On the Interaction of Elementary Pavticles. T.
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§1. Introduction

At the present stage of the quantum theory little is known about
the nature of interaction of elementary particles. Heisenberg considered
the interaction of * Platzwechsel ” between the neutron and the proton
to be of importance to the nuclear structure."”

Recently Fermi treated the problem of A-disintegration on the
hypothesis of “ neutrino ”®. According to this theory, the neutron and
the proton can interact by emitting and absorbing a pair of neutrino
and electron. ~ Unfortunately the interaction energy calculated on such
assumption is much too small to account for the binding energies of
neutrons and protons in the nucleus.”

To remove this defect, it seems natural to modify the theory of
Heisenberg and Fermi in the following way. The transition of a
heavy particle from neutron state to proton state is not always accom-
panied by the emission of light particles, i. e., a neutrino and an electron,
but the energy liberated by the transition is taken up sometimes by
another heavy particle, which in turn will be transformed from proton
state into neutron state. If the probability of occurrence of the latter
process is much larger than that of the former, the interaction between
the neutron and the proton will be much larger than in the case of
Fermi, whereas the probability of emission of light particles is not af-
fected essentially.

Now such interaction between the elementary particles can be des-
cribed by means of a ficld of force, just as the interaction between the
charged particles is described by the electromagnetic field. The above
considerations show that the interaction of heavy particles with this
field is much larger than that of light particles with it.

(1) 'W. Heisenberg, Zeit f Phys. 77, 1 (1932); 78, 156 (1932); 80, 587 (1933). We shall
denote the first of them by I

(2) E. Fermi, ibid. 88, 161 (1394).

(3) Ig. Tamm, Nature 133, 981 (1934); D. Iwanenko, ibid. 981 (1934).
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In the quantum theory this field should be accompanied by a new
sort of quantum, just as the electromagnetic field is accompanied by
the photon.

In this paper the possible natures of this field and the quantum
accompanying it will be discussed briefly and also their bearing on the
nuclear structure will be considered.

Besides such an exchange force and the oridinary electric and
magnetic forces there may be other forces between the elementary par-
ticles, but we disregard the latter for the moment.

Fuller account will be made in the next paper.

§ 2. Field describing the interaction

In analogy with the scalar potential of the electromagnetic fleld,
a function Ulz,y,z2,¢) is introdued to describe the field between the
neutron and the proton. Thisfunction will satisfy an equation similar
to the wave equation for the electromagnetic potential.

Now the eqgnation

a2 rjo=o ®

has only static solution with central symmetry --1-—, except the additive
=

and the multiplicative constants. The potential of force between the
neutron and the proton should, however, not be of Coulomb type, but
decrease more rapidly with distance. It can be expressed, for example,
by
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where g is a constant with the dimension of electric charge, i.e., cm.*
1
1

gec.”* gr.? and A with the dimention cm.”
Since this function is a static solution with central symmetry of the

wave equation

{a-= 2w u=o, ®)
¢ ot .

let this equation be assumed to be the correct equation for U/ in vacuum.

In the presence of the heavy particles, the U-field interacts with them

and causes the transition from neutron state to proton state.
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Now, if we introduce the matrices™

S HEI ey SR

and denote the neutron state and the proton state by m,=1 and rs=—1
respectively, the wave equation is given by

(a-% _‘39--7\} U= —dirg BTy, (4)
¢ 5 2

where ¥ denotes the wave function of the heavy particles, being a funec-
tion of time, position, spin as well as 75/, which takes the value either
1or —1.
Next, the conjugate complex function n”(z' y,2,t), satisfying the

equation

Ia— L ii‘ —7\-2} 0= —471'9§T_T] +”£¥r, (5)

{ ¢ ot 2
is introduced, corresponding to the inverse transition from proton to
neutron state.

