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An Attempt at a Unified Theory of Elementary Particles

Hideki Yugawa#

Department of Physics, Kyoto University

The introduction of non-local interaction between local fields is likely to be an
important step toward the construction of a consistent field theory free from diver-
gence difficulties. However, a further step in the same direction seems to be neces-
sary in order to approach nearer to a unified theory of elementary particles. The
concept of non-local field is introduced for this purpose. A non-local field describes
relativistically a system which is elementary in the sense that it could no longer
be decomposed into more elementary constituents, but was so substantial that it

contains impicitly a great variety of particles with different masses, spins and other -

intrinsic properties?, For instance, a non-local scalar field is defined as a scalar
function depending on two sets of space-time parameters and can be written as

Gt :I‘jD | xf-'-”) =@ (X, ﬂn)

where
x ’ _{_ ¥ i ; ;
Xﬂ:(-‘*—zt*—-, o A
The most general equation for the free field is of the form
! ]
F(- e r,—-—) X, 7.)=0 1
X [ o, P (X, 7) (1)
where the operator F is a certain function of —5}—, 7, and .—é?l which is invariant
. _ 2 w
nunder any inhomogeneous Lorentz transformation. If we assume that F is linear in
=3
2 o 3
“OX,oK. anc% separable, i.e.,
N 2 2
f=——— 4L FW® (nfr- —_, 7 —) 2
! 9X,0X, & het ey gy )t @

then we have eigen-solutions of the form .p=#u(X)x(r), where » and y satisfy

(axfz?i‘c; —p ) (X) = (FO—p)X(7) =0 3

w being the separation constant. Thus, the masses of the free particles, which are
associated with the non-local field @, are given as the eigenvalues of the square root

%) On leave of absence from Columbia University, New York, N. Y., U. 5. A.
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of the operator F™ which characterizes the so-to-speak internal structure of the _ was considered first by Born in connection with his idea of self-reciprocity®. One = =

' elementary non-local system. One can choose the operator F such that the eigen- " can easily see that the mass spectrum in this case is discrete and is given by = =
values +/y,=m, are all positive and discrete. In that case, one can expand an 5 : = 5

arbitrary non-local field into series of the corresponding internal eigenfunctions Mgy gy n3, o ="x‘|”1+”2+”8‘“”ﬂ+1| &) = =

. ’ R : DN . L E— 50 —

| Xn(7): % N . where 2, n,, ng, %, are zero or positive integers. The main trouble with the four = " =
l s P 2% %n (X)X (7) ) dimensional eigenvalue problem in general is the infinite degeneracy. If we try to = e
I - S _ - E =

| Now, when a non-local scalar field @ interacts with a local spinor field b (x,), £et T, ofithis 'dJ_ﬁicu.lty, the theory may well become ks complicated. _ = 2 :
for instance, one can reduce the problem to that of the interaction between the ; In connection with the problem of the decomposition of a non-local field into = =

spinor field 4 and the infinitely many local Boson fields, which are defined respec- irreducible part, a rotator model for tl?e structure of elementary particles was sug- = 90 —

. tively by 2:(x.), #s(%.), ... The field equations become gested by Hara®. A rigid sphere model as suggested by Nakano indicates another = SE
!I' =2 possibility. A modification of the problem of the self-energy in the ordinary local = =
(7;‘: ,,—m,,ﬁ)u,, x,) = j' O (22", () A () ' (5) field theory as proposed by Enatsu could also be regarded as a different way of = 80 —

ox, 'ox, approach to the problem of determination of the structure of elementary particles. = _5

2] . SR o e There are a number of points which are to be investigated in order to see whether ) —

(h/,;—ax;-+M)1;f (x') = —-%‘, S{Dn (2, 2", 2"ty (2" )N (277 A" dx (6 a consistent theory could be constructed if we proceed in this direction. One serious = =

limitation of non-local theories is that so far we have to make use of the weak = 10—

! where ; coupling approximation. Although we doubt the validity of such an approximation =3 E
e Al Ty T i in connection with the problems of mesons and nuclear forces, we cannot depart =

: Op(x’, 27, x7") =8Xn(x'— % )5('7.— ) @) : from it easily, simply because we do not have as yet any thoroughly relativistic =
!| _ : X ] ’ : formulation of field theory which is free from the assumption of weak coupling. —— ot
and M is the mass of the spinor particle. If we compare these equations with the - 5_1_20 =

' field equations in the case of non-local interaction between local fields, we notice that g References S -
. the internal eigenfuuctiop x,@.('r) characterizes the form function for the particle with 15 H, Yulcawa, Phye, Rev. 81 (1958) il prese. §_ —
| the mass m,. The essential difference between the theory of non-lcgcal field and th_at of 9) S. Watanabe, Phys. Rev. 91 (1953) in press. = 10—
| non-local interaction is that, in the former case, we have to take into account simul- 3) M. Born, Rev. Mod. Phys. 21 (1949), 463. _ E-
" taneously all the particles with different masses #1;, 2, . . . which are derived from 4) O. Hara and T. Marumori, Prog: Theor. Phys.'8 (1953), 559. . = g2
| an eigenvalue problem. Furthermore, the form function for each of these particles i = =
5 is uniquely determined by the same eigenvalue problem. In the above example, in - :
| which we started from a non-local scalar or pseudoscalar field, all these particles =150 —
have integer spins. On the contrary, particles with half integer spins would be L L e -

obtained, if we would have started from a non-local spinor field. On the Problem of Convergence in the Non-Local Field Theories s

In this connection, it is to be remarked that Watanabe suggested recently a ¥ il == L

! possible relation between the non-local Boson field and de Broglie’s fusion theory®. Christian M¢LLER = 70—;
[ Namely, ‘a pair of spiner particle and anti-particle could be regarded as a non-local (Abstract : see p. 97) = E
l field which describes a great variety of Bose particles. = =
. — 180 —
In any case, the choice of the invariant operator F remains to be arbitrary, = B

'] until a new principle for its determination would be revealed. At the present stage, Yy ; ST _ o 18 - =
. : : _ e A . i ; . SR 0010 S0 yhoes =— 190 —
| we shoulfi be ._sat1sﬁ(.ad with c0n31der1.ng simple examples in order to understand the Field Theories with Non-Local Interactions S :
general situation which we may face in non-local field theory. Thus, for the sake of ' / =

illustration, one can assume a very simple form for F: | Rudolf E. PEIERLS ;—zeo—;

F= s +,?L_2(_ i +i rﬂf“)g (8) - Depariment of Mat}ze:ﬁaﬁc‘al Physics, Bz’nﬁing!mm'of University é_ _g

oXoX, 4\ oror, M 21—

where A is a small constant with the dimension of length. One may call this the The paper will report joint work with M. Chretien investigating the:conditions ;_ _;

four - dimensional oscillator<medel for the structure 'o_f elementary particles which to be satisfied by an acceptable field theory with hon-local interactions. We require =220 —

2 l 3 = =

: S

‘ —— o —
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FIELD THEORY (A) SECTION A SEPT. 18

have become clear especially in these two or three years. It is in connection, for = -
example, with a remarkable regularity between the rest mass of elementary parti-
cles as first pointed out by Nambu,? with curious nature of V particles which seems
hard to be understood within the framework of the current theory, or with divergent
difficulties inherent in the quantum field theory from the day of its birth. The
most serious weak point of the current theory is that the assignment of the spin
or the rest mass value to elementary particles, or the introduction of the mutual
interaction between them must be done entirely ad hoc.

[ 'I'ITI'I'ITI'ITI'I'I'I]'IIlI‘IIIl|IIﬂ
=
|

the theory to be Lorentz invariant and gauge invarinat, to contain no non-causal
effects, by which we mean, effects propagated backwards in time over time intervals
greater than the extent of the form factor inherent in the theory and to contain

no infinites. . 1 o

The requirement for gauge invariance is put in order to ensure that the mass
of a photon will be zero in all orders of approximation.

' A particular form of the theory is investigated in which the invariance require-
{ ments and the causality are automatically ensured. The classical (non-quantized)
! equations resulting from such a theory are satisfactory. Their rigorous quantiza-
j[ tion -presents complications, but it is at any:rate possible to carry through the
|

Under this circumstance, it would be of great interest to investigate the struc-
ture of elementary particles, and thus try to elucidate the intrinsic correlation
. that may lie behind them. Recently H. Yukawa® and one of the authors® sug- ;

| quantlzatlon within the framework of a series eéxpansion of powers of the coupling

constant. It then appears that the theory gives divergent answers, both for the
self-energy of a particle, and for the polarization of the vacuum.

These results apply independently of the precise nature of the form factor
which appears in the theory. A number of possible modifications are discussed,
but give the impression that none of them will remove the infinities without vio-
lating the requirements of causality and invariance. One is therefore tempted to
draw the conclusion that non-local interactions do not open up a possibility of con-
structing a theory that is free of singularities, at any rate without introducing some
very new elemeént. :

gested to regard the elementary particles as corresponding to various states of the
internal motion of a kind of Urmaterie, and pointed out that the non-local field
would be nothing but the one that would describe the Urmaterie. Some develop-
ment of this idea will be discussed.

Following this idea, the first task is to ﬁnd the constants of internal motion
which are responsible to the structure of elementary particles. Such quantities are
found by starting with Fierz’s® remark that the angular momentum of the internal
motion just corresponds to spin.

Thus, separating the square of the iﬁﬁnitesimal rotational operator of the

e
1 Lo
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=
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4: s - - internal coordinate in four dimensional space R.,R* into the spin part $* and its
| - - 3 counterpart M*
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the mass operator M? is found in a relation with the internal motion. The ground
. i to interpret M? as the mass operator is firstly that it is a scalar, secondly that it
| - Sl is equal to an expectation value of the energy of the internal motion in the rest
Hldekl Yukawa system of the center of mass, and thirdly that it determines together with S* the
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| 1 - ) I equations for $? and M? determine the spin and mass spectrum of elementary par- :
(Abstract not yet received, Aug. 20, 1953) ticles. Eigenfunctions of these equations compose form factors when interaction is 160 —

g s introduced, and by solving the equations under the boundary condition that the —

form factors thus composed should serve as effective cutoff factors, the mass 17—

—_ R —_— . spectrum of elementary particles that can exist in nature is unambiguously given. i

'.‘ SRS ! A remarkable feature encountered when we apply this theory to spinor field is 180 —=
the appearence of a new structure constant that classifies the Fermi particles into i

.I The Theory pf the Structure of Ele_mentary Particles % el two families. This is due to the fact that,.iin th_el case of the spinor,_ the spin _and m_g
ey : ; mass operator do not compose a complete:set ‘of mutually commuting operators 5

1 5 | with respect to internal coordinates. Hence, in this case, the specification of ele: =
Osamu HARA and Toshio MARUMORI . mentary particles with the spin and rest mass is incomplete, which means that 00—

Zustiticie of Kleovedacal Phivsics, Negove. Drtnersity ' the elementary particles‘ possess'a new structure constant '_9 other than them.‘ It ' _f

SRR REB A 2T is easily shown that @ has eigenvalues 1, and classifying all Fermi particles into ' 210_5

two families ‘according to these eigenvalues, they determine the minimum values
of the rest mass appearing-in these two-families. These two correspond to -the
nucleon and lepton family respectively “if constants-appearing in the theory are

Although recent progress in the theory of elementary .particles has gained 3
brilliant: success:on ome hand, -the essential limitation of the theory itself seems to
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FIELD THEORY (A)

suitably chosen, and therefore & is interpreted as expressing the intrinsic difference
of the nucleon and lepton families. @ is further shown to relate closely to mesic
charge, and by assumirig the invariance of the theory under a kind of gauge trans-
formation analogous to that in electrodynamics, the conservation of heavy partlcles
follows as an immediate consequence.

To construct the theory of the interaction of the Urmaterie is a very compli cated
problem, and satisfactory answer has not yet been given. Here we only remark
that in our theory the form of factors is uniquely determined as eigenfunctions of
the spin and mass operators, and that, by introducing the interaction in the form
of the interaction between Urmaterie, various relations are suggested among inter-
action constants of the local theory. An example of such relations we know is the
universal Fermi interaction among Fermi particles.

From these discussions we might say that our theory shows an example of
overcoming, at least partly, the limitation of the current theory pointed out at the
beginning, and we hope that our theory might serve as a first step toward the line
of this approach, even if it might not be correct at the ultimate stage.
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Four Dimensional Eigenvalue Problem (Comment)

Hiroshi ENA’_{‘SU

Physics Depariment, Kyotoe University

Previous calculations have yielded divergent expressions for the mass type self-
energy. It seems that the failure results from the fact that, although in the
technical aspects covariant formulations preserve relativistic fertures at all stages,
neither method appears to be completely relativistic in the conceptual aspects. In
fact, the infinite mass corrections, together with proper masses, must be considered as
eigenvalues of mass operators in the four dimensional coordinates space. In order to
remove these difficulties, a new method will be developed. We begin by discussing the
proper time formulation proposed by Schwinger. In the canonical form, where we
have dynamical variables varying with the proper time, the Hamiltonian is not the
energy but the mass. Therefore, the familiar Hamiltonian form of quantum me-
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chanics can be generalized for the mass problem. .As an example we consider a
Dirac particle which is in interaction with scalar photons. In this case the negative
self-energy of the Dirac particle is regarded as the self-cohesive potential which is
a function of the proper time in the space-like direction. Introducing semiclas-
sical approximation and some simplification, we discuss possibilities of obtaining
finite mass values. '

Application of Schwinger’s Principle to the System of Local
’ Fields with Non-Local Interaction (Comment)

Tsutomu IMAMURA, Shigenobu Sunarkawa and Ryoyld UTivama

Department of Physics, Osaka University

In the system of local fields with non-local interaction, it is customarily believ-
ed that we can not set up a state vector W (f) which satisfies Schrodinger Eq. (or
Tomonaga-Schwinger Eq.)

;A @)

dt
Accordingly it may be impossible to construct the S-matrix by chronologically piling
up the effects of interaction. Thus it is desirable to have a new equation in place

of (1.1) which holds in both cases of local and non-local interactions.

0 108 L1

For this purpose Schwinger’s principle seems to be most suitable. Let us con-
sider a system of local-fields with local interaction, Lagrangian density of which is
given by

Z(%,8) = ZLo(x) +gL(#).

Following Schwinger’s principle, we have

g — < @y=p';0|S|@py= —00>=2'<¢u=¢’;c_>5!5W|t;oo=9o”;—°°> (1)

dg
di;'<‘ﬁo=¢’;*

:2.‘[
-oo

where @, is the operator of free fields, [
given by

. @ (%) po=p";— 0>
<py=¢/;—o|[@p(x), L&) ]y @o=p";—0>d*s’, . @

]s means Bloch’s notation, and W is

W:J':L () dtx.
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FIELD THEORY (A)
These equations can be easily derived by considering an infinitesimal variation of
the coupling constant g

In case of non-local interactions, it may be also permissible to assume the ex-
istence of the state vector only at {= +cc, if the form factor satisfies Bloch’s con-
dition of ¢ Normal class’’, accordingly the adiabatic procedure of switching on and
off of interactions at remote past and future is allowable.

In this normal case, the S-matrix can be also constructed by starting from the
field equations. It can be proved that the S-matrix thus obtained satisfies Eq. (1),
and further

-f;<¢o=rp’.;'—oo [@out (%) [ po=0"; —c0>
=i<@y=g';—oo| [gout(x), W] po=pp'; — 0> @®)

holds instead of Eq. (2). Of course Eq. (3) is satisfied also in case of local in-
teractions.

Thus we get the conclusion that in case of non-local interactions Schwinger’s
principle should be modified in the following way :

i) the transformation functions between the states are assumed to exist only
at infinitely remote past and future,

ii) any operator can be only defined by matrix-elements between the states
mentioned above,

iify the fundamental equation which the S-matrix should satisfy is
dig<% =gl |S|@gy=@"i—o>=i<@y=p'; 0 [SW p=p";—co>
where
<@=9; 0 |p=¢"i—0>=<py=¢";0|S|p=p";—co>
@ =the Heisenberg operator of fields,

iv) the out-going operator @°“ satisfies the following eguation

d ol — ot :
‘Tg@ (%) =i[@™(x), W],
where
@ (x) =S py (%) S._
8
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Realistic and Historical View Point in the Theory of
Elementary Particles (Comment)

Shoichi SakaTA and Hiroomi UMEZAWA

Institute of Theoretical Physics; Nagoya University

The applicability of the present theory of elementary particles is discussed not
only from the mathematical view point but also from the philosophical one, which
we used to call as a realistic and historical view point and which has played an
important role in the course of the recent developments of the theoretical physics
in Japan. -

The Correspondence-Theoretic Approach to the
Non-Local Theory (Comment)

Susumu KamerucHr and Hiroomi UMEZAWA

Tustitute of Theoretical Physics, Nagoya Universily

In quantum electrodynamics the renormalization theory based on the perturba-
tion method has been successfully applied to obtain the finite answers to be com-
pared with experiments. But, the present quantum field theory in general allows
the interactions which lead to unrenormalizable divergences. In particular, we see
that the large spin field (s>1) with the non-vanishing mass can never have renor-
malizable interactions (excepting the neutral vector field). In accordance with
Heisenberg we have called interactions the first and the second kind according as
they are renormalizable or not®.

If only the interactions of the first kind exist in the nature, we can construct the
closed non-singular theory within the framework of the renormalization theory®.
Since, however, there are some evidences in favour of those of the second kind,
we are faced with the problem how to treat this kind of interactions. From the
correspondence-theoretic view-point, we can expect that the solution of this problem
may be obtained by extending the renormalization method in some way,

The interactions of the second kind have many characteristic features. When
subtracting the divergences encountered there in a similar way as in the case of the
first kind, we are forced to introduce non-local and non-linear interactions as the

g
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counter terms® (see below). This 1s due to the fact that in this case a new dimen-
sional constant other than the mass enters the theory i.e., the coupling constant
with the dimension. Physically this circumstance leads to the strong field reactions,
both inductive and resistive. We have found® that by taking into account the ef-
fect of strong reactions and thus deviating from the usual perturbation procedure
we can construct the non-singular theory for the interaction of the second kind.

This is achieved by using the modified Feynman functions A’y instead of the
usual one Ar . To obtain the non-singular theory it is further required in some
cases to introduce appropriate auxiliary fields or interactions. Since, in general,
these interactions belong to the second kind we may say that our procedure as-
sumes the similar behavior as the theory of the non-local action. When applied
to the interaction of the first kind this method usually improves the theory, i.e.,
€liminates some divergences from the renormalization constants. (This possibility
was previously noticed by W. Thirring®, too).

By use of modified vertices we can expect that the similar results can be ob-
'tained._ But, we have succeeded in doing so only for a case®, i.e., for the interac-
tion fflaeip, (meson pair theory). In this case, we find that it becomes neces-
sary to introduce the non-local counter terms such as*

i (D(@) +b)
ST 1—(D(@) +0) (D (3) +D)

‘where D’s and b’s are linearly and logarithmically diverging constants, respective-
ly and D’s linear functions of the differentiation operator 3. Recently, Edwards®
has made a similar attempt by starting with integral equations for vertex factors.
He suggested a possibility of constructing the divergence free quantum electro-
«dynamics, but could not treat the interaction of the second kind. In effect, our
‘method amounts to begin with the non-local interactions.

Our treatment employs the integral equations with non-local form, and so it is
equivalent to start at the outset with the non-local action (modified Feynman func-
tion) or non-local interaction (modified vertex). Thus, through such an investiga-
tion the correspondence-theoretic approach would be made to the non-local theory
in ‘general; for instance it may give some principles for determining the form
factors. Further, it becomes possible to classify the non-local interactions in a
corresponding way as the case of local interactions. It is desirable to find a more
general method which can treat unambiguously both kinds of interactions in an
‘unified way as suggested by Edwards®. Contrary to the argument by Edwards, how-
€ver, such a treatment, if any, would show the essential difference between both
kinds of interactions.

ete.,
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Theory of Quantization of the General Fields with
General Interactions (Comment)

Yasuhisa KAaTavama, Hiroomi Umezawa and Chushiro HavasaI

Kyoto University, Nagoya University, and Naniwa University

~ An attempt is made to generalize the current covariant Hamiltonian formalism
in the quant:[zed field theory to the cases where fields have arbitrary spins and
their interactions contain any hlgher derivatives of the field quantities, including the
non-local interactions. For this purpose, we define the particles described by free
fields as having the character of harmonic oscillators, that is to say, each free field
has two independent field quantities, and we assume that it is possible to introduce
the interactions without altering this character essentially.

If the Lagrangian contains higher derivatives of field quantities, the number of
independent variables becomes in general larger than that in the free fields, so that
there exists no unitary transfoamation which connects the free fields with the in-
teracting ones. To avoid this difficulty, we give up the description of the motion
of fields as a whole and seek for solutions which retain the character of the
harmonic oacillators of free fields, that is, solutions which are continuous with those
of free fields in the limit of the vanishing coupling constant. In other words, we
put proper relations among the initial values of the dynamical system and choose
the particular paths of motion on which the number of independent variables is
suppressed to that in free fields.

To carry out the above program we generalize the Yang-Feldman’s integrai
equation by the addition of appropriate terms satisfying free field equations, which
corresponds to choosing appropriate boundary conditions, so that unitary transform-
ations U(e, ¢’) exist which connect field quantities «r(x, o), etc., with (%, ¢'), etc.,
each satisfying free equations and free commutation relations. It is shown that
the interaction Hamilonians thus obtained play the role of time displacement opera-
tor and satisfy the integrability condition.

These Hamiltonians are in general expressed as power series in the coupling
constant. The series are finite only in the customary cases: scalar meson with
scalar or vector couplings, pseudscalar meson with pseudscalar or pseudvector
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FIELD THEORY (A)

couplings, and vector meson with vector or tensor couplings. When the degree of
derivatives in the interaction is higher than the above, spin ‘of the free field is 3/;:
or higher, and especially the interaction is of non-local character, the series become
infinite. The interaction of the Konopinski-Uhlenbeck’s type is an example of the ;

latter case.

The Hamitonians depend on the boundary conditions imposed on the field
quantities, that is, depend on the choice of the additional terms in the Yang-
Feldman’s equation. However, this makes no new difficulty since the representations
having different Hamiltonians are connected with each other by unitary transforma-
tions. It is also remarked that these Hamiltonians are equal to those which are
obtained in accordance with the Heisenberg-Pauli’s method by choosing the inde-
pendent field quantities, having the same degree of freedom as the free fields,
which are given as functionals of the interacting field quantities in the Heisenberg
representation. It can be said that the generalized Yang-Feldman’s methoed is to
seek for these field quantities.

When the Hamiltonian is obtained and the transformation function is determined,
several differential conservation laws are obtained with an aid of the transforma-
tion theory. The S-matrix defined as the transformation function between —eoo
and +oo is shown to coincide with the result obtained by several authors, for ex-
ample, by Maller-Kristensen and Bloch in the case of non-local interaction. If we
perform the transformation from the interaction representation to the Schrédinger
one, we can treat the stationary problems including bound states in the non-local
interaction, for instance, by using the Tamm-Dancoff’s method.

. The defect in our theory is that Hamiltonians are obtained as the infinite series
according to the weak coupling hypothesis so that their convergency becomes a
new problem to be investigated. There remain unsettled the problems how we
should restrict the form of the interactions or the form factor in the non-local
interaction in order to obtain the convergent theories,
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Many-Body Problem in Quantum Field Theory

Kazuhikq NisHIIIMA

Department of Physics, Osaka City Universily .

- ‘The 'connection between Salpeter-Bethe wave functions and the state vectors
is investigated. FuFther, the extention of the Feynman-Dyson theory so as to
include the scattering involving bound states is attempted. We shall begin with

the discussion of the first problem. This problem has previ i
_ . viously be
Namiki and Suzuki. : % ' 0 : el

~ The s{:ate vector ¥, in the Heisenberg picture, for instance, for a one nucleon
system, will be expressed as

=l [r@vmes+..Jn, B 4 n

where Gothic letters are the Heisenberg operators, and ¥, is the true vacuum.

In orc_ier to represent the state completely, we need in the integrand of (1) various
combinations of operators such as

Y*(x), V() PE), Pv* (X)PE), -oomnny (2)

corresponding to the meson cloud. Here ¢ and ¢ mean the wave functions of
nucleon and meson.

It is readily proved that combinations of W, f*, @ and ¢. are necessary and
sufficient to completely represent a state, '

When -the product of several operators appears, we must fix their ordering,
and for th'IS purpose Wick’s T-product is convenient. The T-product for Heisenberg
operators is well defined. Hence an arbitrary state may be expanded as

v-[[rwv @ [fwp T @ s @10x %
[T wé@ 1, Ciair)

where all arguments refer to the same time.

Rigorously speaking, the S-product or the normal product is more convenient
than the T-product. The S-product for Heisenberg oprators is defined by

13
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FIELD THEORY (B)

: ABC--Z:=T(ABC.--Z) - > A'B*T(C.--Z)
+3 A'BCD*T(E---Z) — e, (4)
where the dotts are the contraction symbols defined by
AB= (7, T(AB) Vo). ()

Now with the aid of the present S-product, we can express a state vector ¥; as

%=[jfs(x) P () @x+j.f s(%, E): YH () (E): dsxdsEJrst’ &, By () p(5): PxdE

+"""j1w°‘ (6)

We call the coefficients of these operators
fs(x), fo(®:8), f5(%,8)) ol @)
as the contravariant components of the state vector ¥,.
On the other hand, functions like
(%) = To, ¥ (DT, &% E) =T, : Y (R)PE): ¥, o 8

are called as the covariant components, which are just the S-B wave functions.
These nomenclatures are suggested by the close analogy of the present formalism
with the vector analysis in an oblique coordinates system. In what follows we
denote such quantities as +, ¥, ¢ and ¢ indiscriminately by e, then the co- and
contra- variant components g’s and f’s are given respectively by

a5 = {Wﬂ; M LELEEE €5nt gp’s) £ N= (1! 2,'. """ 7”) 4
)
V.= Ej'fs,ﬁ Lertanvert Wy, (+: Hermitian conjugate)
n
where [ corresponds to the spatial integrations in (6).
If we choose #,=-.--.-=I, in each product, we readily have
@) = 3 frir*un =3 [ Fowgen. 10)
N
The connection between these two components are given, if we choose f;=......=1,
>h'=. =1y, by
gin=3 (RO o an
N
where _ {
R(N| N’) = (?pl]! T[ : el"‘e:r: : :eﬂ’-?.s "'el"+ :_Igrﬂ)‘ (12)
14
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This mixed T-product can easily be reduced into a linear combination of simple
T-product kernels like

K(N, N) =Ty, Tler--en en e *1%y), (13)

by means of the definition (4). The functions K’s are just the Feynman kernels.
After the settlement of both components, expectation values of physical quantities
in a given state are calculable.

Next we shall study the Feynman kernels or Green functions (13). We employ
the following interaction Hamiltonian
Hint=5.?}"ql‘oas‘f/‘"f)m“{'Qw(f’m—Hrse}f 3

‘where Hgy; is the counter term to cancel divergences like self energies about
‘which, however, we shall not discuss here.

(14)

The c-number quantity @, represents the external source introduced formally
for later convenience.

