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THE PRODUCTION OF MESONS BY PHOTONS 

K~ A.o Brueclmer 

February 3, 1950 

The general features of the process of photo~meson production are 

discussed on a. semi-classical basis and also on the basis of perturbation 

theory in the weak coupling approximation applied to sca.la.r 0 pseudoscalar. 

vector 9 and pseudovector meson theory. These calculations are carried out 

with the Feynman-Dyson methods to give covariant expressions for the cross 

sectionso The corrections of next higher order in the meson=nucleon coupling 

are calculated for pseudoscalar mesons and shown to give large contributionso 

Comparison of the conclusions of the theory with t4e experimental results 

seems to indicate that the meson is of spin zero and closely bound to the 

nucleons as is characteristic of pseudosca.lar theory. 
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THE PRODUCTION OF MESONS-BY PHOTONS 

Ko A, Brueckner 

February 3 9 1950 

The production of mesons by photons h~s recently been accomplished 

experime~-J;.ally;.<> 1 and :at present extensive experimental work is being done 
..... :J· . : :::.1J.~_~:.:.X., .':: ...... ~ . ··.;~·. 

'· 2 
on the problem, . It has been found that the present experimental techniques· 

permit the study of the production of mesons by photons with more accuracy and 

in more detail than is possible for production by nucleon=nucleon collisiono 

The theoretical analysis of such information is also considerably simplified 

by the nature of the interaction, It will be shown that the results depend 

very markedly on the nature of the coupling of the mesons to the electro-

magnetic fieldo Since processes involving such coupling can be handled very 

well for non=relativistic energies by treating the interactions as weak 9 the 

usual methods of perturbation theory can be applied with some confidence to 

this aspe~t of the production processo The uncertainties of the nature of 

the coupling of mesons to nucleons~ whichs as is well known 9 lead to 

incorrect prediction of scattering phenomena 9 do not strongly affect this 

processo In factv the very characteristic differences between the behaviour 

of the photon~ejected spin zero and spin one mesons will be shown to be due· 

almost entirely to the nature of the meson coupling to the electromagnetic 

fieldo 

1McMillan 9 Peterson 9 and White; Science 110 9 579 (1949) 

2cook.9 i~teinb~rger 9 McMillan 9 Peterson 9 White,; private communications 
·~ ·~;i,," ;·.t. 

' .,. ;· ·: ~ f~· 'y ,y .. 

• 



The theory of the production of p~oto=mesons has been studied by 

3 a number of people 9 with the most complete work being the recent contribu-

tion of Feshbach and Laxo The methods used have been those of perturbation 

theory in the weak coupling approximationo Effects of the recoil of the 

nucleons have been neglected. The results obtained differ markedly for the 

various theories. It is not immediately apparent how the characteristic 

differences are related to the detailed features of the theories. It is 

therefore of intere·st to attempt to understand by classical argument, 

without reference to perturbati~n theorys some details of the process. It 

has further been tt-ought worthwhile to carry out the calculations using the 

new covariant formalisms eliminating unnecessary approximations and exhibit-

ing the simplicity of the methodso Finally9 the higher order corrections 

in the meson=nucleon interaction have been calculated for the pseudoscalar 

theory~ using the new subtraction techniques 9 and found to give finite and 

unambiguous results., 

I General Description 

A. Ratio of Cross Section for Production of Negative and Positive 
Mesons 

One of the most striking of the early experimental observations on 

the production of mesons by photons was the excess of negative over positive 

mesonso 1 At present this is still the best established experimental fact., 

It was pointed out by Brueckner and Goldberger4 th.at very simple classical 

3w. Heitler"' Proco Roy., Soc., 166 9 529 (1938) 
Mo K.obe,Yl'!-shi and T. Okaya.ma~ Proc. Phys. Math., Soc., Japan 21, 1 (1939) 
Ho So We Massey and Ho C., Corben 3 Proce ·Ca.mbo Soc. 35 » 84 11'939) and 

35D 463 (1939) . -
L.~, NOrdheim and G., Nordheim, Phys. Rev., 54s 254 (1938) 
H., Feshbach and M., Laxg 'Phys. Rev. 76, 134 (1949) 
Lo Foldys Physo Revo 76 9 372 (1949)--

4K. Bruecb1er and M. Goldberger~ 'Phys., Revo 76 9 1725 (1949) 

• 

\' 

f 
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arguments could give an explanation of this resulto These arguments simply 

pointed out.that there is an essential asymmetry in the production of' 

negative and positive mesons.. When the former are produced from neutrons, 

the charge~carrying nucleon is the .final proton with large recoil velocity. 

When positive mesons are produced 9 the proton is initially at rest and does 

not interact through its chargeo Using the interaction 

~ --:-7 
v. " A e 1 ~ v/c cos e 

'•· --7 ~ 
which differs from the non=relativistic e v " A because of retardation 

effects in the interaction of charge with the electromagnetic field, one 

obtains for the ratio of the interactions leading to the production of 

positive and negative mesons 

I (positives) e 
1 

I (negatives (recoil proton) 

The ratio of the cross sections then is the square of the ratio of' the 

interactions.. Using over-all energy and momentum conservation, this ratio 

can be written 

where 

cr (positives) 

cr (negatives) 
= [ 1 -~(1- v/c cose)] 

2 

Mc2 

q
0 

= meson energy incl~ding rest energy 

M = nucleon mass 

v = meson velocity 

e - angle between meson and. photon 

The dependence on meson energy and angle of this function is given 

explicitly. in Figure lo 

(1} 

(2) 

(3) 

In this very simple argument~ the effects of the magnetic moments 

of the particles have been ignored., It is of interest, therefore, to look 
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in more detail at the nature of the interacti_on 9 including such effectso. 

