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ABSTRACT.

The oross-gections for the meson-electron collision for different values of spin of meson
are investigated from quantum electrodynamics. In the first article the Hamiltonian
containing the interaction of meson with the electromagnetic field is given, and in the
second article the matrix elements of the interaction between meson and electron for
different polarisations of meson are calculated. The cross-sections are then evaluated in
the third article and in the fourth article the bearing of the results on the spin of the

meson is discussed.
INTRODUOTION.

The cascade showers observed under a great thickness of matter are known
to be soft secondaries produced by the meson component of cosmic radiation.
It was first suggested by Bhabha (1938a) that these showers are produced
in ordinary cascade process by the electrons which are knocked out of the
atoms by the incident meson. The interaction between the two charged
particles, which is involved in the calculation of the collision cross-section for
this knock-on process, was first successfully worked out by Mgller (1932)
from the scheme of quantum mechanics by a correspondence method. He
calculated the interaction between two electrons and found out the corre-
sponding collision cross-section. In Mgller’s theory one first constructs the
retarded potentials which are produced by the charge and current densities
due to the transition of the first electron and these potentials are then considered
to act as a perturbation on the second electron causing its transition. The
retarded potentials are determined from the time dependent Poisson’s equa-
tions as is usually the practice in classical electrodynamics. The connection
between Mdller’s retardation or correspondence method and that of quantum
electrodynamics was first shown by Fermi and Bethe (1932), who had been
able to deduce Mgller’s interaction from the latter method. The collision
cross-section for the knock-on process could be easily taken over from Méller’s
work of the scattering of electron by electron if we assumed the meson to be
possessed of spin half. This was done by Bhabha. But if the meson obeys
Bose-statistics and has spin one, the corresponding calculation of collision
cross-section becomes complicated, for then the three states of polarisations
of meson have to be properly taken into account in considering its interaction
with the electron. Recently, however, Massey and Corben (1939) have worked
out the collision cross-section of a meson of spin one with the electron following
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closely the correspondence method of M¢ller. The calculation runs exactly
parallel to that of Mdller because, as shown by them, the matrix elements
of the interaction energy of the meson with the electron can be expressed in
the same form as that between the two electrons in Mdller’s theory. This
can be easily seen by expressing the interaction Hamiltonian between the
meson of spin one and the electromagnetic field in terms of the charge and
current densities of the meson, taking thereby the scalar and vector potentials
of the ficld to be produced by the charge and current densities due to the
electron transition. Now the effect of retardation in Mgller’s theory is, in
fact, responsible for the relativity correction to the denominator of the in-
teraction matrix making it an invariant to Lorentz transformation. The
retardation is therefore already included in the interaction Hamiltonian in
quantum electrodynamics, which gives rise to mutual emission and absorption
of photons between the charged particles. It may, therefore, be of some
interest to work out the interaction between a meson and an electron and
their collision cross-section directly from quantum electrodynamies. This
treatment will obviously present a clearer picture of the interaction process
and also simplify the calculations. As there has been some confusion in
recent years about the values of the spin of meson, we have in the following
articles caleulated the interaction energies and the collision cross-section of
the meson of spins zero, half and one with the electron and the nature of the
variation of these cross-sections are shown explicitly in the accompanying
figures. A discussion on the results obtained together with their bearing on
the spin of the meson will be found in the last article.

§L. Interaction energy of meson with radiation field.

