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_1
Brief Report on the Present Status of Meson Theory
of Nuclear Forces#
by
Mo Mo levys Boole Nonnale Superieure (Paris)

and Rl E0 Marshak, University of Rochester

lo Introduction

The meson theory of nuclear forces has had a long
albeit not a conspicuously successful historyl Starting
with Yukawa8s first attempt In 1935 to explain the strength,
short range, and saturation character of nuclear forces on
the basis of charged and neutral field quanta of intermediate
mass, the vicissitudes of the subject have been numerous and
exasperatingo A major obstacle to progress for a long time
was the wrong identification of the elusive cosmic ray ™
meson as the meson responsible for nuclear forces) This
blind alley was followed for a dozen years and lack of
knowledge of the specific properties of the yW meson left
room for a plethora of meson theories of nuclear forces™-
based on different assignments of spin and parity to the
meson and corresponding to different types of coupling to
the nucleon (direct vs( gradient coupling, single vsc meson
pair coupling, single coupling V30 a mixture of couplings,

etCo)o When finally the 7 meson was discovered in 1947

#This report was presented at the International Conference

in Nuclear Physics held at Glasgow in July, 19540 39 002
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at Bristol and its properties determined within the next
few years by means of the high energy machines in the U0S(9
i1t became clear that 1f nuclear forces in reality possess
0 field-theoretic origin;, the pion field must be the field
chiefly responsiblel The observation of the three charge
states of the pion (all of them associated with zero spin
and odd parity) and the large nucleonic production and ab-
sorption cross sections have given strong support to the
qualitative features of Yukawa’s original hypothesisl

The working out of a quantitatively correct meson theory
of nuclear forces still remained, however® Fortunately,
independent of the developments in meson physics, great pro-
gress had been registered in the allied domain of quantum
electrodynamicsl A series of important papers (Tomanaga,
Schwinger, Feynman, Ifrson) led to the formulation of the
renormalization method for treating problems of quantum electro-
dynamics() Despite the occurrence of infinities in the higher
older approximations of quantum electrodynamics, it is pos-
sible to renormalize the charge and mass of the electron so
that finite and experimentally verified answers to well-
defined problems can be derived® The same mathematical
techniques have been applied to meson fields and it has been
shown (Matthews, Salam) that only the scalar field with
scalar coupling and the pseudoscalar field with pseudoscalar
coupling can be renormalized for both charged and neutral

quanta (with one small qualification which can easily be
3 '3 003



handled»~Bee below)l Since the pion has turned out to be a
pseudoaoelar particles existing in three charge states™

it follows that a renormallzable meson field theory of
nuclear forces exists in the sense of quantum electrodynamics
provided ome assumes pseudosoalor coupling of the pion to
the nucleono”™. As wo shall see, the whole problem of con®
structlng a mathematically correct meson theory of nuclear
forces would be greatly simplified i1t the pion were a scalar
particle—»althoughf of course®* nature would loolr entirely
different:

The crucial problem of the meson theory of nuclear forces
can, therefore, be formulated as a series of three sub«
questional (1) Is the pseudoooalar pion coupled to the
nucleon via pseudoscalar coupling?* (2) If the answer to (1)

is affirmative, what are the predictions of the renormallzable

# w'e shall assume throughout our discuss! on that the coupling
is symmetrical os far as the isotopic spin dependence le
concerned|this immediately implies thot the nuclear forces
are chargedindependent (Kemmer)

nvA good deal of work has, however, been dona on nuclear forces
yielded by the non-renormalizable pseudoscalar meson theory
with pseudoveotor coupling by the school (see

Takatani at olo)
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Pi(PS) theory concarning nuclear forces? (3) Do the quanti®
tative predictions of this theory agreQ with experiment?
These questions are interrelated? one osn only decide whether
psaudoscelar coupling Is correct by performing o full-fledged
calculation, of the two--nu.cleon interaction with oil divergences
properly removed and by confronting the resulting Interaction
with existing experimental data.

While in principle the procedure would appear to bO
straightforward» the fulfillment of the above program has
turned out to be an enormously difficult tasl:, Some of the
difficulties can bO spelled out by comparing the PS(PS)
theory with the S(S) theory which is the only other type of
renormallzable symmetrical meson theory of nucleon forces.
The PS(PS) theory involves the odd Dirac >Y operator which
is largo (of order unity) for positive negative energy
transit!one but small (of order v* * where v 1is the nucleon
velocity) for positive -» positive or negative negative
transitions. This is in contrast to the n(s) theory which
involves the operator 1 and is obviously of order unity for
positive *» positive and negative —> negative energy trans-
itions end small for the positive negative transitions.

