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ABSTRA CT 

An attempt wa s ms.d e to obtain some ind ice: tion theoretically 

as to the tensor chara cter of the heavy and the light me s ons 

observed in cosmic r a ys . For this purpos e th e t wo-me son 

hypothe s is of Bethe and Marshak was accepted. The heavy 

meson ·which interacts with nucleons wo.s assumed to be either 

a sc&lar, a vector, or a pseudosca lar fi eld in agreement 

with nuclear force theories. The light meson wa s assumed to 

be either a sca lar, a pseudoscalar, or a spin ½ field in 

agreement with the evidence on meson bur s t production. The 

associated secondary neutra l pa r ticle was as sumed to have 

the same ten sor charact er as the light meson. Conserva tion 

of spin and statistics limited considera tion to seven mixed 

fields. For each of these fi elds th e decaytime of the heavy 

meson into the light meson and the l i fetime of t he light 

meson for nuclear capture wo.s computed. Using the most 

recent values of th e ma s ses of the heavy and light mesons, 

the decaytime of the heavy me s on is1(scalar ➔ s p in ½)~ 

1. 22x10-8sec., 'Y(ps eudoscala r~s pin ½)N l . 94xlo-9s ec., 

~(vector~s pin ½)~l. 83xl0-8sec . , t(ve c t or ➔p s eudo s c a lar or 

sca l a r)~6. 3lxlo-7s ec., ~(sca l ar.ps eudosca l 2r or s ca l ar )~ 

l. 97xlo-Bs e c .. Thes e va lues a re to be compar ed with th e 

experimenta l va lue of 10-Ssec .. In view of the zero mas s of 

the neutra l s econdary particle which make s it poss ible to 

identify it with a neutrino and the ease of nuclear production 

of the heavy meson, the indication i s t hat the hea vy and light 

me sons a re s ca lar and spin ½ fields, re spectively. 
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I INTRODUCTION 

Recently two very striking difficulties with the theory 

of the meson were brought to light. The f .irst was found by 

Conversi, Pancini, and Piccioni(l) and verified more quanti

tatively by other experimenters.( 2 ) Thi s work consisted of 

an investigation of the decay of mesons stopped by various 

materials. It was found that negetive mesons which stopped 

in heavy material such as iron did not spontaneously decay 

indicating that these mesons were captured by the nuclei of 

the stopping material. On the other hand, negative me sons 

which stopped in light materials such as carbon se2med to 

decay as frequently as not. This result was in sharp 

contrast to the predicted r esults that mesons are captured 

by nuclei with a lifetime of the order 10-18 s econds(3 ) 

and in further contradiction with the ease of production of 

mesons in cosmic rays.(~) With regard to this result Fermi, 

Teller, and Weisskopf(5) investigated the time for a slow 

negative meson to be stopped in matter and to be captured 

into the K-orbit of the atoms of the material. The time 

computed was about 10-13 seconds, which time is f a r too 

short to account for any part of the decaying negative mesons. 

The second difficulty arose from the obse rvations of 

Lattes, Muirhead, Occb ialini, a.nd Powell ( 6 ) on cosmic-ray 

mesons. These observations were made with the aid of 

specially prepared photographic emulsions which were exposed 

to the cosmic rays. A study was made on th e behavior of 

mesons which stopped in the emulsion. It was observed. that 
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stopped mesons could be divided into essentially two 

categories, those which produced secondary phenomena and 

those which did not. The latter mesons could be interpreted 

as principally posi tive me sors wh ich after stopping were 

prevented by the Coulomb field of the nuclei from inter-

acting with themC 7) and hence these mesons spontaneously 

decayed into light particle products which were not cietectable 

by the photographic emulsion. On the other hand the seconda.ry 

phenomena of the stopped mesons v.ere of t wo kinds. The most 

numerous such process was the stopping of the mes on being 

o.ccompanied by the emission of heavy particles and sta.rs. 

This indicated that thes e ~ere negative mesons ½hich were 

captured by the nuclei of the emulsion and thereby caused 

nuclear disintegrations. However, the second such process 

consisted of the stopping of the meson being accompanied by 

the emission of another meson. It was suggested t hat the 

appearance of this secondary me s on could be attributed to the 

nuclear capture of a negative meson with the subsequent 

emis s ion of a positive meson from the nucleus. The change of 

the atomic number of the nucleus by t wo vvould then account 

for the energy of the secondary :ae ~,on. An inves tigati on into 

this possibility was made by Frank(B) with the negative 

result that no nucleus present in th e emulsion would rel ec=;s e 

sufficient energy when its atomic number changed by two in 

order to account for the energy of the secondary meson. 

Marshak and Bethe (9) and independently Lattes, Il'uirhead, 

Occhialini, 8.nd Powel l proposed that the phenomena observed 



in the experiments on meson capture by nuclei and on mesons 

which stop in photographic emulsions could be explained if 

one assumed the exi s tenc e of t wo kinds of mesons. The b&sic 

concepts of this t wo-meson hypothesis are: (1) one meson is 

heavier th&n the other; (2) the heavy meson can spontaneously 

decay into the light meson with the emission of a light or 

uncharged particle; (3) the heavy meson interacts strongly 

with nuclei; and (4) the light meson is to be identified with 

the sea level cosmic-ray meson. Propertie s (3 ) and (4) offer 

an explanation of the anomalous nuclear ca pture of mesons 

found by Conversi. On the other hand, proper- ties (1) and 

(2) give the interpretation of the process observed by 

La ttes, Muirhead, Occhialini, and Powell a s being simply the 

spontaneous decai of the heavy meson into the light one. 

The above assumptions have been substantiated by further 

results obtained from the artificial production of mesons 

with th e Berkeley cyclotron~lO) 

We shall assume here that the two-meson hypothesis is a 

true picture of the exper imental findings and then inves tigate 

more quantitatively the nature of the two kinds of mesons. 

This will be done by comparing the experimental lifetimes for 

the nuclear capture of a light meson and for the spontaneous 

decay of the heavy meson with these same quantities calculated 

on the basis of specific models for the meson fields. 



II DETAILED NATURE OF THE TWO-MESON FIELD 

The two-meson field has as sociated with it t wo processes 

uni~ue to the assumed structure of the field. The first 

is the decay of the T\ -meson* in to a ;-meson with the 

simulta.neous emission of a third particle (or perhaps more 

than just one particle). The second is the capture of the 

r--meson by a nucleon. The first process i mmediately r~iises 

the question as to the chara cter of the third particle. 

