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4 (On the Interaction of Elementary Particles. IV,

UL

By Hideki Yukawa, Shoichi Sakata, Minoru Kobayasi and Mitsuo Taketanl
% ((Read May 28, 1938)

2'4 (§1. Introduction and Summary,
The theory of the heavy quantum with charge, mass and spin satisfying
linear tensor equations of Dirac-Proca type was developed recently by several

8)s 4)s & :
e B8]0 ) ) and was successful in explaining the exchange

authors,
forces between the neutron and the proton, It was shown further that the
introduction of the neutral quantum was necessary in order to account for
approximate equality of the like particle and unlike barticle forces. In §2
of the present paper, we deal with this problem by assuming the same equations
for the neutral quanta as those for the charged quanta. It is assumed, more-
over, tiqat the interaction of the heavy particle with the former is the same
as that with the latter, except that the factor of the form a + bty ( or
oo .t'ﬁ ) appears in place of T ,+aT. (or T,~AT. ), where a and b are
1) Kemmer, Nature L@}_@ Proc s S50Cq, A ;ﬁ_@@ﬁ;;\)i Fréhlich,
Heitler and Kemmer, 1666 154, (1938%k

2) Bhabha, Nature 141(195- roc. Roye Soc. A

Al I'o. uﬁlifrg.-hath Soc. Japan m

3) Stueckelberg, Helv.
4) Yukawa, Sakata and Taketani,
This paper will be referred to as IIT,
5) Discussions of the scalar theory were made by Yukawa and Sakata, Proc,
(19375 which will be referred to as II;

Beck, Nature 141, 609; B33

Lamb_and Schiff, Phys. Rev, 53, 581 '
(1938 Stueckelberg, Helv, : ,(19552'{ Wentzel, Naturwilss. 26,2757
(193&& S
2°Y 2%
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complex numbers., Thus, the forces between like particles as well as the
ordinary forces between unlike particles can be deduced as second order effectse
By a suitable choice of the constants, these forces can take the same form as
those assumed in the current theorye.

As already mentioned in §7, III, the forces thus obtained are not strictly
central, so that the stationary states and the energy level scheme of the
nuclear'system become rather complicated. Even the deuteron problem cannot
easily bé solved owing to the coupling, for example, of 3S states with °®D,
states on the one hand and the appearance, in the potential, of terms propor-
tional to 1/r® andM( 1/r® at small distance on the other. It may well be true,
however, that the interaction betwee£ the neutron and the proton at a distance
small compared with 1/x differs essentially from that obtained as second order
effect in our theory, so that large significance cannot be attached to the de=-
tails of such calculations. (§3.)

In the first paper,s) the ?-disintegration was considered as the result
of exchange of a heavy quantum between the heavy and the light particles and
thus we obtained a theory, which was equivalent to the original theory of Fermi.
In the vectorial theory for the U-field, it 1s possible to construct a theory
of the Q—disintegration,-which leads to the distribution of the @-ray equi-
valent to a combination of those of Fermi and Konopinski-gpd/Uhlenbeck.  How-

ever, the quantization of the scheme including the interaction of K.-U. type

is possible only in the first approximation. (§4, §5.) DMNoreover, the Hé A

Na
6) Yukawa, Proc. Phys.-Math, Soc. Japan 17 48l[;95§} This paper will be

referred to as I, Y
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probability of the spontaneous annihilation of %heavy quantum with the positive
charge, for example, by emitting a positive electron and a neutrinog in this

of the heavy quantum M2
case 1s so large that the meankiife time and the mean free pat Sﬂfa/inuch too

short to be identified with the hard particle in the cosmic ray. Thus, only
the simplest expressions for the interaction between the heavy quantum and the
light particle as given by (25) and (26) in §4 of this paper seem to be con-
sistent with the experiment on the cosmic ray, but, in this case, it 1is dif-
ficult to account for the asymmetry in the distribution of the ss—ray. (§6)e

Next, the problem of the creation of the heavy quantum by the following
process is discussed in detail. A light quantum g¢ of energy larger than
myc® is absorbed by the neutron, for example, and a heavy quantum with the
negative charge is emitted subsequently, the neutron being transformed thereby
into the proton. The cross section of this process turns out to be far larger
than that of the creation of a pair of heavy quanta by a light quantum of
energy larger thafn 2mucg, so that it i1s possible that the hard component of
the cosmic ray observed on the sea level consists mainly of heavy quanta pro-
duced in the atmosphere from the soft component by the above process. The
probability of the absorption of heavy quanta by the inverse process is also
calculated. (§7, §8.)

Finally, the problem of the spin and the magnetic moment of the heavy

quantum is discussed. (§9.)
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3—5 ?,* ( §2¢ Linear Equations for the/fNeu)ﬁ;al Hea{vy Qhanta._ 2
= = 7 _ [} :
o = We introduce a six vecto_r_’? / and @ four vector 'a 2/{,0 for the
B = : / ; |I \ s
. = field, which is accompani’ed' by nEu ral hedvy qu :| 1ta, each of the gGerman
—= . /
—é_ qu tlty equ:l. alent to ne r" the U-field denoted by the
g—= |
= Now, we ass e as stem of equations of the form
= Mtgm o\w'?; + W, = = ATy L,
2
— -x =-
. 3 WG, 7 o W -0 'Htgp_ i
:E;- in the presence of the heavy particle, This corresponds to the system of
5—2 equations (36), (37) i%l for the U-field., The constants N, g1 and gz in
g—g (1), (2) are considered for s[fmpllclty to be the same as in the prev:.ous case,
QE although more genaral assumptions are not excluded., The four vector/mﬂ
. A
_ 3 and the six vectoxy? T on the right hand Ei.:l.d;2 of (l) (2) imm‘l/;! the
—g operators, which cause the transition of the heavy p&rticle between two neutron
- _§ states as well as that between two proton states. The simplest possible ex-
L‘Ei pressions for them are —5
. ?5%5
"1 W= \I/a(a-rjr’ta,)\l’ /,Bﬁ'l., P (a+ b ™~
8= / -
= : — 4
g_f/ A==y P £y (a_-d:r;)%« T =D ps3 (ar bT)P (2)
E—g corresponding to (38) and (39) in III, where a and b are complex numbers of
gé the order of 1.
o o The quantization of this field can be performed in a manner similar to KUA
- _‘2 that of the U-field and we find that the field is accompanied by neutral
—_i quanta with the mass m_ = Eg and the spin 1, obeying Bose statisties.
&3 &
g3 ’*‘*‘Z
5=
g —=
8=
5=
5
2 E
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The potential of forces between two heavy particles due to virtual emission

