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ABSTRACT.

The Thesis contains an analysis of the properties of
the T~ meson. Current meson theory is used in an attempt to

distinguish between possible meson types.

After g survey of the experimental data involving
mesons as real particles,kthere is a brief summary of the
theory involved. An approximate method is proposed for the
computation of cross-sections for meson processes involving
- matrix elements over exact nucleon eigenstates? The walidity
of this approach, the distorted wave approximation, is
considered in detail for spin zero mesons. Comparison is also

made with other phenomenological approaches.

The distorted wave approximation is used to calculste
cross-sections for the production of 9+ - mesons in nucleon-
nucleon collisions under certain simplifying assumptions
concerning the nuclear forces. For a final continuous nuclear
relative motion, it is found that low energy nucleon states
are favoured. This, in the case of a final neutron-proton
system, together with a large contribution from transitions to
a final bound deuteron, leads to a meson spectrum well peaked
at the highest allowed energies in agreement with recent
experiments. The total cross-section depends more on the
shape and size of the inter-nucleon potential than on the

meson type, but the spectrum at a given angle, and, more
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particularly, the angular distribution, are critically
dependent on the parity of the meson produced. A comparison
with experiment favours scalar mesons. There is also a
consideration of the relatively small cross-section for the
production of neutral - mesons in the observations of simple

collisions.

The absorption of % .mesons by nuclei is then discussed
on the assumption that capture takes place from the close
shells of the meson-nuclear system. Detailed calculations
are presented for the direct capture by heavy nuclei, and for
various capture processes in Deuterium. When compared with
recent observations, the selection rules for the absorption

of mesons in light nuclei favour pseudoscalar mesons.

The final problem considered is of a different
character, and consists of a field theoretical calculation
using Pauli regulators with the Feynman technique. It
concerns the decay of heavy neutral bosons to two ™ - mesons
through an assumed nucleon coupling. Comparison is made with

the various V-meson decays reported in cosmic ray photographs.

Chapter Six summarises the contemporary position of the
relation of meson theory in the light of the calculations

presented in this paper, with experiment.

(* A paper covering this part of the thesis hss been
submitted to the Royal Society of London, for
publication.)
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CHAPTER  ONE

INTRODUCTION.

§ 1. The Meson

The existence of the meson was postulated on theoretical
grounds by Yukawa (1935) in order to provide theoretical
physics with an "explanation" of nuclear forces in terms of
concepts acéeptable by analogy with electromagnetic theory.
Thé meson was to be a bose particle - the quantum of the
nuclear force field - and it was to have a mass of about 150
electron masses in order to give the magnitude of the short
range required for the internucleonic forces. In this case,
as with other nuclear phenomeha in which the meson was to
play a part, such as magnetic moments of nucleons, and 8-
activity of certain nuclei, its r8le was that of a 'virtual'

particle.

The concept of virtual particles (see Rosenfeld (1948) ),
grew, in quantum electrodynamics, when direct interaction
between two states of a system was not allowed by the assumed
interaction energy, but could take place through intermediate
steps. | Particles created and annihilated in these inter-
mediate steps were labelled virtual. A very successful
application of this idea was in the interchange of virtual
longitudinal electromagnetic quanta giving rise to the static

Coulomb potential between two charged particles. (Fermi (1932)).
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The sucoesé went further when MSller showed that the inter-
change of transverse quanta added the retardation effects to
the Coulomb interaction. The well known calculations of
quantum electrodynamics, such as that obtaining the Klein-
Nishina formula, rest on such concepts. Similar ideas have
been applied by many authors to other possible fields, called
‘meson fields', with the potenfial some other irreducible
representation of the Lorentz group than the vector, uncharged,
and zero rest mass field of quantum electrodynamics. The
calculafions have always appeared qualitetively reasonable but
never quantitatively sound. This has been put down to the
fact thaf no method has been found of obtaining solutions of
the fundamental equations except in terms of a power series in
the coupling constant (or its inverse). Also, until recently,
even the higher order terms in these series have been
ambiguous. With the development of the covariant formalisms
of Tomonaga-Schwinger-Dyson it has been possible to calculate
unambiguously corrections to the zero order approximations and
these often turn out large. Dyson (1951) has lately put
forward new ideas which may lead to the overcoming of these
difficulties and to a real'quantitative test of meson field

theory.

§ 2. Experimentsl Evidence and Properties of Mesons.

The history of the discovery of real particles with
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mass intermediate between electron and proton and short
lifetime is well known and will only be briefly given. In
1936 anderson discovered that, among the particles of the
thard' or penetrating component of cosmic radigtion, there

were present particles of mass about 200 electron masses which
were able to penetrate many centimetres of lead. These are
now known as p - mesons and measurements by Brode (1949), give
their mass as 215 + 5 electron masses.§§ These mesons were
'originally identified with those of Yukawa, a belief strengthen-
ed by the observations of Williams and Roberts (1940) and

Rossi (1942) who showed that mesons suffer B-decay with a
lifetime ~ 10—6 sec., a value only slightly greater than that
required by Yukéwa_in order to account for the B-decay of
certain nuclei. liany experiments showed, however, that the

p- meson seldom interacts with nuclei in passing through
matter. Particular difficulty arose over the distinction
between positively and negatively charged mesons. Lomonaga

and Araki (1940) suggested that the Coulomb barrier between
like charges would be sufficient to ensure that the - meson
is stopped from reaching the mucleus of some atom it encounters
and thus remaining free to suffer f(-decay. On the other hand,
it would be expected that the p - mesons would interact strongly
with nuclei. Experiments showed that for heavy nuclei this

was so, for only p - mesons showed B-activity; but for light

§8 Latest measurements by Lederman, Tinlot, Booth (1951)
give 210 + 3 electron masses.
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nuclei such as carbon, it seems that nearly all mesons, of
either charge, deca&. For reference to this see Rossi (1948).
Marshak and Bethe (1947) therefore concluded that the inter-
action between mesons and nucleons was much less than that
proposed in the Yukawa hypothesis. They suggested that the
primary pafticles of nuclear explosions in cosmic ray bursts
were heavy mesons, and that these subsequently decayed to

M~ mesons.

This hypothesis of the existence of a heavier meson
decaying very rapidly p- wise was immediately verified by
Powell and his co-workers at Bristol. (Lattes, Occhialini and
Powell (1947) ) with the development of more sensitive photo-
graphic plates. The mass of these heavy-charged mesons were
estimated by grain counts at 300 electron masses. Latest
measurements of their mass (Panofsky, Aamodt and Hadley (1951);
Gardner, Barkas, Smith and Bradner (1950) ) give ~ 275 + 3
electron masses. These mesons, referred to now as - mesons,
when stopped in the photographic emulsion sometimes lead to
the emission of a p- meson of unique energy. The cbnstancy
of the velocity of the - particles leads to the assumption of
a direct coupling between the . and p- mesons with one
further neutral particle (of very little mass) taking the
momentum generated away. Besides the u- decay mesons in the
plates, stars are seen at the end of i - meson paths. These
stars result from the strong interaction between the slowed

down 7 mesons and the nuclei which compose the plate. It
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was seen that the arguments of Tomonaga and Araki (1940) would
Substantially agree with observation if applied to these
mesons. If the w- mesons are charged’positively they suffer
jo- decay; 1if negatively charged they are captured from their
K shells about the nuclei of the plates and produce stars.
The p- mesons observed would then be the result of T -
decay in air, where the ﬁi meson, being free, does not interact
with nucleons. The - meson thus appears to play a part much
nearer to Yukawa's meson than the n- meson, and today it is
customary to identify the - meson with the quantum of the

nuclear force field.

With the development of high energy particle
accelergtors it has been possible, during the past three years,
to produce mesons under controlled conditions in the laboratory.
The results of these experiments confirm the identification of
the - meson with the bose particle of Yukawa - first on
account of the primary meson produced being a - meson and
secondly, from the striking discrete 7*. meson spectrum
following from its production in proton-proton collisions.
(Figure 1). The first artificially produced mesons were
obtained at Berkeley by the 384 inch synchrocyclotron by
Ggrdner and Lattes (1948). In the past two years other high
energy machines have been built for studying the properties of
mesons. 97~ mesons have been produced by fast nucleon

collisions (Richman and Wilcox (1949), Cartwright, Richman,
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Whitehead and Wilcox (1950), FPeterson, Iloff and Sherman
(1950) ), and by highly energetic ¥- rays (lcmillan, Peterson
and White (1949), Bishop, Steinberger and Cook (1950) )
incident on various targets. The original experiments were
carried out by 390 Mev. beams of «- particles. The proton
beam used is obtained from the 184 inch cyclotron which
produces %45 lMev. protons. The Y -rays which produce mesons,
have come from the 335 Mev. electron synchrotron; others have |
recently begun operation. These artificially produced mesons
have given detailed information about the production of mesons
by particles of relatively, compared with cosmic ray primaries,
low energies, these being just above the threshold (Barkas
(1949) ) for ¥- meson production. New machines in Britain
and the United States of America, constructed in order to
produce accelerated electron and proton beams of 300-3000 Mev.
will eﬁable comparison to be made between production cross-
sections from incident particles over a range of energies.
These machines may also lead to artificiglly produced mesons
of mass gfeater than that of the - meson for which evidence

ig forthcoming from cosmic ray photographs.

Particles, with mass between that of the G- meson and
that of the proton, and with mass greater than that of the
proton, have been recently demonstrated in experiments of
differing kinds. The properties of these particles are only

/ partially known, and no one can yet say how many types of
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particle are involved. Only the so-called V (or * ) mesons
will be considered here. About 100 of these have been
reported by various authors; first by Leprince~Ringuet and
Lheritier (1944) and later by Seriff, Leighton, Hsiao, Cowan
and Anderson (1950) Rochester and Butler (1947) and Leprince-
Ringuet (1949). The mass of these mesons have been estimated
roughly to be of the order of 700 - 1000 electron masses.

With a very short lifetime, of about 3 x 107 '0 sec., these

V mesons decay to two particles. The evidence concerning the
nature of the decay products is very meagre. Since several
appear 1o produce stars in the photographic plates not unlike
o - mesons produced stars, and it has been suggested that they
are in fact 9. mesons. Thirty of the V mesons obtained in
cloud-chamber photographs by Seriff, Leighton, Hsiao, Cowan,
Anderson (1950) are neutral particles for which evidence is
indirect. These V, are apparently produced either in the lead
block above, or in the lead block within, the chamber. Their
mode of decay is to two charged particles of opposite sign

- whose mass is much greater than that of an electron.

Armenteros, Barker, Butler, Cachon and Chapman (1951)
have reported 43 photographs of events, classified as V-events,
in the cloud chamber in Pic-du-Midi. Over 90% demand
explanation through the existence of heavy particles undergoing
spontaneous decay. Conclusive evidence for the existence of

a proton as one decay product of some of these neutral
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particles gives a mass of ~ 2,250 electron masses. The
negative decay product is probably a - meson. Some, at
least three, of the neutral heavy VO decays give a positive
decay product which is definitely not a proton and likely to
be a meson. Unless the existence of a negative proton is
assumed, the decay V, - ™7+~ , as suggested by
Anderson et al. for many of their photographs, is a possible
explanation,with the mass of this v° meson at 1000 electron
masses. Photographs of 4 charged heavy meson decays have
been examined by these authors and the decay is possible to
“ 4+ T (with corresponding mass of heaVy meson ~ 2,350
electron masses), or to W'+ W (with‘corresponding mass of

heavy meson ~ 920 electron masses).

Returning to considerations of %- mesons, the evidence
for the existence of neutral % - mesons is now very sfrong.
The first sign of such particles arose during the study of the
quanta produced when fast protons strike nuclei. These were
reported by Bjorkland, Moyer, Crandell and York (1950). These
photons, which appear at the threshold for production of
charged 4- mesons, give a very intense beam (much more, by a
factor 100, than bremsstrahlung expected). The spectrum,yin
the centre of mass coordinates, is of symmetrical shape with
peak at 70 Mev. Steinberger, Panofsky and Steller (1950)
showed that these quanta are also produced when high energy

gammas impinge on nuclei. They whowed further that two
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photons are produced as the unique decay products of neutral
particles produced in a manner similar to charged 7~ mesons.
Carlson, Hooper and King (1950) have examined photographic
emulsions exposed in the upper atmosphere, and have found a
distribution of gammas (made visible by the electron pairs
they produce ), which shows that neutral mesons are produced
"under natural conditions with a frequency similar to that for
charged 9r- mesons. The time of decay has been esiimated
from the experiments using artificially produced %'~ mesons at

" sec., and by photographic plate measurements at -~

107
2.5 % 1014 gec.  The mass of the °- meson has been deter-
mined by Panofsky,rﬁamodt and Hadley (1951), at 264.6 + 3.2
electron masses, from the absorption of 7" mesons in Hydrogen,

where the reaction M +p > n+T° 5 m + 2y  takes place.

Finally, in this summary of the experimental position
concerning mesons, a brief résumé of the properties of the

9r- mesons will be given.

Charges:s- The magnitude of the charge on charged % - mesons is
that of the fundamental charge on the electron.
‘Bradner (1949) has shown that the consistency of
mass determinations obtained by different methods
shows that the charge is, to within 3%, that of the

electron.

Mass:- The mass quoted above at 275 + 5 electron masses, is

that given by Panofsky, Aamodt and Hadley (1951) and
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is well within the range given by Powell (1950) of
between 270-290 electron masses from the resﬁlts of
various authors. The method of Panofsky, Aamodt
and Hadley (1951) is to measure the position of the
single Y¥-peak of the spectra of gammas produced by
the capture in Hydrogen of T - mesons. The process
involved is W+ p D n+ ¥ and hence, together
with energy-momentum conservation, the position of
this peak gives a precise measurement of the meson
mass. Barkas, Bishop, Gardner and Lattes (1950)
determined the mass of the charged mesons by
measuring the momentum of individual particles by
magnetic deflection and the residual range in a
stopping medium. These experiments were possible
for charged - mesons of both signs and gave the
mass of the negative mesons at 280.5 + 6 electron
masses and 278 + 8 electron masses for that of the
positive meson. ’

The lifetime for decay p -wise is quoted by Noyes

(1951) as 1 - 3 x 1072

sec. from experiments by
Chamberlain, Mozley, Steinberger and Weigand (1950).
The results of Kraushaar, Thomas and Henri (1950)
give a lifetime of 1.6 x 10~° sec., while those of
Martinelli and Panofsky (1950) give 1.97 + .25 x 1078

sec. The accurate measurements have been made by

capturing - mesons emerging from cyclotron target
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in a magnetic field and causing them to spiral in a
channel cut in a block of metal and then to be
incident on photographic plates. If the particles
decay in flight the number reaching the plates will
be reduced and the lifet;me can be deduced from the
reduction ratio observed between these and non-

decaying particles.

Nuclear -
Captures- In heavy elements the capture of % - mesons leads

characteristically to stars. High energy ¥
emission occurs in less than 10% of the absorptions
in Helium and in less than .5% in Carbon. In
Deuterium however ¥ emission is observed with a
frequency comparable with direct nuclear capture.
The quanta produced are peaked at 125 Mev. In
Hydrogen, where no direct nuclear capture is possible,
there are two ¥ peaks, at 70 Mev. and 130 Mev.

The former peak is associated with scattering of
charged ® - meson into a neutral @ - meson which
subsequently decays to two wuanta as discussed above
in the evidence for the determination of the mass of

the % - meson.

§ 3. Programme

Since Yukawa's postulate concerning the existence of a

heavy quantum of the nuclear force field much evidence for the
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existence of real particles of intermediate mass has been
acquired. . It is thus desirgble that his suggestion, and the
theoretical consequences following from it, could be tested by
the computation of lifetimes and cross-sections for certain
processes occurring in nature in which mesons play a part as
real particles. Only the decay process corresponds field
theoretically to a single process in first order. Thié life-
time has been calculated by Chang (1942) and agreement is
possible with a small coupling -1 = ?0‘8 . The other
processes in strict field-theoretic calculation, even in the
lowest order, depend on virtual intermediate processes
occurring. As has been stated above, no calculation involving
heavy bose particles as intermediate virtual particles has been
quantitatively successful. It is thus expedient to remove, as
far as it is possible, such coneepts from calculations. Any
theory which sets out to do this must, of necessity be of a
phenomenological nature. Some of the first calculations of
meson absorption, such as those by Yukawa and Sakata (1937),
reduced the order of the meson field calculation to the first
by taking transitions between eigenstates of a differing
character - in a manner analogous to the calculations of the
photoelectric effect in atomic theory. In the calculations

of meson production, those of Foldy and Marshak (1949) give a
phenomenological treatment in strict analogy with the

bremsstrahlung calculatidn, in contrast to the third order

field theoretical calculation of Morette (1949). In the
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brémsstrahlung analogy treatment only the actual meson
emission is specified by meson field theory; the nucleon
scattering process being described from nucleon-nucleon
scattering data. In dbing so the fact that nuclear forces
are, at least in part, due to W - meson exchange is ignored.
Similarly the calculations by Guun, Power and touschek (1951)
of U - meson production near the threshold in proton-proton
collisions makes use of the ordinary interaction between
nucleonic and mesonic fields, but describes the interaction
between the nucleons as due to a phenomenological potential.
The method employed is similar to that used by various authorsg,
such as Mot (1931), for the discussion of bremsstrsghlung. On
the face of it, it appears that in doing so, the fact that
nuclear forces are due partially to - meson exchange is
ignored again. Here such approaches are considered in

detail.

Chapter Two, after giving a brief introduction to meson
field theory, gives a partial justification of the Gunn, Power
and Touschek method of attack, and shows that, to first order
perturbation theory, the method analogdus to the distorted
wave approximation in atomic physics is wvalid. In the next
two chapters the application of this method to the meson
production and the meson absorption problem is considered. The
main part of the third chapter is based on the paper by Guan,
Power and Touschek (1951) with an extension to neutral meson

production. In both of these chapters comparison is made with
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the work of other authors and with experiment. BEspecial
consideration is given to the Foldy and Marshak (1949) approach

- to the production problem.

Chapter Five is concerned with a different problem and
the calculation presented there, based on the Pauli regulator
technique applied to the Feynman method of calculation of
tfansition probabilities in quantum electrodynamics, is on the
possible decay of a heavy bose particle to two like ¢~ mesons.
The purpose of this computation is to consider the possible

mode of decay of the V, meson to two %~ mesons.

The final chapter summarises the conclusions of the
thesis and attempts an integration of the present day
experimental and theoretical knowledge concerning the meson

considered as a real particle of nature.
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CHAPTER TWO

MESON FIELD THEORY AND THE DISTORTED WAVE APPROXIMATION.

Units.

Throughout the work natural units are used. All
physical quantities are in dimensions dependent on length.
This is equivalent to replacing -k and ¢ by unity in
expressions in normal units. For the meson-nucleon couplings
Lorentz~Heaviside units of charge are used during the calcula-
tions but conversion to normal units is made on fimal lifetimes

and cross-sections.