Similar equation will hold for the vector function, which is the
analogue of the vector potential of the electromagnetic field. However,
we disregard it for the moment, as there’s no correct relativistic theory
for the heavv particles. Hence simple non-relativistic wave equation
neglecting spin will be used for the heavy particle, in the following
way

h- 1+T°, —Ta 1+'.I'*; 1—T3 ; 2
A ?— Mye*— M,
GG e g = g

_g([‘,} (e —‘_-,’!‘,'T-_' + LI T ;F‘Tg )} !F:O, (6)

where h is Planck’s constant divided by 27 and My, Mp are the masses
of the neutron and the proton respectively. The reason for taking the
negative sign in front of g will be mentioned later.

The equation (6) corresponds to the Hamiltonian

147, 1 1-{—7 — T
H= ( —+——) A Wi+ 1o
TR T 2 Mre

% g(U—— + UI’—“E) 0]

¥ ]

4) Helsenberg, loe, cit. 1.
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where P is the momentum of the particle. If we put Myc'— Mpc’=D
and My+ Mp=2M, the equation (7) becomes approximately

H:%—i— ‘g {U(n—tn}+ U(r,-}-f-r»)}-{--zlz'r;, (8)

where the constant term MM:* is omitted.

Now consider two heavy particles at points (a1, 11, z1) and (2, ys, 22)
respectively and assume their relative velocity to be small. The fields
at (xy, 41,2)) due to the particle at (z. s, z) are, from (4) and (5),

e~ A2 (P — )

U )=
(xu,y: z1) q o 2
and ©)
—Aiyg (3) PJ
Uz, Y, 21) = gc (ri —:” ) J
13 -

where (r{”,7",7") and (%, 7", 7§") are the matrices relating to the

first and the second particles respectively, and ». is the distance belween
them.

Hence the Hamiltonian for the system is given, in the absence of
the external fields, by

PI q () (1} 2)
i 91I+2M U

(o + i) (a0 — ir) ) (8 + 1) D
LB

12

_p: i q () r) {I}() e 1) )
n { D, (10
=ou" ou z(T + 1) —— = = (e +72)D, (10)

where Py, . are the momenta of the particles.
This Hamiltonian is equivalent to Heisenberg’s Hamiltonian (1),
if we take for ‘ Platzwechselintegral

J(r)=

(11)

except that the interaction between the neutrons and the electrostatic
repulsion between the protons are not taken into account. Heisenberg
took the positive sign for J(r), so that the spin of the lowest energy
state of H* was O, whereas in our case, owing to the negative sign in
front of ¢°, the lowest energy state has the spin 1, which is required

(5) Heisenberg, I
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from the experiment.

Two constants ¢ and A appearing in the above equations should
be determined by comparison with experiment. For example, using
the Hamiltonian (10) for heavy particles, we can calculate the mass
defect of H* and the probability of scattering of a neutron by a proton
provided that the relative velocity iz small compared with the light
velocity.”

Rough estimation shows that the caleulated values agree with the
experimental results, if we take for A the value between 10%cm™. and
10"em™. and for g a few times of the elementary charge e, although
no direct relation between g and e was suggested in the above conside-
rations.

§ 3. Nature of the quanta accompanying the field

The U-field above considered should be quantized according to the
general method of the quantum theory. Since the neutron and the
proton both obey Fermi’s statistics, the quanta accompanying the U-
field should obey Bose’s statistics and the quantization can be carried
out on the line similar to that of the electromagnetic field.

The law of conservation of the electric charge demands that the
quantum should have the charge either +e¢ or —e. The field quantity
U corresponds to the operator which increases the number of negatively
charged quanta and decreases the number of positively charged quanta
by one respectively. U, which is the complex conjugate of U, corresponds
to the inverse operator.

Next, denoting

) e
o= —ih—, ete., =i,
P T : ot

mpe=2Ah,

the wave equation for U in free space can be written in the form
iy a a2 e al -
{p;ﬂ);}ﬂl;—H;--%-mrc'}fU:O, (12)
¢

so that the quantum accompanying the field has the Proper mass mp = Ab
c

(6) These calculations were made previously, aceording to the theory of Heisenberg,
by Mr, Tomonaga, to whom the writer owes much. A little modification is necessary in
our case, Detailed accounts will be made in the next paper.
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Assuming A=5x10"m™",, we obtain for m, a value 2x10° times as
large as the electron mass. As such a quantum with large mass and
positive or negative charge has never been found by the experiment,
the above theory seems to be on a wrong line. We can show, however,
that, in the ordinary nuelear transformation, such a gnantum ean not
be emitted into outer space.

