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were made on the oscilloscope of a video type microwave
spectrometer. Relative line frequencies were measured
with frequency markers derived from a stabilized
microwave oscillator. We plan to measure the magnetic
moment of P". In view of the decreased magnitude of
Q and the same spin as It" it will be interesting to see
if the magnetic moment decreases. '

The I'" was obtained from the isotope production

division at Oak Ridge National Laboratory. YVe wish
to acknowledge the help of O. R. Gilliam in the early
phases of the work.

1Vote added irt proof: I—n later work the E= I,
F=9/2~9/2 and the It =2,'F=7/2~7/2, 7/2 —+5/2,
7/2~9/2 lines were seen at frequencies in good agree-
ment with those calculated from the parameters of
Table I.

PH YSICAL REVIEW VOLUM E 92, NUM B ER 5 DECEMBER 1, 1953
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A perturbation study of the photoproduction of 71--meson pairs by gamma rays incident on protons is made
for both pseudoscalar and pseudovector coupling. Expressions are derived for the possible cross sections
assuming the nucleon is infinitely heavy. The eGect of first-order nucleon recoil on the (7I.+, ~ ) cross
section, assuming pseudoscalar coupling, is considered. Curves illustrating the results are given. The possi-
bility of obtaining information on the type of interaction operative between mesons and nucleons from a
study of the pair production cross sections is discussed.

INTRODUCTION

A LTHOUGH the pseudoscalar nature of the m meson
has been more or less definitely established, ' the

question of the coupling between the meson and nucleon
fields remains unanswered. It is well known' that the
pseudoscalar and pseudovector interactions give iden-
tical results to lowest order in the coupling constant
provided f= (235/tt)g; where f and g are the pseudo-
scalar and pseudovector coupling constants respec-
tively, and M and p are the nucleon and meson masses.
Assuming weak coupling theory to be approximately
valid we must, therefore, study processes which do not
proceed in lowest order of the coupling constant in
order to gain insight into the type of interaction
operative between mesons and nucleons.

Kaplon' has investigated the cross section for the
production of m mesons in nucleon-nucleon collisions.
His calculations indicate that the differential cross
sections for the production process diGer when the two

types of coupling are used. However, aside from the
assumption of weak coupling theory, the interaction
between the two final state nucleons is neglected and
consequently one cannot draw quantitative conclusions
from the calculation.

*Assisted by the joint program of the U. S. Office of Naval
Research and the U. S. Atomic Energy Commission, and by the
0%ce of Scientific Research, Air Research and Development
Command.

' R. E, Marshak, Meson Phyics (McGraw-Hill Book Company,
Inc. , New York, 1952), pp. 1—201.' F. J. Dyson, Phys. Rev. 73, 929 (1948); L. L. Foldy, Phys.
Rev. 84, 168 (1951);G. Wentzel, Phys. Rev. 86, 802 (1952); S. D.
Drell and E. M. Henley, Phys. Rev. 88, 1053 (1952).

3M. F. Kaplon, Ph.D. thesis, University of Rochester, 1951
{unpublished). Details of the calculation are given by R. E.
Marshak, reference 1, p. 47.

This latter di%culty is partly obviated when we
consider the photoproduction of m-meson pairs by
gamma rays incident on protons. 4 It has been shown'
that in the low-energy region the (sr+, or ) and (~o, m')

cross sections for pseudoscalar coupling are considerably
larger than those for the pseudovector interaction. On
the other hand, the (or+, wo) cross section has approxi-
mately the same magnitude when either type of coupling
is used. In this paper we shall investigate the possibility
of obtaining information on the meson-nucleon inter-
action from a study of the photoproduction of meson
pairs.

(as+, es ) PAIR PRODUCTION

A. Pseudoscalar Coupling

Assuming pseudo scalar coupling, the interaction
energy between the meson, nucleon, and electromag-
netic Geld is written as'

Z= IItdr+ Ifsdr+ Hsdr,

where
IIt=iffysr (fr f,

( ~A ~4ti—A"E ax„ax„& '

Hs= ieger„A„r—,g,
4 The possibility of a strong attractive interaction between the

emerging ~ mesons has been pointed out by K. A. Brueckner and
K. M. Watson, Phys. Rev. 87, 621 (1952).' R. D. Lawson and S. D. Drell, Phys. Rev. 90, 326 (1953).