From the fact that it was undetected in the photographic 

emulsions indicates that it must be a charged particle with 

mass considerably less than the mas s of the meson, a photon, 

or a neutr&.l pa rticle. The possibility that it i s a light 

charged particle may be discredited for the follo wing reasons. 

To conserve charge in the decay process we would have to as

sume that either one of the particles involvea in the decay 

had two electron charges associated with it or there w& s 

actually more than one additional particle accompanying the 

decay. The former possibility demand s the introduction of a 

particle as yet unobserved; the la.tter· al terna ti ve is incon

sistent with the experimental results obtained in the photo

graphic emulsions which indicated a unique energy for the 

cre2. ted r,--meson. The assumption of a decay photon is contra

dicted by the absence of photons in the capture of the 

y- -meson, as will be discussed later. Then the only al terna ti ve 

* It has become customary to call the heavy meson a~-me s on 
~nd the light meson a~-meson. This terminology will be 
used here. 
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is that the decay process i s accompanied by a neutral 

particle-thus 

1'C ~ ~ f-t + r- 0 

Measurements by Lattes, Bishop, and Gardner(ll) show the 

mass of the TC" -meson to be about 283 times the electron mass. 

Fretter and Brode,(12) on the other hand, find a mass of 212 

times the electron mass for the ~-meson. Using conservation 

of energy and momentum, one finds for the mass of the neutr&l 

particle 

where mn is the mass of neutral lJar-ticle, 

IDh is the mass of "K-meson, 

m1 is the mass of p.-rneson, 

me i s the mass of electron, 

E1 i s the kinetic energy of,.,_. -meson 

created by the decay. 

From the range meusurements in th8 photographic emulsi ons it 

was found that E1~ 3.8 Mev~13) Thus one has mnb 29 me. 

With regard to the lifetime of the ~-meson for decay into 

a ~-meson one has the result of the work on th e artificially 

produced mesons at Berkeley(l~) which indicates a time 

slightly greater than 10-8 seconds. 

Considering the capture of the r--rneson by a nucleus, we 

have the results of Fermi, Teller, &nd Weisskopf which indicate 

that this process most probably t&.kes plac e when the 

~-meson i s in the K-orbit of the capturing nucleus. Since 

according to the structure of the two-meson field the 
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r,--meson is not directly coupled to nucleons, one can only 

account for the capture by means of a intermedia te-sta te 

process. The process of capture is thus assumed to occur 

by means of one of possibly three reactions: 

(i) r,--meson➔{1'-meson (virtual) + 
it-me son (virtual) + 

(ii) Proton ➔[ l'C-meson ( virtual) + 
"\}t-meson (virtual) + 

Neutrctl particlE\ 
Proton )➔ Neutron 

Neutron1 
)>--meson~~ Neutral particle 

(iii) }'-,-meson + Prot()n -4 Neutral meson+ Neutron~~ 

The choic e of these methods of capture lie s in the fact that 

they are immediate consequences of the assumed coupling scheme 

of the two-meson field. Any other ca ~ture processes would 

h&ve to be considered in addition to the above rather t han as 

alternatives (provided, of course, the Bethe-Marshak hypothe

s es are preserved). Thus the a bove cap ture s cheme re presents 

the simplest pos s ible choice consistent with our basic as

sumptions. This process of capture i s moreover cons i stent 

with the experimental re sults which indic&te th bt the nuclear 

c&pture of t he ~-meson is predominantly unaccompan ied by the 

emission of heavy p&rticles or stars or any other observable 

process(l5) Since, in the capture process, tbe nucleus 

would receive the enti re r es t energy of the ~-meson, it 

would be consistent ~i th the absence of stars only if we 

assume th& t a secondo ry particle is emit t ed in the },>---me s on 

cap ture. Investigat ions on the nature of this ~art icle seem 

conclusively to exclude the possibility that it is a photon(l6) 

*The direct transition may be present as a result of the 
coupling of the field s but will be second order in the 
coupling constants as are (i) and (ii) in analogy tot-decay 
t heory. 
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Thus simplicity of form and minimization of the number of 

hypotheses favors the above ca pture process. Several 

investigators have measured the lifetime for nuclear capture 

of the )'l--meson~2) Thi s Wci.S done indirectly by measuring 

the spontane ous decay of the negative ~-meson and comparing 

it with the positive r--meson. The lifetime of nuclear 

capture is found to depend strongly on the atomic number of 

the nucleus being about equal to the probability of free 

decay for Z ~ 13 . 
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III FORMULATION OF THE MI XED FIELD 

Theoretical considerations give five possibilities for a 

mes on fi e ld, t wo s pin l fields (vector and ps eudovector), 

two spin O fields (scala r and pseudoscalar ), and one spin t 

field (Dirac). The choice of the f ield to describe t he 

it-meson is ma.de under the assum}Jtion that the TI-meson is 

to accow1t for nuclear forces. Since the only reasonably 

successful nuclear force fields arise from a s cala r meson 

field, a pseudoscalar meson field, a vector meson field, 

1t-Meson 

Vector 

Scalar 

Pseudosca l a r 

Vector 

Scalar 

Pseudosca lar 

Vector 

Scalar 

Pseudoscalar 

TABLE 1. Mixed Fields 

JA.:-Meson 

Spin ~· 

Spin 2 

Spin i 

Sca l a r 

Sca lar 

Scalar 

Pseudoscalar 

Pseudosc£,lar 

Pseudoscalar 

Neutral Particle 

Spin l 
2 

Spin 1 
2 

Spin 2 

Scalar 
Vector 
Pseudovector 
Pseudosca lar 

Sc&lar 
vector 
Pseudovector 

Pseudoscalar 
vector 
Pseudovector 

Scalar 
Vector 
Pseudovector 
Pseudos calar 

vector 
Pseudovector 
Pseudoscalar 

Vector 
Scala.r 
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or a mixture of these three, we shall as s ume that the 'T('-meson 

is one of these. For the field to represent the ~-meson we 

shall assume either a s yin ½ or a spin O field as these seem 

to agree best with the calculations of Christy.and Kusaka(l7) 

on bursts produced by mesons. The field to represent the 

neutral particle is limited by conservation of spin and 

statistics in the decay and capture ~rocesses and by the 

requirement of a relativistically invariant interaction be

tween the three pa.rticles which we sho.11 assume does not de

pend on second or higher derivatives of the field potentials. 