Greek suffices take the values 1, 2, 3 and 4; English
suffices take the values 1, 2 and 3 only. Repeated suffices

are summed over their range of values.

(a) Meson Field Theory.

§ 1.Classgical.

In Chapter One a meson field was defined as a general
field over the quasi-Buclidean metric of special relativity
with the potential of the field given by an irreducible
representation of the Lorentz group of transformations. The
meson field type is defined by the nature of these represen-
tations. The elementary types, associated with mesons of
spin O or 1, are scalar, vector, antisymmetric tensor of order

3 (pseudovector) and antisymmetric tensor of order 4
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(pseudoscalar). A transformation of the fundamental metric
tensor to the four Kronecker delta can be carried out by the
transformation x4 = it . With this, the distinction between
covariant and contrgvariant tensors vanishes and so will Dbe
disregarded. The physical properties of the field are
deducible from the field Lagrangian L , the integral of a
field Lagrangian density o, which is a function of the

potential () and its first space and time derivatives.
A, = L. (¢6a, R ¢m) (2,1)

The physics of such a field is given by defining the energy-

momentum tensors-

_,;v = "'{Jo Spv = ?_,_I';___ ¥ | dx . (2,2)

a?: Yoy 99,

‘The components of which give the three stress temsor, energy,

momentum and energy current namely
L H, ="‘“‘“-; Gw =~ Skz";j—l’c'& . (2,3%)

The field equations follow from the conditkon that

JIO C'l"(' d')(z d"‘) d'}(“

shall be stationary under arbitrary variations of the potential

This is an Buler variation problem and gives the field
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equagtions:-
34, p) BL;

3G X k) (2,4)

which are, by the restriction on J: y, partial differential

equations of the second order.

From the field equations it follows that the conservation

laws given by
- _
— o (2’5)

o/

1}

ot

are valid.

From the field equations, it follows also that if the field
potential is complex it is possible for the field to be
interpreted as a charge carrying field, in so far as invariance

under gauge transformations of the first kind

¢ — Y%

being>required of OZO sy a charge transport three vector and

charge density defined by

: Ao, PR e
S, = -ie fbb" (x)‘t/() ) 'DB"Q’()Q/ } (2,6)
satisfy the continuity equation Divy = O.

In developing particular fields it is necessary to
choose an invariant Lagrangian to ensure the covariance of the
field equations. Another condition, necessary in order that
a canonical formalism can be developed, is imposed; namely

that the Lagrangien is quadratic in the mescn potential.
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Differences between charged and uncharged field are for non-
interacting fields trivial and only the charged field is

considered in detail here.

For the charged meson field described by a scalar or

scalar density potential the Lagrangian density is

- { B Y6 o) + P, Q’M} (2,7)
’

and for the charged vector or vector demsity field it is

- {r*qu, ¢6) + £ Cor Y00 . Cur) "’"“’} (2,8)

where ® is & parameter of dimension of an inverse length.

The classical equations of motion follow at once and are

[0*-r]dw -0; [O-p]¢ -0 (2,9)

That is to say each component of the field potential obeys
the Xlein-Gordon equation i.e. the Schrgdinger equation for

a free particle of rest mass p .

It is usual to go a stage further by introducing a
canonical formalism. This immediately distinguishes the time
axis of the space-time coordinate system by defining a

conjugate field #%(x) by the equations:-

oL - od
Fa (;J(x) ’ w. (ﬂ’ ?3 ‘i/r(“) ’ (2 9 1 O )

i
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With these definitions the energy density can be written
H, = oo @60 + 776 ¢760 -~ L, 0 (2,11)

and the canonical equations describing the field, deducible

from the Lagrangian equatiohs (2,4) above, are

AN, 6D 0

T : ('Dhjuja"e .

i)y = S B} Fpho

(2,12)

§ 2. Quantum Mechanical.

The canonical field quantization of Heisenberg and
Pauli (1929) on the classical meson fields follows from
analogy with the quantization of a system of a finite number
of degrees of freedom. The reduction from the continuum of
meson field variables can be brought about by enclosing the
field inside a finite box and subsequently making a Fourier
analysis of the field variables. The new dynamical variables
are the amplitudes of the components in the Hilbert space
defined by the complete set of Fourier functions. Such
canonical quantization is non-covariant and follows formally

from the postulates
[q}q' (CY AL ‘“')]

i}

[ 00, 9, 6] = ©

|

[’i?}(n), w,'(x')J - SWI §6c-xn (2,13)

holding between the meson field variables, now to be

interpreted as quantum mechanical operators. The operators
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depend only on the spacial coordinates. Here such canonical
quantization will be, very briefly, carried through in order to
give a basis for the demonstration of the validity of the
phenomenological treatment proposed and to prepare for the
calculations of the meson-nucleon interaction problems of

subsequent chapters.

-

Eigenwaves.

The complex scalar meson potential () in the absence

of nucleons satisfies the equations (2,9)
[a*- ¢4y =0 ; [0 -p] ¢ =0

Assuming the field is enclosed in a volume V, the field is

expanded as

it

Yo, t)

by, t)

; iA(H ¢, (%)

—% (ALY d’:\(’-'-) (2,14)

rt

where <é(3) are an orthogonal normalised set of functions in
v, Vanishing§§ on S the boundary of V, and satisfy the

equations (\'_7,_*“1 )¢ (e} = ©
A Ao

jdj\x(g) ¢P(§)d35 - SAP (2,15)

§% Iﬁ expansion is ip rectangular box, less restrictive condi-
tions, namely periodicity on parallel sides, are sufficient.
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It follows immediately that the amplitudes q, vary simple

harmonically with frequency Wy/qqr where Wy = p+ky . i.e.
. .
(1"\ + W ("5 = O

The boundary condition on the ¢) () gives an allowed

spectrum for K, and hence for w, . Prom the definition
. . - X

of the conjugate field p, =9 ,

and the Hamiltonian density of the field is

ft‘z_;% c";.d)x ¢h + f\Z:t‘ ‘\VAC\’.Y%-\:’“’,A +A,Zp& P d’,\“’r}

Whence the total energy
= 1 % x
H, = gfw»‘k‘h + F,\PA}

This is the energy of a set of oscillators the frequency of

the A’ th. being “r/zxv .

The field is now quantised in the normal manner. It is
assumed that the canonical coordinates of the classical

- Hamiltonian are now quantum quantities obeying the commutation

laws

o

Py - 4 P
P‘cf -c&'p" - ¢ ‘ (2,16)

Ui

The allowed energy states are given by finding a diagonal

representation for H, A suitable such representation is
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given by defining

)

- x . = [Y%;(ax -
where
a = |ow oo
o 0 V2 0
0' o. : . ee

J3.
end b similar in a skew space.

Thé energy operator is now
x
H, = ;w,\ (o a, +by b, +1)

and is diagonal. ‘'he eigenvalues of ai(l, are the positive
+ x

integers and zero, N, say; the eigenvalues of b;ba are the

positive integers and zero, ﬁA say. The allowed values of

the energy, above that of the vacuum field, are thus

;ms@ 1) (2,18)

and the stationary states of the field are characterised by the
' o+ -
pairs of integers N, , N, . The energy of the field is that
+ -— .
of (N, + N, ) corpuscles of energy W, summed over X\ .
With the same representation the operator for the total charge

is diagonal and has eigenvalues

-+ -
e ;(NA-NA) ~(2,19)

Thus the allowed values for the total charge are the values of
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-—

-*
the charge on N, corpuscles of charge e and NA corpuscles

of charge =-e, summed over the various A .

By considerations of these results (2,18; 2,19) they may
be interpreted as followss:-~ Corresponding to each wave ’

+
of frequency w, , there are N, mesons of charge e and

and N, mesons of charge -e and energy w, .

energy w, \

Depending on the actual resolution carried out other physical
quantities may be simultaneous eigenstates with the energy and
charge; e.g. in a plane wave resolution the momentum is such
a quantity; din spherical wave resolution the angular momentum
commutes with the energy. However in any orthogonal
resolution the energy and charge can be diagonalized to
discrete values, and it is upon this that the particle nature

of the meson is demonstrated.

§ 3. Interaction With Nucleons.

The fields so far considered have been vacuum fields.
The particle meson interacts with nucleons as the quantum of
the field. Nucleons are considered as sources and sinks of
mesons ag electrons are sources and sinks of photons. In
field theory the nucleon is a singularity in the field which
can be gllowed for by adding terms to the Klein-Gordon equations
making them inhomogeneous. This is analogous to adding

density terms ( 47p, &% ) to Maxwell's equations to allow

v
13
<

~

for charge distributions. In this heuristic development the
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interaction is specified by adding terms involving the nucleon
to the Lagrangisn density. Bearing in mind the Lorentz
invarisnce required and the assumption made above that the
Lagrangian as a function of the meson field contains only the
potential and its first space and time derivatives, only two
simple terms are available for each field. These interaction
terms are given in the appendix 1. for the four fields: they

depend on tensors constructed from the nucleon spinor field.

The conjugate field and Hamiltonian density are
defined as in the field free case and it follows, neglecting
contact terms (Kemmer (1937) ), that H the total energy of
the field with its interaction with nucleons is H = H, + H ,
where Hi is an interaction energy fdllowing from the
vassumed interaction Lagrangian. The possible energies for

the four fields are given in appendix 1.
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-(b) A  THENOMENCLCGICAL AFPROACH TO MESON-NUCLEON

INTERACTION PROELENS.

§ 1. Introduction

It is well known that in the calculation of
bremsstrahlung the phenomenon is accurately described by a
second order field theoretic process, namely the scattering
of the electron by a centre of force and the emission éf the

light quantum. That such a reduced order process gives the

correct cross-section to the strictly third order process
involved is a consequence of the possible, though non-covariant,
division of the four vector potential describing the electro-
magnetic field into longitudinal and transverse parts. The
interchange of virtual longitudinal quanta being responsible
for the Coulomb potential which acts as the écattering force;
the transverse interaétion, being;-eﬁnﬁ in the usual notation,
having matrix elements corresponding to the emission and
absorption of light quanta. Such a division is not possible
in meson theory and it can be asked to what extent the
calculation of meson production by a description aﬁalogous with
bremsstrahlung, using the scattering interaction between the

nuclear particles involved and a meson interaction, is wvalid.

The calculation of meson production using the ordinary
meson-nucleon interaction together with a nucleon-nucleon

potential was carried out for vector mesons by Massey and
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and Corben (1939) and has been recently investigated by Foldy
and Marshak (1949) for pseudoscalar mesons. These authors
assumed s phenomenclogical rather than mesic force as acting

between the nucleons.

The calculation of bremsstrahlung by Mott (1931), again
depending on the possible division of the interaction energy
between electron and the electromagnetic field into longitudi-
nal and transverse parts, was to compute matrix elements
between two electron states, which were not momentum states,
but eigenstates of the energy of the electrons including their
Coulomb energy in the scattering field. Similarly the
calculation near the threshold for the production of 17t-mesons
in proton-proton collisions by Gunn, Power and Touschek (1951),
detailed calculations of which form chapter three of the
thesis, makes use of the ordinary interaction between nucleonic
and mesonic fields, but describes the interaction between +the

nucleons as due to a phenomenological potential.

It is the purpose of this chapter to consider the validity
of such approaches in meson theory. Attention is concentrated
mainly on the field theoretic problem raised by the use of the
potential between nucleons together with the interaction term
when the latter is itself responsible, if only in part, for
the former. That is to say for a system whose total

Hamiltonian is

H = H, + H + H, (2,20)




-3%0-

where Hy; 1is the energy of the meson field, H,. 1s the
energy of the nucleon field and H; is the interaction energy

between them, a system whose Hamiltonian is

H = H, + H + H, + U , (2,21)

where U 1is the interaction potential between nucleons, has
been used. This is done despite U being included in part
at leask by H; , which, by allowing virtual meson exchange
between nucleons, has matrix elements between states differing

only by the stgtes of individual nucleons.

The Foldy and lMarshak treatment considers the production
process in strict analogy with bremsstrshlung, the stationary
states being eigenstates of the Hamiltonian H_ + Hf the
H; and U acting as perturbations. Such a calculation
ignores, a priori, contributions which may arise from H;
alone in a third order process. The method used here for the
production and absorption problems, after the style of the
method of distorted waves, proceeds from stationary states of
the system derived from the Hamiltonian (H, + U) 4+ H} .

H; 1is here a perturbation acting between these stationary
states. In either case the internucleon potential can be
taken in the form given by meson theory, or by phenomenological
considerations making use of the analysis of nucleon-nucleon

scattering data by various authors.

The extension of the treatment involved may lead to

some underwtanding of the ability to separate parts of
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processes and consider them as distinet - an ability obviously
justified in phenomensa occurring at macroscopic intervals.

The Feynman technique is not used in the formalism as the
transformations involved lead to non-point interactions
between the two fields and hence there are no simple rules for
a vertex as in Feynman diagrams. Attention is confined to
the scalar and pseudoscalar fields it being probable, from
recent evidence, that the %- meson has zero spin.

s

2. General Formglism

Let #H be the energy density of the total system
H: Hy + Ho+ H (2,22)

so that
H - Iﬂ(nw ol

where J{; ’ }lh and j{; are the energy densities of the
meson field, nucleon field and interaction respectively. It
ﬂfh) ’ fhx)‘ are the Fermi-Dirac spinor field and conjugate,
M the mass of the nucleon and X's are the 4 x 4 Dirac

matrices then
H = =06 Sy e My} Fw. (2,23)

With §6y , rlx) the meson field and conjugate and I the

mass of the meson

Hy - J.'f,t GOy + O 4o D, Wiy +"rr'(u)mu3}
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for neutral spin zero meson fields, and
¥ N o \c “r
H $ = 'A‘ W () Wiy + ‘3“ Y bk WY + W 60w |ae)

for charged spin zero meson fields; these being given

above (2,11). The interaction energy density depends on the
feflexioﬁ properties of the meson field and, ighoring bossible
differences of type between Fermi-Dirac particles (Yang and
Tiomno 1950), the usual association of scalar and pseudoscalar
quantities is made. If q, qX are isotopic operators in
the Permi field corresponding to proton-neutron exchange and
the charge units are Lorentz-Heaviside, the possible energy

interaction densities are as listed in appendix 1.
The field operators obey the commutatioﬁ relations
[76), o] = i Sty ; [Wm, @] [wh, i be)] = ©
- (2,24)
[ o, ‘I;bvﬂ+= 8 80), [ g, i"pwl]; [n, 0, M0 =0

These being given for the meson field in equations (2,13), the
nucleon spinor-field commutafion laws following from Dirac

electron theory. (see Wentzel (1943) ).

3. Contact Transformation

In order to show the explicit dependence, to order gz,
of the total Hamiltonian on U a contact transformation of

variables after MOller and Rosenfeld (1940) is made to
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transform out the static interaction V , the first approxi-

mation to U . This is defined by the relation

. 8
X' - eSxe (2,25)

where S 1is a scalar, between any variable X and its trans-

form X’. The right hand side can be expanded as

TR PN CON % PR

a proof being given in appendix two (a)

(2,26)

The transformed energy density is given by
! ! ! '
Hy +i [S H)+ 4S5 T8, Hel] + -

+He o+ "F_S)j‘(»] + l" [S‘,) [S»:H‘JJ PO
+ o+ i LS :H.'] +—;~) [S;, [S,;H_.]],, -

S is chosen so that in the transformed Hamiltonian there is no
term, except those due to recoil, linear in the coupling
constant. For this to be, it is sufficient that S 1is

linear in the coupling constant and obeys the relation

H: 4 [S N =0, (2,27)

Neglecting recoil, i.e. H’ for the moment, the term
quadratic in the coupling constant is é [S,i{i] (2,28)
and as terms linear in the coupling constant are no

longer present in the Hamiltonian, description of all second
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order processes nmust be contained in this term. Such second
order processes are scattering of nucleons by nucleons,
corresponding to the interchange of virtual mesons, and
scattering of mesons by nucleons together with similar
processes such as nucleon pair cregtion by two mesons. Let
V and C be the interaction energies, to order gz, corres—
ponding to nucleon-nucleon scattering and meson-nucleon
scattering respectively. V , the first approximation to the
accuraté nucleon potential U , is independent, while C 1is
quadratic in the meson field operators.

It is easily seen that terms cubic in the coupling
constant are given by §l~ F[s,v+<] (2,29)
and again all third order processes are contained therein.
The-term of prime inté;est in this energy is that giving rise
to meson production with scattgring of nucleons. Higher

terms can be written down immediately, the n'th being
Y . .
,Z :\T ' Lg-, [gu,.-- '[S)V-O-(]'] (2,30)

where there are n-2 commutators.

In order to determine S +the equation which it satis-

fies is examined in the two cases considered.

a/ Neutral Fields

Ry + 25100 + P enl® v }
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and letting © be of the form
J\Q(“')Q’('n‘) dx' *f B(x‘) (l"‘n‘) dx'

it follows from the commutation laws for meson and conjugate

fields that

i [S) :H,;] = ~RAb)T) - Yh) (- P‘\ 'B()()

where here, and throughout the work, the addition of diver-
gence terms to the energy densities is justified by suitable
pericdicity conditions on the boundary enclosing the total

system. Thus the equation for § 1is reduced to
RO Trb) + Wi (Wi g2) Bh) = H: ) (2,31)
A(x) and B(x) being defined above. \
b/ Charged Fields
In this case |
:"(:F = p P ) + o Y 0t) O Yl W) "?Ff'n)
and assuming S to be of the form

Jl)(x’) Yo e’ +f3 "t’)'ﬂad doe! +fn'h’) Yo ds>' + f B M) olse’

the equation determining S is

R6d 5756 + A6 T () + Y (& '*‘YR*()«) +tw lV‘-«r‘YB(n) = 'j-{:ln) (2 52)
y32
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Consgiderabtion will be given later to the effect of
recoil by calculating the effect of the transformation on the
nucleon energy. It will appear that in certain cases this

leads to the only interaction giving meson production.

4. Soalér Meson with Scalar Coupling.

As an elementary example the calculation for the neutral

scalar meson field with scalar coupling i.e. with
ﬂ“ = -:3 n(u)Yq' ‘1—"')\) W(x)

is carried through. The equation determining S does not
require A(x) for a solution, and A(x) is set to zero.