Throughout this work the system of units in which tIg=c=1
will be used. The fine structure constant in our notation is e' /4n-

and the meson-nucleon coupling constant is f /47r.
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and p is the nucleon field strength; g=ip*y4, @ is the
meson field strength, a=3 describing neutral mesons;
r, is the isotopic spin operator with rv=~(1 —r3);
A„(v= 1—4) refers to the electromagnetic field; and the
gammas are the usual Dirac matrices with y5

——y~y2p~y4.
The Feynman diagrams to order ef' for the process

y+~p'+ir++ir are shown in Fig. 1. The effective
S matrix for the process is calculated by the usual
methods~ and yields

P

ief—'e„5(pi+K p2—k~—k—) k+vk QQf +gal j

k „k+t,u~),N; k iu~), (2pi„+p y„K )u;

(k K)(k~' —2pik~) 2(piK)(k '+2p2k )

$(2m.)'2E,~(k~)(o(k )j' (k+K)(k '+2ppk )
P

FIG. 1. Feynman diagrams for the process 7+p—+p'+x++m=
assuming pseudoscalar coupling.

kyAr(2p2v vv7aKa)7)Ni

2 (p2K) (k~' —2pik+)

mesons is from 140 Mev (their rest energy) to an upper

(2) limit of 154 Mev. Carrying out the integration of Eq.
(3) numerically we find

where k+, k, and E refer to the energy-momentum four
vectors of the m+, x and gamma ray respectively; I;
and NJ are the Dirac spinors for the initial and final
nucleons whose energy-momentum four-vectors are pi
and p2., ur ——ur y4, e is a unit vector in the direction of
polarization of the gamma ray; and all products are
understood to be four-vector products. The order of the
terms in Eq. (2) is the same as the order of the Feynman
diagrams in Fig. 1.

In the extreme nonrelativistic limit for the nucleon,
M—+~, only the 6rst two Feynman diagrams are
important. In this approximation the differential cross
section as a function of &v(k ) is

where

da 8
I

g' q
'

t 2M' 'k k+
4~+&),

Cko(k ) 137 &4ir) & p ) v,'E,'

cv(k~) t' (o(k~)+k+)
ln

I
—2,

k+ & a& (k~) —k~ )

cu(k ) f co(k )+k )
k E co(k) —k)

(3)

and for convenience we have set

f= (2M/p)g,

where g is the coupling constant in the derivative
coupling theory.

To find the total cross section we need only integrate
Eq. (3) over the energy range of a&(k ). For 400-Mev
incident gamma rays in the laboratory coordinate
system, the energy E„in the center-of-mass coordinate
system is 294 Mev. Thus on the basis of a strict no
recoil approximation the energy range of the emitted

'F. J. Dyson, Phys. Rev. 75, 486 (1949); R. P. Feynman,
Phys. Rev. 76, 749, 769 {1949);G. C. Wick, Phys. Rev. 80, 268
(1950).

fg2 $2
~=2.3X10 '~ —

~
millibarns.

&4)

In view of the small energy spread it is necessary to
look more closely into the kinematics of the process
since any kinetic energy carried by the nucleon could
easily affect this energy interval by an order of magni-
tude and hence materially change the cross section.
The kinetic energy of the initial proton in the center-of-
mass coordinate system is easily found to be 46 Mev.
To calculate the energy carried off by the recoil nucleon
at the upper end of the spectrum we use the laws of
conservation of energy and momentum,

E,+pin/2M=co(k~)+a)(k )+ (k +k+)'/2M, (6)

and assume that the upper end of the m spectrum is
defined by setting ro(k+) =p in Eq. (6). Under this
assumption the kinetic energy of the recoil nucleon is
9 Mev. Thus, according to this reasoning, the energy
spread of the emitted mesons would be from ~(k ) = 140
Mev to ~(k )= 154+46—9= 191 Mev. One would

certainly expect the numerical value of the cross section
to be closer to that observed if in some way the energy
range of the emitted mesons were made close to the
experimentally observed range. For this reason, in the
no-recoil formula, Eq. (3), let us set co(k )+co(k+)
=294+46—9=331 Mev. In this case the energy limits
are at least almost correct. ' The total cross section is
then

o.„,(ir+, ir ) = 1.15(g'/4n)' millibarns. (7)

One might doubt the validity of Eq. P) because of
our method of treating energy conservation. We there-

Since we are producing meson pairs, the volume element in
phase space is extremely sensitive to the available energy.

