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On the Interaction of Elementary Particles. II,

By Hideki Yukawa and Shoichi Sakata,

70

80

(Read Sept. 25, 1937)

90

§1. Introduction and Summary.
)

100

In the first part of this paper} one of the present authors introduced

110

a new field, which was responsible both for the short range force between

120

the neutron and the proton and for the p-disintegration. This field turned

130

cact
cut to be accompanied by quantaAwith the elementary charge either +e or -e,

140

the mass about 1/10 of that of the proton and O or integer spin, obeying Bose

statistics. 1t was shown further that such gquanta, if they ever existed,

150

could not be emitted by ordinary nuclear reactions, but might be present in

160

d.
the cosmic ray. There hak been no evidence in favour of the last point,

until grecent resesrches of Anderson and Nedderfmeyerf)Street and Stevenson®’

170

180

and Nishina, Takeuchi and Ichimiyaé)indicated the existence in the cosmic ray

190

cowdd
of particles, whicjhseanfﬁe identified neither with the electrons nor with

ed
the protons, as long as we accepé the present theory of energy dissipation
fLadeq W4 * Yt oA M
/%ehbe—ig%ﬁen&biifzo_identi£y these

200

of high speed particles. Thus it seems

210

. B) : .
particles with heavy quanta above considered. Similar conclusions were

220

1) Yukawa, Proc. Phys.-Math. Soc. Japan 17, 48, 1935, Erty Hereafter, this
paper will be referred to as I,

2) Anderson and Neddermeyer, Phys. Rev. 50, 273, 19363 51, 884, 1937,

3) Street and Stevenson, ibid. 51, 1005, 1937,

4) According to the preliminary result of Nishina and others, the mass of the
new particle is about 1/10 the protonic mass in fair agreement with the
“theoretical expectation.

5) Yukawa, Proc. Phys.-Math., Soc. Japan 19, 712, 1937.
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reached by Oppenheimer and Serbere’ and by Stneckelberng

In this way, the most serious drawback in our theory gis likely to have
disappeared, although there are still many points to be completed or improved
in course of development of the theory, which will be made in this and sub-
sequent papers. We hope that the whole phenomena of the nuclear transformation,
P-disintegration and cosmic ray will be elucidated in the light of the theory
of the new field. In this paper, we begin with the problem of quantization
of the scalar field, which can be solved in api manner similar to that of Pauli
and Weisskopf?’ﬂ%%@ﬁ The interaction betwyleen the heavy particle and the new
field can be dealed with as that between the charged particle and the electro-
magnetic field in the quantum electrodynamics. (§§(. The interaction between
unlike particles, viz. the neutron and the proton, is derived as second ordedr
effect, confirming the result in I. (§%b. Further, the interpfaction between

¥Yrlike particles as higher order effect is discussed. (§h6. Finally, the

problem of passagfe of high energy heavy quanta through matter is considered

interaction of the heavy quanta with the electroﬁmagnetic fileld and with the

lignt particles will be made in III ete, MM Twebh e oo
Tha mw@ér A n- rehlan Md WAL D e Aot

6) Oppenhel&-and Serber, Phys. Rev. 51, 1113, 1937, the
7) Stueckelberg, ibid., 52, 41,1937, Stueckelberg arrived at 1ﬁ;w field theory
independently.

8) Paulil and Weisskopf, Helv. Phys. 7, 709, 1934,
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Scalar
§2. Quantization of the Few Field.

The simplest conceivable form of the new field theory can be obtained
by copnsidering the potentials U and U in I as the four dimensional scalars

(o
instead of time components of four vectors. Whether sucﬁ?asimplification is

legitimate or not will be discussed later.