The equation for B(x) is
(V' -k B =—ig MYY EH)

The required solution is obtained by means of the Green's

source function for the operator 'V‘-rf y. namely
. e"‘l”'*q
4w bo-x which is written as € (n-»') , and is

B b = ""JJ M6 Y'Y F ) @ (ai-e) el (2,33)

It follows at once that
S- —~"jJﬂ‘ﬂ)\’"fr'f(v)"?"!‘)e‘::':l"“"i“':l' (2,34)

from which V and C are calculated by means of the relation
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i{&Hder+C
Expanding
% [S W] =- ique(j-x') {ﬂlg)x‘*fm ah), [T Y Y () W] ch'etndy
the commutator under the integral is
=1 SOuw) My YT (y) M) Y E)

+ oosrhe) [Mg) Y *E ), T Y YEG]

Now the last commutator vanishes on integrating over y3
lemma 1a., (appendix 2b.) so that C = 0, as is well known,
for, neglecting recoil there is no scattering of scalar mesons

in neutral scalar theory. On the other hand

V:=- Qk e(m-vj‘s M) ¥4 (v ﬁly)Y‘*?(y) dy de (2,35)
2

and is the well known Yukawa potential between nucleons as

given by scalar theory.

To find the meson production term similar calculations
are carried through for f;[S,V] which vanishes

identicallj since it equals
_.3'_ jije(".,') e(sj—ou) qu'){ﬂ(u')x‘r§h-)’ M) ¥ F ) n'y\Y"‘E(‘ﬂ]}dgdv'dﬂdn'

This result, in agfeement with that found by McPhee (1949), is
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that there is no meson production by neutral scalar theory
when recoil is neglected. When the scalar field is charged,
however, the non-commutativity of the isotopic factors fives

a meson scattering term C and also a production term.

Por the charged scalar field A(x) can be again set

egual to zero and

Bl - ""flJp My) ¥ *a.* F Iyl e (n-y)dy
By =- ;me,,ww F (yletn-y) dy

First V and C are required from the relation J%[S',u.']:V-'—C‘

The commutator | Rtyhy *9*Elgrm b, Y ' & 6 W]

is evaluated from lemma 1. as ,
\ W"\)“fi*‘ﬂf\ i) Sh-j“ﬂu)"iﬂm’) 1 S6wae) My 'rqf“f(j Yy ‘("1 Y |

Using this and similar commutators it follows that

- C

up _ —
V= - 3 j my)\o""l‘ iy ﬂb-)Y"{L‘_{(ﬂ €(n~3)ol:' elx + complex conjugate
(2,%6)
b 8
= %.Jn(,)($‘1~11’\ ¥ ) ‘l/(n"vﬂy)eluw')d\ddﬁ + complex conjuga‘be.‘

To obtain the meson production, or abso:ép‘bion, term from

_:_31_‘. [S,V+CJ , ,'[S)v] is first considered. Now
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s, v - - f Ji[m,)'a"w" Fly) b + MY *q T )T 60
, - ¥
n(*j'h’“%‘ ?(y‘)”(x)‘("x{(@ + My Y'q ‘EI‘J') Mooy £ (\,‘)J

€ (x" y)e (j'» > olydj'dxdn’ .

To proceed to evaluate the commutators under the integrals use

is made of the trivia} relations-
[a, B) = a4 B,c] + ¢ B8] + [6,B]a + ([a,0] B
Hence, neglecting contact terms,

e = .%ﬂj Tl ee-y) ebe- =) Mg 1~ 44 Fly NV Fly)dy de'dx

- ?_nf"‘fx(u') ebn-y") e(x-x") Mo (y'q - 99°) ¥69 r"'J') \f‘t‘lf ‘I('j', ‘7""‘ dx
2

+ conjugate complex.
Por ;[S¢] +the term linear in % 1is contained in
B [
yj[ Ney) ¥ o) Th), M) (99-4. %) EG 0 T (g )] e (n-y')e e’ ) of gyl
and using the commutation laws above this term is

-3 f{ )Y Fly) 16 (470 1.97) T 0T g (x- y') e o) dy'dy o

and the ™" term similarly is

w X

. g
- % J %“»‘f“’%tﬂy*@mﬂ (59" a9 Yo b Q‘Vf’y"} elyyl et yldywy e .

¥
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Now

J LAY a2 Ely), g -a9%) FTLY) @ ey e bryg) oyl dy o

is a contact term, hence the term linear in the meson field
to third order in g is [S,V] . It is to be noticed that
no higher order terms in g are linear in the meson field
operators, for the n'th ferm is 2 E%E[SL[gbi~ ;Qﬁlv+dﬂ“j
which gives rise to terms of oraer n-2 in the meson field
operators from the commutator with V, and both terms of
order n-2 and n fron the\commutator with C. Terms
containing the meson field operators to odd order can give
rise to single meson production, or absorption in first order
perturbation theory. Two such terms, trilinear in the meson
field occur in § ‘[s.<] and are
-(g*2 NEO VI ER JUITH - WD TN T | + complex conjugate
(2,37)
whefe

I16) = J"ﬁ'lﬁ‘)et’(*n') dx!

Such terms will be discussed in paragraph 7.
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§ 5. Pseudoscalar Meson with Pseudoscalar Coupling.

This case follows in exact parallel that given in

paragraph 4. Here the interaction energy density is

A;

¥

R x
= J JERARMELALY (neutral)

"

K

- gAY ¥R W) - JUEOY ¥ VEW W) (charged)

and again only B(x) is required being

B = - 9 fﬂ(x')f‘* YT (x') e (x-mt) o’ (neutral)

B(x\ B j AN ¥* ‘1*‘;‘"" Qlx- o) dx ", (charged)
s o |

§ = —3fn(3)Y“¥’ E(g e (y-) ThIa'dy (neutral)

S = f I UNT Y P Fl)Th) +n¢3\~«‘*x’"§,§(\,w*lu')} (charged)

x Q(’—x'\ d:'dj .

The calculation for V and C proceeds as beforeAgiving

3]

3\j‘ R Y ¥ F Yy * Fix
v 2 ]eGOAYIYT FOIAMY YT ER Ay () og)

(neutral)
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Whj.le

V= g jef:]"") M"Y e Y TY g F(mdydx + complex conjugate

(2,39)
C =

LSRR -2

l
: f ey -») 6o (1,‘1 - %) 9 () Mnﬁ(,)dydﬁ complex conjugate

for charged mesons.

. As in the neutral scalar case there is no production term,
neglecting recoil, for neutral pseudoscalar mesons with pseudo-
scalar coupling as V commutes with S. In the case of charged
mesons the meson production, or absorption, term linear in the
méson field operators, contained only in the third order term,is
+[$,v] , as the relevant part of i[S, d is i'i[S,VJ .  Further

terms in jJES,CJ are again present and are

3; 3:z W(%)b’*‘o”elf F ) {M"’ TH) - I 0 1‘(,.,} + complex conjugate
(2,40)

§ 6. Recoil Terms

To consider the effect of recoil examination is made of H',
For neutral fields this can be calculated in closed form and this
is done below. Before proceeding to this it is noted that in

!
the expansion for J(. namely

Hoo+ i [S K] +5': [s:S. j.(“}] +
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only the second term contains the meson field operators
linearly when S contains either, but only one, of the meson
or conjugate fields; +this being the case for non-derivative
couplings. The n'th term containing the meson operator in

n-1 th. power.

Por neutral fields, § is given by
S = J“B () W () e’

where

B(x) = -;3fﬂ(u')x“flx"e(vx-r'\dx' " (scalar)

1

"jjﬂhﬂx“yfiuoebp-ﬁdxﬂ (pseudoscalar)
Continuing the calculation

VLS, Hn) ,-:J[u,.vm,'), ﬂ(x)f PR 4 M) Flg ] o’

il

il

[wer (B o), MO0 ¥ 32T 0 ] o'

+ M fww} [B&=), M6 ¥ Fbe) ] o’
In the scalar case the commutators are evaluated by the use of

lemmas 1 and 2, giving _
i[5, 1] = 9T RE¥*E Ft — 3 Aey Ew }
where

I(x) = fr.w el ) o’ .




Y-
In the same mgnner

4 [Se[SHj=1d J Lo w6 BT W'Y, Ebo - O M6 Y E W] do’
2! | 2! ’
which is eventually reducible to

2 'y I‘(n){n(,)x“a"gh ) — % e ¥ v Fef
2! :

It is fairly clear that
ﬂ.: 2 - M OGS Ele) - E; ﬁ(u\'b;‘*exc.{z:_’ B’*I’ﬂ'}}'kb:‘;f‘t)

+ 23 Y ep§ 21y TV FR),
: (2,41)

For pseudoscalar mesons with pseudoscalar coupling the trans—
formation is similar, only here the M +term gives a contri-

bution. The final transformed H, is

f

He = - MAY ey §~13v"w”1mj Flx)

—z-i ey ¥* exp §~29%“7‘Im}?"atfhl

-k 4 <3
45: ’a' Y mrf,jg X”U‘Ih)} )'k ¥ (x) (2, 42)
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§ 7. Validity of the Phenomenological Approaches.

The initial Hamiltonian H which describes the coupled
nucleon-meson system is H = Hy + H, + H; and the inter-
action energy H,; allows a potential U between the nucleons
due to virtual emission and absorption of mesons. U is
approximated to order g‘ by V. In order to obtain more
accurate wave functions for the nucleon system U is taken
from the observed nuclear forces, deducible from seattering
data etc., rather than by the approximation V given by meson
theory. In this way the distorted wave approach takes as
eigenstates, between which the interaction energy allows
transitions, the simultaneous eigenstates of H; énd H, + TU.
Near the threshold for production, when the final nucleon state
is of low energy, the cross-sections are quite susceptible to
'changes in the shape and size of the internucleon potential
well. Experiments at 350 Mev. will thus still give vital
information about nuclear forces since the final meson wave
épans the potential well once or twice only. It appears then
necessary to take accurate account of the nuclear wave
functions in the meson production problem. This is possible
if U 1is taken as the phenomenological potential given by
experiment and thus only the meson emission and not the nucleon
scattering is described by meson theory. Such a programme
appears in contrast to a strict field theoretic calculation

of the third order, such as given by Morette (1949).
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As the principal directions of the Hilbert space of the
system are the eigenstates of Hy and H_ + U it is necessary
to find the interaction energy causing transitions between
these directions. It is shown that to first order it is
possible to use H; as this interaction energy. Careful
examination of the order in g +to which a consistent programme
can be carried out is required. Since the approach is aimed
at reducing the dependence of the result on the meson theory
and laying‘more emphasis on the internucleon interaction, only
transitions of first order in g are considered. Thus only
terms in the Hamiltonian linear in g are retained, except,
since by the assumption that U is comparable with H; S0
that eigenstates of H, + U are significantly different
from free states, it is necessary to consider terms describing
the nuclear potentigl and products of g with such terms.

It is clear that to this approximation the Hamiltonian after
transforming out the lowest order interaction energy V in the

manner of the previous paragraphs, is
Ho+V + 0y 0[S, Har V] | £2,43)

Here the approximate potential V is replaced by the accurate
energy U so that the Hamiltonian for the system is taken to

be

Ho +U + Hy +1[S Bt 0]
(2,44)

and the validity, to the first order, of using H( as a
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perturbation between simultaneous states of H+ and H, + U
follows immediately. For the correct matrix element for the

transition from state |6 to state 14> 1is
Coli[S, Hutdl ) £> = 1 (E4 € Lol SIS

where E% . E} are energies of the Fermi field in initial.and

final states. If w is the energy of the meson involved

Lolwtlsd = #iv ol Tol£

and since energy is conserved in the transition, E; -E =*%tw

LolilS Hatel|$) = <olHilg>, (2,45’

So far it has been shown that the matrix elements for
single meson processes using the normal interaction energy H; ,
gives correct result to first order perturbation theory using
only terms linear in the meson field. It is possible to
obtain non zero matrix elements to first order through terms
containing the meson field operators to any odd power, although
mone appear in the approximation given above. It is clear
that for processes involving single mesons these terms are
divergent, but not all of the simple contact divergence. They
are logarithmically divergent due to possible creation and
ammihilation of high energy virtual mesons. On the other hand
it is inconsistent to consider terms of high power in g
arising in this way without also considering higher order

perturbation theory. It is of interest to note however that




- 48~

for neutral mesons such divergences, which appear only in the
expansion for H, may be aummed to renormalise the first term
i LS,H,\] . Also for charged mesons besides the corrections

due to higher order terms in H, there are others in the
sgries 2 -'-‘;-‘1 .’[S;, [s:,-. [S"V«;C]J.,_] ‘

Contact divergences appear together with logarithmic diver-
gences due to products I”h(l}t) even to order ge, in
; ;[S;ﬂ . These were obtained explicitly in paragraphs
4 and 5. The logarithmic divergence in this term is
éy‘r‘ﬁli(ﬂ;ﬂ;bd which for processes involving one

regl meson is the interaction term with infinite factor.

Similarly the validity of the bremsstrahlung analogy
approach can be examined. Here the matrix element giving

rise to meson production is taken to be

o Il IDCT|VIED owu.><»m:f>
QoHIED = 2 e
- = ~_

The summations are over possible intermediate states. Neutral
scalar theory gives no production if recoil is neglected. If
lo>/ 1> are states differing by the emission of a meson

of momentum k and energy w,

CalMolbd = ";jf\'«inw ¥ T Wby b o
and

f bew

) W N . 'S
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giving
CalH:B> = -;‘/;—; 3S<ulﬂh)\"' PP I >
w :

Now at threshold it is éasily seen that E-E = -w and
B —I@E = if the intermediate states are of positive
energy. It is clear therefore that the possible validity of
this approach is bound up with the mixing of large and small
components of the spinor field by H; . For if there is no
mixing <ol#l$Y vanishes in agreement with paragraph 4. For
charged mesons ,[S,v] does not vanish and for the approach

to be wvalid

[<otutsd | = I<lilS mar vl

Again, the energy denominators being as before and using the
sum rule, it follows that validity is ensured for non-mixing

interactions.

Summarising the results: it is plausible to assume thaf
the transformed Hamiltonian which give rise to first order
processes is H, + U + Hp + 1 [s, B+ U] . From this the
conclusions are that the bremsstrahlung calculation from the
outset ignores the recoil term and is then valid for certain
fields. The distorted wave approximation on the other hand,
considers the recoil terms throughouﬁ and is generally

applicable to mesons of differing parity. In the case of the
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neutrgl fields considered the recoil terms give the only contri-
bution and consequently only the distorted wave approximation
gives a finite probability for the production of neutral mesons.
These conclusions are for non-derivative couplings between the

fields.

Similar considerations are possible for derivative
couplings and for example the neutral pseudoscalar field with
pseudovector coupling has been investigated. It can be shown
that in nonrelativistic approximation the térm giving rise to
meson production, neglecting recoil is i[&\[ﬂ and arguments

as above follow for this field.
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CHAPTER THREE

THE PRODUCTION OF T -MESONS IN NUCLEON-NUCLEON COLLISIONS

§ 1. Introduction

A problem of comsiderable interest in meson theory,
especially relevant since the high energy machines at
Berkeley have been giving detailed experimental information, is
the production of mesons in nucleon-nucleon collisions. The
close connection between this process and nucleon-nucleon
scattering provides an opportunity for testing the fundamental
assumption of meson theory. As has been pointed out in
chapter two, the meson theory of nuclear forces assumes that
the coupling between nucleons takes place via a meson stream of
virtual exchanges. If sufficient energy is available it is
possible for a real meson to be produced in intimate inter-

actions between nucleons.

This problem has previously been considered by Heitler
(1943-5) and his collaborators, and received more recent
treatment by Morette (1949) and by Foldy and Marshak (1949).
The emphasis of the earlier work is on the effect of radiation
damping in reducing the otherwise divergent cross-sections
calculated by perturbation theory. The calculations of
Morette (1949) followed a full third order field theoretical
treatment using the Feynman-Dyson technique. This suffers

from the failure of meson theory to describe (in more than a
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qualitative way) the interaction between nucleons, from the
general failure of perturbation theory to give more than first
order approximations to cross-sections which is very suspect
for large couplings and also the inagbility of the S-matrix
formalism to deal satisfactorily with closely interacting
systems as initial or final sbates. This latter difficulty
is of considerable importance in the region of the present day
experiments where the energy available for the resultant
nucleon system is small. The approach of Foldy and Marshak
(1949) based on a phenomenological approach which separates
the meson emission, which it describes by field theory, from
the nucleon-nucleon scaﬁtering which is given in terms of the‘
experimental potentials. The validity of this method was
considered in Chapter Two. Even where the method has validity
i.e. for non-mixing interactions, the difficulty still arises
as in the field theoretic treatment, that the final nuclear

state is treated in Born Approximation.

The method outlined in Chapter Two is used here to
compute the cross-sections for the production of spin zero
mesons in proton-proton collisions near the threshold and to
compare with the observed cross-sections for 345 Mev. incident
protons by Cartwright, Riohman, Whitehead and Wilcox (1950)
and Peterson, Iloff and Sherman (1950).  Here the kinetic
energy of the nucleons never becomes greater than their rest

mass, so that some approximete non-relativistic treatment
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should be applicable to the nucleons motion. . Thus this
motion is described by the Schrddinger Equation with the
potential chosen from nucleon scattering data; i.e. in the
notation of Chapter Two, the nuclear eigenstates between which
the interaction energy causes transitions are solution of the

equation

(Ho+ DT - £F (3,1)

where H,. 1is replaced by non-relativistic approximation

kS
\'H

-— e

Y 4
The advantage of the phenomenological approach is that the

" internucleon wave functions can then be described with an
accuracy limited only by the inadequacy of existing data on
scattering to provide nuclear potentials. These scattering
experiments have been very much studied recently, and the
analysis of the experimental results by various authors, see
for example Jackson and Blatt (1950), has led to several at
least qualitative conclusions regarding the internucleon

potential.

In the present calculation it is taken as a working
assumption that :-
1. The interaction in states of odd parity is so small

that it may be neglected. This assumption has been

introduced by Serber and is based on the apyroximate
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symmetry about 90° of the angular distributions in

neutron-proton scattering.

2. The interaction in states of even parity is charge
independent and may be best represented by a singular

form of potential with a long tail.

3. ©No account is taken of tensor forces, or of possible

spin orbit forces.

The recent measurements on W - meson production in 345
Mev. proton-proton collisions have shown that the energy
spectrum of the mesons has a strong maximum near the upper
energy limit. In figure 1. the differential cross-section
for the production of w*- mesons by 345 Mev. protons a proton
in the direction of the beam as observed by Cartwright,
Richman, Whitehead and Wilcox (1950) is reproduced. Barkas
(1949) has attributed this peak to the interaction between
the resultant proton-neutron system and to the possible
formation of a deuteron. The distorted wave approach
outlined previously éliows the calculation to proceed even
with a final bound nucleér system and cross-sections are
calculated below for a final bound deuteron state and for a

continuous (but closely interacting) neutron-proton system.

§ 2. General Formalisn

The Hamiltonisn of the interactiocn between nucleon end
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the meson field will generally be represented by

H; "'jw“mawwd* + conjugete (5,2)

where () is the field operator of the nucleon  (x) = -i fx)
7

and ¢ k) the field operator of the mesons. The operator

differs according to the charge and spin dependence of the

meson theory. Explicit formsg are given in appendix 1.