This will indicate what information can be given by a careful measurement 

of the negative=to=positive ratioo One can formulate the argument in the 

following mannerg the interaction with the electromagnetic field leading 

to the ejection of mesons is of the form 

I , A
11 

) ~ ( 1 u 9 t) e i (if o 1: = Kat) di% u dt 

where ~ is the total current carried by the interacting particleso The 

current can be separated into a curl=free and a divergence-free part, the 

(4) 

former corresponding to a linear motion of charge and the latter to circulat-

ing currentso 

j!J. = 

1/2 
where v[-1 is the relativistic velocity with spacial components ~/(1-~2 ) ~ 

(5) 

q the interaction then is 

(6) 

We can easily evaluate this integral 9 considering each interacting particle 

separatelyo If the wave=length of the radiation is large compared with the 

region over which the charges and currents are distributed, or if one assumes 

a delta~function of position for the spacial distribution, the dependence on 

fv can be given by 

= i(t) 8 lin = ~(t)] 

-· v[.L(t)b: [in = l(t)J (l~p2)1/2 
~)) (t)8 (Jn = ""?(t)] (1.;~2)1/2 

The integral for each particle then is 

(7) 

I = ~ f [qv.,_ (t) • iM>L:V (t)K~ (l-~2l/2 ei[!t•1(t) - Ko~ dt (8) 

·; 
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Changing variable and partially integrating gives 

(9) 

!f the interaction takes place over a time much less than the period of the 

radiation ... the variation of the exponential term can be igrioredo This gives 

= 6 t~pi-L * I ~ y FtLl)] 
K o p -

I = (10) 

where the four=vector product is 

and /J. [ J denotes the change during the interactiono 

In this expression for the interaction of the electromagnetic field . 

with the charges and currents of the meson=nucleon system9 we have not included 

the depenqence of the meson. emission on such factors as the strength of the 

coupling of the mesons to the nucleons and the spins of the nucleonso We shall 

·assume that a simple multiplicative factor U gives the spin dependence of the 

forces and the strength of the couplingo When we consider the application of 

field theory to this process!) we shall see that this actually is so for 

spin-zero mesonso The quantum nature of the process also h~s not been 

consideredo We actually need the matrix element between the initial and 

final nucleon states of the operator which we have derivedo The interaction 

therefore can be written for each particle 

I . rFT (ufi[q 1 ·!_~r~v\•J?vl 
- u6(: f: !)* ~ FIJ.))~ (U MfJ.V) 

(11) 

We can use this expression to evaluate the ratio .of the cross 

sections for negative and positive mesonso For simplicity we will take the 

mesons to have spin zero 0 ioeo f) no magnetic mom'imt 9 and first assume that 

the nucleons interact only in the proton stateo IYhen a positive meson is 



produced~ the proton is the initial nucleon at rest and so interacts only 

through its magnetic moment with the· transverse photon. 

~ -7-
A" q U m 

--· =>e K ~ q * 2 I(+) u ~lJ F 
K o I IJ.V 

q - meson 4=momentum 

I initial nucleon 4=momentum 

' ' When a negative·meson is produced 9 the proton is the final recoil nucleon 
7 

carrying current e F/m 

I(=) 

F ~ final nucleon 4=momentum 

If we now use over=all 4=momentum conservation~ we find that 

--7 -7 ~ -7 ? 
A ·{_~- F ) - A n q K • I 
6.=~-·~~ 

and I(=) 
K o I [·A.~ ~~ 

FIJ.vl 
~ u * K o F K • q 2~ I -- J 
:.;;: = 1L.:J. I(+) 

K • F 

Therefcn~e 9 under these assumptions~ the plus=to=minus ratio would be 

cr (+) 
a~ (=) 

~ r0)2 

\K • I 

This is the same result obtained when magnetic moment terms were ignored 

(Equation 3)o It is interesting to observe that the ratio of the linear 

(12) 

(13) 

(14) 

(15) 

current interactions is the same as the r~tio of the magnetic-moment· inter-

actions·/) so that the plus=to=minus ratio is indep·endent of the values of 

- t )// 
u =:fF u "r 

~V "'r/ ~V~I 

\ 
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If the nucleons do not interact only in the proton state, but 

instead with anomalous moments~ we can write 

. ~y (proton.) ;: 'Yp .~v 

~)) (neutron) = -y-N ~.II 

where r = magnitude of magnetic moment of nucleon in Bohr magnetons 

This 

I(+) 

I(-) 

Yp - 2o87 

lo91 

gives for the ratio of the interactions 
~-7 

=e Jt.:q U ... ~ F~v(n.. *.l:L) ~v U = ~ . -K01--~K·:::F:..:_;.__ ___ _ 
Aoq U Jl:oi m F. fr . r ) M. U 

e ~:q KoF + 2 IW\JC~F + ~ ~-p.l.l --- -
If ~v ~ = 

then the factor U cancelso The ratio of the cross section averaged over 

photon polarization and nucleori-moment.orientation gives 

(j (+) 

o- c~) 
.. , 
. . . ' . 