40

and absorption of neutral quanta can be determined as the second order effect

50

and turns Y out to be

e N 0 2 ™z T (D )
{g(acw fr/fr”faj“f’;))ar (A v al )T’ T )}

60

70

A, =

"l;, , 2 o <t
& :j >, { % ?2(-5 ll)"N?-)) cd (81)%&)(_‘@&} /?/ y (5)

-y

ﬁ% which involves the forces between two neutrons and f¥g B¢ between two protons

100

as well as those of Wigner and Bartlett types between the neutron and the

110

proton. In order that these forces are symmetric with respect to the neutron

120

\ and the proton, the condition

130

@b + ab = 0

shoud be fulfilled, which implies either a = O or b = 0 or b/a = ci, where c

140

is a real number. According to recent gresult of Kemmer®? a = O seems to be a

150

good choice, If we take a = O and b = 1/2, we obtain

}{.ll e u?r-c} {(3 (}L —‘Jtn‘)Ll) jL(O'U)%ULd)__#__,} b (6)

160

170

8 By adding this to Hyz as given by (59) in §7, III, we obtain the resultant
g potential
= TU)TlZ) 2. 2 "Hu 20) o2 )( d) eﬂm
) H;ﬁ)ﬂz:Z { {3 +ﬁ3,_0‘0“) ?LW—@LT(H
2 =1,2,3 '
Especially in S state, (7) reduces to
S
&) *)<ﬂ'
it = 5 i ‘a Vi 3‘””5@)} (6)
i

240

7) The present authors wish to express their thanks to Dr. Kemmer for sending
the manuscript of his paper to be published in Proc. Camb., Phil., Soc,
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in the first approximation. If we take
’ g1® = g®/8, g=* = 5g®/16, (9)
8 (8) becomes
o = KA
2 l. U) ‘.2) & 6

Bl a0, = § [ { (36 )1] (10)

S 12 9 lé}* L /

which has the same form as the expression obtained by Kemerwphenomenologically.

90

It is surprising that the results reached from two widely different starting

100

points agree with each other g so well, but we cannot take it too seriouslfy,

110

if we consider vargdious approximations in both calculations.

120
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130

( §3. The Deuteron Problem,

If we consider a system consisting of a neutron and a proton, the

140

Schrodinger equation for the relative motion takes the form

150

) {%A%-E—\/}kr(x,ka,z,s,,sl):o S
) with o
S /’Z/

2 D2 8“042) @22)(CPF B il ]
2 {? % j (’Ji ‘2))+CJ ( & ))(\.\. 4+ L) 12

190

where x, y, z are relative coordinates and 81, Sz are z-components of the

spins of two particles in units of 5/2 respectively. If we use the expressiong

‘ (7) for the potential V, we obtain
%) Kemmer, Nature 140 (1937 See f‘urther Heisenberg, Naturwiss. 25, 74Qy
195}\111%9, Ze1t . Pnys. 10 549y (1938} 7%
«—
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according as ﬁJ is symmetric (23S, *P, °D, ...) or antisymmetricYwith respect

Vi S

to coordinates and spins of two particles,

Now, the potentialg V are not commutative with the orbital angular
momentum ?)(ﬁ, but are commutative with the total angular momentum

(X% FO+. B (0" F%) kil

Thus, the coupling between two states with different azymuthal quantum numbers
is possible, while that with different inner quantum numbers is not. Further,
V is invariant with respect to the exchange of 75“33nﬂ.C}uﬁ so that singlet
and triplet states do not combine with each other, DMoreover, there is no
coupling between the symmetric ahd antisymmetric states.

In this way, we find that each of the singlet states 5@ s e AR

A
is&stationary state by itself, for which the potential is given by

(14)

==y
OJQfT&J: =

The situation is not so simple‘in the case of the triplet states. For

7.

example, 35S, combines with aDl, while %P, with none, etc. In the former case,
the inner quantum number j is 1 for both sets of states and the z-component j;
takes the values -1, O and +1 respectively in units of 4/2 for both states,
only those with the same j; combining with each other. The eigenfunctions

for °S and ®D; with Jz = -1, for instance, can be written in the form

\,L(!L) X“" 5., 2% ) | }
R r\)‘(fb)
o B \Eﬂ (6, ¢. T S")/

and (15)

260 —

20—

(=]
o0
o™




!l|||||||1]||||||r||]||||||||||l||||iu||||||||||urF||rnltlllllui||111i||uur|1||1|uiu1|||||IIIrr|lll||IIk!]lIlllllrIIllll[rllllllll||lll|IIil|llll|ll!rlllll|lll||1III[rrIIIIIIIII‘IIlIII|]||IIrII||'l|I|||i|I||l||||||||]||||||[|||||||||||||||T[J|||||||||||||||||||||||I]||||||1|||||||||||[||||||l]||]]||[r|[[lll||||!|||||r]||||||]||||||||1||||||[||‘|III||i|[‘|'rl||[||‘|||||||||||1||||||||||]||'||||[|||||||||

|n“|““l“lI‘““I“”l““llI“!““|I“'II“I|““|“II|““I”“|H“|““|””|““|““|““l““[““ |-n||u| Wi -I-.-.l.... “I““l””
(=]
Q

| R A A I
g =

|11|||..||||||.|.|||

| R |
S 8 € 8 8 & 8 8 8§ 8

210 —

=
pr=3
™~

240 —

=
[agd
o™~

2 & 8 € 8 8 8 8 8 g 2
o LIJlIIIl‘|J'I|Il!I|IItll!Illllllllllll‘li_llllllI‘Hlllllil‘IIIIlIIII‘JIII|IIIllJJJI|IIII|1L11|1III|IHI|llII|IIII|HII|IHI|II!I|!III‘IIII\EJJJ'IIIE‘UUIIIII|Illlll|II|IIII|IIII|IIII|IIIIIIIIIIIIII|IIII|IIIIl[]ll|III[llllllIIItllllllllllhﬂllllil\lI!!lllll‘tlll
- ©2022 YHAL, YITP, Kyoto University &
8 FERARFEEVEFLHAN BIIRTEENE 23
8 Senml=asn IR
where 4

40

A= A0 0A(82), o= { (5) B+ BlsA(sY Ky = POIAE.), (16)
X and (b denoting the elgenfunctions for spins in z and -2 dlreotlons respect-
=5

ively,) and . 47

T, = & (Y e ARV AR SVE &

T Eriehy s
Y1 = T M 0 €
Non = -1—4%_: 6 Cmu?
Now, we have to find the correct comblnatlon
\_Y & l_{,_}[é@x_l_{d lf’t') \]‘[_/-_ ' (18)
" which satisfies the equation (ll). By using the relations

‘..m >m))( X =1 _ (E’*U)gm) q-)-l o \1’—! y

tLg.pJ ‘)'%3-9_)1’ 8‘(‘)@__73 X = _9:31@_ D (19)
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- which can be obtained by elementary calculations, we find that the radial
= functions u(r) and v(r) should satisfy the simultaneous equations
L= 1. XA
S W AW \ . 2/2 B M3 INE e
™M ~ 4 (C] e C(] ) Vk* T‘y('"“kb e V=0,

2 z L 1 9 eﬁm (20)
%(%%'TV) {F h((a -ﬁ ) “‘“‘“‘51”3 (Ve v v

' wa(\“f—}‘—"f-‘—*")a S = O,
It can eas:.]ftJ be sho that these equa%ns have no solutions, which are

180

200

regular at r = O, because of terms involving the factor 1/r5.