'In Using Eq. (6) to calculate the recoil energy of the proton,
if the angle between the momentum vectors of the m+ and ~
mesons is taken to be 180', one finds that at the upper end of the
differential cross section co(k+) is slightly greater than p. However,
our original assumption gives results valid to about three percent.
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FrG. 2. Differential cross section for the photoproduction of
(7r+, 7i- ) pairs as a function of 8, the angle between the two mesons
in the center-of-mass coordinate system. The curve is plotted for
400-Mev incident gamma rays in the laboratory coordinate
system. Pseudoscalar coupling is assumed. First-order nucleon
recoil effects are considered.

fore calculate the cross section taking into account
first-order nucleon recoil eGects. To do this it is neces-
sary to evaluate S*S to order M '. This result should
then be combined with the approximate expression for
the density of final states obtained by making a binomial
expansion of the denominator of the expression

k k~co(k )o)(k+)dQ dQ+
p=

1+[u& (k+)/Mk~ j(k++ k cos8)

where p is the density of final states, k and k+ refer to
the magnitude of lr and g respectively, do and dQ+
are the elements of solid angle in k and k+ phase space,
and 0 is the angle between ir and lr+ in the center-of-
mass coordinate system.

However, the binomial expansion of Eq. (g) does not
converge near the upper end of the x spectrum since
there k+—+0. On the other hand, no terms of the form
1/k+ occur in the expansion of S*S.Consequently, if we
convert S*S to a cross section by using the exact non-
relativistic expression for the density of final states, Eq.
(8), the results will be valid to order (p/M)'. The results
for 400-Mev gamma rays are shown in Figs. 2 and 3.

The total cross section obtained in this way is

o~. (m+, m )= 1.16(g'/4~)' millibarns,

which certainly compares favorably with our "pseudo
no-recoil" result. One might argue that this agreement
is fortuitous. However, if the first order recoil calcula-
tion for 600-Mev incident gamma rays in the laboratory
coordinate system is carried out one obtains a cross
section, o.=16.1(g'/4m. )' millibarns, whereas a calcu-
lation similar to that used in deriving Eq. (7) yields
o.= 15.9 (g'/4r)' millibarns. From these results it follows
that for incident gamma-ray energies up to 600 Mev an
excellent approximation to the total cross section is
obtained by using Eq. (3),providing we set co(k+)+co(k )

equal to the actual energy available to the two mesons
when recoil is considered.

One may understand the shift of the diGerential cross
section to higher values of 0 (see Fig. 2) by noting that
as 0 increases, the recoil energy of the proton decreases.
Thus the volume element in phase space is not sym-
metric about 0=90', but tends to have a maximum
value for 0&90 .

The plot of the cross section as a function of the
energy of the emitted meson, Fig. 3, shows that when
recoil is considered the + tends to come out with higher
energy than the x+. It appears diKcult to attach much
physical significance to this result. The origin of part of
the shift is evident from the form of the energy de-
nominators in the 5 matrix, Eq. (2). In the low energy
limit, the denominator of the term corresponding to the
emission of the m+ in a P state (the k~„ term) is larger
than the denominator for the term in which the x is
emitted in a P state. Thus the matrix elements favor
the m coming oG in a P state. Since it is more probable
for mesons with 1/0 to be emitted with greater energy,
it follows that these two terms shift the differential
cross section to higher x energies. The remainder of
the shift comes from the interference of the 6rst and
second terms of Eq. (2) with the third and fourth.