Table 1. give s the possibilities for the mixed field. We 

shall here make the arbitrary assumption that the )'I'- -meson 

and the neutral particle are the same kind of field. Using 

the notation introduced by Kemmer~18) we have for the 

Lagrangian densities of the scalar, vector, and pseudoscalar 

fields: 

Lscalar (1) 

Lvector (2) 

(3) 

and of the Dirac field: 

LDira.c (4) 
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The mixing of these field s is in general not unique, tha t is, 

there may be several interaction terms pos s ible in a given 

field. The prescription used to fix on the interactions is 

that they shall involve to a minimum extent velocity dependent 

forces. As an example, in the scalar-scal2r* field we have 

the four pos s ible invariant interactions: 

(a) ~-:t-(Jt) ~(~) ~(neutral) 

(b) ~ ~~ (lt) ~J~) 
al 

j. (neutral) 

(c) 1--,t(K) )."' (JJ-) cQ (neutral) 

(d) i~~ (l'\) ~ (r-) 
0( 

1,. (neutral) 

We decide in fE.vor of (a) only as it c ont&. ins no velocity 

depend ence as is present as a result of the }factors in (b), 

( c) , c1.nd ( d) . 

With the above restrictions, the choice of interaction 

Lagrangian densities is taken to be: 

(a) Vector-spin ½ 

(b) Sc&lar-spin ½ 

(c) Pseudosc.s.la.r-spin ½ 

*The designation of the mixed field is made by specifying 
first the character of the heavy particle &nd th en that of the 
light and neutral particles. 
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(d) Vector-Scalar 

L~ = - ~c."'-,,..,\ ~" ~ ... }./ti,~~~* TC~) -~~~~\\-"}~l(\l ,,.._~~ -tc..c..) 

(e) Schlar-Scala r(l9) 

(f) Vector-Pseudoscalar 

(g) Sc&lar-Pseudosc&lar 

(5) 

where \\=-~; the subs cripts ~, v, .12. stand for sca.lar, vector, 

and pseudoscalar, respectively, and refer to the character of 

thew-meson. The subscripts£ and n are u sed to distinguish 

between the charg ed ~-mes on and neutra l particle. The 

• • '-"-' ' :\ ""'"' q .... , d \,..., quantities »l , 1 "3"''1. t"' , ~--~, 
1 
\-11..H 

1 
an ?""~~"o B.re the 

covariant Dirac interactions between the spin J ~-mes on and 

the neutral spin½ particle. It has been observed by 

Nelson(20) and by DysonC 21 ) that the interaction g3 is equiva

lent to r3 . Also it may be shovm tha t the interaction g2 is 

the same as f2. Moreover, an integration by parts shows that 

the interactions g4 and g6 are equivalent to f4 and fs, 

re spectively. Only in the vector-spin ½ field are the f1-
1 

and g1- interactions independent. Hence, we shall assume for 

the follmring that f2= g3=f4=ge=O. 

Finally, the interaction Lagrangian densities of the 

'K-meson with the nucleons may be written as: 
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1 'scalar (6) 

(7) 

L'vector (8) 

The Hamiltonian functions for the mixed fields are derived 

from the Lagrangians of equations (1) to (8) by the usual 

method. In only vector-scalar and vector-pseudoscala r cases 

is any difference from the standard canonical procedure 

found. This arises in the elimination -of ~o from the vector 

Hamiltonian. One uses for this purpos e the equation of motion 

of ~ 0 , namely, 

This equation, however, besides containing a term in ~a alone 

contains terms in the product of ~ 0 with the potentials of the 

~-meson and neutral particle fields. Fortunately these latter 

terms a r e second order in the coupling constants of the l{-meson 

with the ~-mesons and hence may be neglected. Further, it 

follows immediately from the Hamiltonian functions that the 

two fields containing the pseudosca lar light pa rticles are 

identica l with the corresponding two fields containing the 

scalar light particles. Thus the interaction Hamiltonian 

densities for the mixed fields are, in vector notation: 
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(9 ) 
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In these expressions the numerical subscript on H corres tonds 

to the mixed fields of equation (5), Y1- and '\'~ are the 

isotopic s pins, a.nd i
14 

and. ~"' are the nucleon 1,vave functions. 

Delta function interactions between nucleons and between 

mesons are not includede The tilde over the Dirac wave 

functi ons indicates the charge conjuga te solution. (2;_:.: ) The 

(
r)n ) 

Majorana-Racah ~0 representation of the neutr~l sfin ½ 

particle is us ed here with the r epresen tation in which 



-15-

IV LIFETIME OF THE if-MESON 

According to the u sua l quantum mechanica l perturba tion 

formulae we have that the proba.bility per s econd for the 

decay of the IT-meson is 

(10) 

where HAF is. the Hamiltonian matrix element connecting the 

initial sta te A with the final s t a te F, 2 \ HAF\ 2 means the 
.s.r,!'4 

summa tion of \HAF\ 2 over the spins of the final parti cles, 

c:.nd ~ (E0 ) is the density of final sta t es pe r unit energy 

and volume eva.lua ted at the energy E0 of th e fina l state. V 

is the volume of the hohlraurn. By integra ting }..)3',._➔,, over 

all poss ible relative directions of the ~-meson and neutral 

~article, we obta in the lifetime of t he K-me 8on, namely: 

The density of s t a tes ~(E0 ) i s the s&me for &11 the mixed 

fields and i s given by 

A straightforward calculation give s 

And if we take proper coordinates for the "K-me s on, E0 

becomes the rest energy of the ~-me s on. 

(11) 

We now substitute the plane wave expansions for the 

pa rticle wa ve funct j_ ons into the Hamiltonian ma trix elements 
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for this transition, simplify and use proper coordinates 

for the 1\-meson. Substituting the result of tbis CEclcula

tion together with equation (12) into equation (11), we 

then find the following values for the proper lifetime of 

the 1\-meson (Appendices 1 to 7): 

(12:·) 

The differences between the exponents on the brackets in 

'/"t'.,"t and 1/t'as arises from the velocity dependent coupling 

in the vector case, and this latter fact combined with the 
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angular correlations from the spin of the vector meson 

accounts for the different numerical coefficient., The sma.11 

differences in the first three cases can be accounted for 

by the differences in the couplings .. 
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V LIFETIME FOR NUCLEAR CAPTUHE OF THE µ.-M:T~SON 

The detailed mechanism for capture of the r-meson has 

already been exvlained in Part II. Quantitatively we 

c&n express the lifetime of this process by 

For the density of states ,(E0 ) we have in all cases 

(15) 

where En is the energy of the neutra.l particle, hkn is its 

momentum. 