We shall first write down the Hamiltonian containing the interaction of
meson with the electromagnetic field. This has been given by various authors
(Kemmer, 1938; Frohlich, Heitler and Kemmer, 1938; Bhabha, 19385 ; Yukawa,
Sakata and Taketani, 1938; Kobayasi and Okayama, 1939; Frohlich, Heitler
and Kahn, 1940) and we shall follow in the present article the notations used
by Heitler. If A and ¥ are the electromagnetic vector and scalar potentials
and ¢ and ¢ are vectors representing the wave functions of the transverse and
longitudinal mesons respectively, then we can express the interaction terms
in the Hamiltonian in the following way :—

i [ o (& ) . [ .4 4]

—conjugate terms}dxr*, . .. (1)

H = —

H2 = -——%J{V ()u/: + ¢, PF— o .[';* )—conjugate terms}d'r @

* h denotes the Planck’s constant divided by 2.
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We have neglected thereby the terms proportional to 42. We now expand

the wave functions of the meson into plane waves and quantise their ampli-
tudes by the Pauli-Weisskopf (1934) method and obtain

2 .
#$ = iho J— a,—b;) je'™ "
2 7. (3=b)

. 27 » k i(k, r)
g = MGZ'\/E:/‘ (4,—B;) P
%

¢ = cZ\/2nEk (ak+b,'c)jei(k’ "
%

@)

. R k ;
b= c> /2B, (4,+B}) 7 ¢* "
k

Here k is the wave vector in the direction of motion and j is the unit vector
in the direction of polarisation of transverse mesons. The operators a, a’,
A, A°, etc., were introduced by Pauli-Weisskopf and have the following
meanings:

a; increases the number of transverse positive meson by one,

-

b, " " » ,, transverse negative meson ,, ,,
* 0 - . .

A, " » " ,» longitudinal positive meson ,, ,,
* . . .

B, ”» » ’ ,» longitudinal negative meson ,, ,,

Similarly, the operators a, b, 4, B without asterisk decrease the corresponding
number of mesons by one. Further we have

S Mec
B, = hc /2422, /\=—7'— .. .. .. @
where M denotes the mass of the meson. The wave vector k is connected
with the momentum p of the meson in a different way for positive and negative

mesons.
For positive meson : D = chk,

For negative meson: p= —chk .. .. .. (8)
For the light quantum the corresponding relation is
xk=hv =chq . e . .. (6)

where q is the wave vector of the photon. The introduction of wave vector
instead of the momentum, as will be seen later, ensures the symmetry between
the positive and negative mesons.

We can as usual eliminate the longitudinal part of the electromagnetic
field and replace the scalar potential by Coulomb interaction. A then re-
presents the transverse part of the vector potential only and can be expanded
as a Fourier series

a=3 [Ee 0 gt ooy
q
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where e, is a unit vector in the direction of polarisation of the wave vector q.
C,, and C; are operators which signify
C:l increases the number of photons by one,

C’q decreases , ' v » 5 e

Now inserting the values of A, 4, @, etc., as given by (7) and (3), in (1) and
(2) we obtain

5 (k—K +9)+C 5 (k—k'—q) 1
ZZ\/E’JLHM €5 (k=K +a)+C75 ( 0!

k2 | /K koo — ..
x [—‘% %( (ek) + 1 (ek )) (A4, + BB, —B,A}—A,B,)

+ (([i'k).[ie]) + ([ik].[i'e])) (a'z-";.-""bzbk‘—b;ra;"—”'x-.bk')%

. B . © g
+ 3;"7(‘% (E K (e})— k—l ([3k).[ek'])) (A} —b; B, )

— (E, k(&) + -7 hk][ek’ )) (4 B, —h.A%)

— (Byk (ei)— ?k—" (1'KITek)) (Aza} —Bibe )

—(Ek:k<ei')+%([i'k’l[ek]))(Akb;..f—BI.a}r)}] L (®

P * *
= z z P F~~ [ Lk { (Ez-+Ex-'\) (,AkAlc'—BkBk')
box By _
+ (By—Ey) (Bydy—A:By))
1) (Bt By (o) —Dyby) + (Bi— By (bial —ayby)

—i . Mhe {(k’ ) (=( /\2"'5-(”‘2)(‘4knk,+3kbk,)

+ (1= T (Biai+4,04))

(k] EEy x .

