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IT was shown by Bhabha (1939) that the scattering of neutral mesons due
to the mesic charge of the heavy particles (g, interaction) as given by the
quantum theory has a complete correspondence with the scattering of mesons
as given by the classical theory. The classical scattering is the analogue
of the Thomson formula as recently extended by Dirac, remaining approxi-
mately constant up to meson energies comparable with the rest energy of the
heavy particles, after which it decreases due to the effects of radiation re-
action. The quantum cross-section like the Klein-Nishina formula also
decreases with increasing energy due to the appearance of quantum effects,
and the introduction of radiation reaction into the quantum theory would
decrease it still more for high energies. On the other hand, the scattering of
charged mesons on the usual theory differs completely from the classical
and quantum mechanical scattering of neutral mesons, first in being
larger by a factor (M/w)2, M and p being respectively the neutron and meson
masses, and secondly in having an entirely different dependence on energy.
The scattering of charged mesons due to the g, interaction alone was pro-
portional to p*/E?, p being the momentum and E the energy of the meson.
It was shown in the paper quoted above that this difference in the scattering
of neutral and charged mesons is entirely due to the fact that whereas a
positive meson can only be absorbed by a neutron and emitted by a proton,
a neutral meson may be absorbed or emitted by either a neutron or a proton.
To avoid this difference, Bhabha put forward the idea that the heavy
particles might exist in states of all integral charge, positive and negative
with different rest energies, of which only the two of lowest rest energy,
namely the proton and neutron, occur normally in nature. This assumption
puts the scattering of charged mesons due to the g, interaction on the same
footing as the scattering of neutral mesons, and establishes correspondence
with the classical theory. (Cf. Heitler, 1940.)

It is our purpose in this paper to investigate the modifications which
the above idea of allowing the heavy particles to exist in states of all integral
charge introduces in the scattering of charged mesons by the mesic dipole
of the heavy particles (g, interaction). The dipole interaction leads even in
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10 H. J. Bhabha and B. S. Madhava Rao

the classical theory to a scattering of mesons which increases with energy
as p*/E? in the region of low energies in which the effects of radiation reaction
are negligible, and this coupled with the fact that only total scattering cross-
sections have been compared, has concealed the very considerable difference
in the dependence on scattering angle and polarisation of the meson which
exists between the scattering on the classical theory and the usual quantum
theory. It will be shown in this paper that if the heavy particles be allowed
to exist in states of all integral charge, then complete correspondence is
established in the scattering due to the g, interaction as given by the classical
and quantum theories, both in its dependence on the scattering angle and
on the directions of polarisation of the incident and scattered meson. This
complete correspondence seems to us on the one hand to add further support
to the correctness of the assumption that the heavy particles can exist in
states of all integral charge, and on the other to the correctness as far as
scattering phenomena are concerned of a classical theory of the spin even
when applied to a particle with a spin /2 (with the exception of a constant
numerical factor which will be discussed in detail in the last section). On
the other hand the hypothesis put forward by Heitler (1940) of allowing
the heavy particles to exist in states of higher spin possesses no corres-
pondence with any classical theory. Moreover the need for it has disappeared
since a complete classical theory as put forward for a Maxwell field by
Bhabha (1940, a), and Bhabha and Corben* and for a meson field by
Bhabha* (1940, ¢) has shown that the effect of radiation reaction is
ultimately to make the scattering due to the spin diminish as E-?
instead of increasing as EZ2.

Quantum Mechanical Scattering

We will first consider the scattering of charged mesons due to the g,
interaction on the basis of the assumption that the heavy particles can exist
in states of all integral charge positive and negative with different rest masses
(Bhabha, 1940, b). Neglect the mass difference between a proton and a neutron,
and in the notation of the above paper let AM, and AM_;, denote the mass
excesses of protons of charge 2e and — e respectively over that of an ordi-
nary proton. Since we are interested in investigating the effect of the above
assumption on the scattering by the spin, we put g;=0. For the same
reason we will put M= oo as has been done in the classical calculations.
This is equivalent to treating the heavy particles as fixed in space. The
correction due to the motion of the heavy particles is of the order (u/M)?