We define the transformation function U/ by

g

5o V@ o0 =Hin(®) Ulo, 04), With Ulou, 74) =1. (15)
‘We utilize the following abbreviation ;
_ (@, T[U (o0, —0) AQ)B(2) ... Z(n) ] ®y)
<ADBQ) --Zn)> = Po T ) A 1D) 16
( (D, U(on, —o0)dy) %
wher @, is the free vacuum.
In the presence of external sources, the kernels are defined by
<"y’"(1)“:5’(2) >=8,(1,2), <o (1) ¢y (2) > =45 (1, 2) a3,
<A (1) Y (2) s (0) > =K, (12 ; 0), etc.. (17)
The utility of introducing the external source @, consists in the identity
L .
i m(‘pu, TJ'(JT(DO, —M)A(I)B(2) -..Z(M}](I)a)
= (Dy, T'[U(oe, —c0)pa(0) A1) B(2)..-Z(n)]Dy). (18)
Now S;' satisfies the equation
S¢'(1,2) =Sp(1—2) +7;J'dmssr (1—3) 0s<dha(3) >Ss' (3, 2)
—f—Jdmsdm;Sy (1-3) 33, 4)S.' (4, 2). (19)

On differentiating the above equation with respect to @,(0), we have from (16),
(17), and (18)
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K,(12;0) =<¢,(0) >Sr(1-2) ¥ _ and gu (1) = @y, (1)¥a ), ¥ar being a one nucleon state designated by the quantum
i number a'. :

+7?j.dmssf(1_3) 0,45 (0, 3)‘“‘SF 3,2 +<¢? () >Ka(32;0)] ' The formal solution of this equation is given by

5 BG4 g 14,92 £33, 4K, (420 |
+[dindo,Se(1-3)] 1755 G 5P 4D HTTGHK(2 01 @0 | 0a(12) = 12) + [ ol K (12334 G 34:50)Jo-ot (5) £ 6)

Comparing this integral equation for K, to (19), we obtain- a formal solution :
—g0(12) +jdw3...dmﬁ [S2 (12 ; 34) G (84 3 56) T oo (5) ur+(6)

K,(12;0) =<¢4(0) >Sr"(1, 2) +”§d(ﬂssw’ (1,3)0:Ss' (3, 2) » 4:' (0, B) e -
+%jdw3...dmm [Ss" (12 ; 34) G(34 ; 56) K (56 ; 78) G (78 ;9 10) ] 5=,

+ [dondons, 1,91 50 (60 Js7 ). @1
@ i X Gur (9) Bar (10) . (26)
If we let @, vanish, then we may replace the kernels defined in (17) by | A
. » | Next we construct the S matrix.
(Wn, T[“J’ (1)’4!'(2) ]Ern) =S.&" (1 _2) » (fp‘n: T[‘f’a (1) ‘f-’b (2)] @.u) =311?)AF’ (1 "—2) 1 (22) + | The S matrix is defined by .
etc. - y _ 0 : £
in virtue of the relation found by Gell-Mann and Low 2:(12) ~3Suagy" (12) (asymptoltacally) @7
(Dy, T[U (o0, —cx) A1) Z (n}](bu) 3 where the superscript zero in general refers to the direct product of the covariant
@A dae (D IR S (Dy, U(oo, —o0) Pp) ) components of the individual incident particles.
: Ay : ; ZAllA s . Since S,/ satisfies the outgoing wave condition, it must contain the 8, function of
The r1gorou;s_ I?-OOf of the relation between ¥, and @, is given by Tanaka with BN oot enresentation.
some generalizations. The asymptotic form is obtained if we replace the 8, function by the ¢ function.
Hence, in the absence of external fields, eq. (21) may be read as “This is readily achieved if we only remember
K4(12;0) = < (0) >¢-0SF" (1-2) +7;jd(9351; (1—3)0,S;* (3—2) 45" (0-3) :ﬁm e~ §, () =8 (w) » (28)
d
6213, 4) £Ls ’ =i
+ | dwydew, Sy’ (1-3 Sy (4-2). (21"
j Wl o ( )[ BQ (0) Q“\UF ( . lim SF (1 2) Egb(l)gb(z} (tl'ﬁm) cf. (22)- {29)

11— +oa
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The above procedure provides us with a general means to connect Fermion kernels
with Fermion-Boson kernels. '
In the two nucleon system, we have similar formulas starting from the equation

Combining (26), (27), (28) and (29), we have the S matrix for an elastic nucleon-
nucleon collision

| K(12;34) =Sz (12;34) +jdms— -.dwsSy’ (1, 5)Sx" (2, 6)G(56;78) K(78;34), (24 ¥ Spa=Caa +dea-~-dws &3 ;4)G(34;56)g-08w (5) &u-(6) ?
| : =
' where AR _ : + ;-Idws...dmmgb“ (34) [G(34; 56) K (56 ; 78) G (789 10)]g-o&u (9) &a (10) E—
K(12;34) = — (g, T[U(e2, —e0) (1) (2) Y (3) 4 (4) 1) / (B, U(ee, —co0)@y), ' . ==
and : : : = —gj.dmy a5 (12) G(12 ; 34) 0024 (34). (30) =N
S (12:34) =S ({1,3)S¢ (2,4 —S¥ (1, 95 (2,3). =
‘Collisions like ; —
The application of the limiting procedure of Gell-Mann and Low to these ; o % =
integral equations furnishes us with those for the covariant components. From : : i hioetn C2Y) z_
(24) we have | «can be treated in a similar way. -I_n this case we should refer to i—
i (12) = 2,2 (12) —i—jdws,..dwﬁ SH1—=8)Sy (2—4) G (34 ;56)¢_02.(56), (25) ! t lﬁlm K(12:34) Q-J“Eﬁb (12) 8 (34), (s, y=>09).- (32) g—
| Talg = teo n—
where.. . ] _ TR ' : : . : b =
At U Sl 1 : i instead of (29). Starting from an equation for the two-body kernel just similar =
& (12) =go (1) 8 (2) — 8ar (1) 8w (2)> ' to (21'), the S matrix for (31) is given: by S
i : 17 é_
E
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FIELD THEORY (B)

ol =.; jdmg. 080 (12) Boe (0) @ (125 345 0) 2,(34)

+ ; s‘nj‘dmo...dngd(lz) 250(0) @(23;0) .7 (14)[Ss' (34 ;56) G (56 ; 78) Jo=o

X g:(78). (33)
where
Zoa(0) = (Fy, ()W), ¥u: One z* state,

2:(12) = (Wy, T ({r L) (2)) %), ¥4 one deuteron state,

and @’ s are defined as

o (IS ) R i ol

]:z sy LT W.[dws Gal2:3) 4, (B3-0) —50,8(1-2)4,' 1-0), (34

[ 5G(12; 34)
66, (0)

and g (12) is given by
Z (12) = (y01—k—1790,<da (1) >¢-0) 8(1~2) —3* (12) gy -

gotes ol e _[3 2(12;34;5) 4 (5-0), (35)
=0

On a Treatment of Many-Body Problems in
Quantum Field Theory (Comment)

. Hiroshi Suura

Department of Physics, Hiroshima University

The usual representation, employed in perturbation theoretical as well as in
Tamm-Dancoff’s treatment of many-body problems in quantum field theoy, is one
' which is labelled by the occupation numbers of bare particles. Since the observed
particles are not bare but dressed in a sense that they accompany clouds of virtual
particles, it seems desirable to use an alternative representation labelled by the:
occupation numbers of dressed particles. We define, namely, a set of basic states
{£,}, such that each of them can be interpreted as representing a prescribed
number of freely travelling dressed particles and is in one to one correspondence
to each eigenstate d, of the free Hamiltonian. Among them, the dressed or true
vacuum state 2, and the dressed (either fermion or boson) one-particle state 2,
with momentum p are naturally defined as the eigenstates of the total Hamiltonian
H corresponding to the bare vacuum state <b, and the bare one-particle state &,
respectively. They will be expressed as

2y =D Dy =e2e™" D, ,
A.Qj‘.l = Ap*DU*.(I)'}: A p*JQEI »

and

18
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where D,* and A,* are certain infinite sums of products of free creation operators,
i.e., those in the interaction representation defined by the free Hamiltonian H,
(including the mass-renormalization operators), and represent the ¢dresses” of
the vacuum and the particle, respectively. e* is the constant normalization factor
arising from the vacuum closed graphs. We define the state of two dressed
particles with momenta p and ¢, say 2y, by

qu =Ap*Aq*D,,$(I’g ZA;;;*AQ*LQQ "

The two particles may be called free, since in the above expression, the virtual
clouds of the two particles, A,* and A%, co-exist without being deformed by the
presence of each other. The states of more than two dressed particles can be
defined in the same way. Thus to each eigenstate @, of H, we can define a
corresponding state £,, forming a complete set altogether. Unfortunately, the set
is a non-orthogonal one. It will be needed to define the «reciprocal lattice ” {2}
which satisfies the relations

Ed

(2%, 2u) =8 -

The method of constructing the set{{,} can be estabhshed easily.
Corresponding to the mutually reciprocal bases {.Qn} and {Q,}, a state-vector
¥ is represented by either the co- or contra-variant components, say 7, or £
The total Hamiltonian H operating on £., gives, for instance,
HQM=ED-Q);JU+ (EJ}“‘E{;)QPG‘I"H'_:Q'pQ +

where &,=+/p2+m? (with m representing the renormalized mass) is the energy of
the dressed particle with the momentum p and E, the energy of the vacuum.
H; is the interaction Hamiltonian and the symbol H,”£',, means those terms out
of H.2,, that arise from terms of H, with more than two annihilation operators
contracting simultaneously with the creation operators in both A,* and Aj*, or in
Ay, AF and D*. (The other terms of H,2,, together with H,2,, give the first
and the second term.) Thus, the last term may be called the interaction between
the two dressed particles. Using this relation, the Schrédinger equation

(E—H)¥"=H7T
is represented by contra-variant components £, as
(E—&n)En=31(2", H Q" n)E™,
and in co-variant components 7,, as
(E—E&u) =§ (H @2 ﬁm) T »
with €¢=E—E,. &, is the sum of the particle energies corresponding to the state 7.
They can also be written as
(E—D)E=HE and (E—Hy)n=9"n, : (I
with
(@D) m:r.zsnaﬂmy (@i} nm= (I};&’ Hﬁﬂag'm) .
The advantages of the equation (I) over the usual one are that (i) the energy of
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the system appears as the difference from the vacuum energy, é=E—E, , which is
just the observed quantity: (ii) neither the vacuum energy divergence nor the
independent ope-particle self-energy divergences corresponding to such Feynrrian
diagrams as 4 | arise from §,: (iii) the theoretical or experimental informations
about the one-particle state £,, or A;* can be directly applied to many-particle
problems. In connection with the last point, it may be remarked that there are
close relations between the terms of d,* and A,*, which enable us to determine
 A,* out of d,* or vice versa.

On the other hand, the disadvantages of our equations are that (i) §, is not
given in an explicit form : (ii) §; is not Hermitian, which makes it impossible in
general to apply the equations for the eigenvalue problem.

The second point can be overcome if we employ an alternative equation deduced
from the equations (I), namely,

(EG—TF)E=TE

where G, §, and %, are the Hermitian operators with the matrix elements

Gﬂm: (-Qﬂ 3 19\1}1) ’
&
(%0) nnt =" __g%_'g‘(s_m (a-Qm an,) ¥

FOnn= g ((@or HE 2" m) + (H 20y 00)).

This equation ‘guarantees the real property of the energy eigenvalue, and besides,
it needs no explicit knowledge of the reciprocal lattice {.ﬁ*‘}.

(1) This was achieved from a different approach by Dyson.
F.J. Dyson, Phys. Rev. 90, (1953) 994.

Exact Theory of Line Breadth

Edmond A. ArRNous and Walter HEITLER

Seminar fiir Theoretishe Physik der Universitit, Zirich

This work is concerned with a theory of line breadth phenomena that permits
the calculation of the line shape by suitable expansions, in principle to any desired
order of approximation.* The usual expansions of the S-matrix can, of course,

*) This is an extension ot the recent work by Arnous and Zienau, Arnous and Bleuler,
Arnous, Helv. Phys. Act. 1951-52.
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not be applied here. The chief defficulty is a proper definition of an excited atomic
state, in the sense of quantum electrodynamics.
the virtual admixtures depend on the way.in which the atom was excited. The
elmination of the virtual field is unambiguous only for the ground state (or
metastable levels, regarded as stable).

To eliminate the virtual field, a canonical transformation T is carried out
which is left to some extent arbitrary but is determined so that the ground state
of the atom (G), vacuum (V), and the state of a single free particle or photon
(K) become stable, i.e. ' ;

SG‘[G (&) =Sy1y(i} =S’¢{k =1 (b
The Hamiltonian H,+H is transformed
T-'(Hy+-H)T=H,+K, K=K,+K;+....-.

The exnansion of K is according to e. By (1), T:G> etc. are determined, but Tiz>
(z= excited state etc.) is undetermined. Also T!G+K> (ground state + incident
photon) is determined. Quantities referring to an excited state must be regarded
as depending on the excitation conditions, if they depend explicitly on 7. On the
other hand, it will turn out that the level widih is independent of 7 and has
therefore an unambigous meaning.

for any time i.

For the solution of the wave equation a formalism is used that exhibits directly
the characteristic resonance denominators which must occur. (The formalism is
similar to that first used by Heitler and Ma). The wave equation, with an initial
condition at #;,

= (Hy+E) W, (E>1y)
is solved by
Y (t) =R (&) (L), S(I) =R ({)e-1oo

R({) = Q%Idee-*cr-fo)Eg (E-H,—K) 2

B
E(x) = Z ird(x).

(2) fulfils the initia! condition R(fn)'=1. R({<{;) =0, but no physical meaning is
attached to R when #<#,. We denote quantities which are diagonal simultaneously
with H, by a subscript d.(#d= non diagonal}, and split off the diagonal part of
E(E-H)-K).

E(E-H,—K)=N(E)+N (E)U*(E)N (E)
N(EY=E(E-Hy—K),, U'=U,/ -

(3)
N can be written
H ot ol
N= (E—Hu+-§—P(E)) E=p (4)

and s the characteristic resonance denominator. R (I') will be the line breadth.
For I' and U* expansions can be derived in which the denominators N occur
explicitly

21 .'_ -

For a state with finite life time-

20

360 360 340 330 320 310 300 200 230 270 260 250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 g0 B0 70 60 50 40 30
rl_l}lII‘IJJI|II[IIIJII|IIII[IIII|IIII|JJII|II|I|HI||IIII!IIII|IiII|IIIIII!II‘III1|III_I‘IIII|I_I,__L,[_J_[_I_]_!|EII!‘I_IJ.L'J,E.IJ_‘_I_I|I_|i_|I__I__‘_l}l.lj_lll|1!_l_I_I_|l__I__I,I_\_I__I_II_]_I,I_II_‘_!_I_i_l|I_i_|l_‘_|I_I_IJI|_|_I_‘_Lll__1J_LI_LI‘Ilil|Il_UJLIlJ\‘_II|I|IIII|IIII|IIII|iIII‘HIIIIII'I!ilIIllJ_I_J_‘_IJJ_I_I_U_I_J_iil_i_l_[IJI_II_IIJ_I|IIIIIIIII]iiu‘]l_]ilj![l_‘IIIIILIIJ‘IIII|_II_IE_
| ,
|
‘ FIELD THEORY (B) SECTION A SEPT. 18

IIII|IIII|IIII|[I]]lllll]ﬂlllll||]!I|||||J|l|n|

10

oo e

| I]l_li[l I__‘ III_I[I I I‘_II-II| Ll I_Illll_IJ_Il_I IJ_I l.[.IJlI.l.I

[IH|J!1E’IIIIllil!‘IJII!IHI‘IIllliilI‘IIlllllil‘IIII|III!|I|I|[[|H’Tm|l!”|lIII|IIH|IIII|III]

0

ol
f]

Al
o=

5

'I'I'H|'IHI|II[I|IIlI|IIII|HII[H[I]’ITI'IPJII'H]T{_
[5v]
=

e
=

E 5 s = 3 8
III||IIII|Ii!ilklII||IIIIIIII|IIIIIIIll||III|lIIIIlIII||flI|I|II|1III||I||||III|-KI||||||I|l|II|IIII|I||||IIII|II|]-Jll[|||||||||||I|[||‘|||||

=
S

ik
A
2

140 —

IllIIIII

— —

~1 o

= =
|r|||

—
oo
e

|III||||I|i|r|I||||i]||||

Ly 2 D
& 3 X
=] L =
II|II”ll||||I|i.||||||||!l”||

]
o
=

(5
o
=

|IIII‘HII'IIlllllll[ml‘llll|IIII‘IIII|IIII|IIII|IIII|I||I|1Til‘||IIIIIII‘IIII|IIIIIHII|IIII|IIII|IIII|HII|IIII
s
[}
f[|||

!HE[III|

20—

Illi|l[|

' e



llrll|III!IH[I|IH‘IIIIf|lIllIIIII|JHIIIIll|IJ”I“"Ifl”|I||l|ill||JI|I|!III|IJJI||I|I|I||||IIlI|IIII’”l||IIII|I'IIIII[IIl]]![[lIII]'I'IIII!III|'IIII|IIII|IIII|II'II|I”I|'I'I|IIFI'IIIIII||“|l||”|||IHIIIII|'IIII|lIII|III[|III'I|IHI|'I'Il'||ll|I]llll|IIIIIIIII|IJIIIIll[|IIlI['IIII|[I'I]flI'I'Il]lll|||1]|I|[||||||||[||I|II||II!![IIII|]II[|II|||||||[||”|[||1|[l|1||||l|||”i[”||”]1||l|]|||||||||||||”[|||'||||||

400 3

lunbiddius

4
lJ.IJI]IJ

380

J_L‘.l 1l I]lll

E

360

Us(E) = (K+ KN Kpgt------) pa
These expansions are carried up to the fourth order.
inserted. Then I' and U® are expressed by H, but T also occurs.
to rewrite I' and V.

For K the expansion (1) is
It is advisable

In all orders a part can be split off from I" which is independent of T and E,
and the rest is proportional to E—H,. The latter is combined with the E—H, of V.
Then N can be put into the form (for a state 0)

1+L‘u‘|2£E)

rr =(1+4(E))N(E). (6)
E—H”‘"z'ru_ru(Eu)

NopplE) =

I is independent of E and 7. Its real part is the level width of 0 and this is
independent of the excitation. The numerator is re-written

UE)=({1+4(E)UNE) (1+4(E))
This depends in general on E and T.

@

The «unperturbed ” energy H, is chosen so that the mass and charge renormal-
ization as well as the level shifts are included. The eigenvalues of H, are the
displaced levels with the experimental mass. The level displacements are determined
by the condition

JmLojo(Ey) =0 . (8)
(in all orders). (8) gives the usual level shift in second order, but in the fourth
order there is a very minor difference as compared with the definition of the level
sift used elsewhere. The difference is a term «.}/4 K, (K, = excitation energy)
v.=RIy ;o(E,)). This is the analogue of the classical frequency shift of a damped
oscillator. The term is exceedingly small.

When { —»oo, the atom will be found i_l_‘l the ground state (-+ photons). Then
N degenerates into a E-function (as RI'—0) and the integration (2) can be
carried out. One finds

Sriles) = DB b En—Ba)e ™ BT~ F1),; )

In general E,= E,. For finite times {J (E) is needed for all E. (9) gives the
probability amplitudes after a long time. Unambiguous results for U.or S (i.e.
independent of the excitation conditions) are obtained only when the atom is also
initially in the ground state. The simplest case is the resonance scattering G+K
—G+K'. In the first non-vanishing approximation the Weisskopf-Wigner formula
is obtained, except for the fact that the numerator is not quite constant. If the
incident” light wave covers a continuous spectrum I ( K') dk (number of photons)
with random phases the shape of the emission line is const. K'/(K")/((K'—Kp)*
+92/4), y=RI(E,). The factor K'I(K’) can, of course, also be deduced from
elementary theory. The distortion of the line (including a shift of the maximum)
due to the K’'-dependent factor. can be quite appreciable for radiofrequency
transitions.
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first term. If the incident wave is a wave packet with strict phase relations the
corrections to ¢/ can be much larger.

See abstract of H. Suura on P. 18

Convergence of the Perturbation Method in ‘the Quantum
Field Theory (Comment)

Ryoyld UTivaMA

Department of Physics, Osaka University

In the preceding paper of T, Imamura and the present author, they proved
that the S-matrix expanded as a power-series in the coupling censtant g is diver-
gent though each term of this series is finite by virtue of the relativistic cut-off
(non-local interaction). This divergence results from the fact that the number of
Feynman-graphs increases rapidly with increase in the order # of powers of the
coupling constant.

In the present paper we make the Green-function (Feynman’s kernel) converge
by making some modifications on the fundamental Equations.

Let us consider a system of nucleon-meson fields with non-local interaction.

Using formally Schwinger’s new formalism we can easily derive the Green-
function of nucleon field G, that of meson field &, and the system of equations
stasisfied by these quantities. Among these equations

1 8G!
11 me——————— ] 1)
go< P> (
will be of importance in the following discussions of the present paper.

The divergence of the power-series representing the S-matrix is essentially
caused by Eq. (1).

Accordingly let us adopt the new equation
I'=U—igg UGT'GI® 1

as a definition of the vertex operotar instead of (1). Here U is a non-local form
factor belonging to the so-called “Normal Class™.

As a result of this modification, the number of graphs with the irreducible
proper self-energy type with 2n vertices is reduced to

23
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i ) . Radiative corrections exist for I" and UU. They are estimated to be 137 ’-times
?Tz'P(EJ S B R smaller than the lowest order. (with a large numerical factor of order 20). The
(5) angular dependence of the corrections to (7 is, of course, not the same as for the
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FIELD THEORY (B)

2n—2)! (n—2)! ;
= e

from the value

@n—1)127-1(n—1)! @)’

as derived from Eq. (1).
In case of (2), we can actually prove the convergence of the Green-functions

® and G etc. by using the method of majorant series.

‘The remaining problems on which we should make a study are (i) to give the
physical foundation to the modified Eq. (1), (ii) to confirm if (1)’ is sufficient to
make all the elements of the S-matrix converge, (iii) to investigate whether the
consequences of our theory are physically acceptable or not.
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SECTION A SEPT. 19

Cosmotron Experiments on V-Particles

Robert. E. Marsgak and Robert. SERBER

Depariment of Physics, University of Rochester
zm_d
Department of Physics, Columbia University

(Abstract not yet received Aug. 20, 1953)

On the Multiple Meson Production

H. J. BHABHA

Tata Institute of Fundamental Research, Bombay

It is shown that the production of mesons and nucleons in very energetic
nucleon-nucleon collisions depends essentially on the extent to which the observed
rest mass of a nucleon is due to its meson field and the spacial distribution of the
energy in this field. The production of showers of mesons and nucleons is con-
sidered, assuming that a fraction & of the observed rest mass of the nucleon is
carried by the field, this rest mass being distribution according to some arbitrary
function s of distance from the centre of the nucleon. The remaining fraction of
the rest mass is assumed to be concentrated in a sphere of radius p round the
centre of the nucleon this radius being of the order of the Compton wave length
of the nucleon or less. It is shown how the experimental study of meson nucleon
production in high energy encounters provides a method of obtaining information on
the fundamental question of the field energy of a nucleon and the localization of
this energy in its meson field.
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! COSMIC RAYS AND V-PARTICLES SECTION A SEPT. .19 .
definite is known yet. We therefore use two models: (i) a plural mode! (ii) a mixed = =

plural-multiple model. g_ _§

Interpretation of Cosmic Ray Jets. (1) Plural model. It is assumed that if »# fast nucleons hit a nucleon at rest §_ 40 5

, stmultaneously in a n+1 body collision, then s mesons are produced (Heitler and = " _g
| Janossy). At these extreme energies we need not distinguish between =, «...etc. E—%0—
W. HEITLER and Ch. TERREAUX mesons. If d is the tunnel length in units of the average distance between two = =

. Seminar fiir theovetische Physik der Universtat Zirich collisions (assuming the cross section to be geometric) one obtains for the number Sl
1 of charged jet particles = =
Cosmic Ray jets are penetrating showers distinguished by a very small angular e e B i ks O E

spread of the jet particles which indicates an extremely high primary energy E(>100 Me=—73 6 5 é_ _

Bev, say). The most remarkable f.eature is the fact that the number ,Of hr;avy (if 1/3 of the mesons and 1/2 of the nucleons are neutral). For Ag a maximum = w _:

tracks Ny is ;ather small, 0-5, say, in contrast to the p.s. at lower energies where i D il s aaliime et e e e = E

e e usu gy larger. - the maximum number of shower particles, and this is independent of the energy. = 2

The following interpretation is based on a picture first used by Roesler and However, the fluctuations are very large. A rough estimate shows thotsdor Ac = 50 :

McCusker. The primary nucleon penetrates through the nucleus sweeping out all #7,=23+12. For Cu, n,=17.5+10. Fig. 1 shows that, apart from a few events of —— .

nuclear matter along its path together with the mesons produced and thus creates fairly low energies (see below) an upper limit really exists, that is constant over = 100—

a4 more or less clear-cut penetration tunnel. We estimate (i) the energy transfer a wide range of energies (factor~100) and this limit agrees quite well with the = _

U to the residue nucleus and hence the number of evaporation tracks and (ii) the ' ahove estimate. ' SN

AmbRe of shower Tertios (il) Mixed plural-multiple model. A simple model is this (Roesler ef al): In a =

1. Energy transfer. U consists of 2 parts. (i) The direct energy transfer IJ; to the jet-nucleon collision ¢y mesons are produced. cy is independent of the energy of 5_120_3

nucleons of the residue nucteus. (friction). If all jet nucleons have energies >Mc*, Uy the jet(=primary energy E). This gives ny—cu-d, and to obtain the correct up- = ::

is very small, <15 Mey, even in a diametrical passag'e through an Ag-nucleus. .This per limit in Fig. 1 we have to put cy=4. = —=

is no longer true if the jet nucleons, near the end of the tunnel, have energies of Evidently, many different (and more complicated) models can explain the ob- E g

only a few Mc?. (ii) Surface energy of the tunnel. If we assume that thff surface served number 7,. Rl

.energy per unit area is the same as for a spherical nucleus one obtains for a Fig. 1 snows the individual events observed by Daniel, Davies, Mulvey and ;_ -

maximum tunnel length in Ag an energy transfer U,~1056 Mev. This estimate, of Perkins (AgBr, full circles) and by Kaplon and Ritson (Cu, open circles), against = z

.course, is very crude. The number of evaporation tracks can now be calculated : the angle ¢?. g__ _

from the theory of Le Couteur. To obtain an average of Nz~3 (as seems observ- [ 5_150_5

.ed), one requires an energy of 140 Mev, in reasonable agreement with the above : = _;

estimate. The fluctuations of Ny turn out to be rather large (ANz~1.7 when Nx=3), : l @2 o SN

and are due to several causes. Thus there is no difficulty in understanding the I e E

small value of Ng observed and even the fact that jets with Nx=0 are quite fre- . $2 22 o2 o - :

.quent. | A 5 °° = = 170 =

i : e v % o oo = ==

When the impact parameter increases, U decreases, more or less in proportion o ° i 5 , = :

to the tunnel length, but falls off sharply when the impact parameter is so large 201 @4 . 40 O o & E—180—

‘that no tunnel is created but merely a piece of the nucleus is knocked off. (near- @ @ 00 0° " e E_ _

glancing collisions). In this case Nz=0,1 is to be expected. Ooam : = 10—

II. Number of shower parlicles. This depends, of course, on the model used for i w0l o *e 2 2 63 ;_ __

-meson production. Recent experiments show that multiple production is compara- @@z 3 =200 —

tively rare for primary energies up to 30 Bev (McCusker, Porter and Wilson), in 3.3:2 e oe 0®e, E E

.disagreement with all theories which predict multiple processes as the normal event. 5—210 £

(Heisenberg’s theory, for example, predicts an average of 9 mesons per collision at g = 2

‘30 Bev). It follows that the great majority of penetrating showers must be inter- \ e ] S e~ =

preted in accordance with the plurai theory. For the jets in question nothing I 0! 10 10 10 = —

26 ) a = =

' E—20——=

[_ = — 10—

=— 50—

L 260 —
270—=
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COSMIC RAYS AND V-PARTICLES

The numbers attached to the full circles give Ny. In the second experiment
measured. The events in the neighbourhood of the upper bou.ndery are
interpreted as due to a diametrica] passage th-rough the nucleus, eventg with small;:l_'
n, are due to larger impact parameters. Owing to th_e large fluctuations ax}d t e
small statistical material available (especially concerning Ng) no more quantitative
comparison between theory and experiment f?r smal'l n, is possible at 1'3re;se_n.t. 'One_
might think that the lower boundary of Fig. 1 gives the true mult1phc1t1e;s ina
nucleon-nucleon (or glancing) collision. This would give an average mlﬂtlph.(:lt.y'}
4.6. However, showers with Ngz=0,1 and #,=2-5 are likely 'to be missed and it is
therefore impossible to say where the true lower boundary lies®).

