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higher order reactions in which two or more neutrons
are produced. The evidence for this is as follows. We
have taken their estimate for the (y,#) cross section and
their measurements of the (v,pn) cross section and
calculated the yield of neutrons to be expected in
Jarmie, Jones, and Terwilliger’s experiments. The yield
comes out to be too low by a factor five. Thus, there
seems to be an appreciable cross section from reactions
which Katz and Penfold have not taken into account.
Of course, this yield might come from neutrons produced
by high energy photons in a similar process to the one
we have to postulate above to explain the Terwilliger
transition curve. In this case the high energy process
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would have to account for 80 percent of the neutrons
observed with 330-Mev bremsstrahlung. This seems
rather high. If we assume arbitrarily, that as for heavy
elements the high energy process accounts for about
40 percent of the neutron yield, then the (v,#) cross
section alone is too small by a factor three to secure
agreement with Terwilliger’s results. Thus, the estimate
of the (vy,n) cross section is either much too low or else
there are higher order reactions with integrated cross
sections comparable to that for the (v,n) process. At
any rate, it seems that it would be premature to claim
disagreement with the Levinger-Bethe formula until
more measurements are made.
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The case of pseudoscalar coupling between nucleons and p-field is considered within the framework of
u-pair theory. Besides the usual perturbation treatment, the strong coupling approximation for this case
is developed. Both methods are applied to the problems of scattering of u-mesons by nucleons and the
nucleon-nucleon interaction. Interpolation between the extremes of weak and strong coupling suggests
that this u-pair theory may be promising with an intermediate coupling strength, a condition also required

by the u-pair theory of the r-meson.

1. INTRODUCTION

ESIDES the Yukawa theory of nuclear forces,
some attention has in the past been devoted to
- the so-called pair theories according to which the
interaction between nucleons may be pictured as being
transmitted by a pair of particles instead of a single
particle (r-meson). The quanta of a pair may be either
bosons! or fermions.? The latter were first taken to be
electron-neutrino or electron-positron pairs and later
p-meson pairs.?

One recommending feature of pair theories is the
saturation characteristics of the nuclear forces.246 A
second is the possibility of interpreting the w-meson as
a pair of u-mesons bound together due to a small
admixture of a virtual nucleon-pair state,” and the
possible explanation of the V-particles® as excited
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nuclear states resulting from the binding of u-mesons,
say, by a bare nucleon. The fact that the spin of such
excited states may be integral or half-integral, depend-
ing on whether an odd or even number of fermions has
been bound, may be helpful in understanding the long
lifetime of the neutral V-particle (101 sec), in par-
ticular its stability against vy-decay into the neutron
ground state.

The most serious objection against pair theories may
well be the role played by the momentum cutoff which
must be introduced to achieve convergence and which
dominantly affects the predictions of the theory in the
high energy region. Since it turns out that the cutoff
also determines the range of the nuclear forces and the
density of nucleons in heavy nuclei,® its order of
magnitude is roughly that of the meson mass (times c).
Therefore, if one takes the cut-off prescription seriously
to the extent of applying it, for example, to the scatter-
ing of u-mesons by nucleons, then one would expect at
kinetic energies much greater than 100 Mev a very
small cross section, while a substantially larger value
for energies of the order 100 Mev or somewhat less.
According to the measurements of Amaldi and Fidecaro?
the cross section is at most 4.5X 1072 cm? per nucleon
for w-energies between 200 and 320 Mev, and above
320 Mev it is at most 2.3)X1073° cm? per nucleon. The
cutoff therefore offers an explanation for the presently

® E. Amaldi and G. Fidecaro, Phys. Rev. 81, 339 (1951).



NUCLEAR PHENOMENA

known data, though not a very satisfactory one. Similar
is the situation with regard to the p-pair creation in
high energy nucleon-nucleon and photon-nucleon colli-
sions.”'® As a result of the cutoff, u-pairs are much
more likely to come out in the bound state, i.e., as a
T-meson.