* Proc, Roy. Soc. (A), in print.
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The Scatteving of Charged Mesons 11

for the case of low momenta p <€ Mc to which we restrict ourselves, and is
hence negligible.

In this paper we adopt the notation used by Bhabha (1938) in the
formulation of meson theory. p denotes the momentum of a meson, and
E=ca/u? -+ p, its energy. e, €5, and €3, are three mutually perpendi-
cular unit vectors, €;, being in the direction p. As usual a, 8 denote the four
Dirac matrices, and we define a,,, ass, 035 as in the above paper by

a, = (a, €15) 1'
typ = (@, €34) r (1
a3p = (@, €35) = (a, p)/p J
Since the mass of the heavy particles is treated as infinite, we may proceed
as in the usual non-relativistic approximation and replace products of two
a’s, by the Pauli matrices oy, oy, oy, thus

0r 07 — 0, 2

In this approximation 8= — 1 and terms containing an odd number of
a’s are negligible. Using (1) and (2)

(03p 01p) = i(0, €3p) = ioy, }
= . 3)
(asp ay) = — i(o, €1p) = U]

The interaction of mesons with the heavy particles is given by o in the
paper mentioned above (formula 58 a). 7yp and 7py are there the operators
which convert a proton into a neutron and vice versa. On the basis of the
new idea, we have to replace these as in the previous paper (Bhabha, 1940, b)
by 7. and =, which respectively decrease and increase the charge of the
heavy particles by one unit. Putting g; = 0, and remembering (3), the inter-
action of mesons with the heavy particles in the non-relativistic approxima-
tion of this paper is then

. ; -5 (. %)
L [{Uzp (@1 — b1p) — 015 (@s— bzzﬁ)} el

- {Uw (@ = 751p) = i (azg & _bzp)} - ji = X)] @

As usual g;=g,puc/h. Here V is the volume of some very large box in
which the wave functions are assumed to be periodic and at the end of the
calculation V is made to tend to infinity. a;, and a;, are the operators
which give the creation and annihilation of positive mesons of momentum
p polarised in the direction €, ,, and 3,, and by, are the corresponding operators
for negative mesons. X represents the co-ordinates of the heavy particles.
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1.2 H. J. Bhabha and B. S. Madhava Rao

Now consider the scattering of a negative meson of momentum p by
a proton. The momentum of the scattered meson will be denoted by p’.
Denote the angle between p and p’ by 6. It can be shown as usual that
the differential cross-section dQ for the scattering of the meson into the
solid angle df2 is given by

7 2
d — 4E2 V2 Z(ZI«QO"’H) (n’l]jolj:)»\dg 5

Q m Ei = m “ ( )
where i, m and f denote the initial, intermediate, and final states of the whole
system, E; and E,, being the total energies of the initial and intermediate
states of the whole system. There are four intermediate states m by which
the process takes place.

r N + [N] + [P] ]
U +P-+U" P L[P,] J
U~ 4P, +U"~+[N] +[P,]
PEIN] P
The square brackets denote a virtual neutron and a proton of charge 2e
in their negative energy states. For the four intermediate states, (E;,— E,,)
is respectively E, (— 2M — E), (— E— AMc?), and (—2M — AMc?+ E),
where for brevity we write AM in place of AM,. Since Mis taken as
infinite, the second and fourth intermediate states give no scattering and

the scattering comes only from the first and third intermediate states. On
the old theory there would be no intermediate state like the third.

U~ +P +[N] +[P,] > | — U~ +P’ 4-[N] +[P;] (6)

Take the vectors ey, €,,s to lie in the p, p° plane. Then €;,= €;, are
perpendicular to this plane. There are four cases to be considered depend-
ing on the polarisation of the incident and scattered meson. The case in
which the meson is initially polarised in the direction e, the scattered
meson being polarised in the direction e,y we denote schematically by
(2p)— (2p’). The other three cases are (2p)— (1p"), (1p)—(2p") and
(Ip)—(1p’). We notice at once that the interaction (4) does not involve
longitudinally polarised mesons, i.e., those polarised along e;,. These are
therefore not scattered at all by the spin of the heavy particles in the non-
relativistic approximation.