The above considerations cease to hold, when the emerging r{ucleong irom z_m
angle so large that the tunnel is no longer cylindrical. This limit lies at ¢* ;-:3-10 Hy
In this case the emerging nucleons also have energies of only a few Mc*. ’I.‘hen
{7; is much larger and also U, increases. Moreover, it must then happen sometnnf?s
that a jet nucleon forms an angle substantially larger than the average. .In this
case more nuclear matter is drawn into the process (increase of the effective d).
Since #, is sensitive to d some showers with considerably' larger s .:-md Ny must
exist in the neighbourhood of the above limit. This explains qualitatively the few

events in the upper left corner of Fig. 1.

Ng is not

#  Evidently, a strong bias against small #, exists in the Kaplon et al. experiment. In th‘e
region where both experiments overlap no showers #;<10 are observed in the former experi-
ment, whereas several events n;=4-10 are found in the Daniel e¢ al. experiment.

e i B gt

(Title not yet known)

Abraham PAIS
Institute for Advanced Study, Princeion

(Abstract not yet received, Aug. 20, 1953)

Models c&' V Particles.

Summary of Works in Japan in the Last Year
Hiroshi FUKuDA
Department of Physics, Tokyo University of Education

Although varieties of e};perimenta] evidences on new _unstable. particles have
been presented, the existance of V;° particles that disintegrate into proton and
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SECTION A

negative pion seems to be established. We are, therefore, concerned primarily with
the Vy® particle and give only a brief account of other kinds of particles. A tenta-

tive assumption is made that these particles are elementary, though the possibility
is left that some of them are composite.

With the aid of selection rules the types of particles may be asigned. The

absolute selection rules follow from the invariances under (i) space rotation, (i)
space reflection and (iii) charge conjugation or time reversal. (i) and (ii) are well
known and allow one to classify bosons as scalar (S), pseudoscalar (Ps), vector (V)
and pseudovector (Pp). (iii) gives a sort of even-odd alteratives, scalar (s), pseudo-
scalar (ps) and pseudvector (pv) couplings belongings to even alternative, while
vector (v) and tensor (f) couplings to odd one. There are relative selection rules
on the isotopic spin, (iv) charge symmetry and (v) charge independence, The
theorem of Fukuda and Miyamoto results from (iii) and (iv). There may be other
quantum numbers, such as the »-spin of Peaslee. The quantum number should
not be adopted arbitrarily, however, unless the corresponding operation exists.

The selection rules are easily applied to the following examples.
VL —>mttg- (1)

allow us to rule out ¥V, being Ps and Py due to (i) and (ii) and S(v, -, =1),
S(s;13), V(ry=1) due to (iii) and (iv). Simiiarly '

S e s (2)
excludes +* being S due to (i) and (ii) and V and Po({) due to (iii) and (iv).

For fermion (iii) together with (i) serves to discriminate Dirac and Majonara
types. The stability of nuclei requires the Dirac type of nucleon. In any nuclear
transformation the number of nucleons is consetved, or more rigorously, (the number
of nucleons) — (the number of anti-nucleons) =const. This conservation law no
longer holds in the presence of V% particles, however, because

Vi > ptm (3)
is observed. Thus we are forced to extend the consrvation to the nucleon family
(IVF) (S. Oneda, K. Nishijima). By the nucleon family we understand to include

such a particle that turns into a nucleon by emitting or absorbing bosons. Then
the conservation law is generalized as

(the number of particles belonging to NF)
— (the number of anti-particles belonging to NF) =const. (5)

Further conditions have. to be imposed on the nature of particles belonging to
NF, in order to ensure the stability of nuclei. (A) The particle belonging to NF
s nol lighter than nucleon. (B) Particle and anii-pariicle are discriminated Sfor
such a particle. Consequently fermion is of the Dirac type and boson is described
by complex operators whether it is charged or neutral (S. Tanaka et al.).

We may extend the concept of family to all fermions (S. Oneda and H. Umezawa).
©) If a fermion turns inlo another fermion by emilling or absorbing real or virtual
bosons, these two fermions are defined to belong lo the same family. There may be

29

0 30 0 10
‘]III|IIJI‘Il-ll|III]|lJlI|I!IILUJ;l

SEPT. 19

II|[|['I”[[”|]|]”|||||||||||[IIIIIIII||||[[|II[|

0
wl g

— — — — — — — = k 5

- = & L lw] o0 -1 [= 1] o = [¥5) [y —

2 = & = @ 1= L = = ] =) & = 3 = x5 =
|l||||||Il|||||||l|||||| ||II|||||||‘IIII||||||IIl[I|||||||II|K||||||||]IIII||||||||l]|||||||||||l|if||||||||l]ll|f|||v|||I||||||||||||||]J||i||||J‘|‘!|||||||I|‘l[|||l|

=
3

T[IIII|IIII|HII‘IIII|IIII‘IIII|IIII‘IIIllIfiI‘IIl!’IIII-‘IIIllltll‘lIII|IIH‘IIII|IIIt,IIII|IHI|I|!I|IIII‘IIIllllli[lIlI]HIIVIlI|IIII|[[II|IIII[I'III['HHPIH“III[IHI'I[II‘HTII’I’I’II

Ty
el
i ]

200

s
b=
=

e
[
=

ey
[
=

\_
3

D
g1
=

b
a2
=

=]
-3
L]

(3]
[«
=

IIIJIIII

I|IIIIFII||I|I|.IJ|l||IIIIJI‘r|

||]JII[I|I|IJIII||II||HIIIIII



|||||||||Irr|||||n||||||||nln|||uu prirpitaagees [ i
||||||]| IIKII|IIIIIIIII|JIII|III 1 e 1 1 (RN 1 "
Il I|l||||IIII’II||illlll|!lllrlll|
:I]II[II1IIHIIIII1I|1 Il[r||||illr[||
|| ||| IIIII ||| |||| |||
! |||||1III||||||III||I1]1|IHI|II]!|I[
|||Illr|l|1||II|||J||I|IIlI|IIII|1II[
HH[I||1|IIII|IIH|IIH|IIII|IIII]II
II[H]![I||1|1II|||1|||I!II[IIII|I|I1
rl|I|III||[111|[l|||11H|III1|III[III
II]||||||||||||(||

400 300 380 370

J_IEULJJi[.[[ll_ll]ll]l.l.u‘.lliI.|IHJ.\JJ !

360

360

COSMIC RAYS AND V-PARTICLES

the lepton family, to which electron (¢), nautrino (») and muon () belong. To

this x particle may belong, provided its decay takes place as
& = v+’ (5)
The wave functions of fer-

where »' could be neutrino or a counter particle of «.
The ex-

mions belonging to the same family must anticommute with each other.
istence of the lepton family different from NF will be established, if

V0 - Pt | ®)

does not occur, provided p is fermion. The occurence of (6) contradicts with the
stability of nuclei any way, unless v, is described by a complex boson field.

The discussions thus far made should hold independent of the life time. Once
the life time of V,® is taken into consideration and the transformation (3) is inter-
preted in current terms of field theory, the magnitude of the coupling constant
for (3), assuming the interaction as direct and pv, is estimated as ,10-18~10"1
alis in far too small production cross section for =~ +p—1;°. This figure
f coupling constant for m—>u+». The
if no other interaction

which res
is just the same order as the magnitude o
behaviour of V,® would, therefore, be similar to that of p,
existed than required from (3) (5. Ogawa).

It is worth remarking that one has to be cautious in estimating the magnitude
hen processes involve nucleon

of coupling constants for pseudoscalar theory w
loops. For example, the life-time for z°—2y that is probably ~1071 sec. according
to recent experiments is hardly explained in terms of the lowest order perturbation
theory that gives ~107° sec. to the life-time. The discrepancy is too large to be
accounted for by the aid of conventional higher order approximation, though a
slight improvement is attained for symmetrical meson theory. The discrepancy is
found to be due mainly to the damping of the virtual pair creation which has beea
shown by Brueckner ef al. to be quite large for the scattering of pions (T. Nakano
and K. Nishijima). Our success to account for the life-time for #z°—2y is instructive
for any similar decay process, particlarly for =—3z, in which the damping effect
may change perturbation result by several order. Hence we think it sensible to
avoid the processes with nucleon loops in any guantitative discussion of new par-
ticles, unless the damping effect is properly evaluated. 2

nt we are going to construct reasonable models of
ed on account of the mechanisms of V production
(I) is suddivided into (Ia)

Taking the above into accou
V7, particles. Models are classifi
into (I) direct production and (II) indirect production.

single production (Ib) pair production.
(Ia) The single direct production is represe'nted by

;{T} +N > Vd4at- s S

Since the interaction should be strong in order

to realize the copious production,
we would expect a fast decay as -

= = N+§T} +E+ 2 N + ?;}., I (8)

unl i

Verze’s?ﬁgzeiﬁioznﬁéi {nag{es: (8) .slow. It ‘has been thought that ¥ might have
L i howelseo SE1CEERIn: An elementary particle of spin -larger than 1
s R par (YV I::‘ tsmfce we do not intend to work outside the present
i therey ma. z_aycuna). This a ssumption will also fail for a composite
Ll e tl‘agsitisnaca?lur;};{f ;Ifa ;:imse elxcifte? stat;las of smaller spins, to
time. The high isotopic spi its i ey (0 t.h e ohserved life
energy, in contraditioi m&iggﬁiﬁfﬁiﬁumﬂom el eae

I . 4 Y
ereE‘ ii)len:;he %‘:Cts lf;ﬁr %roductlon xlsvas proposed by Pais, but is not favoureﬁ by
e: nts. » however, show that one has not to aband i

: ; o 8 1 on the ent
idea of Pais but can modify it, avmdmg the contradiction with observations i

ﬁmaf)llj ’I"}Il‘émj ;Eqireft przduction of V;° via pair production is now proposed (K. Nishi
3 2 indirect production via single production has stuc h i :
- ; succeeded to expla

?eha'\ 101;1]1' of muons, but the same idea i3 not workable in our case Thepdifg:'ﬁje
iles 113 t a.t the decay takes place through the inverse process too quickiy T.I?.;
inverse process can be made to forbid, if a pair of particles are prod -

el produced at an

N+N->X+X, )

as haS been assumed by Pdl&- Fhe ]Iltexa tiOIl 18 S0 Stl()Tl e }J!Slsf e l
Wlth the Elbll!ldal‘lce O.E E‘ ]-U that the C()llphl’lg' 15 CI&SSlﬁed a8 even

gzeusn-/'lld-'ﬁ"‘“l- (10:]

g;?;i?dﬁ _ahoul;:l not be observed in cloud chambers and the decay pr(IJducts of ¥V
e coplaner with the origin of the initial interaction i i 1
e X action, the life time of '
to be shorter than 10-2sec. In o S, il
: rder that few pairs are observed ; io
: ; L red, only a fractic
of X decays into V,° in competition with other modes, say s

X—){Vlh'_'“"' (&v)

N 4o (89) (11)

‘:l‘heI .magnitgde of coupling constants, g, and gy, are determined as foilows
is slightly higher than gy, resulting in the single V; with great probabhility 'B ildlr
gx and g, have to be as small as the decay ' o

(gv)

W — X+ (12)

takes place slower than. (3). Si ] : : :
& e, an. (3) ince the interaction (3) is described by the odd

8’294,1/4%/-»10‘19,

| _ (13)
the competition between (3) and (12) requires
_ (gwAn) (&v/Am) <Guadtltms 14
hence, on account of (13) : : &
107> gyt Arz gty /An>107 (15)

3t
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‘ COSMIC RAYS AND V-PARTICLES SECTION. A cEp 1o E
- int diate magnitude between _ ' . j = E

' Thus the coupling constants, gw and gy, are of interme B : Due to the temperature change at atmospheric depth x in unit of the mean = z
Zoven @D Lo - i o fee path =

jous modifications without altering the essential scheme i = _=

S G M T(@) > T(®) A+E®), AR =

discussed above. =

the intensity of muons with energy E exclusively from pi-mu decays increases by = =

) < =60 —

i I (7 —p) <E(E) — (BJ/E)EL(E), @ = ' z
| 4 E— o
[l | . where B, is the same as B in the quoted paper of Barrett ef al. And = 10 B
t I Xl rg 2 i = T i i d',r/ %_ _i
| EE) = e e, B = [y e L, ® =

I Influence of New Unstable Particles on the Temperature ¥ = :
| || Effect of Cosmic Rays Underground (Comment) ith =
| : 2 1\ BrlE o
- Satio HAYAKAWA Eulx, E) =j E() (%) a, @ E o E
' 0 100 —
= :

i "> 3 it t 7 iy -

Department of Physics, Osaka City University For the muons coming from new particles, say V, the intensity increases by % &=

| : e 1 . E—110—
A possible influence of kappa particles on the temperature leffecfioihwsn;;iliaﬁ 81 (V—m—p) =E(E) — (BJE)E.(E) + (1+BJE)E, (E), (5) = E

B L - ) r s _ 5 ! . i = T

‘. far underground has been studied extensively b‘Y Barrett eikql : ti: a:?:em zrature i where £, is obtained from &, by replacing B, by B, namely replacing the life time = 100

' compared with théir own experiment. The ?nﬂuence m?ﬂ esdueeto pil-)mu G of pions by that of V particles. If the production rate of ¥ particles is f part of =5 __
efficient smaller than that expected from th.e time delay ’?‘h ¥ el that of pions, the intensity of muons due to V particles is fBy/(E+By) times that = :

because the delay due to kappa-mu decays is shorifer.t 4 te:ils' T]X’?Qi(} S due to pions produced directly. = 10—

r temperature coefficien AL oy Uit et . s A = .-

h; o howe\;elél, Sll?l‘:;riiv;ylgfri pi Inlljl decays. Although there exist inevitable am- For all muons the intensity increase is given by SHPPN

than expected ex 2 2 i Tonts te 1o =— 40—

A R ook fficient, this too large figure lea = :

biguities in deriving the temperature coefl % : ; ar- = i = E- =

est the influence of other unstable particles. Among various Pund of new L 8[:(5(5) —Eﬁ—’éx(EJ)ﬂF e (l—f—i)fv(E). (6) ST

ticles all but kappa particle disintegrate into pions. Recent experiments performed i ey Uk E 0

icles a ; - : ich had once ' = =

' i arged V particles which ha i y ! : E =

il by M.IL T. group® have r_evealed that xgosth(i:af i—ltic%es decaging mto pions. Hence The first term in (6) is the same as that without new particles. The second term = £

I thought to be kappa Pﬁrtlc}elg S tg : :ourlc):e of pions at high altitudes. Yet makes a positive contribution in which we are interested. S

| a greater part of new particles may be 2 . LT . = =

| nog reliable evidence has been obtained on the abandance of such neW.DﬁftI‘ﬁzi In order to estimate the contribution of this term, we first notice that B, is = i < =

! compared with that of pions produced directly by nucleon-nucleon colh.s1§ns,f i negligibly small compared with E, because B,~10"V and E~10%V. We do not = 7 E

. the ratio seems to amount the order of ten percent or m(?rew_ It seems, theie g 0; have any precise value of B, , but it may be greater than B, and smelles than == =
highly probable that the new particles contribute to the time delay s Wture 10%%y. Further By may not be the same for all new particles. If B, is close to =— 180 —

more steps of disintegrations. And such a delay certainly increases the tempflr'zcuss E, as it is probable, the last term of (6) is roughly equal to f. The magnitudes =

coefficient by an appreciable amount. It may, therefo_re; be worth. %o (o8 of & depend upon the structure of the atmosphere but all may be of the same R

the increase of the temperature coefficient as a function of energies. order and possibly E<Z,<EF,. Hence the production ratio f approximately reflects = E

ool : z i tter to itself in the temperature coefficient. We can not draw any conclusion from the =3 =

¢ ble on the new particles, it may be be em] = :

oo e g :;rsilrl?cia? ?eature and to leave out details for later above analysis in the present stage of our knowledges, but we can expect an ap- =200

concentrate ours}e{lves toeailake sevéra1 simplified assumptions. We add another Preciable increase of the temperature coeflicient so as to explain the experimental — M

investigations. ence w o ix in their paper?. That result = :

. Barrett et al. in Appendix in their paper®. ; E— 10—

assumption added to those taken by ) con~ J = =

is to equate the absorption mean free paths of all partiies -Fu‘: m:g;:;cl;ndbegt also The influence of new particles can not be neglected in accounting for the = =

sideration. This is adopted not only due to the analytical conv 1 angular distribution of penetrating particles underground. The distribution is ex- P

to the plausibility: : -. Dected to be steeper that evaluated on the pi-mu decay only. The experiment of = __

32 33 ==

E—u0—

—— 50—

= =

. E260——
=250 —=
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Barret ef al. indicates an opposite direction, however. Further experimental ma- ;_-‘
terial is waited for arguing our suggestion. e
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‘I A Remark on the Relation between Pion Nucleon =
| Scattering and Photomeson Production (Comment) E
Ko Arzu =
Dapariment of Physics, Rikkyo Univercity ‘_z._
I i If pion nucleon scattering is an elastic one, its S matrix is unitary, but really g_
: it is accompanied by the inverse process of photomeson production, so that =
only the total S matrix involving the both processes is unitary. But experimental -~
cross section of photomeson is smaller than that of pion scattering in the appro- =
priate energy range, and one can approximate this unitarity condition according E
to the largeness of their S matrix, and obtain a relation between them. This rela- &
tion Is most simply expressed in terms of phase shift analysis, that is; in terms of =B
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2 eigenvalues of S matrix. Let R be eigenvalue p phase sift of importance is ag; (isospin T'=%/, and angular momentum [J=%.); §
10 of scattering (=S matrix —1) of photomeson (2) both s phase shifts a,(T'=1,) and «y(T=%,) are required to explain the asym- 'g_
and S that of S matrix of pion scattering, we metric angular distributions; (3) the signs of a; and as; are the same and both == 40
have ' are opposite to the sign of ay; (4) in the energy region under consideration, as; =
R*/R=—S* i increases approximately as ¢¢ (g is the momentum of the pion in the c.m. system), =l
(* means complex conjugate) «, increases even more rapidly than «; while o changes very little. E
I Thus when the phase shifts of pion scattering Result (1) does not necessarily imply a resonance with the T'=3%/,, J=7/, state E— a0
ok are known, one can get some information about of the pion-nucieon system since even weak coupling pseudoscalar theory predicts =B
photomeson almost without any special dy- an attractive «y; phase shift contrary to the repulsive character of the other three =
piax namical assumptions. For example, the ratio p phase shifts; moreover, all improvements of the weak coupling approximation =
5 p of contributions of partial waves of definite ethance the magnitude of asy and diminish the three repulsive p phase shifts (e.g. E—
' nature to two processes y+p—n+z* and y+p—> Dyson’s work with the PS(PS) theory and Chew’s work with the PS(PV) theory). —— 80
p+n° (excluding interference terms) is limited Result (2) indicates that the dominant p interaction predicted by the PS(PV) s
in a finite range. Let A be the difference of theory in the non-relativistic region (for the mucleons) is insufficient and that an =8 i
charge singlet and triplet phase shifts of same s interaction must also be present. In this respect, the PS(FS) theory looks much =
1 nature in poin scattering, we have more promising since a well known canonical transformation leads to an interaction =3
. Hamiltonian of the following form (to order g% M?): =— 100
B 3 3+4 *1>P>i 3_—A__ , i_
4 sin*A 4 sin2A . % j'l;f*ﬂ"ﬁ’f'(b‘ff‘!‘ 2%4 K¢*¢'¢‘fr+(_'id:?zd[\b*?"¢)<ﬂl‘iﬂ’ (I) é_lm
g where A= (1+8cos*A)Hz; =
i see Fig. 1. Thus one may hope to decide where 1 and ¢ are the nucleon and pion wave functions respectively, = is the: =— 120
b whether Fermi or Yang’s phase shifts are cor- canonically conjugate momentum to &, T, ¢ are the isospin and ordinary spin =i
foi 2 rect, but the present data on photo meson are - three-vectors, g is the coupling constant, M is the nucleon mass and fi=c=p=1 (u E_] 0
too rough and both solutions are consistent is the pion mass). The first term of (I) is the p interaction which is dominant in g_
5= with the above condition, though, if anything, the PS(PV) theory whereas the second and third terms constitute the s interaction =
Yang’s solution is a little favored. (the second terms is the pair term considered by many authors whereas the third 5—140
. term has only recently been considered by Drell and Henley). Result (3) implies =
! . that the second term of (I) can not explain the experimental data since it predicts E 15
| ; the same sign for a; and ay and no charge-exchange s scattering : moreover, Wen- ==
I L. | [ IE L tzel has shown by means of an exact calculation that the higher order corrections =
‘ 10 30 -50 .70 90" to the pair term strongly reduce its contribution to =+ and ordinary =~ scattering. =— 160
Fig. 1 4='83-8)| On the other hand, the third term of (I) leads to a positive sign for «; and to the Ex
2 opposite sign for a; since it is manifestly a spin-orbit coupling term in isospin space. = 170
However, it still remains to be demonstrated that the damping of the isospin-orbit =8
1 term by higher order corrections is less important than the damping of the pair =
Phenomenological Theory of the Pion-Nucleon Interaction term. With this qualification, the PS(PS) interaction Hamiltonian can account o
qualitatively for results (1)-(3) although it is not clear that it can fully account E_
Robert. E. MARSHAK for result (4); perhaps, the pion-pion interaction term required for renormalization E—1
purposes will also be helpful in this respect. =8
Degartment U Lsaes Utitraly ol Ko il Result (4) can easily be explained by the author’s phenomenological hypothesis ;—20-
that an effective attractive potential with a repulsive core exists between the pion =
The experiments on pion-nucleon scattering at Chicago and Columbia in the and nucleon in the T'=%,s state. If to this hypothesis are added the phenomeno- E i
energy region 60-135 Mev. have been analyzed by their authors on the bagis of the logical assumptions that a pure attractive potential exists between the two members =
| charge-independence hypothesis and on the assumption that & and higher phase of the pion-nucleon system in the T'=1/,s state and that a,; obeys a ¢*—law (at =3
| shifts can be disregarded. The following results have been obtained : (1) the only least in the energy range 0-135 Mev.), then the six parameters of the phenomeno- -
| =
36 3r =
: =430
| =
— 240
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7-MESONS

logical theory (the radius of the repulsive core, the ranges and depths of the two
attractive wells and the coefficient in the ¢®—law) can be determined from the
Chicago and Columbia pion-nucleon scattering experiments and from Panofsky’s
equivalent experiment on charge-exchange scattering at zero energy. Within the
accuracy of these experimental data, different potential wells are of course possible
and the various possibilities will be discussed.

The phenomenoclogical theory has been employed to predict the differential
and total cross-sections for =+ and z~ scattering (both direct and charge-exchange)
by protons in the energy range 20-40 Mev. where experiments have recently been
performed at Rochester. The agreement between theory and experiment in all
details is remarkably good provided that the Coulomb interference is taken into
account for z* and =~ ordinary scattering. As a matter of fact, the Coulomb

effects are so large in this low energy region that the signs of the phase shifts are
unequivocally determined to be in agreement with the theoretical choice. Further-
more, the variety of agreement is so great—with the backward maximum in the
differential =+ scattering at 40 Mev., with the nearly equal total »* and =~ Cross-
sections at 37 Mev., with the forward maximum in the differential ordinary =~
scattering at 35 Mev., with the backward maximum in the differential charge-excange
scattering at 38 Mev., and with the linear variation of the total charge-exchange
cross-section from 20 to 40 Mev.—that one can accept with considerable confidence
the validity of the charge-independence hypothesis and the necessity for the correct
field theory to predict for this low energy region essentially zero values for the
three p phase shifts other than as;, a very small value for ez, and positive signs
for a; and aas .

(Title not yet known) (Comment)

Keith A. BRUECKNER
2partment of Physics, Illinois University

(Abstract not yet received, Aug. 20, 1953)

Theoretical Analysis of Pion and Nucleon Scattering

Nobuyuki FURuUDA

Dzpartment of Physics, Tokyo University of Education

Recent experiments on pion and nucleon scattering together with their phase-

shifts analysis exhibit the resonancé phenomena in the T=3/2, J=3/2 state, and

38
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the steep energy dependence of s-wave phase shifts. The resonance-like scattering
may be interpreted by taking into account the reaction of the meson field in some
way quite different from the perturbational estimation. In fact, Dyson and Bethe
showed this aspect relativistically using the Tamm-Dancoff method. As to the steep
rise of the s-wave cross sections and the characteristic sign of the T=53/2 and T=

1/2 states of the isotopic spin, Wentzel and Marshak remarked that the pseudo-scalar

meson theory with pseudo-scalar coupling contains terms, besides the core term,
which are found to bring the signs in the correct direction.

