by a scattering.

The star size distributions for heavy secondaries from
inelastic scatterings ana absorptife-events is presented in
table 6.

Teble 6

Star size distribution for inelastic scatterings and

absbrptive events

No. of heavy secondary prongs O© 1 2 3 L4 5 6 T 8
No. in inelastic events 6 29 25 13 6 1 - - -

No. in absorptive events ho b7 4t 66 L4h 31 10 5 1

k)l Conclusions

At 285 MeV the inelastic scatteri ng and absorption of a s -
meson in the nucleus is readily interpreted by a single collision
only of the pion with bne nucleon in the former case and two in the

latter case. From the known cross-sections for scattering in hydrogen
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(see Chapter 3) the probability that more than one ecollision should
take place is quite'!;g:l. It would appear that the probability of
scattering in thelnucleus is reduced so thét only & single scattering
occurs. In chapter 3, it was concluded from an Optical.Model
aﬁalysis that tﬁe ¢ross-Section is reduced by a facter of 3. .A
possible mechanism is the e#clusion principle. In this chapter

the almost isotropic angular distribution Of the inelastically
.scéttered pioﬁs is accounted for. By making the reasonable assump-
tion that the backward scattered mesons are not inhibited by -the
exclusion principle very much, the reduction factor for the cross-
section is 2.3. The-forﬁard;scattering is most strongly inhibited
because this is the regionlwhere small energy transfers are for-
bidden. Consequently there is good agreement between the expected
mean pion energy and obsérvéd values.

Such pronounced effects through the exclusion principle are
not possible with a Fermi distribution of momentsa. . However, the
recently measured nuclear momentum distribution is such that
preliminary calculations show that large inhibitive effects may
occure

Experiments are being conducted in these laboratories to test

the validity of such calculations.
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