Denote the two possible spin states of the heavy particles by
‘ 1
a= (o)
0
an= (1)
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The Scattering of Charged Mesons 13

First consider the case (2p)— (2p’). For the transition vig the first
intermediate state in (6) we get, using (4)

3 ] | ',2 = —
(L[ﬂol’ﬁ)—‘(nﬂjo.f): g2 Z’H(afo'lp’am)(amalpai)'

7] Em m=1

The summation over the two spin orientations of the intermediate state
can be carried out at once, and gives the unit matrix 1, thus

2 (E/UI?' (Im) (Em O1p az-) = ((lfa’lpl 1 O1p a,‘) — (afO'lp’ O1p ai),
m= T, 1k

whence
(llﬂolm)(mljo[]:) g's® : 2 (afclp’olp&)'

E_F, TORY it B (&)
The transition via the third intermediate state similarly gives

Gl Mgl f) 8,° P . (aroip01p a) 9)
E =} 2EV ulc2 —FE -~ AM® (

Thus, substituting (8) and (9) into (5), the differential cross-section for the
transition (2 p)— (2 p’) is

ny =82 P | @rogopa) _ (arop 0y @) |°
dQ {(2p) -~ (2p")} = | e ET AMc: | 992 (10
The summation over the two final spin states of the heavy particle and the

averaging over the two initial spin states can be carried out as usual and
we get

1z z I -
L ey E + AMc?

B2 —

G1p G154 G147 O 014’ 014 O14 O14 T14’ G154 014"
=1 Spur [_IZLJ,LJP__IL? +(ép+12ﬁ7;%')2'2 Iﬁ%*ﬁlf_gl\gé%]

(11)

S1p' T1p O1p’ J1p

1 1
= [E tEFAME P EE g AM@)’]
It can easily be shown that if k and 1 be any two vectors
Spur (ok) (ol) (ck) (ol) =4 (k1)2— 2k2[2 (12)
Applying this formula to the spur in (11) and remembering that €1, and e,

lie in the same direction we get

M ol ot T e -
9QCA—~>Co) =5 K| 5o + o maem ~ BT A2 139
Now AMc? lies between 15 and 20 M.e.V. (¢f. Heitler, 1940), while E must
be greater than u c?== 85 M.e.V., the rest energy of a meson. Hence AMc?/E
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14 H. J. Bhabha and B. S. Madhava Rao

is less than or of the order 1/5. To a rough approximation we may
expand (13 @) in powers of (AMc?/E) and get

4Q (2~ oy =g B {(BFE) -2 (BFS) +- - - Jae w3y

Now consider the transition (2 p)—>(1p’). The cross-section for this
is just got by replacing o,, in formule (10) and (11) by o,y Using (12)
and remembering that e, and e, are perpendicular, we get

sEgT 1 e
dQ (Cr—~> (P =8 | g + E 4 AM02)2 TEET AMcz)]dQ G
o AMe? AMe
$4g24}l7*’c4E2{1 iF ) + 3 ) 7

Next consider the transition (1 p)— (2p’). We have now to replace
oy in (10) and (11) by oy Since €,, and €, are perpendicular, we get as
before

. }dsz (14 b)

p4 1 2
4Q (1p)~ @0 =2 [ 5 + T aneys + EET e 20

Finally for the transition (1 p)— (1 p’) we have to replace o,, and oy,
in (10) and (11) by o,, and 0,5, respectively. Using (12) and remembering
that €y, €, both lie in the p p’ plane and that the angle between them is
in consequence the scattering angle 6, so that Spur (oy, 05y 09 09y) =
4 cos? 6— 2 we get

1 2 cos 26
dQ {(lp)—~(1p)t =g’y P 04 [Ez (E+ AMc??  E(E+ AMc?)