In all cases except those involving the vector "K-meson, 

the Hamiltonian contains only matrix elements for the capture 

process by means of an intermediate state; in the cas e of 

the vector field one finds also elements for the direct 

transition. Thus one h~s t wo possible intermediate states 

for the capture process and in addition for the vector fields 

one has a direct transition. The evaluation of the matrix 

elements is straightforward except that certain simplifying 

assumptions have been m~de. The first of these is th~t the 

energy imparted to the nucleus is small compared to the rest 

energy of the "K-meson. P: simple calculation based on the 

energy imparted to a fre e nucleon by a~-meson with momentum 

equal to its mean momentum in the K-orbit of the atom 

indicates that this is justifiable. Further support for 

this lies in the absence of stars accompanying the capture 

process. The secorid assumption is that plane wave functions 
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may be used for the lt-meson in the virtua l sta te. The 

justification for this lies in the f&ct that momenta of the 

virtual 1t -meson up to its rest mass times c contribute 

s.bout eq_ually to the process. Since the bound sta.tes of 

the meson are only a small fraction of these momenta, we can 

neglect them without significant error. Finally, the third 

assumption was that the distance of the r, -mes on in the 

K-orbit of t he capturing nucleus from the center of the 

nucleus was large compared to the radius of the nucleus. 

For light elements, I..<\O, this is a very good approximation, 

the radius of the K-orbit for such atoms being about ten 

times the nuclear radius. 

The result of the comvutation of HAF combined with 

equations (14) and (15) give the follo wing lifetimes 

(Appendices 1 to 7): 
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In these expressions ~,(.ci'\ is the wave function of the 

~-meson evaluci.ted at the center of the nucleus. The summa

tion in the nuclear matrix elements is to be taken over all 

protons in the nucleus. In 1/y
3

, ¥.11 -=N'<'--{c. where mil is the 

mass of the nucleon. We note that all these expression s 

are quite similar. The com1-'lexi ty in 1/,y results from the 
I 

two independent nuclear interactions and the two independent 

meson couplings; the f a ctors of kn 2 2.rise from the velocity 

dependence of two of these inter&ctions. '/..,.,_'I"' has the 
'" <. 

distinctive factor En2 which also arises _from the velocity 

dependence of the interaction. '/,y"J has an additional factor 
' ) 

kn~ which is due to the fact that, as in the theory of 

~ -disintegration, the pseudoscalar nuclear matrix element 

is small. 
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VI NUMERICAL RESULTS 

For the determin&tion of the lifetime uf the ~-meson use 

was m&de of the experimental results that the ma s s oft-meson 

is 212 electron masses and the lifetjme for nuclear capture 

of the ~-meson in material with Z=lO 1 ~ 3.3 x 10-6 seconds. 

It is further necessary to determine the excitation of the 

nucleus after capture of the ~-meson. However, it is clea r 

from equation (16) that the probability of capture is not 

strongly affected by the amount of this exci t&tion. P. 

reasonable estimate based principally on the absence of stars 

accompanying the capture of the ~-meson is about 10 Mev. 

Moreover, even if this estimate is off by say a factor of t wo 

as seems to be the maximum possible error, one will see that 

no serious er r ors are thereby introducea. For the wave 

f-unction of the y--rneson in the K-oi~oi t of tlF; Cc!. f•turing atom 

we use the ordinary hydrogenic Schr8dinger function. 

The principal problem associated with the evaluations of 

the lifetimes is the determination of the nuclear matrix 

elements. The exact values of these elements cc:.n be shov.n 

to be less than z. The precise va lue however is rather 

difficult to obtain and for our purposes we shall find it 

adequate to take the maximum value of z. I n so doing we 

probably are not making a greater error, at least for light 

nuclei, than our other approximations warrant. We observe 

that as a result of this assumption and the as~;umed form~ .. 

for the ~-meson, the cap ture probability of the r-meson depends 

directly on the fourth power of Z as fir :;t r·ema rked by 
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The nuclea r-meson coupling con stants rands corres pond 

to the us ual notation as follows: 

Henc e , from the meson theory of nuclear f orces we have: 

With the aid of th e &bove number s , the prope r life time of 

the ir-meson E:.s a function of it s mass WE.s determinf.d and 

plotted in Fi t:1, nr e 1. In the calcula tion of 'I.,, th e va lue 

of the ratio of\~, which makes 't, 2 m2.ximum was chosen; 

thi s occurs for f,-•/~, =a , that i s , ~,-=c,. 

Before we can make any definitive ~ssertions concerning 

thes e r s sult s , we mus t obt ain some notion of the unc ertain

ties in these numbers. There are three principal sources of 

uncertainty. The first is the evaluation ·of the nuclear 

matrix e l ements. Estim&tes mc:de by Whe elerC25) and Christy(;:;6 ) 

indicate that thes e elements for z ~10 are probab l y greater 

than 7:../;, . The excitation energy of t he nucleu s i s 2. se cond 

s ourc e of er r or. As remarked previously, it seems very 

unlike ly th&, t thi s cc::.n be off by more t han a f a ctor of two. 
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The third significant uncertainty is the nuclea.r cou:)ling 

constants. The se could easily be incorrect to a factor of 

t ·no 11.nd possibly even more. The combination of these errors 

make it 4uite possible for the above computed va lue s fo r ~a 

to be too small by a factor of about three or too l arg e by a 

f~ctor of about t en. 

From the results of the Berkeley experiments on the 

a rtificially produced mesons, one can say that th e lifetime 

of the ~-me son is slightly greater t han 10-8 seconds. Thus 

it appears unlikely th 2. t the vector-sca lar or pscudoscalar 

or th e pseudoscalar-spin ½ fields suitably represent the~

and )"-mes ons. Fl:.::- the r from the ease of nuclec.r meson produc

tion a vector ~-meson seems doubtful, l ea ving as the mos t 

probable f ields the scalar-scalar or pseudoscal a r or the 

scalar-spin½ fields. 

Subsequent to the above c&lculations more precis e infurma

tion on thE:: masses of the ~-and ~-mesons and t he value of 

the nuclear coupling constant h,,.s become available . For the 

sake of compl e teness, the effect of these recent experiment&l 

results will be included. The new data give for t he mass 

of the ~-meson 283 electron masses, for the m&ss of the 

t-meson 215 electron masses , for the energy of t he ~-meson 

in the decay of the~-meson 4 .05 Me v, and for the nuclear 

coupling const&nts 
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On the basis of these number s it is found that: 