‘We have also made investigations on the pion nucleon scattering by trying to
attack above points in a slightly different way. In order to make an approximation
we made use of the Tamm-Dancoff method without pair formation and neglecting
nucleon recoil. The reason why we have adopted this method is that, as Wentzel first
pointed out, the large core term in the Hamiltonian resulting from the Dysomn-trans-
formation reduces the effect of core term, namely the s-wave contribution, to a
large extent, so that the pseudo-scalar coupling and pseudo-vector one become in
many respects to have the same features, i.e. the term of p-wave interactions
are almost the same in both cases, at least in the non-relativistic region. But ac-
cording to Drell and Henley, if one considers the higher order contributions to the
hard core term, the coupling constant of core interaction may become even attrac-
tive for a sufficiently large coupling constant, which makes it difficult to under-

stand the s-wave phase shift. K. Sawada and S. Tani have been investigating the

effectiveness of the Dyson-transformation in the case of a large coupling constant
from the same standpoint as that of Drell and Henley, ¢.e. all diverging quantities.
are retained, their effects being estimated with the cut-off of virtual meson momentum
near the nucleon rest energy. They showed that the Dyson-transformation is very
crude in this large coupling case, and in fact, the Foldy-transformation is more
appropriate for the purpose of eliminating the pseudo-scalar interaction. The re-
duction factors of all the terms (pseudo-vector coupling, core-term, mass-term and
the term named H, by Drell and Henley) were evaluated by T. Akiba numerically
and it was shown that every term is reduced by about the same amount ; especially
the pseudo-vector coupling term is reduced more strongly than the core term, and
the sign change in the latter one does not appear in the range of the coupling con-
stant running from 10 to 40. If, therefore, one adjusts the pseudo-vector coupling
term so as to explain the p-wave scattering (or nuclear force), the core tetm re-
mains even in a larger proportion than that without the inclusion of higher order
corrections. Thus, the s-wave damping of Wentzel ef al. would also work in our
case. But since H, contains the vector product of ¢ and z, the damping of H,.
does not hold and in fact they remain about in the same magnitude.' Therefore
the charge dependence of the s-wave is effective in the same direction as Wentzel
has aiready pointed out, which is convenient to explain the experimental results.
But according to N. Fukuda, S. Goto and K. Sawada, the magnitude is not sufficient
and the steep rise of cross sections cannot be explained if one uses the interaction
without reduction factors with a moderate coupling constant. In this connection
N. Fukuda el al. evaluated the s- and d-wave phase shifts in the pseudo-vector
coupling with the Born approximation, and the results show that the signs of s-
wave phase shifts are quite wrong and that d-wave phase shifts are only about 5
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degrees at 200 Mev.; the wrong signs of these s-wave phase shifts seem fatal in ;_ _i

this case. We shall report the results when one uses the reduction factors evaluat- Electro-magnetic Phenomena of Pion Nucleon System (Comment) =— 40 —

ed above in the ps-ps theory. : =8 E

As to the p-wave scattering, it remains to be solved how the self-energy should Katsuro SAWADA f._ 50 _E

be overcome even in the non-relativistic Tamm-Dancoff treatment. We have tried = £

: to subtract this self-energy by taking into account the fact that in the Tamm- Department of Physics, University of Tokyo = =
Dancoff treatment the reaction of the meson field in every configuration is different Sl

. since the maximum number of mesons which are present at the same time is re- W : — #=
. ) e have ev ted i = =
stricted ; (for example, if one considers only up to the two-meson configurations, the photo-mésonal‘;ioilui?ég tgl : :Egm;lous rrIl)agne’?fc motnl;lsgt fOf thle HECleoiand = 70 —

. the self-energy of the zero-meson configuration is affected by the reaction up to two ot Fa Y grope: B b Srutitacaenor tl?e = :
: mesons, but that of the one-meson configuration only from two-meson state). e sl oL the pgeudo«vector coupling : the nucleon was treated in = iE
! T G e e i thfz non-re]atwgtzc approximation and its recoil effect was neglected entirely. In = B0 =
‘ these counter terms by solving the eigen-vzilue problem. It should be demanded b case,hthz dli&f ulty of the self-energy problem remains, its renormalization be- = —
; . - R S : . ing very hard. e added the di t L 2 S :

in this case that the incident meson wave of normal mass is permitted and that ra%ion a);d determined their ma iliifsgig isqsitﬁr:df enfli‘gg' ttherm§ i eviery con;:ilgu 00—

i the eigen-value zero (no-meson one-nucleon state) is allowed. Fixing tliese counter : ; . & Pl 0e =S g nenroniem =8 o7
: ; hg 5 B i gives the renormalized energy. Then we solved again the scatterin problem ; one- = =

terms, we can solve the scattering problem with one incident meson, obtaining the : ; AR : g ? R

i RS e I B : meson being present when the interaction is switched off. The state functional =100 —
| . obtained in this way was used to evaluate the electromagnetic interaction, which = ==
l (k| K& | D) He %S0 K (6w) ko) Wa_ts treated in the first Born approximation. The numerical evaluation is now E—lm—-
(k' KitEro) | o) +-+ ko —<y z ! being performed by S. Okubo, S. Matsuyama ef al. and the result will be = :

: i Epo+ 4y (0) — 4y (Ero) discussed. = -

and one needs only to solve the integral equation which has just the same form ?m i

of kernel as Dyson and Bethe treated in their relativistic treatment. We shall o =

compare the phase shifts obtained in this way, especially the phase shifts of the ol

1/2, 1/2 state, with the experimental results. These investigations are based on =3 =

the Tamm-Dancoff treatment including up to two mesons. The modifications coming E . :

from higher configurations were investigated recently by Chew in the Born appro- : . . £

ximation and it was shown that the contribution would be at most 209;. We have On the Scattenng Pmblem} in the Intermediate ;_ _

| also checked the correction in the Tamm-Dancoff treatment, and the results show Strength of Coupling (Comment) =— 150 —
1 that a fairly large numerical factor appears from the higher configurations; it = S
If seems, however, to confirm the conclusion of Chew. Katsuro SAWADA E_Im_i
Incidentally, we can obtain the state functional of the physical nucieon, and : = _t

: 5 s ; 3 Department of Physics, Universi — :

. by treating the electromagnetic interaction of the nucleon and meson as perturba- et oF Liessice Untoemsity of Tokyo =M 1”0—5
; tion, we have been able to evaluate the anomalous magnetic moment of the nucleon =
| and the cross section of photo-meson production (in pseudo-vector coupling theory Recent theoretical research on the scattering problem, in the case of the inter- =
f with non-relativistic approximation); the results will be reported. mediate strength of coupling, has been done mainly by Tomonaga’s intermediate =180 —
The main results thus far obtained in the case of the pseudo-vector coupiing ?OUP hﬁg ey and, th‘? Tamm-Dancoff approximation. These two theories are =

theory have been acquired non-relativistically and by the cut-off treatment. K. t(i};mab };Vt;ry convenient Ig_order = l%nders?:and the physical meaning of the evalua- E—190—

Nishijima is developing the relativistic theory of bound state interaction, which . n(’l ;:Jh § o csowc 1fﬁcu¥t1es in their mathematical treatment. On t}'{e other E =

may be applied also to pion deuteron scattering. It will be discussed elsewhere. and, the method of the canonical transformation proposed by the author is very oy

o e e e 2 5 - ‘ I oous Mhe convenient to treat, though the formal proof that it could be used in the case of sl

S Ul SVEEHON 0L ey Lz Teacin woatleriotans by Do totang the intermediate strength of coupling has not been done. A discussion will be S -

and T. Kobayashi and the possibility of determination of the coupling type between given here for the applicabi.lit;r of this method. = 10—

the meson and nucleon may be obtained by observing the angular distribution of ) : il

the negative pion. ) For a comparison, we took the same model as discussed by S. Tomonaga in the Sl

intermediate coupling theory (charged vector longitudinal meson). The interaction = 99—

f = =
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o ity = =
EREERE = -
Smas
= —
7-MESONS : - SECTION A SEPT. 21 = =
Hiaitantan aa When the e and (Q,, are evaluated for the scattering by the Tamm-Dancoff treat- E_- ¥ —;
. ment restricting the meson-number to two, they turn out to be energy dependent, = —=
H= —-ijkdk{(ak*—iibk) TP+ (ak-}-bk*)'rmr}. but for the comparison we put E=0; then o —
. . 3 Ve=1 Vo=, Vo=, = =
Performing the canonical transformation { a(0) 0.791 0.861 0.892 E iy T
¥—e 2, ; [G, Hy] .=—H, o 0.724 0.835 0.869 B =
Aepint | £21(0) 0.668 0.762 0.856 = z
we have the transformed Hamiltonian as follows : . ﬂi;( 0.611 0.738 0.500 =— 60 —
Moo : : , . = =
Hyb 600 Hn WGl hre Wi COS it The values of 0, and « in the intermediate coupling theory were evatuated by E o .
The parameter \ is introduced, since the original form of the interaction reappeares Z. Maki and M. Sato. E z
in the higher 1c:rder terms. £’s are expressed by convergent series for any value of B ot o et e e meite e T ot by S Tomons s with :,__ ; —§
n, for example, , _ our cancnical transformation method up to the strength V,=1, and obtained nearly E z
EQA) =lmE, () the same results. The latter method is favorable for the inciusion of recoil effect, S
! ; 3y : and we are now performing the evaluation in pseudo-vector symmetrical coupling E—9—
= _1yny plminl (o AT Lo e theory. The characteristic features of these treatments are that no renormaliza- E 2
EM) =(1- 7\)+( Y] T et (1) "V %o o T oplorRn 2 ; : = -
2 31 @2m! (@Er+l)! tion is performed and all quantities are evaluated numerically by the cut-off 100 —=
i . - method. :
‘where VF(I_) jK“ dk is the measure of the coupling strength. The series £,(A) -
converges very strongly, and in fact it becomes stationary at about & (M) for V2~1 { ' 11-3—;
, A=1. The primary interaction can be eliminated completely by taking &(\)= | — R L o il _;
“The 2nd order canonical transformation can be obtained by putting A=1 from the E 10—
‘beginning, and so the term -——g-..-VgH reappeares in the above expression, which has _%
] ¢
just the opposite sign and comparable magnitude as the original one for V;= 30 :
but the condition £(x) =0 can eliminate completely the primary interaction. If the . =
r-spin is the classical quantity, there leaves no interaction by the above canonical 140—
transformation with a=1, and the distribution of mesons thus obtained is the Pois- e
son one. But owing to the quantum effect of the r-spin, the correlation occurs in = i
the meson cloud, giving rise to a change in the distributions given by A=1. As E :
the value of A we have: =
' 160 —
' Vay 1 s s 2
N 0.728 - 0.813 0.856 o f
being evaluated from E,(A) =0. These A-values give almost the same distributions __E
.of the meson and dissociation probability as those gman by S. Tomonaga using Ritz's . E
-variational method. 8 :
Further approximation can be obtained quite easily by going on to the Tamm- z
Dancoff treatment of the resulting interaction Hamiltonian. For the purpose of 180 :
comparison, we write the equation in the one-meson configuration, using £, and =
« defined by S. Tomonaga, 0—=
(K-E)0 (k) = '(205 — O —1) g (k) I@u (KO (E)dE' _§
20—
L Fd-a {qa_a (k)j%(k’)ff’ﬂ(k‘)dk’Jr;au(k)K [poterom) dk*}_ e =
' s é——zzc}—:
42 ; 43 = =
230—=
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Recoil Corrections in Strong Coupling Meson Theory

=N Gregor WENTZEL

.

g

The essence of the «strong coupling method” is the attempt ﬁ(') redIiL(:‘e _the
problem to that of small vibrations of the field oscillators a'bout_ certain ffquﬂlbrlun'n
positions. This has been successful in various meson theorze.s, in a static approxi-
mation. In the pseudoscalar theory with pseudoscalar coupling, the usu'fll way ‘Eo
arrive at a static approximation is via a Dyson or Foldy transformation. This
procedure, however, is cumbersome because of the complicated structure of some the

terms contained in the transformed Hamiltonians. ' i
A more favourable starting point, for the one-nucleon problem, is the equation

Institute for Nuclear Studies, Chicago University
LY

) [ a—i migysTaa () Tw=o0,
or the resulting second order equation
=0 e L. 1€
2) [5:;2 11t 42 DoE (X) HEZYsYVTa oy ]u,b 0.

It the field operator ¢ (x) =du (%, 1) IS interpreted according to the old-style qua-ntum
theory of fields, this theory still requires vacuum subtractions. But, alternatlvgly,
Eq. (1) may be interpreted as the equation of Go]dbe}‘ger and Gell-Mann, which
is derived from Feynman’s theory® and therefore disposes of all vacuum effects

automatically. Interpreted in this way, ¢ (x) operates on .a.foyr dim:snsional set
of meson states. It is also possible to introduce a relativistic ** cut-off 7’ factor

Pu-

In either interpretation, a static approximation is 1:eadily. defined, eitl'ler .by
splitting Eq. (1) into two-component equations, or, more u:;lmedlately, by .negj.ectmg
certain terms (e.g. vsv«) in Eq. (2). In this static limit, the mesons in s and p
states are uncoupled, and the s mesons behave according to (pseudo-) scalar pair
theory, p mesons according to pseudovector—couplin_g _Yukawa theory. The well-
known strong-coupling methods can be applied, and it is also easy to go beyond
the static approximation by treating the effects of nucleon rec:f:uls as small (non-
relativistic) corrections. These cause meson-nucleon sc.:attermg to occur also
in d states, with a characteristic spin and isotopic spin dt_epenc}ence. The s
scattering does not become strongly dependent on the isotopic spin (contrary to
observation).

Of course, the strong coupling approach requires a certain minium value of
g?, depending on the cut-off. On the other hand, if gﬁ_becomea too 'Iarge, the
relativistic corrections cause a breakdown of the system 1n that certain normal
modes of the small vibrations become unstable. Only for large values of the

1) Neglecting closed loop diagrams.
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SECTION A

nucleon to meson mass ratio are the two conditions well compatible. Actually,
with the mass ratio 6.7, a rather strong cut-off (at less than half the nucieon mass)
becomes necessary. This presumably indicates that the strong coupling results
cannot be trusted quantitatively.

Questions of a more basic nature remain open. The small vibrations, even if
they are stable in the sense of classical mechanics, are prone to decay by passage
through a potential barrier, leading apparently to an entirely unstable situation
(perhaps describable as «creation of infinitely many mesons™). This is true even
for weaker coupling.® It is conceivable that an apropriate relativistic cut-off (ap-
plied to both meson and nucleon momenta) stabilizes the system. But without
such a tool, the existence of physically meaningful relativistic solutions seems
highly doubtful, except in the trivial case of infinitesimally weak coupling.

2) Methods which cut out states containing more than 2 (or n) mesons are apt to comnceal
this difficulty. : ‘

Fundamental Formalism of Intermediate Coupling Theory

Sin-itiro TOMONAGA

Depariment of Physics, Tokyo University of Education

Thirteen years ago the author proposed an approximation method in the
meson theory suitable to the nuclear interaction of intermediate strength. The
theory was applied only to static problems. Now we extend the theory to scattering
problems. Similar attempts have been done by Watson and Hart and also by
Lee and Christian, but our way of approach seems more to correspond to the proper
sense of the intermediate coupling theory. The difference of our method from
theirs will be seen in what follows.

As an illustration we take the vector longitudinal charged meson interacting
with an infinitely heavy nucleon. The Hamiltonian for this system is given by

H= jK{a* (k) a (k) +b* (k) b (k) Yk

k

where a(k) and b(k) represent the destruction operators of positive and negative
mesons with momentum k, respectively, « the meson mass in unit of fi=c=1, and
f the coupling constant. Other quantities are defined as

k={kl, B=v/Fie, 'Q:% Gein).
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| | | SECTION A SEPT. 21 = =
INTERMEDIATE COUPLING THEORY T = p_
: : ibi = *Ay+By*By— V{ (Ay+By* * * = =
‘ For our purpose a(k) and b(k) are decomposed into two pgrt_S, Zpi desetstriglélri , i . O(E 0" Ao +By*By— V{ (A +By*) @+ (Ag*+By) @*}] (8a) - :
. that tend to zero at infinite distanc =ned, =
the cloud part of mesons (o-mesons) th : 7 Maki. M. Sato and = :
‘ L e ﬂ;e ?herr:hi SE?(;L: tgrllrs‘l;igsf;r?su(;hrie;?;‘z o{f the Ha;niltonian that H, =J.K [A* (k) A (k) +B* (k) Bk 1dk, (8b) = =
g, Tomonaga). The cloud part s O_ : S tional to 00—
| does not contain & explicitely. This can be done by taking gu(k) Propo” 0% Hos=jrpo* () K [ (Ag*— V&) A(k) + (By*— VQ¥) B(K) 1k -
i the k-dependent coefficient in the last term of (1) in the same way ] §
| pre‘\TiOU.S W'Ork, _FJ‘[A* (k) (Aﬂ"‘ VQ*) + B* (k) (Bu o VQ) ]Kqﬂu (k) dak . (SC) _g
‘ g0 () =H/KE,  with Kg:jdk (RK?). (2) : -
s Ifn=jgau* &) Ko (1), V=FEKufe =
A divergent quantity K. is introduced as a normalization factor and may be ( 2 ) -
' ‘ evaluated by the cut-off method. In my previous theory only the cloud part H, was taken into consideration H E
S5 ber of a complete orthonormal set, a(k) and b(k) are and _the static solution was obtained by means of the variational method. The 2
Taking ¢o(k) as a mem solution may be obtained by any mean as 90 —=
| expanded as :
- Avon () (2—-2,)X,=0. (9 =
a(k) =Aopo (k) “"j sps (k) ds ) With the aid of a set of eigen functions X,, the state vector of the total system L
‘ is expanded as =
‘ b(k) =Buyps (K) +IBS¢= (k)ds. | ¥=30.X, . (10) o —
| @s (&) consist in an orthonormal set with co_ntinu_ous sigen Talues Ze d (;scrélﬁe @, is the probability amplitude that the cloud state is » and there are any number g
I waves going to infinity. A’s and B’s and their complex conjugates satisly the s e 20—
Il 2T

following commutation relations :
[A Al = [Bo, By*] =1, } 4)
[Au, A.s’*] = [Bs, Bﬂ’*] =& (8'—3!) -,
the total Hamiltonian is reduced to three parts, each

s-mesons and the interaction between them_. In tl'lis
yet but may be diagonalized with

Introducing (8) into (1)
corresponding to o¢-mesons, . !
reduced form the s-meson part is not diagonal

respect to @, by their appropriate choice as
jgas* () Kopw (k) dk=S3 (8—5').. ®)

makes it unnecessary to refer to individual ¢,, so that s-mesons
v a single operator as (H. Hasegawa and S. Hayakawa)
a(l) =Aupo (B) +AE), | =
Bk =Ban () +B®. )

This choice of ¢,
may be described b

The essential point of our intermediate coupling theory is that no restriction
should not be imposed on the number of g-mesons but the s-meson part may be
solved approximately. The o-meson part was solved by means of the variation
method with the trial function of the Hartree approximation. Then the amplitude
for the no s-meson configuration (proton state) was given by

'@w)=2;\/€2§2}?§%{f1“" (Fer™) oo fn™ (Bn®) f17 (Bt ™) o™ B ™) | s Br ™™ ey ™ K™ >

%
d,m

SV PR RN RS BE A
T S R G
‘where
St 0 == f™ () =0 (B)- )

When there is a pnsitive s-meson with momentum k,, the amplitude of this con-
figuration is given, corresponding to (11), by (H. Hasegawa and M. Nogami)

oy
e
L=l
I |

]
[=2]
=

vk

]
-]
=

||i||||

&
&

i B itive and negative s-mesons 1gg_—§
| A®) and B ace the desimycilon, dpematers of posit g — OO=5TED 51 £t fo B | B, B len”s K> =
‘ and obey the commutation relations : : ma nlnl o :

A(), A*(K)] = [B(), B* ()] 3 MG, P U IS R TS N : w0

| [A k), A*( st(kﬁk’)ﬂgan(k}gvu(k,)ga,(k_k;). @ T T g Skl Ktk B> (13) :
. e, and 4, can be obtained by means of the variational method together with 20—

: t L : =

| On account of (6) (1) is reduced to i @ the eigen energy of the system as was done for 0®, The energy is expressed as —=
= H+ = E

= Hag Byt G E=Ey+K (k) +4E, (14) 20—

' with =
a7 :

16 20—

20—
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| E i
‘; =
| SECTION Aw .15 @i | AVSEPT, 21 =
! NG THEORY - : =
| INTERMEDIATE COUPLI . A now carried out by solving cloud levels numerically. The levels thus obtained are =
i where E, means the energy of a nucleon with o-mesons ar'ouyd i anE (ko shift shown in Fig. 1 for a number of V-values. Since we know 2, as above, the by
' presents the total energy of the meson at infinity where it is free. Bnergy Su matrix elements are given by : : ; =
| . h to be expressed in terms of the phase shift (k) for the scattering =
| AE is shown : : Ay V(2 —2y) g%, _ = .
i (K. Sawada) as 15 TR o T FInE il 3- =%
AE= (3 (ko) [R) (ol K st gu R (21) el =
‘ where AE is evaluated as the s-meson is kept inside a sphere W1’E_h radius R. A mafe on account of the following : R E—0
‘ refined relation between AE and & makes us possible to derive the scattering ; ralation =
amplitude that will be derived by another method in what follows. Al — QA =Ay— VF*. e e %— 70
‘ It is important to note that no symmetrization is needed_ bt Sr-u) andcl ;gﬁesozsr sauie L of * the.. numerical \‘t“‘\ E—
in (13), because § and f are diagonal with one another. Hence D Al e values are given in Table 1. 4 ey S e i
| L] : ! A T =
‘ be represented in Fock space as Now we are in position \\%2 s =
) va(Q*J(ID)_ (16) to discuss the relations of g E
‘ 0,0 ) ; our method to other approxi- Lsar \?\ & g_ -
'l‘ Introducing (10) and (16) into (H-E)¥=0, with H given in (8a—8c), we obtain a mations. ; ! \'\“x =
| set of equations i Perturbation method. It N e = e
‘ (Koy—E) OO +3) Auurjdk’¢o () K'0D (&) =0, (17a) is easy to see that \\ E-
i ur ] ‘;Gu(k) Sl —_— 5\ e =— 110
| ' ’ b, A 5 Abm A [
‘ (Ko 2+ E—E) 0,2 (k) —go (k) jdk’K @0 (K)) 0, (k) BE oo oo i b e S =
M )
!|| siA f*(K—K)(pn(k)WD’:O’ (17h) Thus our method already S Y =— 120
| o Awe 0 uses a part of solutions of o =
l restricting the number of s-mesons to one only. The operator the perturbation method. IS TS E
l A=A VQ*, A*=4A,—TVQ a8 . S e M e =
i T ) tes accompanying the Sewada  approximation. L =
i‘! have matrix elements corresponding to changeS-OfflO“d _sta];es‘ ; thcljrefore that Sawada invented to treat b \ E 140
. absorption and emission of a s-meson, rsepectively. It is o wm};ile second term 1 fplon Tucl o s e s e VA E
|' the last terms in (17a) and (17b) reprt?s?nt such' prgcesstes.the iy by deriving the second order 2 \\ =
i of (17b) corresponds to a sort of potential scattering due 0] . effective potential for pion --p \\ \ dge ; 150
tion of meson operators in (6). y ! o nucleon interactions, This : N 22 =
| If further approximation is made that only one excited cloud stateis effective. is shown to be equivalent ———— 24 ==
!| (17a) and (17b) are readily solved as : ' to solve the cloud part by et =3
he second order perturba- . =
| ; 1 . e (E.,. K k k ) , (19) & p =
| 0,5 () =8 (k—ko) +( g —i® (Bo K) )T (B, K0 ) oo tion. -3 -3 =
‘I _ where E.F(Es K) on o T oroms Donens abirai) Fig. 1. Energy levels of cloud parts Qu. §_
| Tl K= ammme 7{}—(—1—_ _E (;__ K’)) malion. In the T-D approximation the probabill_ity amplitude is represented in =
I (Eq— Kofvo) ~jdk’K @* (k) F(E,, K) E—K’ o Fock space and up to two mesons are taken into consideration irrespective to =
| writh : whether they belong to cloud or s-part. We can show that this is the case by =
‘  E=E-Ki%; ﬂm-‘—ﬂiﬂﬂq 1 introducing (3) into (8) and restricting the number of both ¢- and s-mesons to two. ==
" and F(E K).— (Ko Q10— Eo) + Aut* Ao (K—Ko) ' Stroug coupliug approximation. This will be discussed in the following ahbstract, =200
ALy, £V ) = . s i L =
| From this result it is easily seen that terms with ‘A and A% in (17) give T8¢ D2 Ty 3
|| nce scattering and a remaining term results in Kyw—Ey in F(E, K), con- (1]1A*]0) = 0.724 (2'1B*]0) =—1.02 = o0
Ee'ssatr'l . Sto the potential scattering. For V=0 these two kinds of scattering cancel (3]1A*]0) = —0.293 . (2'1410) =-0.10 =
riputin i = =
‘! wilth orfe another and T vanishes, as it should be. - (511‘1*10).— —0.298 . (1 1BJ0) =-0.17 E
il Thus our problem is reduced to obtain the matrix elements Ay, etc. This is Numerical values of matrix elements given in (21). E
| ‘ | 49 =
| 48 =
| =
!, ‘| g =
U |
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SECTION A SEPT. 21

In the variational method, the accuracy depends primarily upon the choice of

INTERMEDIATE COUPLING THEORY
trial functions. But, tentatively, the square root of the Poisson’s distribution function

ddindutalm et lalislnabmBaduulwbitil

| Application to Meson-Nucleon Scattering (Comment) ,l‘r,(n);gxp(_,é az) (ncf;”ﬁ @ %
]| | Daisuke IT0, Yoneji ‘MIYaMOTO, and Eiji YAMADA* is chosen and its par‘amefter «’s are determined by the variational principle. In the =0
|. : R case of charged longitudinal vector theory or neutral pseudoscalar theory, Poisson’s
' (Tokyo University of Education and Nagoya University*) distribution of o-mesons is a fairly good approximations. This is the reason why .
‘ we choose the Poisson’s distribution function as a trial function. %
. General theory of intermediate coupling has been formulated by S. Tomonaga and y For the ground state, energy elgenvalues O_f t'he me.sqn-nucle_:on system 001’{1'35(1"35 i
his collaborators. For the sake of simplicity, the type of the meson was assumed with the resglts from the perturbation theory in its weak coupling limit, and in the
| to be of charged longitudinal vector in their discussions. Their example illustrates strong coupling limit, our results reduce to the results from the conventional strong
. L theory and the physical meaning of the approximations cpuphng theor}.'. But these (‘:ommdences’ are achlieved only in their first approxima- 50
adopted very clearly. tion, because of the crude choice of our trl'al functions. In 01"der to make the results
| : . so accurate as to reproduce the correct isobar separation in the strong coupling :
' To treat the more realistic case, and to compare the theoretical predictions with limit, we would have to improve our trial functions. 90

the experimental data, we may be obliged to apply the theory to the case of sym-
metrical pseudoscalar meson. Since have no intermediate coupling theory applicable
to the relativistic meson-nucleon system now, it is assumed that the meson-nucleon
coupling is of pseudovector type; in the pseudoscalar coupling case the relativistic

effect being dominant.

Following the general theory of intermediate coupling, the state of meson cloud
(o-meson) around the nucleon must be golved. There is no fundamental difficulty
but the mathematical complexity.

There are four constants of motion J, 7, Js, Is. The wave function ¥ must
satisfy the conditions
' FPT=]J(J+1 ¥,

To solve the Schréedinger equation by restricting the number of o-mesons to 2
or 3, is invalid in the strong coupling case, but is expected to provide a good
approximation in the intermediate coupling region (V2~1), because in the case of
charged longitudinal vector theory, this procedure has given a rather good answer
for the low lying isobaric levels.