(16) 

(17) 

(18) 

Therefore 9 if the interaction is of this t1pe, the ratio of the cross 
.2 

sections is nearly unchanged by the anomalous moinents jt since :w·-2 percento 

This is a result of the predominance of the.coupling of theel~ctromagnetic 

field to the linear motion of charge~ i~e.~ to the electric dipole formed by 

the ~eson-nucleon chargeso 

If ~lJU > > M~vU» ·or what is equivalent~ the magnetic moment terms 

are pre dominant in the interaction~ 

(]'" (+) 
= [1 _ Y.E- YN ~ (1 -: cose) r a-(-) 4 Yp + YN Mc2 

= [ 1 - .20 ~~2 0 -: cos e~2 
(19) 

This function is given graphicaily in Figure lo It is apparent that, i;f' 
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nucleo11 moment interactions are i.mportantn the introduction of a magnetic 

moment for the neutrou rem~ves much of the asY®netry in the process. 

leading to the production of positive and negative mesonsD leading to a 

plus=tOoominus ratio which is nearly oneo 

·We remark here that we have assumed thats with photons at energies 

of about; th.e meson rest energy,~ the nucleons interact with the anomalous 

moments observed in a static fieldo This will be true only if the circu

lating currents which give rise to the anomalous moments are confined.:tq. 

a region smaJ.l compared 1.11r:i.th the wave~length of the radiationo If this ... 

is not trueD the anomalous moments will show energy dependence and the 

values of the static moments 0annot be useda 

We have ignored the interaction of the meson magnetic moments·~ 

These coul.d contribute only if the meson were a. vector particle 9 ioe~.., 

with iS Pin oneo It is. apparent that such interactions are symmetrical for · 

the production of either negative or positive mesonso Therefore strong 

meson=moment interactions would give a negative=to=positive ratio close 

to oneo 

one· can ·conclude that a verification of the results (3) would 

indicate that the m~son does not interact strongly through a magnetic 

moment and ~hat the neutron anomalous magnetic moment does not play an 

important part in the processo We have seen t~at these conclusions do 

not depend on the nature of the coupling of the mesons to the nu(}leons o 

Bo Angular Distribution 

If the photon is absorbed by the ejected meson at photon energies 

for example of 200=300 Mev 0 ~ "" v/c for the meson will not be small 

compared with oneo The angular distribution will show large asymmetry 

about 90 degrees due to the presence :in the differential cross section 

'• 
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of the denominator 

which appears because of the retardation effects in the interaction of 

charge with the electromagnetic field. However» if the absorption of 

the photon is through its coupling with the nucleon 9 v/c < <1 for the 

nucleon and the angular distribution will be nearly symmetric about 90 

degrees. One would therefore expect that the degree of symmetry would 

indicate which particle interacts ~ost strongly with the photon. 
~ -7 

If the interactions are principally of the form e v o A then, 

(20) 

since the photon field is transverse» the angular spectra must fa_ll off to 

zero at 0 or 180 degrees. Spectra vmich do not exhibit this behaviour must 

be due to magnetic moment=·like interactions. 

II Principal Features of Various Theoretical Results 

The calculations 9 unless otherwise specifieq» are for the first 

non=vanishing order in which the process can take place. The nucleons 

are treated as Dirac particles and the effects of their recoil are fully 

taken into account. The scalar» pseudoscalar.\) vectors and pseudovector 

theories are considered 9 using the couplings with the nucleon field which 

do not involve derivatives of the meson field. 

The spectra shown in Figures 2 9 3 9 4 and 5 are for mesons 

produced by a dK/K photon ,spectrum, This approximates the bremsstrahlUng 

energy distribution at high energies which is used in the laboratory to 

produce mesons. The relation between the meson and the photon energyD as 

a function of angle 9 is given_in Figure 9. 

A. Scalar Meson 

The scalar meson characteristically shows a dipole angular distri-

bution (Figure 2) at low energies which is strongly distorted forward at 
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energies above a few Mev by the denominator (Equation 20)n This is due to 

the predominance of the photon=meson interaction and the absence of a 

magnetic moment for the mesonn This simple result is quite analogous to 

the low~energy photo~electric effect in an atom 9 since the mesons are 

spherically symmetric in distribution about the nucleon 9 and the photon 

interacts relatively weakly with the nucleonn This is in accordance with 

the fact that the meson cloud about the nucleon extends to distances of 

the ordert/~c 9 while the circulating currents associated with the 

magnetic moment of the nucleon are distributed over a region of order 

. 2 
ir/Mc and therefore give contributions which are smaller in the ratio(- i~ . 
The plus=to-~minus ratio from the lowest order calculations is the same as 

that obtained by the classical argumentD as would be expected since the 

nucleons are treated as Dirac particles and the meson has no magnetic 

moment interaction. 