( a) 'Yo\ = l.88xl0-8 seconds 

(b) 't.,1. = l.22xlo-S seconds 

(c) "o~ = l. 94xlo-9 seconds 

(d) \~= t:..= G.3lxlo-7 seconds 

(e) ,
0
i= ~~~ l.97x10-8 seconds 

where the more recent est imate of 'l../;, for the nuclear matrix 

element has been used. One implication of the new dbta i s 

that the mass of the neutral secondary particle is zero; and 

as a result it s eems reasonable , in order to avoid introduc

ing a new kind of particle, to identify the neutr~l particle 

with a neutrino with the result that the ~-meson is necessar

ily spin ½t 27)( 88 ) Combining this new information with t he 

above conclusion , it seems that the lt; - and r-meson s are 

most probably scalar and spin½ fields, re~pectively, th ough 

the pseudoscalar 1\-meson is not impossible as a result of 

the uncertainties in the theory of th e nuclear forces. 
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VII THEORETIC!~L PO:::'.SIBILITY OF A PHOTON "NEUTRAL PARTICLE" 

A calculation similar to the above has been performed on. 

a vector- s ca lar-photon field to determine hhether a photon 

decay particle is theoretically consistent with the present 

de.ta. on the lifetime of the 1'-meson. The cou,:Jling between 

the fields was specified by the Lagrangian density: 

Assuming the mass of the TC-meson to be 283 electron masses, 

the mass of the ~-meson to be 215 elec tron masses, and the 

nuclea.r rna trix e lemsnt equal to 1-/'}), t he lifetime i s 

(A ppend i x 8) '\
0 

= 4.59xlo-7 seconds. This i s far too long 

compared with the experimental value. Thus one can disregard 

the possibility of decay photons in ag reement wi th experiment. 
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VIII DISCUSSION 

The evidence available at present seems to leave little 

doubt that one has to deal ·. ri th a. t wo-mes on field. There 

does not yet appe&r to be sufficiently accurate experimental 

data to fix with certainty the character of the t wo-mes on 

field though the indicc:..tion is that the it-meson is most 

probably a scular field and the ~-meson and neutral particle 

are spin½ fi elds. 
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APPENDIX 1 VECTOR-SPIN½ FIELD 

Formulation of the Field 

The Lagrangian density of the field is 

(17) 

where these terms are defined in equations (2), (4), (5), and 

(8). The canonical momenta are by definition 

(18) 

where i=l, 2, 3 andO<..= 1, 2, 3, 4. The mor,Jentum ~'-~.:\ is zero 

and this causes difficulty in the quantization of the field. 

The procedure in this case is to obtain the Hamiltonian and 

then eliminate ~ 0 from it, thus effectively leaving three 

coordinate functions and three momenta for the vector field. 

One uses for this the equation of motion for ~ 0 which is 

or 

(19) 

Now by definition the Hamiltonian density is 
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Thus substituting equations (17), (13), and (19) into 

equation (20) we find 

Changing to vector notation we have finally 

(20) 

(21) 
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Lifetime of the Vector Meson 

The decay of the vector1'C-meson takes place by the 

reaction 

The lifetime of this process is 

(22) 

(23) 

where the naught on-Y indicates that vroper coordinates for 

the vecto~~-meson are to be used for the calculation. The 

integration is taken over all relative direction s of the light 

spin½ mesons e..nd the sum is over the spins of the spin½ 

mesons. 

The element of Hi giving rise to the decaj process is the 

coefficient in H1 of 
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wherein plane waves are a s sumed for the wave functions vd th 

kv= 0 and thus kc+ kn= O. This element is 

By Casimir's spur technique we have 

A calculation of this spur gives 

Then it follows that 

(24) 

Using 
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and 

we find after some algebra that 

B.nd also that 

~~ , (E; ~ tM\>~~)t.~1T L~ -lM'.;- M\:'lC' 1 
d ~::. ~~t;- L\:.~- ll'M,... +~s·'-'\T'1.l c~-~1'N\,.,_-N<'-~Y(.'\I'l. 

(25) 

Substituting equations (24) and (25) into equation (23), we 

have the result 



-32-

Lifetime for the Capture of the Spin½ Meson by a Nucleus 

The capture of a negative spin½ meson takes place by one 

of the three reactions: 

I 

II 

III P+ Jv--- ~ N + ~o 

The lifetime of this capture process is 

(26) 

where the averaging is over the spin directions of the 

initial particles, the sum is over the spin of the neutral 

particle, and the integration over all directions of the 

neutral particle. According to the quantum perturbation 

theory we have 

(27) 

To obtain RAF we use plane waves for the emergent neutral 

meson and we approximate the wave function of the virtual 

vector 1t -meson by plane waves. With these wave functions 

substituted into H1 we find that the element of H1 giving 

(a) HAI is the coefficient of 



(b) HrF i s the coefficient of 

1 '1-',,-t-.).. "')\ 
1'1'1'\..,\: ~ 

(c) HA I I is t he coeffi ci ent of 

* 'l'"+l..'\"~ 
(\_A>-~ .. ~ ~ 

( d) HrrF i s the coeff i cient of 

~ =- \ ,o, -\ 

(e ) HAFI I I is the coeffi cient of 

The se elements are 
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(28 ) 

where the nuclea r matrix element s contain implicitly a sum 

over all protons in the nucleus and~= 1, -1. Now we 

treat the nucleons non-relativistically. Thus we have 

(29) 

and 

(60) 

Also we assume that the energy imparted to the nucleons is 

negligible compared with the rest energy of the vector 

it-meson. Then 

Substituting equations (28), (29), (30), and (31) into 

equation (27), we find 

(31) 
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(32) 

where the primed and un pr imed quantities refer, respectively, 

to the variables of V' and V. We now make us e of the 

following identities: 

(33) 

where R=x' - i and R=\R\. We substitute these e4.uations 

into equation (32). A rough estimate shows immediately that 

the integrand i s appreciable only within a distance of the 
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order '/'-1.....r from the nucleus. Since the wave function for the 

charged spin -½ ~-meson does not vary more than a;bout 10% 

over this range, we can approximate it by a constant and take 

this constant to be the value of the wave function at the 

center of the nucleus. We now perfor~ an integration by parts 

on the vari ables of Vin order to remove the derivatives in 

the integrand. The re sult is 

(34) 

where the &_rgument zero indicates that the quantity is to 

be evaluated at the center of the nucleus. Tb e integrati on 

over the variables of Vis now easily performed in the first 

two integrals and gives 

where the primes have been omitted. From this follows that 
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(35) 

Since we assume that the charged spin½ ~-meson is captured 

from the K-orbit of the atom, we may treat it non-rela tivis

tically. Thus by summing over tb 8 spin directions of the 

neutral particle, we have in the non-relativistic a pproxima

tion 

Thus 
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Now one shows easily 

Hence, substituting equations (36) &nd (37) into eQuation 

(27), and making the summation i n the nuclear matrix elements 

explicit, we obtain the result that 

+ ,~~lJl~~i~i.]\,.\ t:M~+~<:'1(.,. \T.\d-.J ½:"'~;~~tl~---~,.;.1.,1. 
-\l,,_ 
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. 
APPENDIX 2 SCALAR- SPIN 1 FI ELD 