Furthermore™ v/iok’s old argument that the range of nuclear

forces is (/4 is the meson mass) implies thot the
effective range in ordery in the sense of perturbo-
....................... 39 GO05
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tion theory, is | « Sines the lowest (second) order
nuclear force Involves the emission of one meson by one

arid its r«absorptioe. by t.® oihar auclaon/\ln a 051t1v® ®nCjr dgy St&t®,
nucleon in e positive energy state” the second order force
fs~-apert from the factors involving the coupling constant--
amaller than the fourth order force (which permits

positive negative transitions) in the PS(PS) theory but
larger in the S(8) theory* The consequence is that the
observed strength of the two-nucleon interaction requires a
large PS(PS) coupling constant ( lo~ 18" ) where
G is the pseudoscalar pion“nucleon coupling constant-™

of,, below) in contrast to the much smaller S(S) coupling
constant ( N4~ -b 0>1"0¢Z, where g is the scalar mason-
nucleon coupling constant)* The quantity */f-nr still
much larger than the electromagnetic coupling constant since
nuclear forces are after all much stronger than electro-
magnetic forces®* However, the fact that ~/Vvr ~'

would at least justify treating the second order force as a
first approximation in the S(S) theory whereas a similar
starting point for the PS(PS) theory is manifestly absurd*
(Of course, apart from the fact that the pion is a pseudo-
scalar particle, 1t can be demonstrated that the S(S) theory
is completely incapable of explaining nuclear forces—
sub-questions (2) and (3) above can be answered for the

S(§) theory!)* The minimum starting point for the PS(PS)
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theory 1s) therefore, a calculation of the second and fourth
order force within the framework of some weak coupling
approximation (perturbation method, Tamm-Itoncoff or any
other method equivalent to an expansion in powers of the
coupling constant)o Actually, as we shall see below, the
large size of the PS(PS) coupling constant renders even

such a starting point most dubious,,

ITo No adiabetic thecrya Definition, of various approx-
imations }

Let us now examine the progress which has been made in
constructing a renormallzable PS(PS) meson theory of nuclear
forces with a method which 1s somewhat of an improvement
over the usual perturbation approximation, namely the non-
adiabatic method, either in i1ts non-covariant (Tamm-bancoff)
or covariant (Bethe-Salpeter) forcesl In the non-adiabatic
treatment of the two-body problem, the state vector of the
system 1s defined by means of a set of probability ampli-
tudes of the free states where a mesons and
n nucleon pairs are present;the two i1nitially interacting
nucleons are treated separately, and ~ 1is a variable
which specifies the momenta, spins, isotopic spins, etc®,

of the particular free state which is consideredo The set

C ('U"Crn,™ H satisfies a system of simultaneous
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integral equations and if one eliminates all the amplitudes
except by means of successive substitutions,
one obtains the general equation which can be written in

the center*“Of-mass system as follows:

Cl)

in which E is the total energy of the system and £p ~ +N

The kernel Kdf) -5’1 £/ is expressed as a power
series of s
KOp.fje") = 0-’ (2)
He|

Eq,, (2) can easily be rewritten in coordinate space:

1L, JO 3
(il ( (3)
COSh f£
where P '(A.) " try” /[-T=——" 0, (M)i- (3a)
SE o+ /AKE s €= ——m=j an<
V(A V:2)
rts/ Me? x J
In general™ X7(A-,A'1") is a non-local interaction oper-

ator and only reduces to a static potential in certain limit-

ing caseso One such limiting case 1s when | 7L h/L'l > pT

3. u9
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which yields]

¥ 2e. 1 “-E)

Other limiting cases will be enumerated below-. In order to
define the static approximation and also to distinguish
the other types of approximation (perturbation vs, non-
perturbation”™ adiabatic vs,, non-adiabatic), we write down
the explicit form of ~ (JP -£?} E) » K« receives its
contribution from essentially one diagram (cf, Pigo 1)
since the other contribution is merely obtained by relabel-

ing the two nucleonso One finds

) HJ* S
Kjf, £:£) - £71>T :
'T Eptv’ -Viep +Epl " Ej !
-£ £
where uJ (£, +JA:
h+£< M+Ey»

The wvarious types of approximation are now defined as follows?