It has been shown in Chapter Two that it is possible to
compute matrix elements from this interaction energy between
intergecting nucleon eigenstates. The matrix element (3,2)
may be evaluated by expanding the nucleon operator Yoy
into a many particle operator following a method discussed by
Becker and Leibfried (1946), the term appropriate to a
transition from initial state o to a final state §  each

with A nucleons being
< Q x v )
H: = IJ,'.._fd'uq & (n,.. xa) 3;{'(@;4’«“) +@; ¢ (w?}% {x,.. »n) , (3,3)

Here Q;, 72 are the properly antisymmetrised and
normalised wave-functions of the initial and final states of
the nucleon system, expressed as functions of the spin, space
and charge variables. The term with ¢  corresponds to the
annihilation, while the term with ¢ corresponds to the

creation of a positive WU - meson.

Calculations have been carried ocut in detall for scslar
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and pseudoscalar meson fields, using a scalar coupling in the
first case and a pseudovector coupling in the second. The
equivalence theorems show that, in the approximation ﬁsed
here, pseudoscalar and pseudovector coupling should give
identical results in the pseudoscalar meson theory. With the
usual Fourier expansion of the meson field it is then found
for the matrix-element describing the emission of a positive
” - meson with momentum k and energy w from a two

nucleon systems:

o 1y Skwy
Hog = szz-ofj‘*bd? AR PN '}“’f‘f"f""‘* ) (3,45)

for scalar mesons and

= 1.} / + WY % | “ vk
Hog F/z‘zﬂd?“f’ , {”T‘ (- pl)e Fes. (3,4P)

Here and in the following S denotes scalar mesons, P
pseudoscalar ones; 37, ¢ , Ff’, are the usual Dirac
matrices applicable to the i{th nucleon, T is the charge
operator changing nucleon i from neutron into a proton, .

and s. are the isotopic and spin variables of the i'th

nucleon, p 1is the rest energy of the meson.
The frame of reference will be chosen se that in the

initial state the total momentum is zero, i.e. if p , P

denote the momenta of the two nucleons

(p) = (Pl = &
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In the final state it follows from the conservation of energy

and momentum that

(5‘*!1)5 = ? = -k

-

The motion of the nucleon mass centre corresponding to P is
fairly slow (i.e. non relativistic), so that an approximate

separation
Welv,r;s,5:) = e o ug (ryse, T3)
is Jjustified.
Here R 1is the position of the mass-centre and r /the
relative position vector of the two nucleons. The isotopic

factor in u, and ug may also be separated out. In the

problem considered the initial state contains two protons so

that @ = uelr,s) 3(D), ' ;3 the final state may be either

the charge singlet '(%). or charge triplet ‘(e state. Using

the properties

o ) '- ___'_
N ! ")y = =T (o - = Va 3o,

of the change of charge operator i one may write for the

matrix elements (4)

Hu.; C ﬁ dr :f,-,&(",.-‘lt? ! ;/': 'Eel" "‘ﬁﬁ) €~: ) ,} “# (Z'{ ) (57 58)
P J } ~ : - S

f\‘ [



(3,5P)

-4 ;kr
+ (g.m. !f.“"f.m) e 2% } wglv;s,)

In these expressions the alternative - and + signs hold for

the final charge singlet and charge triplet states respectively.
In accordance with the approximate non-relativistic treatment
of the nuélear motion the wave-function wu, and- Uy may be
reduced to their large componeﬁts. To the first order in the
velocity this corresponds to replacing 8 and & (which do
not mix large and small components) by 1 and the 2x2 o -

matrices respectively. On the other hand

+ 50 - ) + &~ D
Yo fiius = T Ve TUY-Y)Vy

where v, and \7 denote the large components of u, and uy
and V. is the gradient with respect to the relative coordinate
r . Introducing these expressions into (3,58) and (3,5P)

the final form for the matrix elements is
- 3 - J:!.! '“";!‘-!
Ho = 1T [drwtfzei®s o oii®y, (3,65)

va = ffdr\f‘f—rv"’(‘r '”V)ez'
RO A it TP C=

for scalar and pseudoscalar meson theories. The - and + signs
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hold for the final charge singlet and triplet states

respectively.

The cross sections for the various processes by which a
pair of protons may produce a positive meson must now be
" evaluated by using equations (3,6). The chief problem that
remains is the selection of suitable wave-functions to describe
the motion of the nucleouns. In this choice, guidance is
possible from the information acquired in the fitting of the
deuteron and two body scattering data by inter-nuclear
potentials. It is found that the cross sections are in fact

rather sensitive to the choice of potential.

§ 3. Transitions to the discrete state.

At first consider the production of a meson when the
transition of the nucleons leads to the ground state of the
deuteron.  Separate consideration must be given to the two
possibilities that the protons are initially in the spin
triplet or spin singlet states. In the case of an initial

spin triplet the wave function V, will be of the form
vo = 3‘v‘,"1 VO

80 that the matrix element in the pseudoscalar case becomes

Hﬁ«"; : :f\/?\gdfllv‘)mv: §"‘5‘(?‘"éf"'~"f Lo g
‘ ipywd T - ' =

— I '
oy & -4 ¢ - kv N
S GRS S A VPl v

e

N
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The evaluation of this matrix element will in general require

the consideration of integrals such as

V. ),
jv(;e‘i qko(v* df_ ; vaox. aa E-', V‘, d:
(3,8)

. . n_. .
where WV, and v are solutions of Schrodinger-eguations, sa
° £ S q ’ T s

vzvo + (P:*MVO)VO =0
M = nucleon-mass (3,9)

Vivg ¢ (B +Mus)y =0
which follow from (3,1).

The potential functions U, and ‘U,; will in general be
different on account of the spin and charge dependence of
nuclear forces. Here, however, restriction is made to central

forces of the same range and shape, so that

U, = Jow(r) and Up = wa(r)

where the J's are constants of the dimension of an energy
and w(r) is a dimensionless function of r depending only

on one parameter - the range of the forces.

It can be immediately shown from equation (3,9) that

(- v v de = mf(p-v) Vv e (3,10)

and this identity allows one to restrict the space integration
to sn interval of the order of the range of the nuclesr forces.

There is, however, no transformation directly available for
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the integrals (3,8). It is here that the assumption of *"no
interaction™ in odd parity states leads to some simplification,
for according to this assumption U, -eo in the initial spin

triplet states, and so v, may be written

B (it ),

The matrix element (3,7P) can now be written
= F 3 1
' j R gt g 3T,

n],

[T (tr{®) ~Tr, ! ~>}+‘fr IT (440 +T(-1 0]
' 1P)

(3,1

W
-

where as an abbreviation

If the initial state is a singlet state its parity will
be even so that U,% O and no simple approximation will be
possible to the integrals (3,8). ‘However, as an estimate of

the order of magnitude of the even parity contribution use is

made of the approximation

M, = 7 %0 Colg g™ v T () & (3,13)

which is equivalent to assuming that of all states with even

parity only the 2 proton S-state contributes and that the
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momentum of the meson in the integrals (3,8) can be neglected.
The expression (3,13) can then be expected to give the right
order of magnitude and to represent an upper limit in the
sense that consideration of the meson momentum will tend to

decrease the value of the integrals (3,8)

For the calculation of the cross-section J |H.,|*
is summed over the final spin states of the deuteron and
averaged over the orientations of the original spin. This

is now given by

2 Hogl® [{k(un k) - Tl 1))+ ¥ ro(rm 0+ T -2

~k2k‘1(p) T) ]
where AT = T, -7, , and J 1is written for J§ .

The differential cross-section can be determined from

—_— kkw Zlum.;l (3,14)

where V is the initial relative velocity of the nucleons,

and dsu is the element of solid angle for the meson.

For the evaluation of I some assumption has to be
made about the inter-nucleon potential.  Present scattering
evidence on the whole favours a fairly singular, long tailed
potential, for which can be used as a simple analytical

expression the potential suggestéd by Hulthén (1942)
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V) = T e*/-e%) (3,15)

The normalised wave function of the ground state of the

deuteron is then
Kbib-1) [ "!(L- ) ' .
V¢ ‘J{ &h }; e*® ‘ ("' e.t)

with b - '13_: (3,16)
K

The depth and range of the potential well must be adjusted so
as to fit the deuteron data. As parameters for the well the
values
. o ’
e A e e N A R T
] ’

are used, where “7 and ™7 refer to the spin triplet
and singlet states respectively. The Integral I from

equation (3,12) may now be easily evaluated yielding:

— V2w b (p) et}
l(?) = . (!Ll.)t"'
y (4* + Mwsy) (gt B «)

Here W, is the binding energy of the deuteron.
In the energy region of experiment p =~ 400 Mev. and k=90 Mev

and, therefore, in good approximation

L(p+ln) 2 (h-Ju) =2TUr)

..h-% w: @ T(r)

©

T(p+iu) - T(R-1u) =

J
2
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where 8 is the angle between k and p . This gives
finally an approximate expression for the cross section

describing the formation of a deuteron under meson emissions

dv—' [ 51‘51~') kjk.s. Y 2
;1 :Viz{ (b4’ * ‘,8 ?(Aj‘:) +2(;:;::) - 8: ML&}
¢ —_— °
)+ ke’ }

(3,17P)

where fL denotes the square of the coupling constant in
'ordinary' units. A numerical discussion of this result will

be given in section 6.

The corresponding result for scalar meson thgory is:

L TR ;
v o ¢ ')‘ K e
an (D YL R (3,175)
s

In this case no nuclear spin changes are allowed owing to the
assumed central character of the forces. The only effective
initial states, therefore, are triplet states. For the
transition to be allowed the mesons must be emitted in states
of odd parity. The approximate formula (3,17S} represents
the emission of a p-wave meson, though some contributions
from interference with waves Qf higher angular momentum are

included.

he cross-section for scalar mesons increases more

slowly just above the threshold than for pegeudoscslar nesons
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which may be emitted in s-waves. However, with 345 Liev.
protons (in the laboratory system) the two cross-sections have
become comparable.‘ It g? = £ +the pseudoscalar cross-
section is ébout twice the scalar cross-section gt this energy.
Further discussion of this point is given in section 6 and
illustrated in figure 2. In the forward direction, however,
the differential scalar cross-section is larger than the
pseudoscalar one. The angulgr variation will be discussed in
detail later but here it will be noted that the variation
00829 for scalar mesons is more in accord with present
experimental evidence than that for pseudoscslar mesons. In
the angular distribution of cross-section for pseudoscalar
meson, no p-waves are emitted and there is an interference
between s-and 4 -waves which lead to an approximate

cancellation in the forward direction.

§ 4. Production of neutral mesons in proton-neutron collisions

)
G

i -~ mesons in simple nucleon-nucleon

The absence of
collisions has been reported from Berkeley by Bjorkland,
Crandell, Moyer,York (1950). It was pointed out in chapter
two that neutrsl meson production is forbidden for non-
derivative couplings between nucleon and meson fields if recoil

is ignored. The present method allows a comparison to be made

between charged meson and neutrzl meson production cross-

=4
®

. LR - Aoy o =T -
sections when recoil is considered. As an exaiy the
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calculation of the cross-section for the production of
neutral scalar mesons by collisions of fast protons with
neutrons is briefly sketched. Restriction is made to the
discrete transition,ie. to final state of the nucleon system
the deuteron ground state; and the cross-section is compared
with that for the production of % . mesons in proton-proton

collisions of comparable energy.

The coupling allowing the transition is given in
appendix 1

- XY o (x "
3!‘1(\*« € (x) () (3,18)

Expanding by the Becker-Leibfried method (1946) as in

paragraph 3 the matrix element can be written

3 e
V. fﬂ(:-.m(so,n'%.“r>(e"—"-‘+e""~‘)*4‘9-’-}1"6‘?" (3,19)
[
The emission of a neutral scalar meson does not change the
isotopic or spin state of the nuclear systen. Thus for
transitions to final 15 deuteron state the initial n-p
system must be isotopic singlet and spin triplet. The non-

vanishing matrix elements are each

g : e
e RN CTR G L VCRREEEL
W
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Transforming to centre of mass and relative coordinates,
R=3%(x,+ r); r= r, - r, , the integration over R

gives the conservation of total momentum and the resulting

matrix element is

);‘V)JV

p!..

= jym(ei" e

where g(r) and £(r) are the initial and final wave
functions of the relative n-p system. Only mesons of even
parity are allowed. Since g(r) and £(r) are orthogonal
the first nonzero term in ascending powers of k is

proportional to g‘ . This term is

I ¢ T (p -2
" fT(p+2e) + T(p-11) -2 TUn)} (3,20)
where p 1is the relative momentum of the initial system and

 from (3,12),

ds an approximation valid near the threshold

T(pedt) »T(p-1%) - 2X(p) = u-—l'f; T(pfberrb-1}

2
is used, @ |Dbeing the angle, in centre of mass system; the
meson is emitted from the forward direction. This result is
for a Hulthén potential well binding the nucleons of range

1/« and depth k' b /M, (3,16) and I(q) dis given explicitly
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J? 2% k* bl(l"-')}/('s‘ 4(%‘:,‘_ ’Ly‘) (p'+ q!i?tki) .

If v 1is the relative velocity of the nucleons before the

collision, the differential cross-section for the process is

3 (K1)
do 3 z "f." b {6(.;‘0-'} .

53‘1 T vy pr i +(b-n) ,c} (3,21)

" The ratio hetween the cross-sections for production of neutral
and charged scalar mesons in such collisions 1s~;i' =  0.06

kS

for 350 Mev. incident protons.

Experiments by Bjorkland, Crandall Moyer and York
(1950) indicate that the cross-section for % - meson production
in proton-proton collisions, if non-vanishing, is less by a
factor 20 +than the cross-section for'wi meson production.
. This is in agreement with the above calculation as it is to be
expected that the cross-section for %~ meson production is
greater for neutron-proton collisions than proton-proton
collisions as in the former a bound final nuclear state is

possible, and as is shown in paragraph 5 more probable.

§ 5. Transitions to Continuous States

The transitions to the continuous final states of the
+ . .
proton~-neutron system in the case of % -production in

proton-proton collisions can be treated in a manner very
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similar to thgt applied in the discrete case. In the energy
region considered the relative motion of proton and neutron

in the final state is very slow, so that it will be sufficient
to deal only with final S-states of the neutron-proton
system. For pseudoscalar mesons the final S-states of the
system can be reached either from the odd initial triplet
states under emission of an even parity meson, or from the even
initial singlet states with emission of an odd parity meson.
The 'S final states can only be reached from initial triplet
stgtes the transition 'S »9'5 being totally forbidden.

The contribution to the total cross-section from transitions

to the final nucleon 'S-states will be found to be negligible.
Por scalar mesons the only allowed transitions are triplet-
triplet and singlet-singlet transitions, the latter giving a

negligible contribution.

Turning to the detailed treatment of the case of
pseudoscalar mesons and dealing first with transitions to the
final triplet states, the matrix elements may be calculated as
in the paragraph three. The integrals can be taken over,

provided that Vs is normalised so that

V ! N ( s 4 i’
f Pff

asymptotically, where p denotes the momentum of relative

ol

motion of the nucleons in the final state. in the evoluztion

of I & troneformation of the type (3,10) 1s alvzys made so



3
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that only the behaviour of V; near the origin is important.

- In this region Ve can be adequately represented by the form

of the ground-state solution

(1 ;e"")

e

N *{ (b-')lc-?
V;f- .;

The normalisation factor N has to be derived from the
asymptotic behaviour of the true continuous s-waves in a

Hulthén potential. It is then found that

1y 2

b sk et
N = 3
Kk [d ;(0“‘ 2% 'Q’SPWJ(p‘..u‘)j ]

where o« = Pl and b has been defined in equation (3,16).

In the region of interest & valid approximation is

N = (br/ep)”

" and it is then found that

—_ T RY S L
T)= =+ ) Fla
R )
where.
: Pl,
FQ) (P-4 (e + oK)

The differentisl cross section for a transition to a final

S state with the yroduction of a meson in the energy interval
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W to Wadw is then given by

do- . £ BK’mx
dw dJL - va r“t——rg [{HF(F*%E)‘F(!}?{ k)

+ Bp(epe10)+ i) w20 (87) P (3,252)

Using the same approximation as in the treatment of the discrete

state one obtains

ol P o ol
dudn v Zul"*""‘} Bt ;m"*:“‘e*mm }(3 24P)

[ ]

where f* is in 'ordinary' units.

The result exhibits the same tendénCy towards cancellation in
the forward direction as was found for the cross-section in
the discrete éase.

Trensitions to the final 'S states can be similarly treated.
The resulting cross-section, however, as is evident from
equation (3,24P) is proportibnal to the cube of the final state
well depth. This reduces the contributions from singlet
transitions by a factor of at least 8 and as a result they
may be neglected in calculations of the present approximate
character.

In the case of scalar mesons the same method leads to

& crogs-—gection

b Zkk'jM X "2
e 3y PR F(p» x) - FiR-{ %]
dew LN P TI 4 £ ‘ T : )
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which can be approximated by

d L 3 [
,"“'—"““0'—"'" = 2 -3- b T s Wk X tes"6,
du 4 Vi Gtk Sl P
teFs (3,245)

with g* in 'ordinary'units.

§ 6. Numerical Results

The variation of the total cross-section for the
production of scalar and>pseudoscalar mesons have been cal-
culated. In transitions to the ground-state of the deuteron
the cross-section has been plotted against the energy of the
incident proton in the laboratory system énd this is shown in
figure 2. Corresponding to the possibility of production of

mesons in an s-state +the cross-section for pseudoscalar

mesons is considerably higher near the threshold (£, = 290 Mev)

& maximum is reached at E_ ~ 370 Mev. It has already been
noted that the results are rather dependent on the inter-
nucleon well shape. For comparison these cross-sections have
also been evaluated for a square well potential. In this case

Vi) = T «<{a

o ~Ha
and
- "W T st (q-Na =g (g 4dde
.‘.(CL) = _ﬁ o ‘ ; Y r
Lp + M) Viowla #2770
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where A

4]

\/EMLT-WQ}

A = VI(MW)y) and o. is range of well.

Numerical calculation shows that for the parameters
( 2 41 Mev. a = 1.85 x’10_130m.) the resulting cross-

sections are smaller by a factor 1/25 .

Figure three represents the energy dependence of the
integrated total cross-section for transitions to the
continuous part of the deuteron spectrum. The result in each
case naturally increases more slowly above the threshold than
in the discrete case. AT E, = 350 Mev. approximately the
energy of the Berkeley experiments o (continuous)is about 1/2
of o-(discrete) for scalar mesons and 3%4 for pseudoscalar
mesons. The fall in the continuous cross-section indicated
figure three should not be taken too seriously. At these
energies contributions from waves with higher angular momentum
as well as higher order corrections to the meson field must be
considered. The ratio of the continuous to the discrete
cross-section is consistent with experiment for both types of

mesons.