The wave egfuation (3) and its complex conjugate gfor U-field in vacuum

can be derived from the Lagrangian
L"U = § SS LUW! (1)

with S‘KZGUK
o | ST o T
i l %%%%‘ =1 chilighad Cen)) (2)

e
where the constant 7 is used in place of,A in I. The variables canonically

conjugate to U and U are

N T e Sokes Sl BH
BS —m0 Yo T e S
e

respectively, satisfying the commutation relations

U(R ) UNa) - bR ue) = ik S (R A
’ e ; T >S5 3,
O () OY () - GR ) ORE) = LR 6 (K R)

" i g
U @9 3 RY - DRDVEN = 0 i
AR OfR — BT Ut t)=o

The Hamiltonian for the U-field becomes thus

H, = S Roa (4)

with

20—
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rbU
1%)01-1' L}t -"Lu
=

TR R y ol
e L) U-MHLWU W‘iu* e & 1] (5)

In the presence of the heavy particle, the Hamiltonian for the total

system is given by ;

Har Hi +H 87
4 LSSS \}:t,,\ o+ (MR LN )b oo

F\' %SSS?U»&*‘%LQ)B*M ) ot <SSR

where ( X, S:‘; )#dnd (T, T., L3) Afare Dirac matrices and itaotopic spin matrices

|
(

\
\-\I‘Lﬂ\.

respecti#ely, assuming the wave equations for the heavy particle to be of

Diracds type. Mwand' MP are the masses of the neutron a#8 the proton re-

specﬁively. The wave functions X and \f have each eight compdneﬁt's‘ and
satisfy the following commbation relations: f‘w e P
“’(‘" PR+ T Wt E ‘(R 9 =1 5&) S8, L")

Ny t)\}_‘”( 6.+ YL (L), ‘F)(Lt) =0

\ ""’(h, t:)\}fJ (K1) « fu)(«’l’ t) PR 1) =0

| \w—QM'“\L,MxW‘V"\

A ""'wk:,w, 4%1,:@%&(% S L ‘W’t‘@v{p{_
L;d\’ms ‘&;ﬁgxkgﬁ-_g MFV{*-“"‘}L ew&nuirm‘im. M:

If we cheange A&he variables describ‘ing the U-fﬁ'ieldqby the Fourier

a)
T
V" === .--(_{{(, LR ? Lakmfj
% JX s g ‘("i*’)
v SRS ‘ Uil
= —iee I3 L o kiye
D VX’ ) \, « kTR )
’\’K ’F’«C,me\bM 1!.»”{«)"\ e ’\ﬁq. 0 o wiuTw

(9)

AR ‘p“' ';”“m"u

transformation

(1o§

Fa

S e win b4 v-‘W %, e s b o ol T il e
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.6

20

30

y £ ; L
with Ep = ho [KZ+d,

40

the Hamiltonian takes the form

Hy, = (aje, + bkbjn + VEg, ' (11)

50

60

where ag, ei, b4\end.b% satisfy the commutation relations

70

* *
%af - 8 ey = 5%& s b%b’{ - by = 5&1 s (12)

80

any other two commting with each other. The variableg N{Q— a%a%wlth

elgenvalues 0, 1, 2, «+... denotes the number of heavy quanta with the charge

90

+e, the momentum hk and the energy Esi, whfereas Nﬁ = H@& denote& the number

100

of those with the charge -e, the momentum Ak and the energy Epe

110

Similarfly, the variables describing the heavy particles can be changed

m,
by expanding B, into series

\:E’ chuw.\PZd? JP_ ) %lzci&w*zd % (15).

where u, is the unquantized wave function with four nen-zero components for

130 120

140

the neutron state n and v,P is that for the protdon state p (n,p = 1, 2, ;...).

The new variables satisfy the commutation relations

150

160

el el = O d,f,dqb + d d, = drm‘, (14)
a g? any other two anti-commuting with each other. Thus, we obtain
= ?I\l s +2N? v (18)

190

where N, = cﬁch is the number of neutrons 1nkhe state n with the energy W..

200

and N, = df;:d,v is that of protons inMge the state p with the energy W,F.

The term

H = ~Reg iR Z SS - (16)

denoting the interaction between the heavy particle and the U-field involves

220 210

230

the operaors, which change the number of particles and quanta, and can be

240

considered as perturbation inactual calculations.
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§3. Deduction of the Force between)the Neutron—and the Eroton.