A useful expression which gives the form of the dif-
ferential cross section as a function of the energy of one
of the emitted mesons, without recourse to tedious
numerical integrations, is obtained by evaluating S*S
to order M ' and combining this with the zero order
density of final states Li.e., M +~ in Eq. (8—)j. The dif-

ferential cross section in the center-of-mass coordinate
system as a function of the energy of the ~ meson is

L
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Fxo. 3.Differential cross section in the center-of-mass coordinate
system for the photoproduction of (7t-+, m ) pairs as a function of
energy of one of the mesons. The curves are plotted for 400-Mev
gamma rays in the laboratory coordinate system. Pseudoscalar
coupling is assumed and Grst-order nucleon recoil effects are con-
sidered. The dotted (solid) curve refers to the cross section as a
function of the energy of the m-+(m ) meson.
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then given by

do 8 (2M''(g' q'k k+ ( co(k )y

d(o(k ) 137 ( zz ) E4zr) zz'E, ' & M )

( ~(k~)) k $E,—2(a(k )]
+i 1+

M ) 2M~(k )

k+PE, 2~(k—+)7 k k+3~(k+) ~(k —)]+ D+ CD, (10)
8M(o(kp)(o(k )

where

Fxo. 4. Additional Feyn-
man diagrams for the proc-
ess y+p~p'+7f. ++71. for
pseudovector coupling.

B. Pseudovector Coupling

The interaction energy for pseudovector coupling is
given by

( aP(k )i co(k )+k a)(k )
C=/ 1— fin +2k' ) (u(k) —k k

( ~'(k+) & ~(k+)+k+ ~(k+)
D=( 1— +2

k+' ) (u(k+) k~ k—~

where
11

fH= Hzdr+ Hzdr+ Hzdr+ Hzdr,

(12)

In Eq. (10) the terms in the brackets proportional to
1/M are antisymmetric in the + and —indices. There-
fore, although these terms do not contribute to the total
cross section they materially aGect the form of the
differential cross section. This gives us further insight
into why the two values for the cross section, Eqs. (7)
and (9), are in such good agreement.

and Hz and H& are given by Eq. (1).
In addition to the Feynman diagrams for pseudo-

scalar coupling there are two diagrams arising from the
combinations of B~ and B4. These are shown in I'ig. 4.

The eGective 5 matrix to order eg' is

eg e„5(p~+K pz k+ —k)—k+ —u~, (2M' +2ip~» ik+ )u—; k ur(2M', +2ipz»+ik»)y, u,
S=

zz'L (2zr) '2E„(u (k+)~ (k )J& (k+' 2p,k+)— (k '+2p. k )

k+„k q(k+ K)»u—~(2zpzz+zk &+2M»)p»u, k, ,k+„(k=K)zu&(2zpzz+i(k= K)&+2M&z)p»u;

(k+K)(k '+2pzk ) (k K)(k '+2pzk —2pzK —2k K)

2 (pzK) (k+' —2p~k~) 2(pgK)(k '+2pzk )

k+»k gzzf (Yp reKe —2p»)r&, (2zp&»+ 2M&» zk+, )u—; k+»k zzzj (2M r&,+2ipzz+i k z)r» (2p&„+ re r„Ke)u;
(13)

In the extreme nonrelativistic limit for the nucleon
the last two terms in Eq. (13) become unimportant.
The diGerential cross section as a function of the energy
of the + meson is, in this case,

do. 2 (g' q'k k+ ( k ' k~'

d(o(k ) 137 E43r) p'E„EoP(k ) (o'(k+) &

k k~ 4k '(2E„(o(k+) —k+' —E,')
CD—

co(k )cv(kp) a)z(k )E„'

4k+'(2E, o)(k )—k '—E,')
&u'(k~) E~'

where A, 8, C, and D are de6ned by Eqs. (4) and (11).
The di8erential cross section is completely symmetric

between the + and —indexes and is similar in shape

to that obtained for pseudoscalar coupling (shown in

Fig. 1 of reference 5). If energy conservation is treated
in the same way as discussed in deriving Eq. (7), the
total cross section for 400-Mev gamma rays in the
center-of-mass coordinate system is

o„,(zr+, zr ) =0.064 (gz/4zr)' millibarns.