Adiabatic approximations set ~ in Eql (4)o
Pertui“bation approximations set E~Z€p in Eqc (4)o
Static approximation! set Efp - ) in Eq, (4)0

It 1s evident that the .static is a special case of the
adiabatic approximation which allows for the motion of the
nucleon but neglects its recoil after meson emission or
absorptiono Moreover, the Taram-Daneoff method leaves room

for an improvement over the perturbation method since one

03 COS



need not set E = or (Vsn Hove) ) Finally,
it should be noted that non-perturbation corrections to
can be transformed by a mathematical device Into non-
adiabatic perturbations corrections of the same order plus

static corrections of higher order, (Levy)l

IIlo Discussion of the second-order forcel

The usual calculation of the second-order PS(PS) two-

nucleon interaction assumes Ep-Ep'"'M > (perturbation-
static approximation) so that reduces tos
GlT,'1] or.& 07>J)k
K, S
4 M1 u>£

where The Fourier transform of Kg iss
ViPt) = 4-1

3 4T!

Sql (6) is a well-known result, derived many years ago, and
contains a spin-dependent central force pins a contact
interaction term in addition to the strongly singular tensor
forceo The perturbation-static approximation is only
justified for weak binding or low kinetic energies

(in scattering problems)—and at distances ?7~~r o Even
for weak binding or low kinetic energy, the static approx-

imation will break down at distances A pr « Indeed,



the attractive jfjt Witt)! of Bqc (6) would not
permit the existence of stationary states if it were
employed down to the originl It can he shown easily that
the term proportlonqj to £<f) in Eq,, (6) becomes

out bjr non-static effects in the neighborhood of the

origin and takes the form:

r.rl' ; (7)
J - rrl

operates only on S-states and behaves like a
repulsive potential at small distancesl A detailed
study of the complete e*v*s>on of "Xj, <rr*) shows, however,
that the second order interaction behaves, near the origin,
more like a L. Xe-jr- repulsive potentialo

If the binding between two nucleons ware strong or

the kinetic energy were large compared to yU but small
compared to M, the adiabatic approximation could serve as
a reasonable starting point but neither the static nor the
perturbation approximations would be “ustifiedo The adia»
batic approximation enables us to write > as a function
of \f and i1 £-f; but the nuclear interaction
still remains non-local in character over most of the
interesting range,, Finally, for relativistic nucleon
energies, no approximations in the expression for Kg

permissible and the interaction is non-local over its
3 U3
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entire range, It should be remarked that the Kpiler
scattering formula follows from Eqe¢ (4) in the perturba-
tion approximation; that is, setting E -Xcp ~X£p'
in Eq,, (4) yielvis the Kpller formulae

To sum up: the rigorous second-order nuclear inter-
action, valid at all energies and distances, is a non-local
interaction which acts as the kernel of the integro-
differential equation (3); in principle, this equation
can be solved by numerical means once the boundary condl~
tions are specified,. The second-order nuclear interaction
becomes a local static potential at sufficiently large
distances ( > pj | or at sufficiently low kinetic energies
( 4cyU )0 At very small distances ( ), the
second-order interaction becomes a quaai-statio repulsive
1ig”n potential operating exclusively on the S-states of
the two-wacleon systemo At intermediate distances and at
moderate or high energies, corrections to the static
approximation must certainly be taken into account in

order to obtain quantitatively correct answerso

ITo Dijgcusaion of the fourth-order force,
If one had reason to suppose that Kg contains the

bulk of the nuclear interaction.it would be sensible to

# It would still be necessary to take into account the

radiative corrections to the second-order interaction;

. . > 2
we shall let this point pass {see below),, oot
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spend a considerable effort to obtain solutions of Eq, (3)
(by electronic computers if necessary)(0 However*, we have
already pointed out that it is an essential feature of
pseudoscalar coupling that the matrix elements which
simply create or annihilate a meson are, in the non-
relativistic limit, much smaller than those which, in
addition, create or annihilate s pair of nucleons,, This
implies that i1t r (which 1s indeed the case),
the fourth order nuclear interaction should be larger than
the second order, even in the static approximationl It is,
therefore, essential to work out and. to examine 1ts
contribution to the nuclear interaction in the various
approximationsl This is easier said than done,. First of
all, there are 36 (non-covariant) finite diagrams to con-
sider in evaluating (in contrast to 2 for namely 4
which are iterations of the second order diagrams, 8 which
are not second-order iterations but still contain no
nucleon pairs, 12 which contain one intermediate nucleon
pair and 12 which, contain two intermediate nucleon pairsl
Secondly, radiate corrections now play an essential role
and supply corrections of order /~tr  to the fourth order
interaction even in the static approximation, in contrast
to the second order interaction where radiative corrections
are of order in the st&tic approximation,.

