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The Production of Mesons by Photons
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The production of mesons by photons has recently been accomplished

experiménte.lly,1 and at present extensive experimental work is being dome

~on the problem.2 It has been found that the present experimental techniques

permit the study of the production of mesons by photons with more éccuracy and
in more detail than is pos;ible for production by nucleon-nucleon éollision.
The theoretical analysis of such informetion is also considerably simplified
by the‘hature of the interaction.,. it will be shown that the results depend
very markedly on the nature of the coupling of the mesons t§ fhe electro-
magnetic field, Since brooesses involving such coupling caﬁ ﬁe handled very
well for non-reiétivistid éhérgies By treating the interactions as weak, the
usual methods of perturbation thébry can be applied with someaconfidence to
this éépect of the production procéss. The uncertainties of the nature of
the coupliﬁg of‘mesons to nucleons, which, as is well khown, Iead fo
incorrect prediction of scaftering phenomena; do not sfrongly affect this
pfécess. In fact, the #ery 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 electromagnefic

field,

lMoMillan, Peterson, and White; Science 110, 579 (1949)

ZCook, Steinberger, McMillan, Peterson,‘White; private'communications
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The theory of the préduction of photo-mesons has been studied by
8 number of people,3 with the most cbmpiete work béing the recent contribu-
tion of Feshbach and Lax., The methods used have been those of perturbation
theory in the weak coupling approximation. Effects of the recoil of the
nucleons have been neglected° The results obtained differ markediy for the
various theories, It is not imﬁediately abparent how the chéracteristic
differences are related to the detaiied features of the theories. It is
therefors of interest to attem?f to understand by classical argument,
without reference £o perturbation tﬁebry, some details of the prdcess. It
has further been thought worthwhile to carry out the calculations using the
ne& covariant formelism, eliminating unnecessary approximations_and exhibit-
ing the simplicity of the methods. Finally, the higher'order corrections
in the meson-nucleon interaction have been calculated for the pseudoscalar
theorya using the new‘subtradtidn techﬁiques, éﬁd found to give finite and
unambiguous results.

1 Generai Description

A. Ratio of Cross Section for ?rbduction of Negafive 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
mesonso1 At present this is still the best established experimental fact.

It was ‘pointed out by Brueckner and Goldberger4 that very simple classical

5. Heitler,. PTOCa Roy. Soc, 166, 529 (1938)

- M. Kobayashi and T. Okayema, Proc. Phys. Math. Soc. Japen 21, 1 (1939)

He S, W, Massey and H. C. Corben, Proc. Camb. Soc. 35 84'(_939) and |
‘ 36, 463 (1939) ‘ ]

Ls Nordheim and G. Nordheim, Phys. Rev. 54, 254 (1938)

He Feshbach and M. Lax, Phys. Rev. 76, 13% (1949)

L. Foldy, Phys. Rev. 76, 372 (1949)"' :

4K. Brueckner and M. Goldberger, Phys. Rev., 76, 1725 (1949)
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arguménts ¢ould give an explanation of this result. These arguments simply
pointed out that there is an essential asymmetry in the_producfion of
negative and positive mesons. When the former are produced from neutrons,
the charge-carrying nucleon is the finel proton with large recoil wvelocity.
When positive mesons are produced, the proton is initially at rest and does
not interact through iﬁs charge. ﬁsing the interaction

- = (1)

v e A

° 1= v/c cos O

= 2
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 preduction of

positive and negative mesons

2.
Y (meson)

I (positives) . e

1-v/c co§;3_a (2)
¥V o A
1 - v/¢c cos

1 - v/c cosB

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

I (negatives {meson) +e 5 (recoil proton)
interactions. Using over-all energy and momentum conservation, this ratio

can be written

a (positives) ) [ -8 (1 - v/e cose)] 2 )
o (negatives) Me
where
q, = meéon energy including rest energy
M = nucleon mess
v = meson velocity
6 = angle between meson and photon

t

The dependence on meson energy and angle of this function is given
explicitly in Figure 1,
In this very simple argument, the effects of the magnetic moments

of the particles have been ignored. It is of interest, therefore, to look



e

in more detail at the nature of the interaction, including such effects,
This will indicate what informatioh can be given by a careful measurement
of the negative-to-positive ratio, One can formulate the argument in the
following manners the interaction with the electromagnetic field leading
to the ejection of mesons is of the form |

I = A@S Jy (F1,%) ol SK ‘ ?" “KO’“? aprds | (4)
where i; is the total currént carried by the interécting particles, The |
current can be separated into a curl-free and a divergence-free part,.the
former corresponding to a linear motion of charge and the latter to circulat-

ing currents,

L™ - | . |
o T Tt | (%)
/2

2,1
where N is the relativistic velocity with spacial components ¥/(1-§2)

q the charge, and M is an antl-symmetrlc tensor. The interaction then is

J@v * _&% oK+ T oK) 2104
s . (K - 2 k) 2,
Au (qﬂi_ lMiVKV) e

We can easily evaluate this integral, considering each interacting particle

(6)
dt

separately. If the wave—kﬁgth 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

- ¥t can be given by

v,(Frat) = F(6)§ [Fr - F(s)]
v (t)a [r" - r(t)](l 32)1/2 | (7)

Ky (98 [P - )] ()

i

%v (?’ Dt)
The integral for each particle then is

I - *‘uf ) - 13, (0)15) o) R ORI
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Changing variable and partially integrating gives

I - “uga— [E(s) - il (s)KyJ oS (1g2)l2 (9
- |
Ko(l-fs cos B) : ,

If the interaction tekes place over a time much less than the period of the

radiation, the variation of the exponential term can be ignored. This gives

- - A[A“P“ 7 Y ﬁf“] (10)

KeP

|

where the four=-vector product is

> =
K*P = = KoPo + K e P

and Z&[; ] denotes the change during the interaction,

In this expression for the interaction of the electromagnetic field
with the charges and currenté of the meson-nucleon system, we have not included
the dependence of the meson emission on such factors as the strength of thev
.coupling of the mesons to the nucleons and the spins of the nucleons. - We shall
‘assume that a simple multiplicative factor U gives the spin dependence of the
forces end the strength of the coupling.'>When we consider fhe‘application of
field theory to this process; we shaell see that this actually is so for
'spin-zero mesons, The quantum nature of the process also has not been
considereds We actually need the matrix element between the initial and
final nucleon states of the operaﬁor which we have derived, The interaction
therefore can be written for each particle

> =2
[q‘A”P* uv%‘v] ¥
K

Vel {UA . ? I .
— (11)

s TAG D) 2ruNGTy

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

sections for negative and positive mesons., For simplicity we will teke the
mesons to have spin zero, ise., no magnetic moment, and first assume that

the nucleons interact only in the proton state. When a positive meson is
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produced, the proton is the initial nucleon at rest and so interacts only

through its magnetic moment with the transverse photon,

> ==

A-qgl
I(+) = =-e X gq * ﬁ Fuy (12)

meson 4-momentum -

1

q

I initial nucleon 4-momentum

When a negative meson is produced, the proton is the final recoil nucleon

_?
carrying current e F/m

I(=) = e<z" a _K-F m (13)
- K- -K.)U-_ FF}LV

P = final nucleon 4~momentum

If we now use over-all 4-momentum conservation, we find that

\ —> 2 > >
_.;
A. q - F>=A.q£.;4.
Keq K-+F K°q Ke*F
- > —_ |
and I(-) = B L At < + _IE}I_M»LZ ] : (1)
K-F | K o g 2 Ke1 _i |
= .,.E-..—:.—-I- I(+)

KeF

Therefore, under these assumptions, the plus=to-minus ratio would be

a (+) _ <u>2

g (-) Kol

(15)

[l - qo/Mcz(l - v/c cos@)] 2

This is the same result obtained when magnetic'.moment terms ﬁere ignored
(Equation 3). It is interesting to observe that ‘the ratio of the linear
curfrent interactions is the same as the ratio of the magnetic-moment inter-

actions, so that the plus-to-minus ratio is independent of the values of

1"FTU Y
m = 1#/F‘r UNLVW
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If the nucleons do not interact only in the proton state, but

instead with anomalous moments, we can write

Nhy (proton) = 7p %xu (16)
va (neutron) “Fy Myu | : .

where ¥ = magnitude of megnetic moment of nucleon in Bohr magnetons

B

'Y'P = 2087 . e

. (17)
This gives for the ratio of the interactions
- = ‘ o
- o g tpE) W (18)
1(-) e A°q U §=£_ m_F U
s B ¢ (g - Ry

£ §, 0 = M, U
then the factor U cencels. The ratio of the cross section»éveraged over

photon polarization and nucleon-moment orientation gives

. 2 2
.0- (+) = u . 1 +0 —H‘—
o (=) KeI AN

Therefore, if the interaction is of this type, the ratio of the ‘Cross

H;.~

sections is nearly unchanged by the anomalous moments, slnce 2 2 percent.

This is a result of the predominance of the.coupling of the elgctromagnetic
field to‘the linear motion of charge, i.e.,_éo the-eléctric'dipole formed by
the meson-nucleoh chérgeso | a |

If ﬂg;ﬁ:§‘> i@jff ér what'is equivalent, the magnetielmoment terms

are predominant in the 1nteract10n,
{ .

'EE_QiL | [1 - ZEi:;iﬁ- Mc <} - Z cosé)]

(=) Yp + YN
[1 - ,zo%gz,(l - cos 9)}2 . | (19)»

This functioﬁ is given graphically in Figﬁre'l. It is apparent that; if
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nucleon moment interactions are important, the introduction of a magnetic
moment for the neutron removes much of the asymmetry in -the process
leading to the production of positive and negative mesons, leading to a
plus=to-minus ratio which is nearly ons.