If the Shrodinger equations for the bound meson-nucleon system are solved, the
exicitation energies of isobaric states and the transition matrix elements between
these states are easily computed for each values of T and J. Then we can calculate
the scattering of meson by the nucleon using the same method as that discussed in
the preceding lecture. The problem of anomalous magnetic moment of the nucleon
and photoproduction of the meson can also be treated by taking the electromagnetic

B — =
= = =
Soslvudanilividiss)

—
e
fa=l

—
£
=
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PY=I(I+1)7, @ interactions as the perturbation.
and - 150 :
Jrs?p. :] 3?19‘? i ;__ _;
: @ | E e
LT =1I,7. E— 160—
It is easy to show that we have only to calculate the state for which f;=J] and ;— =
I,=1I (we call these states ‘ top”’ states); other states being constructed by operating _ E—10—
the angular momentum operator J©-> and I repeatedly. For the top states we may Strong Coupling Limit of Intermediete Coupling Theory (Comment E..  uf
g p plng ¥ ¢ ) = =
impose the conditions = 80—
JOW, = W, =0, 3) Sin-itiro TOMONAGA =
instead of (1). In the following we shall consider the conditions (2) and (3) instead Paportient o 7 Physics, Tokyo University of Education é_lgoﬁf
of (1) and (2). This procedure simplifies the elimination of the angular part of the g E £
meson field variables considerably. This is equivalent to Tomonaga-Miyazima’s S
procdure and is more convenient than it. For that purpose the method using the The present author® has formulated a new approximate method to treat the pion- SR
generating function will also be considered. nucleon scattering when the coupling is of the intermediate strength. According =n =
B T Sotired. Sehrid e e to this method, we shall now discuss the pion-nucleon scattering under the assump- S
lAfter the l(-.:hn;matlon &b e:. s ,th Cd : emger f;n Srzriational :oc edgrimg; i tion of the strong coupling. As was shown by Z. Maki and M. 5ato the results =8 g
loymg any suitable [SPREERERAton MRS, S = ' P obtained, agree with those derived by Wentzel® and S. Tomonaga®. Our method, = =
restricting the number of o-mesons. - =
b d = -
—— o0 —
E o
L . E 250 —
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INTERMEDIATE COUPLING THEORY SECTION A SEPT. 21

‘however, will make clear not only the underlying ideas of the usual strong coupl-
ing theory from the different standpoints, but also how the approximations, which
are applicable to the case of intermediate coupling theory, fail in strong coupling
limit. ' -

As an illustration, we take the longitudinal charged vector meson interacting
with one heavy nucleon. Then, assuming the wave function of the seli-field around
the nucleon as

p@Ny___1 .(f (7) e“"‘-"*l-*m) |
Qz(w(x,y))_,\/zﬁ-"/}' g(f)ezom-l,z)e 2 (1)
we obtain the following simultaneous differential equations for the radial functions
f(r) and g(7),

{- ;’:ﬂ _m(?f;_l)_-i—fz ;2{.Qq-l-1)}f(r] —2 Vrg(r) -_—O‘ @
{——é‘?y+ﬁ—(:}?——n+?’g-—2(ﬂu+lj Le) —2vrr(r) g1

The energy levels given by (1.2) are roughly classified into three groups. The first
group of the states is lying at 2,=—V?2, and we shall call it ‘low level’ group.
The second group designated by the ¢ high level* group is situated above the low
level group by the amount 2 V? and the third in the intermediate region of the above
two. If we assume that the coupling is strong, i.e., V>1, it is easily shown that
only the low and the high energy levels are important. From now on, we, there-
fore, neglect the terms of the order 1/V. Then we obtain

fN=g(r)=1//2)Ha(r—V)exp{—(1/2) (zr—V)?}, 3)
Do=—(1/2) Vi+n—(1/2) +m22V?, (
in low levels and

f(r=-—g, D, =312,

in high levels. H, stands for the normalized hermitian function. Now, it is con-
venient to divide 4, ¢* etc. into two parts in the representation, in which £ is
diagonal, as

A=A+A4A, Q* =Q*+Q* etc.  (4);

A, @F etc. have non-vanishing matrix elements only for the transitions among
high Ievels or among Ilow levels, while A’, @'* etc. have non-vanishing matrix
elements only for the transitions between low and high levels, Then, by putting
r=7r+V, A’ and A etc. are written as

—18

A'=—vv, A= (;‘,-,-Jr % )._g—-z'e 1

o crifl o s
vt (T=4).
We now consider that both the initial and the final states in the scattering process
are in the low levels, and that we express the cross section using the non-vanishing
terms in the strong coupling limit, 1/¥V—0. It is easily deduced from a simple
consideration that the necessary matrix elements are the types of matrix elements
(' | 41D and ST 1A L) (I’ | A | I'). Substituting A+A4', @*+Q* for 4, @*in

®)
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the hamﬂtonign, it is found tha_t the transitions of bound parts from high to low
levels or the inverse transitions accompanied by the emission or the absorption of

s-mesons can be caqsed only by the term H’ which contains the large coefficient V.
That is, H is rewritten as

H=K/ 0% H A5 Q= A*A+B*B— V*

Hﬁij{?ci""aa-HB_*bs)dsﬂ;cl, H3=J|S(as*au+b«”‘bs]ds &

e

CH = VJKUS!: "(@a+0*) +Q'* (qo* +by) |ds

Accordingly, if we could eliminate the term A by performing a canonical trans-
formation and further the transformed hamiltonian could be rewritten in a closed
form in the approximation in which we neglect the order 1/V, the scattering cross
section could be calculated without taking the high levels into account. Now, such
a traasformation is actually possible and the transformation function is given by

H=exp(G)-H-exp(—G)

G=— Qéﬁ'gz"'Jffus (Go + bs*) dg +-— ";V;I%jjﬁ’ﬂg{m*+b~}ds, (7)
where
Q=0+, (1Qy1h) =0, (@) =0,

(RQ 1) = (1Qy'1h) =0.

Next carrying out the following variable transformations,

v/ 2exp(if) - A =2 exp (—if)-B=a, v 2exp(—if) A*=+/2 exp (if) B* =a*

. 8,
as=(1/n'2) exp (—i0) - (%—ivs), b= (1/4/2) exp (20) - (s +2ys) @,
and
x(k) =apy (k) +nggos (k)ds, x*(k)=a* g, (k) +j,n*¢g{k} ds
(10)

S

5 (&) =Jys¢,(k) ds, y*(k) =jys*(ps (k) ds ,

we can write H as H=H,+H,, where
H».--——J‘Kx*(k)mik)dk, [2(R), 2 (k)] =8 (k—F).

This shows that the x-meson is not scattered by the nucleon. We assume now that
the incident meson is a positive one. This state of positive charge can be regarded
as a superposition of the state of x-meson and that of y-meson with an equal weight.
Thea we see that just a half of the incident mesons will be scattered and that only
a half of the scattered mesons are positive. As for H,, we obtain

i o 1 s 2

Hy = [ @@+ W) die— 5 ([prv R g a) D
by the variable transformations,

D (k) = L)V K2 (y(E) —y* k), q) =1WZK (y (k) +y*&)).  (12)

From (11), we have only to find out the nérmal modes of vibration in the form
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to get the scattering cross section. The scattering amplitude R (p, #) (Ipl=p'] =p)
is given by

R(b, ) =i (B) U%fg— kd+ j—‘i’iﬂi(_—?qut z';'rjﬁ (K—E) gy (k) dk |

and agrees with the old result.®

(14)

‘References

1} S. Tomonaga, Preceeding abstract.

2) G. Wentzel, Heiv. Phys. Acta. 13 (1940), 269.

3) S. Tomonaga, Prog. Theor. Phys. 1 (1946), 83, 109, 2 (1947) 6, 63; Sci. Pap. I. P. C. R. 39
(1941), 247.

Lattice-Space Quantization of a Nonlinear Field Theory (Comment)

Leonard 1. SCHIFF

Physics Department, Stanford University

A method for the approximate diagonalization of certain types of quantum
field hamiltonians is developed which is not limited to weakly nonlinear systems.
It consists in omitting the gradient terms in zero order, ane diagonalizing the
resulting hamiltonian by replacing the field defined in a continuum syace by a field
defined in a lattice syace. This unperturbed system is equivalent to a countable
infinite number of uncoupled nonlinear oscillators, which are then coupled together
when the gradient terms are included as a perturbation. The method is applied to
the quantization of the classical nonlinear meson theory that was introduced in an
earlier paper to provide a qualitative explanation of the saturation of nuclear
forces, according to which a positive ¢* term is added to the field hamiltonian.
Although the quantized theory is manifestly noncovariant, it is found that a single-
particle solution exists that has an aqproximately relativistic relation between
energy, momentum and rest mass. [t turns out to be essential that the lattice
constant be kept finite, as all computed physical quantities become meaning ess in
the continuum limit (in which the lattice constant approaches zero). It is shown
that these particles obey Einstein-Bose statistics, and that they scatter from each
other. Nucleons are introduced as classical sources for the meson field, and calcula-
tions are made on the nucleon isobaric state, interaction of mesons with nucleons
and heavy nuclei, and nucleon-nucleon interaction. Most of the results of the
earlier classical theory Have close counterparts in the present quantized theory.
The possibility of extending the method to the quantixation of both meson and
nucleon fields when they are strongly coupled together is discussed briefly.

See the abstract of K. Sawadae on P. 41.
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Sloane Physics Laboratory, Yale Universiiy

(Abstract not yet received, Aug. 20, 1953)

Studies on Nuclear Forces in Japan

Mitsuo TAKETANI

Physics Department, Rikkyo University

A new method for investigating the nuclear force was, proposed in: 1950~1951
by M. Taketani, S. Nakamura, and M. Sasaki. The idea is as follows : The high
singularities occurring near the origin of the potential, which was derived from the
meson theory, gave so essential effects to the numerical results that we had no
means so far to compare it with the non-singular phenomenological potentials such
as square-well, exponential-well, and Yukawa-type ones. We suppose, however,
that these singularities would have no physical meaning at least inside the nucleon
Compton wave length, since the idea of the adiabatic potential will lose its validity
in case the two nucleons approach so close together ; very complicated circumstances

55

10

[ﬁ:— € L 6[12,]
U«HLQ :

ﬁw

i~ smﬁ!%vv
@;KM@\/

werd

cscaum/ﬁm}

0

UJJJJJ.UJJ.LUJ.UJ.IJJ.I..IJJ.[UI_‘J_HIIIJ.!'IIIIJI|IIII‘_II_II[IJII.|_lIIJ_|_J..I.1.|_|_'i_[I.IJH|.|.|l.| IJ.|.|.I_|1‘.1 I.I.I.IJII_.l,‘_l__l_l_l|_|HJ|[I_U_I_IJIJ_‘_II_i.lll|I_|__‘1Ill_lllH]IIIl|HIl‘tl[l|l|!|[lll| ||]|i_ 0

i

|

iy
=

[lII|]]l|l[|lII'IIII‘IIII|IIII|IIII|IIII

TITIT]‘IIHIIIII‘IIIIlIIII‘IlllillII‘Illlllllllll'l'l|IiII\IIII|IIII‘IIII|IIII‘IIII|III]‘IIII|HH

IIII|IIIJ‘IIIf[IIII‘IIII|III[:‘Irﬁl'm'l‘l'mTl'm[\ll||11||:||||||||u Hio |||||1|||P|”—|T|—n"_r

—
<

fuied
fa=]

n|’|||ml|||||m|||m||n||

(= pairy iy — = — [
& g = & Y = 2 2. B Z 2
sl ol alndedi ekl alnlndaalaalanluladvebeolablbslonlan

i
-1
=

oo [ e [N}
g = 8 S =
{]|||[||||||||1IIJilI||||||!1lll||||||llll|||]][l

Pl
[=1}
=

g

|

==
|||l|||||ili||||||

280 —=



I||||];|||E|||||||||[rru|||||[||||||||r[;n||n|||rrr||||||I|n|||r||]1|||’r|u||||!i||r|I||||i||u|1|||I||J|!||||||;||ln|||||||||||||1|||[11||I||n ||1|l|||| nu[un ““|IIIIII“I|””[”“[II“III”|“”|II”]””|””l”lI|””I”II|“”|II”I“II|II“f”lI;“‘I|“”|”“|II”|““|”“l“lI|”“|IIII|”“[””[”II‘““|II”|I”|[||I||””E”” “”|””i”lI|““I”IIl””|””l“”|””|””|

400 390 380 370 360 350 340 330 320 310 300 280 270 260 250 230 220 210 200 190 180 170 160 150 140 130 120 110 100 0 80 7n 50 40 3 10 0

|||[ | | | JUIJ“HJ.[IUJJ_LUJMl[IJil{IUIIUIL\JJ_IJJJJJJJ_I.LUJU IIU_LIJIIIIIJIII|IIIJ‘I]JI|1HJJ!HI LlllllllllIlIJJ]II.IllllI}IH_I|II1I‘II-II|l||I|IIII|I]|I\IIII1II!I 0

ok

|.ll_ll‘ IlIl[.U.J_IJLULIJ_l

:3 SEERME

E— 10
=
] E
| NUCLEAR FORCES Y}A SECT)ILN A SEPT. 22 z
| ] might occur such as recoil effects, creation of virtual nucleon pairs and the effects question to what extent the isobar state will affect the nuclear force ; the existence =
' of heavy mesons, some of which would be related to the seif-field of the nucleon of the isobaric resonance is a very probable fact from the scattering experiments =3 40
| to be renormalized properly. These effects may have considerable influences on the of the pion and nucleon. It is to be expected that for the phenomena up to on §_
tl main features of the nuclear forces far beyond the nucleon Compton wave length. energy 100 Mev the nuclear force only near and on the outside of the force range =
In view of the above considerations, the method proposed by us is to use the theo- is effective, the virtual mesons important in these region necessarily being of low 30
retical nuclear potential near and on the outside of the range of the nuclear force energy ones, and so the effect of the isobaric resonance would be very small.
and to cut off this poténtial inside about the one-half of the range, replacing it in Thus, the meson potential will not suffer any appreciable change near the force 60
this region by other phenomenological parameters (e. g. square-well). As to these range by the existence of isobaric rescnance.
arameters, we consider them to be dependent on the relative velocity of the nu- ! ; ; . 2 : -
gleons or other state variables; retardation, recoil and other effects a};e expected M ,‘augz}wara 11?x-—est1gatec! t_he eifect ol balaE by using the Ranta—_Schwmgel!' "
B L anided topetherint these pirnietens: theory a‘nd mt?oducmg the spin :%;2 stjatesiand foun'd that the 4th order potentllam
thus derived gives a very great isobaric effect. This seems to be a very peculiar
In this way, the theoretical adiabatic potential will have its own meaning as fact. T, Kikuta also estimated the effect using the square-well potential by referr- ®
f potential up to the energy of 100 Mev and we are allowed to compare the theore- ing to Pauli-Kusaka’s strong coupling theory and found a large effect of isobar near ]
Il tical results with experimental data in this energy region. This was performed in the force range. o)
1951 by M. Taketani, S. Machida, and S. Onuma. It was at that time that we found T o ; fonp f by T T diat litie 6 lis
the fact that the 4th order potential is more effective than the 2nd order one near G e e R e
the force range (Machida Effect), and that the pseudo-scalar meson theory with has been performed by H. Hasegawa. The results will be discussed.
pseudo-vector coupling fits rather well with the low energy experimental data. The recoil effect on the 4th order nuclear force was performed by I. Sato. The
i It will be natural to ask whether the above situation is characteristic only for | r?Slﬂt showed that the reco1;1 effect changes the adiabat.ic p O‘Fen’;ial appreciably in-
f the 4th order potential, or the effect becomes larger and larger if one goes over to side the force range. But since from the general consideration we Squo_se that
fl the 6th, the 8th . .. orders and give the divergent series. This problem was treated - the nuclear force near the force range will not be. altered t? any extent, this result
I by N. Fukuda, H. Fukuda and K. Sawada in the general form and the conclusion seems rather peculiar; more accurate treatment is now being performed.
! was obtained that the higher order terms do not diverge. Also S. Machida and K. One of the important conclusions derived from our former investigations is that
{ Senba evaluated the 6th order nuclar force and found that the 6th order potential the theoretical adiabatic potentical of the pseudo-vector coupling predicts a very
5 do not change the main features of the 4th order terms. Concerning the difference | large D-state probability for the deuteron (99). And it is necessary to acquire
between pseudo-scalar coupling and pseudo-vector coupling, K. Sawada showed that ' more accurate information on the -state probability or the deuteron wave func-
| the core term appearing in the pseudo-scalar coupling is strongly damped by the . tion from the experimental data. The D-state probility of 49 used up to date is not
; inertia effect, hence the 4th order term being nearly the same as that of pseudo-vector | so definite. Concerning this point, S. Machida obtained the D-state probility to be
| coupling. It has also become clear that the non-adiabalic potential is not so dif- ' of 5% to 109 from the hyperfine structure of the deuteron ground state, this result
I ferent from the adiabatic one, so far as the scattering of the nucleon up to the being considered very remarkable.
| energy of 100 Mev is concerned.

|

‘ From these considerations, we reached the conclusion that the potential which
{l we have obtained from the 2nd and 4th order adiabatic treatment can be regarded ; AT
il as the standard of the theoretical nuclear potential. Using this potential, S. Otuki,

‘ W. Watari and S. Onuma performed the calculation of neutron-proton scattering

| at 100 Mev. Their results show that this potential has its own characteristic fea-

! tures comparing to other potentials used so far ; for example, they give a little 3 Ty\ 4
smaller total cross-sections compared with the experimental data, contrary to the V

slightly larger cross-sections predicted by the usual potentials. Owing to these

(Title not yet known) (Comment)

by
Pt
=
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i
o=

E

arg - e : Maurice M. LEvy

characteristic aspects, this potential is very important as a standard of the theore-

tical nuclear force. It is true of cource that this potential is not sufficient to un- Ecole ‘Normale Superieure, Paris

derstand all the experimental data; but it is very probable that we may compare A ’ ! ot Aoy 1653

the theoretical potential with the experimental data by adding some small correc- Wb nor et recelpEa D, 1658)

tions to this potential.

Another very important effect concerning the nuclear force is to answer the
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NUCLEAR FORCES

Nucleon-Nucleon Scattering by the ps(pv:
Meson Potential (Comment)

Shoichiro OTuk1 and Wataro WATARI, Shoroku ONUMA

Kyoto University and Tokyo Universily

It is necessary to make clear how far we can explain experimental results about
nuclear forces assuming the present meson theory. Our purpose here is to investi-
gate the characteristic features of the meson potential in the intermediate and high
energy regions.

As the potential assumed in the outside region, i.e., we have adopted the sym-
‘metrical ps meson potential of the second and fourth order perturbation calculation
with p» coupling in the static approximation calculated by M. Taketani ef ai®. We
.consider that near the range of nuclear force, the sixth and higher order contributions
do not alter the features of the potential so severely. This fact has actually been
shown by S. Machida for the sixth order contribution. In the inside region where the
static meson potential becomes meaningless, we have adopted phenomenological
potential, i.e., hard core or square well, which may well be energy dependent, but
what has been adopted here fits the low energy data®. So these results are not the
final one but serve only as a standard.

The coupling constant g?/4xr is taken as 0.08.
Phase shifts of n—p scattering at 90 Mev are shown in Table I
38, and 83, are calculated using the equivalent potentials by the W-K-B ap-

proximation®. Calculations are perfomed by the numerical integration.

Table I #n-p phase shifts at 90 Mev by ps(pv) meson potential.

triplet state_ﬁ'(l,); phase shift 8(8) _;E _inside region :
J=1 even «a-wave 35, %= 20°58
% 357 — _16°24/
BNErE ; b L zero cut off which fits low energy
amount of admixture »,=0.2695  data.
D, s§,2= 15°44
3Dy /== 1° O J
3P 3§,1= 21°36’ 1
5P, 38,1 =—10°40" hard core cut off at x=0.3329.
el IEte g J
singlet state (L), phase shift (8) 7=z _
1S5 18p = AT°18 hard core cut off which fits low
D, 1§, = 2044 energy data.
A 1§, = —14°31 hard core cut off at x=0.3329.

(x are measured in the unit of the meson Compton wave length.)
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SECTION A SEPT. 22

Because the central force of the triplet even state is repulsive, 3§, is compara-
tively small and 3%§," large in its absolute value. The singlet even state is so
singular that 1§ is comparatively large whereas 18, is comparatively small.

The total cross section is 5.7x10-%%cm? which is smaller than the experimental
value 7.6x10-%*cm? whereas the total cross sections by the usual phenomenological
potentials are larger by about 20~309;.2 #

201 = The angular distribution in the center
of mass system is shown in Fig. 1. The dips
at 40° and 110° are due to the interference of
wt - 3¢,% and 38,7, and of %" and %5,2. The angu-

. lar distribution is not so symmetric about
# 90° mainly because of the repulsive force in
the singlet odd state.

Both these results and the sixth order
potential derived by Machida make us ex-
pect that meson theory of nuclear force can
explain the main features of nucleon-nucleon
scattering at intermediate and high energy

T e regions.

Fig. 1. u—p Scattering by the ps (H2)
meson potential at 90 Mev. The crosses
are the' counter data; the horizontal lines

are the cloud chamber data (see re-
ference 2).

o . . L L L
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Phenomenological Approach to Nucleon Isobars and
the Effects upon Static Nuclear Potential (Comment)

Masao SUGAWARA

Depertinent of Physics, Hokkaido University

In order to treat nucleon isobars phenomenologically, we assume that the per-
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NUCLEAR FORCES

turbation calculations are good approximations if we introduce as the results of
the due accounts of higher order corrections the effective interaction Hamiltonian
density which permits the virtual transitions of nucleons to or from the excited
states of spin and rspin 3/2 accompanied with one meson emission or absorption ;

G\If Lot %

ey Cyr,w, %I;r‘ @®

% e "

in addition to the usual one

: - ol
Srivstalr Us or —i—‘h"f 5'}’»1'&‘1"’_8 s @

[l
corresponding to the symmetrical ps—ps theory or ps—py one, where G is the
effective coupling constant having the same dimension as f and g, W, are the
field quantities of isobars, (¥,)) and (\W,) having the property of a pseudovec-
tor, and T, and the hermite conjugates T,* are the generalized isotopic spin
matrices which are determined by the requirement of charge independence and
have the expressions

1 R —i 0 A 0 A

Ly —LV?‘ _{ 0 wﬂ _| 2v/T 0 .

Tl'- —1;"«/? O |s TB“': _3!’\/? 0 ] TS : 0 _2/)\/§ ' ( )
0 I8 5 e Z - (LB ) 0

if 1y and W, have the corresponding expressions

# 1]?}L+-+ 1
Wp ) o e :
1’&:[1],NJ’ Y W0 _(4)
(o, )

We assume here tentatively that the W,’s are determined by exactly the same

equations of motion of spin 3/2 particles as given by Rarita and Schwinger. As to
the ps—ps coupling term, we replace it using Dyson transformation by
al,
A AU SRR A 5)

which are exact up to the fourth order, where  is the Compton wave length of a
nucleon. The effective two coupling constants G and the excitation energy AE
=m.c?AE of isobars are determined very sharply by pion-nucleon scattering cross
sections, which are obtained by the second order perturbation calculations, using
the approximations of nucleons at rest. The best agreement with data is obtained
if G?/4rlic=0.140.05 and A&=2.4~2.3, where /*/dnfic=9 and (f3/dnhic) pasr=1.5 for
ps—ps theory and g2/dxfic =0.07 for ps—pw theory.

The contributions of the above introduced effective interaction Hamiltonian (1)
to the static nuclear potential are calculated up to the fourth order (which is the

€0
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SECTION A

lowest order for isobar effect) in the approximations of nucleons at rest. In ps—pw
case, the largest contributions come from the virtual processes in which no mesons
are present and only one of the nucleons is excxted to its isobar states and have
the expression (x=pur)

Vo (%) & — (m1.L7) (g2 f4riic) (GHAntic) [T (%) + (0Pe®) Us (%) +S1uUs (x) ],
3 2 .30 012 6 i Ty
Us(x) ~ P( +x3+xi¢xﬁ+?)e2_, |

i

Uz(x}w_-llé-P( +10 + +£)e iz | (6)

T A TR |
Ua(x)ﬂvlﬁp'(x5+x4+x5+?)e g J

where P=8, for isotopic spin singlet and P=5, for isotopic spin triplet. The re-
maining processes are of the analogous forms but of much smaller magintude.
Thus it can be said that the contributions of nucleon isobars upon static nuclear
potential in symmetrical ps—pr theory consist of a very strong and singular attrac-
tive central force and a less strong (but absolutely large) singular tensor force of
right sign. In ps—ps case, the contributions of nucleon isobars consist of two
parts, one of which comes from the second term of (5) and has the same form as
(6) and the other of which comes irom the first term of (5). The whole expres-
sion is

Vs (%) = (m£%) (f*f4ndic) (G?[4mhic) (;;;2,6)( o L 2)3%

— (mae?) (f*f47Tic) (G*ldmiic) (1/2k) " UL (%) +aPe®@) U, (%) +S1aUs (%) ] (7)

The first term of V,(x) is of the smaller magnitude than the second term if we
take into accounts of the strong damping of meson pair term. So the conclusions
are in this case almost the same as in ps—pv case. Numerically the corrections
(6) and (7) are approximately of the same magnitude as the usual fourth order
nuclear potential in ps—pe case. It can, therefore, be said that the over-all effects
of nucleon isobars seem to improve the situations very much in nuclear force pro-
blems in symmetrical ps meson theory, thus providing wide possibilities for both
types of couplings to enable the deuteron bind correctly. The numerical investiga-
tions of deuteron problems are now in progress using the exact correction terms
of nucleon isobars and the above values of parameters determined by pion-nucleon
scatterings.

Finally it must be remarked that the strong divergences due to the derivatives
in (1) can be compensated by the strong damping of meson propagation function
which arises from the strong coupling of mesons with nucleon isobars as given by
equation (1).
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Effects of Nucleon Isobar States in Low Energy
Two Nucleon System. (Comment)

Takashi KikuTa

Department of Physics, Tokyo University

Effects of nucleon isobar states in low energy two nucleon system are roughly

Nucleon isober states are present when two nucleons approach each

estimated. ergy we borrow

other within the range of nuclear forces, as the interac’cioq en ;
« Pauli-Kusaka ”’ potential which is derived from pv coupling mteracthn of ps sym-
metrical meson theory-in the strong coupling limit. In simplicity, radial parts of
interaction potential are assumed to be square well typ'e (both central am'i tensor
force range are equal), and its range and depth are adjusted to agree Wlt}i con;
stants of singlet low energy scattering and deuteron state. ?\_Te ta_ke the lowes

energy of nucleon excitation is 300 Mev. It seemed_to be too h1gh‘ isobar energy
to effect in the low energy phenomena, however, it is shown that existence of isobar
states give considerable additional effective potential to. the usual ‘ground state
nucleon potential, and its ratio are ahout !/,~1/; for both gmgi'et and triplet S—_vfraves.
Moreover the effects in singlet is greater some extent than in triplet state. "l‘he isobar
wave have little effects on the potential tail and iscbar D—wave (D-gumtet state
in usual singlet S-state and D-septed state in triplet S—'state are predorpmant among
many other isobar states) also have scarecely effects in the ‘mner region of m?clfzar
forces. We see quadrupole moment of deuteron anfi ‘effectwe' range of scaﬂ..ermg
are not so altered considerably. Although the transition matru.z elements tf’ 1so_bar
states in the strong coupling theory may be rather lafrge than in the true s1tuat§on,
in any case it it is necessary to take account of the isobar effects when we adjust

the potential parameter to the low energy data.