T ((1 + Newt 2)(akA 0By
EkEk‘ LR

—(1 . /\21552) (bx:Ax-""akBk'))}] @

Ve = f yek-¥ g, .. .. .o (10)

where
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If we assume a pure Coulomb potential between the meson and electron then
this reduces to
4are

o = w e

The interaction H? gives rise to various transitions involving light quanta.
In this paper we shall, however, be interested only in the matrix elements
of HY for the transitions in which a photon is emitted or absorbed by the
meson. The interaction H2 causes transitions in the electrostatic field between
the meson and the electron.

(11)

§2.  Total matrix element of the interaction between the meson and the eleciron,

The total matrix element for the transition from the initial state 4, in
which the meson and electron have wave vectors k and k,, to the final state
F with the wave vectors K’ and k_ consists of two parts. The first part is
the matrix element of the Coulomb interaction between the particles which
causes direct transition to the final state. The second part is the matrix
element of the interaction of the particles with the radiation field and the
transition from initial to final states takes place through an intermediate state,
We have thus '

‘ H H
H,p=Hypt > 53 12
" A4 ”n
where the summation has to be taken over all the intermediate states » which
we shall denote by I, IT and also over all directions of polarisation of the
quantum (. ’
We consider the following sets of transitions:

Initial meson longitudinal, final meson longitudinal.

1. A longitudinal meson (positive or negative) with wave vector k
emits a photon with wave vector g and goes over to the longitudinal state
with wave vector k'. The law of conservation of momentum gives

™.

for positive meson: k' = k—q (13)
for negative meson : k' =k+q )
We obtain the corresponding matrix element from (8)
1 ekEc? 2n  (k P ]
H, = _T\/EE’hcq(k; (ek’)+ a (ek) o (14)

The photon g is then absorbed by the electron with wave vector k,
(momentum p,) which goes over the state k (momentum p)). We have

from the conservation of momentum

-k =p,—P, = —(P—P) . . .. {15)
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ie. for positive meson: —q = +(k,~k)) = —(k—k') .
for negative meson: —q = (k,—k)) = (k—k’) (16)
The corresponding matrix element is as usual given by
H,, = —eJ?Lm (W (@e)w) .. .. .. (1)
q

where u and »' are the amplitudes of Dirac’s wave functions of electron for
the initial and final states and the vector a is Dirac’s matrix.

2. The electron first emits a photon q' which is then absorbed by the
meson K. This is the second intermediate state II. From conservation of
momentum we have .
K =p~p ' =—k; 4 =—q.. .. .. (18)

The matrix clements are the same as case 1.

3. The transition from the initial to the final state 4— F may also take
place directly in the mutual field of the particles due to interaction H?2 without
involving any emission or absorption. We get from (9)

2 _ 2meZhic? E+4E' (kk')

*
HAF =y ViE B (w*'u) . .o (19)
The energy differences E 4—E, are
E,~E,=E—~E—~«, E,~E,,=E —FE —« .. .. (20)
whereas the conservation of energy gives
E—E = —(E,—E)=¢ .. .. .. (2D
The total matrix element (12) thus becomes
. 2nethic? [E+4+E' he
long-long _ , *’ ’
Ry = T [ ) @+ 5 (kew)
+k (en) } (u*'(ae)u)] .o (22)

where n and n’ are the unit vectors in direction of the wave vector of the
meson in the initial and final states and given by

k , _ K

n=%, n=?

(23)
We shall now have to sum over both directions of polarisation of the photon.
Let e; and e be two unit vectors in the direction of polarisation. Then if
A and B be any two vectors, we have
kA)(kB
> (e)(eB) = (AB)— Lk_z)(—) L )

¢18y
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Applying this to (22) we obtain finally

n, on, 2 2 ? -
plona-tong _ (:ze_{le:) i [((E+E")(an’)(u""u)

—he{(bn'+k'D) . (u’aw)}] .. .. (26)

Initial meson transverse, final meson transverse.