We remark here that we have assumed that, with photons at energies
of about the meson rest energy, the nucleons interact with fhe anomalous
moments observed in a static field. This will be true oniy if the circu-
lating currents which give rise to the anomalous moments are confined to
a region small compared with the wave-length of the radiation. If this
is not true, the anomalous moments will show energy dependenqe and the
values of the static moments cannot be useds |

We have ignored the interaction of the meson magnetic moments.

These could contribute only if the meson were a vector particié, ieee,

_ with spin one. It is apparent thet such interactions are symmetrical'for:

the production of either negative or positive mesons., Therefore strong
meson-moment interactions would give a negative-to-posifive;ratio closg
to one, |

One can conclude that a verification of fhe results (3) would
indicate that the meson does not interact strongly throﬁgh a mégﬁetic
moment and that the neutron anomalous magnetic moment does not'play an
important part in the process. We have seen that thése conclﬁsipns do
not depend on the nature of the coupling of the mesons to the ﬁu§ieoﬁs.

Bs Angular Distribution

If the photon is absorbed by the ejected meson at photon energies
for example of 200-300 Mev, B = v/c for the meson will not be small
compared with one. The angular distribution will show large asymmetry

about 90 degrees due to the presence in the differential cross seotion



of the denominator
1
(1L -p cose)2

(20)

which appeafs because of the retardation effects in the interaction of
charge with the electromagnetic fields However, if thé absorption of

the photon is through its coupling with the nucleon, v/% < <1 for the

nucleon and the engular distribution will be nearly symmetric about 96
degrees. ;One would therefore expect that.the degree of symmetry would
indicate which particle interacts most strongly with the photone.

If the interactions are principally of the form e ;?~ A then,
since the photon field is transverse, the angular spectra must‘fall_off to
zero at O or 180 degrees. Spectra which do not exhibit this behaviour must
be due to magnetic moment-like interactions.

II Principal Features of Various Theoretical Results

The‘calculations, unless otherwise specified, afe for the first
non-vanishing order in which the procéss can take place. The nucleons
are treated as Dirac particles and the effects of their recoil are fully
taken into’accounte The soalar,‘pseudoscalar, veqtér, and pseudovector
theories are considered, using the coupiing; with the ﬁucleqn field which
do not involve derivatives of the meson field.

The spectra shown in Figures 2, 3, 4 and 5 are for mésons
produced by a dK/k photon,épectrumo> This approximates the bremsstrdhlung
energy distribution at high energies which is used in the 1abora£ory to
produce mesons. The relation between the meson and the photon energy, as
a function of angle, is given in Figure 9.

A. Scalar Meson

The scalar meson characteristically shows a dipole angular distri-

butionf(Eigure 2) at low energies which is stfongly distorfed'forwérd at’
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energies above a few Mev by the denominator (Equation 20). This is due to
the predominance of the photon-meson interaction and the‘absence of a
magnetic moment for the_mesono This simple result is quite analogous to
the low-energy photo=electric effect in an atom, since the mesons are
spherically symmetric in distribution about the nucleon, and the photon
interacts relatively weakly with the nucleon. This is in accordance with
the fact thaf thekmeson cloud about the nucleon extends to distances of
the order'h/@cg while the circulating currents associated with the
magnetic ﬁoment of the.nucleon are distributed over a region of order
i/Mc and therefora give contributions which are smg}ler in the ratio(lﬁ)z.
The plus~to-minus ratio from the lowest order calculations is the same as
that obtained by the classical argument, as would be expected since the
nucleons are treated as Dirac particles and the mesoﬁ has.no magnetic
moment interactiono. |

B, Pseudoscalar Meson

The pseudoscalar theory shows a roughly isotropic angular distri-
bution (Figure 3) indicating fhe predominanée of the coupling of the photon
to the magnetic moment of the nucleon. The unimportance of the slectric-
dipole terms in the interaction, i.e., the coupling toAthe linear motion of
charge, is dues to the close binding of fhe meson cloud to the nucleon. The
probability of finding a méson at a distance h/ﬁc, which is the wave-length
of the photon, is relatively small. However, the direct coupling‘of the
photon to the magnetic moment qf the nucleon, preceded or foliowed by the
emission of the final meson, is relatively probable. Examination of the
matrix elements involved in these transitionslindicatés that this Eehaviour
is due to the existence of intermediafe states in which the nucleon under-
goes transitions to negative energy states., For such processes the matrix

elements of the couplings to the electromagﬁetic,and meson fields are of
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the order one instead of v/b for the nucleons. The ratio of negative to
positive mesons given by the lowest order calculation is the same as that
for the scalar tﬂ;oryo

Preliminary experimental results indicate that the spectrum of
mesons 6béerved is roughly isotropiq in angular distribution as predicted
by the pseudoscalar theory. Therefore thié‘theory was seleéted for examina=-
tion of the corrections of higher order in the nucleon-mesbn coupling
constant go This involves another emission and reabsorption of a wvirtual
mésong as indicated in Figﬁre 7o It was hoped that the investigation of .
the corrections would answer questions concerniﬁg the contribution of the
anomelous magnetic moments of the nucleons and the possible lérge effects
of corrections to processes in which the photon is coupled diréctly to the
meson or its associated Dirac vacuum field. Exemination of the effects of
- higher order processes would aiso indicate the probability that the expansion
in powers of gz/éh' 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; thérefore
casting grave doubts on the convergence of the expansion and: the validity
of the application of perturbation methods of this kind.

The largest contribufion tdvthe corrections comes frdm the
anomelous magnetic moments of the nuoieons, Figures 7-Bl,'7-B2'and 7-B3e
The anomaléus moments differ considerably froﬁ those which tﬁe:nﬁcleoné

exhibit in e static field, as calculated by Case.?

Non-statiéieffects occur
in the interaction which decreases the megnitude 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 intéract, with their static

SPhys. Reve 76, 1725 (1949)
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moments, in high energy processes. The actual magnitude of these corrections,
however, probably can be believed only in a very qualitative way,
Corrections in which the meson creates virtual nucleon pairs
(Figure 7=A;), one of which may interact directly with the photon (Figure 7-A2),
give negligible contributions and so do not affect the predominance of the
coupiing of the photon to the nucleon through the Dirac and aﬁomalous moments.

C. Vector and Pseudovector

The vector theory shows a strongly asymmetric angular distributidn
(Figure 4), indicating the predominance of the photon-meson interaction.
This distribution is also peaked markedly forward showing that the inter-
action is due at least in part to the magnetic moment of the meson. The
pseudovector theory shows & nearly isotropic angular spectrum (Figure 5).
This, howefer9 is not.due to the largeness of the nucleon Photon coupling
but to the large magnetic moment interaction of the meson. The.negative
to positive ratio (Figure 6) also refleets the large effects of the'mégnetiq
moment of the spin-one mesons, differing considérably from the result
obtained by ignoring the meson moment. Also vefy characteristic of vector
and pseudovector meson is the rapid increase of the cross section with
energy (Figures 4 and 5). This is due both to the strong enéréy dependence
of the electromagnetic field coupling with longitudinaelly polarized mesons
and to the magnetic moment interactions.

Higher order corrections probably'would not particulafly.affect
these results, since processes involving production of virtual nucleon
peirs by the mesons seem to give negligible contributions., Higher order
processes involving the coupling of the photon to the nucleon and its
associated meson field would give corfections to terms which are already

relatively unimportant in the process,
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II1 Method of Calculation, Lowest Order

The calculation of matrix elements can be greatly simplified by
use of the Feynman=-Dyson methods.® The necessary operators can be derived
by & technique due to Feynmen; the correctness of which can also be demonstrated
by the Dyson methods. The calculations cen also be carried out by the older
methods of perturbé,tion- theory to give exactly the results dérived here,

The meson couplings to the nucleon field that are used are thoée which do
not involve derivatives of the meson field, since these introduce non-
renormalizable singularities in higher ord'er.processves.'

-In the following, the notation used has h = ¢ = 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.-will be under=-
stood to be 4-vector products, with w = '.AoBo + KJB). We also use the
‘notation U =107, with the Dirso matrixes ¥; = ia; B (i = 1,2,3),

74 Bo  The adjoint operator ‘VTis related to the complex cor;jugate by
YT-ay*y,. | |

The equation of motion for the fields are .

‘As  Pree Particles

(p-1)¥ = © |  Dirac (21)

(D-K2)<P = 0 o - spin zero (22)

ﬁ(%éﬁ— 33:) - K24>u= VO | | sp:‘L‘n one (23)
The last evquation cen also be written |

(0 =-x 2)¢y = 0 spin one
with the divergence condition

obu

c?xu -
R P. Feymman, Phys. Rev. 76, 769 (1949)
F, Jo Dyson, Phys. Rev. 75, 1736 (1949)

o : | ~ o (29)




B, Interaction Of Mesons With Dirac Field

(0 -k3)p = gt//TUz/ U = («-1)1/2 scalar (25)
' = ’7/5 pseudoscalar
” %y ) YR |
,aax- ’53'?)“ 2%, - K 6, - gVTUuW (26)
B v
’ U, = ’)’)) vector
=% N pseudovector
The last equation can be Written9 p |
(O-k%3, +(8, ;- 5 P eV y (267)
, 'S
(P -1i)Y= gCPUl[f ' spin zero (27)
= g@UUV _ 'spin one -

Co Interaction With Electromagnetic Field

P#+eh -i)¥ = 0 * Dirac | (28)

%‘L * i.eA\‘; 5}@&: *:ieAp) -Kz:l(P ’= 0 - spin zez.'o _ | (29)

R G i G R R

To order e, these can bs written

(B-1)V = -eAY  Dirac (281)

' (D=/<2)¢ = =20%%§% spin zero ‘ (291)
(D-’K?)%. = DleGA)‘ax% é)p.u ‘spin one (301)

A2 . 2A, ~24
Yoxy  ax, ox, | The

If we consider the direct solution of these equations of motionm,
following Feynmants generalvargwnen’cs, we find the following expressions\'to

be inserted into the Feynman-Dyson diagrams

v

B! FEmission Of a Meson Of gl | spin zero ’ (31)

flomentum P

| ' PP . S L
g (5“2/ *‘r_él_zy_)llu spin one,

polarization v
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C?, Absorption 0Of a v ng Dirac
Photon 2eA° P! spin zero,
| {mo?nentum Pll
o [21\;11_-;95“” - BB - KAy - Ay spin one,

momentum P!

v
initial polarization
final polarization Y

Do Propagation of an Intermediate Particle

" With Momentum P!