210

&) Costruction of elgenmnctioﬁ}for any given values of i, s and j was
worked out,léf¥ for example, by Wigner, Gruppentheorie, Braunschweig,
[1951), Kap. XVII, 43
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This, however, is not a fundamental difficulty, since the interaction
potential derived as fourth order effect is larger than the abodve potential
V for » fmall compared with 14( , as already shown by Frohlich, Heitler and
\0

Kemmer“”so that we can say little of the form of the interaction potential

near ¥ r = 0, lMoreover, there are many reasons to believe that the whole

scheme of the theory in the present form is valid only for those regions with
linear dimensions larger than 1/ , as discussed by Heisenberg in reference
to the scalar theory.*®'") In any case, it is true that the divergence dif-
ficulty in our theory is more pronounced than in the quantum theory of the

electromagnetic field as developed by Heisenberg and Pauli,2)

fi ( §4. Interaction of the U-Field with the Light Particle.

In our (MgF theory, the process of gg-disintegration can be considered
as the result of the following double transition. Namely, the KZ#W heavy
quantum with the negative charge, which is emitted virtually when a heavy
particle jumps from a neutron to a proton state, can be absorbed by a light
particle, which in turn rises from a neutrino state of négative energy to an
electron state of positive energy. Thus an electrbn and an antineutrino are

emitted simultaneously. This idea was developed in §4, I in the scheme of

the scalar theory and lead to. the energy distribution of the p-ray, which
was essentially the same as that in the original theory of Fermi,13)

Now, in the theory of the vectorial field for the heavy quantum, the

o7 257
10) Frohlich, Heitler and Ke loc
&Helsenberg, Ann, d. Phys, 526;:§Eli%%82
12) Heisenberg and Pauli, Zeits Pnys, g8/ 5 (19293 59 (1930
\3§%Fenmi Zeits. f, Phys. _§Q:i:§§£iiij
: 24
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system of equations (36), (37) in §6, III, which are valid when the inter-
action of the heavy quantum with the heavy particle alone is considered,
should be modified by adding terms involving the wave functions for the light
particle on the right hand sides, when the interaction with the latter is

also taken 1nto account. Thus, it takes the fg¥ general form

—E umi&~xu_-4n3,\\4 AT ‘M’ }

dw & + 2% U= Mfa‘MnHFmg M &
-‘C—,E}UJE tWUo-fKF = meéqjuwcaT
UU]JLU “KG h..u_}-n(ca' S -sl-}..'l'(_g } (22)

where gy and gz have the same meanings as in IIT and g' is the constant with
the same dimension as gl,‘gg, but is far smaller in magnitude. ﬁ? Mg andlg

(T
been given by (38) and

% are the four vector and the six vector, which
(39) respectively in §6, III, If we denote the—fimst the first four (neutron)
components of wave functions for the heavy particle by Q§ and the remaining
four (proton) components by I s We can write alternatively
-3 N - i (
M ?Ecl’ M= 3 ?‘Q“-\}_) 23)
=2 N is®) (24)
@gﬁg@\lg | == "3 p0E
Sinilarly, #46 ABALIAHE SAEAARIONA 19 PAf\correanonting muantities 1A
— for
f__“’ =7 2 b=
M, = ‘P& M = ¢pod (25)
: ~ - =3 Al Ty
e LT AN
% _\1;%0‘4? T \k?lo*d‘b/ (26)
where xy denotes four electron components of the wave functions for the light

particle and ?5 four neutrino components. But, as will be clear later, this

assumption leads only to the energy disgdtribution of the fi—ray of Fermi type,
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as in §4, I, so that other expressions including the first derivatives of thei*
=

neutrino wave functions should also be taken into account, in order to obtain
asymmetric distribution of Konopinski-Uhlenbeck typei?) Hence, we start from
a more general assumption including the first derivatives of the wave functions

for the neutrino

Mb = \-\J{)h"- anm(_elgwdft,\s ~ ?"?F}ci)
W = {X? +L)\L{Lr(ﬁnla—’b %51,‘%“1) _L)\3ﬂng3?"“°\}f+} (27)

5= Hf« ¢,% “t-ﬂ N EATINE SYNESNE BN e
T's §Aped-tp G, v%’%awot)ﬂ/« A

where As ol /h.s are complex numbers of the order of magnitude 1,

The field equations (21) and gffg¥ their complex conjugate can be derived

from the Lagrangian

S“ - (29)
L, = 2o (FF-G& tUu.~8U) + & (SM-0,MeruM-y, ;)
* _‘Jyé (UMW=1,Ms + uﬁ@uﬁg ) (30)

=y 2
by considering F, G as functions of Uy, U defined by (22). The Lagrangian for

with

for the total system consisting of the U-field, the heavy and light particles

becomes thus

= SSS L A | (31)

.= P (e t*rd:caafwk fMe)
3 "l PMM"-)§ (32)

where /V\ is the mass of the neutrino,

14) Konopinski and Uhlenbeck, Phys. Rev., 48( 7 (1935
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-% Now, if we go over into the quantum theory by introducing the canonical
+—= WALK r .