The interaction Hamiltonian of fermion pair theories
has the general form

const f dxd*OPY*OY (1.1)
where ® and ¢ are the field operators of the nucleons
and mesons, respectively. If transitions between neu-
trons and protons are to be considered, the y-field must
be of a mixed charged-neutral type. This also appears
necessary for any p-pair theory if it is to give an
explanation for the 7% meson within its framework.
For the sake of simplicity, however, we shall always
associate ¥ with charged (4) w-mesons, so that any
pair produced by (1.1) will have total charge zero.
Any more complete treatment with respect to the
inclusion of neutral mesons is straightforward and is
easily carried out in perturbation theory." The symbol
0 in (1.1) stands for one. of the five types of matrix
operators well known from p-decay theory: scalar,
vector, tensor, pseudovector, and pseudoscalar coupling.
All except the last have been extensively investigated
with respect to nuclear forces and p-scattering. In the
“static” case (nucleons infinitely heavy and at rest),
there exist exact solutions for scalar and vector coup-
ling,51? whereas in the tensor and pseudovector cases
only weak or strong coupling approximations are avail-
able.2%8 Very little, however, is known about the
pseudoscalar coupling (O=pvs= iBaiazas) because (1.1)
vanishes in the strictly static limit, and even in the
lowest nonstatic approximation the problems are con-
siderably more involved than in the static tensor and
pseudovector cases.

This paper is intended to fill the gap in our knowledge
at least partially. Weak and strong coupling approxi-
mations will be applied to the pseudoscalar problem,
with emphasis on the more difficult strong coupling
case. The particular problems to be studied are the
scattering of u-mesons by nucleons (Sec. III), and the
two nucleon forces (Sec. IV). The more involved prob-
lems (saturation praperties, isobar states, magnetic
moments) have been left aside. Two other reasons may
be mentioned that give relevance to a treatment of the
pseudoscalar case. The first is based on our presently
held belief of the pseudoscalar nature of the w-meson.
The explanation of this particular 7-meson type as a
bound p-pair is only possible with pseudoscalar or
pseudovector coupling types O, or a mixture of the two,’
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and for pure pseudoscalar coupling, there can be only
one bound state, namely, the pseudoscalar one. Secondly,
if the coupling constant in (1.1) is determined from the
w-meson mass (binding energy), the pseudoscalar coup-
ling leads to a much smaller u-scattering cross section
than all other coupling types. This follows from the
fact that the matrix elements of ®*Byz® for small
nucleon velocities are proportional to the recoil velocity,
which is small as the meson-nucleon mass ratio u/M.
Therefore, it turns out that in the u-scattering problem,
a weak coupling approximation is permissible (even
though the w-binding energy requires an intermediate
coupling strength), and the cross section becomes
comparatively small, due to the factor (u/M)% The
pseudoscalar coupling is unique in this respect. Further-
more, for very small meson velocities the cross section
will practically vanish. This version of the theory is
therefore more likely to be compatible with the fact
that no strong nuclear u-scattering has been observed
so far.

2. APPROXIMATIONS

Inserting O=pBvy; in (1.1), in the limit of large
nucleon mass, ®*0® may be replaced by

> 8(x—xa)(0n- p)/2M,

where p=—14V and »# enumerates the various nucleons
(Mass=M) present. The situation is well known from
pseudoscalar Yukawa theory. Indeed, if the non-
relativistic Pauli approximation for the nucleon eigen-
functions is used, the matrix elements of S d*x®*OPF (x)
are correctly calculated with this substitution. F(x) is
in Yukawa theory the pseudoscalar field operator, and
in pair theory it is the bilinear product ¢*Bysy. There-
fore

Hi=3 0 fal (0 0a)/2M J*(X2) Bys (Xn).

(The coupling parameter f, may be chosen different
for neutrons and protons.)

The momentum cutoff which will now be introduced
is equivalent to replacing ¥(x,) by a spatially averaged
operator

J(xn)=fd3xu(xn—x)llz(x). (2.1)
The source function # is given the property of being
different from zero only for |x—x,| =4~ and being a
real, spherically symmetric function. With this modifi-
cation

Hi= (I/ZM)Zn fn("n pn)'/;*(xn)ﬁ')/ﬂ?;(xn)- (22)

This is the cut-off procedure customary in pair theories
and we shall adopt it here.
The total Hamiltonian is then

H=H,+H; (2.3)

where

H,= f o O D+uB ). (23)
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The spinor components of the field operators obey
the usual anti-commutation relations

Y (X)W (X) ¥, (X)), *(x) = 6,,0(x—x'), etc.