1
- Dirac = (33)
_:].:__.
P12 42 boson, mass T

Exponential factdrs of the form 31215 have‘been omitted since after spacial
ihtegrations have been carried out,'they simply give 4-momentum conserva-
tion at each point'of the diagram and for the over-all process,

| _ Using these expressions we can now write down matrix elements
directly, A virtual meson emitted by a nucleon can absorb a bho£0n and go

into a free meson., This is represented by the diagram A, Figure 7,

=1 "
- — in ze
ge Yy [2A:q U b SpRn Eere (54)
1 QJ qg\ ;onqéku*,AA qt +'K;AA+ Auq,] (35)
e - " il A 72 .'
S )Uu (q-K)2 + K 2 V1 %
spin one

The nucleon can emit a real meSQn, going into & virtual inter-
mediate state, and then absorb the photon. The photon absorpﬁion can
also come first, followed by the meson emission., This prdcess is

represented by the diagram B, Figure 7.
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_ 1 .
- , 3
ge VF = Fok-d )WI spin zero (38)

1 \ .
=ge WFT% —— .,6’“,” +_C3{J.2_§2L>UUJ \[’I v spin one (37)
= = N ,

If the nucleons are treated as Dirac particles, the photon can be
absorbed only by & proton., Therefore, this diagram represents the
producfion .of & negative meson. For production of a positive meson, simply
replace I by F and invert the order of the operators,

Combining these two contributions from diagrems A and B, we

obtain for the lowest order matrix element for the transition

- T Al - ;
My - l{/ U ﬁ o1 ZI v 1}/175 spin ze‘roi (38)

B Tt

For negative mesons replace I by F in the bracket. This is of’ the form

(Equation 11) derived above, with the moment tensor for the Dirac field

i, = ° Iu._u__l/y__g._

z aw
‘ {2&1% "“Au5b°K Ku¢°A | Aol
= U : — = _= == !
Mé ge F 2) & goK §)i E{:’]‘; (59)
b2 Fy - I,/ $oa - Arg ek V. eoin
-9, 21k Py \ 2ok | 1 Spin one
For negative mesons replace I by F in bracket and

Uh by - AK T, o - (40)

In these expressions we can demonstrate gauge invariance by

substituting
s 4 __a-A.
Al Yo
= A& + iKlJ‘/\ : (41)
which should leave the matrix element for the transition MZ unchanged,

This is equivalent to showing that replacing Ap. by KP» reduces M2 to zero,

That this is so can be seen by inspection, using

X RA
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If we now specialize to the transverse vector potential, A*I is

zero since the momentum Iu-is along the direction of the photon momentum.

#e then have for the spin=zero mesons

T 8¢ g
M, (positive) = ge U - 42
Ve ¢ Keq  2I°K (42)

U, (negative) =-ge Y @ U [a - ‘'? ?>_' KA }%

= *:;‘Mé (positives)

o]

=
e ]

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

The differential cross section in the laboratory system then can
be obtained from

2

doo = 277\%2‘ Py (43)
where MZ is to be summed over meson and {inal nucleon spins and averaged
over initial nucleon spin aznd photon polarization. The sum over meson
spin can be made easily. If éu’is the 4=vector representing the uirection

of polarization of the meson which sutislies

Gu,qu = 0 - divergence condition (44)
1
€12 + 642 = Zgq, normalization condition (45)
then
r E
5> E€eACeB = —= |ap 229 Beg (46)
. N A Zmmine 2 qO T q°q J
spin I P

Carrying out the indicated sums and averages gives, after simplification

of resulting expressions in the laboratory system, for positive mesons

2 2 =1 2
e 77 1 2ainle - .
g .7 == do _ 9°sin ~)(22 K /2)+ 1 - QK scalar (47)
e 2 K, dg, (g°K) Lok
qzsinze 2 ok
S——=(=K%/2) + 1 - £ , pseudoscalar (48)

(g°K)? I°K
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—L— [(10)? - 3 1K gk + 15/2 (gK)? + 1/2 (goK)° (“-i"—-i> (49)
(9°K) KeI K2

2.:..2 V | ’
L, 9°sin’® &IeK)z -2n? o 4;K2:] Vector

o2 S

For pseudovector, add to vector _
1 2 °K 2 ° 3 2 S 2 i
— | = —_ﬁgjrl” -2 (aeK) L g sin® &
(3°K) [ K 4 v - (%0)

Finally, if we wish to apply these expressions to the caloula-
tion of the spectrum of mesons produced by & photon beam which is the
result of the bfemsstrahlung of energy electrons, we can represent the
distribution of energies in the photon beam by

dx : (51)
¢ () =

where ¢)(K) is a factor, nearly one over the part of the spectfum of interest,
which indicates the degree of departure from the simple é%—distributionj
At a given meson energy, the distribution in photon energies leads to a
distribution in meson angles, with the energies_and anglé related by conserva=

tion of energy and momeuntum

- 2 | | - |
1 -q, +qrcosO :
If
do ' o B S
aq " £ (e, q,) , B _ (63)
then
do 1
4 £ (e, )2 K Bk
dg _da K dafi
_Kg

£ (e
a, -nlf 2y (8, q4)

This spectrum is that shown in Figures 4, 5, 6 and 7, with@ (X) set equal

to one.

7W} Heitler, The Quantum Theory of Radiation, page 170
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IV Higher Order Corrections”

The éerturbation calculations carried out in II are for the lowest
non-venishing order in thewcoupling constants g end e, - The corrections of
ord.erlé3 and higher are coﬁé@ﬁered negligible, which is probably justified
for nonwrelatiﬁistic energies because of the smallness of the expansion

2
parameter-fl= 1
X

o Therefore, only terms of order eg3 are calculated,
The pseudoscalar theory is considered because it gives predictions in
gualitative agreement with the experimental results of MclMillany et al.,l
and Eecause of the simplicity of the theory. Pscudoscalar coupling is
used, which is equivalent to pseudovector coupling in lowest order but
not in the higher order processess The calculations made are for energies
near threshold where the momenga of the particles can be ignored relative
toitﬁe rest energies, |

The possible diagrams for the corrections to the lowest order
result for the production of positive mesons are given in Figure 7. The
are forbiddeﬁ since the nucleons indicated eas interacting_

diagrams B,, G, C

3 1

with the photen are in the neutron state, Diagrams involving neutral mesons
ave alsc cmitted. Followiﬁé Dyson96 we will firszt evaluate the cérrections
to‘thé basic operators which are inserted‘into the matrix element represent=-
iﬁg an irreducible diagram, and then specialize to the diagrams liSted in
Figure 7n Corrections of the following types appear (Figﬁre 8)8A

Is A nucléon, propagating as a virtual particle, can emit and reabsord a
virtual meson. This corresponds to Dysonts vacuum polarization of the
second kinds The diagram inclﬁdes nucleon mass and mesonic charge renormali=-
zation effectss ”

II. A meson, propagating as a virtual particle, can produce a nucleon pair,
which then amnihilate to give the meson againe The diagram includes meson

mass and mesonic charge renormalization effectse
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I1I. A meson, interactiﬁg with‘the electromagnetic field, can instead
produce a nucleon pair one of which interacts with the fielde

V., Vo A;nucleong interacting with the electromagnetic field, can emit a
virtual meson., Either particle can then interact with the field. This
corresponds to the nucleon anomalous moment terms. Diagrems III, IV, and V
include electronic charge renormalization effectSo | |

For diagram I, the correction 1eads to the replacement of

1
g;=»1
by 0 \ :
| 1 e \a®*fy, 2 L O
| E"ig(zmé g 2-1-% & R +k?p -1 (59

the integral can be evaluated, keeping convergence by integrating to a

fixed upper limit which will finally be allowed to become infinite, to give

ip) = 72 (l dx [S_P(lnx) + i:I { 1nL2 - 1} - (56)
0 = o) | |

where

¢(P2) = x (F% + 1) + (1=x)})x 2 - x2 P2 - (57)
Following Dyson we now make the expansion o

J®) = V() + 9 LR, (58)

dPu /P=0
where Rc is finite as,lz—aoo o Rc is now separated into

R = A+ B(P-i) + (P-i) R}’ . - - (59)

where A and B are independent of P and Rc°¥a»o as P2—§~l and P— i,

The renérmalized J(P) then is

., L Jix@-1)-ax- (¥ +1) Q-x)  p(-1)  2a? (1-x)}
P-i)y? dx
(,: ) (o { P o+l (p(pZ) ¢ (-1) (60)

Application to diagram B19 Figure 7 gives

g2 A :
My(B)) = ge WFTys g > ﬁ dx{. } P_l_‘[/ 4> (61)

167

where the curly bracket is the same as above. - Now if we use the properties
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of "'/5 to give

Vel 7s - 1)

i

T .
TR
=i(2 + k) \}/FT ‘/5

ne

we find .