B. Pseudoscalar Meson 

The pseudoscalar theory shows a rough~y isotropic angular distri

bution (Figure 3) indicating the predominance of the coupling of the photon 

to the magnetic moment of the nucleon. The Wlimportance of the electric-

dipole terms in the interactionp i.e. 9 the coupling to the linear motion of 

charge ,9 is due to the close binding of the meson cloud to the nucleon. The 

probability of finding a meson at a distance rr/u.e 9 which is the wave-length 

of the photon 9 is relatively small. However 9 the direct coupling of the 

photon to the magnetic moment of the nucleon 9 preceded or followed by the 

emission of the final meson, is relatively probablea Examination of the 

matrix elements involved in these transitions indicates that this behaviour 

is due to the existence of intermediate states in which the nucleon under~ 

goes transitions to negative energy states. For such processes the matrix 

elements of the couplings to the electromagnetic and meson fields are of 
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the order one instead of v/c for the nucleons. The ratio of negative to 

positive mesons given by the lowest order calculation is the same as that 

for the scalar theory. 

Preliminary experimental results indicate that the spectrum of 

mesons observed is roughly isotropic in angular distribution as pr'edicted 

by the pseudoscalar theory. Therefore this theory was selected for examina-

tion of the corrections of higher order in the nucleon-meson coupling 

cons·tant g. This involves another emission and reabsorption of a virtual 

meson» as indicated in Figure 7. It wa;> hoped that the investig~tion of 

the corrections w0uld answer questions concerning the contribution of the 

anomalous magnetic moments of the nucleons and the possible large effects 

of corrections to processes in which the photon is coupled directly to the· 

meson or its associated Dirac vacuum field. Examination of the effects of 

higher order processes would also indicate the probability that the expansion 

in powers of g2/4~ would actually lead to a convergent series. 
. ' 

The calculation of the next higher order terms shows that they 

give contributions about as ·large as the first order terms 11 therefore 

casting grave doubts on the convergence of the expansion andthe validity 

of the application of perturbation methods of this kind. 

The largest contribution to the corrections comes fr.om the 

anomalous magnetic moments of the nucleonss Ficures 7=Bl» 7~B2 and 7=B3o 

The anomalous moments differ considerably ~rom those which the nucleons 

exhibit in a static field.\) as calculated by ~ase. 5 Non=static effects occur 

in the interaction which decreases the magnitude of the moments and also 

change the sign of the proton moment. This result indicates that it may 

not be correct to assume that the nucleons interact 9 with their static 

5 . ) Phys. Rev. 76 9 1725 (1949 
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momentsn in high energy processeso The actual magnitude of these corrections. 

howe•~rn probably can be believed only in a very qualitative wayo ... 
Corrections in which the meson creates virtual nucleon pairs 

(Figure 7=Al) 9 one of which may interact directly with the photon (Figure 7-A2), 

gh·e negligible contributions and so do not affect the predominance of the 

coupling of the photon to the nucleon through the Dirac and anomalous momentso 

Co Vector and Pseudovector 

The vector theory shows a strongly asymmetric angular distribution . 
(Figure 4) 9 indicating the predominance of the photon=meson interactiono 

This distribution is also peaked markedly forward showing that the inter-. 

action is due at least ,in part to the magnetic moment of the mesono The 

pseudovector theory shows a nearly isotropic angular spectrum (Figure 5)o 

This .9 however 9 is not due to the largeness of the nucleon photon coupling 

but to the large magnetic moment interaction of the mesono The negative 

t1J. positive ratio (Figure 6) also reflects the large effects of the magnetic 

moment of the spin=one mesons 9 differing considerably from the result 

ob1~e.ined by ignoring the meson momento Also ve·ry characteristic cif vector 

H.nd pseudovector meson is the rapid increase of the cross section with 

energy (Figures 4 and 5)o This is due both to the strong energy dependence 

of the electromagnetic field coupling with longitudinally polarized mesons 

and to the magnetic moment interactionso 

Higher order corrections probably would not particularly affect 

these results~ since processes involving production of virtual nucleon 

pairs by the mesons seem to give negligible contributionso Higher order 
·. 

processes involving the coupling of the photon to the nucleon and its 

associated meson field would give corrections to terms which are already 

relatively unimportant in the processo 
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~II Method of Calculation, Lowest Order 

The calculation of matrix elements can be greatly simplified by 

use of the Feynman-Dyson methods. 6 The necessary operators can be derived 

by a technique due to Feynman, the correctness of which can also be demonstrated 

by the Dyson methods. The calculations can also be carried out by the older 

methods of perturbation theory to give exactly the results derived here. 

The meson couplings to the nucleon field that are used are those which do 

not involve derivatives of the meson field 9 since these introduce non-

renormalizable singularities in higher order processes. 

In the following, the notation used has 1I = c = M = 1, where ;M 

is the nucleon mass. Therefore, all energies and momenta will be measured 

in units of the nucleon mass. All products of the form A~B-wili be under-,._,_ 

-t....., 
stood to be 4~vector products9 with A•B ='-A B + A•B. We also use the 

-- 0 0 

notatio~ .:::_ = u11 ~ with the Dirac matrixes Yi = i01_ ~ (i == 1,2,3), 

'Y 4 = ~· ·. The adjoint operator "'Vi is related to the complex conjugate by 

1V t . VJ * . 
T . = l. T "f

4 
o 

The equation of motion for the fields are . 