When a Beavy particle 1 is in a neutron state m and 2 in a proton state
1 in the abse%ce of the heavy quanta initially, the energy for the unperturbed
system becomes\Nl;\gg’omit the zero point energy E'Ek for the U-field. The
perturbation energy with the general form

%‘Z Sk 0 (¥ + Q UG e (13)

41,2
indicates the possxbillti of the transition of 1 from the neutron to the proton

state with the simultaneous emosston of a pesitiwe charge and conversely that
of 2 from the proton to the neutron state with the simultaneous emission of
a.quantum of positive charge, the suffices 1 and 2 in (13) denoting f}{gcor-
responding quantities for the particles 1 and 2 respectively.

The quantum thus emitted with X}g Positive or negative: can be absorbed
by 2 or 1, which iﬂmurn changes into the neutron or.the proton. In this way,
the state of the system, in which the particle 1 is in the proton state g
and 2 in the neutron state m,is %}nked together with the initial state by the

\I;fém‘l‘x D, Wl ycoms et b Lo ) LA yads
second order h abov con31d red. The seeo 2 matrix element of

L Reacay EA—.}-. omd U nalt

rturbation ene come out to be mﬁtL{

(g e o TAL [RALAR Rma f«h e OO )
M,L SN mfwgmm \fl ML Qfﬂ_lj,.-;/“ Mo

the second order p

&) - e % ' G :‘:}NL‘)“ e
e SR V)&,
HG = oo\ g% JOREpamiye oo
_ : ~ ) N AN
U, () U (M) W70,
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AN

E@W&eplacing the summation }j by the integration in the 1limit of theslarge

k
volume of the enclosure, we obtain 9 -9
2 \ {&'ﬂ
LR L “ﬁ
...T‘;;_! < — = P e T P _L' ﬂk iﬂ
e 5 E.k: L)«&I.’)j é{ C.)) L "
~xA
= I e

X o ZE(RCO - A
where r = f%- ry, so that (14) reduces to

[ f) H’K')L - (a3 N 'M}ML
H = = 9§ &5 (pnah)- BulRop B e

This expression shows that the interaction between the neutron and the
proton is=ghe can be described by the exchange force of Heisenberg Type with
the potential

Vﬁ : ) s FP (16)

-y

where . J(r) = g®e /r (17)

and P:l is Heisenbergls exchange operator. In non-pelativistic approximation,

5 and )Lare roughly equal to i, sb¥at (16) becomes the same with the result
obtained inl, except for the change of sign. . In order to obtain a result
with the same sign as that of I, it will be necessary to change the sign of

which will obviously lead to serious difficulty

the energy ﬁﬁ' ,

wa\J

of negative ener ~ This difflculty will be removed only by introducing non-

scalar field, as will be shown later on.
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§4. Deduction of the Force between Like FParticles.
cateutate-
Lf we-—consider the perturbatieon enérgy Next, the interaction between

50

60
ﬂll_lIIJM[LLLIJJ,U_IJJ_LI,I_lI_U_I‘I_I_Ij_lllI,l_lIIII_|lJML_III|_I_1I_I_|IIII|IIII‘IIIJ|III|tl[lI|IIII|IIII|I|II|I1|IIIIII|IIII|IIIl[lII]lIIIIlIlII]IIII‘lIHlIIIlL

like particles can be deduced as fourth order process dae to the interaction

For ample, .
of the heavy particles with the U-field, 'i% there are two neutrons initially

70

80

in the absence oB heavy quanta, they can interact through feitewimg three
intermediate stages, as shown in the following scheme:

g
5 N{+Ng+U4+U_
g PN U O Ng+Po+UL
N +N o< T Py 4P AU_+UL < ‘2 N{+NJ (18)
S Ni+Po+U! 33 E,+NL1+02 4
Ny +NL+U +U! —

120

where Nj or Ng denote thﬁfirst or second particle in the neutron statg,&ﬁ&

130

P; or Pg that ;n the proton state and Ug or U_ the quantum with positive or

140

negative charge, different states being distinguished by undmashed and dashed
W W
letters, If we denote the initial states of neutrons by us—it and u and the