A}l;/lcff)

]d!) (16 a)

= 4g’'y! i (E—z sin? 6 {1 —

+(AM0) (1 +4cosecz 9) = .}dg (16 b)

Adding (13), (14), (15), and (16), and dividing by 2 we find that the differen-
tial cross-section for the scattering of a meson through an angle 0, averaged
over the two directions of transverse polarisation of the incident meson is

D 1 1 sin2? 0
dQ = 2¢4 i [hz TE L AMee BT AMcz)] i

The total cross-section is then

i g'24p4 1 1 2 1
N e [ + ETAMS: TIEE T AMCZ)} os

1= (3F) +(EY -}
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The Scatteving of Charged Mesons I5

To get the scattering of neutral mesons we remember that when a
neutral meson is emitted or absorbed, a proton remains a proton and a neu-
tron a neutron. The calculation is exactly the same, and the cross-sections
for the scattering of neutral mesons in the four cases considered above are
given by formule (13) to (16) if we put AMc2= 0 in them. Thus the total
scattering cross-section for neutral mesons is got by putting AMc2=0 in
(18) and is : :

’ 4 4
Q (neutral) — &7 AT (19)

As stated before, the scattering process on the old theory of charged
mesons took place via the first intermediate state in (6) only. Hence, on
the old theory the second term in (10) would be absent. As a result, the
last two terms in (11) would drop out, and the scattering cross-section for
each of the four cases considered above would be just

dQ (old theory) = 222" 4g (20)
y #4 C4 E2 o

Classical Scattering

The general classical theory of the scattering of mesons by spinning
particles taking radiation reaction into account has been given by Bhabha
in a recent paper* (1940, ¢). For low energies the effects of radiation reaction
are negligible, and it is only in this region that the classical and quantum
theories can be compared. In this paper, therefore, we will neglect the
terms expressing the effects of radiation reaction in the formul® given in
the paper mentioned. We will follow the notation of this paper except for
one minor alteration.

In the classical theory neither u nor % appear separately, but only in the
combination X = uc/h. As in A, we consider the scattering of a meson wave
of frequency cw, with a magnetic force H perpendicular to the direction of
propagation.

As before, the heavy particle which does the scattering is taken as
fixed (M = =o) and its spin is represented by a unit vector M. The angular
momentum of the spin is denoted by I. The magneto-mesic force acting on
the spin due to the incident meson wave can be written in the form

H — H, cos cwy ¢ (21)

* Proc. Roy. Soc. (A), in print—referred to here as A,
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16 H. ]J. Bhabha and B. S. Madhava Rao

where H, is a constant. The average rate of flow of energy in the incident
wave is then :

(22)

The scattering will be calculated for small oscillations of the dipole, and
corresponding to (21) we write

M= M,-+ M, sin cw, ¢ (23)

where M, is the initial direction of the dipole, My2= 1, and M, is a direc-
tion perpendicular to M, that is (M, M;)= 0. Denote the angle* between
M, and H, by #. (23) is the expression to which the oscillation of the dipole
given in A reduces if radiation reaction be neglected. Then as shown in A,

_ & H,sing
M| — - (24)

and M, lies in the direction [M, X H,], so that (M, H,)= 0.

The potentials at a large distance r due to a vibration of the dipole
given by (23) are

Uy =0 )

2 2
U — £ X% o B cos fewg £ r yiog =08 } 25)

Put the dipole at the origin of co-ordinates and take the z-axis along
the direction of the incident meson wave. This is the direction of the vector
p of the last section. Choose the y-axis so that the direction r lies in the
y-z plane and as in the last section denote the angle which r makes with the
z-axis by 6. The direction r is the direction of the scattered wave p’ of the
last section.

(25) shows that the potential U is perpendicular to r, so that the scattered
wave is always transverse. Further, a longitudinally polarised wave has no
magneto-mesic force H, so that no scattering of longitudinally polarised waves
by the dipole takes place. We have then only to calculate the dependence
of the scattering on the two transverse directions of polarisation of the
incident and scattered waves.