. = 2

My(By) = M,(B) ———liﬂz gl ,dx{ (=1 + x/2) ln,(P(-l) =2 .’Zéllg .X)' j (62)
0 -1)

This integral can be evaluated numerically to give
M,(B,) = =-1.26 —B— I, (B _ 63
R e 2 A ()

The correction from this process could also be interpreted as & non-

static correction to the magnetic moment of the proton,

~

For diagram II, Figure 8, the corfection leads to the replacement

of ' =] '
| Pz *Kz
by 1 5 A
' = & (sp {y, —L— 4
(P2 +n2)% (2m)* f {5i+£-i ° &-ifd £ - (64)

Carr.ying out the indicated spur sum and. integration gives for the.

integral S ’2. o
| 2 L2t 2 A |
J(P®) = =47 { dx | =A%+ ¢ In —— '+ d) : (65)
7)o ¢ ) |
where _ 3 o
d(F°) = x(1-x) PP el | (66)
Expansién about P-2 = K2 gives |
, 2 ' 3 ‘
JFP) = J(=K%) + g (-K?) (PPend) 4 R, (67)
where ‘ | | |

1 2 (1252 (P +r22[
2 3_47,2{ dx{l/Zx (1 - x)* (P rv){l*o(szz)J} (68)

0 1 =x (1 -x)K°

Application to diagram Alg Figure 7, gives

Ly = T : 24°4g a? [ (a -K)* 'H\*z .
M, (&) = Vol v V.
oth) ook %k (g - K)2 + k2 1572 [ 15 J )




Near threshold (q = K)2 sR% = 2K 8
Using this
2 2 ‘
70
Since K?fv 1/409 the contrlbutlon from this higher order process is less

than 1 percent,

For diagram II1I, replace 2 e A°P

by

2
e 1
g 4_Sd 44 sp Vs a —1 1 (71)
(27) Pref-iFresg- 75 7. |
The integral, after taking indicated spur sum, is

1
O “872&1?.{0 dsz dy (72)

(1 “’X)¢(K) +2x + 1 + (2 ~3x/2) [111 Q_(_K.; f—S/ZJ
“ ’ K '

2¢ (x)
where
d(K) = 1-x(1-x)r%-2yQ1 -x) kP
and the final momentum P = K + P! has been taken to satisfy the relation

for a free particle
_Pz -Mvz = 0
Subtraction of the charge renormalization term J(0) leaves the finite

expression

2 1 x 2x + 1
- J(0) = -87° A°p (" ax
709 - (0 ° . §o So <¢(K) <P(o)> (7%)

+ {2 = 5x/§) 1n %%}

T 45 H° AP K*
Application to diagram Azg Figure 7, gives

M (hg) = e'/e Uy(4) - (74)
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where ‘

e'/e = g*/167% 4/3 R
Since hz,,1/409 the»contributiPn from this higher order process is again
less then 1 percent,

Diagrem IV, Figure 85 also gives the‘anomalous magnetié moment
terms for‘a static field, -The expression to be inserted for such a vertex

graph, with an initial proton, is

5 .
SBEe gt gy Ly 240 (I - )
(2"7)4 j ' 5 g_m i 5_ [{I ,,,0)2 +_n2] [(F _Q)Z +'K‘2:l-

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

(75)

this expression changes sign. The integral is

1 X 2 ‘ ) :
2 x n-A~ . * ~x-v1-Q-x)F | il Ae
7 go d SO 5& [1 ) S/ZJ 2y [ 4:171{_) : A-18 (76)

where
VCP(K) = (1 =y +‘Y[1+*(l-='y)12‘+-2;vv;{_(l-x)‘]
If one now uses -the identity _
Aol = %f%i#(%i)éwké QL_‘Z.‘_l_) : " (77)

and subtracts the term for which K is zero and the nuéléoné‘Satisfy the
Dirac equation for a free particle; i.e»
Vel (B=1) = (-0 V¥ = o0
o= B o= -l |

one obtains the finite expression

1 $0) . [+ -yp--xE+i] 22
7?2 x v n + . o] 44—
fo ¢ go v EAA‘“ ! $(x) Zy[ ¢ (x) J Al + ¢ (0) (79)

Application to diagram Bzg Figure 7, with ﬁ:},= 0 for the initiai nucleon

at rest and a transverse photon, gives

y(By) = et/e Up(B) | R (79)
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If we examine these matrix elements, it is apparent that the
corrections from diagrams I, IV, and V are equivalent to an interaction

by the nucleons with sn anomalous moment in Bohr magnetons

praton £2/167% (088 = 1,26) = =038

neutron gz/isyz (688 = 432) ~o56

o

These results are to be contrasted with those of Case,Y who also calculated h
the anomalous moments for a static field, using pseudoscalar meson theorye
He found that for charge symmetric theory, the anomalous moments were

proton 065 g2/16772

neutron  =l,.61 gz/iszz
where the notation has been adjusted to agree with that used here,

3

We find therefore that the correction of order eg” is the sum

of the contributions from the graphs Aj, Aoy B]9 BZ’ 02, C The first

3°
two give corrections which are less than 1 percent and can be neglected
relative to the others, The remaining correction is .
M, = g°/167% [+08 - 1.26] M, (B) - g?/167% [-.88 + +52] 1(C)

= 0,18 g2/167F 15 (B)
Siace g2/4y'is about 47 , we see that the contribution from the fourth
order terms is about omne=sixth as large as that from the lowest order,
The smallness of the totel effect, however, is due to near oancellation ,
of the large contributions from the individual effects. This cancella-
tion is probably fortuitous and cannot be expected to be repeated for the
next order processes., We also see that the corrections do nbt affect the
predominance of nucleon moment interactions, characteristic of the pseudo=
scalar theory, and that this is probably true if effects of éven higher

order are included,

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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where
x

2 ! | 2§2 ¢
o go dxjo dy{yz C @ -pee 76°’J
.88 g2/169%

Diagram V, Figure 8, also gives an anomalous magnetic moment terms,

e”/é

1]

B

The expression to be inserted for the vertex graph is

2 .
g © fdépé 1 A_ﬂ

1 1
(27/)4: .I_mg_m i -/SSZZ T3 (80)

The integral is

1 , - . 3 " - e 3 - _\
2772,{ a (% ay [ E+i+yR+ (x y)i],é:[}g i=yE - (x y);] (81)
0 0 2¢) '

+A/2 (1n A%, - 5/2)3
where

¢ (K) = x+ (1 = x)rvz =2(1 = x) (x - y) FK + x(1 - x) e
Subtraction of the renormalization term; using '

Yp (BE-1) = (I-4)y_ =0
= = I

end setting K = O leaves the finite expression .
'2 1 X [u£_+-i#-yg+ (x»y);;_],_g[;;i-yg;-(x-y)g]_ - (82)
o dx | dy - » =

b. ()

R S 1)
b)) = )

Application to the diagram ng Figure 7, taking A°F = 0, gives

1y (Cs) = e/e M, (¢) | . ~(83)

where

e“/é = 532 g2/1602

and

AONETAF. A |

IR ‘ i

This is equivalent to a magnetic moment interaction for the neutron.
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mesons to nuéleons; In particular one can expect through the measurement of
the distribution in energy and angle of photc-mesons at energies above a
few Mevs

lo To determine with some confidence the spin of the meson,
through the characteristic beheaviour of particles with a magnetic moment in
the electromagnetic field. The strong energy dependence of the coupling
of spin-one mesons to photons has been used previously by Christy and Kusaka9
to demonstrate that cosmic ray mesons cannot be of this typéo

26 To examine the distribution of mesons about the nucleon, since
if‘the distribution extends to distances of the order'h/hc, one would
expect that the electricmdipgle terms would be predominant in the coupling
to the electromagnetic field, Only if the meson distribution is singular,
ioeo; closely bound to the nucleons, can one expect the intéfaétion with
the circulating currents of the magnetic moments,to'bécome relatively
importanto

3e Through a measurement of the plus-to-minus ratip-to determine
the éffects of a meson'magneﬁié]momentxand the naturé of the éndmglous
moments for the nucleons, The anomalous moments will be néafly independént
of the frequency of the electro-magnetic field only if they are>06nfiﬁed
to regions small compared with the wave=-length of the fadiationo

The further details of the caloulation made wWith pefturb;tion
theory can probably not be accepted‘quantitatiﬁely since higher order
corrections are not negligible, For exam§1éD explicit calculation of
the higher order effects for the pseudoscalaer theory predicts large
anomalous magnetic moment interactions fof the nucleons including correc=
tions, as large as. the lowest order terms, cbrresponding to polarizafion

of the vacuum by the nucleons. The anomalous moments are considerably

 SPhys. Reve 59, 414 (1941)
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sméllervthan those which the nucleons exhibit in a static field and
différént in sign for the proton. The importance of the corregtions for -
the pseudoscalar theory appeérs to be the result of the close binding of
the mesons to the nuéleons, which in turn leads to‘the characteristic
predominance of the nucleon magnetic moment interactions in the produciion
procesé. Higher-order effects,; however, do not change the general features
of the lowest order results., There, therefore, seems to be ground for
hope that the lowesﬁ order calculations . for all of the theofies may
give qualitatively correct results.
The experimental results obtained by the Berkeley workers,z
aithough.still preliminary, indicate that mes;ns of 40~100 Mev- produced
by photons on hydrogen are nearly i;otropic in angular distribution from
45-135 degfees in the laboratory system. The cross section for mesons
prgduced in this energy and angular range from hydrogen appéarg)to decrease
siowly wi#h increasing mgsdn energye. The magnitude of the total cross
section, ;bout 10"28 cmz, can be fitted for the theories giving roughly
isotropic aﬁgulaf'spectra at loﬁ energies (Figures 3 and 5) &gth;a value
.of the couﬁling constant-z;ﬁi- Qf about 40 for pseudoscalar mesons and 0.4 for
: c .
pseudovector mesons. The mesons produced from carbon show an excess of
negativerqvér poéitive mesons in the ratio of 1.7 + 0.2 in the:energy range
of SO-IOO‘Mév observed at 90 degrees to the photon beam.directiqn. This
is in agreement with the ratio given in Figure 1, with the assumption that
the'neu%ron does not interact with the electromagnetic fieid.. However,
it is not ciear that the complications of the binding of the nucleons
in the carbon nucleus are unimportant. A more detailed study of the
dependence_gn energy and angle of the negative-to=positive ratio is being

‘carried on at present,

s
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These resul@s all seem to indicgteAthat the general features of
the pseudoscalar meson theory are correct, i.es, the zero spin of the meson
and the close binding of the meson‘cloud to the nucleons., It is hoped that
the degree of validity of thesg conclusions will be indicated as the
experimental work is completed,
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Titles of Figures

1.