A. Free Particles 

(P ~ i)"yt = 0 

(0- K2)f = 0 

~Gild;,-~- "'2~ = o :XV. a ~ oxv . v 
0 

The last equation can also be written 

(0 - K 2)¢v = 0 

with the divergence condition 

~ = 0 
a~ 

6R. Po Feynman, Physo Rev. 76, 769 (1949) 
F. J. DysonD Phys. Rev. 75, 1736 (1949) 

Dirac 

spin zero 

spin one 

spin one 

(21) 

(2~) 

(23) 

(24) 
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U = ( =1) 1/ 2 scalar (25) 

pseudo scalar 

(26) 

vector 

pseudovector 

The last equation can be written 

< o -~< 2l¢.~~ ·~ "')/ ~ ~2 ~} rt u.,. r (26') 

<~ = i ) 11' ,., g 1> u r spin zero (27) 

- gtuvyr spin one 

Co Interaction With Electromagnetic Field 

~ + e! = i)l( = 0 Dirac (28) 

l~ax:• i~ (a~ * i~) -< 1 f • o spin zero (29) 

~~ ... + i~[ fa~ + i~ )¢.~~- c@=v ~ ieA1"'~ -no 
2 ¢.~~ - 0 spin one (30) 

To order e 9 these can be written 

\E_=i)lf'

(D=K)¢ -

Dirac·' 

spin zero 

spin one 

(28 t) 

(29 I) 

(30 1 ) 

If we consider the direct solution of these equations o:f motion, 
,_ 

following Fey.runanus general arguments£> we find the following expressions to 

be inserted into the Feyr...llil.an=Dyson diagramg 

Bu Emission Of a Meson Of gU spin zero (31) 

Momentum P 

spin one 0 

polarization }) 

·-
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Cu. Absorption Of a 

Photon 

Dirac 

(spin zero, 

l momentum P' 
l.l. 

spin one, 

momentum P' 
\1 

initial polarization tJ. 

final polarization )} 

Do Propagation of an Intermediate Particle 

With Momentum P~ 

1 
!' - i Dirac (33) 

pt2 +K 2 bosonl> mass ~ 

Exponential factors of the form ei~ have been omitted since after spacial 

integrations have been carried out, they simply give 4-momentum conserva-

tion at each point of the diagram and for the over-all processo 

Using these expressions we can now write down matrix elements 

directlyo A vir~ual meson emitted by a nucleon can absorb a photon and go 

into a free mesono This is represented by the diagram A, Figure 7o 

spin zero (34) 

(35) 

The nucleon can emit a real meson~ going into a virtual inter-

mediate state, and then absorb the photono The photon absorption can 

also come first~ followed by the meson emissiono This process is 

represented by the diagram BD Figure 7o 
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spin zero (36) 

spin one (37) 

• 
If' the nucleons are treated as Dirac particlesD the photon can be 

absorbed only by a proton., Therefore 9 this diagram represents the 

production of a negative meson., For production of a positive meson 9 simply 

replace I by F and invert the order of the operatorso 

Combining these two contributions from diagrams A and B9 we 

obtain for the lowest order matrix element for the transition 

= spin zero 

For negative mesons replace I by F in the bracketo This is of the form 

spin one 

For negative mesons replace I by F in bracket and 

In these expressions we can demonstrate gauge invariance by 

substituting 

Al-L =- ~ + ~ 

which should leave the matrix element for the transition M2 unchanged~ 
This is equivalent to showing that replacing~ by ~ reduces ~ to zeroo 

That this is so ca~ be seen by inspection~ using 

K K = = 0 

(38) 

(39) 

(40) 

(41) 
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If we now specialize to the transverse vector potential, ~is 

zero since the momentum If.!. is along the direction of the photon momentum. 

We them have for the spin~zero mesons 

Mz (positive) 

.Mz (negative) 

= 

&- 0 (_ct -
l ~·q 

=. K"I M (positives) 
K•F 2 

~·) ~-

This is the same result as that obtained above (Equation 7) o 

(42) 

The differential cross section in the laboratory system then can 

be obtained from 

do- ::: 2 7!1M:z 12 PF (43) 

where Mz is to be summed over meson and final nucleon spins and averaged 

over initial nucleon spin and photon polarization. The sum over meson 

spin can be made easily. If E is the 1-vector representing the direction 
tJ. 

of polarization of the meson 'Nhich sat is :Lies 

= 0 divergence condition (14) 

normalization condition (45) 

then 

L (46) 
spin 

Carrying out the indicated sums and averages gives, after simplification 

of resulting expressions in the laboratory system~ for positive mesons 

q2sin2e (2 - ~ 2 
/2 )+ 1 ~ ~ 

(q•K)2 !.:!. 
scalar (47) 

pseudoscalar (48) 
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l [(I•K)2 = 3 t_K q•K + 15/4 (q•K) 2 +- 1/2 (q•K) 3 

(~)2 

+ q2sin2e li_r·K)2 = 2 K 4 = 41'\' ~J 
2K2 ~~ 

Vector 

For pseudovector~ add to vector 

1 [ = 2 (<fK)2 = 2 (q•K.)3 + 6 q2 sin2 eJ 
(q ·K~2 1\ Z /\4 

Finally.~ if we wish to apply these expressions to the calcula.
..: 

tion of the ~pectrum of mesons produced by a photon beam which is the 

result of the bremsstrahlung of energy electrons 9 we ca.n represent the 

distribution of energies in the photon beam by 

<P (K) 
dK 

K 

( 49) 

(50) 

(51) 

where ~ (K) is a factorp nearly one over the part of the spectrum of interest, 

which indicates the degree of departure from the simple d~ distribution. 7 

At a given meson energyp the distribution in photon energies leads to a 

distribution in meson anglesp with the energies and angle related by conserva-

tion of energy and momentum 

If 

then 

K 

d<J --=· 
dq dn 

0 

1 = qo +- q cose 

( ) 1 dK ¢ r e D q - -- (K) 
° K dfl 

This spectrum is that shovm in Figures 4.1) 5~ 6 and 7~ withcp(K) set equal 

to one. 