First consider the case (2p)— (2p’). Here the potential of the incident
wave is along the y-axis, so that H, must lie along the negative x-axis. Then

* This angle was called @ in A, but since § has been used to denote the scattering angle in
this paper, we have changed its symbol to qS
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The Scattering of Charged Mesons 17

since M, is perpendicular to H,, it lies in the y-z plane, and hence [r X M]
in (25) is perpendicular to the y-z plane. Thus the scattered wave has no
component polarised along the direction e,,, and hence

dQ{(2p) > (2p')} =0 (26)
When H, lies along the x-axis, therefore, [r x M;] lies along the x-axis, and
hence the scattered wave is polarised in the direction €,,. The average rate
of energy transfer corresponding to the potentials (25) of a wave polarized
in the direction e perpendicular to 7 is
1 2)312
e
Denoting the angle betweenr and M; by 6,, using (24) and dividing by the

rate of energy transfer (22) of the incident wave, we get the differential
cross-section for the case (2 p)— (1 p’)

(e, [r x My])2 27

dQ’ {2p) — (1p) — 82 Lo — XD s g sine 9, do. 28)

2
Denote by 6, the angle between r and M, The relations between the

various directions are shown in Fig. 1. We shall have to make repeated use
of the well-known theorem that if ABC be a spherical triangle, then

Eie. 1
Cos AB— Cos AC. Cos BC+ Sin A C. Sin BC-Cos ACB. 29)

A
Now since » H, and M; H, are right angles, the angle M; H, r is equal to the
angle M, r, i.e., ;. Since M; M, is also a right angle, M, is the pole of
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18 H. J. Bhabha and B. S. Madhava Rao

the great circle M, H, and hence the angle M, PAIO M, is a right angle. Thus
the angle -M, II—\I0 ris g + 6,. Now applying the equation (29) to the
triangle M, H,, r it follows at once that

cos 0,=cos M, r=sin M, H, sin H, r cos M, ﬁo r= — sin ¢ sin 6,.
Thus (28) simplifies to

4 2 LoD

4Q' {(2p) > (1p)) =52 20, %" cog2 6, do (304)
0

Averaging over all initial directions of the dipole replaces cos? 6, by 1/3,

so that

aQ @p) - (1} = 355 o1 ao (300)

€2 wy
Next consider an incident wave polarised along e, so that H, now lies
along the y-axis. M; must now lie in the x-z plane. Denote the angles
made by M, and M, with the x-axis by i, and ¢, respectively, and the angle
between M, and the z-axis by n,. The angles are represented in Fig. 2. Now

Fig. 2
since y M; and M, M, are right angles, angle y 10[1 M, = the angle y M, = ¢,
and hence the angle M, ]C/I1 X is % — ¢.  Applying the identity (29) to the
triangle M, M; x it follows that
Cos ¢y = cos M, x = sin My M, -sin M;x. cos M, 1011 X=sin ¢, -sin ¢ (€20)]

THFFEN' Color Control Patches




The Scattering of Charged Mesons 19

Applying the same identity to the triangle M, z M, it follows that
A
oS 1y = €0s My z= sin z M;-sin M; M-cos z M; My= — cos i, -sin é. (32)

Now consider the transition (1 p)— (2p’). The component of the
vector potential (25) in ‘the direction e, is

(egpr - Tr X My]) = (M; - [egy X r)) =|r| - My,

M, being the x component of Mj, since e,;, and r both lie in the y-z plane.
This is just » |[M,| cos ;, and hence, using (22) and (27) and remember-
ing (24), the differential cross-section for the case (1p) - (2p’) can be
deduced as before to be

4Q ((1p) > o)y =55 @2 X sin® gcost gy e

22
g (3%;' X)* cos? 5 d2 (33 a)

in view of (32). Averaging over the initial orientations of the dipole, i.e.,
over cos?n,, we get

aQ {(ip) > @) =3 5 @2 a0 (33 )

cz

Finally consider the case (1p)— (1p’). The component of [rx M;]
in the direction €, = €, 18

(€15 - [rx M) =(r - [MyX €4]) =r | M;] sin ¢, sin 6.