Finally, the fourth order Interaction is the first to be

3 013
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affected by the special type of divergence associated with
meson-meson scattering which is not removed by the mass
and charge renormalization procedures characteristic of
quantum electrodynamics; this has the consequence that a
new arbitrary constant is introduced into the fourth order
interactiono We proceed to examine each of these points

in somewhat greater detaill

With sufficient patience, one can write down the 36
contributions to K* One soon finds that in the static
approximations, the properties of the "5 operator are such
that the largest contributions arise from those diagrams
which contain the maximum number of transitions of the
nucleons from positive to negative energies together with
the minimum number of nucleon pairs in intermediate states
(this statement actually holds in each order)! In fourth
order, these diagrams (cf,, Pigo 2) contain two virtual
nucleon pairs in intermediate states with one intermediate
state containing no nucleon pairs at all,, The exact con-
tribution of the two diagrams in Figo 2 can be written down;
however, we content ourselves with recording the perturba-

tion-static approximations, namely;

G* 8
2.0-10 OfcO-V (V'A~(O*  (uy 1H)

3 014
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which i1s independent of spin and isotopic spin,, At this
pointy the usual procedure is to neglect ™ compared to
2M in the denominator and to compute the static potential

in what we shall call the ,lincomplete static'" approximation;

one finds

TT WIT J vy ax K (xuua) 9)

which is the potential one would derive in the static

@ ~ N

I | '<
4rr Y bor
(  and £ are the nucleon and pion field amplitudes

approximati/(l)n from the pion-pair term

respectively) in the canonically transformed PS(PS)
Hamiltonianc This fact (which has been pointed out), among

others, by Lepore) is demonstrated by the following alter»

native expression of \/(fA)
(x| '
Z 1iir | A), (x >—t~ do
tiic [ A), > )
where
sti X i (n)

is the Meson prepayartirTvi function defined by Peynmano

E h that i

qo (9) shows tha Is of order fvj (YAY) with a
range 9 whereas is of order -

a ci15
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with a range ; hence, at distances N V? u

is ~ /fir times as large as 0 One should further
remark that the "incomplete static" potential has a '//13
singularity at small distances in contrast to the [l/i
singularity of the static potential defined by the Fourier

transform of Eql (8}0 If one tries to Improve on the "incom-

plete static" potential by expanding (0Jt-XM) ' 1in powers

of § the first-order correction becomes:
t«" e~ — '/ a2
which possesses a singularity at small distances|

A method of correction which augments rather than diminishes
the nature of the singularity at small distances must be

handled with extreme caution{ However, if one restricts!

. (
oneself to distances q ‘jﬁ R it is tine that S22 > (TH/ V+

In the above sense, the one-pair contributions to the

static fourth order interaction are of order compared
to V4kA  while the no-pair contributions are of order (""im) ,

A If one wishes to know the fourth order inter-

action at smaller distances 4.y~ \ , the stronger
singularities associated with some of the one-pair terms

cause them to become comparable to”or at least important

corrections to  V4((x , Moreover, at distances ™ Xxji

the one-pair terms | of order

33 oilie
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comparable to the second order static potential [ of order
H Consequently;

s self-consistent derivation of the second plus fourth
order nuclear interaction at distances * p-; requires full
knowledge of the non»static corrections to the fourth order
two-pair contribution (to first order in M ) plus the
static contributions of the fourth order one-pair terms and
the second order terms in addition to the static contribution
of the fourth-order two-pair termsl At small distances
(™ MMM) 9 3niQarQ(3 out contact interaction
present in the no-pair terms of the fourth order interaction
behaves like a 3 repulsive quasi-potential acting only
in S-states so that the sum of the second and fourth order
interactions seems to remain repulsive at small distances
for § stateso