Next we shall develop the strong coupling approxi-
mation. In doing so, we may closely follow a paper of
Blatt!® in which the tensor coupling case is treated
along similar lines.

The first and common aim of all such theories is the
isolation of the modes on which the dominant term H;
depends most. This is achieved by splitting the field
operator ¥(x) into parts having the x dependence of
the various source functions #(x—x,) and of their
derivatives, and another part y/(x) orthogonal to every
source function and its derivatives.

Y(x) =20 NIQnu(x—Xa)
+2 0 NHR VIu(x—xa)+¢/(x)  (2.5)

(2.4)

with

f Bry (x)u(x—x,)=0 (2.6)

f Py’ (x)Vu(x—x,)=0. 2.7

Note that due to (2.6, 7) the ¢'-part in ¥(x,) and in
Ppa¥(X,) vanishes, and therefore H; (2.2) causes no
coupling of the y/-field with the bare nucleons.

This kind of separation is characteristic of all strong
coupling theories. The term # in (2.5) will describe the
mesons bound to the nth nucleon, whereas ¢/(x) de-
scribes the free mesons whose interaction with ‘real”
or ‘“physical” nucleons turns out to be weak. The
normalization factors V and 9t in (2.5) are conveniently
defined by

N=fd3x|u(x)|2, %=%—fd3x|\7u(x)lz. (2.8,9)

Assuming for the present that the distance between
nucleons is larger than 4, no overlap between the
various sources will occur.

f Fon(x—x)u(x—xXn)=0 (msn).  (2.10)
Then it follows from (2.5, 6, 7, 8, 9) that

Oy N f B (X)u(x— %) »
2.11

Qp, =N f 3y, (x)(0/ 0x;)u(X—Xn).

The spinor operators Qm, and Qn,? are the variables
of the “physical” nucleons; the nonvanishing anti-
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commutators containing these are

[Qmp*: Qm’p’]+= 5pp’5mm';
[@mp(i)y £>vm'p’ (jl)]+= 000 OmmGjjr,

as is easily seen from (2.4) and (2.11). Similarly,
[QmM ¢0*<x)]+= N_%lquu(x——xm),

(2.12)

2.12/
[, 9, UM L= R0,/ B usx—x). 2
From (2.4, 12, and 12’) it then follows that
(¥, (x), ¥’ (x) ]+
= 3,,,,[3(}(,— X,)_Zn N”“(X*xn)u(x’—x”)
—NVu(x—x,)Vu(x'—x,)].  (2.13)

The Hamiltonian (2.2, 3) may now be split into three
parts,
H=H+-H'+9,

=Y (), (2.14)

‘ Ho(n) = 1(f/2M) (N%ﬁqn * {Qn*ﬁ'YSQn'}‘Qn*BVEQn}

+i/ N)HOH (e D) — (Qn*- )02}
+u{Q*BO+L*80}.  (2.159)

H'= f Eop* @ (e p)+ BT () 2.15')
Q=¥ 9(n)
n(n)=*ﬁ“%f a9 () (e D) (- V)u(x—x.)
+cc] (2159

Similarly, the expressions for the charge and the angular
momentum of the system may be split up (with no
cross terms such as @ appearing), but they will not be
needed here.

The term Q, in H, which is bilinear in the bound and
free meson variables, describes the emission or absorp-
tion-of free mesons by the physical nucleons.  must
be a weak perturbation if the separation (2.14) is to be
useful. This leads to the “strong coupling condition”
which, following the argument of Pauli and Hu, turns

out to be
(f/2M) 431, (2.16)

provided that 4> p. In any strong coupling calculation,
condition (2.16) will be assumed to hold, that is to say,
Q will be disregarded. In this approximation there is a

_ complete separation of the variables describing the

various physical nucleons Qmp, Qm,? and the free
meson variables ¢/'(x). The Hamiltonians concerning
the various nucleons (#°) and the free meson field (H')
may be studied separately.