Hence, by a calculation similar to the one in the previous case we find

4 2 i oND
4Q’ {(1p) —~ (1) =53 @0, K) sine 0 sin? ¢ sin® y, d@2
0

c

which, by (31) reduces to

dQ’ {(1p)— (1p")} = 82 oo 002 »;)—2 sin? 0 cos? i, dQ2 (34 a)
@y

Averaging over all initial directions of the dipole replaces cos? i, by 1/3,
so that finally

4Q ((1p)~ (1p')) = 355 =% sin® 6.4 (34 b)

Summing over the final directions of polarisation of the scattered wave
and averaging over the two transverse polarisations of the initial wave, i.e.,
adding (26), (30 b), (33 b) and (34 b), and dividing by 2, we find

—_ X) (2+ sin? 6) dQ (35)
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20 H. J. Bhabha and B. S. Madhava Rao
The integration of this over all angles gives the total cross-section

om0 39 (36 a)

9 T i

The exact classical formula given in A was

Q =47 (wy? — x?)2 : — 0 A *~0—* (36 b)

where a=31Ic/2g,2,

which may be written correctly to within 2%, in the simpler form
e )
Q=4n a'zjoz‘_*f(woz — x?)3 (36 ¢)
The formula (36 a) results from (36 ¢) if we neglect the effects of radiation
reaction, i.e., the second term in the denominator of (36 o).

Writing E= ¢ wg, p=7 (we®— x)}, g,=g, fijuc and specialising the
problem by putting I = %/2 in order to apply it to the spin of a heavy particle
(proton or neutron) we find that the expression which occurs in (30), (33)
and (34) as a common factor is just

(37)
With this specialisation (36 ¢) may be written in the form
p4

Q=4n 2\ 2
(%%CE) p2E24 poji-2 (36 d)
2

Discussion

We notice first that the quantum and classical theories agree in giving
no scattering of longitudinally polarised mesons by the spin of the heavy
particle in the approximation in which the heavy particle is taken as
fixed.

The results of the previous two sections on the scattering of trans-
versely polarised mesons are collected in the following table for the four
cases considered.
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Usual Theory
(quantum)
charged mesons

New Theory
(quantum)
charged mesons

Quantum
Theory
neutral mesons

Classical
Theory

e
1

(g's'p" [u'c'E?) dS2

(4g's" p*[p'c'E?) df2

(4g'4p* [utc*E?) dR | (4g's*p" [3utc'E?) dS2

dQ {2p)— (2p")}
dQ {(2p) — (1p")}
dQ {(1p) — (20"}

dQ {(1p) — (1)}

T (AMCcHE):
1= i(AMcEyt - -
1— (AMc*E)+ - -

0 0
1 1
1 1

Sin® @ Sin? 6

Sin® ¢ {1 = (Al‘f’“) ~}

The first column gives the scattering of charged mesons on the usual
quantum theory in which only the ordinary proton and neutron are assum-
ed to exist. This is just given in each of the four cases by (20).

The next column gives the scattering on the basis of Bhabha’s idea of
allowing the heavy particles to exist in states of all integral charge. For
a better comparison with the classical theory, we give the approximate

expressions got by expanding in powers of (AMc?%E); namely (13 b), (14b)
and (16 b).

For scattering by a proton, a proton of charge 2e is virtually formed
during the scattering process, so that AM has to be put equal to AM,, the
mass excess of a proton of charge 2e over an ordinary proton. For scattering
by a neutron AM has to be put equal to AM_; the mass excess of a
negative proton over an ordinary proton. The two mass-excesses need not

be the same. The scattering of positive and negative mesons is however
exactly the same in every case.

The third column gives the quantum mechanical scattering of neutral-
mesons. This is derived from the second column by putting AM == 0.

The last column gives the classical scattering as given by (26), (30 b),
(33 b) and (34 b), and we have specialised the expressions by the substitu-
tion (37).