The transformation to the laboratory system has the
effect of throwing more mesons into the forward direction.
Denoting by &' , w' , 8' , the momentum, energy and the angle at
which the meson is emitted in the centre of mass system and

by w, w , and 6 the corresvonding gquantities in the
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laboratory coordinate system the Lorentz transformation is

elementary. For example, taking the differential cross~

section for the production of scalar discrete mesons to be
4
dr/dnl = ncaS"'e,
in the centre of mass system, the corresponding cross-section

in the laboratory system is %

de | K (ks @-v o)
don k' (k ~vw @6)

where v is the relative velocity of the two frames of refer-
ence and Y:U~v0”1. The results have been evaluated for inecid-
ent 350 Mev. protons for the production of both types of mesons.
They are shown in figure four. The cross-section for scalar
mesons (4a) is strongly peakéd in the forward direction where

2 3Ocmz/sterad. The

it obtains its maximum value of 49 g x 10~
cancellation in the forward direction is still apparent in the
laboratory system for pseudoscalar mesons (4v). The maximum of

"Bocmg/sterad. is reached

the angular distribution of 39 £2 x 10
at an angle about 40° . The magnitude of the cross-section
at 300 is of the observed order (if an experimental resolution
of 6 Mev. is assumed). At 0° the argument is not so good

for pseudoscalar mesons.

The determination of the continuous contributions in
the laboratory system is more laborious. In figure 5
do/dudsn is plotted against the kinetic energy for scalar
mesons - assuming a proton energy of 350 Mev. - for obser-
o

. vo TR 1 9] O 1 el
vation at O and at 307 . The differential cross-sections

are both peaked towards the upper end Tavouring high meson
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energies. Integrating over all emergies it follows that at

o°
do > 30
—_— = - 2
an = 329" x 10 cu“/sterad.

and at 30° K
dv §
dR = 5.4 32 x 10729 cmz/sterad. 5

where 3‘ is expressed in 'ordinary' units.

The cross-section falls away very rapidly from the forward
direction. Pseudoscalar mesons show & very differently
shaped differential cross-section, approximately proportional
to (Lh-h)“t 80 that there is not the same fgvouring of high
meson energies. The approximate integrated. contributions to
the differential cross-section are for pseudoscalar meéons f

do- = 30 }2 x 10720 cmg/sterad.

QU

while at § = 30° |

du
d-n

I
]

29‘}2 x 10739 cn®/steraq. 14

T . . .
where J  is expressed in 'ordinary' units. I

Recent experiments have all been carried out with 345 i
Mev. protons and so the correct dependence of the cross-
sections on energy cannot yet be discussed. The angular
distributions at this energy can, however, be compared with
experiment as cross-sections have been reported at angles Oo,
18° and 500 to the beam. Agreement appears possible only

with g cosz& type of distribution at these angles and so
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favours scalar rather than pseudoscalar type mesons. The
experimental points are shown on figure (4a) where § has been
chosen to fit one reading. Also the marked peak in the
continuous spectrum at high meson energies is predicted by

scalar theory.

The forward cross-sections appear to require Tather a
large coupling constant (g'~3. $1~S ) however these cross-
sections are rather susceptible to fine changes-in shape and
size of the nuclear well. These considerations will be dealt
with in chapter five but it is perhaps also of interest to ?
note that Brueckner (1950) found $2%~-2 to fit the observed ?

meson production by photons (assuming the mesons to be ;

pseudoscalar).

§ 7. Conclusions

It has not been the purpose of this paper to give the

most complete description possible of meson production with
the use of all the available data on the n-p and p-p
interactions. Rather, by means of relatively simple
analytical approximations for the potentials, and by using
approximate methods, it has been shown how importent it is, in
the low energy region (say up to 500 Mev.), to take accurate
account of the nucleon wave functions. In this region indeed

. 3 + X o 1o 7 ] -
allowsnce for the detailed behaviour of the nucleons is likely

to be more important than the inclusion of any field
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theoretical refinements. Increasingly at higher energies

the neglect of higher order reactive terms from the meson field
will affect the results and simultaneously the concept of
inter-nucleon potential will lose its validity. At the same
time multiple meson production will begin affecting the

results. It is likely, however, that in the low energy region ‘
the methods applied in this chapter should give at least

qualitatively correct results.

If the use of Serber forces can be regarded as satis-
-factory then a considerable difference has been established
between the behaviour of pseudoscalar and scalar mesons. The
angular distributions are quite different: for scalar mesons
the distribution goes with 0032& in the centre of mass system;
for pseudoscalar mesons the angular distribution though
isotopic near the threshold has come nearer to a sin®f  law
at the maximum of the total cross-sections. These results
can only be fitted to present experimental evidence with the

assumption of scalar mesons. On the other hand no exhaustive f

effort has been made to discover how, by alteration of the
inter-nucleon potential - say by addition of spin orbit
forces - the results of the pseudoécalar meson theory might

be affected.
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CHAPTER _FOUR. I

ABSORPTION OF ?r'- MESONS BY NUCLEI

§ 1. Introduction

The absorption of - mesons by nucleons is the mesonic
process analogous to the electromagnetic photoeffect where :
photons, the quanta of the electromagnetic field, are
absorbed by electrons. In this effect the electrons must be
bound to some atom to allow for the conservation of energy and
momentum and simiiar arguments apply to the nonradiative
absorption of - mesons by nucleons. Thus such absorption is
energetically possible in all nuclei save Hydrogen. It was
in the photoelectric effect in atomic physics where the use of
exact electron wave functions rather than the Born Approxi-
mation was shown to be necessary to give correct cross-sections
in the neighbourhood of the absorption edge; the calculgtion
being given by Stobbe (1930). The calculation was one of the
eafliest using matrix elements between states, which although
eigenstates of the energy are not both eigenstates of the

momentum or angular momentum.

The cosmic raybﬂﬂ-mesons, observed by Powell and
Occhialini (1948) in photographic plates, produced as a result
of primary radiation interacting with nucleil in the neighbour-
hood of the emulsion, are observed to interact with the atoms

of the emulsion to produce stars 1T negatively chargec while
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l
suffering W -»p decay if positive. Similarly the artificislly [
produced mesons of the Berkeley 184 inch cyclotron have been
absorbed in targets of Hydrogen, Deuterium and Carbon etc.
under controlled conditions and the % - mesons have been shown
to interact strongly with the nuclei of the targets the 9°
meson again decaying to a st - meson. This is due to the .J
electrostatic repulsion between the %7’-meson and the nucleus
not allowing sufficient overlap for capture on the one hand,
while the <. meson on the other, is attracted by the positively
charged nucleus and can easily fall into Coulomb orbits about
the nucleus and be captured therefrom. The first Bohr radius
for the T meson-proton system is %F x first Bohr radius for
the Hydrogen atom and is thus a, = 1.92 X 10"11 cm. (exactly
%+ the Compton wave length of thé électron), thus for meson
in the K-shell its orbit is one practically inside the nucleus.
The details of the slowing down process in the material have

been considered by Fermi and Teller (1947) and Wightman (1950).

At first the @ -meson is slowed down by elastic collisions

|
estimated taking 10715 - 10"9fsec., the subsequent stages are %
collisions with the atomic electrons which are emitted in an
Auger effect, capture into an excited W -proton system and &
finglly cascade down to the inner shells. TWightman gives a :
time for the latbter of about 1077 sec., in Hydrogen, the

Principal contribution to this process being collisions with L

; eTy ire is the orde
Hydrogen molecules. Thus the overall time 1s of the order

, -0 ) . R . ~ Tecav i
of 10" 7sec., Oince the lifetime of The W 2 f-decay L
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1.6 x 1078

sec., (Kraushaar, Thomas and Henri (1950) ), while
the captufe times from the tightly bound orbits turns out to

be very small it is expected that the - meson is captured
before decay. The cascade process and Auger effect will not
be considered here in detail. It should however be noticed
that it is necessary to have a sufficiently dense target

else the cascade down can take a time longer than the decay.
Once the imeson is in fairly low orbits reduction of energy
is by radiative transition and, as it turns out times for these

processes are critical in subsequent discussion, these will be

calculated in more detail.

The non-radiative capture of plane wave mesons by
nuclei have been investigated by Yukawa and Sakata (1937) for
scalar mesons, Massey and Corben (1939) and Sakata dnd
Tanikawa (1939) for vector, and Tanikawa and Yukawa (1941) for
pseudoscalar. Calculations using more exact wave functions
for the nucleons were given by Bruno 1948). The effective
of the Coulomb force in the plane wave case was estimated by
Tomonaga and Araki (1940) by use of the well known factor
multiplying the amplitude of the wave function of the incident
meson gt the nucleus. The capture in Deuterium from Coulomb
orbits have beén considered by Tamor and Marshak (1950) in a
manner after Marshak and Wightman (1949), and by Brueckner,
Serber and Watson (1951) using the principle of detailed

a 5 N » - A N +1 01 inverse
balance and the observed Cross—geCrlons for the inverse
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processes. The capture from the K-shell by heavy nucleus

was considered by Power (1949).

The radiative capture has been considered by Heitler
(1938), Chang (1942) and Bruno (1948), and in Deuterium, again
from the principle of detailed balance and the observed ¥ -
production cross-sections by Brueckner, Serber and Watson (1951)
The radiative capture in Hydrogen has special significance

since direct absorption is not allowed.

The interaction of p - meson is a two step process -
possibly throﬁgh the 7-meson field.  Such interaction is not
considered here as the bose meson field is then virtual. For
such interaction see Marty and Prentki (1948), Lopes (1948)
and d'Espagnat (1948).

In this chapter two calculations are presented; the
first considers the absorption in Deuterium in some detail and
comparison with Brueckner, Serber and Watson (1951); and
Tamor and Marshak (1950), is given; the second is an extensiOn
of the absorption in heavy nuclei with a simplified nuclear
model. The results of these together with other recent
experimental and theoretical results are subsequently

discussed.

Possible processes in the interaction of a W - meson

with a proton are LR i a)
G AP D R Y b)
PUap > ne2T ¢)

(4,1)

- ~ U
B+ p R D 2 d)
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Other processes - such as those involving two more spin %
particles - are not‘oonsidered being too slow for comparison.
Process a/ is only possible for a bound proton. Absorption
in Hydrogen must lead to the emisskon of one or more additional
particles.\ Process ¢/ 1is expected to be small and not
compete with single Y emission. Experiments by Panofsky,
Aamodt and Hadley (1951) confirm this. These experiments

show also that process d/ is practically certainly confined
to absorption in Hydrogen where it competes with process b/ ,
the ratio being of the order unity. In capture by nuclei

with 4D 1- observation leads to the conclusion that there are
two competing processes namely a/ and b/ and for 4 > 3
upper limit for the fraction of absorptions giving rise to

high energy ¥ emission is 10%. In Deuterium the ratio
between a/ and b/ is ~ 2 with complete absence of 4/ .
As pointed out by Brueckner, Serber ‘and Watson the non-
radigtive capture in'Deuterium depends on the probability of
finding a high relative momentum of the nucleons in the

deuteron. In more tightly bound systems this probability is

larger.

§ 2. Capture in Deuterium

o

Ferretti (1946) pointed out that if the ¥ - meson is

captured from its lowest Coulomb orbit about a deuteron

nucleus the direct non-radiative capture

TT+Dd D in
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is forbidden by parity and angular momentum . conservation if
the meson is scalar. This has led to the conclusion that the
meson involved, if of spin zero, must be pseudoscalar since in
fact only 30% of the absorption processes are radiative.
(Tamor and Marshak (1950) ). However absorption could take
place from higher angular momentum orbits and it is thus vital
to estimate the lifetime of negative " -mesons in p-states
abouf the deuteron. Possible processes involved are the fall
to the K-shell and capture by the nucleon with or without
emitting radiation. These transitions, together with allowed

s-orbit processes, are shown diagramatically below.

Scalar. Pseudoscalar.
L& (%S, p) D, (35, p)

. e/”///) Jr T~
D "7’ ﬁs)/Z.\(aaa) 2n T(Qve- e.d) ),1 ‘ S Ss Culwe=) 2n,¥ lodde A,)

ZH,Y(bad,e.u) An (cdey) 2h,1"0(ltf,(‘.o',)

The predominating nucleon parity state and the meson (or

radiation) state are given in the brackets.

§ 3. Pall to K-Shell

Consider firsffthe‘mean lifetime of & meson in

(n', 1', w' ,) state falling to the state with quantum

numbers ( n, 1, m,) with the emission of a ~ .ray. The engrgy
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of the ¥ for a @ meson about a nucleus of charge Z is
Le' (L - 1)
2a mtt Mt/ s

For a deuteron the energies of the K, L, M shells are

n=1 ~3%.49 Kev,
n=2 - .87 Kev. (4,2)
n=3 - .39 Kev.

The eigenfunctions of the state (m , 1 , m) are well known

and are
R""e (+) Y:(o"b) , (4,3)

where V:‘(&,¢) are the normalised tesserial harmonics and

Rue (=) are the normalised radial Coulomb wave functions.

The interaction energy density causing transitions be-

tween the meson and electromagnetic field is

e QLN Ahd Wi 4ie Wh) Ak D 4 et Auko Whawky

where A, (x) is the three vector potential of the transverse
e.m, field. The longitudinal gquanta are supposed gauged away
to give the static potential. The process considered is a

single quantum transition for which»t@e interaction energy is

a‘e nwfaﬂ(q/{bk(‘/ - bk(&’( (l’)

Bxpanding 4 (x) into emission and absorption operators in the

g
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usual manner; +the matrix element for the emission of a quanta

of momentum k and polarisation ¢ is

P 1€ . kv
CHHERD = &fmlg‘qa Yw-ykp’w‘z)e"’“‘d: (4,5)

where the units are Lorentz Heaviside.

Expanding the meson field into gbsorption and emission
operators as in Chapter Two (2,14,17), the matrix element
corresponding to the absorption of 7™~ in state (n' , 1' , m'

and the emission of a & - in state (n , 1 , m) is

e Rurer () 8, - dv
J{z'w , j{s VIR 1) V=0, dﬂ_l} Y ) " (4.6)

where —~fY(qu/eﬂ9‘dg has been integrated by parts.

L., W are the energies of the mesons in states with
principal quantum numbers n and n'., both are in very good

approximation equal to the mass of the meson.

Here consideration is given to the fall from p-states to the

K-shell. The wave funcﬁion of the latter is

_..‘_. z $Sty -
/i (;:) €

from which the matrix element for the transition is

olv
/]
3

« {', z ] .
' Q. V72 N ~ kv .
e gy 2 J‘;, ¢ R DY 100) e

\/Tt roi é%!
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k 1is small compared with 2/a_ and only dipole radiation is
considered. TFor €%  the first term in the Raleigh
expansion is used, namely Jo (87

If £ is in direction « , B with respect to the atomic

azimuthal direction then

£ '} = i(‘a‘fg CosX +Sn'.9$,.l.( c‘,;(*ﬂ..ﬂ)}
-z, _ .
If’ further Sh = J’ < ‘0 Rﬁll')Jo(k*\" ol+ ' (4’7)

the matrix elements which do not vanish are approximately

_f_§_ %- (E>m V2 cort for m =0
Viwe b e G (4,8)

m=i1

The transition probability per unit time is given by pertur-
bation theory, and summing over final states, averaging over
initial, and using natural units for the charge is

w= wla) (4,9)

The final S integrations are elementary and give

2—1/1. 21,-
o= () Fu
= (3—'3’2 3! . (4,10)
53 = % Zy\/(:

Thus transition probabilities in the two cases are
A I T
W, = 4 (%) e k<

o 4
. LT (4,71)
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remembering g, = 1/32V

For Deuterium it is found the lifetime for 2p meson to fall

to K shell is 6.2 x 10—12 sec. and for 3p meson is

2.3 X 10*11 sec. These are, of course, independent of the

meson parity.

§ 4. Non-Radiative Capture of ¥-Meson from p and s

Qrbits about a Deuteron Nucleus.

As shown above the allowed transitions are for scalar
mesons confined to direct absorption from p-states while
for pseudoscalar mesons capture can take place from p- and
s- orbits the resulting 2n system being even and odd in the
two cases. The calculation of the mean life for such
processes proceeds in the manner outlined in Chapter Two.
Here the meson field operators are expanded in the orthogonal
set of Qoulomb orbit states about the nucleus, the quantization

of the field being in terms of occupation numbers for mesons

in such states.

§ 4.a Scalar

The coupling through which the transition takes place
is given in Appehdix 1 and, with the notation defined there,
is

He = -9 F o, Fy + conjugate

oproximation for the nucleon wotion, is
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taken as 1 and “}f% are then four component Dirac spinors.

M., = -q% ¢ F + conjugate (4,12)

Using the Becker-Liebfried method of expansion of this energy
in configuration space of the many nucleon system, the matrix

element for the absorption process can be written:-

.Y . 1)
'jfﬁ; (3¢t "‘l("'“’f“”»x,;du + conjugate (4,13)

Here A, , A; are the properly symmetrised wave functions
for the two nucleon system before and after the transition,
respectively. Expanding the meson field operators in the

usual manner
il ol > = ‘/— ¢,

where q{oa ig the normalised eigenwave of the absorbed
meson. The energy of this meson is « and this is approxi-

mated to by‘the meson mass at the energies considered.

The matrix element can thus be written as

.__f!_ f Xo otn ' {:)¢ (v)) 7? o x
\/—2_; 7(: (1, 4’,_,(:‘)"’?' W ) +

The matrix element over the isotopic spin states follows from

SRS SO
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and since there is no spin change the total matrix element is

3 J x
- (ot - @) X, dx.

Separating out the centre of mass coordinates

o - 3(», g(r) is the deuteron ground
state spacial wave function.
. (4,14)
rK} = e'ﬁt-uéin’e ;PR this representing the odd triplet
V2 state of the 2n system being

agssumed non-interacting (Serber)

P, P are the relative and total momentum of the 2 neutron
system. Integration over R gives P =0
é(e) is the meson eigenwave in its Coulomb orbit about

the centre of mass:-

i) = Fudle) Y, 16,4)

S-state #L'“) + $,lva) and matrix element vanishes.

P-state o (n) = - ln) = R, (3) Y, (6:4)

n

and matrix element is

PL P

9 .
Tr jgm R (Z)Y (0,0) ('~ &
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Using the expansion theorem

@l Z(L%(»H) {J p*)? (n0')

o
where @' 1is the angle between p and  r , and integrating
over angular variables this becomes

2y o J

Ih = fy('r) R, (-;)_j, (,w) ald ' (4,15)

and ¥ 1is the angle between P and the azimuthal direction
of the 7+ - meson-deuteron system.