'7 

'Wo HeitlerD The Quantum Theory of Radiation.!) page 170 

(52} 

(53) 
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IV Higher Order Corrections 

The perturbation calculations carried out in II are for the lowest 

non=vanishing order in the coupling constants g and eo The corrections of 

order e3 and higher are considered negligible 9 which is probably justified 

for non-relativistic energies because of the smallness of the expansion 

e2 1 3 parameter-= -o Therefores only terms of order eg are calculatedo 
417' 137 

The pseudoscalar theory is considered because it gives predictions in 

1 qualitative agreement with the experimental results of McMillan_, et al.,, 

and because of the simplicity of the theory., Pseudoscalar coupling is 

used, which is eq~ivalent to pseudovector coupling in lowest order but 

not in the higher order processeso The calculations made are for energies 

near threshold where the momenta of the particles can be ignored relative 

to the rest energieso 

The possible diagrams for the corrections to the lowest order 

result for the production of positive mesons are given in Figure 7o The 

diagrams B3 c 0 9 c1 are forbidden since the nucleons indicated as interacting 

with the photon are in the neutron stateo Diagrams involving neutral mesons 

are also omittedo Following Dyson 9
6 we will first evaluate the corrections 

to the basic operators which are inserted into the matrix element represent-

ing an irreducible diagram, and then specialize to the diagrams listed in 

Figure 7o Corrections of the following types appear (~igure 8)s 

Io A nucleon, propagating as a virtual particle, can emit and reabsorb a 

virtual mesono This corresponds to Dysonis vacuum polarization of the 

second kindo The diagram includes nucleon mass and mesonic charge renormali-

zation effects., 

Ilo A meson~ propagating as a virtual particle 11 can produce a nucleon pair 8 

which then annihilate to give the meson againo The diagram includes meson 

mass and masonic charge renormalization effectso 

• 



IIIo A meson 9 interacting with the electromagnetic fieldb can instead 

produce a nucleon pair one of which interacts with the fieldo 

IVc 9 Vo A nucleori. 0 interacting with the electromagnetic field:> can emit a 

v·irtual. meson.. Either par-ticle can then interact with the fieldo This 

corresponds to the nucleon anomalous moment termso Diagrams III, rv~ and V 

include electronic charge renormalization effects .. 

For diagram I:> the correction leads to the replacement of 

l. 
p ~ i 

by 

(55) 

• 
the integral can be e·valuated 9 keeping; convergence by integ.rating to a 

fixed upper limit which will finally be allowed to become infiniteb to give 

J(P) 

where 

,., ~2 (1 
dx [·= _!(l~x) + i] [ lnL = 1] 

}o ~ ~(p2) 
(56) 

(57) 

Following; Dyson we now make the expansion 

J(P) ""U(O)+-P~ ii-R 
. ~~P~)P=O 0 

(58) 

where R
0 

is finite as A 2---7 oo .. Rc is now separated into 

R "' A +: B (J: =i) * (P=i) R ' c ~ c 
(59) 

where A and B are independent of P and R0 n ~ 0 as p2-} =1 and~~ i .. ---
The renormalized J(P) then is 

(P = i)7r2 (1 dx{ix (f.= i) = 2x- (P
2 

;;::::.. )o p2 + 1 
+ 1) (1 = x) cp(=l) 2x2 (1-x)J ( ). 

ln - 60 
~(p2) ¢ (=1) 

(61) 

where the curly bracket is the same as aboveo Now if we use the properties 



o:f ""! to give 
5 

)// t 1 (f - i) - tV t i 0:. +.- ~- i) 
TF 5.- F 5--

""' ·i(2 +.- /'\') "' t-; · F 5 _ 

This integral can be evaluated numerically to give 
. 2 

M4(B1) = -1.26 g 1fG ll&z(B) 
. . 16 

The correction :from this process could also ·be interpreted as a non-

static correction to the magnetic moment o:f the proton. 
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(63) 

For diagram II, Figure 8, the correci;ion leads t~ the': teplacement 

o:f 

by 

Carrying out the indicated spur sum and integration gives :for the_ 

integral 

where 

f (P
2

) = x(l - x) p2 + 1 

_ ~pansion about ·p2 = - t\ 2 gives 

J(~) = J(-1'\2). + J' (-1\2) (P2+/'t2) + Rc 

where 

Application to diagram A1, Figure 7, gives 

M4(Al) ~ ge ~ lfF t -y5 ~ ( -;2~ • g_2 
q-K +.-/'\ 

(64) 

(65) 

(66) 

(67) 

(69) 

'·· 
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Near threshold (q - K)2 +"" 2 2K' 2 = 

Using this·- ' 

M4 (Al) . ~(A) 
_L 2"'2 

-· 
l67T 2 15' 

(70) 