Formula tion of t he Field 

The Lag r angian dens ity of t he f i el 6 i s 

where these t erms are def i ned i n equa tions 

and (6) . The canonica l momenta ar e 

Subs tituting equations (38) and (39 ) into 

we have 

Thus in vector notation this becomes 

(38) 

(1), (,±), (5), 

(39 ) 
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Lifetime of the Scalar Meson 

The dec ay of the sca lar TI-meson t akes place by the 

re2.ction 

The lifetirr.e of thi s process is (Append i x 1) 

The element of H2 giving ri s e to th e decay process is th e 

coefficient in H2 of 

wherein plane w2.ves ar e assumed for the wave function s w j th 

ks= O and tbus kc + kn = O. This element is 

By Casimir's spur technique we ha ve 
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A calculation of this spur gives 

Using 

a,nd 

we find 

and 

Substituting equations (42), (43), (44), and (45) into 

equation (41), we have the result 

_, = \ "~1...%S· ,w.~c. '-f\-' ~ ~ ~~\-q "
11..r, _ , t,M.,.... _ IW'c.~ l}''L 

\01. \ (. 1( ~ '"""~ S l ) ~ \ M', !,, ""'-sl l 

(42 ) 

(43) 

(44) 

• 
T,ifetime for the Capture of the Spin ½ Meson by a Nucleus 

The capture of a negative spin½ meson takes place by 

one of the two reactions: 
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I 

II 

The lifetime of this cap ture proces s is (Append ix 1) 

(46) 

where 

(47) 

To obta in HAF we use plane wa ves for the emergent neutra l 

meson and \'i e approximate the wave function of the virtual 

scalar ~-meson by plane waves. With these wa ve functions 

substituted into H2 we find that the element of H2 giving 

(a) HAI is the coeffici en t of 

(b) HrF i s the coeffici ent of 

(c) HAII i~ the coeffici en t of 
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(d) HrrF is the coeffici ent of 

These elements are 

,., 

(48 ) 

where the nuclear matrix elements contain implicitly a sum 

over all protons in the nucleus. We now assume that the 

energy imparted to the nucleons is negligible compared to 

the rest energy of the scala.r 1\-me son. Then 

(49 ) 

Substituting equa t ions (~8) and (49 ) into equa tion (~7) , we 

find 

where the primed and unprimed q_uantities refer, re spectively, 

to the variable s of V' ~nd V. Making u se of the i dentity 
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where R = x' - x, we find 

Since the principal contribution of w~ to this integral 

occurs in the neighborhood of R = o, we can treat wr as a 

constant which constant v,;e take to be the value of w,... at 

the center of the nucleus (Appendix 1). The integration 

over the variables of V now gives 

(50) 

where the p~imes have been omitted. Since the charged spin 
1-
~ f-meson may be treated non-relativistically, we have 

(51) 

Substituting equations (50) and (51) into equation (46), 

making the summation in the nuclear matrix elements explicit, 

and using the relation 

we have the result that 
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APPENDIX 3 
, 

PSEUDOS CALAR- SFI N ~ FIELD 

Formulation of the Field 

The La gra ng i an d en s ity of th e fi e l d is 

(52) 

where th e se terms are d e fine d in e qua tions (3 ), ( ,1 ), ( 5), and 

(7). The canonical momenta a re 

(53 ) 

Substituting equations (52 ) and (53) into 

we have 

where we set for a ny pseudovector 
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and for any pseudoscalar 

In vector nota tion 

Thus 

Lifetime of the Pseudosca l ar Mes on 

The decay of the pseudoscalarit-meson t akes place by the 

reaction 

The lifetime of this process i s (Appendix 1) 

(55) 

The element of H3 giving rise to the decay process is the 

coefficient in H3 of 
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wherein plane waves are assumed for the vvave functions with 

kp = 0 and thus kc + kn = O. This element is 

By Casimir's spur technique we have 

A calculation of this spur gives 

(56) 

Using 

and 

we find 

(57) 

(58) 

and 



Substituting equations (56), (57), (58), and (5 9) into eQuation 

(55), we have the result 

Lifetime for the Capture of the Spin½ Meson by a Nucleus 

The capture of a negative spin½ meson takes place by 

one of the two reactions: 

I 

II 

The lifetime of this capture process is (Appendix 1) 

(60) 

where 

(61) 

To obtain RAF we use plane waves for the emergent neutral 

meson and we approximate the wave function • of the virtual 

pseudoscalar~-meson by plane waves. With these wave 

functions substituted into H3 we find that the ele~ent of 

H,"' giving 
u 

(a) HAI is the coefficient of 

\rt \r.:~ ~*"'~"'°" 
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(b) HrF is the coefficient of 

\.t>'4t, 
"l' J -\-.>.. "'" -=z::-

(c) HAII is the coefficient of 

4- "<, ;,:).. 'l"')l 

°'"~~ i... 

( d) HrrF is the coefficient of 

These elements are 

where the nucl e&r matrix elements contain implicitly a sum 

over all protons in the nucleus. If we compare these expres

sions with equation (48) of Appendi x 2 , we .see th~t if we re

place i.~ in the latter by -~·t then the sc&.la r-spin -½- field is 

identico.l with the pseudosco.la r-spin ½ field. Thus by making 

this r eplacement in equation (50) of Appendix 2 we find 

(62) 
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Since the charged spin½ ~-meson may be treated non-relativ

istically, we have 

(63) 

Also since the nucleons may be treated non-relativistically, 

we have from their eq_uation of motion 

and thus 

(64) 

Hence, substituting equations (62), (63), and (64) into 

equation (60), making the nuclear summation ex1>licit, and 

using the relation 

we have the result that 
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APPENDIX 4 VECTOR- SCALAR FIELD 

Formulation of the Field 

The Lagrangian density of the field is 

(65) 

where these terms are defined in equations (1), (2), (5), 

and (8). The canonical momenta are 

(66) 

where i = 1, 2 , 3. As in the vector-spin ½ field (Appendix 1) 

we must eliminate ~ 0 .from the Hamiltonian of the field with 

the aid of the equation of motion for ~ 0 , which is 

or 

But nm, 
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Then 

Neglecting the second order term in \g4 \ 2, we have for the 

equation of motion of ~0 

(67) 

Substituting equations (65), (66), and (67) into 

we have 
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In vector notation this becomes 

Lifetime of the Vector Meson 

The decay of the vector ~ -meson takes place by the 

reaction 

The lifetime of this process is (Appendix 1) 

(68) 

(6 9) 

The element of H4 giving rise to the decay process is the 
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coefficient in H4 of 

wherein plane wa ves are assumed for the wave functions with 

kv = 0 and thus kc+ kn= O. This element is 

And thus 

(70) 

Using 

and 

(71) 

and 

1/r_ J~ 
~~ ~ = ~ r f.~ +{ IM ... "'lM~,c.1f.t~-~rM~""'~\c,( E~- \M\,..;~"'t,1 \t.~- lW\~~,~'\11. 