Comparing this to the result obtained for pseuoscalar

coupling we see that

o~, (zr+, zr )/a„, (zr+, zr )= 18 for 400-Mev gamma rays.

Thus as stated in the introduction, the cross section
derived using pseudoscalar coupling is considerably
larger than that obtained. from the pseudovector inter-
action.

Near threshold the differential cross section, Eq.
(14), may be integrated exactly in terms of elementary
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where E is the energy available to the meson pair (in a
strict no recoil calculation E-+E,). Comparing this to
the total cross section for pseudoscalar coupling Lgiven
by Eq. (4) of reference 5j we find

o.„,(m+, pr ) 1 (2M ) ' ( p ) '

o„(n+, m
—
) 3( p J EE„)

For E~ 2p, this ratio becomes ~I5.
To find the recoil corrections to Eq. (14) is tedious,

and in view of the non-renormalizability of the pseudo-
vector interaction it is felt that the calculation is not
warranted.

The total cross section for the production of (ir+, pr )
pairs as a function of gamma-ray energy is shown in
Fig. 5 for both pseudoscalar and pseudovector coupling.

500 600

functions. Carrying out the calculation, one obtains'0

8' (g' )' 1 (E
137 (4it) pE, E p

(16)

Gamma-Ray Energy in Mev

FIG. 5. Total cross section for the photoproduction of. (x+, 7r )
pairs as a function of incident gamma-ray energy in the laboratory
coordinate system. The dotted curve refers to pseudoscalar
coupling and the solid curve to pseudovector. The pseudovector
cross section has been multiplied by 15.

(op+, ooo) PAIR PRODUCTION

In this section we shall calculate the cross section for
the reaction y+p —&I+pr++n', assuming the nucleon
to be in'. nitely heavy. Consequently all Feynman
diagrams in which the gamma ray interacts with the
proton will be neglected. As we shall see, it is convenient
to calculate first the cross section for pseudovector
coupling.

A. Pseudovector Coupling

. The Feynman diagrams to order eg' for the process
are shown in Fig. 6. The effective S matrix is

og o„6(pi+E po k+ ko)—ko~—u~„—(2ipi~ okp~+—2M', )u, kp~ur(2opo~+okp~+2My, )y„u;S=
(ko' —2Piko) (ko'+ 2Poko)

k+„koy(k+ —E) u~ (2iPii, ikoi+. 2M&—&)u; k+„koy(k+ E) uf(2ipo&+skoi+2My&)7 u'
(17)

(k+E) (kp' —2Pikp) (k~E) (kp'+ 2Pok p)

Converting Eq. (17) to a cross section, we obtain

der 16
t

g' q' k~kp

d(o(k+) 137 (4pr) 3E~'(ko)p'

kpo (k+'+ E,' 2&(kp+) E—,)
X 2kp'+ A, (18)

Ev'

where 2 is given by Eq. (4).
The diBerential cross section is shown in Fig. 7 for

400-Mev incident gamma rays in the laboratory coor-
dinate system. If energy conservation is treated in the
same way as discussed in deriving Eq. (7), we find

o»(pr+, pr )=2.22X10 '(g'/4pr) millibarns.

Comparing this to the result for (m+, w ) pair production
at the same energy and with the same coupling we see

'o Equation (I6) has the same form as the result given by K. A.
Brueckner and K. M. Q'atson, reference 4.

that
o,.(m+, pr

—)/o„„(~+, m') =2.9.

Ã+
AI

//

Hp gN

0
N

Zp

~+

/ /

FIG. 6. Feynman diagrams for the process &+p~e+ m.++~'
assuming pseudovector coupling.