= variables, we /are—metlwith serious difficulties of the same sort as those
“tg’ which were pointed out by Fierz 15) with reference to the ordinary K.-U, theory
S—E\ of the S&-decay. Thus, the quantization can be carried out consistently only
E—% as far as we consider gf g' very small and neglect all terms higher than the
%_é first order with respect to g', In this approximation, the terms involving
g;é time derivatives in (27) and (28) can be replaced by those involving space

_g derivatives alone by the help of the wave equations for the lifght particle,

so that the expressions containing )\,’ /\&3 become equivalent to those containing

110

P\z,, /Vto.. Thus, the most general expressions reduce to

M;L YA E e T 'j/m.c\‘ﬁ:
< ‘1’},, M@.fw\ E)P‘o* . 93W¢3¢} 55
g F 0 “t’{ scr““ WNaﬂ~—c elazxcydeb} (34)

where Tg: 7/7 _?A A/“’"é)&-o"\-/\«., 3 x 0(\.&&1]47’11

2
3 The variables canonicallfy conjugate to Uy, U ete., ‘J{ etce, ‘-}’ etece
o are defined by A
£ 1— ,t U\F"“' l —_— D"’_‘ ‘ 2 44
s \_) * =~ T Mx, Y, e TOLE T
= < L Ve i Tr. Xt y
% :mﬂ: 2T =D 2 O T (35)

190

Y= §, gleted, §s §roo

Hence, the Hamiltonian for the total system takes the form

oo

15) Fierz, Helv., Phys, 104 123, 284 (19327)
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In the ﬁtum theory, the canonical variables Uy, UJ etc., ‘I") \E;T etc.,

\r, etc. should satisfy the commutation relations

"t)u (A1) ~Ux O
umwu*wﬂ L
A

1

1 'C)Ui(}b t)= «.’ch(ﬂ?&/\ h

RO U (R, =0 (45)

":}3““’ @) FV Ay + TR (&)= d; é“— )

\y LfL't) i\))(';?’! t) + @\.})(EZ/ t) \E(L)(Z 'f) L
‘Jju)( t) \J{‘)’(“”ﬂ + %9)(?1 T) ‘i’"‘)(t, L

w‘(‘g‘

(46)
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= : el o

= A\ )) ’ = R \ <) : E ¢

E Y000 $ R + Y (TR )= § SR ) )
g:% 9. i) Gy L4 "U k{ ‘L
5 —3 yrt) PHETIt 9 oy 5 .- (47)
3 AR w“"ﬂw‘“ﬂ: v %-“*‘(.?,w S g

E e,
E‘? any other pair of varigables commuting with each other., From these commutation

relations and the Hamiltonian (37), we can derive all fundamental equations

80

for the heavy and light particles as well as for the;U-field.

90

100

‘.
% (§5. Theory of B -Disintegration,

110

According to the formulation made in the preceding sectlon, the jb-dis—

120

integration takes place in two ways. Firstly, a neutron in the nucleus can

130

change into a proton with the simultaneous transition of the light particle fY¢

from a neutrino state of negative energy to an electron state of positive

140

150

energy, owing to the term H??p in the Hamiltonian as given by (44), which

expresses the direct interaction between the heavy and light particles as in

160

the ordinary theory of -disintegration, If we write the eigenfunctions
g

170

r\//’ (each with four components) fop the neutron, proton, neutrino and electron by

180

umj?), v, (2), <?(?) and ‘ﬁ(?) respectively and the corresponding energiles

190

(each including the proper energy) by W., Wm, -E,~and E; respectively, the

energy condition becomes

Wi = Big = W+ Eg (48)

(the __mtm‘__e;emen b _for
andvthe corresponding gjﬁfﬁﬁgﬁﬁﬁ transition takes the form

HJ = ] ”fr 1 55 Mo( )Mo[)t)d ‘71%3— SSSS (E)SZE)AFL) (49)
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= s'(%) -gx\»sm,) U«eﬁz Lp;wceaxqp&dﬁc’?m(m)

where nonrelativistic approximation is made for the heavy particle, so that

70

each of the wave functions u,, v, has ghf) only two components.

80

Secondly, a neutron can change into a Y¢f proton, due to the term Ha_ as

90

A4 given by (41), with the virtual emission of a heavy quantum of negative

100

charge, which is absorbed subsequently by a neutrino of negative energy, due

I ||| i II‘IIII_I_I_I_l_‘_[_II_IJJI‘I“I‘!__I_L

to the term Hg' as given by (42), the latter changing thereby into an electron

of positive energy. [FHE/HALLLA/EYARELL/EBY/EUERR/ BEZONA/ BY AR [ EBY /KA BERRE///

The process can ¥ take place in reverse order by emitting and absorbing a

120 110

130

heavy quantum of positive energye. The matrix element for these second order

140

processes can be calculated according to the usual perturbation theory. It is

3
- more convenient, however, to adopt an alternative method used in I and III,
2 Namely, we consider the U-field of the form
~ o AW
g (R, t)= (XD e T"?

UYR, 1) = utk)e
with AW =W .- W

180

190

corresponding to the transition of the heavy particle from the neutron state

gté uw£?j with the energy W, to the proton state v“j§) with the energy W.. By a
E'jg procedure similar to that in §7, III, we can show that F/AxAd ﬁk?) and UV (3)
§—§[ should satisfy the second order equatians

ﬁ_g (A= w)UUL)“ lHta WS()L) /k .

(A= w™» Lt (L) L gpad M, C’t)
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HEAZERNBELHET BIRemEnNE oL X
R | e A
2 2 AW i - £
where o) =K—(-EE) and S and My are given by (50), These equations can be -
=X

integrated at once with the result
N - ,.w R o -3 — .
U(}LI):"'? o«m)l_ g\% < (/’Ll)o\h,_ j 3

U= e e ff S FRIAR:

where r = L?J_-'-I-?g\

(53)

On the other hand, Bhe wave equations for- the light particle, which are

derived from the Hamiltonian (37) and the commutation relations (47) are

L{EV— :{*C‘EC’;W‘tﬁmﬁbﬁ‘fT H’CF }

bﬁ(_o._it“_ '_c'h_(‘,af?/\.ﬂ-d Sﬁ/d\.cf }?*H"\l’ (54)
where ’t_i.(c e T fg_Mo)U\, S Ep G grad )
“éZ'JLU‘ +L)\2_§§)p 8 P, %ucoL) 5 4
* _%_,__QM,lua-wa;b)(fA (-‘-;(j‘-l./'\q,_-—f) X opud ) i

b Ml ‘et - (i — M. .Z)pnl +//\L~—-c~ X Wokj
is the term responsible for the emission of the negative electron, while H'!
with the similar form is responsible for the emission of the positive electron.
The required matrix element for the simultaneous transitions of the heavy and
1ight particles from the states u,(¥) and ?,f?) to vm(g) and ‘fs(;) respectively
due to the virtual emission and absorption of heavy- guanta can be obtained

by inserting (53) in (55). The reéult is
R = B, g ( )MDJL)MUL)OUI A%,
g %)&W\’Q‘\ ‘ (R )]] M (’L)”M' A, (56)
4,9" (. ony K (R) T/ AR, 4.
B aF SW\-_( ) W, 0%) T'Ch
where g2 }‘%‘SBO\UJ&_, WLQ‘{.L SUL;,))S U],,)ﬂULIG{RL