1. A transverse meson (positive or negative) with wave vector k emits
a photon with wave vector ¢ and goes over to the transverse state k. The
matrix element is
= =T [ ik ren+ 1K) i) (26)
AI 2 EEI . 4
The photon q is then absorbed by the electron k, which changes to k'
and so
2mhc

Hip = —e ~ (u"'(oe8)u) .. .. o1

2. The electron k, first emits a photon g which is then absorbed by the
transverse meson k.

The matrix elements are the same as in (1).

3. The transition A—>F takes place directly due to Coulomb interaction.
The matrix element is
2ne?h?c? E+ B’

X2 \/ VAo

The total matrix element (12) thus becomes

pftrevs-trans _ 27Te2i222 [E'{'E’
VEE | «®

Hyp = ) (") .. . .. (27

(3 )(u""u) )

FE@). D)0 o) | 29)
If we now sum over the directions of polarisation of the photon, we obtain

rans-trans 2 2 ., .,
TR = (::_hez ) VEE [(E+E") (i) (u" u)

—he(k{[in)i" ]+ &/ ([I'n 3]) . (" o)) .. .. (29)

Initial meson longitudinal, final meson transverse.

1. A longitudinal meson (positive or negative) with wave vector k
emits a photon with wave vector ¢ and transforms into a transverse meson
with wave vector k'. The matrix element is

1ehe 2m 21yt
B, == [ pwen-E g en] o
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The photon q is then absorbed by the electron k, which thereby goes
to the state k), whence we have

H,,,=—eJ2l’£f(u"(ae)u) o ooan

2. The electron k, first emits a photon q which is then absorbed by the
longitudinal meson k.

The matrix elements are the same as 1.

3. The transition 4 — F takes place directly due to Coulomb interaction,
and so we have

" 12me2he 1 .
", = ;Kz i (22 + EE)@i)(w''w) .. .. (31)

The total matrix element (12) becomes

12meZhe [(Iﬂc?h?-{-EE’)

Hlnux-tmm — il
WEE
¥ s (e~ B ) e | (32)

= (0§ (u")

On summing over the polarisations of the photon we get

long-trans __ " 12meZhc __l_
H T At —e?) )V EE (k22224 EE')(nj')(u"u)
—he (E'ky +EE' [[i'M'] . 1) . (w”an)] .. (33)

Instial meson transverse, final meson longitudinal.

The total matrix element in this case is the same as when the initial
meson longitudinal, final meson transverse with the roles of the dashed and
undashed quantities interchanged.

We therefore obtain

12me2he

traus-loug __
H )\(Kz—-ez) \/

) (0'1) (" u)
—~he (EX'§+ E'k[[jn] .n') . (w"au)] .. (34)

It is to be noted that in the interaction matrix elements (25), (29), (33)
and (34) the denominators are invariant as they form the sum of the squares
of the four vectors of energy and momentum. Since the numerators are also
invariant, being the product of four vectors forming the charge and current
of meson and electron, the complete interaction matrix element is invariant.
For the sake of comparison we now give the corresponding interaction
matrices for the interaction of meson of spins zero and half with the electron.

The Hamiltonian for the interaction of meson of spin zero with the electro-
magnetic field has been given by Pauli-Weisskopf (1934).
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h202 27)‘ *
Hi= _°¢ 2T _§C 3(k—k’ "3(k—k'—q))
2 ZZ?J&W‘ SETEFOFCAE)

X ((ek)+ (ek')) (4,4, + BB, —B A, —~A,B,) . .. (35)
H? 1 Vi [( ) . »
. —==[(E,+E,)(4,4, —B.B,)
P L\ T % vk
+(B,—E ) (B A, —4,B)] .. .. (36)
Working out us before we obtain the total matrix element
2
_ 2methic: {E+E ) (u"u)—=hc(kn'+k'n) . (u*on)) (37)

T (x¥—e?) \/EE'
The total matrix element of the interaction between the meson of spin half
and the electron can be at once obtained from Méller’s result. It is given by
(Heitler, 1936)

2
H__4wehr

(Kz_ [( m m)(” ’”) ( 120 @ m) ("'.lal”’)l . .. (38)

where the suffix m refers to the meson.