We have stated that the radiative corrections affect
the fourth order interaction in an essential wayl Of coursej
there are also radiative corrections to the second order
interactiono However, the second order radiative corrections
are easily calculated by making use of iyson¥s prescripti(i)ns

for replacing the meson propagation function -A F by I

the nucleon propagation function by Sf and the

interaction operator ~ by I- 1in the covariant Salpeter-

Bethe equation which must now replace the non-covariant

Tamm-Itencoff equation for the purposes of carrying out the

J C17
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renormalizationo It happens that in the static limit,
the second order potential can he written with radiative

corrections in the form:

where ~ 1s a function of > andyU and 1s of
order unityl The situation is different in the case of the
fourth orier interactionsl Hot only must one make the
normal radiative corrections characteristic of the second
order but one must in addition take account of finite
radiative diagrams (an illustration of such a diagram is
given in Figl 3) and the meson-meson scattering types of
diagrams (ef* Figc 4)0 The normal (renormalisably infinite)
radiative corrections plus the finite radiative corrections
to the fourth order two-pair interaction turn out, in the

static approximation”™to be proportional to v4"> [ however)

the corrected potential must now be written in the forms

v =\T[1 +/3 + v 3 U4)

where .& is a well-determined function of G, M and
and i1s again of order unityl The meson-meson scattering

types of diagrams will only yield a finite result if one

'9 CI8
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introduces a term of the form (A is a

completely arbitrary constant) into the plon~nucleon inter-
action Hamiltonian® The additional correction supplied by
these diagrams can then be written® in the static limit in

the form (Bonneway) ;

where ¢~ and »~ are well-determined functions of /u in
addition to ™ M) and y## (0 Radiative corrections to the
fourth order one-pair terms must also be taken into account
but a proper calculation of these corrections™® oven in the
static approximation®* has not as yet been carried onto

It should be noted that a complete expression for the fourth
order static potential to order would
require a knowledge of the first-order ( in ) non-

4- (as well as the first-
A
th ! itselfo)\

¥o Hemarka on higher order termsl

The above discussion underlines the incomplete state
of present calculations of the second and fourth order
nuclear interactionso Heedless to say* the calculations of
the sixth and higher order interactions are in a much more

rudimentary statel The important point to settle is whether

33 CI3



G3 19_

the higher orders are comparable to the second and fourth
orders, due account being taken of the smaller range
associated with each successively higher orderc IQein has
attempted to answer this question by summing certain
classes of terms to all ordersl In particular, he con-

siders in a specified order the "incomplete static' approx-

imation in that order, plusjthe terms in lower orders to
which the ( ) corrections and non-static adiabatic
corrections contribute in the same order,, In this manner,
the VMKl & containing only nucleon pairs, are summed,

leading to the "incomplete static" potential:

vi) - _ A JIN (' ( (is)

where = VH{1If Ayl ) ©~ *ATL
aThe K!/'A A containing ) nucleon pairs, are

summed together with the appropriate corrections to the

‘(X] &) I~

) the resulting series is:

Finally, the & are summed in static approximation

with the result:

V4, « s,

X L~-5

J 020
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It 1s seen, that the condition for convergence of the above
three suras 1s ~Xx, £ S which yields 20, S ¢&

for N - 1° and X0 > <~ for & /7jf §
to mention only two reasonable limits for the coupling con™
stantl Since the larger value of the coupling constant is
probably closer to the truth (at least on the basis of the
pion“nucleon scattering theory and data)?Klein*a result
implies that the higher order static interactions are com-
parable to the second and fourth order static interactions
at distances comparable to ‘!jja (| This throws co nsiderable
doubt on the sum of the second and fourth order contributions
as a suitable static potential (valid at distances P»> — )
While Klein’s convergence criterion is probably too rigid

because of the artificially strong singularities introduced

by his expansion of the denominators of the JA. in

powers of !J/KM (cfo above), it must be admitted that his

work indicates that the predictions of the PS(PS) theory are,
in a strict sense, unknown even in the static approximation
(apart from the incidental fact that the radiative corrections

to the higher orders have not been calculated)l

Vlo Comparisons with low energy experimental resultso
Nevertheless, despite the above qualifications which
must always be borne in minds a great deal of labor has gone

into comparing the predictions of the second order static

m:J] C2i
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nuclear potential plus certain cru.de versions of the fourth
order static potential with the experimental data at low
and moderate energiesl It seems worthwhile to briefly