Transition probability per unitvtiﬁe is given by perturbation
theofy; converting g to natural unité and integrating over

angles of emission of relative momentum this is

lﬁ'\ 2 M
W o= -§ oy E—- I.u
(4,16) .
o o0 e-m;a
R .
R, ("‘;) = ( ) (h/(,
, -+

a,nd_ "1 :? & e ¥

R'il l;) = ( ) 2" j(, 3a)
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so that

b(s 1)k 1 "zﬁ i _\,
‘ a]vdr
\/f 4Je ) )J (p

(4,17)

. L b-! . (L b+) i
A- + 2 T R ta *t 73

1, \/}‘b(b ‘m}z-',/(, S/J’( A _,\4)(“ A\J(r*\'s’d-"

’ : ‘. by
ae gt s AT e (4,16)

b and & are defined in the two body discussion of chapter
three. The difference between A and A in the two cases is
small since 1/a ~ 1.02 Mev. and k (b=13/2 ~ 21.5 MNev. Also -
the large term in I5 is that of I, with factor 16/27.
Substituting approximate numerical values

w, = 27X 16 g2 sec, -1

W, = .95%x 102 g2 sec™ !

3
Thus the lifetimes for the direct absorption of » from p

orbits are
3.7 x 107 19/g%

1.05 x 10°2/g°

2 a7

it

n

]

i

n = 3 T
The ratio between them is 2.85 in full agreement with that

found by Brueckmer, Serber and Watson by their method. The

. 2 ; o :
absolute magnitudes agree with & ~ 3 , this value is thet

found necessary in the production problen (Chapter Three).
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§ 4.b Pseudoscalar.

If the meson field is assumed to be pseudoscalar the
axial vector coupling through which the transition can take
place is given in Appendix 1 and, with the notation defined

there, is

’

H =

‘TH-}-,

¥ ( T.¥®q + a) ¥ + conjugate (4,19)

In non-relativistic approximation for the nuclear motion the
Dirac matrices are written in the well known form of partioned
matrices and the " 's are divided into large and small
components in the usual manner. The approximate energy
density causing transitions can then be written in terms of

the four component Dirac spinors as

f{\? o Y \f - ;f E ‘I _;?‘q'qwx“,;f ,
P : y

+ conjugate.

Expanding by the Becker-Liebfried method, as in the scalar
case above, the matrix element for the absorption of a mnegative

meson from a state characterised by the elgenwave b, (+) is

approximately

- 1!1:0’1‘ A MR- AR AV WAL
r (4,20)

Y, “’dﬂ""‘f”uxd«
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K ‘Xibare the properly symmetrised wave functions for the
two nucleon system before and after the transition. The
matrix element over the isotopic spin variables is evaluated
as in the scalar case - the resultingmatrix element for the
transition is thus |

§
A% g f?(; CAEg” v b0~ o0 4,

+ 260777, -2 eV [ D Xpar

The spacial part of the meson eigenwave is unaltered and for

an s-state meson

ch__,(') = du ‘2) = Roo (:‘::)
Writing

'X" = 3“')

: PR
Ny = Flo) 77

and integrating over R gives conservation of total momentum.
The matrix element can now be written in terms of an integral

over the relative coordinate T asi-

+ 9 ( T T t T
2L [ Gl v R s oo R )

+ ) A\ © R (o' s
~ Rﬁc(f) o '\7 + HR {3)(7" ?"£>~’v)d‘r<
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The large term is

I:;f ‘Ef.fj(#) R(‘{) (t' g’m -)-9_"“, £ V flvrdy.

M

The spin matrix element follows from the fact that the initial
spin state is triplet *U.. . If the final spin state is
singlet 'v; the matrix element vanishes, while if triplet
‘o, it s

4

i‘f & fﬁ“’ R (D) vt ar S v

Allowed transitions are thus to odd triplet states of the two
neutron system. the integral over r 1s calculated by
assuming g(r) is the deuteron wave function defined in
chapter three and f(xr) 1is given by (e“§t~€dh:)iﬁl assuming
no interaction in odd states.

the integration is rather tedious but finally leads to a

transition probability per unit time

s 1m0 KR ) i) (Pt )
= 3 /‘7__M [+ [ 4 | -
(4,21)
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Here the units for £ are now 'natural' and b ) K are
defined in terms of the depth and width of the binding well
Tor the deuteron system as in the discussion of the two body
problems in Chapter Three. A factor 2/3 'arises Trom
summing over the final spin states and averaging over the
initial spin states of the two nucleon system. Numerical
values for the constants in the probability are taken as in
previous calculations, and lead to a transition probability

per unit time of

1

o 3 1.1 %1017 £2  gecT (4,22)

and thus a very short lifetime for direct nuclear capture from
the X shell is expected. Estimation of the lifetime for the

capture from 2p orbit gives a multiplying factor

~ (pa)®~ 1.2 x 10° and thus a lifetime from this orbit of
~ 10710 ‘l/f2 sec. The ratio between differing principal
quantum numbers for p-orbits 1is as in the absorption of

scalar type mesons from similar orbits.

§ 5. Absorption of W -mesons by heavy nuclei.

As 5 model to consider this problem it is assumed as

before that the T -meson is captured from Coulomb orbits about
the nucleus bub that the energy geined by the nucleus

Ww A~

140 Mev. is transferred to one proton of the nucleus.

. . : naidered bound to the aucleus. The
The capturing proton is considered



-06-~

energy gained by the capture of the meson is large compared
with the binding energy I~ 10 Mev. of the proton in the
nucleus; thus the nucleon is supposed to be emitted with

energy
E=m-T+ouv

It assumed also that the neutron emitted is in a free momentun

state with momentum P , so that

£t Mapt
and the density of allowed energy states for the final system

is
PE du
Qrl’t

For the initial binding of the proton to the nucleus it is

/unit volume.

assumed that the proton moves in a simple potential well of

geometrical range 1/« .

The transition probability per unit time for the

absorption of a pseudoscalar meson of energy is

3

’w,'. o lj.f (*’<'l${°4’ +£V\7¢' 4"if ww'2>'€‘ dl,l
(4,23)

f(r) is the special wave function of the bound proton and
eff'f is the special wave function of the final free neutron
emitted. A long calculation gives the transition probability

per unit time for capture from a Coulonmb orbit with gquantum
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and J has argument t = 3. =« 47, ; =8+ 2+ 8

For capture from s state with 1 =0, m=0, n =1 and
an exponential well binding so that N, =Jutinm and s = 0

~this reduces to ( f coupling only )

W= M(Z) 0(3 f‘L l_L
1 : b ) o
(pr+p' )~ E+n v (4,25)

while for the p-state 1 =1, n=2, m=0 and a
Yukawa well binding so that N =/ v and s = -1, it

reduces to

r E+Mm (514',)‘) J (E+M)? (ﬂl‘_P‘t"l (ﬂlﬂ")i.

(4,26)

Ap@roximate numerical values give, for Z not too large,

transition probabilities:-

from s-orbit v = Zﬁ4 T x 1016 f2 .‘Eiec."1

. 11 o2 -1
from p-orbit L = Z4 3x 10" f° sec.

Comparing these times with accurate times calculated for

Deuterium, % = 1 , it is seen that this model underestimates

the time of capture for very light nuclei.
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§ 6. Digcussion

The method of calculating non-radiative absorption times
for a W -meson around heavy nuclei show that for nuclei,
other than comparatively light nuclei, such absorption will be
very rapid indeed. FPor pseudoscalar and vector mesons in
S orbits about Chromium for example the lifetime is less than
10"21sec./£2.  Por light nuclei the probability of absorption

z% while for heavy as Z6 . A factor~ (Z/pa)2

varies as
reduces the probability for capture from p-orbits as

expected.

Far Deuterium the interest lies in the branching
ratio between absorption with and without radigtion. If the
meson is described by a scalar wave function the factor
between the probability of absorption non-radiatively to

radiatively is (assuming meson initially in L shell)
2
g 6.2/370

which for g2-3 (to give agreement with non-radiative capture
times found phenomenologically by Brueckner, Serber and
Watson and also to give correct absolute magnitudes for meson
production by proton-proton collisions c.f. Chapter Three)

is a factor 40 +times too small to give the experimentally
determined ratio of Panofsky, Aamodt and Hadley (1951) 7/3 .
If the meson is supposed described by a pseudoscalar wave
function the corresponding ratio of importance is between

. ; « .
radiative and non-radiative capture from the K shell
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Probability for absorption per second with no ¥ emission was
1.1 x 1072 £2 sec.™’  Probability for radiative capbure

per second has been estimated by Brueckner, Serber and Watson
from the observed cross-section for  meson production by

high energy photons (Steinberger and Bishop (1950) ) on

protons as
2.7 x 10'% sec?!

A method of calculation similar to that.given in above para-
graphs does not apply straightforwardly here since it is
necessary to consider transition involving intermediate
states. The radiative capture, (as radiative production),
can take place not only through a qﬁadratic mixed term in the
energy density, but also through a two stage process of gsimilar
order in the coupling constants.  Bruno (1949) gives reasons
for possible neglect of these second order terms but it is not
at all clear (since partial integrations can cause derivatives
to act on rapidly oscillating terms) that these are valid.
An order of magnitude estimation taking direct coupling only,
gives probabilities which are rather large. For example with
the final two neutron system assumed in a triplet P state
this probability is 4.2 % 1017 £2 secT! Using the Brueckner,
Serber and Watson value the ratio is £2 11/2.7 which gives
the observed branching ratio for f2ﬂ,.57 - a reasonable value.
It thue appesrs that, sssuming the 7 - meson has spin

zero, the evidence concerning its character from awbscretion
b4
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experiments in Deuterium points to‘a meson of odd parity.

This conclusion is in agreement with Tamor and Marshak (1950),
who obtain a ratio 2.1 for pseudoscalar mesons and quote a
ratio 1/30 for scalar. These authors have extended their
calculations to vector mesons and find again a predominance

of non-radiative capture to radiative of 55.

Finally to complete the discussion of present day
evidence on the nature of the “-meson obtainable from
absorption experiments, reference is made to those of Panofsky,
Aamodt and York (1950), who have measured the ¥ ray spectra
resulting from the absorption of w -mesons in Hydrogen.

These experiments show that the two processes T4+P oONvaY (b)
and T +P-> N T (4) , suggested by Marshak and Wightman
(1949), actually do take place, with a frequency between the
competing processes of the order of unity (~1.06).
Interpretation of these results with the theoretical impli-
cations have been discussed at length by liarshak, Tamor and
Wightman (1950). It is clear that for the mesic scattering
to take place in lowest order from Coulomh s-states of the
@” . meson-proton system the parities of T and 7° should
be alike. Assuming that both have spin zero - an assumption
highly probable for ™ on account of its decay into two quanta
and probable for @ from its absorption in Deuterium. This

is confirmed by the absorption probabilities estimated by

- .. L] tad .
YWarshak, Tamor and Vightman who, combining the evidence from
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the absorption in Deuterium and the absorption in Hydrogen,
state that: 'The only consistent weak coupling theory which

is possible is that with a pseudoscalar‘ﬁﬂ ',
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CHAPTER ' FIVE

THE DECAY OF A HEAVY NEUTRAL MESON TO PAIRS OF 7 - MESONS

§ 1. Introduction

In Chapter One the evidence at present known concerning
the decay of a heavy neutral V-meson into two charged
particles is summarised. It is the purpose of this chapter to
consider one tentatively accepted view that a V, meson of
mass ~ 1000 electron masses, decays into two particles these
| being ar- mesons. If no third neutral decay particle is
present, partially verified by the coplanarity of the V
tracks with the initial nuclear explosion, then the assumption
is made that the heavy neutral particle, which must be a bbson,
has a direct trilinear coupling to the nuclear field. The
calculations are analogous to those of Steinberger (1949) who

considered the lifetime of a % - meson decaying to two quanta.

With a reasonable magnitude for the coupling constant
between the V-meson and nucleon fields, consistent with the
frequency of the production of these heavy particles, it is
shown that the result of a first order calculation is to give
lifetimes, where the decay‘is allowed, much shorter than the
observed time of ~ 3 x 10710 sec.  Consideration of possible

alternative descriptions of the observed process will be given

in the subsequent discussion.
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§ 2. Notation

A four-vector is denoted by x and the three space
vector formed from its spacial components is denoted by z .
Thg infinitesima} element of four space .dx1 dx2 de dxo
is written d%x . Htr 1s the mass of the heavy decaying meson

while p 1is the mass of the either decay product, both in

natural units. k, is the four-vector momentum of the heavy
meson; thus k4 = 1ip.  in rest frame. . k4 » k, are the
four-vector momenta of the decay products. 8.1 & are the

coupling constants, in Lorentz-Heaviside units, between the
heavy and mesonbfields fespectively with the nucleon field.
S* (x) is the kernel of the Diraé wave equation consistent
 with hole theory and is defined by

| lvr -M. ' X
S+(§): t J\‘"mﬁl——- P.x

‘_"0-

where ¥s are the Dirac matrices, M the mass of the quantum
of the spinor-field i.e. the nucleon mass in the present
problem. 12 is the contour in the po-plane over which the
integration of dpo is carried out, which, because of the
poles on the real p, éxis, needs special definition. It is
shown in Peynman's paper (Feynman 1949) that the contour for
this integration, to give matrix elements consistent with the

nole theory of the spinor field, I, , 1s given by:-
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p,-plane
> . S N
? = 4 “
?,,:-,['P:a“"“_",‘\ Poz VP em (5,2)
F and F are the coupling terms between the nucleon field

T

and the various meson fields and are given from appendix 1. in

the following table:-

Meson Iype. Coupling. . P. |
scalar 1
Scélar | J
vector ~ %
' v
' pseudoscalar ¥y
. Pseudoscalar
' pseudovector - Vsl
Y o
(5,3)
vector : euyp
Vector . ‘
- tensor < 1B %+ TR R
I
Pgeudovector v
pseudovector €L,

§ 3. General Formalisml

It is convenient in this ﬁroblem to use the Feynman
technique to obtain the matrix elements for the transition and
the calculations arising from the older methods are equivalent
to this procedure. With the kernels defined as in paragraph

two the matrix element can be written down on inspection of the

Feynman diagrams (see Dyson (1342) ) for the process.
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Consider the disintegration of a V-meson (dotted line)
into two lighter W mesons (wavy line) through an intermediate
nucleonic field (straight line). The lowest order Feynman

diagrams are as follows:-

The initial meson with four-vector momentum k, creates
g virtual nucleon-antinucleon pair, the nucleon radiates a
9 - meson of four momentum k,, and finally the nucleon and
antinucleon mutually annihilate emitting the second % - meson of

four momentum Kk, . It is clear that for the production of

charged @ mesons the two resulting graphs are:-

Other graphs differ only by the position of the vertices 0 s 1,
2 relative to the time axis.

The ambigwity in the type of intermediate particle in the
third side of the triangle is trivial being merely dependent

on the orientation of this virtual nucleon line with respect

to the time axis.
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The transition element for the process is given by

313‘2 [§+ (0*2) F'n S+(7—"l) F“’ S_'(l-o )FT
(5,4)

1

+ 8§, (0-NVF" S 1-2)F" S (2-0 F-c]

where isotopic factors have been neglected. It is assumed
that the V-coupling is neutral While the W -coupling is
charged thus the matrix element over the'isotopib'space is
unity for both diagrams. It is noted that a symmetric theory
(van Wyk (1950) ) may give rise to additional selection
rules; but as here the interest lies in the magnitude of the

lifetimes where allowed this theory will not be considered.

With certain coﬁplings between the nucleonic and the
tﬁo types of mesonic field the matrix elements for such
processes diverge and some convergence procedure is necessafy
to give finite lifetimes. In the formal computation of this
chapter use is made of the Pauli regulatoritechnique in
elimiﬁating these divergences. The subtraction method, for
details see Pauli and Villass (1949), can be easily understood
as consisting of the introduction of several fictitious inter-
mediate fields as well as the nucleon field. The matrix
element is regarded as a function of I , the nucleon mass, and
to this matrix element are added or subtracted several others
for the same process through the additional intermediate fields

with masses II.. The infinities arising in each matrix
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element are of the same type and it is possible to choose the
masses of the intermediate fictitious particles so as to give
a final convergent matrix element. The conditions imposed

on the fictitious fields will be discussed when the divergent

integrals for the problem under consideration are obtained.

For decay into photons the result for decay into trans-
verse vector mesons with vector coupling are immediately

applicable to give Steinberger's (1949) results.

§ 4. The transition probability per unit time.

The matrix element for thé decay process is between

megon states:-

‘ ! .
Initially \/;:; ot e Xo

. - . 1
. L vkox, = Jkox
Finally v, ¢ - J2, € 7

where » , » , ¥, are the energies of the real mesons
o ] -

disintegrating and produced.

The transition element is thus from (5,1 and 5,4)



-109-

2
jtﬁ j —"' Jé.k'xl ..1k-¢¥t e;oxe
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\/?81’,\},1/1 @W')
e;fox.(lo“!z) ‘ '.;“’ Q'ﬁ"»(!r!', F‘” eo‘ﬁo.(!a‘!c‘)
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’npe:v ™ Y e + ™M % P 2% +M
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z 3‘( .72
\/{370'11,1},_

} JS( P""~B° +|’£°) S(!’."’—tzv —l_"\ S( '31!~ tox ~k,)

. 21 | ({]] ; o _ F_
- [(:K‘;p;‘_-m) £ (¥ pe ~PYF W M)

E

d,

4

2

ld'.’vo

[ dPOl
: TSN Vi (5) £ °*_mFi RS
+ (ﬂYPPP"’-m) FO (-1 ¥<Pe ™) (-3 ¥er ,

wheve

D= (plamt) (. + MY (pL+ M)
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Now defining XN
= (W 4 - M FIGY 1, - 1) B (Y3, - MIF

AR AR O LA G N £ (¥e v g MYF

and 4 =p-kp 3 T=p+k
so that

D= [g2+m]lp+ml(~r+n]

the transition element becomes

9-:31 S(ko-k.—-lgl)fy-d“!’
\/fgy‘,v,vz} S D

All spin energy states of the intermediate nucleons contribute
go summation is carried out over all such possible states.

The § function shows overall conservation of energy and
momentum and the transition element is interpreted as giving

2 transition probability per unit time

9 ' SpN ,l
= 1" ) .—E—- d ’
w 2 ()(E ‘ ’_—_‘zy.v.vt (Qw)“J Pl (5,5)

where p(e) is the demsity of final states at an energy E .

§ 5. Bvaluation of the Integral

Let
J = -LJY J'PN d"") (5:6)
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and using the result

- Qydydx '
-15' -1 b B |
O < jI [‘""‘j "'(’('”"‘J*c("ﬂ)] (5’7)

which is an extension of various of Feynman's results, it

follows that

S jj 2~1d:'d1¢
D ) [(‘1 +M")u3+(p-,.ml)(|.n)3 + (1) (- ))]3

L}

J’j‘ -2:, dyd>¢
Cp ..QP k +D]3

where k = ‘iz')qj - ‘:’ ('”‘J)‘

and A = Mm* 4‘(}71:’ ‘F‘(,l“"\a) -

For the coupiiﬂgs which are considered in detail in this
chapter SpN can be written

SpN = 8 M(Ap* +Byuhh + Caby + R +SM° ) (5,8)
where A , B, C ; R and S are (dimensional) functions of
51, 52 but not of M, x, y or p . This is easily seen
from the form of N

("quro. -mM) FO0%« Pr - M) F '-];,‘VP-H) F

SR O NI CRE UL ] Sl G2 P
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as any non-vanishing spur, for the P's chosen (not for
example pseudoscalar with pseudovector coupling) will have
factor M or M5 as terms dependent on even functions of M
cancel in the two parts. Thus final form for Spur N is as
given in (5,8). A ,'B‘, C, R and S are determined on
fixing the meson types and their couplihgs to the nuclear

field - +they are not dimensionless.