§3. Calculation of the collision cross-sections.

We consider the collision between meson-clectron in a co-ordinate systom
L in which the meson is moving with velocity » along the z-axis and the
electron is initially at rest. There is no loss of generality in doing this since
any other case can be obtained from this by a Lorentz transformation. The
differential cross-section for the scattering of mesons through an angle 8 and
#4-df about its initial direction of motion is given by

\HE A, .
d¢=mp2m2wsmﬁd0 .. c .. (-’;9)

H is the interaction matrix which has been alrcady given in the last

section. EF is the total energy in the final state. Since the differential

cross-section (39) is an invariant for a Lorentz transformation if we pass from
system L to another system L in which the meson and the electron are moving
in opposite directions along the z-axis with equal momentum, we shall, for
copvenience, calculate the differential cross-section in the system L* for the
scattering of meson through an angle 6° and 6'+d6". In the subsequent
discussions suffix e refers to the quantities for the electron and the dash refers
to the quantities after the collision. Further from now on we shall express
all the expressions in terms of the momentum P and it can be easily seen
that the final results shall be still valid both for positive and negative mesons.
Since in the system L° the momenta of the meson and the electron are also
equal and opposite after the collision we have the following relations for that
system :—

D= —0,0 = D", | D | =| 0| = Mctar/yP—1 .. (40)

€
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and

E.=E =Mcay' ; E=E" = szi”_:'; . .. 41

Further @ is connected with §° by the formula

tanB—ltang .. .. . .. (42)
Y 2
where
. y+a B 1 m
2 g Me2 / 2 M
(224 2ay+1) 1— %
m being the mass of the electron.
The differential cross-section in the system L* is thus
| 2 '2
d¢* = 5 | H® |2 sin 6*d6" . .. (44)

2mhict ( E E )

Now in order to obtain the result which is of physical interest we shall
have to average over initial, and sum over the final, spins of the electron and
polarisations of the meson in (44). For the electron this summation and
averaging is well known. For the case of meson we have actually to sum
over two independent polarisations of scattered meson and average over the
three polarisations of the incident meson. If we denote this operation by a
bar, the following relations are obtained

(772 = 5 (1 cosf?), @2 = @T° = 3 sinef,
YNNI ET I XY 1 * e - FENCTIV Y INET TN 1. *
@i"YmNE') = — 3 cos 0" sin20", (nj’)2(nj)2 = 3 sin4f .. (45)

Then after some calculation we get

|H°I(mg-l(\ng [2 w2edftct
6p 4(1 —cos § )2 '2E”

[4E % cos%0" (p cos 8

+oiMEt +E:2) +8p™E.E" cos 8°(1+cos 0*) +4p*“( 1+cos 0')] , .. (46)

wletfytct 1
6p 4(1 —cos 8 )2 *ZE'.2 [4E (p cos 8"

I H'trnns trans I?

+aM%* +E:2) (1 +coszﬂ') +8p'2E'E: (14cos 0*)2

+2p{4(1+oos 07) L 500 (1—cos 67)}], .. .. (4D)
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I H-long-trans |2 =| H'crans-loug 12

_ mtethtch 1 » .
 6p i (1—cos 6 ) E°E [M ’ (1"'1;12 4) (17 cos 0"+ o Mc* + %) sin20
2E*2p"4 E*2pt4 -

+ ngl (1—cos 8%)3+4 szi‘,‘i (3 —cos 0%) sin26*

+4(1+M2 4)E' P2 sin® ] L 48
With the substitution of these values in (44) the differential cross-section
finally reduces to
4 = 1164 sin §*d6* ZE"
(1 —cos 87)2 (E +E)