M) = Yo {n+ A OIpS ~Auie Pt I 3 o)
TR = Pl (i) uds pa e B x e i

=
o0
o™
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If we perform partial integrations by using the relation
e*-w’l. Fon ~wl
A( = N *'-'-‘H‘CO(U (58)

and add the result to (49), we obta:Ln the resultant matrix elem;ient
NI = SR AR e T
I'b

| 1> 4 2
+? j j 5 '_'ﬁ) JLT;(JL,)*I-—‘-\AMQ.MUL,) K’-?MW>{/I4)}"{Q| h
X

Now, the energy of disintegration AW is always small compared with m,c?,

(59)

so that ¢ is approximately equal to X . Hence, if we neglect the terms in-

volving -Lré—-- etc., which are smaller by a factor AW/m,c2® than the remaining

o > 8
terms, (59) reduces 800 a 5
X " K}LME( ) Me(70) AR, Aty
%Ca (60)

* ’H SRS (R ARA,
[4V4
where Mg, Mo', S, S' are given by (50)s Further, the wave numbers of the

N,_-_---"'e'nii't_fed electron and antineutrino are small compared with K , so that the

integration in (60) with respect to the light particle can be carried out by

XA
considering & - as -“5‘—5(!?4).163 In this approximation, (60) becomes

Hp = 4 S5 (R (Ta) Al + §= (1§ $e o0 4o (\rhu,.)u

s 2U,) A%
where _\—‘S.‘ SSSL\% ?33?"*)(1}1“““&«)&21‘3 SSS UET’“{J&P‘T‘) g (61)
n= o
g ﬂ%"';%ém— j"zkg';‘ l J (62)
T o
| e

16) Compare I, §4.
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The constants f's have the same dimension as g i? the original theory of
Fermi.>*") The terms in (65) ’involving f1 and g;[are the matrix elements of
FPermi type, whereas those involving f; and £?Sare of K.=-U, type.lia The
latter, however, differ from the matrix eléﬁbnts, which are in use in the
current theory, for example, by Hoyle,2®) in that only the space derivatives
appear in our case, while- the time derivatives are also included in the cur-
rent theory, However, the disappearance of the time derivatives in our theory
is an inevitable Aconsequence of the quantization of the wave field for the
light particle and probabfé)the same result will be obtained, if the quantiza-
tion will be carried out in the scheme of the current theory., DBesides this,
our formulation is more restricted than that of Hoyle in that the gquantities
such as pseudo-scalar and pseudo-vector are excluded from the beginning,
Hereafter, the calculation can be made on the same line as in the current
theory and the energy distribution function and the decay constant can be
determined without any difficulty. Especially, if we neglect the Coulomb
force between the nucleus and the electron, the probability per unit time that

the electron with the energy between E and E+dE is eﬁitted is given by

S L X

PydE = i‘f" — B [ Erwct (aW-E)Jow-e)- AR X
&

I 2

- o " % 0 3,2
({1~ %‘;—E)—}{fﬂwm‘w iy o .
+ SGUER ISP i ey U R 2401 55w R T} (10X

w-et L
HEHSEE U B89 [eudz [ A= 50 2, 421y)

rg) Fermi, loc. cit.
183) The appearance of the terms involving the spin of the heavy particle is
in accord with the generalization, in the the current theory,
4, made by Gamow and Teller, Phys. Rev, 294 895 (1936 :
18) Hoyle, Proc, Camb, Phil, Soc. 334 27 y(1937); Proc. Roy. Soc. A 166, 249;
(1938) 244 e L
d
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Especially, if we take )\,_=r\,_: O, 1.0 fa = fé = 0, we obtain pure =
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Fermi distribution, while, if we take )\\=/‘M= 0, i,060 f1 £1 = fg;= 0, we
obtain pure K.-U. distribution. In gerneral, the distribution function can be

expressed in the form

{A'&B(‘io D' C = —<§A*§ B*éc-)z(uhgjbx
em‘(io%)«/@;@“éz

if we measure the emergy in units of mc2, i,e,

S S g AW = ﬂowt(_L S = o
o i 3“’“{55“)@5)

A, B, C are quantities independent of the energies of the electron and the

(64) %

neutrino and ar:\e: defin:dlby s 5
A = o, | (VaraZl® ¢ acl | fum_:%wd’:h "
B b, || Vauwaal) r b S e e (68 &,
SNSRI VAR 4 [ SN FoFUnAx|
where a,, b1, ci, az, bz, cz are constants, which can be expressed by fi, fz,
f;’, f;, satisfying the conditions N
R glblx At glb‘/ b, ‘ o e E.
Ve 8bl 2 g (et 3th) | (57)@
1eam5hy| & 2 b (aa3h) ;

Detailed discussions of the subject will be made by Sakata and Tanikawa in

a subsequent paper.
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= »(§6. Spontaneous Annihilation of the Heavy Quanta. 2
g —
= In §8, III, the J¥ probability of annihilation of a heavy quantum with
m_—% the positive (or negative) charge by emitting a positive (or negative)
o=
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electron and a neutrino (or an antineutrino) was calculated on the assumption
that the interaction between the heavy quantum and the light particle could be
given by the simplest expressions such as (25) and (26) in §4 of this paper,

which, however, was found to result in Fermi distribution for .p-ray. In this
case, the mean 1life time of the heavy quantum at rest was about 0.5X 10 ~®sec,
assuming m = 100 m. This is in qualitative agreemnet with the value 2 X 107
sec obtained by Euler as the result of detailed analysis of the cosmic ray.2°7

It is £YZff a pity that there was #£¥ an error by a factor 2 in our calculation

J ﬁggand the correct value is to be 0,25X 10"°sec instead of 0.5X 10~°sec,?l) which

is a 1ittle too small compared with the value of Euler,

Under these circumstances, it is important to perform the calculation by
assuming more general form for the interaction as given in the previous sec-
tions, Thus, the probability per unit time of the annihilation of the heavy

quantum with the energy E turns out to be

i s IR RIWALE WY, S
W= - M MeC L) 4t A58 A L5 +3‘|/"\“ez e ‘ﬁ"\a\e} (

=

which reduces to (67) in §8, III multiplied by 2, if we ta%-. 2M, 20,

l\f"- Y
gi' = g=' = g', as it should be. The details of the calculatioéﬂwilf be des=
cribed in a paper by Sakata and Tanikawa,

44

4 ’

= _
20) Buler, Naturwiss, 264 389, (1938 p
21) The energy E in (62), §8, III should be m,c /2 instead of m c®, so that