In order to evaluate J , I is defined by

I = J‘ M(ﬂpz_,_'g’\h PPy +<, P, +R+SMY) d‘fl’
T Cp*-2p.« +4]3
s0 that
Jd = jjI23d3du, o ‘ ‘ (5,9)
00

In I pis replaced by g + k and thus

I-= ‘ 1
Ia [%1 4"\‘1_]3
where a -%x% = M -1
so that I = ¥2- (xy + K (1-3) |
| ) (5,10)
and where T = R+ C Kk, + E;k k, kh + Ak
In deducing the last form for I the factors Ag.k;
B q k etc. vanish on integration over g¢q , as
Ap  TATp ’ =
j' s mm d%t is a vector with no preferred
i:'r..,’*f "o~ LJE

direction.
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I 1is, in general, improper and must be regulated.

Came 1. Suppose A = Q = BM. .

Integral is proper and can be evaluated as

SN + T N
= mmmmaee e |
I ! (3% + mLF

ST i
M- 27

L

for

J v
Mooy - f " T
SRR PN CAL RN
and integrating first over 12 the dqo variable, the

integrand has poles at q = + J§ Tremi-L),

(5,11)

Integration is carried out by completing 12 into a closed

contour by a large semi-circle below the real g axis.

da' d Y g
. j‘ —_"-;'—1'—:'?:%' 1 = «2W; R‘ZS j .il-——-—— 3
4 [t" +M -L""to] iz W [§+m- L~1:)]

|

‘2"' A jl-o1+"1 ,:]S/‘L

ui 3799
[P mog™

= "D“‘

i
B

2 Mm-L
The latter result being trivial.
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In the approximation which is used for all processes

considered, namely that M » lk/

. "\T,’v (5’12)
L= e (Sh*+T),

Cagse 1T Suppose one of KA , B not zero - two subclasses to

consider ‘
i) H= A+ %ft-:o
ii) H % 0

Before proceeding to evaluate the integrals involved for these
cases it is seen that

-

1, 3,
[1:+ﬂ1_L33 1= 69 S)p as it is a tensor

With no preferred: directions. It follows at once that

j—‘-‘-—————dt O

[a2+m*-L]"

and

J LI ‘h%*"\“d«“ B, O+ 4RO - LHO,
Cat + ™' -L]?

Case II (i)

Mm(Sm*+T) "
d .
q*+m‘-L)3 % which

The remaining term is J}

is finite and is fhe term considered in Case 1. (5,11)
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However for a consistent regularisation procedure this term
requires regularisation as it is part of an infinite term.

(0] being of course infinite.

M (SM'+T) g%

Reg [‘}4_”*‘ —-LJJ

= ZC; ™ [gami-L]’ 1 - where C;= + 1

the sign depending on whether the auxiliary field with carrier

mass M. is to be added or subtracted.
1?2'. T+SL
Reg. I = ) C:M; -—§§+ . }

- The conditions imposed on the fictitious fields have now to
be considered. No real processes involving these additional
fields are allowed and one requires the masses corresponding

to these extra fields to Dbe: very large. The final term then

2 m? ~-L
The first term will be zero - the condition Z M:C: =0

- being applied. Then

Reg. I = (& T *St (5,13)
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Case II (ii) H #

0

' M H11+S"’\1+T .

n

MHf(f+min + Sy MY T -t a*y
[q #m*-L]? |

th

* SHYM 4T 4 LH
MH _.....é..i:._._ + ™M (s-#) nalhiig d‘*cl'
[11.’_”1_ L]'&

[q* + e =L}

.Reg. I =

t
d‘i»% C. (S'"H)f‘"\' +T+LH d.' -
26 Hf[@‘m?-“-]‘ +? ‘Nj(‘f”"z‘”} v

The Ffinal regulated integral is of the form considered in
obtaining (5,13) and gives

Y
' I +Lp) +(S-HIL
2l J

.\
T (T4 su),
2m

The former integral is logarithmetrically divergent as it.

stands and a further condition on the regularisation procedure
is required. Tow I ¢ M. do- 1y

would become infinite as
(I

are made large unless it is required that %(}ft‘v,'Wg
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is constant. This constant seems to be arbitrary, and as
long as it is so, the subtraction is not unique. It haé been
taken here to be zero. This gives the intuitively correct
result that the final matrix element will be small if the

intermediate masses M; are large.

+

Y
i (v+sL). (5,14)

Thus Reg. I = 2

Returning to the evaluation of J : the.definition (5,9) of

Jd 1in respect to I is
'
J = j‘j 24T dyex
o
The analysis is fairly long when the integration over x and

y 1is carried out and is merely sketched below.

Case 1I.
T ! N
2qgdydx U ?
—- (S M #T)
;!! J J zru( +

v ! by
i gM ,”:Myew +—%,“'”(R+c;‘~3 + By katg H AV Y dy dx
‘ oo °o®°

[
=
PY]
o
i 2
EN
4
"
”»

1y ’
. k3
+ {156 Iy -1l 0]
(I

. , . -
+ .B"‘P ["‘,\1 ny - k,\' “~)3J[“|,. xy = k. (1 y)]

. 0 [Lf’“au? - k;(!—yﬁ_][‘!:x-l —‘(;(9-—3)1} ydydn
ol A 3



TR TN R ) GO )

*xg {l&k;émi + k) k(;-~+1)-2k ! 1-£)}]

= _'f[ SM + 6 ¢ B .
= |6 Bl +222 (1 -) + b (s kp o - 20 1kl Y)

Y VAN RELNCHEE NN

which is written shortly as

mt T
T= "2SM ot G T (5,15)

. for T' given by the expression

6R +2C, (2-11) +B,, (Il + il - itk - 1 1)) (5,16)
‘ ' ’ *R(k,h ”"‘A’ka ‘l“\y")
Case II. The evaluation of J proceeds similarly to case I

and

- fl S ,T !
I=- ‘ZM (k |¢A+L ky +kx‘f)+ |2MT' <5717)
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§ 6. Special Reference Frame

A simplification is obtained by working in a coordinate:
system in which the initial particle is at rest. In the rest

frame of the V-meson

and
= _:., _ —> _ A _ . _ ' AH-_.,_..,. ‘
k1—k2_k(say) and kg5 =kyg= ¥ =R ap

There is a simplification of T' (5,16) and thus also of J.

For example in case II

_ i S N R e L
J = am (p"+207) + TR

In this frame the density of final states is

where for mesons with internal
degrees of freedom further factors

mist be considered.

The transition per unit time is given from (5,5) and is

kvdr | 9. 4° ' Ik

———

@am)? /i v @M°

S

Integrating over all angles of emission d$ and going over to
ordinary units for the coupling constant g - Jiwr g this

becomes -

g =] ¢ rec, (5,18)
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The calculation is thus reduced to calculating J, for given

types of meson in the V-meson rest frame.

§ 7. Calculation of Spurs

Detailed calculations are not given here for all
possible cases of which there are forty nine. Typical examples
are considered and results quoted for some others. - Restriction
ig made to non-derivative couplings but éelection rules for
deriwvative couplings will be considered. Pseudovector mesons

~are not considered.

1/ Diéintegration of Scalar Meson with Scalar_ Coupling

p=typetaiaiiginat - gt UV e = I I )

i/ Decay products scalar ™ -mesons with scalar coupling.

SpN = Sp[(ﬂfo.qa_— M) G ¥z pr — M) (;‘6'(,“’},‘")

+ (-9, =) (- Y% pe-M (-1 - H’)l

= SP(lM {X‘r*'a %rr‘r +'B’U,Te10_-rr +"v’t{; P_(q‘;} _2"3J

L

g Mi 1,,.?7- + 1,.'*7- +Po Yo "M"}

S F2p% 720, (13 - k) —Wy K -]

(5,19)
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coupling.

SpN = Sp LGV, -M % (¥ pe- M W G Y2 - 1)

il

+ (YA -V (S ¥ e - M) T l-i e, -M ]

Sf[( Ng 9 M) (= Ve ‘M\(J‘fp4‘,~~ ™M)

1

Y 2 M) (epe-m) =¥ -]

g f4 b, 4q,+, pore-m]

H

Al

$M §-Pr Py ~No- P, - PP tkir P+ Py Pr - k'

= l"a- Po +"1a' Pr-ml}

= §M - ekl M) (5,20)

— e G G A Smam M Sem  Gems  dme MR SEE S Aww Swme e e

SeN = Spl¥eag- M 2V GW Pe-mY el B (Fppm )

T R LI M O N e A L ¥ ]

VM
= SP2 [—- M3e, e, ¥,¥. t f\;w&nn Qebe T Ty TV LA N

Tl
+}rﬁvv¥’:};€ P<*o: M e;fp’_]
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"

1 2
~Emelel 19mele [, p, +q = Sip Qo Pe-
[ 28

+p, s
Puta 9 *ag S - LWt R S Po" o]

W

™M 2 1 - 2 1 ‘ '
8 [eﬁea 5 M- P'\“‘r P - P14“.7-P.. +|’1’-k',.p,_ 4k l’r'k:a“?b‘}

!
velql fu pp, #2600 o2 vbi k6]

= 8”[e}<,1 glfp,p,_+2k: P +2k1 Py + by k) -k'f,k'P}

-ele,! fmiapt +“'r"1c}3]
i (5521)

proigppontipperionsifiuati <= vt s i i i e . L R et S R R NS wa iy

Coupling.
i/ ])ecay‘ products scalar W -mesons with scalar coupling.
SpN = Sp[(:m %,-M)V Yz P =) U\'p*f, —_N\Ys'
.+(" :yp""{," '“) ("'“t'i P - M)(": T‘T c‘vr' ""“YS']

= 0 | (5,22)

ii/ Decay products pseudoscalar % -mesons with pseudoscalar
coupling.
SpN = Sp[Civaq,-M ¥ (¥~ pc )Y (Y e - MY
+ (. }‘(P-»F— ()R P TR £ T PN GRS P N)j

- O (5’25)
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iii/ Decay products vector ¥ -mesons with vector coupling.

SpN =Sp[(m~ Lo~ Nye, (VY pe -n)e‘,,‘r,,(-‘g)# ~ MY,

= QS -\ |
P[M e‘\ Q" ;'Ur‘gayr '\‘-'AXS i

'=." L
g" Q‘Q;’ [’f?l'ﬁ‘p Cl’c"r? +§V‘

+(-i¥ - M) ey

Fr

r

(3% =M VL (F g = N ]

G‘P’C

+ Yo \6’;“6,*75;, Ty To e

LR RS i PN "’r—*}]

\vldc

=8 fk’l‘e:e‘_{ {

3/ Decay

=~ KPR 1
M oele, Kb k! o

e,

J"‘craT y

2 34
X Ty

AT p (‘l&f‘_ "V Po- P°"v¢°)

V’AIA

.

of _Vector V -Meson with Ve ctor Coupling.

>,aeq"*P + :ﬂthp r'raﬁ]

(5,24)

i/ Decay to two scalar i -mesons with scalar coupling.

SpN

S [(Vore - P =™ GY o - 1)@ W

(- -

o

P

A
J

LY

~

SO N YR S W 0 BN

X

]



ii/ Decay to two pseudoscalar - mesons with pseudoscalar

coupling.
SpN = ©

iii/Decay to two vector % -mesons with vector coupling

SPN = 0

Decay of vector meson is thus forbidden. (5425)

If the decaying V-particle is scalar with a vector
coupling to the intermediate nucleon field the transition is
forbidden; although a scalar Vo with scalar éoupling can
decay to two scalar 7 -mesons with vector coupling, or to two
pseudoscalar mesons with pseudovector coupling. For the
decay of a pseudoscalar V, meson with pseudovector coupling
the analysis is different to that completed above since the
Spur is not dependent on odd M . A pseudoscalar VO meson
with pseudovector coupling cannot decay into scalar or pseudo-
écalar v -mesons fior can a vector V, meson with tensor
coupling decay into vector 7 -mesons. These results follow
not only from the vanishing of the spurs but from more general
considerations of angular momentum and parity conservation.

(Yang 1¢50). The resﬁlts can be expressed in the form of g

table.



Primary V., Scalar. Pseudoscalar. Vector.
S v PS PV v

Decay Products

v X | |
Scalar v v X X X X
PSS vV X ' X
Pseudoscalar PV V X X ¢ X
Vector v v X Vv v X
: (Convgt.)

§ 8. Calculation of Trensition Probabilities

From the definition of A, B, ¢, R and s (5,8)
and the results of paragraph 7 +their values in the cases

considered above follow at once.

1. Scalar (s) - Scalar (s)
‘ , 1 2 1,2
A=3, B=20, CA=2(k)-kA), R=-kk_  ,5-=-1.

To solve for J reference is made to'Case IT in paragraph 6 .

i

Te = T v o) e i [o6u! )t Tkt (e
I = 2m (F +2v)+c374[65'5+¥(11 £ ()

+ 3(—2,.’* +k2+v‘)]

The algebra is elementary and the J vanishes.

Thus this case needs special attention,the approximation (5,12)
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for I ‘Ybreaking down.

Yyt T 4+ SL
1= ‘% FToC M
and
'Tv‘" -t
d = '—2—';‘ ICT+§L) (r- L/n*) l:, d,c!x
from (5,9).
. vt
J = TS f('r-c- SLY (1+ L/,.,L) lvdadn

and in this case f(-r+ $¢) 23clyc'x =0

4 R "
So that J % E-F‘-}f(T+SL)L23d7d

and this is approximately evaluated in appendix 3. to

~ 5 om Y , | (5,26)

whence from(5,18) -

*

L g e 9 bhe WO (5,27)

1,ii/ Scalar (s) =—>  Pseudoscalar (ps)

From (5,20) it follows that
A.:""ll, :D:Q; C:O’ Rzi‘('wkiv 9 S:—1
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and Case II of paragraph 6 is needed to evaluate J .

. ki P N
J= -'L (pr+2vi) + 2

2mMm 2m {E”"’ .":r Ko —(- 2pt-o ":'")]}

i

l‘“’z
an (k439450

it (
I (25 p2)
3m 4

" which gives a transition probability

k(2 *p) "
W ="--L_-L 91'9 /,41.'11"1

(5,28)

1,iii/ Scalar (s) -» Vector (v) |
In this case the values of spur N 45,21) together with

(5,8) give
2 ! 2 [APUEE Y § |)'_|" kl eze'
A= -¢l¢ ‘ R = €lef (1 k- K'kp) — ko ko €, €,
2 (
' B»\», = lfe;e‘l 5= -€,¢e..

C= 2efe)(kiaky)

Let vector meson be transverse so that

"Ll - o
NUNEL BRI
. [
2,\'4 = 46: eP‘ Y

? { .
A = -csO= -e,¢5

¢ - O R= -« B “;5":7,“ s - cedf.
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J reduces after long analysis to

LT s (-t 42vY)
3M
whence
A ‘((21)"'— P‘,
w= L 4 & 1
18 o 3l PRFT cos 0

Summing over polarisations.

% 'r(lvlbp")l

— (5,29)

For decay into photons v kel

4 3
IV B ft<
73 tme

in agreement with
Steinberger (1949).
2,iii/ Pseudoscalar (ps) — vector (v)
R=-kevpel e fou,, A=B=0=8=0
and J converges
2

' . 1 8
J= -7 L2 k",e:e; :‘:n,.r /™

whence
_ 3
- 1] -2 u kv (08‘0
W = T 9 PRT )

and summing over directions of polarisation

¢ kv '
/‘t M ’ (5730)

which for photons becomes

-2
we= T 5§

— . 4
W iz an o° < f"!' )
S q = .
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Summarising these results (5, 25, 27, 28, 29, 30.)

Primary Meson

Scalar(se)
Product
Scalar BTl gnge v’
L'. 1’_1 .9( 3 "t N6

9° 2ux 16" 50l
. 1 kS
Reoudoscalar 7 £, 59" L)
. m x Fv Y M‘
j‘ 16 x 10 sec!

_ e *
Vector (trans . 1.9y

verse) PR
96 2.2 x 0 sec,
3
Photon - e Mx
B A

- 3 M 132

(47,-.7‘)7.2 x10'3sel”,

L ‘fbv’;k"

Forbidden

Porbidden

(47g*) 16 x 10" sei’,

where ordinary units have been used in all cases.

Numerical computation is elementary -

electron masses, except for photon decay

.

masses.

fe™ 270 electron

M ig assumed ~ 1000



-130-

§ 9. Discussion.

From the resultant lifetimes predicted by the above
first order calculation it is seen that, unless the coupling
constant 9;‘ is assumed to be small ( ~ 10 '2), the decay
time of a heavy meson td two W -mesons as predicted is much
shorter than the experimental estimate of 3 x 10~10 sec.A
An assumption of such a small coupling constant is in contra-
diction to the frequency of the production of v° mesons,
which, if the coupling were small, would appear in nuclear
collisions very seldom. Assuming a reasonable coupling a
possibility for decreasing the theoretical transition
probability would arise if processes forbidden in first order
would be allowed in higher order. The pseudoscalar meson-
nucleon coupling gives selection rules which are those arising
from parity conservation, and decay to scalar or pseudoscalar
mesons is forbidden %o all orders. The vector :coupling
gives vanishing matrix elements from Furry's theorem and again
this is independent of insertion of additional internal meson
lineg in the Peynman diagrams, as this insertion would always
introduce two further fermion lines. It is seen also that
even where fortuitous cancellation occurs, as in the scalar to

scalar transition above, the result shows a discrepancy with
6
experiment of the order of 107 .

A Further possibility which could lengthen the predicted

lifetime is that the higher order corrections to allowed first
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order processes interfere with the latter. Since no method

is available for obtaining probabilities summed to all orders,
such a cancellation would, rather than have the desired effect,
tend to lessen any trust in such field theoretical calculations
altogether. It is perhaps of interest to note here that the
magnitude of the coupling constant cannot be the only signifi-
cant factor determining whether a reasonable approximation or
otherwise is given by low order calculations. For with an
increase in the number of vertices by n , the matrix element

gains a factor - gn but the number of graphs increases as n!