M2c4 2 \2 P02 M2t
. 0* in2g”
p2 (1+M2c4> {l+coe,~ 8 4 e }sm 0

202 M2c4
08 6" - Zotp]z ¢ } (142 cos28")

+

4B E, . . .
+ —= e —=2 (14cos 8 ){1+2 cos 8 +(l+ e 4)(1 —cos § )}
* 2 * E‘z )
+ {6+ (1—cos 07)2} (L+cos 0 )+M264 {2(1—~cos 6*)2
+(83—cos 8*)(1+4cos 8%) } (1 —cos 9')] .. .. .. .. (49

Similarly, the collision cross-section between meson-electron for meson of
spin zero can be calculated. We have thus
wet sin 6°d6* 1 2E*2 202 M2t
? (I—COS 0&)2 (E-+Et)2[ (1+c + p‘Z )

¢’ =

5~ (1+c0s8") +2(14-cos 0')] .. (50)

The differential cross-section for the meson-electron collision when the
meson has spin half is given by

net  sin 8°d0” 1

L 1 20:
¢’ = 5 (l—cosﬂ) (E+E’)2|: +c0s20°)
EE E'E
M2 (140®) 4 4E°E } cos 0* + —ot (l+ ——,?')
P
+2Mc (22 M2 — B2 — 2E*z):l R 73 )

The cross-section is most conveniently expressed in terms of the fraction of
the initial kinetic energy of the meson that has been transferred to electron
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on collision. If & be the ratio of the kinetic energy of the knocked.on electron
to the initial kinetic energy of the colliding meson in the system L, then
E;—-mc2 Sa (g o .
Ewm—?( —cos 6%) - .. .. (52)
sinee

E = aMc{y2—(y2=1) cos 6'} , E = yMcz .. .. (B3)

Here g, is the maximum fraction of energy which can be taken up by the
knocked-on electron and is given by

_ 2a{y+1)
=T a24-20y+1 - (54)
Emax tends to unity for sufticiently large v, however large M may be.
LN
.\\
\\\
N
AN
o8t AN
NN
Fao) |

o6+

Oht

ot

i L 1 1
. 05
0 01 02 03 ok £

Fra.l. y = 102, g, = 0°505. -
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The cross-section for the production of secondary electron of kinetic
energy € and £+de by the meson of the total energy E thus reduces to

e2 \*? ay? de
— ] ————— F(e, .. .. (65

)(y—l)(yz—l;ez (& ) (65)
where we have—

(i) for meson of spin one

F1(5,7)=1_72—1_6+m(272+1)(y—1)8+( 1 "S) (y—1)(y2—1) e

|

2 e, 6y? y+1 ? 3
—1)8
+°‘(gy2 Pes . 58
(ii) for meson of spin zero
Foe, )= 1121 € 2lr=1) (57)
s ’)/2 EmT 2‘)/2 P “ <
(iii) for meson of spin half
) . Y=le I(@=12 .
F (5) 'y) =1 ‘yz gn Q y2 g2 ‘e .. (58)
15
Fd.8)
10
Flag)
o5
F*(v,g)
Fo.e)
L i
0 05 1

—¢
Fia. 2. y= 103, g, = 0-91.
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4,0

Fao

Fa,0
0 5 1

Fi16.3. y = 104, g, = 0-99.

1

§4. Discussion.

An inspection of the equations (56), (57) and (58) shows that the effect
of the spin i practically negligible for small energies of the meson. But
when the energy of the meson is very large compared with its rest energy,
i.e. y>1, the contribution due to the spin begins to be important. We have
for y>1

2 2
Fl(e,y)~1—-§+%+°i§f(1—-:~+52-) e (59)
Fofe,y) ~1— = . (60)
Fe,y) ~ 1—~:-+%s2 O (.1 3