Let us consider, for example, the transition from a neutron state
of energy IWy to a proton state of energy 11", both of which include
the proper energies. These states can be expressed by the wave functions

wﬂ'(‘r: Y, z, fx 1):“(3’3 s Z)B-N"‘rw‘) ?‘p:\f(ﬂ', Y, z, t, - 1):()
and

Te(z,y,2,t,1)=0, T, y,zt, —1)=2(z, y, z)e" """,
go that, on the right hand side of the equation (4), the term

=z 471_9;_‘:“6-!!(“‘”— Wpl/h

appears.
Putting U=U'(z, y, z)e"’, we have from (4)
{A (r——)} U = —dmwgin, (13)
C
where w:@. Integrating this, we obtain a solution
3
U=gf [ [ G 0, (14)

- .'.' w”
where p.—l/). et

It )\>|"’[ or mee"> | Wy—We|, p is real and the function J(r) of
Heisenberg ha-s the form — g"cTw, in which g, however, depends on
| Wy—1g|, becoming smaller and smaller as the latter approaches
mee’. This means that the range of interaction between a neutron and
a proton increases as | [ly— II»| increases.

Now the scattering (elastic or inelastic) of a neutron by a nucleus
can be considered as the result of the following double process: the
neutron falls into a proton level in the nucleus and a proton in the
latter jumps to a neutron state of positive kinetic energy, the total
energy being conserved throughout the process. The above argument,
then, shows that the probability of scattering may in some case increase
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with the velocity of the neutron.

According to the experiment of Bonner™, the collision cross section
of the neutron increases, in fact, with the velocity in the case of lead
whereas it decreases in the case of carbon and hydrogen, the rate of
decrease being slower in the former than in the latter. The origih of
this effeet is not elear, but the above considerations do not, at least,
contradict it. For, if the binding energy of the proton in the nucleus
becomes comparable with mec’, the range of interaction of the neutron
with the former will inerease considerably with the velocity of the
neutron, so that the cross section will decreage slower in such case
than in the case of hiydrogen, i. e, free proton. Now the binding energy
of the proton in €%, which is estimated from the difference of masses
of (™ and B", is

12,0036 — 11,0110 =0,9926.

This corresponds to a binding energy 0,0152 in mass unit, being thirty
times the electron mass. Thus in the case of carbon we can expect the
effect obscrved by Bonner. The arguments are only tentative, other
explanations being, of course, not excluded.

Next if A<™ or mec*< | Wy— W
[
U expresses a spherial undamped wave, implying that a quantum with

energy greater than myc’ can be emitted in outer space by the transition
of the heavy particle from neutron state to proton state, provided that
| IV,V—— IVP| > e,

The velocity of U-wave is greater but the group velocity is smaller
than the light velocity ¢, as in the case of the electron wave.

The reason why such massive quania, if they ever exist, are not
yet discovered may be aseribed to the fact that the mass m, is so
large that condition | IWy— W,| > mpe® is not fulfilled in ordinary nuclear
transformation.

, # becomes pure imaginary and

§4. Theory of B-disintegration

-

Hitherto we have considered only the interaction of U-quanta with
heavy particles.  Now, according to our theory, the quantum emitted
when a heavy particle jumps from u neutron state to a proton state,
can be absorbed by a light particle which will then in consequence of
energy absorption rise from a neutrino state of negative energy to an

(7) T.W. Bonner, Phys. Rev. 45, 606 (1934).
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electron state of positive energy. Thus an anti-neutrino and an electron
are emitted simultaneously from the nucleus.  Such intervention of a ma-
ssive quantum does not alter essentially the probability of 2-disintegration,
which has been caleulated on the hypothesis of direct coupling of a
heavy particle and a light particle, just as, in the theory of internal
conversion of ¢.ray, the intervation of the proton does not affect the
final result.” Our theory, therefore, does not differ essentially from
Fermi's thory.

