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electron energy; and k is a constant of the order of
unity.

Kith this approximation the formula f.or the extrapo-
lated thickness 3o [see Eq. (7)] becomes

dy ( m)

2S

D t' dy ) nq
~ +(E., v)—ei v, —

f

where n is the ratio of the positron energy to the
incident electron energy, E, ; 4 and p are the Bethe-

Heitler formulas'4 for bremsstrahlung and pair produc-
tion, respectively; and cV and p are the same as in

Kq. (g). Substituting the result of this experiment for
to the arbitrary constant k in the formula for the virtual
quanta spectrum was calculated:

k = 1.6&0.2. (10)

This is in agreement with the Keizsaker-Williams
approximation.

I wish to thank Professor R. R. Wilson for his
continuous interest and guidance. The author is also
indebted to Professor D. R. Corson for measuring the
beam energy for this experiment.
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Nuclear forces yielded by the symmetrical pseudoscalar theory are discussed in terms of a perturbation
expansion. It is shown that, up to terms in the square of the coupling constant, the pseudoscalar coupling
is equivalent to a scalar pair coupling of the pseudoscalar field plus a pseudovector coupling of that field.
The dominant contribution to the fourth-order nucleon potential is then obtained in a simple way by using
this result.

INTRODUCTION

'HE nuclear force given by the symmetrical
pseudoscalar meson theory with pseudoscalar

coupling has been re-examined in recent years by a
number of authors' treating the meson-nucleon inter-
action as weak. They have shown that the contribution
to these forces due to processes involving transport of
momentum between nucleons by a pair of mesons are
larger than those due to a single meson. The pseudo-
scalar character of the meson implies that simultaneous
emission or absorption of S-state meson pairs by a single
nucleon cannot involve nucleon spin change. Similarly
the symmetrical theory implies that there can be no
isotopic spin change for these processes. As a conse-
quence the forces due to them are spin and charge
independent.

The importance of these eGects suggests that one
should be able to exhibit them explicitly in the meson-
nucleon interaction Hamiltonian. In what follows the
nuclear forces are obtained in a simple manner by taking
advantage of this possibility. Besides having the afore-
mentioned properties it is shown that these forces are
highly singular and have a range of half the meson
Compton wavelength.

* This work was performed under the auspices of the AEC.
'K. M. Watson and J. V. Lepore, Phys. Rev. 76, 193 (1949)

and Phys. Rev. 76, 1157 (1949); H. A. Bethe, Phys. Rev. 76, 191
(1949); Y. Nambu, Prog. Theoret. Phys. 5, 4, 614 (1950); R. P.
Feynman, California Institute of Technology lecture notes
(unpublished).

Here and in the following P, f, P represent the nucleon
and meson field variables, ~ is the nucleon isotopic
spin and ys ——ply' 3y4 is the Dirac pseudoscalar. Units
are chosen so fi=c=1 and the meson and nucleon
masses are p, and Eo, respectively.

If one now applies the transformation e' t ' used by
Dyson, '

S[o]=—
I do„P(x)y„yg.y.(x)P(x),

2EO~
(2)

to the state vector 4'[o],

%[a]=e's[']4'[o]

one finds that the new Hamiltonian is, up to terms in f',

H'(x) =H(x) —i[S[o],H(x)]

~S[o] i hS[.]-—s[ ], . (4)
bo.(x) 2 8o(x)

' J. S. Schwinger, Phys. Rev. 74, 1439 (1948).' F. J. Dyson, Phys. Rev. 73, 929 (1948).

I. TRANSFORMATION OF THE HAMILTONIAN

The equation of motion, in the interaction repre-
sentation, ' of the state vector, %[a], of the coupled
meson and nucleon fields is determined by the coupling
Hamiltonian

H(x) =if&(x)y,r.P(x)y.(x)
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—34 r

S4= dxl dxpg(xl)g(xi)P'(xp)P(xp)
16Kp'"8S[0] if

H(—*) —f=(x)v.v pr-~A-(x)0(x) (5)
bo.(x) 2Ep

X6p'(xi —xp). (7)

Az(x) is the Feynman 6-function as defined by Dyson. '
The nuclear force may be inferred from this expres-

sion by replacing all quantities in Eq. (7) by their
appropriate nonrelativistic approximation. One finds, in
the center of momentum system, for initial and final
nucleon momenta P„Q„;P„',Q„':

S = 2 iB—(Po'+Q' Po -Qo)(P-"O'I V (r) IPQ),
where

If this expression for bS[p.]/bo(x) is inserted in Eq. (4)
one finds that the commutators can be readily evalu-
ated to give4

H'(*)=(f /2KoV (xW*)e-'(x)
(if—/2K p)gy'„p,r,BA.(x)0(x)

+'(f/2Ko)'Ln, f(x)v,v 4(x)]'
(f/—2Kp)Q(x)y„p.e,r.ye(x)B„y,( x)P( x) (6.) 3 4 oo

V (r) = —— ~t ding (t r), —
16Ep'~

(9)
The main terms in H'(x) correspond to a scalar pair
coupling of a pseudoscalar field plus two terms corre-
sponding to the usual pseudovector coupling. The
important thing to notice is that only a single power of
the nucleon rest mass is contained in the denominator
of the pair coupling. A similar result has been obtained
by Foldy' using a diferent canonical transformation.
It can also be shown that the scalar pair coupling
yields the dominant contribution to the nuclear forces
in a strong coupling approximation. '

and (r, t)= (xi—x» ti tp), the—relative coordinates of
the two nucleons.

The integral in Eq. (9) may be evaluated by trans-
forming to momentum space or by using one of the
integral representations' for hi;(x). One finds

&f 'i' f'
V,(r)= —

I

—
I I -)I i K,(2),)dz

&4m) E2Kp& s(iver)'~„„

+contact term (10)

The choice of S[p] insures that the new Hamiltonian scalar pair coupling is
contains no term in H(x), since

II. DETERMINATION OF THE NUCLEAR FORCES

The interaction Hamiltonian, H'(x), may now be
treated by standard Feynman-Dyson techniques to
yield the nuclear forces. The second-order nuclear
force due to the pseudovector coupling has been ob-
tained by many authors' so only the force yielded by
the pair coupling will be discussed here.

The term in the scattering matrix corresponding to
the lowest order eGect involving two nucleons of the

' J. V. Lepore, Phys. Rev. 87, 209 (1952).
5 L. L. Foldy, Phys. Rev. 84, 168 (1951).' J. V. Lepore, Phys. Rev. 82, 310 (1951).

W. Pauli, Meson Theory of Nuclear Forces (lnterscience
Publishers, Inc. , New York, 1948), p. '7.

for the pair-exchange nuclear potential. There are, of
course, other terms in the nuclear potential proportional
to f4; these are, however, much smaller and contribute
less than ten percent to the nucleon-nucleon interaction.

At small distances V4(r) represents a highly singular
potential:

V4(r) (pr) ' ln(pr), (11)
whereas for large distances it has half the range of a
Yukawa potential:

V4(r)~(fir) pipe p"' (12)
This potential has been studied by Levy' in connec-

tion with a hard core model for the nuclear forces.

F. J. Dyson, Phys. Rev. 75, 486 (1949).
9 M. Levy, Phys. Rev. 86, 806 (1952).