(63) becomes
W, C L
AW, = —— AdL
b WSIW :
Thus, wo and w in III should be nultiplied by 2, while the mean life time
T = 1/w should be divided by 2.
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Especilally, in the case of pure Ke¢-U, interaction, i,e. /\\'—‘-/-'\,10, )\1,'—7“'-: I/
we obtain ,
i ™
MOC WM oy 2t b '
T PR Wal (M) Tl 3|All}, (69)

AwCe W
which shows that the mean 1life time T = 1/w of the heavy quantum is shorter

by a factor (m/m,)2® than that in the case of pure Fermi interaction, i.e.
A,‘-‘—fk\‘&\, )\G;“F—O, The numerical values of “C and the mean free path in these

cases are summarized in Table 1 for several values of the kinetic energy

u

E - m,c®, assuming g' = 4X 10"'”, m, = 200 m?2) (instead of 100 m) and ;z Oe
Table 1.

i : ——y——— QLT e S

TKinetic Energy 1 0 J 10¢€ Horo 1033 eV
] D I
Fermi |

T Sl s Tl | i oz
L5 X007 | 1JaRA0RS [CLeaXmoment. 1.5% 107 | . sec

‘Xf ‘Mean Life Time o . : oy 7

| L
Ke=Us"| 1le3X@o0-221| 1 3hGOSTS|1NesX 307 | 1.3 X102 sec

Mean Free Path
JKQ“U.

Thus, the mean free path is very much too short to account for the hard

I =l : i |
Fermi i 0,4 4 40 Tm
i..

4 40 | 400 cm

il I~ - —

cosmic rays as heavy quanta, as long as the interaction of them with the 1light

particles involves the terms of K,-U, type in appreciable amount.®3) In this
way, 1f we want to adopt the scheme containing the interaction of K.-U. type
in the theory of the U-field, we meetf with the abowe substantial difficulty
in addition to the formal difficulty connected with the quantization of the
light particle wave as discussed in §4. On the contrary, in the case of pure
Fermi interaction, there is no serious discrepancy between theory and experi-
ment with regard to the cosmic ray.phenomena, while it is impossible for the

time being to account for the asymmetry of the energy distribution of the

P =12 Ve / j.' s, O.J!/r 4_2g

)

22) Recent expetriments seem to indicate a/value for mM)nearer to 200 m than

to 100 m, / Compar enfest, C. R. 206, 4£84(1938); Williams Pickup,
Nature 141;7684,(1938; Corson and Brode, Phys. Rev.” 53 X(195 s

23) The authors wish to express their thanks to Prof, W, HeIsenberg, who called
our attention to the importance of this point,
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In this connection, a cloud chamber photograph obtained by Ehrenfest24) is

40

very 1ntefesting. According to him, a track of the heavy electron of positive

50

charge with the mass about about 200 m ends at the wall and from there starts

a positron track with H? = 1,6X 10° gauss.cm, i,e, with the energy about 100 mc=,

60

This is just the phenomena to happen, when the heavy quantum with the mass about

70

200 m slowed down in the wall annihilates into a positron and a neutrino each

80

with the energy about 100 mc®, MlMoreover, according to Blackett,aa) it is likely

90

that most of the hard particles in the cosmic ray transform into the soft parti=-

100

cles, when they are slowed down. This phenomengdon finds its natural explanation

in the above annihilation process, Further, it is possible that the neutrino or

110

the antineutrino accompanying this process forms a constituent of the extremely

120

penetrating component of the cosmic raye.

130

140

Wl
2 ( §7. Creation of the Heavy QuanbLﬂﬁa in Matter,
2t

150

As shown in {8, III and in the previous section, the life time of the heavy

160

quantum is very short, so that those quanta which are found in the cosmic ray

on the sea level should be the secondary created in the atmosphere. This con-

170

=
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e
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e
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clusion seems to be in accord with the recent experimental result,gs)at least,

180

qualitatively., In order to pdkF settle the matter, it is important to discuss

190

in detail the problem of the creation in matter of heavy quanta by the soft

200

- component of the cosmic ray. The probability of creation of a pair of heavy

210

quanta in the Coulomb field of the nucleus by a light quantum of energy larger

220

than 2muc2 is a little too small to account for the main part of the hard cosmic

ray. There is, however, another possibilityjl of the creation, Namely,

230

350

390

400

7
g l
= 5&) Ehrenfest, loc. cit. ///
= 25) Blackett, Proc. Roy. Soc. A 16 1)), (1939,
&= 26) Bowen, Milliken and Neher, Phys. Reve 524 60 (1937} 535 217, 855y (1938}
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a light quantum with the energy larger than muc2 is absorbed by the nucleus
and a heavy quantum with the negative (or positive) charge is emitted, the
nuclear charge being increased (or decreased) thereby by one. This can be
decomposed into following two processes. Consider a light quantum and a
neutron, for example, in the initial state A, The neutron can change into
a proton by emitting a heavy quantum with the negative charge (intermediate
tter /ﬂ*\
state Z)., Subsequently, the{ﬁgﬁj; dAfYH \absorbs the light quantum, so that

and a heavy quantum)
a préfaﬁfﬁémain in the final state B,

Alternatively, the light quantum is
annihilated by producing a pair of heavy quanta (intermediate state Z') and
subsequently the neutron changes into the proton by absorbing the heavy
quantum with the positive charge, so that a proton and a heavy quantum with
the negative charge remain again in the final state,

The calculation of the cross section of this process be=ygiyg according
to the vectorial theory for the U-field is rather complicated and will be __J/
made by Kobayasi in other place.a‘” In this paper, we.want to content our-
selves with the calculation based on the scalar U-field theory as developed

in T emdt TL,

Now, the matrix element for the above transition is given by

—-Z (AantznZIHaB)

AT tzz,
S (AVH| ) (72 lH \B) ' ('72‘(!)()
Z’ Es - By

where E,, Ey, By denote the energies of the states A, Z, Z' respectively

and the summations extend over all possible intermediate states Z and Z!

' v
2%6 Very recently, a paper by .Heitler (Proc. Roy. Soce. A 16 (1938)
dealing with the same subject came to our notice,
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respectively. Ha_ is the energy of interaction between the heavy quantum and

the heavy particle and is given by (14) in II, i.e.
\_"', -3 I
S 2 ol ~CRA Ayt B
Mo =-tnge 2 PR el e Hor v eFlgye ol

where (a:', 'QI) and (a,, by ) are the operators increasing and decreasing
respectively the number of the heavy quantyia with the momentum K¥dd Ak
and the #g energy Ege Q.* and @ are the operators changing the proton into
the neutron and vice versa respectively and @ is the usual Dirac matrix for
the heavy particle, He is the energy of interaction between the heavy and

light quanta and is given by (53) in the paper of Pauli and Weisskopf,?®)
Ao 2T /
He=¢ =7 o, k) X
= % Kk, VELEY ( e -y
m /
'\‘J% A %)\ (.Q"ka"tk'* b&b*f-_ﬂ-*%b,kf—-b&ok,k)e

i.e

where ny 1s the number of the light quanta with the momentum A‘ﬂzo s, the energy
—_ - » - _-’

E, = hcky and the polarization )\ (=1 o 2), e\ being the unit vector in
the direction of polarization, q:-and d) are the operators increasing and

decreasing ny by one respectively.