The ratioc of the cross sections for the production of negutive and

positive mesons. The so0lid curves are calculated with the assumption

that the neutron does not interact with the electromagnetic field, the

dotted curves with the assumption that the neutron interacts with the

anomelous noment observed in a static field. The energies indicated in

this and the following figures ere the meson energies, which are related

to the photon energy as shown in Figure 9,

Re
3.
bia
5.

S

vector and pseudovector theory.

-t

Angular distribution of scalar mesons frqm dK/K photon spéctrum.
Anguler distribution of pseudscalar mesons from dK/K photon spectrum,
Lngular distribution of vector mesons from dK/K photon spectrum.
Angular distribution of pseudovector meson from dK/K photon spectrum.

Ratio of cross sections for production of pesitive and nezative meson:

7. Diagrams for phcto-meson production. Diagrams A,B, C are for pro-

duction in lowest order ge; diagrams with subscripts are for production

3

in order g-e.

8.
G
of

Detzils of higher order corrections.
Relation between meson and photon energy as a function of the angle

the meson with photon beam direction.
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Production of 77-=mesons in Nucleon=Nucleon Ccllisions



I Iziroduction

A problem of considerable interest in meson theory is the production
of mesons in nucleon=-nucleon collisions., The intimate connection predicted
by meson theory between this process and ordinary nucleon-nucleon scattering
provided an excellent and basic opportunity for testing the fundamental as=
sumptions of meson theory, The_mesén theory of nuclear forces assumes that
777-mesons, found to interact strongly with nuclei, are responsible for the
coupling between nucleons, Since this coupling via the meson field implies
the existence of virtual mesons in the mutual field of two nucleons, it
should be possible, if sufficient energy is available, for virtual mesons
to be materialized as free and observable particles, 4 comparison of the
predictions of the theory with the experimental measurements of nucleon=
nucleon scattering and of meson production should indicate whether this
basic assumption is quantitatively correct.

Experiments are now being carried out a«t Berkeley1 which give inform
mation about the production of charged and neutrél nesons in neutron-proton
and proton-proton collisions., It is of interest to consider in a systematic
manner the theory of the production in order to understand what can be
learned from thése experiments,

The production of mesons in nucleon-nucleon collisions has been
studied in considerable detail by a number of theoretical workers.2 The
most thorough theoretical amalyses which have been made can be divided into
two typess 1) an application of the meson field theory of nuclear forcas
to the problem considered as a third order process, and 2) an attempt to
describe phenomenologically the scattering of the nucleons associated with
the meson emission and only the meson emission itself by meson field theory.

The first method suffers from the well-known failure cf meson theory to



describe nuclear forces in more than a qualitative way andffrom the more
general failure of perturbation theory in the weak coupling approximation
applied ?o_problems in which the coupling is not weak, This method can,
however,;be applied rigorously in the lowest order and with this limi=-
tation gives a logically complete description of the process. Also, be=
cause of the close relation between high energy nucleon-nﬁcleon scattering
v(virtual meson exhanges) and meson production (virtual meson exchanges
together yith a real meson emission), a theory which gives qualité@ively
correcty}ééults for the former process might be expected to be corféct to
& similar approximation for the latter,

The second method based on a more phenomenological approach de=
cribes the meson emission on the basis of field theory but separates the
nucleon-nucleon scattering, which gives the momentum transfer necessary for
over-all energy and momentum conservation, and attempts to describe this in
termélgf the experimentally measured potentials, This method is inadequate
in as far as processes can occur in the meson production which cannot be
described in terms of the scattering proéess preceded or followed by meson
emission. Such processes are for éxample the interruption of a virtual
meson exchange by a real meson emission, These precesses are equivalent
t§ scatterings which take place far off the energy shell, i.e., where energy
and momentum are related very differently from the relétionship for free
/particles. Only if such processes give unimportant contribﬁtibns can the
phenomenological approach be approximately correct. Héwever; if this as=
- sumption is made, the calculation canjbe made, the calculation can be made
in a manner much more independent of meson field theory than is the third
order perturbation calculation,

The rigorous treatment of meson production as a third order process



is complicated by mathematical difficulties in integrating the cross-sections
over the momenta of the final nucleons to give a result which depends only
on the meson momentum, This problem has been partially solved by Cecille
Morette? for pseudoscalar mesons with pseudoscalar coupling who, however,
ignored the effects of the Pauli principle, and so introduced a rather large
error (about 50%) in the cross-section near threshold, Her expressiéns for
the cross=sections also have been averaged over meson and nucleon charges

and so do not separately give the cross=sections for charged and neutral
mesons for neutron=-proton and protoﬁwproton collisions, ©Since these separate
quantities are those which can be determined experimentelly, it is of inter=
est to calculate them. We therefore have in Sectiop 1T coﬁéidered the cal~-
culation of the transition matrix elements on the basis of.rigérous third
order perturbation theory, and obtained the expressions for scalar theory,
psetdoscalar theory with pseudoscalar and pseudovector coublingg and vector
theory with vector coupling, The calculations are made in the center-of-
mass system for energies near threshold where the velocities of the final .

| particles are small, Corrections of the order of vz/cz-for the final nucleons
and meson are neglected, so the results are only applicable for incident nu=
cleon energies of 350 to 400 Mev corresponding to maximum meson energies in
the center-of-mass system of 23 to 44 Hev,

The second method.of calculation, treating the nucleon-nucleon inter-
action phenomenologically, has been carried out by Marshak and Foldyg for
scalar mesons and for pseudoscalar mesons with pseudovector coupling, They
found a zero cross~séction for scalar mesons and a very small cross-section

31

(about 10 °~ at 350 Mev) for pseudoscalar mesons, Both of these results

disagree with the experimentally observed1 large cross section of the order

28

o 2 . s oas .
of 10 cm , however, their treatment suffers from an unrealistic choice
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of the nuclear potentials since they assumed charge independence of the
forces at the large momentum transfers necessary for meson production,
Experimentally, high energy neutron-proton and proton=proton scattering are
qualitatively different. Approximate agreement with the experimental re-

sults at high energy is given by the potentials4

-gNP(l + PX)/Q exp(=4r)/4n-r for N-P scattering, gZNp/Zﬂ': 0479
,gZPP(o* 17/ P //1) exp( 4 1) /477-r for P-P scattering,

& pp/im 7 L0418
where Px is the space exchange operator. The choice of the P-P potential
is not unique; any potential which predicts a very singular and strong
interaction in P states would give approximate agreement with the high
energy scattering., This potential is chosen since it corresponds to pseudo=
scalar theory with pseodovector coupling. Using these potentials it is of
interest to carry out calculations similar to those done by Marshak and
Foldy to see if sufficiently large cross sections can be obtained to ex=
plain the experimental results.

This method is applied in Section III to the calculation of the tran-
sition matrix elements for scalar theory, vector theory with vector coupling,
and pseudoscalar theory with pseudovector coupling. For pseudoscalar coup-
ling, it is possible to generalize the P=P potential to its relativistic
form using the equivalence between pseudovector and pseudoscalar coupling

5

pointed out by Nelson”., The equivalence theorem gives for the potential

the result

2 2
g PP(’?'M&‘) (YS)I(Y 5)2 exp(°WP)/4M
The calculation can then be carried out using this type of interaction.

However, it will be shown that for pseudoscalar coupling, processes occur
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in the production of mesons which cannot be described in terms of a potential
interaction and which give the largest contribution to the matrix element.,
A treatment on the basis of a potential model therefore is hot justified,
For such a theory the ﬁetbods of third order perturbation theory should
give more reliable results., These phenomenclogical calculations are made
in the center-of mass system and are restricted to energies near thfesholdg
ic€ay iess than 400 Mev for the inecident nucleon in the lébbratory system,
An additional important effect which has been ignored in these calcu=
lations must be considered before compariscn with experiment can be made,
In the ordinary approach to the problem of meson production, the approxi=
mation is made of replacing the wave functions of the initial and final
nucleons by plane waves, This approximation is fairly good for the initial
nucleons since it is equivalent to'the use of Born approximation in high
energy scattering, However, because of the large amount of energy carried
off by the meson in its rest mass, the final nucleons are moving slowly,
particularly near threshold., It was pointed out by E.W. Hart and Dr,
Geoffrey Chew that as a consequence of this it is possible, if the final
nucleons are a neutron and a proton, deuteron may be formed, In_additiong
even if the nucleons do not form a deuteron, use of the plane wave ap=
proximation for the final nucleons gives very inaccurate results. In