In thefollowing applications, namely, the u-scattering
and two-nucleon forces, we will be concerned with the
H’ problem only. H® can be considered an additive
constant. A general scheme for solving the H' problem
rigorously is the following: Introduce a complete set
of orthonormal functions (spinors) ¢. subject to the
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orthogonality restrictions

fd"‘xcﬁm, SX)u(x—x,)=0, (2.17)

f B, (%) (38/0x)u(x—x,)=0, (2.18)

where p=1, 2, 3, 4; ¢=1, 2, 3; m=1, 2, ---; and
n=1, 2, ---. In addition, of course,

f Brpn*Pn—1=0. (2.19)

These functions, together with
N-u(x—x,)C(¢) and N9/0x:)u(x—x,)C(c)

(where C(o){a=1, - -4} designate four spinors obeying
CHo)C(o")=8,,, e.g. C,(c)=3,,) form a complete set
suitable for the expansion of the complete field ¢ [see
(2.5)]. For the part ¥/, subject to the orthogonality
conditions (2.6, 7) and to the commutation rules (2.13),
the most general expansion is

\I’p,(x) = Zm AmPm, p(X), (220)

where the a’s obey the well-known anticommutation
relations

[am; am’]-{—: [dm*, dm'*]+=0.

The ¢.’s are conveniently constructed as eigen-
functions of the variational problem

[am*’ aM’]+= Omm/

5 f Frot (@ D+ uBlon(x)=0,  (2.21)

with the constraints (2.17, 18, 19). Introducing for
these constraints, respectively, Lagrangian multipliers
Anp, Anp(? and E, one obtains the set of linear equations
((I' p+l‘6)¢=E¢‘+Zn0‘n‘+An' [))'M(X—'Xn). (222)
Then, with (2.20) inserted into (2.15"), H assumes the

diagonal form
H'=3%, an*onEmn. (2.23)

Note that the coupling parameter f does not appear
in the H’ problem. Finally it may be noted that the
introduction of an additional neutral meson field
(doubling of all ¢p-components, with O involving isotopic
spin operators) causes no computational changes in the
H' problem. Of course, the number of eigenvalues E,
per interval AE, is doubled.

3. ONE-NUCLEON PROBLEM

In the one-nucleon case (2.22) reduces to
(a-p+uB—E)p=(A+A-p)u(x). (3.1)
To study the u-scattering, we insert for ¢(x) a plane,
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incoming wave plus an outgoing spherical wave
¢(x)=q$oe"(l’°‘x>+fd%a(k)e“k"). (3.2)
¢
¢o obeys the “source free”’ equation
(e potuf—E)po=0, E=+(pi+u?)t (3.3)

and C denotes the countour to be taken in the complex
|k| plane which gives rise only to outgoing waves.
Multiplying (3.1) with (a-p+ pB-+E), one finds

#*—pH¢(x)= (@ p+uB+E)A+A-pu(x). (3.4)
Let
w(x)= f Bhg(k)eitk), (3.5)
Inserting (3.2, 5) into (3.4) yields at once
a(k)=g(k)(a-k+uB+E)N+A-K)/(B—p?); (3.6)

X and A are still to be determined from (2.19, 20)
f Fau(x)p(x) = f Faeu(x)ps(x) =0.
Choosing the “3” axis in the p, direction one finds
e g(po)
oI (po)—37 (po)

po'g(po)
i=———————[aia3(E— uB)— pocti]do;
1oL (o) — 37 (o) ricalBhh) Poa-]tf’o
(i=1, 2)1

[poas— (E— uB)]do,

(3.7

Ay —1<)[<E (ot
3=—p0 g(Po uB (J(PO) ' poﬁl(po)~—3](ﬁo))

Doaxs

————————— | o,
Pl (po)—3J (Po)]

where

kg*(k)
I(po)= | dk !
(p0) J; b pe

The contour C is of course the same as in (3.2).
From (3.6, 7)

Kg(k)
T(p)=1 f dkkzg o 9
C . — Vo

b(k)
a(k)= bo, (3.9)
k2"PO2
where
g(k)g(po)
b(k)=——————(a-k+uB+E
O petto—argn Y
-k @ Po
x[(u-po)—(E—uﬁ)—ff—%(——?—)(EwﬁH(a-k)

_ Dol (po)—3J (po) [ k- Po) (B— NB)]
T(p0) pa? '



336 L. M.

Finally one may in the usual way evaluate the &
integral in (3.2) for the wave zone (| k||x|>1)

B(x) = [e?>+272b(x) exp(i] | | x])/| x| Jpo.