Since K
2
r- 1/40, the contribution from this 

than 1 percento 

For diagram III, replace ·2 e AoP -
by 

g2~ { 9- 4~ sp{Yc 1 A 1 -y _1_} 
(2 7!)4 J 5 .!' +. K- 'i; p +- J( ~ i 5 . .--e - i 

-.--- -.,...-. -
(71) 

The integral, after taking indicated spur sump is 

J(K) (72) 

+ ( 2 - 3x/2 ) . ln ,. 1 • 

[ 

(1 - x) ~ (K) * 2x + 1 [ q, (K) --.. 3 ;.2J J 
2 p (K) . /\2 

where 

</> (K) . = 1,.- x (1 - x) ft 
2 - 2y(l - x) ~ 

and the final momentum P = K + P1 has been taken to satisfy' the relation 

for a free particle 

Subtraction of the charge renor.malization term J(O) leaves the finite 

expression 

J(K) - J(O) = -8 7T2 !:l (1 dx (x dy (2x + 
)o )o · ( 2 

+ (2 - 3x/2) ln c/> {K) } 
~(0) 

Application to diagram A2 , Figure 7,gives 

,M4 (A2). -~ et/e ~(A) 
; - ' 

1 Ct~K) -,~~)) (73) 

(74) 
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where 

Since 1\2-1/40 9 the contribution from this higher 9rder process is again 

less than 1 percento 

Diagram IV 9 Figure 8 9 also gives the anomalous magnetic moment 

terms for a static fieldo The expression to be inserted for such a vertex 

graph 9 with an initial proton/} is 

(75) 

'For an initial neutron 9 the interacting meson has a negative charge and 

this expression changes signo The integral is 

(l dx (x (A [lnX = 3/2] 
)o ) o /}- ¢ (K) 

+ 2y f= (x - y) k..; (l - x).z + il Aoif (76) 
L cp (K) J -) 

where 

cp (K) = (1 = y)rP +·y [1 * (1- y)I2 +·2 IoK (1- x)] 

If one now uses the identity 

and subtrac.ts the term for which K is zero and the nucleons satisfy the 

Dirac equ~tion for a free particle~ ioeo 

v F t <!. = i) = c~ = :t > ri = o 
I 2 = ~ :::. =1 

one obtains the finite expression 

ff dx dy A ln + 2y - Aoi + -2rl )X f ~ [-(x = y).I.. = (1 = x)F it- ij . zt_A_] 
0 0 ·= cp(K) ¢ (K) ~ cp (0) 

Application to diagram B29 Figure 7 9 with~= 0 for the initial nucleon 

at rest and a transverse photon 9 gives 

(77) 

(78) 

(79) 
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where· 

~ g2 /16; {01 dx. (xo dy [-_ _2 __ 2y_2 _ __,_--=-2 
) ) y- +· (1 = y) 1\ 

:0 .. 88 ·i /16tf 

Diagram v~ Figure 8 9 also gives an anomalous magnetic moment term. 

The expression to be inserted for the vertex graph is 

(80) . 

The integral i.s 

2 7} J ~ dx ): dy [ [ ~ .i +- i " YL • (x - Y) ~ t [._ -i - Yk (x - Y) J.) (81) 

+ ya (ln A2f¢ - 3/2)) 

wh~re 

4(K) '"' x +. (1 = x)K 2 
= 2(1 = x) (x = y) ~ + x(l = x) F2 

Subtraction of the renormalization term 9 using 

lfF (F = i) = (I ~ i) 1/r = 0 
~ ri 

and setting K = 0 leaves the finite expression 

(

0

1 
(x (_ [ ~ +- i +. y.F... + (x - y) _1] A [ I = i = y.E_ = (x - y) _r] 

)I dx ) 0 dyl ~ - ;-(;; ~ - -

x2A ~(o) J 
= 43co) +-!.. ln t/>(K) 

Application to the diagram c3D Figure 79 taking~= 09 gives 

M4 (c3 ) = en/e ~(C) 

where 

and 

Mz (c) 

This is equivalent to a magnetic moment interaction for the neutrono 

(82) 

(83)' 
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If we examine these matrix elements~ it is apparent that the 
. 

corrections from diagrams I~ IV 9 a.nd V a.re equivalent to a.n interaction 

by the nucleons with a.n anomalous moment in Bohr ma.gnetons 

proton 

neutron 

g2 /167{2 (o88 = lo26) - -o38 

g2/16u2 (o88 = o32) = -o56 

These results a.re to be contrasted with those of Ca.se 9
5 who also calculated 

,, 
the anomalous moments for a. static field~ using pseudoscalar·meson theoryo 

He found that for charge symmetric theory 9 the anomalous moments were 

proton 

neutron 

o65 g2 /16.,f

=lo61 g2/16~ 

where the notation ha.s been adjusted to agree with that used hereo 

We find therefore that the correction of order eg3 is the sum 

of the contributions from the graphs A1 9 A29 Bp B29 C29 C3o The first 

two give corrections which are less than 1 percent and ca.n .be neglected 

relative to the otherso The remaining correction is 

M4 -· g2/16'Jf [o88 ~ lo26 J ~(B) - g2 /16; [ =o 88 +- o3~ M2 (C) 

= Ool8 g2/l6~ MZ(B) 