If we consider the system in a unit cube and perform the summations in

10 1 71 2
(#3) by inserting (¥2), (%),yfﬁ/ we obtain the matrix element for the transitior

from the state, in which there are a light quantum with the momentum/flfo and
a neutron at rest, to the state, in which there are a heavy quantum with the

momentum A¥ and a proton with the momentum Ak' = /’ﬁ(l?o - ﬁ),

> >
Hige = 2aug aiie) g \ 5 < PNCTR)
4 (Mc‘*—w~'\?_&f+ E.EE&“EM>(Z—(N°)@’“ %

E@f \/ Brx Eo

2%) Pauli and Weisskgfopf, Helv. Phys. 74798 (1934)
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where M is the mass of the heavy particle and W the energy of the proton.

Uo and)wlare constant spinors for the neutron and the proton respectively.

By taking the average of \f*ﬁb‘ with respect to the directions of polarization
of the light quantum and of the spin of the neutron and further by performing
the summation with respect to the directions of the spin of the proton, we

obtain

e S *: -——-——MC"-
e ) iy
2 AT s
E.kEo { E{g"“(E’-o"F‘k) E]
— =
where © 1s the angle beptween the vectors K, and K.

Now, the differential cross section f@¥ tUF LrPFEEE that a light quantum

\ Hag|™ = “1(32)«%&)

with the energy E, is absorbed by a neutron at rest and a heavy quantum is
emitted in a solid angle Af) making an angle P with the direction of FA#Y

incidence gf ¥¥g is given zz §
G D
T R g G vy
AW M) 50 d () (V)5
= (g )
Lcd S E ¥ (= - BT (84 U Jkof_mé)‘\“\!\/‘i‘llj /

where Ejp' is the eﬁééy of the*heavy quantum with the momentum hk' in the inter-

mediate state, k, E,, W and E g’ being functions of 6 .
_ 75
The total cross section CP can be obtained by integrating (%8&) over

all directions, Especially, when E, is the order of Mc®, it is given approxi-

mately by
Ak 2 2. By
P = Mg == T 3 (176)

whereas it becomes approximately

p= I G2) ‘ (3% (77)
/

M(,L~ Eo

20—

(=]
o
o™~




| I.... <.I.... e
[=]
el

(=]
us

=
0w

|||1|||F1!‘II||1lI|I|l|1l|llll|11ll|ll”|IlllIIIIl|lll||!l|I|IIIIII!II|II!I|IIII|IIII|IIII|II e ||un[1-.;|..||lu.. IRl
=

|
S

20—
50 —

=
o0
™

40—
20—

1} | 'l|||||‘[||ll|ll"| |1'|'|Ill‘||l'll|]|||1lll IIlIlIilllllllI|lll?l]lll|lllI|llil||lll|i||l
= o = = = 2 =} = = § E : % g g g g g

= J_.LLLL'.IIIL‘IIII|ll_I||||Hl!|IIiIJiI|IIIllliII|IIH!!III|I1E1‘IIII|IIII‘1III|IIII‘IIII|IIII|IEII|1III|IIIl‘IIIIlIIll|JlII|I[lI|IIII|!III|IIII\IIIIlllllllIII|IIII|Illli|lllll[_lll_l_lll|lIII|IHI‘!IIIIIIII|IIIIllIIIlHII|III[|IIIllllll‘lIII|IIII‘Illlllllllllllllllllllll

. o 54
= ©2022 YHAL, YITP, Kyoto University di B

85 REKFERYERHEG B RSEENE %
= e I

8— 1
-= when Eo is large compared with lMc2, Thus, the probability of creation of the

wtg heavy quantum by the above process decreases with the energy Eo of the light

o = when Eo, is large compared with myc=2,

“_;é quﬁﬁfﬁﬁ} “On the contrary, it increases with QZ Eo 1iIn the vectorial theory

S—EE for the U-field, as wlll be shown in another paper by Kobayasi. Moreover, in

E_% the latter theory, the cross sections for the higher order processes increaseg

more rapidly with the energy, so that we can expect, as emphasized by Heisenberg,

L N the vectorial
the explosion consisting of heavy quanta and heavy particles, althodgﬁ\ﬁif

theory in the present form can not be applied to the region, where the energies
of the particles concerned is large compared with muca.aﬁq)

The cross section q> as given by (gg) or (gg) refers to a single heavy
particle, so that the cross section of the nucleus with the mass number A is
A times the above value (gg) or (gés. Thus, for E, = Mc?® & 10%V, 49 is the

order of 107%“em®, so that A$¢ is about 2 X10-27cm? for Pb and 1.4X 10™2%cm?

for air M%ék:ég;;7.

= :

=83 @

§. ii On the other hand, the cross section’for the creation of pair of heavy
= " 3 quanta by a light quantum with the energy Eo () 2myc®) in the field of the
i_E_ig swritten down at once~

= ® nucleus with the atomic number Z can be’ gBfAiA€d oy changing the mass m into
s o = : g
§-§—§; m,, in the corresponding expression for the Bose electron calculated by Paulﬂg
= = =820

s g3 Weisskopf, i Thus, we obtain

= = TNl

= T B wC “Wye® q W, 29 \

;-ﬁ—é 230 Recently, these problems were discussed by Heitler (loc. cit.).,

= 3 %?%SPauli and Weisskopf, loc. cite. p. 729.
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For energy Eo = Mc?® = 10°%eV, (T,)' is the order of Z2 X 2x 10™°%cm?, which is
about 2X 10™2%cm® for Pb and 10~ °°cm® for air(’((%;fyffhus, the cross section
dﬁk for Eo = 10%eV is larger by a factor 10 for Pb than the corresponding
cross section(?’. This factor is still larger for air, Hence, main portion
of the hard cosmic rays observed on the sea level can be attributed to the

secondary heavy quanta created by the high energy 'Klrays by the former process.

It is also possible that a part of them are the heavy quanta and heavy particle%

which are created by the explosion above discussed,®)

Zr ( §8. Absorption ofHeavy Quanta in Matter.