Section IV these effects are considered and shown to be iniportant°

II_ Third Ovler Field-Thegretic Calculation of Transition Matrix Elegents
The third ordef matrix element may be written down directly using
the methods of Feynman and Dyson.6 A Feynman=Dyson diégram for meson
production is given in Figure 1, Seven additional diagrams may be ob=-
tained for emission of the meson by the three other nucleonsdahd.for

corresponding diagrams in which the two initial or final nucleons are



interchahged. The matrix element for the diagram of Fig, 1 is

1 —
P (£h)? T(a)[w 1 f v Fw Ulfr%) 8@
(pIQQ) Y -iM (Pl', mpz) +‘/b\

12
where U s€%$§‘ofor S(III) and = Xé Juofor PsPs(III);

2
U}; %‘(5,/44 (P, = Py), Yand I}A = Yoo XS//’,(q,V\(,,for Ps,Pv(III);
2 A
\}T}; = I;,,\ 2 Y. for V. V{III); 42“ = 4>>‘§mfor S(II1), PéuPs(III)g and
Ps,Pv(III); and gi'g éz for V.V(III). We use the symmetrical isotopic
. APV . . -
spin notation’ £'71° z £317 + £, T + f315+f4720 Charge symmetry requires

that fl = f, = Jﬁyéfg the use of both £, and fé corresponds to two choices

2 3

of sign for the coupling of neutral mesons to nucleons, since the expec-
tation value of’Té is positive for a neutron and negative for a proton,
while the expectation value of 12 is positive fér both nucleon states,
Thé_seven additional matrix elements can be obtained by various permu-
tations of Pl; Py, PB’ and PA and changes of the sign of gm. 'These matrix
elements are approximately in the center-of-mass system
PP Yy e, v fadn)

where U; = Up = 1, S(III)3 U1, Uy =0- Py /A/wzg Ps.Ps(ITI);

Uy o qe /AN, Uy 2 0 py/MoPs-Pu(ITT)5 Up = 121/ 5 Uy = 1,V.V(111)0
The total transition ma£rix elements given by these expressions, squared

and averaged over the spins of the nucleons are given by the expressions

IIX
in Table I, It is apparent that the results are sensitive to the relative

i % = III/(?.M%«« %) S(III), Ps.Ps(III)
= ¢y /(2 ) (lalz//A ). Ps.Pv(III), V.V(III)
where the values of G6 for the various theories and processes are given

*We shall in what follows refer to the 3rd order computations for scalar,
pseudoscalar with pseudoscalar or pseudovector coupling, and vector
theory with vector coupling as S(III), Ps.Ps(III), Ps.Pv(III), and
V.V(III) respectively.



choice of sign for the coupling of\neutral mesons to neutrons and protons,
since the use of f3 with f£ set equal to Zero corresponds to the‘opposite
choice of sign for the couplihgsy while the use of fl with f3 = 0 cor=
responds to the same choice of sign of the couplings. It 1s interesting

to observe that the only theory which predicts production of neutral mesons
in P-P collisions with a cross section comparable with that for charged
mesons is Ps.Ps(III), For the other theories cancellations occur between
matrix elements corresponding to emission of the final meson by the initial
or final nucleons which make the cross section the order of (U/V/M)2 smaller

than for charged production.
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III Phenomenological Calculation of Production

In this type of calculation, we as;ums that the process of production
can be described by meson emission preceded or followed by the nﬁéleonmnucleon
scattering, This, however, is not quite true since virtusl processes occur
which cannot be described in terms of such a separation. An analysis of the
process considered as teking place'in third order indicetes three basic ways

in which a typical process can teke place. These are

(1) P+ P! +w! 5Pt + Py
(2) P, * Py —{ Py + Pt +w! Pt + P, P, + Pyt W
(3) Py + P! +w! 3Py + Py + w + W

It is clear that the virtual meson (w') exchange in processes (1) and (2) is
analogous to that which occurs in scattering; therefore the exchange can be
repléced by the effects of the potential which predicts the scattéring; However,
in process (3) the real meson (w) is emitted betweéen the emission and reabsorp-
tion of the virtual meson. Such a process camnot occur in the scattering of
real nucleons; therefore its effect cemnot be given in terms of the potential
model. However, it can be shown rather easily that such processes will give a
rather small contribution, et least for theories in which negative energy
states are not importaht for the virtual nucleons. The energy denominator for
‘these matrix eléements is given by

| 1/ (B, - Ey) (Eo = E'p)
where Eb is the total energy and Ef4 and Efy are the energies of the two inter-
mediate states., These denominators are (ignoring negative energy states) for
processes (1) %n&’(z)

1/(By/2 = By =w?} (B, = 2By) = 1/(«/2 = wt) <o

and for process (3)

V(B2 = By = ) (By/2 =w=ct - Esi EJ:l/(‘*’/?mw)(-» w2 - )



Now since near threshold the energy w?® of the virtusl mesons is much larger

“than the energy co of the real meson, these are epproximately ~1/cow? for (1)

end (25; and 1/20“2 for’@jg Therefore the eontribution from proceés (35 is
smeller than the comtribution from processes (15 and (2) in the ratio QJ/?‘dgn
‘Since the momentum of the virtual méson is equal to the difference of the
momentum of the initial and final nucleons which at thre;hold'is aboutb(pMﬁl/z,

' the ratio w/2 w? is ebout l/%(p/ﬁjl/é which is about 20 percent., This contribu-
tion is megligible only if the ratio of the masses of the meson and nucleon is
small; actually en error of the order of 20 percent in the matrix element can be
expected if this term is ignored. A further error arises from the neglect of
negative energy states for the virtual nueleons; however, because of the large-
ness of the energy denominators for such processes, the qoﬁtribution is negligible
for all theories except for pseudoscalar coupling. This case will be discussed in
detail below,

We now consider processes leading from the initial state of two nucleons
to the final state of two nuoleons and & meson. This can take place in two ways,
either through a scattering of the two initial nucleons followed by the meson
. emission, or with the order of these events reversed, We therefore have for the
matrix element
)a?- dzs [‘V*(Zzﬁjﬂ(r,rﬂ)\w ﬂ)]j dr’“[‘}’“ (F,r) s(7,70) Y, (7 9?'5] /EouE*

o f@ @ [1ER sp@R0V @R (@ ST @) 5@V ER ) r
In this expression S; and SII are the potentials describing the interaction of the
initial end final nucleons, H is the operator for meson emission, and E' and E¥
are the energies of the two intermediate states., The energy denominators are
E - B! = Plz/gM - po/ou = Py % o = (B 2 - PB)/u

]
E, - E" = POZ/M - P/ - w
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A, Scalar meson theory, vector meson theory

We shall now consider the case of two initial protons Pl” P, going into
a final neutron Nz, proton P, and positiﬁe meson g, For this case we have the
scattering before méson emission in the P-P potential and the scattering after
emission in the N-P potential. If we teke scalar coupling for the mesom, then
B = At exp(eiger)/(2e)Y/2
The case of vector coupling cen be considered simultaneously éince the coupling
is ‘
B=fArh oy b @)
: e
where 7/ is the 4-vector formed from the Dirac matrices. This coupling is
approximately for longitudinally polarized mesons
227 (3| fu exp (-1§°2)/(2e) /2
if corrections of the order of v/c for the nucleons are :".gpored0 Therefore we
can obtain this result from that for scalar theory by multiplying the ma?fix
element by |Z|/ho
We find for the metrix element for S(phénj*
e (B + F)N) (Br & (B + %)) Xp)
(2c)Y/2(p 2 - P2) (w? + (By + B)2 )

+(2)Y2% g2l = Pyy) (1 ¥2P54 (Xg 2 (g™ X5)

(297 “olu? + (] + B)?)

> P3 or Pgo We can also disregard pz relative to P1 N

We then note that (1&P12)'(1#P345 (™ X3) (X*Xq) =0, Therefore the second

Rear thresholdslP

term of the matrix element vanishes, and the expression simpiifieswto'
2 \fy ¥ j 31/2
= £ gpp (lmplg)(xg °'°P1X1) ()(4*0"°P1X2)/M 51’4 (1) /

vhere we have set Plz/?M - /2 andcu=§gg which are their values at threshold.,

# We shall refer to the phemomenological treatment of ssalar, vector, and pseudo=
scalar theory with pseudovector coupling as S(phen), VeV(phen), and Ps-Pv(phen),
respectively, .
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A similar expression is obtained for an initial neutron and proton going
into two finai'protons and a meson, For processes involving the scattering of two
neutrons, the result depends on the choice of the N-N interaction. However, in the
absence’ of any direct information, we shall assume that this is the same as the
P-P interaction, The resulfs for thése processes are then identical with thoss
given above,

For the production of neutral mesons, the analysis is similar to that
given here, In this case, however, the nucleon charge is unchanged by the meson
emission, and the scattering tekes place before and after emission in the same
poten‘lﬁial° We find that cancellation occurs between the terms representing
scattering before or after emission so that a zero cross-sectién is predicted for
neutral mesons in either N-P or P=P collisions,

B, HPéeudoscalar meson with‘pseudovector coupling

‘The enalysis for pseudovector coupling can be carried out in an eXaa%ly
similar way. Here we have
H = e/ exp(-13-2)/(2 (.;51/2
This gives for the production of charged mesons:
£ 1«»?125 (gPPZ (X5* o= eqo-oP1 XXX, "o P 4,)/u? S L#lfz;gij (X34<=7'° aX) X G/ e (e }1
For neutrsl mesons from N-P collisions, we have the matrix element
s £4(1-P15P5a) (X aXp) (X )/ 2y

and for P~P collisions the result is again zero,

/%

C. Pseudoscalar meson with pseuddscalar coupling

For the case of pseudoscalar coupiing,'we have

= P )/5 exp (-1F:%)/(2 6‘)51/2
We shall now use the relativistic generalization of the PnP potential, which
is