Here, x stands for the momentum of the meson scattered
in the x direction x=|po|x/|x|. Note that if ¢, refers
to a positive energy state (E>0), then also the scattered
wave contains only positive energy states, as is indicated
by the factor (E+a-x+pB) in (3.9). Therefore, the
scattering cross section averaged over the initial polar-
izations, is simply

do/dQ= 24 Sp[0*(x)b(x) (E+ - potuB)/2E]
1
———(po*t+ % Po)g*(po)-
o0l (po*+x-po)g'(p

We have evaluated the cross section for the simple
cut-off law

(3.10)

% (% po)*

=87

(3.11)

g(k)=(14k*/ 451 (3.12)
which corresponds to the source function
u(x)=2mw2A3(e~4%/ Ax) (3.13)
as defined by (3.5). In this special case
I(po)=1m*[2po—3iA (1~ po*’/ A%) 1g*(po)
3T (po) =iw’[ 2pe* —iA3(1+3p*/ 4%) 1g*(po) (3.14)
do cos?d(1-+cosd)
—="72p¢"

oY [4po*+A°(1+3pd"/ A7) ]

where §=po-x/| po| | x|. Integrating over all directions
gives

1
[4pos-+A8(1+3pe?/42)7]

It is evident that this strong coupling value of the
scattering cross section is much larger than the observed
values. As was mentioned earlier, the cut-off momentum
A cannot be taken much larger than u on account of
the actual range of the nuclear forces. It is true that o,
with p, increasing above 4, falls off as po=2, but this
decrease is not fast enough and sets in too late to make
the numerical values compatible with the measurements
of Amaldi and Fidecaro at 200 Mev and above. A
sharper cutoff would improve the situation for high
energies, but for p~A~u Eq. (3.15) would still give
an unbelievably large cross section. A computational
check of this point was made for g(k)=(1+4k*/4%)
which bears out the correctness of this conclusion.

Everything mentioned above about (3.14, 15) applies
also to a more general interaction involving the isotopic
spin - operators. The scattering of either charged or
neutral mesons without charge exchange would again
be given by (3.14, 15) in the strong coupling approxi-
mation.

o =96mpqt (3.15)
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Equations (3.14, 15) may also be compared with the
weak coupling value, obtained by ordinary perturbation
theory (first-order approximation)

b gy (3.16)
aQ 16 pee C(p/ 2 2) 34 (p/ 2+ M2)P P '

(3.17)

f ’ N4
g=—" .

s O i ey
All primed quantities are meant to refer to the center-
of-mass coordinate system. (¢ =scattering angle.) Equa-
tions (3.16, 17) were already obtained by Wentzel” (his
value in Eq. (22) of reference 7 should be multiplied
by 4; n=f/2%)?). As mentioned in the Introduction,
this approximation is even valid for intermediate coup-
ling strengths, and the numerical values are not incom-
patible with the observed cross sections.

Before concluding the discussion of the one-nucleon
problem, a few remarks may be added regarding the H,
problem, i.e., the “binding” of mesons by a single
nucleon leading to excited nucleon states. The main
term in H%Eq. (2.15) is the one arising from the original
interaction term (~f); neglecting the other terms in a
first approximation, one is confronted with the eigen-
value problem

HOF= EOF0
Ho=i(NR)M(f/2M)o - {0480+ 0 8760} ;

1B7ys may of course be chosen diagonal. For the sixteen
operators Q, and £, which obey the usual Jordan-
Wigner anticommutation relations (2.12) it seems
simplest to take Q,*Q, and Q,®*Q,® diagonal. So
the problem which must be solved is the diagonalization
of a matrix of 2! rank. The various constants of
motion reduce this Hy° to submatrices which are more
manageable. The great number of these, however,
makes the computation an almost impossible task.