mention this worko First, levy used VI plus a

given byj

U =y, (19

V /(<x<O

The VYA term represents the sum of plus what he
had erroneously calculated to be the contribution of the two-
pair and one-pair diagrams to order 0 Since
the second and fourth order interactions become repulsive at
sufficiently small distances (4 )? levy assumes that
Eq,, (17) 1is wvalid down to (radius of the repulsive
core) which he treats as an adjustable parameter.. Fitting
the deuteron binding energy and the singlet scattering
length at low energies, he determines the values of

and Jlc , namely S

He then proceeds to calculate the singlet and triplet
effective ranges, the percentage of D wave and the quad-
rupole moment of the deuteronl The first three quantities
agree well with experiment whereas the quadripole moment
turns out to be 20$ too snallo The disagreement with the
deuteron quadripole moment is a serious matter--as Blatt

and Kalos have recently shown-»unless one argues that meson

3 022
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exchange effects can influence the static quadripole

moment (Villars, Deaer) ) Finally, Levy calculates the n*=p
scattering cross section at 40 Mev with the above values

of and -“c. and finds that while the absolute value
of the cross section is in reasonable accord with experiment,
the differential cross section is not sufficiently aniso»
tropico l'he n«p calculations were carried out by assuming
the same repulsive core for all states, performing an exact

calculation of the S phase shifts and using the Born approx-

imations for the P and ©~ phase shifts but neglecting the
coupling of the —— to the 3Fz statel

Further calculations were performed by Martin and
Verlet of the p-p scattering cross sections at 18 and 32 Tiev,
making precisely the same approximations and assumptions as
Levy made for the 40 Mev n-p scatteringo While excellent
agreement was found with the experimental data, the calculs-
tions were criticized by Wick on the ground that the Born
approximation is not justified for the P and B phase shifts
(particularly the phase shift) | Few calculations of
the p-p scattering were, therefore, undertaken by Martin
and Verlet who, in place of the Levy potential, took a static

potential of the forms

20)

;3 023
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where A  was regarded as an arbitrary parameter (in an

attempt to simulate the radiative corrections); rx/

was varied accordingly but it was still assumed that

o Exact calculations of the p*“P
scattering cross sections at 18 and 32 Mev with Eql (20)
showed that the 18 Mev data still exhibit reasonable agree-
ment with the theoretical predictions and are rather in-
sensitive to the value of A. ( On the other hand, the
pr evious agreement with the 32 Mev data disappears and the
situation is not improved by taking account of the non-
perturbation correction Ci,e» E: 2 ™M ) and of the coupling
of the ' to the ° stateo Moreover, the magnitude
of the p-p cross section at 32 Mev is only attained by-
choosing A " which i1s contrary to the dampening effects
of the two-pair static potential expected on the basis of
Wentsel”’s caleulationso Indeed, Blatt and Kalos have demon-
strated, by means of detailed calculations on an electronic
eomputer, that a static potential of the form (20) with @
A and hi allowed to vary arbitrarily., will not yield a
fit of all the low energy datal They fix the three adjust-
able parameters by fitting the binding energy and quadripole
moment of the deuteron and the singlet scattering length
and then find that the predicted effective ranges are out-
side the experimental errors by 208$)) As we have already

remarked, exact fitting of the deuteron quadripole moment

3 024
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Is a strong constraint and the effactive ranges can easily
be duplicated if some leeway i1s permitted in the fitting
of the quadripole moment

We thus see that a completely satisfactory fit of the
low energy nuclear data is not achieved with any of the
static potentials partially derived on the basis of the
P3{PS) theoryo We underline the word partially since none
of the potentials used for the numerical calculations is
actually the total potential predicted by the PS(PS) theory
(including radiative corrections, proper treatment of the
repulsive core, etc<>) in a well-defined approximationo
Nevertheless, i1t i1is interesting that the qualitative features
of even the partial V! £'X v PS(PS) potential are
in accord with the low energy data: the long range tensor
force in is needed for the quadripole moments the
short-range Wlgner force in L1 helps to keep the admixture
of D wave in the deuteron small while allowing the quad-
ripole moment to stay large and the repulsive core is then
useful to preserve the correct effective range®* A short-
range singular Wlgner force is also needed to give to the

singlet central force the same degree of singularity as the

% calculation using the potential of Eq* (20) has also been
done by Jastrow, who reported # good agreement with all the
low energy data-~rather insensitive to the value of A-o —»