One may qualitatively understand the shift of the dif-
ferential cross section to lower x+ energies as follows:
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the eg term in the meson-nucleon coupling tends to emit
the x+ meson in an S state. On the other hand, the
gradient coupling emits the mesons in a P state. Since
the z' is emitted through the derivative coupling, it
always has angular momentum &0. The m+, however,
is produced sometimes in an S state by the eg term in
the interaction and sometimes in a P state due to its
direct interaction with the gamma ray. Since it is more
difficult to emit low-energy mesons in angular mo-
mentum states with l/0, it follows that the diRerential
cross section should be shifted to higher x' energies
(lower s.+ energies). I

Another interesting feature of the differential cross
section is the fact that near the upper end of the x+
spectrum the cross section goes to zero with zero slope.
This may be understood by noting that the gradient
coupling brings down an extra factor ko which when
combined with the ko arising from the density of Anal
states leads to a zero slope of the differential cross
section for ko—&0.

(g'i
~y.sdr,

(p') &
(19)

plus other terms, one of which is the usual pseudovector
interaction. It is obvious that the core term, Eq. (19),
cannot contribute to the (s.+, m') cross section since it

L
C$

O~
E

O
xOl~

e~
C

I l0-
l40 l50 l60 l70 l80 ISO

&u(k+} in Mev

Frc. 7. Differential cross section in the center-of-mass system
for the photoproduction of (~+, s') meson pairs as a function of
the energy of the emitted x+ meson. The curve is plotted for 400-
Mev gamma rays in the laboratory coordinate system. The nu-
cleon is treated as being infinitely heavy. The dotted curve refers
to pseudovector coupling; the solid curve to pseudoscalar.

"See for example S. D. Drell and E. M. Henley, reference 3.

B. Pseudoscalar Couyling

It is well known that the pseudoscalar interaction
may be transformed by the Dyson transformation into
one large term which is bilinear in the meson 6eld, "

FIG. 8. Additional Feynman diagrams for the process
7+p—+e+x++7i-' for pseudoscalar coupling.

contains no mechanism for changing the nucleon charge.
Consequently, to calculate the (~+, s') cross section for
pseudoscalar coupling we must consider nucleon recoil.
This follows from the fact that to leading order there is
a cancellation of the S matrices associated with the two
Feynman diagrams in which the gamma ray interacts
with the charged meson. However, if we use the trans-
formed pseudoscalar coupling, " we may calculate the
cross section without considering recoil since the zero
contribution from the core term has already been
separated out.

In the transformed pseudoscalar interaction, aside
from the usual derivative coupling, the term

ieg'
H = pp 2+3(71/1+'7+2)i/dr

p,

g I'

tiara

kv.L «, -j4«(2o)
2p' ~ ax,

may contribute to the process. The additional Feynman
diagrams arising from these terms are shown in Fig. 8.

The S matrix associated with these two diagrams is

seg'e„5 (pi+ E—ps —k+—kp)
S=

2p'P (2s') r&rt0 (ky) co (ko) g'

2~+v~oaufyeN s

Q„N— (21)

Combining Eqs. (17) and (21) we obtain the total
eGective S matrix to order eg' for pseudoscalar coupling.
Converting this to a cross section we find

( der ) ( do.

&dto(k+)) „, I do~(k+)) „„
16 (gs ) 'k+ksois(ks)

+
137 (4n ) p'Z»s

where Ldo/doi(k+)js„ is given by Eq. (18) and. 2 is
defined by Eq. (4).

The di6erential cross section for 400-Mev gamma rays
is illustrated in Fig. 7. The total cross section has the
value

o =3.12)(1Q (g'/47r)' rnillibarns.
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Since the core term does not appear in the pseudo-

vector interaction, it follows from Eq. (5) that
o.„.(m', rrs) (p/M)'o„(~P, m').

The explicit evaluation of the pseuodovector (m, ~')
cross section is laborious and will not be given here.

DISCUSSION GF RESULTS

FIG. 9. Feynman diagrams for the process y+p~p'+~ +2I"
assuming pseudoscalar coupling.

From this we see that the ratio of the pseudoscalar to
pseudovector cross section is 1.41 for 400-Mev gamma
rays. The ratio of the (~+, ~ ) to (s+, vrP) cross section
for pseudoscalar coupling and the above energy is

o„.(~+, ~—)/o.„(7r+, ~P) = 37.
It is interesting to note that the most pronounced

difference between pseudoscalar and pseuovector coup-
ling in the production of a (~+, rr ) meson pair is that
the slope of the differential cross section at the upper
end of the sr+ spectrum is zero for pseudovector coupling
and infinite for pseudoscalar coupling. If Eq. (8) is
used for the density of final states the slope of the dif-
ferential cross section at the upper end of the z+
spectrum becomes finite (but not zero) for pseuodscalar
coupling but remains zero' for the pseudovector inter-
action.