4. THE TWO-NUCLEON INTERACTION

We consider two nucleons at the positions x; and X,
with nonoverlapping sources, i.e., | x;—x2|>>4 1. Then
the H® part of the Hamiltonian (2.14, 15° can be
disregarded in the interaction problem, since it has no
dependence on |x;—x.|. H’, however, gives rise to an
interaction, because the vacuum y/-field is changed by
the presence of nucleons and this modification depends
on the distances of the nucleons. Referring back to
(2.17-23), let E,.(r) be the energy of a stationary state
m, as a function of r=|x;—x,|; then the interaction
energy J(r) is given by

J() =2 n [ En(r)—En(x)]. (4.1)

The sum is extended over all occupied negative energy
states.t

For calculating the eigenvalues, E,, it is initially
necessary to introduce a periodicity condition giving
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rise to Fourier series. Therefore, let
w(x)=8m3 V13" g(k)er-»

with g(k)=g*k)=g(—k) (4.2)
o(x) =8V 1Y p(k)eitk®, (4.3)

V is the usual periodicity volume. The variational
problem (2.21) then leads in the Fourier series repre-
sentation of (2.22) to

(@ ktu—E) oK) = g(k) . (A A, K)eithosn
n=1

(4.4)

(a-kt+uB+E) n
ol g D)
R g

Note that no solution of the homogeneous equation,
like the plane wave in (3.2), need be added since we are
interested in determining stationary states # having a
vanishing current density at infinity. Now, as before in
the scattering problem, we resubstitute (4.4) into the
Fourier transform of the constraints (2.17) and (2.18).
These are

n+An k)e—$(k Xn,)

fd%cq&(x)u(x— X))~ g(k) p(k)eitk-xn) =0

fd3x6¢/6xju(x~ X))~ g(k) p(k)kjeitkxm =0,

One thus gets from them, respectively,

‘k+uB+E)
ZZlg k)
+u—E
X (A k)e—ik G20 =0 (4.5)
>y O e
« k- — E?

X()\1L+An‘k)6vik'(x"*x"')=0. (46)

In the two-nucleon case (4.5) and (4.6) form a system
of 32 linear equations for the 32 components of X,, and
Aqs 9 whose nontrivial solution is determined by the
vanishing of the determinant of their coefficients. The
negative values E for which this determinant, denoted
by A(E, ), vanishes are the eigenvalues E,.(v) in (4.1).
The calculation of A(E, 7) is lengthy but straightforward
and leads to the following simple result:

A(E, r)=A(E, »)[x(E, 7]
The function x will be described below.
When x is known, one is able to find J(#) by making

use of the method of Wentzel.® Pauli and Hu! used
this procedure to obtain for J(r) the expression

A(E, r).
A(E, oo)

4.7)

1
J()=—— [ dEn

27r1 c

dE Inx(E, 7).

mY ¢

(4.8)
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The counterclockwise path of this integral in the com-
plex E plane is a loop chosen so as to enclose all the
zeros of A(E,r) and A(E, ©) on the negative (real)
axis. x may now be evaluated in the limit V—o. This
process causes x to become discontinuous along the
real E axis due to the continuous spread of the zeros.
Explicit computation of x shows that the limiting
values, as the real E axis is approached from either
side, are complex conjugates to each other. So if e and
« are defined by E= —[ (¥4 u?)*+1e], and introducing
the notation

x*(k*, r)= lim x(E, r),
e—+0

it turns out that (x+)*= x~. Therefore, we may define
a function ¢(«2, r) by

=x~ exp[2i9(x2, 7) ]

and (4.8) may then be written as

J()=— f d——3(2 7). (49)

(1 p2)?

The phase 9(x% 7) is uniquely determined by the
requirement

limd (2, )=0 (J(0)=0).