“gi:pzv(‘?i\ﬁ/ujz 05, ), exp (=pr)/a Tr
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Since negative energy stétes are important with this form of interaction, we
must reconsider the energy denominators in their relativistic form. If the
intermediate mucleon is in a negative energy state, its energy is approximately
equel to the negative of its rest mass, and we have for the energy denominators
for processes (1) and (2} approximately L/?Mz and for process (3) -1/2Mt. We
also mnéﬁléénsiéer the behaviour of the matrix elements describing the emission
and reabsorption of the mesons. For tramsitions between positive emergy states,
()gj (7;5;’61/652 where v is the velocity of the nucleons. For transitions |
to end from megative energy states, (7j) (7¥5) is about 1. Combining these
results we find for the approximate magnitude of thé matrix elements

" Processes (1) and (2} Z(V/%)Z/Znﬁéi/bmu?(M/M)l/zVE 040/2M & (trens-
itions to positive energy states)

Process (3) 1/2M«*  (transition to negative energy state)
We sée therefore that near threshold we cannot meglect the nonm=potential like
terms corresponding to process (3) with the virtual nucleon undergoing transitions
to negative emergy states, since. they give fhé largest contribution to the matrix
element, We must refer to the third order perturbation theory results for a
more adequate description of the process for the anomalous case of pseudoscalar
coupling,

Do  Summary of results for phenomenological calculation

The squares of the magnitudes of the matrix elements given by the

epplication of the phenomenological method to the meson production problem ars

given by
2 _ 46 2.5
H, fl = G hen /21, S(phen)
= (Gghen /228y g2/ PsoPv(phen), VeV (phen)
where the values of Gghen are listed in Table II. A comparison of these results

with those obtained in Section II by the third order cslculstion for the pro=

duction of charged mesons is given in Table ITI. It is apparent that the results
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_obtained by these two methods are approximately equal for not unreasonsble
choices of the coupling constants. The use of symmetric theory in which

f = £5 end £, is set equal to zero, however, would predict a zero cross section
for”S(iII) end VeV(III). It is certeinly not necessary, however, that such a
choice of the coupling constants be made,

IV. Effects of interaction of Final Nucleons

For simplicity we restrict ourselves to the case of two initial protons
léading to & final neutron, proton, and positive meson. In the calculations
described in Sections II and III, we have made the approximation of representing
‘the wave function of the final nucleons by plane waves. This is equivalent to
using the Born approximation to describe the nucleon-nucleon scattering. How=
ever, neer threshold where the final nucleons have low energies, the scattering
into these final states is poorly represented by the Born epproximetion spplied
' to the potentials. The calculations can be done in a more satisfactory way if
the actual wave function of the final nucleons is used. Wé_can then resolve
this into plane waves by the relation

\VF(r) = [“k exp (iker) ak
where

=Xk

1/@1)° [V () embi?) a2

The calculations which we have made can then be considered to represent one of

the Fourier components of this momentum distribution, We can represent the

transition matrix element which leads from the initial state to the final state

in which we have plane outgoing waves of relative momentum byaMif(ﬁ). The

trensition matrix element to a state \Vf(?) then will be given by the expression
ﬁif = f'aﬁ % Myp(2)

If we wish further to separate the final state into singlet and triplet spin states,

we must consider separately the matrix elements of'Mif(E) leading to these spin

States.



If we insert the definition ofO(k, we have
3 RV 2N
H.=1/(27) f{ aPaR exp(-iRe?) yfF(?) Mif(xz)
Now if we define .
/(27 )° f i exp(-iB+?) M,f(k') =W, o (F)
i
then we have for the matrix element

’ Vﬁtgave'raéer) M'if () o

= V/F(.?a.verage”) 'Mif(O)
where VFI‘(?avﬂ)ﬁ is the value of the final wave function et an average value of Te
This separation can be made more acceptable if we note that M'if(?) must be
large 'oniy for ¥ 6on'si'<'i'erab1y less than the range of the forces since the
large momentum transfers necessary for meson production lead to a rather
singular form for'M'if(ﬁ?). Then, since for low energy nucleons, VfF(?) is
slowly verying over a region of the size of the meson Comptdn wave 1ené‘bh,
the result wi-ll not be sensitive to the particular value of ?.'av’ as ‘long as
?av is ébnsi&erably less than ‘ﬁ/p.c. The author wishes to thank br. Geoffrey
Chew for sugge's"'bing the possibiiity of such a simple separation of the effects
of the interaction of the final nucleons.

‘This simple result can be applied to the problem of interest. If we
wish to calculate the probability that a deuteron is formed, we can take the
expectation value of the transition matrix element Mif(o) between the initial
state of arbitrary spin and the final triplet state, and multiply this by the
deuteron wave function evaluated at ?av° Similarly, if we wish to include the
effects of the interaction of the slowly moving final nucleons in a singlet or
triplet étate, we multiply the apprbpriate values of the matrix elements by the

singlet or tr'iple‘b weve functions evaluated at ;avo We shall use the approximate

wave functions for a square well? of range 1.55x10°13cm, *Eriplet depth Vt of
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52,9 Mev, singlet depth'V; of 41,1 Mev, This gives simple analytic expressions
for the wave functions of the deuteron and of the unmbound system of neutron and
prbtbn'of low relative momentum. The use of this non-singular potential may
underestimate the magnitude of the wave functions for small separations; however,
the results will not be qualitatively incorrect, The approximate wave functions
are :
g 6 = s e (e )Y
Ve ) = sin(uey, - 20)%)/r (e , 4™

where Eé, éi; are the singlet or triplet binding energy (in magnitude) and
Efiis the energy of the final nucleons. The magnitude of these wave functions
is quite insemsitive to the choice of'?;v for'?av less then H/uc; for simplicity
we shall evaluate them at ?av equal to zero. We then have

¥y ©) = ()% (e yoseny””

Vo ©) = (T, +5)/(E4,0 + 2D
It is epperent from these resalts that the value of the matrix element is
considersbly increased by the factor VfF(O) near threshold, where the final
nucleon energy Ef is considerably less then the well depth of about 50 Meve.
The factor

(V0 E)/(E, 4 + B)
only approaches one for Ep>>7T; this condition is not satisfied until the
incident nucleon energies are the order of a Bev. At 350 Mev where the final
nucleon energy varies from O to about 25 Mev, this factor varies from about 2
to 25 for the triplet state and from 2 to about 600 for the singlet states.
This has the effect of reising the cross section by a factor of about 3 or 4,

The effects of the intersction of the final nucleons therefore clearly are

iarge and cannot be ignored,
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Vv Calculation of Differentisl Cross-Section

We shall consider the specific case of production of positive mesons
in P-P collisions, The gemeralization to other cases can easily be made, To
the spproximation used in these caléulations, the differential croSs.section
in the center-of-mass coordinate system for the production of two nucleons and a
meson in a nucleon-nucleon collision is given'ﬁy fhe'expressioﬁ

do-/dandr =2(2)wnfu('T(Tma:r))1/ 2( Hif[ 2 Sam)ow
where T is the meson kinetic energy, T, is the maximum meson kinetie energy,
ahd:Hif is the transition metrix element including the effects discussed in
Section IV of the interaction of the final nucleons, Using the results of
that section, we can write
H . 2 I}It(?-=o),Mi- JE(o') (triplet) " ‘st(?;o')mif(o')(singlet')’ 2

where Mif(é)(triplet) is the transition matrix element to a triplet state calcu~

lated in Sections II and III, evaluated at zero relative momentum for the final
nucleons, similarly for Mif(d)(singléf), Substituting the values for the wave
functions, this becomes (setting Bp =T = ) _
do-/andt —-z(z')l/zmz (T(T aT))l/Z(IM (0) (triplet)|®(v, + T = T)/(E, + T = T)
4 = r{T{Iy ip S P g ¥ - Ty + Ty
* IMif(O)(s1ng1et)| (Vé T = T)/KZS + T = 7))
The values of M, f(O)(triple‘t) and Mif(o')(singlét') are given in Table IV. The
relation between the constants G?II and Gghen end the coupling constants f, f£xs
andlf4 is given in Tables I and II.
"The total cross section then is (dropping small ferms:hng/ﬁh and
E/V)
2('2')'1/2 1y 12 \1/24
= (| 0(0) (triplet)|” (1/4 + V /T, (1 - a(gt/irm) )

(4m)3 .
|Mi f(O)(51nglet)l (1/4 + Vs/Tm(l z(as/mm) )) (znT,)
We can now use this cross section ignoring the possibility of deuteron formation

o estimate the values of the coupling constents. If we assume a cross section



ot 350 Mev of 2 x 10”20

cm? with the corresponding maximm value of the meson

kinetic energy in the center-of-mass system of 24.8 Mev, the corresponding
o 6 . <3 6 \3 . . :

values of the constants GIII/(47) and Gphen/(4n) are given in Table V. The

values of the coupling constants £, £, and f’4 calculated from these values

73
of G?/(4753, by the relation given in Tables I and II are given in Table VI.
For compafison the values of the coupling constants adjusted to agree with
the magnitude of P-P scatbering at 350 Mov— (sbout 25 millibarns) are also
given, It is apparent that the coupling constants predicted by these two
processes, meson production and high‘energy scattering, are well within the
semie order of magnitude. Conversely we can conclude that any of the 3rd order
or phenomenological results can correctly predict the order of magnitude of the
meson production cross section, for not unreasonable choices of the coupling
constants,

. Finally we must consider the additional process which can contribute
+0 meson production, the formation of & deuteron and a meson in a proton=-
proton collision. The cross section can be calculated easily; we have

do-/an = | ,(0) (triplet) ¥ (r = 0) |- vauf 2 P,)

1]

: ‘Mif(o)(triplet)lz 4:(2.)1/2 (ngt')l/z v, Mzu/(47f)5
Uéing the values of the matrix elements given in Teble IV the cross sections
are

do/fan= <G§II,phen/4 N (’hn/p’)s/ ? 6,66 x 107

(62 /4 7y (T n/g-)‘l/ 2 2.22 x 10°26 on? Ps*Ps (III)

26 on®  PsePv(III), PsePv(phen)

At 350'Mev, using the values of the constents G?/47r given in Teble V, the total

cross sections for formation of a deuteron and a meson are
o~ = 5,23 x 10728 ¢ 2 Ps?Pv(Ilijg'PS°Pv(phen)

28

2.57 x 107°° om® Ps*Ps(III)
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These cross sections are sbout the same size as those in which the final nucleons
are not bound (assumed to be Z x 10n28 cmz)o

The differentisl cross sections at 350 Mev for proton~proton production
of positive mesons are given in Figs, 2 and 3 for scalar theory and pseudoscalar
theory with pseudovector coupling. For comparison the cross sections obtained
when the Born approximafion was made of treating the final nucleon wave functions
as plane waves are also given (dashed curves), The very striking effects of the
interactions of the final nucleons are obvious, The variation of the total
cross sections with energy is given in Table VII, including the contribution

to the cross section when a deuwteron is formed. The normalization is again

to a total cross section of 2 x Il.O"'28 cm2 at 350 Mev for the production in which

the two final nucleons are unbound.