B
s-é final states by n! and M' respectively, the_corresponding matrix element of
ﬁ-é of the perturbation energy becomss ndAhdﬂl
E_; R v
= MO < [ k) A ou AR WP o)
8 —=
A3 %é wﬁ%@iﬁ mq.xbbuiiJlﬂ Yl
o = where
_§ L )(- =) L(_L Ll) (L k)?
§—= > AT t@ﬂ Pl e
E Y) = i +-- == —
o3 T LkEd‘"ﬂ’%) B LE, ELL;JEO{EO)
= in (20) it
%—g- the summations \can be replaced by integrations and yreduces after some cal-
ﬁ_:é culations to lopr
= _TE K("?() Ak _5?"/51‘_ kwg‘(Y wk‘f d& X k(_& t‘*-'c)
AN
~ g bty ) .
= 3 24Y
g3 = %ﬂffrif ( = "2' (21)
g§—= "e
8=
5—
i<
N
8
8
&
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n This gives a \ _

where Ho™¢ is the Hankel fynction ogwfiﬁg order. For—Phus;—the ‘short range
i = 7

attractive o e
force between two neutrons, $he range being only half of that between the
neutron and the protén, as K has am asymptotic form

1KY

| J
r\/(\/) N g ?\:—E_}) {\\' OL}E?)J" (22)

for large r.
_forces betweeh.

Relative magnitude of thé 1ike and unlike particles is given by
| K(V)) G~ X . LR e
SR S A Lk
\ (V)] oS s ( )/ e ize)

which varies with distance, as follows*Qif we omit the constant g®/he.

KN .05 0.1 A0N0Lz5N WRCSoRNI CORM 125

}CP‘L\ ~

e 4 Hy (2ixn) 1.62 AepB. 0,76 ¢ 0o4s " g2 0.1
as in I

If we take K= 5x10%2cm™1, g?/hc becomes about 1/10, s%hat the like particle

X SN S !
force between thus obtained\gg?mSH%ébem%@e small by a factor 10 Jcompared

e L@,
with the unlike particle force. The ratio (23) becomes larger, if we take
s Wt
the rnge of forces "< smaller, so that it is not certain whether\we have to

introduce_peutral heavy quanta/in order to account for the approximate

equality assumed in the current theory. If such neutral quanta ever exist,
bV o ;‘?V_Vl"t "{)Q}iﬁ“"krﬁﬁvm-—
fbrcan not be detected easily, but may be usefud 1 directory responsible

fpr the neutro-electric effect discovered recently by Kikuchi, Husimil and

Such speculations on _ - COMAAR
Aokij} Diseussion-ef These subjects, hewever, is premature at present.

/" 10) Jahke-Emde, F;Li#kyizl nE‘r”i‘timr&, p.28632nd Ed,
11) Kilkuchi, Husimi and Aoki, Proc. Phys.-Mahth, Soc. Japan 18, 727, 1936,
_ and subsequent papers. L(ko&&;&MJ éwki /,Fb;d LT 03 W
M b’ g o DAL
: W"\\" A :\]AF \‘*,{A&M;;[%th
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§45. Collision of High Speed Heavy quanta with Atomic Nuclei,
If we assume that the hard component of the cosmic ray consists mainly

high energy )
S?Yﬁrﬂ?y quanta above considered, the problem of collision of them with atoms
or molecules becomes of primary 1mportance. Since each quantum?hasApositlve

or negative charge, it will be scattered by the orbltal electrons and the

just ;
atomic nuclei RS the electron and the proton, resulting In—+the olastie even-
the -
tually in excitation or ionization oantoms or molecules. _The energy loss by

radiation is far smaller than that by ionization, as the former is proportional
to the square of the scecific charge of the heavy quantum, which is about

200'8 of that of the electron.