700

In (4.9), strictly speaking, a contour integral over a
small circle in the E plane around the point E=—pu
should be added. But it can be shown, with the formulas
given later, that no contribution to J(r) arises as the
radius of the circle tends to zero. The k-space integralsf
contained in x* and & are expressible in terms of the
following two types of integrals after angular integra-
tion:

© fegikrg?(k
—gldk (=1,2,3,4)

I £(2, 7)=lim

=0J _ k2— (k2=kin)
(4.10)
) k2(1+n)g (k)
(2n4 1), () = lim f ik (1=0,1).
2—'(k21in)

[Note that for ¥2<0, or E> —pu one obtains I,*=1,"
J.t=J,; this is the reason why only the region «*>0,
or E< —u contributes to the integrals (4.8) or (4.9).]
For further evaluation we choose again the simple
source function (3.12), which allows one to carry out
the k integration in (4.10) as contour integrations. The
poles k=14 in T%(«% r) give rise to terms proportional
to e~47 which will be neglected under the assumption
r>A1 [see (2.10)]. Then the integrals of (4.10)

H(im sl
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become
(I Ia7) = imke='g (k) (e (— 1)« le=inr]
(It =1 ,7) = imke1g2(k) (et — (— 1) *—le—ixr]
@2nA-1)(Tnt+T3) =724 (—1)"Hg (k) (4.11)
X[(n—3)+(n+3)x2/A%]
Cn+-1)(Jt—T )= ir2 g (k).

We can now summarize the results for the function
x*in (4.8) with the choice (3.12) for the source function.

xT= "V =xitxet=(x1"x2)*
36 (—4iy*+14y>+18iy—9) ;
! v

xit=14+— -
y? (2iy°4- 322+ 2°)*

36 (2iy5— 17y — 68iy*+ 142524+ 162iy— 81)
X2+ = 1+ i ety

¥ (2iy*+322y+-5°)

where y=x» and z=Ar. The complete expression for
x2t also contains a term with an e*¥ factor, which
gives, however, a completely negligible contribution to
J(r).

In (4.9), x1 and x. contribute in an additive manner
(8=19148,). The qualitative behavior of x;+ and x,*
is similar, and it will be sufficient to discuss x1+. Three
separate intervals on the « or y axis may be distin-
guished.

(a) The neighborhood of the point y=1; defined
such that the real part of x1* vanishes: ®(x:+(y1))=0;
y1218/z3<<1 In this region the imaginary part,
9(x1+(y)) is positive so that di(y;)=m/z. The region
(a) occupies a y domain, Ay, which includes all points
where | ROt ()| =190t ()]-

b) If y, starting from ¥1, increases toward infinity,

+ very rapidly approaches 1, i.e., ¢; approaches 0.

(¢) To the other side of y1, y approaching 0, #; tends
rapidly toward the value .

The region (a) is very narrow (Ay1~y*<y;<1) and
therefore a good approximation for the integral (4.9)
is obtained by setting ¢:2(x:+— x17)/24 in the interval
b1 < y<e, and ¢7 for ¢1: 0< y <y

Similarly one finds the contribution of xs* to be
o (xot— x2~ )/Zi in the interval bs: y,<y<, and
¥ for co: 0K y< ¥2 (there y;2254/2%). Then, accord-
ing to (4.9)

J(r)=Ty(r)+J (r)
To(r)=Jer(r)+Tes(r) = — 4/r[ = 2pr+ (w2’ +-y:2)}

(] 412
Jo(7)=To1(r) 4 Toa(r) = — (288/ A%r7) f(§)
where
£=2pr,
f(%)=90I(x)4xK1(x)[101/2+ (19/16)a%]
+4°Ko(x)[41/4+2%/16]
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and

© gy sinnx
I(x)= f (cosnx— )
o (n*+1)} n%

and Ko, K; are Hankel functions of second kind with
imaginary argument.* These are the same types of
integrals as appear in the earlier work on pair
theories.1 %1%

For two distinct 7-intervals simpler expressions for J
may be derived by inserting the asymptotic expansions
of the Hankel functions: If y,<1<£; >1/2u>>(54)/ A
(supposing, here, 4>u),

144 (u)" 1 \
o — AT
(rpr)t\ A/ A%

If, however, £y, ; (54)}/ A<r<1/2u (again: A>>p),
J(r)=—288/(4%").

For all values of 7 covered by our calculations, i.e.,
r>A"!, the potential is attractive.

At smaller values of 7 the source functions of the
nucleons overlap and also H® contributes to the po-
tential. This problem is even more complicated than
the one-nucleon H® problem mentioned at the end of
Sec. III.16

One inadequacy of a really strong coupling assump-
tion appears rather certain, and this is the absence of
long range spin-dependent forces of the proper magni-
tude. The Q-interaction (2.15%) between the y/'-field
and the physical nucleons will certainly produce some
spin-dependence of the forces, derivable by a second-
(or perhaps fourth-) order perturbation treatment,?
which, however, requires the knowledge of the H,
eigenvalues and eigenfunctions. As long as the strong
coupling condition (2.16) is fulfilled, the resulting spin-
dependence will presumably be quite weak.