V1 Conclusions

The experimental results of the Berkeley workers1 indicate that the
ecross section per nucleon for protons bombarding carbon is sbout 2 x 10720 en’
for both charged and neutral mesons. For protons bombarding free protons, the
cross section is about the same for production of charged mesons, but appears
to be perhaps an order of magnitude smaller for neutral ﬁeson.productiono It
is appagent from the résults of Sectioms II, III, and IV that the relative size
of these cross sections is predicted successfully only by the third order and the
phenomenological results for pseudoscalar mesons with pseudovector coupling,

Ihe phenomenological result for scalar snd vector theory fails in that a zero
cross section is predicted for production of neutral mesoms in N-P collisions,
The third order result for pseudoscalar theory with pseudoscalar coupling is

of the right order of megnitude except for neutral mesons produced in proton=

proton collisions, where a cross section is predicted comparsble with thet for

charged mesons, in contradiction with the experimentel results The 3rd order



4,0

result for scalar and vector theories is peculiar in that the cross section for
neutral mesons vanishes for neutron-proton collisions and also vanishes for
charged mesons if £2 is taken equal to 1/2 fsz (see Table I) corresponding to
the use of symmetrieal theory., It is interesting to observe that a small
cross section is predicted for neutral meson production in proton-proton
collisions by all of the theories except pseudoscalar theory with pseudo-
scalar coﬁpling; It is somewhat question&blé, however, that such cancella=
tions as those which appear in these calculations are to be quantitatively
believed since it is possible that higher order virtual effects would remove
the cancellation which appears in lowest orderso

The phenomenological calculations for pseudovector coupling are
successful in predicting a sufficiently large cross section for agreement with
experiment because an unsymmetrical choice of the neutron-proton and proton-
proton potentials was made, The calculation made by Marshak and Foldy used a
symmetrical interaction and cancellations which ocecurred reduced the cross
section by 2 or 3 orders of magnitude., It is not necessarily true, however,
that all symmetrical theories would give a similar result., A theory whith
while symmetrical could also predict the high energy nucleon-nucleon scattering
would presumebly give the same general features as the potential models used
in these phenomenological calculations, It is interesting to note that fhe
use of symmetrical theory in the third order calculation does predict correctly
the general magnifudes of the cross sections for pseudovector coupling buﬁ
gives zero cross sections for scalar and veetor theory.

The experiments of meson production by protons bombarding free protons
provide a good opportunity for verifying the detailed predictions of the
differential emergy spectra. The experimental results of Cartwright, et al,

are shown in Fig, 4 in comparison with the predictions of pseudoscalar theory
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with pseudovector coupling, It is apparent that agreement with experiment can
be obtained only if the effects of the interactions of the final nucleons are
teken into account. The predicted fine structure of thé high energy peak
fesulting from the deuteron formation cennot be resolved with the present
experimental deta; presumsbly en improvement of experimental techniques will
meke it possible to test this prediction of the theory.

The author wishes to thaﬁk Professor Robert Serber and Dr. K. M,
Wetson for many interesting discussions of the theorstical resulﬁs derived
in this paper. He also wishes to thank the experimental workers at Berkevley
for continuous information about the preliminary results of their work, and

for aid in interpreting the experiments.
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"Values of G

Table I

for production of charged mesons and neutral mesons

of type 3 (coupled through T3) or of type 4 (coupled through T4)o

S(II1), V.V.(III) Ps.Ps(III) x po/16M°  |Ps.Pv(ITI)x(it/u)?
e , - - .
xp |75, 7| £2(2% - 1/2 £,2)2 | £2(£2 + 1/2 f42)2 £2(22 x 1/2 fsz)
e 5% 575 3
77 (3) 0 8z (fs - £, ) 8f fs
07 as 2.2 L2 . A
22 (4) 0 82, 2((£,° - £,7)° + £%) 0
. e » o F I —
P-P | ot |eP(e? - 1/2 1‘32)2 202 (304 - £21,%+ 3/4 f’;‘*).f. £2(£% + 1/2 f32)2
0 2¢0 2 2 2
¥ (3) 0 | 16f, (f3 + £, ) _\ 0
~ 2 3
7°(4) 0 16£,2(£5° + ff) 0

Values of G6
Aot phen
of type 3 and type 4.

Table II

for production of charged mesons and neutral mesons

S(phen), V.V.(phen) Ps.Pv(phen)
Charged £ (W gip)z £2 (W g2, + g5n)
N=P 7°(3) 0 2f52(g§;)2
77°(4) 0 0
P-P 7°(3) 0 0
770(4;’) 0 0
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Table III

Ratio of 3rd order %o phenoménological matrix elements for production
of charged mesons.,

Scalar, vector

Pseudovector coupling

(£ - 1/2 £ ) /am)/ 266)?

(G2 * 1/2 £,0)/a )/ 119)°

Table IV

Values of square of magnltude of tran51t10n matrix elements, for P-P
production of positive mesons, evaluated at zero relative momentum for

the final nueleons, leading

ginglet and triplet spin state. All

are to be multiplied by 1/? B e

S(111) [S(phen) | V.V(I1I) | V.V(phen) Ps.Ps(III)Fs.Pr(III){Ps.Pv(phen)

L 2 6 L8
IMif(o)(trlplet)l_ 0 0 0 0 /3 Grr1 Prrr2/i (65, 2Tm/u
o) isineioti| 2| @b.. | g8 6 6 6
IMif(o)(51nglet) 611 | Cpnen G272/ GphenZTm/h 1/3 Gl 0 0

Teble V

Values of the constants GIIL/47' and G hen/4°r to give a“total cross

section at 350 Mev of 2 x 10~28

cmz

neutron, and proton in a proton-proton collision,

for production of a pos1t1ve meson,

62/47r

S(11I), S(phen)

VuVo(III), V.V.(phen)

Ps.Ps(III)

Ps.Pv(III), Ps.Pv(phen)

0268

0379

298

«453
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Table VI

'Values of the coupling constents f,fz, and £ given by Tables I, II,
and V, and also as predicted by P=P scattering at 350 Mev,

Meson Production

P-P Scattering

.2 9 2.2 ,,1/3 2 )
s(111) (£ (£° - 1/2 £, YY) /ar = .268 (f5 * £, V/4z= 2283
S(phen) £7/47r = 273
. 2,2 _,  2.21/3 2 2 |
VoV. (III) (£ - 1/2 fs YY" /4 = 379 (f3 + £, Y/ A= .283
 V.V.(phen) |£%/47 = .540
. ‘ , 9. 4.2.1/3 2
Ps.Ps(III) (fz'(3f4 - f2f42 + 3/4 £,) ) / Jhy=3.79\¢ [47r _6
o 2. : 1/3 .
Ps.Pv(III) | (¢ (fz + 1/2 fgz)?‘) /4= .128 (fs?‘ T 42)/477=.o41e
PsoPv(phen) | £2/47= ,167

’Variation with energy of total cross se
tion in P-P collisions, in units of 10

Table VII

(€111 PN

Sgign for positive méson produc-
2, The columns headed

Unbound are for production 1éading_to’a neutron, proton, and meson;
those headed Deuteron are for production leading to a deuteron and a

mesole
Mev Scalar Vector Ps.PSe _ Ps.Pv.

’ Unbound Unbound Unbound Deuteron Unbound Deuteron
290 0 0 0 0 0 0
325 1.10 0.64 0.83 2,05 0.35 2,64
350 2,00 2.00 2, 00 2.57 2,00 5.23
375 3,08 4,51 3,48 3.07 5,16 8.89
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Figo 2

Fig. 3

Fige 4

Feynman-Dyson diagram for meson production by nucleon=nucleon

collisions in lowest order. The solid lines represent the
nucleons, the dashed lines represent mesons. -

Differential cross section at 350 Mev for production of positive
scalar mesons in proton-proton collisions, The solid curve ine
¢ludes the effects of the interactions of the final partlcles,
the dashed curve is the result of the calculations using Born
approximation throughout,

Differential cross section for production of positive pseudo-
scalar mesons with pseudovector coupling in proton=-proton col=
lisions. The delta function representing deuteron formation
is averaged over a 5 Mev emergy interval,

Comparison of the experimental results of Cartwright, et. al.,
for production of positive mesons by 340 Mev protons bombarding
free protons. The curve is in the laboratory system for mesons
produced in the direction of the proton beam,
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