(&P pro) PAIR PRODUCTION

For completeness we mention brieRy the cross section
for the photoproduction of a (~P, ~P) meson pair as-
suming pseudoscalar coupling. From the discussion
given in reference 5 we see that in the low energy limit
the entire contribution to this cross section comes from
the core term, Eq. (19).The Feynman diagrams for the
process are shown in Fig. 9.

The effective S matrix is given by

Meg'e„b (p,+I p, kp kp')— — —

p'[(27r)'2E, tp(kp)to(kp')]'*

ug (2p,„+7),y„Ei)u; u~ (2ps„—y„y),Ei)n,
X — . (23)

(pi&) (ps&)

Converting Eq. (23) to a cross section, we obtain

do 64 (g' y
' kpkp'

(kp'+ kp"). (2&)
ko(kp) 137 E47r/ 3p'E, s

The total cross section for 400-Mev incident gamma
rays in the laboratory coordinate system is

o»(s, m') =0.059(g'/4s)' millibarns.

Comparing this to the other possible pair production
cross sections at the same energy and with the same
coupling, we see that

o,.(s.+, ~ )/o.„,(~P, a') =19.5,
o„,(rr+, ~P)/o„, (m', rr') =0.53.

From the preceding work we see that information on
the meson-nucleon interaction may be obtained by
studying the photoproduction of meson pairs when a
gamma-ray bombards a hydrogen target. Ke shall
brieRy discuss possible experiments which may help in
determining the type of coupling.

A. Absolute Value of the (ps+, pr ) Cross Section

To obtain a theoretical value for the pair-production
cross section, we shall assume that the meson-nucleon
coupling constant in the derivative coupling theory has
a value" g'/4~= 1/15. Under this assumption the total
pair-production cross section for 400-Mev gamma rays
ls

o„(rr+, m )=5.1&(10-sP cm',

o,.(7r+, s. ) = 2.8X10 "cm'.

For this choice of coupling constant and gamma-ray
energy the ratio of the single meson photoproduction
cross section" to the pair cross section is

o„,(s+)/o„. (7r+, ~—
) 35, o„„(m+)/o„.(m+, s. ) 650.

For 500-Mev gamma rays the above ratios become ap-
proximately 7 and 100, respectively.

The major contribution to the (m+, m ) cross section
for pseudoscalar coupling comes from the important
pair term, Eq. (19).However, the effective value of this
term may be smaller, as indicated by scattering experi-
ments. " In this case the pair-production cross section
for the pseudoscalar interaction would be decreased.
Further, it is obvious that given an experimental value
for the cross section, a coupling constant may be found'
which makes either form of the interaction fit the results.
Thus with this type of test we can at best surmise the
the answer to our problem.

B. Ratio of the (ps+, pp
—

) to (ps+, ppp) Cross Section

A sensitive test, dependent only on the assumption
that the meson-nucleon coupling constant is small, is
provided by a measurement of the ratio of the (w+, ~ )
to (7r+, rr) cross sections. According to our results, in
the low energy limit this ratio should be (M/p)' if
pseudoscalar coupling is operative and should be 1

"M. M. Levy, Phys. Rev. 86, 806 (1952); 88, 72 (1952).
Levy's analysis gives a value for the pseudoscalar coupling con-
stant. Converting this by Eq. (5), one finds that the value of the
interaction constant in the derivative coupling theory is gs/4~= 1/18. A Klein LPhys. Rev. 89, 1158 (1953)j and Drell, Huang,
and Weisskopf (Phys. Rev. 91, 460 (1953)g have indicated that an
error exists in this work."L.L. Foldy, Phys. Rev. 76, 372 (1949).