Q f ~~ \:.~ \.! (72) 

Substituting equations (70), (71), and (72 ) into equation 

(69), we have the result 
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Lifetime for the Capture of the Scalar ►-Meson by a Nucleus 

The capture of the negative scalar ~-mes on taKes ylace 

by one of the three reactions: 

I 

II 

The lifetime of this capture yrocess is (Appendix 1) 

.n.,... (73) 

where 

(74) 

To obtain HAF we use plane waves for the neutral meson and 

approximate the wave function of the virtual vector 1\-meson 

by plane waves. With these wave functions substituted into 

H4 we find that the element of H4 giving 

(a) HAI is the coefficient of 
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(b) HrF is the coefficient of 

i 111"\\.,.~ 
"Y-,.+~ "'~ 

~ 

(c) HAII is the coefficient of 

~ >fr "'~ ~--i.. "')!\ 
1\)-'<l,..E: i.. 

( d) HrrF is the coefficient of 

(e) HAFIII is the coeffi c i en t of 

These elements are 

E.=\O-\ l l 

~ = \ l C l -\ 

E. = ' 0 -\ ) l 

( C) 1-1 :.U= 1t~11 l41=--~•t1t.;,~~~....,--;,~~ 'I.~ .... '11.i~ ~~ ..... ~~\~•I..:• 

1-1:,. = "v~dll t~: ~-~'-E:,..yh~ 1J,..,+1'~b:,-~-~ ~'s: ~~'I'\ 1:'i.v' 
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(75) 

where the nuclear matrix elements contain implicitly a sum 

over all protons in the nucleus and E= 1, -1. Now we treat 

the nucleons non-relativistically. Thus we have 

and 

(77) 

Also we assume that the energy imparted to the nucleus is 

negligible compared to the rest energy of the vector ~-meson. 

Then 

Substituting equations (75), (76), (77), and (78) into 1
. 

equation (74), we find 

(78) 
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where the primed and unprimed quantities refer, r espectively, 

to th e variable s of V' and V. We now make use of the 

following identities: 

where R = x' - x. Substituting these into HAF' we find 

Since the principal contribution of~: to this integral 

occurs in the neighborhood of R = o, we can treat~: as a 

consta.nt which constant we take to be the value of ~:" at 

the center of the nucleus (Appendix 1). Carrying out the 

• 

integration over the variables of V, we find that the first 

integral in HAF vani shes and we obtain 

where the primes have been omitted. Substituting equation 

(79) into equation (73), making the summation in the nuclear 

matrix element explicit, and using 
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we have the result 
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APPENDIX 5 SCALAR-SCALAR FIRLD 

Formulation of the Field 

The Lagrangian density of the field is 

(80) 

where these terms a.re defined in equa.tions (1), (5), and (6). 

The canonical momenta are 

(31) 

Substituting equations (80) s.nd (81) into 

we have 
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In vector notation this becomes 

(82 ) 

Lifetime of the Scalar W-Meson 

The decay of the scala r 1(-meson takes place by the 

rea ction 

The lifetime of thi s proc ess is (Appendix 1) 

(83) 

The element of H5 giving rise to the dec ay proces s is the 

coefficient in H5 of 

wherein plane waves B.re assumed fo r the wa ve functions with 

kc= O and thus kc+ kn=- o. This elemen t is 

And thus 

(84) 
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Using 

and 

vve find 

(85) 

and 

(86) 

Substituting equations (84), (85), and (86) into equation 

(83), we have the result 

Lifetime for the Capture of the Scalar~ -Meson by a Nucleus 

The capture of the negative scalar ,µ-meson takes place 

by one of the two reactions: 

I 

II 

The lifetime of this capture process is (Appendix 1) 
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(87) 

where 

(88) 

To obtain HAF we use plane waves for the neutral meson and 

approximate the wave function of the virtual scalar ~-me son 

by plane waves. With these wave functions substituted into 

H2 we find that the element of H2 giving 

(a) HAI is the coefficient of 

(b) HrF is the coefficient of 

(c) HAII is the coefficient of 

(d) H is the coefficient of -IIF 

These elements are 
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vvhere the nuclear mc.trix elements contain irnplici tly a sum 

over all protons in tte nucleus. We now assume that the 

energy imparted to the nucleons is negligible compared to the 

rest energy of the scalar it-meson. Then 

(90) 

Substituting equations (39 ) and (90) into equation (88), vve 

find 

where the primed and unprimed quantities refer, res pectively, 

to the variables of V' and v. Making us e of the identity 

L i"~~•G'-~\ - y_ _\_ ~-~R 
c"'- - \.\1'(. -'Kc."- -o 

"-'i, c...~'1\s ~ 

where R; x' - x, we find 

Since the princip8-l contribution of "<t to this integral 

occurs in the neighborhood of R = o, we can treat '\>t as a 

constant , v·hich constant we take to be the value of ~! at 

the centEr of the nucleus (Appendix 1). The integration 
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over the variables of V now gives 

(91) 

where the primes have been omitted. Substituting equation 

(91) into equation (87), making the nuclear summation explic

it, and using the relation 

we have the result that 
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APPENDIX 6 VECTOR-PSEUDOSCALAR FIELD 

The Lagrangian density of this field is 

where the se terms are defined in equations (2), (3), (5), and 

(B). If in L we replace 

by 

by 

by 

by 

by 

by 

then the Lagrangian of thi s field is identical to that of the 

vector-scalar field. 
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APPFNDIX 7 SCALAR-PSEUDOSCALAR FIELD 

The Lagrangian density of this field is 

where these terms are defined in equations (1), (3), (5), and 

(6). If in L we replace 

by 

by 

~~() i..~ by f'r..~ 

~MO~~ by 1,.M\ 

~c:.n.3 by -1'<.o 

~"'\,t.~ by 1'-Ma 

then the Lagrangian of this field is identical to that of 

the scalar-scalar field. 
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APPENDIX 8 VECTOR-SCALAR- PHOTON FIELD 