Tomonaga Approximations in the Nuclear Force (Comment)

i

Hiroichi HASEGAWA
Depariment of Physics, Osaka Cily University
In the meson theory of nuclear forces, the method of intermediate coupling

theory enables us to understand the physical meaning of this subject intuitively as
well as to compare various approximation methods.
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SECTION A

Common to all such theories, we assume nucleon to be at rest since they are
much heavier than meson.

The meson field treated here is of the type of the charged longitudial vector.
According to the general procedure of the intermediate coupling theory, the meson
field is decomposed into o and s-meson fields. Roughly speaking, the former cor-
responds to the bound part and the latter to the unbound one.

In the case of a two-nucleon system, the o-fields of two nucleons are symmetri-
cally and antisymmetrically combined so as to form an orthogonal eigenfields. This
procedure is essentially important and comes into our question only in the case of
two or more nucleon system. Thus, for instance

a (k) =tfos (k) ~4s +(7-7m (k) Aa+a (k) s

where A, and A, are o-fields and a (k) is s-fieleds. And

@os (k) = (Lvs) (G(B) /K ) cos (kr/2),
e (k) = (Lvs) (G(K) (1K) ¢ sin (kr/2) .

r is the relative coordinate of two nucleons. Then the o-fields approximately give
the nucleon self-energy and the static potential. :

It is generally considered that the static potential is meaningfull only in the.
«case of the distant separation of two nucleons. We are confined our problem only
to this case. Then it is convenient to perform the transformation

ik Skt
Al-—‘\/z-(As‘l‘Aa): Az—"\/g
This transformation brings the problem to the form to be solved if we have already
known the one nucleon problem, which was precisely investigated by S. Tomonaga
et al.

(As—Ag), etec.

Choosing the representation which diagonalizes the operator

Q=A*A+B*B—gV [ (A+B* 74+ (4*+B)r_],

the o-field Hamiltonian has the diagonal matrix elements and also the non-diagonal
ones. :

Especially the diagonal element for the ground state of the charge 1 (corres-
ponding to the n—p system) gives the nuclear potential in the order of e # which
agrees with the results of the conventional theories in the limits of weak coupling
and of strong coupling.

Non-diagonal elements cause the isobaric tranmsition, in which some special
transition elements are only large.

Effect of the s-field to the nuclear potential can also be explored. To perform
this consistently, we expand all the quantity in the power of e-#r. This method
corresponds to the expansion of the number of mesons exchanged (in the sense of
the perturbation theory) between two nucleons. Then the isobaric effect gives
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the potential of the order of e™* or higher. Contribution of s-field is two-fold.
The one is to change slightly the coefficient of e-#r potential. The other is to in-
troduce the new e-2*" or higher order potentials.

Higher Order Corrections to the Nuclear Force (Comment)

Nobuyuki Fukupa and Shigeru MACHIDA

Department of Physics, Tokyo University of Education
and
Department of Physics, Hiroshima University

M. Taketani ef al. showed some years ago that the fourth order adiabatic nuclear
potential of the pseudo-scalar meson with pseudo-vector coupling was far more
jmportant than the second order one and that almost all the low energy data of
the two-nucleon system, especially deuteron, could be explained by using the sum
of both potentials. It was not clear, however, whether the sixth and higher order
effects could be ingored or not, near the range of the nuclear force. Moreover; it
is not decided which of the pseudo-scalar coupling and pseudo-vector one should be
But fortunately, as Wentzel and other authers have demonstrated, the
core term of the former coupling is strongly damped and it seems sufficient, at
least in the low energy region, to consider only the pseudo-vector coupling. In
view of such circumstances, we have investigated, choosing this coupling, to what
extent the higher order corrections would contribute to the nuclear potential.

To begin with, H. Fukuda and N. Fukuda have estimated the general n-th
order effects by using the recent Brueckner-Watson's formulation of non-adiabatic
potential. It was shown that, in case of large n, their effects are negligibly small
even inside the force range. J. Osada and Y. Yamamoto supported us in many
respects. Secondly, K. Sawada and A. Sugie have studied the Tamm-Dancoff ap-
proximation (including two mesons), especially the effects of virtual meson scatter-
ing. It was verified that the factor of the usual fourth order potential should
slightly be changed. Thirdly, S. Machida and K. Semba have calculated in detail
the sixth order adiabatic potential and showed that it is almost negligible near the
force range in spite of the large number of Feynman graphs and high singularities.

chosen.

1. Effects of many-meson exchanges
(N. Fuxupa and H. Fugupa)

We have been investigating the higher order corrections resulting from the
exchanges of many virtual mesons. ~Our calculations are based on Brueckner-
Watson’s classification of higher order corrections and only contain terms which
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aroz? oa.f the 2.”k-01_‘der in coupling constant. QOur preliminary conclusion is that if the
pair formation is neglgcted_ the power series .thus . obtained converges sufficiently
strongly. The effect of the omitted terms will not affect the main features. :

_Tod peEforIn the.calculatio.n, we have assumed; (i) the recoil of the nucleon is
f)lmtte gn) tléebnucleon pair formation is neglected (iii) the energy denominator
is approximated by a suitable form. The approximation of e i i

; nergy
i . pD ergy denominator is
1 1

&1(& +8§} """ (E1H+Estonnen +8;1)_;_‘_.”I E1&a-v0rne €y @

}vher.e &; is the energy of the meson with momentum and charge j. This approx-
:Ematif)n seems not so bad for the discussion of nuclear forces near the range Sihce
in this region the momentum of the meson contributing to the nuclear force: is not
so large. K. Aizu wiil show that the singuiarity of the potential would not be
altered by this replacement. In the neutral meson theory we would have the exact
potentials by this approximation ; the symmetrical theory now being investigated
In the former theory, we have . '
2 :gW V2N [ S~

eft ?:/:0 ) ] (2)
}vhfere V" is the effective potential corresponding to the graph where one nucleon
emits n-mesons and the other subsequently absorbs these mesons. V¥ has the fOl‘l';l
(Yukawa pot.) x (K,(pr))m ' apart from differential operations in front; but for
Ve » we have to replace one of the (Yukawa pot.) appearing in the two, Vy's in
(2) by Ky(pr): :

2 1 upt o+ e -
Gl moillm—i)! o .
V200 = I EE‘KGEI{JZ i zT_) (7v") r2ng'om), 3
2(2mt 1 Al @m4+1—2)! ;- 22 o
2{2m41) — e - £ amil- g (2}
VR e sy Sora e e () (@) rer ()
e 2ol SIS
Kj=— L I e :
AR oy Kalpn), # P Ky (nr) . (5)

(We haxfe Fo replace one of K,(ur) by Y(p») (Yakawa pot.) to obtain (2)). The
differentiation can be performed. in the following way :

; 1 L
P — o ((yL b
- (2m) 1® (Ya g)
@m=2)tonl)t,  BAm=2i-2i1)!
Am—4i+1)! =@CHIE— m—i—j)! (2m—i—]) 1

x {;gnbji‘uzf. (?;2}:(‘”:, 2r =25

=1 (@m—27) Im!*
(dm—4) ! i

—!—ﬂf‘.l Iénanl (7 E}u-) am-ai- 1___(_2_?”_"‘. 2
i=0 :

2041 (4 —2i 25

TU— 2+l m—i—j—1) ! 2m—i—j)!
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Sy can be estimated by the- ¢ Sattel-Punkt-Method ; the maximum being at

'j:'i-g‘f”—f)_, i.e. near the mfermediéry' region of the boundary of j. The width of

m+i

the distribution is about ot e | hence the approximation is fairly good.

(m+1)2
s m
ecam) 2 (92 F !
Vs _(22?21;0(#?‘)) [ @m)

' @
2 1
Vuz(am-m;‘r(z%Ku (#y))e +1/ @m+1) [E"L&Lﬂ-

we thus obtain approximately

Eaz
or?

Vo= _(25;1-_1) T (;—:2 Ko (ur) )M f (

Y ()

The series of nuclear potentials, therefore, classified by Brueckner and Watson
converges sufficiently strongly even inside the range. We shall discuss the problem
in the symmetrical theory later soon.

II. Effect of the inertia of meson field
(K. SaAwaADA)

According to the recent experiments on the pion-nucleon scattering, the meson
cloud around the nucleon differs significantly from that expected from the Born
approximaiton ; especially it seems to exist a ¢ resonance .like phenomena in the
scattering. As many authors have shown, these results can be explained by the
Tamm-Dancoff approximation or the strong and intermediate coupling theories. In
case of the nuclear force, however, since the energy of the total system is very
low in the region where the ¢ nuclear potential”” has its proper meaning, the re-
sonance phenomena cannot do effect so much ; nevertheless it can be shown that
in the virtual meson scattering the cross-section calculated from the Tamm-Dancoff
approximation differs significantly from the Born approximation even at the low
energy, due to the « inertia” effects of the bound mesons. So we have studied to
what extent the usual adiabatic potential should be modified by taking into account
the effects of virtual meson scatterings.

We have chosen the ps—pv theory, since in the ps—ps theory the large coupling
constant would give rise to large inertia effect and reduce considerably the main
contributions of the ps—ps theory. Hence it is to be expected that both theories
would give almost the same results at least in the low energy region. Unfortunate-
ly, however, the inertia effect can not be so clearly separated from many diverging
quantities that we considered only the following processes adopting the Tamm-
Dancoff method. '
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In the ordinary calculation of the fourth-order nuclear force, the circled part
of Fig. 1 contains many states in some proportions which have different total
angular momentum and isotopic spin. But as stated above, since in the pion-
nucleon scattering the Born approximation seems to he useless, we should replace
this circled part by its iteration as in Fig. 2. Separating the graphs corresponding

e
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“‘m. - ;:
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el e {
il \“,
- o
e 'f
e
- i SN
B e o 4
e T
Fig. 1 Fig. 2

to Fig. 2 from the T-D-eqgs., solving the contribution of these graphs exactly (as
far as possible), and adding other graphs in the Born approximation, we have as
the fourth-order potential including the ¢ inertia’® effects:

1 (12 1 2
vo——(£)  [4eEv)n +3evxv) @ yx VNG )
[(16 o 1 e
+(F IO 5T (D +5T 1) -3) (V)
16 4 2 axz
+( G T B+ 5T (- = 2T D) +2) TV rT)

H BT W+27(-2) 1T D +3)(@vxV) @vxv)

8 8 2 ¢! (2 (2
H w8+ 2y -2)Evxv) G vxv) D 6 |

=

where
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¥
F(r) Z%gffn(ﬂ-f)

LT

|lIII‘i'lllIIIJIJJII||IIII‘IHIIIIII‘IIII|IIII‘JI![[[III‘IIH|IIIIIIIII|IIII‘IIIIJI!II‘IIII|IIII‘!I!I|JJII|HII|IIII

e

TI'I'I

HI]|'IIIF[IIIIllltl‘III'I|IIII‘II1I|HII[IIII|IHIIIIII|II]J|II1I|IIII"IllllHtI‘ITTTl'l'lTr‘T[ﬂllm ||ui||1|1|||||||||lllll‘illlilill|IIII!IIII|IIII|

] ] i) — — P il
a1 = s o oo =3 = o = by = = =

o ol w0 N > = | o #

= = = = T = = = = = L = St =t =1 = = b2 = = = = =

: O OO O SURN 00 N N, OO . QU Y O O SO O, N, OO O W0 OO A O .

=

5 0x
g 3

o
feil
]

||||||J|I||||||||J|||||||||||||||||||||||r||I|||||||||II|I|||||||II|



Ilrlr|||||Irr|||unlnl||nn|rr|||uu||||||||u||||||||||1|u||ur|||n|||:||||11|||u|]11||||||||||||[r”|]||||||1||||[|||111|[r|1|l|||||r||||||||[||1|

400 300 330 370

{

360

340 330 320 310 300 290 280 270 260 250 240 230 220 210 200

_hlll ‘ [JJ_L[U_LILLLLIII UJJJJ.L'.UJJLJ LU LLULLLLELL T LELELELELLLL

[I[‘IHI'IIII‘IIII'IIII

NUCLEAR FORCES

In these expressions J(4), J(—2) and J(1) come from the states corresponding to
(I=J=%), (2, *») and (Yo '/2) Tespectively ; especially J(4) corresponds to the
resonance of the pion-nucleon scattering. The results by Born approximation are
obtained by putting J's=1 and. coincides with Nishijima’s results. (We have taken
into account properly partial cancellation of the velocity dependent forces discussed
recently by A. Klein, because the results thus obtained should only be compared
with that of the canonical transformation.)

In the present situation of the theory J's cannot be determined exactly, and
the above potential shows that the central force will appear to an appreciable
extent. The discussion on the nature of the potential will be left for later
considerations.

III. Sixth Order Effects in the Meson Theory of Nuclear Forces
(S. Macumpa and K. SEmBa)

§1. Imtroduction.

Some time ago, M. Taketani, S. Nakamura and M. SasakiV proposed for the
analysis of nuclear forces that the problem was to be treated substantialistically in
the outside region, while in the inside region phenomenologically. Following this
method, it was shown that the second plus fourth-order adiabatic nuclear potentials
deduced from symmetrical pseudoscalar z-meson theory with pseudovector coupling
were able to explain all low energy phenomena, and might also be able to account
for high energy nucleon nucleon scattering experiments to some extent?. In
the case of pseudoscalar coupling, we would obtain similar results with the case of
pseudovector coupling, if we would take into account the reactions of meson field.
According to K. Sawada, this effect will not be large for the case of pseudovector
coupling®. Although it was shown that the non-adiabatic effects were not so large
in the pseudovector coupling case®, there remains a question, whether the second
plus fourth order nuclear potentials obtained by the weak coupling perturbation
expansion might be considered to be approximately correct or not, when the fourth
order terms are comparable with the second order ones.

To investigate this question, we have calculated the sixth order adiabatic
nuclear potentials in the symmetrical pseudoscalar m-meson theory with pseudo-
vector coupling. Form the results of calculations of the fourth order non-adiabatic
effects, it seems that errors caused by adiabatic approximation would not alter the
qualitative features of adiabatic nuclear potentials.

If the sixth order nuclear potentials were large, we might conclude that ex-
pansion in the coupling constant was meaningless even in asymptotically and if
they were small, there would be a possibility that it was an asymptotic expansion
in the case of calculating nuclear potentials.
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§2. Sixth order nuclear potentials.
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tion, the Schrodinger equation in the interaction representation = ‘ :

| | §3. Conclusions. a = =
i) In the region near the nuclear force range, the sixth order potentials are ;47 _HOT e i — a0 —

. rather small compared with the second plus fourth order one. It is expected from | dt. e -2
| : i imation i nsion in i ; i R
this result that we may obtain a -good apprommation if we make I_an expa . Sl be fanstormed intosthe equntion ot i T =50 =

the number of virtual quanta simultaneously present, and take into account the - z E

terms up to that including two quanta. o e =

| 5 3 oma. 5 i 90 T HL () +Hy () +H () - 0 @ E-o0—
[ iy Although the repulsive potentials in singlet odd states are rather weakenih di = E
| i i i akes our potentials similar wi ; - _ . i -
| by the sixth order potentlaé& this ei;ffectt. Oﬂlflo Izallzﬁlationspnor concliisifag onl e where H,, Hy,....--contain the real processes, and the subscripts indicate the order in E—10—
i Serber type one more an _n}‘ioge%&lf ecﬂ)mg the coupling constant. The fourth order nucleon-nucleon interaction is contained in B
low energy phenomena published before®. H,. From (2), we find the relation = " z

So there seems to be remain a possibility that the expansion in coupling con- =

; stant is an asymptotic expansion for the case of low energy nuclear forces, And _ij Hy()di=8,—3 3) §_ : —
| this fact is a strong support for the Taketani’s method. E o0 —
I with = =
S el ) =100 —

Ryterenses 3= (—z)ﬂ-é—[l +&(E—t) 1H, () Ha (¢ di di 4) E " §

| 1) M. Taketani, S. Nakamura and M. Sasaki; Prog, Theor. Phys. 6 (191) 581, e ] where S, is the fourth order part of the S matrix. As it is very tedious to cul- L
| 2) M. Taketani, S. Machida ar’lIc‘il S. Ol;;ma: ; Prog. Theor. Phys. 7 (1952) 45. See also culate H, directly, we first calculate S,—3, and then defined H, so as to equation - =
Machida: Prog. Theor. Phys., in press. . el e G ol chresnond =y

3) K. Sawada, to be published. See also G. Wentzel: Phys. Rev. 86 (1952) 802. Qg calsilanpe 55, we divid S SIRERER eTes whic po =ik

K. A Brueckner, M. Gell.Mann and M. Goldberger: Phys. Rev. 90 (1953) 476. to different Feynman graphs, and expand these parts in powers of vfc assuming = o

4 L Sato: To be published that vjc~p/M, where v is the initial or final nucleon velocity. For the case of E 10—

! i g g pseudoscalar coupling, we take the leading term and the term of the relative order E s
vfc in S;—3". For the case of pseudovector coupling, we must take up to the term = =

of the order of (#/c)%, in order to obtain the adiabatic potential in the limit where = —

i M/j—oo. But, in deriving the adiabatic potential, the nucleon momenta in inter- = ==

mediate states are treated as if they were of the order of the meson mass. For E_m_i

. the case of pseudovector coupling, we therefore take up to the term of the order = _:
of (¢/c}?, considering the recoil momenta of nucleons to be of the order of u, be- = :

| The Fourth Order Nuclear Forces Including sides taking the leading term and the term of relative order v/c in the strict mean- =160 —
the Nucleon Recoil (Comment) ing. Then we shall have a nucleon-nucleon interaction which is valid to the order & =

of (pfc)®. =—170—

Iwao SATO In the calculations of the potentials thus obtained, there appear the integrals ;— —_

over the nucleon recoil momentum in intermediate states. The adiabatic potentials = 10—

Department of Physics, Tohoku Universily are obtained from these potentials by carrying the integrations after expanding = 2

i the integrands in powers of w/M, and taking the first few terms from these expan- = s

| We calculated the nuclear forces yielded by pseudoscalar meson theory up to sions. We verified that the adiabatic potentials thus obtained are in agreement = 150 =
the fourth order in coupling constant. Both cases of pseudoscalar coupling and with the potentials which have already been calf:_ulated by the other authors (by =3 =

pseudovector coupling were considered. The fourth order potentials have hitherto Levy .anfi Klein t.()r ps. coupling, and I_)y K. lehmmaE and M. Taketanl'gt al. for pw. =— a0 —

been calculated by several authors, neglecting, however, the recoil of nucleons in coupling) neglecting the nucleon recoil. But numerically, our potentials are con- = =

' the intermediate states. We took this recoil effect into account, and carried out siderably different from the adiabatic ones. In the case of pseudovector coupling, = oi0—

. the integrations over the recoil momenta in the intermediate states. the difference amounts to about 30% of the adiabatic potential even at the distances = 2

; i ! comparable to the meson Compton wave length, while the general features are = &

' The outline of the procedure is as follows: By a suitable canonical transforma- same for both the potentials. In the case of pseudoscalar coupling, our potential =220 —
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The remarkable differences between our potentials and the adiabatic ones can
be understood by considering the following fact: The expansions of the integrands
above mentioned are valid only for a restricted region of the integration variable,
so the integrations after the expansions do not always give the convergent results.

In view of the importance of the nucleon recoil in intermediate states, there
arises a question: Can we neglect the recoil in the initial and the final states?
At first sight, the neglection of this kind of recoil effect seems plausible, as far as
one is to do with only low energy problems. However, more detailed studies are
necessary to answer completely to this question.

On the D State Probability of Deuteron (Comment)

Shigeru MacHIDA

Depariment of Physics, Hivoshima Universily

From the experimental values of the magnetic moments of proton, neutron,
and deuteron, we can only say, about the D state probability of deuteron (here-

after denoted as Pp), that
0% < Pp<10%. e8]

This large uncertainty comes from the possible existence of about 6% uncertain
corrections to the non-relativistically calculated value (4%), 29 being due to the
relativistic corrections® and 4% to the dependence of the magnetic moment of one
nucleon on the proximity of another®.

It is the object of this note to show that we can obtain more knowledge about
P, utilising the experimental ratio of the hyperfine structure separations of the
ground states of deuterium and hydrogen besides the experimental value of the
magnetic moments. The discrepancy between the experimental ratio of the hyper-
fine structure in deuterium and hydrogen and that obtained from Fermi’s formula
is expressed by ;

{ Vp )
-

)

vy

A=1— (2)
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is much different from the adiabatic one even in the general features, and the (yD ) G, ( My )afp_ @
i former is more advantageous than the latter, because the former gives strong va /v 4 \mz/ pp
attractive force in the singlet even state. U b oo st s g SATRMIREE Bl oLl syl

being the magnetic moments of deuteron and proton respectively. From the ex-
perimental values for v,/vg®, pp/pe?, and my/my, we obtain

A= (1.70340.008) x10-*. @

Although the maior part of this discrepancy has been explained by A. Bohr® and
more in detail by Low® as the effect of the structure of deuteron, the experimental
value taking into account the relativistic effects for nucleons and the radiative
corrections™,

Agpieor= (230:!:040) >(1.0‘4 8. (5)

is well outside the range of experimental uncertainties.

The value (5) obtained for A was based on the assumption that (a) each
nucleon behaves as a point particle with both its electric charge and magnetic
moment concentrated in a point and (b) P)p is just 42. Since it is meaningless
to adhere to the value 49 for Pj, it seems to be the most reasonable approach to
derive a reliable restriction to P, from the experimental value (4) for A, taking
into account the probable effect of the structure of nucleons.

We have calculated Aug,r varying Pp and assuming point nucleons. From the
results given in Fig. 1., we obtain a restriction to Pp, i.€. 7% <Pp=<159%. If the
anomalous magnetic moment of a nucleon is assumed to be spread uniformly over
the order of a certain finite volume, the radius of which being of the order of the
7 meson Compton wave length, this restriction becomes to 5% <Pp<13%. So we
obtain, from the experimental value (4), a restriction to Pp,

5% < Pr<15%. (6)

Combining this value with (1), obtained from the magnetic moments, we arrive
at the most reliable value of P,

Aphiem
a0

20 b

1.0 0 ot B

Fig. 1. oo calculated assuming a point nucleon.——and
..o Tepresent theoretical values and uncertainties, and
(—-—+—+—) represent experimental value respectively.
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5% < Ppr<10%. @

It seems worth while to note that the adiabatic nuclear forces derived from the
pseudoscalar meson theory with pseudovector coupling up to fourth order in coupling
constant are able to reproduce the all low energy data for neutron-proton system
including the above obtained value for Pp%.
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(Abstract not yet received, Aug. 20, 1953)
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Collective Model for Nuclei

John A. WHEELER
Palmer Physical Laboratory, Princeton Universily

{Abstract not yet received, Aug. 20, 1953)

Formal Theory of Nuclear Reactions

Saito HAYAKAWA

Department of Physics, Osaka Cily Universily

The reformulation of the theory of nuclear reactions along the method of Lipp-
man and Schwinger (LS) will provide us with the deeper understanding of nuclear
phenomena as well as the better accuracy of calculation than current theories.
Our formalism is general enough to involve photoreactions. Hence it is valid in
the field theory, too.

First of all we extend the LS theory to the rearrangement collision like d-p
reaction. (Y. Fujimoto; S. Hayakawa and K. Nishijima) The total Hamiltonian is
decomposed into free and interaction parts in different ways for initial (@) and final
(b) states
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NUCLEAR REACTIONS SH—

H=H,O+H, = H,®+H, . ey Ky =310, (10) =

. 3 : @ Ll o

- The eigen fuctions of H,® and H,™, obeying blie = - :
| (H®—E)0:=0, (H,®—E)0=0, @) ey
. ol b xa= (X2, H@a)-—(mm Hy). (11). e i

consist in two different sets. The outgoing wave 1s given by R, 1t ) ) . =

[ : e (10} is a familiar dispersion formula with resonance energies Ex. (7) and (10) are = z
‘ W =0, +E (Ba—Ha®) Ho/ Va two alternative expressions and which of them should be employed is a matter of =— 60 —
| =0, +F(E,—H)H, 04 convenience. = =
L r _sa F 2 i : . =

| ‘ =04+ (Ea—H, @) (Hy' + HyE(Eg—H) Hy') O, (3) It is not difficult to take the potential scattering into account that is due to = — 70—
e the artificial separation of the configuration space into inner and outer parts. The = =

. ; idea is similar to that given in my intermediate coupling theory. = an _:

_ ‘ E(x) =- x+—3.8=P-x—_—2'fr3 (x). ©) ; In extending our theory to photo-reactions we need consult with the theory of E— ——
' : " 1 ine breadth. We have only to modify the initial state so as to represent the in- EY e
‘ The transition matrix is obtained by taking the amplitude in @; out of the asymptotic Ll = 90 s
form of W,¢* as o ; : ) — =

ur method not only gives the foundation of current dispersion formul e

3 i L t=3 ' | ; > 2 1 as, but = 100 —

| Tyal) = (Oy, H0,) + (O, HYE(Ea—H) Ho' O) = (Vs » Hy'0g) - ®) also provides practica! techniques to discuss the properties of collision complex. = :
The first term in the second hand side. is nothing but the result is the Born ap- g—lm—g

| proximation. In the theory of d—p reactions by Bulter only a term of neutron- : T e —— - -
‘ nucleus interaction in that term is taken into account. The second term may 'be = .
interpreted as the effect of which the reaction takes place through the collision . E i

‘ complex. () Deuteron Reactions (Comment) =

i The reciprocity, which is expressed by T¢=7<" is proved on account of =—130—
Oy, Hy 05) — (@, Hy' Oy) * = (By— Eq) (05, Da) (6) Yoichi FujimoTo Sl

=— 140 —

‘ with Deparisment of Physics, Kyoto University =3 -

‘ E,=E,- . ] : _ E 15-0—5
If a number of like particles take part in reactions, the (anti-) symmetrization \ We are going to dllSCUSS the (d, p) reaction as an application of the general = =

is carried out of W in (3). This is shown to be equivalent to (anti-) symmetrize theory of nuclear reactions®. e

both initial and final states, as it should be. (M. Kawaguchi and K. Nishijima). l Y. Fujimoto, S. Hayakawa and K. Nishijima® made a foundation of Butler’s é_ —

! Following the current manner in nuclear physics, we may refer to standing r thef)f_}-'a’ of _Stl‘lpplllg 1_"eactions on the basis of cur general theory and examined the E_m_g
waves and get the reaction matrix instead of 7¢". Corresponding to (5) we have ‘ validity of its approximations. The Hamiltonian of the total system is = :

_ ' : H=K+H,+H,,+Ha+Hps - :

\ : 1 | % np ns nEy =3 7

= (@, Hy' O, +(w,H’——H’¢9)- ) = et =0

K= (0, Hy' 0g) b .b R ‘. wherej £, ” and p indicate target nucleus, neutron and proton, respectively. K is == i

The last term of the right hand side can be expanded, by introducing a set of | rt:]ifu;c?etl;f ene;gy of da ;eutron znd"a_t protf)n and H. the internal energy of a nu- =

igenfunctions for the collision complex, _ i « Hnp, Hyny and Hp, are the interaction energies between » and p, n and § E =

eig _ I and p and , respectively. The wave function of the initial state (an incident = E

(H—E\)xr=0, 1 deutel"on and a target nucleus) is represented by @, and that of the final state (an E— 20—

! outgoing proton and residual nucleus) by @,. Butler's theory results from the = =

as P . ' transition matrix element T E L=

1 - gy L H,0) © - - =

(00, Hy' 5= Ha' 0a ) =300, ') g Coo H'B)- | Ty (O, HouB) = (07, Hy)), @ S

Combining (9) with (0,, Hy/'0s) in (7) we obtain which corresponds to the Born approximation for H,; or H,,®. The exact expres-’ = — o0 —

L [:13 [+] %, — o

T = =

76 4 =—230—
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E =

| =5 o
= 2h S

! = =
i =i

2



Ill||ll|||l|||'|""I""|""['"""”I""]'"'I””I""]""I'|||]||||[||||||||FI||flillll[[lII|'IIIIIIIJ'II!I[I|JIII[IlI'IlIII[|III'I|!II![|'III|II[[|II1|
360

400 340 380 370

_ll 111 ‘ 1l l.l.ll_IJ_I LUIJJ.IMLJ.UJJJJJLI

~

il

330 320 310 300 290 280 270 260 250 240 230 220 210 200

| I‘Hlllllll‘liillllll

NUCLEAR REACTIONS

sion for Ty can be obtained in our theory as

: 1
T = (O, (Hps+Hope) 01) "r'(@f’ (H::E'I*an)?? (Hpe+Hope) 0 ) (2)
The correction for Butler’s theory is obtained by comparing (2) with (1). Some
of the important correction terms in (2) will be discussed.
Y. Fujimoto, Y. Ichikawa and Y. Yamaguchi® examined the term
(@1, Hp: 05 : _
which will be called as the potential term hereafter. It consists‘of t_he scattering
amplitude of a proton due to nuclear forces and the overlapping integral for a
neutron that consists in a deuteron in the initial state and is trapped by a nucleus

in the final state. It is found that the potential term gives rise to an angular de-

pendence similar to the stripping term (1) and they are of comparable magnitude.