"See for example S; D. Drell and K. M. Henley, reference 3.
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if the pseudovector interaction is involved. However,
this diBerence is a direct consequence of our perturba-
tion approach with weak coupling theory. If an inter-
mediate or strong coupling calculation were made, the
important core term which provides the entire con-
tribution to the low energy (z.+, m ) cross section in the
pseudoscalar theory might be damped out" and the
two coupling schemes would give approximately the
same ratio for these cross sections.

C. Meagurenmnt of the Differential (ee+, ee')

Cross Section

Detailed experimental data on the shape of the
(7r+, vr') cross section near the upper end of the z.+

~~ The damping of the pair term arising from one particular
class of Feynman diagrams has been shown by Brueckner, Gell-
Mann. and Goldberger, Phys. Rev. 90, 476 (1953).

spectrum should indicate the type of interaction between
mesons and nucleons.

D. Other Possibilities

It is quite possible that a measurement of the di8er-
ential (z.+, a ) cross section either a's a function of the
angle between the emitted mesons or as a function of
the energy of the + meson may give information on
the type of interaction operative.

The author would like to express his sincere appre-
ciation to Dr. S. D. Drell who originally suggested this
investigation and who was a constant source of en-
couragement and stimulation during the couse of the
work. Thanks are also due Prof. L. I. Schi8 for many
helpful suggestions. During the latter stages of this
work the writer benefited greatly from many interesting
discussions with Dr. D. R. Yennie.
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A Hypothesis Concerning the Relations among the "New Unstable Particles"*
M. GOLDHAsZR
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An attempt is made to systematize the present knowledge of phenomena concerned with the production,
absorption, and decay of the "new unstable particles" in terms of only one "new" particle and its "com-
pounds" with nucleons and ~ mesons.

HE great variety of new particles which cosmic-
ray experiments have revealed in the last few

years invites attempts to search for some unifying
principle. %e should like to put forward here a hy-
pothesis which we are not able to work out in its
complete form, but which we have found useful in
correlating many phenomena. Ke shall start from some
of the general ideas of Nambu, Oneda, Pais, and others'
on pair production of V particles and make a number
of tentative but speci6c assumptions. We And in this
way that the fairly well-established experimental data
are consistent with the following scheme which is
designed to unify our knowledge of the "new unstable
particles" in terms of only one "new" particle.

ASSUMPTIONS

(1) We shall assume that besides the z mesons there
exists one other particle, fundamental in, nucleon-
nucleon interactions, which we shall call here the g
meson. %e shall assume that this is the particle which
has sometimes been called phenomenologically V2' or
V4', and which decays into two x mesons

t)~++a +210 Mev.
* Under the auspices of the U. S. Atomic Energy Commission.
' For references, see A. Pais, Phys. Rev. 86, 663 (1952}.

C. C. Butler in Progress in Cosmic Ray Physics, edited by
J. G. Wilson (Interscience Publishers, Inc. , New York, 1952),
Chap. 2, pp. 65-123; Thompson, Buskirk, Etter, Karzmark, and
Rediker, Phys. Rev. 90, 329 (1953).

Thus, its mass is ns„=962m, . If we take this decay
scheme for granted, the q meson is a boson. ' It further
follows that the spin and parity of g are either both
even (0+, 2+, ), or both odd (1—,3—, ).

(2) Following previous considerations, ' we shall as-
sume that g mesons are created in pairs either through
nucleon-nucleon or pion-nucleon collisions. (This as-
sumption seems necessary to reconcile their compara-
tively long lifetime, of 10 " sec, with their compara-
tively copious production. )

(3) We shall assume that rl is a particle of isotopic
spin T=O. (Reasons for this assumption are given
below in 4b.)

(4) We shall assume that rf can form "compounds"
with either a nucleon or a pion.

(a) We shall assume that the compound of rf and a
neutron is a V10.'

Vts=m+tf —Wts,

and that the compound of g and a proton is a V&+:

Vr+= P+rf —Wg+,

where the binding energy 8"1'=%1+=310 Mev is
calculated from the energy release found in the decay
of the Ut' (and Ur+). The fundamental decay of a

' R. W. Thompson et al. (see reference 2) emphasize that the
present experimental evidence does not exclude the possibility
of a decay V40—+m+p, .