Since g2/47f is about 4?!" 9 we see that the contribution from the fourth 

order terms is about one-sixth as large a.s that from the lowest ordero 

The smallness of the total effect 9 however, is due to near cancellation 

of the large contributions from the individual effectso This cancella.-

tion is probably fortuitous and.ca.nnot be expected to be repeated for the 

next order processeso . We also see that the corrections do not affect the 

predominance of nucleon moment interactions» characteristic of the .. pseudo-

scalar theory 9 and.that this is probably true if effects of even higher 

order are'includedo 

v Conclusions 

We have seen that certain features of the process of production 

of mesons by photons are nearly independent of the nature of the coupling of 
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mesons to nucleonsh In particular one can expect through the measurement of 

.the distribution in energy and angle of .photo=mesons at energies above a 

few Mev~ 

lo To determine with some confidence the spin of the meson~ 

through the characteristic behaviour of particles with a magnetic moment in 

the electromagnetic fieldn· The strong energy dependence of the coupling 

of spin,~one mesons to photons has been used previously by Christy and Kusaka
9 

to demonstrate that cosmic ray mesons cannot be of this typeo 

2o To examine the distribution of mesons about the nucleon, since 

if the distribution extends to distances of the order 'h/iJ.c: D one would 

expect that the elec:tric=dipole terms would be predominant in the coupling 

to the electromagnetic fieldo Only if the meson distribution is singular" 

ioeo 9 closely bound to the nucleons" can one expect the interaction with 

the circulating currents of the magnetic moments to become relatively 

importanto 

3o Through a measurement of the plus=to~minus ratio to determine 

the effects of a meson magnetic moment and the nature of the anomalous 

moments for the nucleonso The anomalous moments will be nearly independent 

of the frequency of the electro=magnetic field only if they are c·onfined 

to regions small compared with the wave-length of the radiationo 

The further details of the calculatiOI! made with perturbation 

theory can probably not be accepted quanti ta.tively since higher order 

corrections are not negligibleo For example 9 explicit calculation of 

the higher order effects for the pseudoscalar theory predicts large 

anomalous magnetic moment interactions for the nucleons including correc= 

tions9 as large as the lowest order terms 9 corresponding to polarization 

of the vacuum by the nucleonso The anomalous moments are considerably 

9physo Revo 59 9 414 (1941) 



=30 UCRL-597 

smaller than those which the nucleons .exhibit in a static field and 

different in sign for the proton. The importance of the corrections for 

the pseudoscalar theory appears to be the result of the close binding of 

the mesons to the nucleons 9 which in turn leads to the characteristic 

predominance of the nucleon magnetic moment interactions in the production 

process. Higher order effects» however 9 do not change the general features 

of the lowest order results. There 9 therefore» seems to be ground for 

hope that the lowest order calculations for all of the theories may 

give qualitatively correct results. 

2 The expurimental results obtained by the Berkeley workersD 

although ~till preliminary 9 indicate that mesons of 40=100 Mev produced 

by photons on hydrogen are nearly ~sotropic in angular distribution from 

45=135 degrees in the laboratory system. The cross section for mesons 

produced in this energy and angular range from hydrogen appears to decrease 

slowly with increasing meson energy. The magnitude of the total cross 

section, about 10=28 cm2
9 can be fitted for the theories giving roughly 

isotropic angular spectra at low energies (Figures 3 and 5) with a value 
2 

of the coupling constant~ of about 40 for pseudoscalar mesons and 0.4 for 
47Ttrc 

pseudovector mesons. The mesons produced from carbon show an excess of 

negative over positive mesons in the ratio of 1.7 ~ 0.2 in the energy range 

of 30~100 Mev observed at 90 degrees to the photon beam direction. This 

is in agreement with the ratio given in Figure 1 9 with the assumption that 

the neutron does not interact with the electromagnetic field. However, 

it is not clear that the complications of the binding of the nucleons 

in the carbon nucleus are unimportant. A more detailed study of the 

dependence on energy and angle of the negative=to=positive ratio is being 

carried on at present. 
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These results all seem to indicate that the general features of 

the pseudoscalar meson theory are correct 9 ioeo 9 the zero spin of the meson 

and the close binding of the meson cloud to the nucleonso It is hoped that 

the degree of validity of these conclusions will be indicated as the · 

experimental work is completedo 
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Titles of Figures 

lo The ratio of the cross sections for the production of negative and 

positive mesonso The solid curves are calculated with the assumption that 

the neutron does not interact with the electromagnetic field 9 the dotted 

curveswith the assumption that the neutron interacts with the anomalous 

moment observed in a. static fieldo The energies indicated in this and the 

following figures are the meson enei·gies 9 which are related to the photon 

energy as shown in Figure 9o 

2o Angular distribution of scalar mesons from dK/K photon spectrumo 

3o Angular distribution of pseudoscalar mesons from dK/K photon spectrumo 

4o Angular distribution of vector mesons from dK/K photon spectrumo 

5o Angular distribution of pseudovector meson from dK/K photon spectrumo 

6o Ratio of cross sections for production of positive and negative mesonsg 

vector and pseudovector theoryo 

7o Diagrams for photo=meson productiono Diagrams A9 B9 C are for production 

in lowest order ge~ diagrams with subscripts are for product~on in order 

g3eo 

So Details of higher order correctionso 

9o Relation between meson and photon energy as a function of the a~gle 

of the meson with the photon beam directiono 
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