The other corrections, i.e. the second term in (2), correspond to higher ordfar
terms of the Born approximation. A rough estimate Show_s that they result in
roughly isotropic angular dependence and their ahsolute magnitudes are not negli-

gible, too.

A large part of these correction terms can be expressed as a reaction through
a compound nucleus, corresponding to the case where both a neutron ant_] a proton
get in a target nucleus. For this purpose we introduce a channel radius R and
asstme the compound nucleus model in the internal region (<R). The formal
solution (2) is decomposed into two parts; one is external part (>R) and the other
is internal part (<R). The result can be expressed in terms of a resonance for-
mula. K. Izumo, H. Ui and T. Yoshimura® made a phenomenological analysis of
Be! (d, p) Be® reactions with the compound nucleus model.

As already pointed out™, the stripping process is very useful for th.e analysis
of properties of residual nuclear states. S. Yoshida® obtained‘ an expression for tl}e
cross-section of (d, p) reactions in terms of neutron reduced widths v,, by generaliz-
ing the concept of the reduced width to the case of a bound neutro:ll state. The
widths determined in reference to experimental data are compared with the known
values of widths based upon neutron scattering and also with the theoreticallj'r ex-
pected ones®. These comparisons give us a measure on the validity of the single

particle model.

When the incident energy of a deuteron is as low as the Coulomb barrier energy,
the Coulomb field of a target nucleus is no longer negligible. The Coulomb field
causes the polarization of the deuteron due to the difference between its centers. of
mass and of charge. Y. Fujimoto calculated this polari_zation Witl.'l the perturbation
theory and examined its effect on the angular distribution of emitted protons.
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Interpretation of Electron Scattering Experiments (Comment)

Leonard I. ScHIFF

Stanford University, Stanford, California

Experiments on the elastic scattering of fast electrons by several elements,
reported by Hofstadter, Fechter and Mclintyre in the preceding paper, are inter-
preted with the help on the first Born approximation. These experiments imply
nuclear charge distributions that are peaked at the center and taper off smoothly.
‘The root-meansquare radii of the charge distributions, and the nuclear Coulomb
energies, are however in approximate agreement with those computed from the
usual uniform charge distribution. The effects of radiation loss and nuclear excita-
tion are discussed qualitatively, and the effect of a nuclear electric quadrupole
moment is considered quantitatively. It is concluded that none of these can account
for the discrepancy between the observed scattering cross section which decreases
monotonically with increasing angle, and the diffraction minima and maxima ex-
pected from a uniform charge distribution with a sharp or moderately rounded
edge. It seems likely that higher order corrections to the first Born approximation
will not make a qualitative difference in the computed cross section; theoretical
improvements are now being undertaken.

(Submitied for publication in the PHYSICAL REVIEW.)

Polarizations of d-d Reactions (Comment)

von P, HUBAR
Physikalische_Anstalt der Universitdt Basel, Switzerland

{Abstractinot yet received, Aug. 20, 1953)
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' The simple Schmidt picture is able to explain qualitatively, although not quan- ;_ —i
titavely, the magnetic moments of the nuclei of odd A. In the model adopted, T
Review of Shell Structure the magnetic moment of the nucleus is simply that of the odd nucleon. Thus, for == b=
each value of j, one can calculate two magnetic moments, namely that for 7 =j =50 —
L +1/2 and /27— 1/2. These values are usually referred to as the «Schmidt” = z
ert MAYER ; TS b0 - e =
MariatGocen values. Since a proton has a charge, and thus has a contribution to the magnetic = z
i Argonne National Laboratory, University of Chicago ln?mt}nt from its Orbital. ai}gular momentum, while a neutron is uncharged, the = A0 —
‘. caiculated values are qualitatively very different for nuclei with odd neutron numbers = =
i 1 ; h and with odd proton number. =
I The shell model of nuclear structure is formed in complete analogy to the ) ‘ = :
i‘ Bohr-Sommerfeld theory of the atom. The nuclear model assumes that one can, Experimentally, the magnetic moments of all but a féew light nuclei lie in Sl
1 to a certain.degree of approximation, describe the interaction of the neutrons and between the Schmidt limits. They follow the trend of the Schmidt values with j =— g —
;rotons by an average field acting on the nuclear constituents. In such a field and fall fairly well into two distinct groups. Thus the magnetic moments give = - =
! || the quantized orbits of the nucleons are designated by a quantum number of or‘bital ln.formatmn about th'e orbital angu‘lar“ momentum /. Again, there is agreement E
| angular momentum / and a total quantum number . These orbits are successively with the shell model in the vast majority of cases. = :
I filled by neutrons and protons to the extent to which the Pauli principle allows. The exact numerical agreement between the calculated and measured magnetic _g_loo—§
I The form of the potential should be about that of a square well, and, if we moments is very poor. For light nuclei, magnetic moments can be calculated in a = =
i seslint 1 Crplinb enefgy, should be the same for neutrons and protons. Experi- more refined manner. This has been done, for instance, by Umezawa and Mizu- =5 =
|| megnt ally, it has been found that nuclei with certain « magic numpbers” of neutrons shima. The agreement is in many cases much improved. Miyazawa has given ==
(i ortito ’-’gr,is v unvusu ally stable. If one wishes to explain this stability by the fact an explanation of the deviations of the magnetic moments in terms of quenching = e
!I that at these points a level is completely fiiled, and the next level is appl'et’:la_fﬂ}’ of t:he_ intrinsic magnetic T1"1'10111vents of the nucleons. A. Bohr has connected the = -
‘ higher, one has to add one other assumption, namely that of a strong coupling deviations with quadrupole moments. =
| !i between the intrinsic spin of the nucleon and its orbital angular momentum. 1‘2 Nuclei with spins larger than 1/2 have quadrupole moments. Since the sheil 5_130_5
level is then no longer completely characterized by » and [, but alsoby j =1+ 1{ model specifies the dependence of the eigenfunction on the angles, it is possible to E =
orj =[—1/2. If the sign of this interaction is such as to lower the energy ?f ?;1 & calculaie the quadrupole moment divided by < 72 >, the expectation value of 2 SR
level with parallel orientation, j = I + 1/2, one can explain indeed the gaps in the ‘This latter quantity should be approximately eqnal to the square of the nuclear =— 140 —
‘ energy of levels at the magic numbers. radius B?. The caleulated quadrupole moment depends on the number of particles i— ._'
; o s -lei dd A b in a level. It is negative for a single proton outside of closed shells, positive for = e <
i The model is able to account torine nhe v B b gl clff:e uﬁnﬂy a proton hole. In general, for a nucleus with an odd number, A, of protons in a R
Al the assumption of certain rules of coupling. The normal coupling, mos quently e s R , = -
| observed can be explained very simply. One experimental fact to which no excep- Vel given j, y=j, the calculated qu D oment is =
I tion is known is that the spins of the groundstates of all even-even nuclei are zero. Q . Bitl=25 s = =
\ Thus, a nucleus of, say, even N and odd Z can be described as an even-evl?n C{g‘_e TS 2148 = :
: 3 v dd proton in the orbit . h ! g ! 170 —
of N neutrons and Z-1 p‘mt%ﬁf’ aT?ou‘: W}}liirze\f(‘:i:fsiii douce dp by Schiside, pre. The magnitude of this expression is always less than one. A nucleus with odd N, =
with angular momentum 7. 1hiS sinpie DICtUre, Hist - X S even Z, would have a quadrupole moment zero. = =
dsict that the groundstate of the nucleus has a spin y = j, namely that of the _ : E  o5—
orbit of the odd nucleon. Actually, experimental nuclear quadrupole moments are quite large, both for = z
‘ _ 3 - . nuclei with odd Z, even N and even Z, odd N. @/R? for Lutecium is about ten. = =
Calculations about th.e 11}t,31-a?t10n between nucleons have, to some ) Thus, the magnitude of the quadrupole moments indicates an appreciable distor- =190 —
‘ able to support this qualitative picture. : tion of the nuclear core from spherical symmetry. This distortion should be in = -
. Comparison of the assumed level scheme and observed nuclear spins shoyvs tl_le same direction as the calculated quadrupole moments. Thus foymula 1 should 2_200_2
‘ +hat the 101 measured nuclear spins are, with very few exceptions, in accord with give at least the sign of the quadrupole moments, and the relative magnitude of = JE
| s‘hel] model predictions. There are a few cases in which a proton level is occupied quadrupole moments of adjacent nuclei. The observed signs of the quadrupole = . =
‘ by ah odd number of nucleons, more than one particle and less than corresponding moments thus determine the occupation number of a level. These experimental E—210—
to oﬁe hole, in which one finds a groundstate spin of one unit less than j. These occupation numbers can always be brought into agreement with those of the shell = -
‘ Bl I::e Saciid laten. model. The fact that the quadrupole moment ;;Sbi:3, with one proton outside the = oo —
closed shell of 50, and. spin 7/2, configuration (g;,)!, has a quadrupole moment = =
I { = =
I &0 81 = —%—
i =
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BETA-DECAY AND SHELL STRUCTURE

which is about three times larger in magnitude than that of 5,I'?%, with a configura-

tion (gr.)%, seems a nice confirmation of (1).

Nuclei with a magic number of neutrons show practically no distortion (:‘-f the
core. The distortion, energies can be conneg:_ted to the trend ’of i.;he energies. ?f
jsomeric levels, and to the occurence of the unusual coupling in odd nuclei in
which the total spin y is one less than that of the odd nucleon.

For heavy nuclei, the distortions are so large that they rfequire a Il?lOdiﬁcatiOI'l
of the simple shell model. Such modifications have been considered mainly by A.

Bohr, Mottelson and Wheeler.

Review of the Works on the Shell Structure
and the Beta-Decay in Japan

Seitaro NAKAMURA

Department of Physics, Universily of Tokyo.

of the nuclear shell structure

The problems and the main results on the theory :
are briefly summarized.

and the beta-decay, recently studied in this country,

1. The Nuclear Shell Structure

The spin-orbit coupling shell model of nuclei proposed by M. G- Mayer?, and
Haxel, Jensen, and Suess® has been extended by Mizushima, M. Umezawa®, and
etric j-j coupling theory where the neutrons and the

Horie®, to the charge symm ; : : _
protons in the unfilled shells are treated simultaneously, using the isotopic spin

quantum number. Thus they have introduced the more accurat_e_ :?nethod in. ex-
plaining the spins, the ma gnetic moments and the beta-decay probabilities, especially
for the light odd-mass nuclei. Also the mathematical means for the theory have b:een..
greatly refined, by M. Umezawa® and Flowers®, employing the group theo.retlcgl
method of Racah? and Yahn®. Under the assumption that the_total 1soicop1c spin
is conserved and also under some subsidiary conditions, the discrepancies of‘ the
shell model in the prediction of the spins and the magnetic momenifs of the llg‘E’lt,.
odd-mass nuclei have been fairly solved. The extended j-j couplmg‘theory also
accounted for the fact that the first excited state of even-even nuclei have pre-

dominantly spin J=2 and even parity®.

Recently, M. Umezawa (see Comiment) analysed the magnetic moments of the

asymmetric odd-odd nuclei, the first excited state of light nuclei and the nuclear

quadrupole moment in his theory. It is shown that, of the possible primitive struc-

tures, (s, t)=(4, 1) is exclusively preferrable in explaining the observed magnetic

moments of Na* and K*. On the other hand, the .problem of the quadrupole
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moments are beyond the scope of the j-j coupling model, even in this extended
formulation.

Since a number of features became apparent which contradict to the perfect j-j
coupling for the light nuclei, a modification of the theory with respect to the inter-
nucleonic interactions in the unfilled shells seems to be the first consideration.
The consideration of the exchange moment proposed by Miyazawal®, may be help-
ful in removing some of the contradiction.

On the other hand, a broadening of the scope of the j-j coupling model has
been introduced by Horie and Yoshida'>. They have succeeded to give the
magnetic and quadrupole moments of some light nuclei by using the configuration
interactions with higher nucleon configurations. Later, Komoda and Sasaki'®
removed the descrepancies of the j-j coupling model in the magnetic moment of Li®
by assuming tensor interaction between 2 proton and 2p neutron, which resulted
in the introduction of the admixture of D-state for the S-ground state. Horie éf al.
(see Comment) have recently calculated the energy levels of the light nuclei by
taking into account the contribution of the tensor force successfully. This gives us
a new impetus to proceed further in this direction, before the over-all interactions
of the nucleons with the whole core!® will be taken into account.

2. Beta-Decay ,

We have treated the following two problems on the theory of beta-decay :

I) Field theory of beta-decay. Sakata and his collaborators in Nagoya Uni-
versity who have developed the systematic survey of interactions of the elementary
particles in general with a very creative spirit, investigated the phenomenological
Fermi interaction of beta-decay as a singular agent which can not be renormalized
(See Comment by S. Sakata and H. Umezana P. 18). Recently, Tanikawa and H.
Umezawa ef al. (See Comment) invented the formalism of beta-decay which seems
consistent with some of the evidences of forbidden spectra and which meets the
philosophy of renormalisation through the virtual emission and reabsorption of a
boson which couples a nucleon and a lepton with the scalar and pseudoscalar
interactions, simultaneously. On the other hand, J. Yukawa ef al. (See Commnient)
pointed out that greater generality of the Fermi interactions might be conceivable
if one takes the coupling constants to be complex.

II} Analysis of experiments. Taketani e/ @/**. advanced the analysis of beta-
decay on the ground of the phenomenological Fermi theory in his substantialistic
method. Thus Kotani® ef ai. calculated the proton momentum spectrum and the
proton-electron angular correlation of the beta-decay of the neutron by taking five
types of the Fermi interaction into consideration. Here emphasis was laid on the
peculiar contribution of the pseudoscalar interaction. On the other hand, the puz-
zling deviation of the RaE spectrum from the Fermi distribution have motiviated
us to carry out the expression for the spectrum including higher order processes.
It turned out, as a result, that neither radiative!® nor mesonic'™ corrections can
disturb the usual formula.

The recent development of the shell model’® and the full arrangement of the
ft tables' has helped enormously in the classification of beta-decay. It was sur-
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prising to note that the f7 values found the for allowed, first forbidden, and
second forbidden transitions differ each other by a factor of as much as 10¢~105.

On the other hand, interpretations of beta-decay matrix elements, forbidden
spectra®, electron-neutrino and electron-gamma angular correlation and the related
phenomena in terms of linear combinations of five forms of the Fermi interaction
i.e., scalar (S), vector (V), tensor (T), axial vector (A), and pseudo scalar (P),
have been widely attacked. The most stimulating conclusions so far obtained may
be summarized as follow :*

1) In addition to the Gamow-Teller selection rules, the Fermi selection rules should
be necessary. - Evidences: Allowed beta-decay of OY, C¥ (p+—o+), and the
matrix elements for light nuclei*V. : !

2) The Fermi term is of S and not of V interaction.
Evidences : First forbidden spectra which have the allowed shape :*? Pris
Pm7 efe.

3) The Gamow-Teller term is predominantly of T and not of A interaction.
Evidence: The electron-neutrino angular correlation®® of He®.

4) The linear combination of T' and P interactions is required.

Evidence: RaE spectrum®.

Recently we have attempted to reinvestigate these remarkable results by im-
proving the theory in the following several points :

a) The finite de Broglie wave length effect’, and modifications of the spectrum
by matrix elements have been taken into account. b) The finite size effect given
by Rose ef al.*® has been improved by Takebe to modify each Dirac component
separately. ¢) Electron-neutrino and electron-gamma angular correlations in the
forbidden transitions given by Yamada and Morita*” are used if the relevant ex-
periments are available. d) Frequent references to the systematic survey of fi
values by the real life-time forbidden correction factors by Taketani®® ef @l. are
made.

We limit ourselves to the following problems for the present investigation:

1) 0Odd mass nuclei, Rb¥ (the third forbidden), Cs¥, Tc%, Fei? (the second
forbidden), Pri4®, Pm! (the first forbidden).

In explaining these spectra in terms of the Fermi theory in general, trouble is
the uncertain ratios of the nuclear matrix elements involved. We first utilize the
following simple non-relativistic approximations®” including the effects of the Cou-
lomb force and the specific nuclear force:

Qn(Ba, r)=(a Z/2 p) (A/n) @Qu(Baxr, r) ()
Qnia, r)=(a Z/2 A) (A/n) Qn(r, r) (2)

Here A and A’ will be taken as unknown parameters to be detemined by ex-

%) Fierz condition prefers, of the possible linear combinations of S, V, T, 4, P, exclugively
(S, 4, P), (S, T. P), (V, 4, P) and (V;. T, P}, (see ref. 22) : ‘
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periments. @u’s are the nuclear matrix elements defined by Greuling®. Relations
obtained by the independent particle approximation and those improved by the ex-
tended j-j coupling model are also used.

It is a striking feature that, in some cases (Rb¥ and Cs'") the same algebraic
sign for 5 and T is definitly ruled out by Yamada, Morita and Fujita’s®™ analysis.,
if we assume (S, T, P). '

2) Even mass nuclei: The reinvestigation of RaE has been worked out by
Yamada and Takebe (See Commet.) The beta-gamma angular correlation of Shi
and electron-neutrino angular correlation of He® and P3 have been analysed by
Morita (See Comment). They have succeeded in part to narrow down the choice
of linear combinations of the Fermi interactions, but the final decision may be
postponed the more accurate knowledge concerning nuclear matrix elements, and
also the spins, in the cases of RaE, Sb™*¢, and P#, could be obtained. (See Table 1).

In conclusion, a favorable law of beta-decay is determined by the analysis of
the forbidden spectra :

Hzgxs"_gaT'l"gﬂP! '_lggx."ign,i_“_ :12

" —930<g,/g:<0, or 0<gp/g: <19

However, the ratios of several nuclear matrix elements should be taken as
quite a different value than those obtained by Ahrens, Feenberg.*”” These results
are more to be deemed as the error in the non relativistic approximation in com-
puting them than that originating from using (S,T,P) group. The relativistic
effects® in the nucleon motion, and the collective motions®# in nuciei may be
important in this problem. '

Taere 1.

i) The law of beta-decay

Excluded combination

Elements Selection rule Favorable combination
1—- — 0+ - (S, Ty, (V, A * Vs Ty 1504
RaE
0—- — 0+ (T, B)
| - |
S (S. Ty%* |
Shi
44— 24 (s, T)
T 1+ — 0+ 68, TS Vet 7, 4 (S, A
04+ — 0+ (V. T, (V, 4) S, Ty (5, A)
A

* Contribution of the finite de Broglie wave length etc. change the earlier conclusion?
{(Yamada, comment.

#*  Contribution of Bj;. term is required for the g—v angular correlation.

#5% | go /e | < 0.18 (Morita, Comment).
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SECTION A SEPT. 23

I BETA-DECAY AND SHELL STRUCTURE It is well known that (S+V) or (T'+A) combinations of the F type interactions
| give rise to the Fierz interference factor which is excluded by the recent experi-
mental analyses. In our theory, however, the parts of ¥ and A interactions can
i be canceled out, if we assume a mixed theory of scalar and pseudoscalar interaction
(1) and (2), with the condition

I On the Interaction Forms of the Beta-Decay
| gf=g'f" @
_ d the equal masses of scalar and pseudoscalar boson. Thus our theory becomes
, S on an, q P y

| autakaslaichwA to be equivalent to the F theory of (S+7+P) interactions with equal weights.

|| Detarment.of fugatey Ko Eieerics The transformation property under a space inversion of fermion wave functions.
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In formulating the interaction term of the beta-decay, we might expect several
possibilities of interaction forms ; namely the Fermi (F) types of direct interactions
between nucleons and leptons, the Yukawa (Y) theory of beta-decay in which a
Bose field is introduced as an intermediary agent of nuclear beta-decay. The ex-
tensive investigations have been aimed at narrowing down the choise of this inter-
action form. In this paper, we choose a formulation of the beta-decay on the basis
of the following postulates :

(a) The primary interactions between nucleons, leptons and bosons, by which
the beta-decay interactions are derived, are renormalizable.

(b) The Fermi and the Gamow-Teller (G-T) interactions are approximately
equally present in the beta-decay matrix elements.

Neither F- nor Y-theory satisfies these postulates. It was recognized that the
F direct interactions, the Y tensor interaction of vector meson and the pseudo-
vector interaction of pseudoscalar meson with nucleons or leptons, giving rise to
the G-T selection rule, are not renormalizable.

An alternative theory of beta-decay would satisfy the postulates. The basic
idea of the theory consists in such assumptions that as sources of a Bose field,
there exist not usual pairs of nucleons or leptons, but pairs of a nucleon and a
lepton.

The primary interactions of scalar or pseudoscalar field with nucleons and
leptons are given by

Hy' = g( ) 9+ f (o )p+compl. conj. @
Or

Hpy' =g' (Weysbr)p* +f (Freysiy )@’ +compl. conj. _ (2)
with the usual notations. These interactions are renormalizable. The interaction
(1) and (2) leads to the beta-decay Hamiltonian

Hy =G| | e r) Ovtr ) Gretr) Os ) i d vy ©)
where r=r,—r,, O=1 or v;, G=gf or g'f' for (1) and (2) respectively. F(7) is an

approximate Green fanction of Bose field. The nucleon stability requires larger
mass of the boson than the nucleon mass. If we assume the mass as large as
2000 electron mass, F(¥) may be replaced by const. x §(r;—r,, then (3) becomes

a definite combination of the five F interactions.

83

leads to a possible interaction form other than (1) or (2). Following Yang and
Tiomne, if it turns out that protons, neutrons and electrons are all of type A,.
while the neutrino is of type B, we have the following interactions instead of (1)
and (2)

H' = g(2\rpysin)g* + f (Nl Y+ compl. conj., &)
or

Hes'=g" (Freln) g*' + 1" (Weyalw) @' +-compl. conj. (6}
On the same footing mentioned, we assume a mixed theory of (5) and (6), then
the Fierz factor vanishes. The beta-decay Hamiltonian Hj, corresponds to a definite
combination of the Yang-Tiomno direct interaction (S'+P'—T"). S, P’ and T’
are obtained by replacing the neutrino wave function 1}, in the F-type interactions
S, P and T by s .

The recent experimental analyses seem to suggest the (S+7'+P) combination.
Our theory might give some reasoning of this combination.

This work resulted from discussions with H. Umezawa, S. Morita, S. Tanaka
and communications with 5. Nakamura.

Nuclear Moments and j-j Coupling Shell Model (Comment)

Minoru UMEZAWA

Depariment of Physics, Universily of Tokyo

Recently, it is shown that nuclear magnetic moments can be accounted for by
the charge symmetric j-j coupling shell model in which the internuclear inteaction
is assumed to be charge symmetric and the seniority number is a good quantum
number. This seniority number can be defined in three different ways, as Racah
has shown in his famous paper, that is, in tensor form or by introducing simplectic
subgroup or by making use of following operator @
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BETA-DECAY AND SHELL STRUCTURE

Q=>"q:;, (] Mlqus1 2 M) = 2j+1)6(J, 0)

Thus, it is very important to investigate if the nuclear force conserves the
seniority number. As shown by Racah, the seniority number is a good quantum
number in the case in which the internuclear interaction is ordinary and extreme
short range force, that is, §(r;—7,) interaction. However, judging from recent

experimental evidence on the nuclear force, the nuclear interaction seems not to

be ordinary one. At present, our knowledge on the internuclear interaction is far
from accurate, so it is very difficult problem to see theoretically if the seniority
number should be a good gquatum number.

In spite of this difficulty it can be shown here that the magnetic moments of
unsymmetric odd-odd nuclei are accounted for by the j-j coupling shell model.
“The magnetic moments of Na? and K# which have been measured recently, can
be calculated easily by the method shown in reference 1, according to the j-j
coupling shell model. The results are follows.

Configuration J T ak Primitive structure fi ol
@, 1) 1.80

Nt (dse) ? 4 1 1 — 1.688
2, 1) 3.21
(4, 1) ~1.0

K (dsg) 2(f7,0)° 2 2 2 AT
2, 1) ~1.78

In spite of the success in explaining the nuclear magnetic moments, it is im-
possible to explain the nuclear quadrupole moment by the pure j-j coupling shell
‘model.

According to the j j coupling shell model, the quadrupole moments must have
following two features.

1) The quadrupole moments of the configuration (j)" and (j) " have the same

. magnitude but opposite sign.

9) Closed shell+-one (—one) nucleon nuclei has a negative (positive) quadru-
‘pole moment.

The middle and heavy nuclei have large positive experimental quadrupole mo-
‘ments in many cases but have small negative quadrupole moments only in the
vicinity of closed shell nuclei and have no large negative quadrupole moment.
However according to the j-j coupling shell model, if some nuclei have large posi-
tive quadrupole moments there must be some other nuclei which have large negative
quadrupole moments.

Moreover it seems that these large quadrupole moment is too large to be ex-
plainable by the j-j coupling shell model. For example Lu!® has the following
large quadrupole moment.

@ =5.9x10®
This is about six times as large as the maximum vaiue of the quadrupole

90

190

180 170

Sity

ik

s Bl O T

moment of one nucleon in the orbit of radius r=Al2,. The various kind of nu-
clear wave function was tried to calculate the quadrupole moment. However, it
was found no nuclear wave function has the quadrupole moment several times as
large as the maximum quadrupole moment of one nucleon. Thus it seems that the
quadrupole moment of middle and heavy nuclei can not be explained by the j-j
coupling shell model.