Next, we consider the proces \Vane to the non-eleéfric'interaction of
quantum

the heavysp&r%tcie with the heavy particlef§, while we can neglect altogether
small

those due to the non-electric interaction with the light particles. Among
\B(y number of, Tme or
vardous processeg by whichheavy particles, heavy quanta or photonsigaarké}—
with the nuclets
b S ]
emitted after collision,¥two simplest caseé\éﬁ«ﬁﬁﬁhidered in detail, The

yvery higﬂ;
flﬁigqégféﬁé eiastlc scattering of the heavy quantum of'kinetie energy E,
ee

e neutron initially at rest. The cross section for this process can
be calculated in a@anner smilar to that for Compton scattering of the light
quantum by the free electronf., The differential cross section for that the

heavy quantum is scattered into the solid angle dﬂ, in the direction Sjp is
given by

?%V%Y N,r Mt )1_ B Ha&

/z,.M(_* %) (24)
L)
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for E\ 4& large compared with MNe , where Eﬁs the energy of the(ggzggﬁigﬁ quantum

10

20

30

40

after écatterlng and M is the mass of the \mo&r Integrating (24) with 1}9

3
respect to angles, we havegfor the total cross section &;pﬁ-V*L“L
2 - lﬂ@.J& pchitecs o ) end
hf "\- Ld z > = J
’ m ér - mwﬁwwf"‘:“
where 'E)" Eo/Mcz 4 fore the bracket on the in(25) is about
R S S oy contribution \to the absorptior

A twhigh energy quantevic P, Madee & Q5D S syt

2x}0™2°cm=, SSOthat the:pyeb&biiit Lthe erass~&ee%&an2of this procesébﬁorﬁhigh
e ds ne gible compared witiE that d e td} the elec‘bric interaction b=

) /2

100

110

tweon—the of it with matter. The cross section increases as E, decreases, but

m ) those for-
] isl (/negligible compared withlother processes,
= . ?—‘W;’D
Tgﬂ'second is pantinle+_aAgL_g_ngutnanr%ﬂ%ﬁr%ﬂnr

130

the absortion of;ihahh%§¥thu nt

140

by the nucleus with sabsequent emission of a me=trFen=eheavy particle, e. gfﬁgH£UL

aﬁzgéJJ&ngf Ao th M o St b«ﬂmwi
neutron. cross section tan be C&lﬂﬂiEEE&uln a manner smilar to that

150

g the photoelectric effect and comes out to be \%ﬁw
- e Coyectyr e Tk ok gzt
6 - (‘FK( )(—ML )(V)hlﬁ__-—:) ('EJ)L(‘,“‘ EJ) (l" -E;’()QE‘;)
il © E,

190

if we assume the energ?hof the heavy quantum to be small compared with Nc?,

200 180 170
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where v is the velocity of the heavy quantum and I is the energy necessary

for taking the neutron out of the nucleus.

Now, the facto béfegaﬁiﬂaﬂbracketvhas a valﬂgﬂmkq !

// (o)) — |
0,75 10~ %%cm® !

210

220

8 cm™, so=t and the remaining !
g_é factors Increases rapidly with as E, decreases, so that the cross section |
& = becomes fairly large for small E,, The coefficient of absorption .of the heavy

. quantum due to this process alone 1s given approximately by ygz g , where

S T=

]

8

8

g
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Z is the atomic number and N ﬁq the number of atoms per unit volume of the ?ﬁii
absorber, JThuss—we—the—e The absorption coefficien%fln Fb, for example,

is 0,02 em~t for E, of the order of 10%eV and 4 em™ for Ey, about ‘QTSV.

For still smaller values of Eo,:;‘is so large that the heavy quanta slowed

down by ionization will soon be absorbed into matter. The comparison of

\)M Qﬂc‘
these results with the experiment is dlfficulﬂn at present, but theyféeenea ﬁ;

5=east,
seen$jﬁr4f‘_ﬁfﬁaiﬁ ‘Eifh each other., £ with the electromagnetic fiel

the B§01nteraction70f the heavy quantya
In—this paper, the problems ofdizgig%gﬁegrﬁfi"h,
There are many problems whicﬁvas not dealviwith thés paper, such asZhi)

moment anoth roblem of
aﬁiiﬁﬁﬁgg/Will be important inFelation O<the spin and the magnetic moment of the

heavy quanta, which will in turn have a close connection with the anomalous

magnetic moment of the heavy particle, All these subjects will be considered

successively in subsequent papers. o #*m”“'“‘J;n )
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