In §5, II, we calculated the cross section for the scattering of the high
energy heavy quantum by the heavy particle and that for the absorption by the
nucleus with subsequent emission of a heavy particle #f according to the scalar
theory., It turned out that both of them were so small that they had little
contribution to the absorption of the heavy quantum in matter , as long as the
energy is large compared with myc®, Recently, Bhabha®2’ showed that the crossg
section for the former process increases rapidly with the energy large compared

] 2 ' ) Howeﬂg{,‘
with Mc™ according to the vectorial theory, b ‘it is probable that the theory
1s not applicable to such a high energy region without serious modification, I¥
so that it is difficult for the time being to draw definite conclusion about the

absorption and energy loss of the eavy quanta,

_ f~indicate9 e
31) Recent experiments Fhgy LULLC the ﬁéﬁénce of the large shower

consisting of'y
(“EEJE;;Eing particles. See, for example, Schmeize Naturwiss, ggi | BCr Ay

(lQSﬂ, Sc izer and Bothe, ibid. 25¢ 669, 833 19375 Maier-Leibnitz, ibid.
264 21 \(1933, Auger, Maze and Grifet-Neyer, C., R, 2064 172 2 (1938)

a, Proc, Roy. Soc. loc. cit,
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Besides these pgrocesses, the heavy quantum can be absorbed by the heavy
particle with subsequent emission of a light quantum as the process inverse to
that considered in §7. In the case of the scalar theory, the calculation of
the cross section can be performed in like manner., Thus, the total cuess

Teukyoy
cross section of a probten, for example, for the heavy quantum with the positive

NS A4 o
charge and the enebgy of the order of Mc2 = 10%eV is about

@e) 2 R4
b= gn F 9) (3R)
-F e 5, in% (19 =

MaC”
For £ E&_large compared with McZ, CF decreases as 1/Ep. This cross section
is also very small and can not have appreciable contribution to the absorption
of the high energy heavy quantum., For example, if we consider this process
alone, the mean free path of the quantum with the negative charge and energy
about 10°eV in Pb is the order of 2 X10%cm, The corresponding calculation

in the case of the vectorial theory will be made in other place by Kobayasi,ss)

%ﬁ (§9. Sp;n and Magnetic Moment of the Heavy Quantum,

As shown in §3, III, it is reasonable to consider that the spin of the
heavy quantum is 1 inasmuch as it has the extra degree of freedom characterized
by the suffix j, which can take either of three values., On the other hand,
the spin can be defined as a part of the moment of momentum, whipeh 7¢ does
not contain space coordinates explicitly, according to Proca.®%, Durandin and
Erschow, however, showed that thils lead to the value O for the spin.35) lore

[
unambiguous waygf of defining the spin is to construct an infinitesimal operator
274 ;

33) See also Heitlper, loc./ézzj,///f—\
(1955y(

34) Proca, Jour. d. Phys. 2(:§§§x
35) Durandin and Erschow, Phys, Zeits. d. Sowj.
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for the rotation of the U-field in space. This can be done by a method simi;;r
to that of Heisenberg and Pauli for the electromagnetic field.ﬁasJ
| Consider the infinitesimal rotation

i = AS = € Sk Ak , S o mas S iﬁelbzﬂ, (bar)(éﬂo)
where x . #—=-35-25) are space coordinatesf/ and ¢ is a small parameter,

symbol for the
TheYsunmation with respect to k =352, 3} in fﬁﬁj is omitted as usual. The
%0)
vector ¥ U is transformed thereby

Wy =2 Wi £ sen i~ ‘L%U o Six Ay a1

These expressions show that the total angular momentum for the heavy quantum

-_’
M, which is a constant of motion, consists of the orbital angular momentum

4
m = -inh(® X grad)
and the spin angular momentum g with the components
0 00 DO S o= gf 040
= 2 = = ) (Y 2
oA 0 ~-¢ 0 o 0 O DHY
each of which has eigenvalues 1, O, -1, In this sense, the heavy quantum can
be said to have the spin 1,
Now, if we go over into the gquantized field, the law of transformation

is given by

L. = Uge + Mf“‘(/\lJ~-LJ A) ) (9)
W) A o %

DL Y +*
N = (%‘,kU@“‘ Tg*gvkxk) UJ ;

with

R ()
e

36) Heisenberg and Pauli, loc. cite
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which shows that the orbital angular momentum is given by L=

M =~ {§ (Ul (Rxqud) U v oomp. ogydar, 8) (55)

while the spin angular momentum is given by

= = a8 gl

These expressions can be expressed by normal coordinates according to

the general method of §3, III, When there are heavy quanta moving in the x

direction with the wave number k, the z~component, for example, of the spin

takes the form
2l iu) :
£ (o Yk )(87)
for example, ,

Qa
where Q,&) and Oﬁf are the operators which decreasife the numbers of quanta

(g7)
circularly polarized in xy-plane with the positive charges Thus, (8&) involves

()b*(?) b/ﬁ)ff\i) (:.) u-))

only those Yoperators which increase or decrease the number of guanta by two,
so that there is £ no term corresponding to the static spin. The results are
quite similar for s, and s}. This rather queer consequence has its origin in

the commutation relations for the U-field corresponding to Bose statistiecs

instead of Fermi.,

In §4, III, it was shown that the heavy quantum had the magnetic moment
e

M, L
moment can be defined in general by the expression

in non—relativistic'approximation.a7) According to Proca, the magnetic

Lo
,}2: 4ﬂuxi$YLQx§)d“'- () (8D

It is easy to express (M) by normal coordinates according to the method of

87) See also Proca, Jour., d., Phys. 9 x (1938

L
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§3, III,- Namely, when there are Wy heavy quanta with the wave number k 15
moving in x direction, the z-componefnt of the resultant magnetic moment can Mg

be written in the form

ﬂ./M.z.. Smdc (-..Q’E”QJ: e Cl{f Afe — b& )‘D,k 4 \0;1 )b}{f; )(80})
X 2
3 C'\iu k’)““ &"A%;L )bZLzJ+ (/\EJ bil“ & E_:? "’:-. &

On the other hand, when the heavy quanta are moving in the z direction, we

obtain

() % )| @)
M= &5 & (—agBd + afa g — b b v i b

j s
, + C\E"bt”_ C\%}‘??}*C\!ﬂ] bﬁ’-—a}f b{?}) (9.&—)(90)

where ko = Jk’a + K5, Thus, the magnetic moment in the direction o:E‘I motion

is smaller by a factor 75 than that perpendicular to the direction of
- 3

motion, which takes always the normal value eﬁ/muc. <

/ ((f Recocved AW 2, 1238
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