that slightly different core radii are OSSUh-ied

for singlet and triplet states¥

'3 C25
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triplet central forcej and thus help in fitting the singlet
scattering length with the same coupling constant as the
one required for the deuteron binding energyo It would
seem that the total PS(PS) potential should retain these
features and, to that (limited) extent, the outlook is not
entirely negativel However, 1t cannot he asserted at this
time that the PS(PS) theory is capable of explaining the
low energy datal Moreover, we have seen that trouble sets
in when we consider moderate energies such as 32 Mev for
pwp scattering and 40 Mev for n*<p scattering) Again the
disagreement found cannot be used as an argument against the
PS(PS) theory since the total static potential was not used
in the calculations and only weak attempts were made to

estimate the non-static correctionsl

VIlo Situation at high energyl

When we come to high energy nucleon-nucleon scattering,
one can fairly say that not even a partial PS(PS) theory has
been confronted with the experimental datal The non-static
corrections to the second and fourth order interactions must
certainly become important at energies of 300=400 Mev but no
serious attempt has been made to work them outo Moreover,
at these high energies, the distinction between the two-pair,
one-pair and no-pair terms becomes increasingly less
important since the effective energies of the meson quanta

exchanged between the nucleons increase (10eD, the parameter
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Is no longer , but something like where ™
is the meson energy)j] one can put i1t another way by saying
that the distances from which the ma,-)or contributions to

the scattering phase shifts aris™e become smaller f© ~
as the energy increasesnt By the same token, the higher
order interactions become more and more comparable to the
second and fourth order interactions so that the expansion
parameter instead of being { ) is raore like ""Vtlfe
Despite these substantial qualifications and in view of our
ignoi’ance of anything more than a partial static potential
in the second and fourth orders, 1t would still be of inter-
est to examine the consequences of a static potential like
Eq, (20) for the high energy nucleon-nucleon scattering|
While no quantitative calculations have been performed, the
following qualitative predictions of Eq, (20) (assuming a
repulsive core only in S-states, which was not the case for
the p-p and n-p calculations at moderate energies—cf, above)
should be noted: (1) the isotropy of the unpolarized p-p
cross section could be explained by the combination of the
tensor force in the triplet states and the repulsive core
in the S-state (1Joyes and Cammits), (2) the strong polar-

”n

ization effect produced in p-p scattering™ could be explained

A full discussion of the polarization experiments at high
energies will be found in the Proc, of the Fourth Annual

Rochester Conference on High Energy Nuclear .Physics, 19540
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by the strongly singular tensor force with a gradual cutoff
(not the repulsive-core type cutoff for the higher states—
efl Goldfarb and Feldman), Parenthetically, we note that

the PS(PS) theory predicts a spin-orbit force in fourth order,

namely;
w.-a L-Jix.p ] ='Ks
?/hile the coefficient in front of Vs<(, 1s small, the

strong singularity leads to an appreciable spin-orbit force
at small distances« Since the smaller distances are import
tant for the high energy scattering, Eql (21) may lead to

a significant polarisation effect in addition to the tensor
forceo (3) the PS(PS) potential (20) will probably not
fit the unpolarized n-p scattering if the experimental
cross-section is really quite symmetric (albeit strongly
anistropic) about 90° (in the Como system)) The experimental
situation still remains to be clarifiedl (4) the fact that
the polarization effect in n-p scattering is not greater
than in p-p scattering—despite the pressase of twice as
many triplet states for the n-p system as compared to the
p»p system-“Could be explained 1f the tensor force is
chiefly responsible for the polarisation since the v 'VE
factor in front of the tensor force leads to opposite signs

for the isotopic singlet states (which only operates for
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the n-p system) and isotopic triplet states (which operate
for both the n”p and p-p systems), These qualitative
expectations may not be borne out by quantitative calcu-
lations but on the face of it, there seems to be a great
deal of potential good in the PS(PS) theory* In conclusion,
we must confess that our original question of whether the
pion field can provide the basis for a correct meson theory
of nuclear forces has been left unanswered*

One of the authors (RoE.M,) was a Guggenheim Fellow

when this report was written™
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PIG Is Seoond-Oi*d®r

diagramo
FIG 2s Leading fourth-
order diagrams in
static approximationo
T
FIG 3s Fiait® radiative PIG 4s

Mason-mason scattering type diagram
correction to

fcurth-er&or
Interaction”,
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