5B
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We thus notice that in this region of high energy FO(c,y) against ¢ is a

straight line decreasing from 1 to 0, whereas Fi(e, ¥) against ¢ is a parabola with

vertex at <1- éslz-’ ,;i) decreasing in value throughout the range e = 0 to

€ =¢,. But ase,Z1 the vertex of the parabola cannot be reached. The
behaviour of Fl(g, y) is rather complicated. It follows at once from (59) that the

effect of the spin one becomes considerable when %‘:>1, i.e. when the energy

loss eE>6x 1010 e.v. The curve of Fl(c,y) against ¢ has the form of a cubic
parabola and first rises for small € as proportional to €; then the term proportional

25+

Differential cross-section for spin one

¥Fia. 4. The ordinate =

Differential cross-section for spin zero



214 S. GUPTA & R. C. MAJUMDAR: ON THE COLLISION

to €2 begins to compete with it resulting in a change in the slope of the Fl(e, y)
curve until finally near e, the terms proportional to ¢ and &2 practically
cancel one another and the curve behaves as ~ye8 due to the last term. The
behaviour of F(y, ) against & as given by (56), (57) and (58) is shown in figures
1-3. 1Itis to be noticed that the characteristic rise of F1(g, y) with the incident
energy of the meson above an energy loss of 6 X 1010 e.v. is remarkable and is due
to the transition of the meson from its transverse to the longitudinal state
or vice versa during the meson-electron collision. The ratio of the scattering
cross-sections of meson of spins one and zero, and spins one and half have
been drawn in figures 4 and 5 against the fraction of the energy taken up by

zo b
Y
151
10 +
5 —
. =4
/""""‘Z,Oz//
1 1 i i . 1
0 0-2 [ 06 08 »£ 1

Differential cross-section for spin one

F16.5. Theo to Differential cross-section for spin half’
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the secondary electron, i.e. e for different meson energies. We find from
figure 4 that there is a sudden enormous increase in the scattering ratio at
g~g,, which is 0-505 for y = 102, 0-91 for y = 103 and 099 for y = 104,

.},2 —
.),2

oo £ - 1 .
This is due to the factor 1— — or more rigorously 1— €, Which occurs

in the denominator of the ratio of the cross-section. The corresponding
scattering ratio for meson of spin one and half increases for an energy loss
mhle
ek >6x1010e.v. as 3y
the increase of the energy loss of the penetrating component of cosmic radia-
tion with the energy for energies greater than 1010 e.v.—a fact which had been
observed by Blackett (1937) and could not be reconciled with the ionisation
loss calculated from Bloch’s formula. This favours the meson of having a

This large energy transfer is perhaps responsible for

spin one. Further evidence for attributing spin one to meson may be furnished
by the observation on cosmic ray bursts produced by the penetrating compo-
nent in different materials. The bursts are produced in cascade process by
the high energy electrons knocked on by the mesons as discussed above and
the frequency-size distribution of bursts as well as its dependence on different
materials seem to support that the meson has spin one (Oppenheimer, 1939;
Oppenheimer, Snyder and Serber, 1940; Bhabha, Carmichael and Chou,
1939: Lovell, 1939). But a quantitative analysis of the theory of bursts and
its comparison with the experiments of Schein and Gill {1939) on the frequency-
size distribution of bursts, which have been recently made by Christy and
Kusaka (1941), favour spin zero or possibly half and tend to exclude spin
one for the meson. The theoretical calculations of Christy and Kusaka
contain, however, some amount of uncertainty which require careful consi-
deration before any conclusion can be reached. As for example a pure Coulomb
interaction between meson and electron has been assumed in the deduction
of collision cross-section for the knock-on process, But the closest distance
of approach in collision for an energy loss €& is of the order of

e2 me2 3
137 (%z) (35)

and thus when the energy acquired by the knock-on electron exceeds
1010 e.v, this becomes of the order of the dimension of the electron and the
deviation from the Coulomb field is to be taken into account. Further the
Cascade theory of showers and the form of the fluctuations as assumed by
Christy and Kusaka require revision. The contribution to the bursts from the
low energy electrons should also be properly taken into consideration. We
shall discuss this elsewhere in a separate paper. ’
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