Fermi considered that an electron and a neutrino are emitted simul-
taneously from the radioactive nucleus, but this is formally equivalent
to the assumption that a light particle jumps from a neutrino state of
negative energy to an electron state of positive energy.

For, if the eigenfunctions of the electron and the neufrino be

o respectively, where k-=1,2,3,4, a term of the form

Fl
- :;wg'g Vigs (15)

should be added to the right hand side of the equation (5) for [}: where
¢’ is a new constant with the same dimension as g.
Now the eigenfunctions of the neutrino state with energy and

momentum just opposite to those of the state g, is given by ¢,'= —8,§,
and conversely ¢,=0,9, ", where
0—-1 0 0
1 0 0 0
8= ,
0o 0 01
0 0 -1 0

so that (15) becomes
4
— “177'9" ‘2 "‘P‘ksu(i)f ’. ( 1 6 )

From equations (13) and (15), we obtain for the matrix clement of the
interaction energy of the heavy particle and the light particle an cx-
pression

—Ar
e 17

99’ f cr o )2 )pu ) —dvdv., (A7)

T2

corresponding to the following double process: a heavy particle falls

(8) H. A. Taylor and N. F Mott, Proe. Roy. Soc. A, 138, 665 (1932).
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from the neutron state with the eigenfunction u(?’) into the proton
state with the eigenfunction »(#) and simultaneously a light particle
jumps from the neutrino state @,(r) of negative energy to the clectron
state () of positive energy. In (17) N is taken instead of u, since
the difference of energies of the nentron state and the proton state,
which is equal to the sum of the upper limit of the energy spectrum
of B-rays and the proper energies of the electron and the neutrino, is
always small compared with mc”.

As A is much larger than the wave numbers of the electron state

—=AT
¢ 12

and the neutrino state, the function

can be regarded approximately
T12
as a 8-function multiplied by % for the integrations with respect to

Zay Yz 2o The factor ‘—4:—- comes from

—Ary ¥,
[ 2
P12 A

Hence (17) becomes

A9 [ [ 10 ZHigurdan as)
or by (16)

dmrqq’ i .

S [ [smnmZimasgiman, (19)

which is the same as the expression (21) of Fermi, corresponding to the

cmission of a neutrino and an electron of positive energy states @/ (1)
and Y(7"), except that the factor f"';—gi is substituted for Fermi’s g.
Thus the result is the same as that of Fermi’s theory, in this ap-
proximation, if we take
—4192 =4x10""em’, erg,
\
from which the constant ¢’ can be determined. Taking, for example,
A=5x10" and g=2x10"°, we obtain g’=4x10"", which is about 10~°
times as small as g¢.

This means that the interaction between the neutrino and the
electron is much smaller than that between the neutron and the proton
so that the neutrino will be far more penetrating than the neutron and
consequently more difficult to observe. The difference of g and g’ may
be due to the difference of masses of heavy and light particles.
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§5. Summary

The interaction of clementary particles are described by considering
a hypothetical quantum which has the elementary charge and the proper
mass and which obeys Bose’s statistics. The interaction of such a
quantum with the heavy particle should be far greater than that with
the light pirticle in order to account for the large interaction of the
neutron and the proton as well as the small probability of B-disintegra-
tion.

Such quanta, if they ever exist and approach the matter close
enough to be absorbed, will deliver their charge and energy to the
latter. TIf, then, the quanta with negative charge come out in excess,
the matter will be charged to a negative potential.

These arguments, of course, of merely speculative character, agree
with the view that the high speed positive particles in the cosmic ruys
are generated by the electrostatic field of the earth, which is charged
to a negative potential.”

The massive quanta may also have some bearing on the shower
produced by cosmic rays. '

In conclusion the writer wishes to express his cordial thanks to
Dr. Y. Nishina and Prof. S. Kikuchi for the’ encouragement throughout
the course of the work.
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