The most recent evidence on hegvy mesons by Armenteros,
Barker, Butler, Cachon and Chapman (1951) points to the
existence of a neutral meson of mass ~ 2,250 electron masses
which decay to avproton and negative v -meson. Pirst order
calculations of tﬁe lifetime for such processes, where it is
necessary to assume the heavy meson is a fermion, if no further
neutral particles are involved, are elementary and give life-
times again too small by factors ~ g21012 . That gz should
be of the order of the Fermi quadrilinesar interaction constant,
(made dimensionless with the - meson mass) is less reasonable
in this process than in the = - 4~ decay where similar
magnitude for the jp-meson W-meson coupling ~ 5 X 10‘14
is required to give the experimental decay time. That this is
0 is seen by considering inverse processes. Such a small
coupling between the very heavy meson field and the bose

meson field would make production of such fermions unlikely.
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The p - meson coupling to the W-meson field being small in no
way contradicts the observed . meson production cross-
sections as these never arise as the result of - meson

collisions with nuclei.

The only other process possible in which one particle
decays into two particles is a bose decay into two fermions.
If this were indeed happening in either of the V-type decays
the meson involved as a secondary particle would probably be a
2 -meson; The decay process is exactly as in the w ~p decay
" and only the mass values need be chahged in the calculations
to give either decay time. Here again the decay time is very
rapid unless a small coupling constant ( gza-10-12) is chosen.
The production argument does not hold here and it is conceivable
that the p- meson is only Weakly ooupled to the heavy meson
field. The difficulty still remains, in a different form
however. . For, unless the V-mesons are themselves the decay
products of even heavier particles, the plausible theory of
their creation would be through the 7-meson field when high
ehergy cosmic ray primaries are incident on nuclei in the upper
~atmosphere. Then the V-mesons would have a reasonable
sized coupling with the w.meson field and a very rapid decay

to two °r-mesons would inevitably follow.

Pinally it is possible, although most of the evidence at

present is against this, that a fourth neutral particle is

i ) ivilities are
present as a third decay product. Three poss s

suggested, for besides the straightforward four Fermi
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interaction in strict analogy with B-decay , there are the
processes of a fermion decay to two bose particles and a
lighter fermion and of a boson decay into two fermions and a

boson. These will not be considered here.
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CHAPTER  SIX

CONCLUSION.

1/ The Spin of the 9 Meson.

The nucleon- # -meson interaction in current theory is
assumed trilinear and starting from the allowed Lorentz-
invariant interactions and first order perturbation theory
certain empirical results, in which mesoﬁs play a part as real
particles, can be compared with the theory. A restriction is
made, for the purposes of simplicity and economy of hypothesis,
to a meson of sbin 0 or i y both able to carry an explicit
vparity.

The order of experiments to which appeal is made in this
Chapter, méy at first sight appear rather arbitrafy. Experi~-
ments will, however, be considered in an order in which they

demonstrate explicitly the theoretical point under discussion.

The @°-meson decay to two gammas 1s a decisive experi-
mental result eliminating the possibility of a spin 6ne T.meson.
This can be seen by the considerations of Chapter Five applied
to the decay of a neutral vector meson decay to two zero-massed,
neutral, trsnsverse vector mesons. It was shown first by
Wigner (1949) snd Yang (1950) under more general considerations.
Both zuthors have shown that a spin one particle of either
parity cannot decay into two vhotons with conservation of

i fetin £ e owed decays
angular momentum. The lifetimes for the allow decay
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calculated by Steinberger (1949), also particular cases of the
bose to two bose decays considered in Chapter Five, are for
reasonable ( ~ % ) nucleon- 7 -meson couplings those observed

2-5 x 10"14 sec.

It would be hoped that the charged % - meson would have
the same spin as the neutral & - meson, and this has been
confirmed by the calculations of Tamor and marshak (1950)
combined with the observations of Panofsky, Aamodt and Hadley
(1951) on the absorption of % -mesons in Deuterium. In
Chapter Four it was pointed out that in the absorption by
Deuterium of T -mesons two competing processes are observed -

namely direct and radiative absorption in the ratio 7/3

while the calculations predict an absolute predominance of

direct absorption for vector mesouns.

Most of the work in this thesis follows from these

conclusions and assumes a spinless W - meson.

2/ The Parity of the T - Meson.

Assuming that the W - meson has spin zero the question
of its parity is one of vital importance. This conclusion
considers this question in the light of the evidence of
Chapter Three - Four .

rhe calculations of the cross-sectionsg for the production

of =% _mesons in vroton-proton collisions given in Cheuvter Three
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support the assumption that the W - meson is of even character.
The evidence can be summarised very briefly as follows. At
the energies of the primary proton considered, if a meson of
either parity is produced it will probably (2,1) come off with
maximum energy. For those mesons which come off with less
than the maximum energy, i.e. where a continuous state of the
proton-neutron system results, the cross-section is well
peéked in favour of closely interacting nucleons. The peak
is more marked for scalar mesons (figure 5) than for pseudo-
scalar. The latter follows a (w -p f“ law. The angular
distribution for maximum energy mesons is far more criticalj;
for scalar mesons the predominating state is p and the
distribution follows a coszﬁ law in the centre of mass system,
while for pseudoscalar mesons they come off in even states and
the distribution is more isotropiec. .An interference of s -
and d- waves gives a sinzﬁ distribution, in centre of mas s
system, for small angles. The experimental evidence,
consisting of cross—sections at 0° , 18° and 30° is in
definite agreement with a c0329 law. These angular distri-

" butions are shown in laboratory system of coordinates in
figures 4a and 4b .

On the other hand consideration of the lifetimes for the

. [y o . N ~
possible modes of absorption of " -mesons 1in Deuterium favour

pseudoscalar mesons. gince the direct absorption occurs the

1 1 e B T i =) " a P =) m +
vrocess connot we the capiure of & scalar meson from the
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K-shell about the nucleus. The detailed calculations of
Chapter Four show that,‘unless the coupling gz/ﬁc is very
large ~ 120 , a scalar meson will be absorbed with the
emission of radiation . The observed branching ratio between
non-radiative and radiative capture is in agreement with
pseudoscalar meson theory for a coupling fz/ﬁc'eu .57 .
Tamor and Marshak (1950) quote a ratio 2.1 ¢ 1 for

pseudoscalar mesons independent of f ..

Other evidence on the parity of the - meson arises

‘from the production of mesons by high energy gammas incident
on mucleons. This problem has been considered by Brueckner
(1950) in detail, and his results are convincingly in favour
of an o0dd meson when compared with the experiments of
Steinberger and Bishop (1950) . The experiments for - meson
production by gammas on nucleons give a nearly isotropic
distribution at angles between 40° and 135° . The
predictionskof scalar and pseudoscalar theory are given by
Brueckner (1950). The scalar meson theory vprediction is
anisotropic, being of the form of an angular distribution cross-
section for an electric dipole transition.  The pseudoscalar
theory prediction is isotropic in the observed regidn and

gives reasonable agreement with experiment.

It appears that at present no definite conclusion can

be drawn concerning the varity of the % - meson. In fact a
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rather definite paradox appears.§§

Finally it should be stated that the properties required
of the T - meson as a virtusl particle, as for example in a
meson theory of nuclear forces, go beyond that of a scalar
particle. In order to give even a qualitative explanation of
| the spin dependence of nuclear forces the - meson must

interact with the nucleon spin and allow a spin flip.

3/ Heavy Mesons.

Paragraph nine in Chapter Five contains a fairly
comblete account of the contemporary relation of theory to
experiment concerning the V-mesons . There is again, an
inconsistency in this latter case, however, the evidence being
less reliable since it is based on examination of only a few
V tracks. If the V-meson of ~ 1000 electron masses decays

to two mesons and is & boson it cannot have spin one. If

§§ (Footnote: Since this work was completed an unpublished
paper by Brueckner and Watson has been received. The
paper entitled 'The analysis of 7 -meson production in
nucleon-nucleon collisions' 1s not based on meson theory.
The authors, assuming the absorption and ¥ ray production
evidence, state in reference to nucleon = - meson production
"It appears, however, that a cos?0 angular distribution
presents a real difficulty........ . This would seem to
be a rather fundemental discrepancy™. )
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it is of scalar or pseudoscalar type its decay time is far too
long compared with that predicted for a reasonable coupling
between the V-meson and nucleon fields. It can be stated
with some certainty that the existence in an& numbers of heavy
bose particles with long lifetimes for spontaneous decay into
nucleons, leptons or mesons cannot be explained on present

theory.
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APPENDIX ONE

The Interaction Between Meson Pields and Nucleon Field.

The possible Lorentz-invariant Lagrangian densities
determining a trilinear in‘téracfion between a spin one or
‘ spin zero meson field and the nucleon field are listed below.
The interaction energy demsities which follow from them are

also given.

&. Spin Zero Field.

Neutral Jlx) =%t + § 10 EAALN

LRIEV)

Hbe) = -»,bﬂ Wix) - {\T;&Ph) - i(.)"y‘i'ﬁ)

Charged ™) =~ wha + f ) 3")(:!:) + conjugate

f

"

7'( He)

b. Spin One Field.

!
Neutral b = } SR AL j;.«"‘) -‘CP"M
2 f - r - }> -
HNbo ""f(y—f-"dw"f- awl @ - 7
Charged Jfh) = fv 4, b0 +3t jwm —‘(Iw ) + conjugate

j({,‘) = } ""f dw‘r 3&»‘9’

-~

-
-y } »
=00 Who - fow - faM W ) 4+ conjugate.

D%
j‘; + congugate,



—idie
where for vector fields

T AL AL
[akd Oxp Dy,

j is antisymmetric - sixvector
v

The source functions »)(,., ’ f’m , and j Ix) are functions, of

. A Py
the requisite tensor form, of the Dirac~-Fermi field. The
following are the irreducible tensors, bilinear in the nucleon

field potential Y .

Scalar | ¢ RE

Zéséudoscalar T e, &

Vector | (<,

Pseudovector v 28 ( -, 5f>|3 ¥
Antisymmetric Tensor ¥ (/&'67, ;(l'&’-)‘]? ]

" (six Vector)

In the above tensors +the matrices 8 , 2 , £ , and r:

are the well known Dirac matrices. The final form for the
energy densities are given below in terms of the ¥ matrices,
which are defined by the relations

- 30 Xy o

v .
’U‘f:/}"{)z y 3("Pv o 3 7

T"‘ = .~.°(;w\"; (’.dk: Uw.

With the coupling constants in Lorentz-Heaviside units and

g , q isotopic operators in the nucleon charge space these
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energy densities are:-

a (1). Scalar meson with scalar coupling.

_:SHMY“%-) Wix)

(ngutral)
- gAY g EM) @)+ corjugare. (charged)
a (ii). Scalar meson with vector coupling.
- g ) y“w” Fh O Who+i gmni FH) o o (neutral)
-5 (charged)

F ﬂlﬂ *yrbi‘l’(‘n) B: ‘V‘“) +'Ff r”l\(l’f'“) W'M’J—Cvlvll-jsr?.
a (iii). Pseudoscalar meson with pseudoscalar coupling.

[’
b LU Bt A Fhwty (neutral)

- 9 Ny WY5 g Fta) win) + conjugate. (charged)

a (iv). Pseudoscalar meson with pseudovector coupling.
. by Sy Y Fhy O whl 1 T MAYS F T
T Iyt Yy Em oW T‘m ¥ " (neutral)

"3 . . .
-4 M6 ¥y o'q Elx) 3 W) - {mm‘ 4 ¥ wh) + conjugate, (chargeé)

b (i). Vector meson with vector coupling.

- T VT W 1 i afit) T hy T
gk ‘ L &b m* (neutral)

-

_3;7(,)7“7"1 Fhy g b .4'3'7':)1":_{:'“) °‘—‘?’;§ + conjugate, (charged)

b (ii). Vector meson with tensor coupling

F [ YU Fh) el B0 - ff R 5 F T b (neutral)
’»

Iy un@m = A Wk conjugate, (charged)
V t
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b (iii) Pseudovector meson with pseudovector coupling.
3"(;"*“3.)"?5“\}':1)%’") -’.'j n'“‘xs"i"") d.;‘;:,z

(neutral)

. 4
jﬂhw"xf*kﬂ,‘_f'") W, hed =¥ g A6 ¥ *E ) d;“-:l: + conjugate (charged)




APPENDIX TWO

a/ Proof of the Expansion (2,26)

By definition

oo ﬂg r_@..k
e"'&e‘e =J 5 BL &

Summing by diagonals

°Z"- i i LS
N S:D'V'::o ’P" (S“’""P)"
Now

oo ~ S+ $ H1—+
A e*rel - 5 A" B A
[ ! ] éo ".Z:I (‘-‘)!(S-H—t’)!

< pry St
A" B A
-2

)57

which may be written

o 54!

B i Lt

STo o ! (sa1-a) D

by extending the two sums at one end and interpreting '/,,g

putting s = s + 1 this becomew

co 8 - Qe
R RA §= -
= ZSZ ff:(s-.r?! ¢-) :

Sro 20

Let S pTRAST o

9, = 2 S O
Tz o
so that 30 = 8
and let .y . T5 a°

S- +
— ! (5! () }

&
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then ':F(o) =B
) = e?"Be”?

and ity = Zs'js =7,

From the above commutator — [a,ft} = §1

Now fta = $10) + o) Flela,
A 2'1

"therefore

fty) = B +[Ag]+ [AeE]]

11!

n

: eh Be’".

b/ Commutation Lemmas.

The following commutation relations are a consequence of
the spinor commutation law given in (2,24) . A and B are
products of ¥ matrices and P and Q are products of
isotopic operators.

’mem1 ENh)W?EQLHhQBQQLﬁ]:

) 8(\"-"(‘) fix) ARPQ Ty -S (:,’»u) MYBRA@PE Y),

1 a.[no A Ek), NGYBFGN] =
'S (x-= Nty [AB] E b

2 [nmAPE(, Nk B @Y, Ty ]-

- . -T‘r C [l ) L . i
‘0 ,mwnhxnekPQd;ﬁdg)-my§h~3HNﬂB AP Lly),

) e
;
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a. [Atoa &0, Ny 8 Y, 1] -

v 8 (y- ) () A B g -4 > y Sly-2 Mly) B AFM,

As an example lemma 2 is proved.
[t a™ Eig), A1) BY o . Tty]

is written in full form with upper suffices referring to

charge variables and lower suffices with spinor components.

[P 60 Ay, B9 Exty, NYWIBE G 3 AN
l: ";
*[n b E S (), A5 3 F 0] A B P

NOI.J
[l gy, N3 ) 5:-?3 (]
. . | W
Py 00 £ () N o 3 y Esly)

-l'”(x'ha F gyl 1 ”“» (y)

. : Koo
= n&lxlf—nglu‘)ff’ﬂ (9 +7 8“ Smf S'T’""} 33' T, ly)

A

—n‘;b')%
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M

e Y G ‘g, ) 35 F
SN LA 23' Yoyl *j;;h) -+ SHS(”_ 8!J~x') Ry (X 3, *oly)

= i) A E Ny Fhty)

0 - ; : v g
. ﬂr(u"i =y E5 () My ) +7 Sy S g 5‘%*::"5 T 1 19)

. ’ = oAk Tw ) - )
+ 08,08y Sty LY F (g~ N D 3 F ¢ ) M 00 EJ )

—rkni

\[ﬂ(ﬂ ﬂ??l‘j)) M) R¥ @ D‘;l ‘:f':,‘,J '

= S(:,-,-)nl,.) AB* Py 3:,'1"5-,

-

- a‘;, -y NN B AGDE1y)
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APPENDIX THREE.

Special Case of Scalar Meson Decay to Two Scalar Mesons.

In Chapter Five it was seen that the approximation
used to evaluate J (5, 9)(5,12) breaks down in the case of
scalar meson decay to two scalar mesons each coupling béing
scalar. Here the next approximation is considered and the
result of (5,26) obtained.

I - B MT+SL)
- 2 M"_L
and
. _ L
and in this case
J‘(T"‘ gL\Qnd:’dll = 0
So that
T L™ f("' + SL) L2ydydn
2m?
and this is evaluated in this special case.

Calculate first T + SL

-.k"“-'t +2(k,'—":)(§:°tu~ “%’('"V) N T .._k:x\“ -+ ko (1-y)

L
=ikt e 2k Iy =2k () m2 Wl xy A 2kT e (1-yg) 42K

-

- P"nj ~"‘ (,__’)

i

;5!',5.(_‘ Dy F2(19) ~ Q,-,,J(,_w’)) +k1[z(|-3)+xy-“-\1) -2(1_3’1_?*131!

and it is essily seen that the integrsl of (T + SL)y vanishes.
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Now T

]

K =k xy - kM U-y)
= ;Q,‘j ('-‘\ 51’ ‘-('L* "I [('_")‘_x:, _,Kl“ T_ "_a‘LJ )

Make an approximation p {pe so that in I only term
kK" v' need be considered.

In this approximation

(T + SL)L

Qi

- Et'\i' ..1-‘.‘.‘ [- C+2u3 +2(1-y)- '\‘—7(-1 (1-y) _]Zu:’ tr-yj

- 2(‘("—;\;")‘ (“f’?y-— 2'“:' + lnu"‘)m:, ('-—~v)

and

d = - 'E;: (L\*V‘)‘f[ 2":’ (l‘y)-— ll-‘nv"( "3) - ll-‘u“v"ll-,] 1+ 8’1{‘\’ I 'I-—”] y (L, o »

!

‘e & 1
W (e k)

= - () ot

ISoM 'I’Tj J

which is the value used in the text.
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FiGure 1. -xii-

dV ‘0-30 2
S =T / cm./ mev. Sterad.

0 + I 1 +

L
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Kinetic Ener‘g-.j of Meson in Meuv.

The differential cross-section for production of #* -meson
by 345 MeV protons on protons in the direction of the beam,
(Cartwright, Richman, Whitehead and Wilcox (I950)),

Fiaure 2. .
=/f orgzx 10729 cm?

lo-or

J
300 400 500
E. mev.
P

The crogs-section for meson production, scalar and pseudoscalar,
in proton-proton collisions against energies of incldent proton,
in cases where the final nucleons form a bound system.
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FIGURE 3.
=/f%orq*x 10”7 em?

2o0r

o}

300 ‘ 460 éoo
EP Mev.
The integrated cross-sections for meson production in proton-proton

collisions against energies of incident proton, in cases where final
n - p system is in continuous state.

»‘%FJGUQE 4. sof de /gzx 103 em?
da

2 -30 2
8.0 4or 3_: /‘f % |0 cm,

30

f 2-0 2-0
[
. {-Q |.°
o To ‘ 20 —e° %05 T %0 20 ©°
(a) Scalar (b) Pseudo-scaldr.

Variation of the differential cross-section for meson production
with the angle of emission of the meson (in laboratory system), is
shown for incident 350 eV protons and mesons of maximum energy.
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FIGURE S. d 2
. A % 103 cm¥meo st rad.
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Kinetic Enerqqu Meson (N Mmev.

The cross-section/sterad per unit energy is shown against kinetic
energy of the emitted scalar meson in the forward direction and at
309 to the beam of 350 MeV protons. The differential cross-section
in angle falls off rapidly from the forward direction as the results
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