Formulation of the Field 

Th e Lagrangian density of th e field i s 

The canonical rn omenta are 

"''--"'.:-i~ ~l~i = tv?:, = ~(1:,.,. :a-:. ,..:,~ 

,-0 l~~ = ~ll. :: \'.\ ~: = ~(x.: -\- \-~ ~:') 
\ cl~\ c-' 

~tJ 

(92) 

where i = 1, 2 , 3. As in the vector-spin½ fi e ld (Append i x 

1) we mus t eliminate ~o from the Hamiltonian of the field 

by means of the equation of motion of ~ 0 , which i s 

or 

But now 
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Then 

But \f\ 2 is very small. Thus 

(94) 

Substituting equations (92 ), (93 ), and (94) into 

\-\ = I_ ~<-~t'\ W -\-~~"<' ~ - L 
.... 

we have 
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We include the electromagnetic field by the prescription 

and then change to vector notation. The Hamiltonian 

becomes then 
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(95) 

Lifetime of the Vector Meson 

The decay of the vector ~-meson takes place by the 
' ' f I 

i; 

reaction 

• Th~ lifetime al this proces s i s (Appendix 1) 

where the summation i s over t .l:1e polarization of the photon. 

The element of H giving rise to the decay proces s is the 
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coefficient in Hof 

wherein plane waves are assumed for the wave functions with 

iv= 0 and thus is+ iv~ O. This element is 

where ek is the direction of polarization of the photon. 

IJow 

where e is the angle between k"' and J ~~ ... 'c • Using 

and 

we find 

and 

(98) 

(99) 

(100) 

Substituting equations (97), (98), (99), and (100) into 
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equation (96), we have the result 

Lifetime for the Captur e of th e Sca lar Meson by a Nucleus 

The capture of a negative scalar me son take s place by 

one of the three reactions : 

I 

III r-- ➔ 

The lifetime of this process i s (Append i x 1) 

(101) 

where 

(102) 

To obtain HAF we use plane wa ves for the photon a.nd approxi

mate the wave function of the virtual vector T\ - mes on. With 

these wave functions subst ituted into H a.nd making use of 

the we ll-known r elati on 
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for a scalar meson in a Coulomb field~, we find that the 

element of H giving 

(a) HAI is the coefficient of 

(b) HrF is the coefficient of 

~ '\',._+i. "'):\ 
~~Al-.., "2-. 

(c) HAII is the coefficient of 

>f,: 

"'"'+-"-"'~ o.,~~~ '--

(d) HrrF is the coefficient of 

(}.J ,._,.."-,,." \,..s \):'fl.v> 

(e) HAIII is the coefficient of 

~:~~ ~~ 
(f) HIIIF is the coefficient of 

~ * ~ ,.+i ~~ 
"l-\-tN' <\ ... "-.., '-' 

~= \ 0 -\ 
l > 

~=\ 0 -\ 
I I 

Now we treat the nucleons non-relativistically. Thus we 

have 
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Th e above e l ements are then 
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where the nuclear matrix elements contain implicitly a sum 

over the protons in the nucleus and ~ =- 1, -1. Now one shows 
~ 

by an integration by part s that EArrr = o, as it must be 

since spin i s conse rved. Also one can show that 

L (~~~""\\~~ \\~-,:~,\t~R,~) =o 
~ ... (104) 

Now we as sume that the energy i mparted to the nucleons is 

small compared to the rest energy of the vector ~-meson. 

Then 

(105) 

~aking us e of these results and substituting equations (103), 

(104) , and (105) into equation (102), we find 

where the :µrimed o.nd unprirr.ed QUanti ties r efer, r e s pectively , 

to th e variables of V' ani V. Further , us e has been made of 

the fact that th e principal contribution of ~:ldc to the s "': 

integra ls occurs in the n eighborhood of i ' - ~ = 0 and thus 

we may trea t'\}:>~ as a cons tant, v;hich constant -,ye t ake to be 

the va lue of 'Vi\6< a. t the center of the nucleus (!_ppendix 1). 
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Now we have the following relations : 

where R = x' - X 

= ~(R\ = delta function 

=O 

delta function 

and the angles i:x.., ~ , ~ are sho¥,TI in the following diagram: 

/ 

e / R \<l,.,,., / 

I 
I 
I 
I 
I 

........ ....... 
-....._J 

"6 
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Thus 

where 

Now a short analysis shows tha t 

where the angles e, ~, '-= , '-\ are shown in the follo wing 

diagram: 

if 

'R 
I 
I 
I 

(107) 

Substituting equation (107) into equation (106) and per

forming the integrat ion over the angles of V, we have 
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Since the integrand in R i s small except near R = o, we 

approximate 

Thus 

(108) 

Substituting equation (108) into equation (101), making the 

nuclear summation explicit, and using the relation 

we have the result 

\ -= 
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APP...,,J_·<, NDIX 9 PL' NE • • - ~ . r .. · 1NAVE EXPANS IONS OF THE F Li LD QUANTITIES 
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APPENDIX 10 LIST OF STIFBOLS 

Planck ' s const&nt divided by 2 ~ . 

Speed of light ~ 

=- ~c. 

Mass of a p&rticle. 

Magnitude of electr onic charge. 

Momentum divided by -\;. . 

Momentum. 

Energy. 

=~ - ~.,..,.,. 
As a subs cript denotes vector meson. 

As a subs cript denotes scalar meson. 

As a subscript denotes pseudoscalar meson. 

As a subscript denotes neutral particle. 

As a subscrirt denotes charged r--meson. 

As a subscript denotes spin l meson. 2 

As a subs cri1]t denotes nucleon. 

As a superscri pt denotes light mesons. 

As a superscript den otes nuc leon . 

Potential and field quantities. Subscripts 

correspond to components of the se quantities. 

Potential and field quantities in vector notation. 

Nucleon wave functions. 

Wave f unctions of longitudinal vector meson. 

Vector potential of electromagnetic field. 

Direction of polari z2 tion of vector meson. 



r, s 

p 
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Direction of polarization of photon. 

Coupling constants between~- and ~-mesons. 

Coupling constants betweenl\-meson &nd nucleons. 

Dirac vm ve-function matrix 

Isotopic spin functions. 

Dir&c matrices. 



t N, 1/ N) 

t ~, t ( ,.,_) 
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- ~ ~ 'l'is+1."Y~ - ~ 
tl i. c-~ 

~ -~ ~ = "Ye. c.. ~ ~-~,,,_":. '-t. C. cr=- ~ .,_ ) 

P. s a supe r s cri pt den otes c ompl ex con juga t e . 

As a supe r s cri pt denot es ad j oint. 

Denotes cha r ge conj uga t e . 

Compl ex con jugate. 
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