In the case of light nuclei, experimental value of the nuclear quadrupole
moment is nearly the same as that predicted from the j-j coupling shell modei.
However, Li and K?* has the quadrupcle moment of the opposite sign from the
calculated value. Moreover, it was shown by Towns and Moszkowski that Na?s,
which has five nucleons in unclosed outermost orbit, has rather large quadrupole
moment than others in the neighbourhood, and the calculated quadrupole moment
is about ten times smaller than others in the neighbourhood in contradiction with
the experiment. Then it appears to be necessary to take into account something
other than pure j-j coupling shell model.

It is a very interesting problem if it is possible to explain the nuclear excited
state by the j-j coupling shell model. This problem can not be solved, unless the
precise internuclear interaction is known. Therefore it is only possible to investi-
gate the lower excited state semi-phenomenologicaly.

1y M. Umezawa, Prog. Theor. Phys. § (1952) 509.

Effects of the Tensor Forces on the Energy Levels
of Light Nuclei (Comment)

Hisashi HoriE
Depariment bf Physics, Uhiversity of Tokyo
Takehiko IsHIDZU
= Depariment of Applied Physics, University of Tokyo
Shin-ya OBI
Tokyo Astronomical Observatory, University of Tokyo
Masachiyo SATO
Institute of Indusirial Science, University of Tokyo

Sadaaki YANAGAWA
Department of Applied Physics, University of Tokyo

From the various evidences about two-nucleon data, the existence of the tensor
interactions between two nucleons seems to be almost decisive. We have tried
calculations of the energy levels for several light nuclei taking the tensor forces

AN
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. BETA-DECAY AND SHELL STRUCTURE : SECTION A : = =
Il - : SEPT. 23 : -
| into account, especially for nuclei with p» configurations as well as some of odd- T 30 -
odd nuclei, provided the independent particle shell model is valid for them. = =

| The interaction between two nucleons is assumed to be generally of the form Oh the Dectidbeeulae fils . C—
: = er : : = =

| Vig= (W +BP,—HP,—MP,P,) V¢(r1s) + (W' —H'P) S, V¥ (71a) » o action in the Theory of S
5 where V¢ (7)) and V¢ (ry,) are central potentials which depend only on the relative eta-Decay and RaE (Comment) —— 50—
distance 7y, of the two nucleons, and the tensor operator Sy, is given by = i

| " i = :
! 51333(0'1'1‘11) (03‘1'12) Yyg (o1-a3) Hisao TAKEBE c— B0 —
i the other gnantities have usual meanings. Depariment of Physi O A -
! o S ysics, Universit = £
]-| For the wave functions of the individual nucleons in incmplete ghells, the wersity of Tokyo : = g
i functions . i = :
| R, () <N exttea ) the 'I:;nifiptizgortlheofb ettl?-ray Spg‘ctrum of RaE Petshek and Marshak have considered = e
| : (=] el 1 L . a = s
,j‘ with normalization interacti 4 pseudoscalar interaction. Considering the pseudoscalar = W :
| E} : (r) iy =1 _ action, however, if the nuclear matrix element By; is small as is shown by = iE:
‘ I g - i %h;‘e;ls al;ddFeezbe;g » we should proceed to the approximation of the next order = Y3
1 2 o ave deduced the ex ions 5 i 2 =1 b
| are employed throughout the whole work, while the Yukawa and square well P 7 and CACE) HE ?}22851;21;; ff(:n;) _ ;}dle correc.tl.on factors of the interactions = =
1 potentials are alternatively assumed as the radial dependences of the central and s s v e e et rhidden transition 0«0 (yes), giveng careful = 10—
| the tensor potentials, V¢(#1.) and V(7). The depths and ranges of these potentials i s o e il L?Sne To;('ier approximation mentioned above and that = :
. as well as the ratio between the four exchange-type forces were determined from : : aking as the parameters A=\p/(A»/2M) and 5—110—5

‘ the results of Pease an@ Feshbach? for the former case (Yu.kawa potential) and . Iljp=-2 MJ.B%de»r, we have applied the expressions for (T, P) to the beta-ray = =
from those of Padfield» for the latter case (square well potential). spectrum of RaE. We have been able to determine the d T = 2

E ) el . o i omains for A a =—120—
| M. Sasaki and T. Komoda® have also carried out similar calculations for Li® ($* separately, although not independently. Hd Tip E .
configuration) with Gaussian potentials and have shown a satisfactory agreement §_ -

| with experiment, at least concerning the magnetic moment of the ground state and 5—1.30—;

. the interval between the 3D, and S, (ground) levels. It should be noticed however = .

| that the 1S, level falls below the ground level, as far as the force constants should =

‘ | be determined by Pease and Feshbach®. =, -
] With the force constants adjusted for Li® the energy levels are calculated for E—lac-—é
' several other nuclei, 7.e., the nuciei with higher p* configurations and some of odd- On the Beta-spectrum of RaE (Comment) = :
odd nuclei. For the evaluation of the matrix elements of the tensor interaction, = :

. the expressions given by Talmi® were used and the generalized Slater integrals were Masami YAMADA =0
also evaluated by the full use of the Talmi’s procedure®. Numerical calculations . = =

i | are now in progress. e Department of Physics, Tokyo Universily — 170 —
ﬁ = -
| _ Reforences . The B8-spectrum of RaE has been investigated taking into acconnt the finite de —— 180 —
‘ roglie wavelength effect pointed out by Rose and Perry (Phys. Rev. 90, 479 =1 i
| 1) R. L. Pease and H. Feshbach, Phys. Rev. 88, (1952), 945. ; - other corrections, and the results which differ from th S A = :
2) D. G. Padfield, Proc. Phys. Soc. A 65, {1952), 309. Marshak (Phys. Rev. 85, 698) have been obtained. O 0§e of Petschek and =—190—

i 3) T. Komoda. and M. Sasaki, Prog. Theor Phys. 8, (1952), 669. the cases of ST'1-0 (scalar-ttensor, spin change '1%0‘;1‘ r;illfsoagsdas?‘?gj)wm in E. &
| ;) ; i;irnr:i EZ{ZS E:v; 82::%12553} ,{1}3%(;‘))- 185, | B strongly energy dependent correction factors can be easily obtained, and ch’oov?ry Sa
. ; : . Phys. , > 185. the ratios among the nuclear matrix elements suitably, correction fa:ctors neces:;fg’ = =
: for RaE can be obtained. In the cases of V7'1-0, 40-0 and AP0.0, it is diﬂ-lculs’rc =210~

i ' , fo 155 _ o to get strongly cae dependent correction factors and they seem unlikely, though E . —
g : . they can not decisively excluded on account of many other corrections. . Otl’le g = :

can not fit the experiments. ; S =220 —

| 92 = =

| l -93 E—a30—

l =, =

‘ . ;—240—5
| =250 —
”Li_; e s e e ; £ =
=260 —

7m—

280 —=



Illl|l||||If|||||“'I'”'|‘"‘I”"I""I""l"”’”“|""|'"'I‘”l|J|!|||”|[l|J|||”||11||||flI|IIII[”JI]IIII|II]III[I'I|I1III[II'I|II|||!IIII|III[IIII

400 390 380 370 360

OO O S e L
r’!ﬁfl

330 320 310 300 290 280 270 260 250 240 230 220 210 200

L\Jlllllllll‘lll!lllll‘.llllllill IIII|Illl

BETA-DECAY

The effect of finite nuclear size seems unimportant to get a strongly energy
dependent correction factor. If we use the approximation aZ«<l, it can be easily
shown that the effect of finite nuclear size has no effect to get a- correction factor
with any shape, as far as nuclear matrix elements are treated as adjustable

parameters.

Recently it has become probable that the G-T type interaction is tensor.
Therefore, according to the above results, if the spin of RakE is one, the @-decay of
RaE will take place with ST1-0, and if the spin of RsE is zero, with TP0-0. In
the latter case the pseudoscalar interaction is necessary. However, the pseudoscalar
coupling constant can not be so large as was proposed by Ahrens, Feenberg and
Primakoff (Phys. Rev. 87, 663). Such a large coupling constant is inconsistent with
the allowed shape of high energy @-spectra (He® and B®). It has been obtained
that the ratio of the pseudoscalar coupling constant to that of tensor must lie in
the region

: —B5< GG, <19

From the ahove results and that of Ruderman (Phys. Rev. 89, 1227), the
interaction of z-mesons and nucleons will be pseudoscalar type, if the spin of RaE
i8S zero. ;

8-y Angular Correlation of Sb’* and 8-» Angular
Correlation. of P¥ (Comment)

. Masato MORITA

Dempartment of Physics, Tokyo Universily

1. A consistant explanation has been obtained for both the S+ angular correlation
and the B-ray spectrum of Sbi#, It is concluded that the transition scheme, ground
state of ShMi—first excited state of Tel—sground state of Te, is 3_-2,-0,,
where the @-decay is explained by the first forbidden transition in ST type interac-
tion of the Fermi theory and the w-decay is an electric quadrupole radiation which
was measured by Langer® and Metzger®.
We introuduce real parameters x, ¥ and z as follows:
ﬁ‘fﬁ(fgr}_:_ﬁ: _9)1{8«) ____(Ié and m(B"_-_‘_B)._zg'z
I (Ba X r) * M(Boexr) 2p M(Boxr)
A linear combination of four nuclear matrix elements is symbolized by (x, ¥, Zh-

Recently, I,E_inger el al® Reported that a linear Combination of M(8r), M(Bear)
and M(Boxr), (I,1,0),, has a good correction factor for B-ray spectrum. Unfort-
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unatgly, (1‘, 1, 0 has not a good angular correlation. Whatever the ratios x and ¥
may be, without M (B;;#) the caleulated angular correlations are not so large in
absolute value as experimental one, y

I_l_l or‘der to remedy this defect, there js a possible way, namely, to use the linear
-combinaflon of M (By#) and (1,1,0);, i.e. (1,1,2);. The interferences between
!:hem will cause an advantageous effect on the angular correlation and do not exist
in the correction factor. This combination makes Kurie plot straight because each
of M (By;f) -and (1, 1,0), has this property. The suitable ratio z is b>z2>-9
Another example is (1, 1.54, z); where —4.1>2>-5.7. - '

Ip t}%ese two cases the corrected ft values for I (B,;#) are of order of 101,
Considering the shell structure we can prove large value of z.

If. B3-decay is second forbidden®, the decay scheme is 4,—2.-0,. Generally
speaking, when we make the angular correlation large in the high energy region of
the eleE:t1't3n, the Kurie plot is not straight and wice verse. The situation becomes
worse in ST type than in T type only® by mixing M (Riyf).

2. We can make 1/W term in allowed spectrum vanish by putting
GAG.?«:O if Gy’s are real,
or Gu/Gr=g exp (i z/2) if G’s are complex,
where g is real. In the latter case 8-» angular correlation is

SJEgmtl-:--a%/,.f(g) cos®, where f(g)= 1+(6?f@2)g—g3
g

The data on P% show fi.,.(g)=1(W=2.2mct)®, which brings |g|<0.2.
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- K. Izumo and J. Yukawa® were the frst to use the approximate solution of = =

| | Some Remarks on the Theory of Beta-Disintegration (Comment) Dirac wave equation for a nucleon ‘moving in the oscillator potential in order to = i _E
a I evaluate the beta-decay nuclear matrix elements on the basis of single particle = =
| ; : . - model. They have compared their resuits with the experimental data and with = =
J | Jiro Yuxawa and Hiroomi UMEZAWA Brysk’s® results in the case of ¢quare well potential. Their conclusion is as follows : =50 —
* I Institute of Theorelical Physics, Nagoya University (@) for transition via a- or '}’5“t}’_l30 interaction, the results yield better agreement with z.__ __
_ the data, () for the first forbidden transition via s-type interaction, experimental = gy —=

.!I ; : . i results favor Brysk’s results more than their results, and (¢) the fluctuations of fi = s

| ! Recently, some interesting contrlbl:ltions have been made;-b_y severgl res'earchfers values in 4 /-forbidden transition still remain an unexplained problem, and generally =3 g
A in this university to the development in the theory of beta-disintegration, in which the problem of unfavored factor is that remained in the future. Em—
| two directions of approach may be discerned. = =

i : : _ = E

I 1. Three of their works have been done from the viewpoint of elementary process. Roterenrig S

| — 2

' ati ; : = =

1 Radiative coryeclion " . 1) T. Kotani, 5. Machida, 5. Nakamura, H. Takebe, M. Umezawa and T. Yoshlmura, Prog. = =

[ | The mesonic correction to beta-decay matrix element was considered by T. Kotani Theor. Phys. 6 (1951), 1007. =— ] —

I et al.® and its radiative one by T. Nakano ef al.” in the lowest order approximation. . 2) T. Nakano, Y. Watanabe, S. Hanawa and T. Mivazima, Prog. Theor. Phys. 5 (1950}, 1014. — -

i S. Kamefuchi® has further analysed the latter question in the higher order 3) S. Kamefuchi, Prog. Theor. Phys. 8 (1952), 137. =

i approximations. He reached the sufficient cnnclusion that the divergences coming 4) S. Tanaka and M. Ito, Prog. Theor. Phys. 9 (1953), 169. = E
from beta-vertex can be removed in appropriate way, and those arising from internal 5) Y- Tanikawa, Prog. Theor. Phys. i (1948), 338. _ _ = :

| lines and electromagnetics can be renormalized in the same way as in quantum 6) K. Izumo and J-.Y_Uka“’ﬂ- Soryushiron Kenkyu (mimeographed circular in Japanese) 5 '5—110—;

i electrodynamics, so that, in general, all the divergences are completely removed by b o ite %252)’;(’0' L oo = -

| | the method of renormalization. He has also obtained a necessary and sufficient LIS H SLAYS, eV, Bdle el = 0 —

i condition for the compensation of divergent terms to be possible without use of E E

i renormalization. E g

i E—130—

1| Fermi iype? Yukawa type? or Tanikawa iype? E :

o 7P ) I FIELD THEORY (A) SEPT. 18 E- =

| S. Tanaka noted in his interesting paper® that it may.be desirable to look for E 14—

the theory, which is first renormalizable and further able to give the various Fermi’s =8 =

. o : ey iqs : . : ' i 53 = E

‘ . beta-couplings. Such a possﬂnll'ty may be found in the early works of Y. ’.[:amkawa , On the Problest of Convergence in the = o

L where the boson field was considered as the charged scalar or pseudoscalar, and as o1d ) B :

i having a heavier mass than a nucleon. Non-Local Field Theories ==

' The interesting conclusion reached by S. Tanaka is that, from the theory of th A

il : = e ; ; ; ¥ ! Christian Mdller =3 A

. Tanikawa type, (S+7+P) combination of beta-interactions is obtained, assuming = :

ﬂ . the beta-transition to be caused by the intermediation S(S) and PS(FS) boson fields. ; Institut for Teoretisk Fysik, Copenhagen, Denmark =l

‘ Ambiguity in the phase of coupling conslanis. (Received on Augs 31y g_ _

! J. Yukawa, H. Umezawa and M. Morita have indicated the ambiguity in the b=
phase of Fermi coupling constants, taking into account the demand for invariance : ' _ : ; . _ = =

= i3 E < : 1 = =

! under time reversal, and reexamined the beta-spectrum and beta-neutrino angular 7 Y_ukawa'*s attcmp Sy A ey the divefigerce dlfﬁcultl‘es of the usqal & = 00—

| ; ; : : theories by introduction of the notion of non-local fields have given renewed interest = :
correlation. There are two alternative ways of time reversal transformation; one ; 4 : ; SR : =8 L

‘ S : : : ek ] : to the theories of local fields in non-local interaction since the theory of non-local = :

is Pauli type, which gives no restriction to the phases in beta-coupling constants,. B o i esdctE 4 s lont 1o tHeasien ok oo i Th y = =

i and the other, Wigner type which restricts them. However, there is no reason why b 2 uest3i’oﬁ i:: ; a;e eqllmizi i Oreall il e " £ mos,f m}l = A==

‘ either of two transformations should be taken. Therefore, there still remains the Dy P Sl pentich ¥ B retnont, Leadt S
S : ; the matrix elements of any field quantity are well-defined quantities independently =i )

ambiguity in coupling constants. : : ; g : 3 k = o0 —

‘ of any approximation treatment, and if this over-all convergence is reconcilable with = i

I 2. The last one has been investigated from the view point of nuclear structure. - other necessary requirements. For definiteness let us consider a theory of neutral =

I| : Nuclear Matrix Elements scalar mesons in non-local interaction with nucleons of the type developed by C. L;—zm—;

| 9 - i o7 = :
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FIELD THEORY (A)

Bloch? and by P. Kristensen and C. M¢ller®. The field equations of this- system
are of the form -

(y.0/0x, +M)r (x') = —ng ol :c”,. x'""u (') (x!) dx"dx" (1a)
(fo_?n:\:) u (an =ng(x’, x, x“’)l}-(x’) y&(x”’)dx'dx'” (1b)

I';' where F(x', ="', x'"") is a c-number form factor depending on threg space-time
points describing the non-local character of the interaction and af, 1 are the g-
| number field variables of the nucleons while # is the Hermitean fleld varjable of
the scalar neutral mesons. At first sight such a theory does not seem to be of tl_le
| Hamiltonian type since the variables +, +J, %, % are not canonical variables as in
the corresponding local theory. The method of quantization adopted in the papers
quoted above was therefore closely analogous to the method of Yang and Feldman

| and Kallén® based on an S-matrix treatment of quantum electrodynamics. How-

1 ever, in a recent paper Pauli® has shown that the formalism (1) s intrinsically
Hamiltonian and that an energy-momentum vector

[ P,=Pp Pt ' (2)

' can be defined which is constant in time in virtue of the field equations {}). TR
is the energy-momentum vector of free fields while P,"* is the interaction part

‘ involving space-time integrals containing the form factor.

I Pauli could further show that canonical variables exist which are certain func-
! tionals of the field variable +, , %, % and which satisfy the usual canonical com-
mutation relations. For any displacement invariant field quantity F(x) we therefore
| have the usual equations

10 F(x) fox,=[Pu. F(x)] (3)
Now, there are certain properties which one would like this form factur theory
to have:

1) Relativistic invariance. This condition requires that F must be a rotational
invariant function of the four-dimensional distances x'—x'/, x'—x'’’, only. Consequ-
; ently the Fourier expansion of F (x/, x'’, x””’) must have the form

i F@hfﬂfﬂs@wrﬂmﬂmeﬁwf+mW—w+mfmﬂmm, @)

l where G (I, I¥) is an invariant function of the two four vectors I!, >. Hence, G i3
:‘ ' a function of f. inst. (#)?, (#*)* and (&-F) only.

2) Reality requirment. This leads to the condition

‘ | . : F(-\:*a x”' xu:) ___F:{( (x!n, xu, x;} (5)

' G@, B) =G*(—B, -1). (@

|‘ "~ 3) Correspondence. For slowly varying fields, i.e. if the field functions only
| contain waves of wave length large compared with a certain constant A of the

|
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SECTION A ‘SEPT. 18

dimensions of a length the form factor is effectively a é&function like in the local
theory.

4) The form factor depends on the constant A in such a way that F (A; x',
x'', x''"") in the limit A—0 goes over into the corresponding quantity of the local
theory, i.e. ]

Gm F(n; ' x's ") =8(x"—x'")8 (x' —x"") -
3 ;

5) Causality in the large: 1f Q and Q' are two clearly sparated domains in
space time whose linear dimensions are large compared with A then any signal
transmitted from € to ' should take place with velocity smaller than ¢ and fur-
ther the absorption process should occur later than the emission process.

6) Convergence. All selfenergies, all transition probabilities, all matrix ele-
ments of dynamical variables are finite for reasonable finite values of A.

Among these requirements 1), 2), 5) and 6) are necessary conditions for the
theory. If on the other hand also 3) and 4) are satisfied the theory could be used
as a consequent way of carrying through the renormalization program for the so-
called renormalizable systems. In fact, for finite A the renormalization constants
would be well defined finite quantities and after the renormalization has been per-
formed we could let A—0 in the renormalized field equations.

As regards the question which of the conditions 1)—6) can be satisfied simul-
taneously a closer investigation shows that it is easy to find form factors which
satisfy 1)—5) and which remove many of the most disturbing divergences of the
iocal theory. However, it was shown first by C. Bloch? that in order to be sure
to get convergence of all terms in a series expansion in powers of the coupling
constant g it is necessary to assume that G (I, I’) vanishes whenever one of the
vectors I', I?, ' +I® are space-like. This can also be shown quite generally with-
out use of series expansions. Followihg a proof given by P. Kristensen along the
line developed by Killén in his paper on the exact formulation of the renormaliza-
tion method in quantum electrodynamics® this may be seen in the following way.
Condition 6) requires that every matrix element of any field variable must be finite.
Let us first consider the matrix element <a|#(x)|b> of #(x) connecting to states
a ann b with the values p* and p®, respectively, for the energy-momentum of the
whole system. From (3) we get for any field variable F(x)

(2]

i 3 <a | F(x) | b>=(p"—1")u<a F(x) b>. (1)
Xy
Hence

<a|F(x) |b>=e'"*""<a|F b>, ®

where <gq|F|b> is the matrix element of the field variable F=F (0) at the origin
of the space-time system. Applying (8) to the field variable #(x) and introducing
into the equation (1b) we get

L-(;%;h {x )

<'a|u{x) jb>='_“mf »

)
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FIELD THEORY (A)

where
T (%) =gJ'F(x', X x) <a | T ()T (") b>dx'dx’" 10)

is the matrix element of the nucleon source on the right hand side of Eq (18).
Applying (9) to r(x’) and (x'"") we get
<a| T )b ") | 5> =jdpé5(”'pa3x’““Q’b'?')”'”ZCdi’l,_Ff b eps A
where s denotes the set of variables which together with the total energy-momentum

vector p determines the intermediate state in the product of + and +. Using (4)
and (11) in (10) and (9) we get after integration over x’', x''', I! and P’

<a|u(x)|b>=—el" "% ’deG(p“ —p> p—p") 1 (0% P, B*)» (12)

with
» <al¥|ps><pslv¥|b> 13
fw®(p* P, P") =3 (0> —p*)* £ (13)

By the same procedure one finds from Eq. (la)

_ <aly (x) 16> =e'0” ¥\ G(p—p, p—p"){a® (B - p")dp (19
with
0 p ooy —sr<alulps><ps| @y (p°—p")u—M)Y|b> g
T (8, o) =5 e )

In the local theory where G=1 the integrals on the right hand sides of (12) and
(14) are divergent even if §,®, f,® are assumed to be finite. The question is
now if a form factor G can be found which assures convergence. Let us first con-
sider the integral in (14) which may be written

jG(Il, B {a™ (p% B+p® p')dP i (16)

where we have put F=pb4p“. Since, according to condition 1), G(I}, I*) can be a
function only of (I')2, (I*")“‘ and (I*-F), the best we can do to assure convergence
of this integral is to assume that G vanishes for large positive and negative values
of (1Y% (P)? and (I*-B). If P=p’—p° is time-like this assumption is easily seen to
make the integral convergent provided of course that f,,® is finite.

However, if I is space- -like the degree of divergence will be somewhat reduced
by at least I (and ai most 2). In fact, if we calculate (16) in the frame of re-
ference where I'= (/%, 0, 0, 0) we have (B)*= (3.3)3—(350) , (1% =04 - 1% and we see
that the above assumption only limits the domain of integration for /%, and for one
of the remaining components of the vector I# while the two others are unlimited.
Thus the integral would be divergent unless ., for some peculiar reason vanishes
for large values of I3, or of both #; and ;. There is no reason to believe that
this is the case for all states @ and 5. On the contrary it is known not to be the
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case if {,,® is calculated by a method of series expansions in powers of g. On
the other hand {,® in (15) is finite provided that the matrix elements of # and
1 are finite so that no other sources of divergence come into play than the lack
of limitation in the region of integration. .

To obtain a convergent expression for the matrix elements <a|+r(x)|b> it is
therefore necessary to assume that G(i%, B) for (1)%2>0. On account of
condition 2) G must then aliso be zero for space-like . In a similar way as above
one finds that in order to make <a|u{(x)[b> finite G(I', I*) must vanish also if
I+ is space-like, in accordance with Bloch’s result.

It is clear that a form factor satisfying Bloch’s condition is not reconcilable
with conditions 3) and 4) and probably also invalidates the causality condition 5).
Anyhow such a theory would mean a radical change of the usual theory. For
instance it is easily seen that the interaction between two nucleons would become
zero to the second order in the coupling constants.

It follows from the preceding considerations that Bloch’s condition is unavoi-
dable if one wants to assure convergence in a theory with an invariant form
factor. The only way to avoid this undesirable feature is to introduce non-invariant
form factors. Now it is interesting to remark that the reformulation of the theory
of non-local fields recently performed by H. Yukawa?® leads to a covariant formalism
which is equivalent with the introduction of non-invariant form factors. This theory
satisfies the covergence requirement, but seems to have other unsatisfactory features.
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(I) Field Theory

Non-Local Theory and the Theory of the Structure of Interactions.

1) Y. Katayama (Kyoto Univ.) : Hamilton Formalism in the Non-Local Inter-
action Theory.

9) C. Hayashi (Naniwa Univ.; Osaka) : Hamilton Formalism and Bound States
in the Non-Local Interaction Theory.

3) O. Hara, T. Marumori, Y. Oonuki and T. Shimodaira (Nagoya Univ.) :
On the Theory of the Structure of the Elementary Particles.

4) H. Goto (Gifu Tech. Univ.) : Remarks on the Non-Local Field Theory.

5) Y. Ono (Hokkaido Univ.): On the Constants of Motion for the Case of
Non-Localized Interactions.

6) T. Hiroshige and I. Inoue (Kyoto Univ.): S.matrix Theory for the Non-
Local Field Theory.

7) Y. Murai (Saitama Univ.): On the Mass-spectrum of the Elementary
Particles.

8) S. Kamefuchi and H. Umezawa (Nagoya Univ.) : A Remark on the Con-

nection between the Interactions of the Second Kind and the Non-Local
Interactions.

9) Y. Takano (Yokohama Univ.) : New Description of Field.

10y T. Shimose and C. Fujita (Ochanomizu Univ.; Tokyo) : On the Theory of
Quantization for Particle Dynamics in Non-Local Formalism.

11) H. Enatsu (Kyoto Univ.) : On the Relativistic Eigenvalue Problem.

12) T. Nakano (Osaka City Univ.) : Relativistic Field Theory of Rigid Sphere.

13) L Fujiwara (Naniwa Univ.; Osaka) : On the B-algebra of Quantized Field
Operators.

14) S. Oneda and *H. Umezawa (Kanazawa Univ. and *Nagoya Univ.): On
the Connection between the Commutation Relations and the Families
of the Fermi Particles.

15) H. Umezawa, S. Kamefuchi and S. Tanaka (Nagoya Univ.): On the
Invariance in the Quantum Field Theory.

16) H. Umezawa and Y. Takahashi (Nagoya Univ.) : On the Quantization of
the General Fields with General Interactions.

17) S. Ozaki, S. Nagata and R. Kitamura (Kyushu Univ.) : Integral Quantum
Mechanics,

18) R. Kitamura, S. Nagata and S. Ozaki (Kyushu Univ.) : On the Relation
between Wigner-Yang’s Comutation Relation and Classical Equation of
Motion.
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J. K. Knipp, T. Eguchi, M. Ohta and S. Nagata (Kyushu Univ,) :
tion of Gas by Electrons.
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