Since we would actually expect the coupling to be of
intermediate strength, we want to present, in addition,
the results of a weak coupling calculation, carried out
with the usual perturbation methods. Here we adopt a
charge-symmetric theory,!! involving both charged and
neutral mesons, because otherwise no resemblance with
reality is obtained. The spin and isotopic spin depen-
dence of the potential turns out to be the same as known
from the pseudoscalar Yukawa theory, namely:

(8x%)2J (r)
= (e1-%2)(01- V) (02 V)U(7)

(i)

0" 02———- r— 4.13
+3 ( )r 2 dr dr)] ( )

14 See G. N. Watson, 4 Treatise on the Theory of Bessel Functions
(The Macmillan Company, New York, 1944).

16 J. Jauch (see reference 12).

16 See Appendix II of reference 2.

J(r)y=—
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The spatial dependence of U(x), instead of being given by d simple momentum space integral as in
Yukawa theory, is now expressible by the double integral

J? g(p)gi(g)ei >0 = P+
U(x)=—~fd3pfd3q : : [ (Pote ] (4.14)
e [+ @+l ) )t
After angular integrations this expression may be written as
167 2(p)g? 2 1
U(x)=——f2fpdpfqdq £t l-sinpx sinqx(l—i———u——)—
e (P (g )L (P4 1) Mg+ a8
(px cospx—sinpx)l (gx cosqx—singx) }_] (.15)
P+ i) )} x4

Again, the cutoff due to gX(p), g*(g) is essential for
insuring the convergence of the integrals. In previous
calculations® this was overlooked, and the results are
therefore doubtful. Even for simple functions g, as
(3.12), the integrals (4.15) are not expressible in terms
of known functions, for arbitrary values of the param-
eters #, =1, and A~ A first approximation for x<u™!
is obtained by taking u/A=0. This appears sensible
since, for 4>y, the contribution that the integrand
makes to U(x) for p, ¢<pu is small. A convenient choice
for g then is gi(p)=e?/4" (with A’'~A). After the
introduction of the coordinates p=pcos?¥ and
g=p sin®? (4.15) may be evaluated in a straightforward
computation with the result

16722 13
U(x)=———A’5[—{arc tand’x—
M2 2

- }(Afx)5

14 (A7)

1
- ~ . (416)
{A'x[ 14 (A’x)2:]}2] (

The substitution of this expression into J(r) yields for

the central-force term a strong short-range repulsion’

and attraction at larger distances. The tensor-force
term, on the other hand, has always the same sign for
all  values and it vanishes at #=0. Some characteristics
of a charge-independent, “hard-core” type!” of theory

1R, Jastrow, Phys. Rev. 81, 165 (1951).

are therefore found in a weak coupling approximation
of pseudoscalar u-pair theory, especially the possibility
of explaining nuclear saturation in terms of a short-
range repulsion. It is easily checked that, for larger 7
values (r~u™1), J(r) exhibits qualitatively the same
spin dependence as the pseudoscalar Yukawa theory.
Therefore, as far as the weak coupling approximation
goes, the spin and charge dependence of the forces
agree, at least qualitatively, with the deuteron data,
as, e.g., with the sign of the electric quadrupole mement.
The range of the forces, for A> p, is, of course, given
by 471, and so for r>p™' the potential is already
negligibly small. For (164%)(873)~2f24°M~~1, J(r)
has roughly the right order of magnitude. It is, however,
doubtful and hard to ascertain whether a perturbation
treatment is legitimate for such f values.

Since for intermediate coupling strengths no compu-
tational method is known, the best one can do is to
resort to a plain interpolation between the two extreme
cases. Within this broad margin, and as far as our
results go, there appears to be no serious discrepancy
with experience.

In conclusion, I would like to express my gratitude to
Professor G. Wentzel, who suggested this problem and
gave me invaluable guidance and encouragement during
the course of this work.