A comparison of the third and fourth columns shows that the quantum
and classical theories give the same dependence on scattering angle and on
the directions of polarisation of the incident and scattered meson for the
scattering of neutral mesons. The expressions at the top of both columns
are the same, except that the classical expression is smaller by a factor 3.
This difference is not difficult to understand. It is a consequence of the
averaging over the initial orientation of the spin of the heavy particle.
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22 H. J. Bhabha and B. S. Madhava Rao

Consider the expression (30 4). An averaging over the initial direction of
the spin of the heavy particle means that we have to average cos? 6,, where
0 is the angle between the initial direction of the spin of the heavy particle
and the direction r. This averaging results in a factor 1/3. In this it must
differ from the averaging over the initial orientation of the spin in the
quantum theory, since, the spin being 7%/2, the cosine of the angle it makes
with any given direction can only -be + 1. Thus an averaging over the
initial directions of the spin of the heavy particles gives a factor 1 in the
quantum theory, instead of 1/3 as in the classical theory.* The same
argument applies in the other two cases. This completely explains the only
difference between the quantum mechanical and classical scattering of neutral
mesons. The identity of the scattering in its dependence on energy, the
scattering angle and the polarisation of the incident and scattered mesons
shows that we may correctly use the classical formula to get the scattering of
neutral mesons by a particle of spin %/2 in the region of high energies where
it differs from the quantum formula due to the effects of radiation reaction.
The classical formula (36 b) would only go wrong seriously due to the appear-
ance of quantum effects at energies comparable with or higher than the rest
energy of the heavy particles, but for such high energies the scattering is
already a small fraction of its value at the maximum due to the effects of
radiation reaction.

A comparison of the second and third columns shows that the scatter-
ing of charged mesons on the assumption that the heavy particles can exist
in states of all integral charge only differs from the scattering of neutral
mesons by quantities of the order AMc?E. To a first approximation it is
smaller by a factor (1— AMc2/E). Thus, on the basis of this assumption
we sce that the quantum mechanical scattering of charged mesons by the spin
of the heavy particles shows complete correspondence with the classical
scattering in its dependence on scattering angle and polarisation of the inci-
dent and scattered mesons. The dependence on energy is also very nearly
the same, differing only by the correcting factor (1 — A Mc?/E) which varies
little with energy. Due to this factor there will be a slight difference in the
scattering by neutrons and protons since AM has to be put equal to AM_,
and AM, respectively in the two cases.

This complete correspondence is a further argument in favour of the
assumption that the heavy particles can exist in states of all integral charge.

* Had the heavy particle spin been %, cos 8o could have taken on the values 1, 0 and —1,
and hence the quantum mechanical average over the initial directions of the spin would have
given 2/3 in this case instead of 1. For higher spins the quantum mechanical average is sfill
smaller, and for larger and larger spin gradually approaches the classical average.
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It also shows that the classical formula for the scattering of mesons multi-
plied by a factor 3 will give the scattering of charged mesons correctly to
within 209 up to energies comparable with the rest energy of the heavy
particles, as has already been suggested by one of us in a recent note.*
Perhaps a more accurate formula could be obtained by multiplying the

classical formula (36 d) by the factor 3 (1— AMc?/E) for the reasons men-
tioned above, thus

1 2
Q (charged) = 12# s P (1_ 4%'15)
(3L5) wErt o
S5 2

A comparison of the first and last columns shows that there is no
correspondence between the scattering on the usual quantum theory and
the classical theory either in its dependence on scattering angle or in its
dependence on the polarisation of the incident and scattered meson.

(36 ¢)

The scattering of charged mesons due to the spin of the heavy particles
as calculated by Heitler and Ma (1940 formula 23 ¢) with Heitler’s further
assumption of allowing the heavy particles to exist in states of higher spin
shows no correspondence with any classical theory.  As the authors them-
selves have pointed out, the scattering vanishes if the mass excesses of the
states of higher spin and charge are put equal to zero. In contrast to this,
the results of the present paper show that the correspondence with the
classical scattering by the spin becomes even greater when the mass excesses
of the higher charge states are put equal to zero.

Summary

It is shown that the scattering of neutral mesons by the spin of the heavy
particles (g, interaction) on the quantum theory agrees completely in its
dependence on energy, scattering angle, and polarisation of the incident
and scattered meson with the scattering on the classical theory (neglecting
radiation reaction), except for being larger by a constant factor 3, which
is due to differences in the averaging over the initial directions of spin of
the heavy particle.

On the basis of the assumption put forward by Bhabha that the heavy
particles can exist in states of all integral charge, it is shown that the scatter-
ing of charged mesons by the spin of the heavy particles only differs from the
scattering of neutral mesons by factors (1 — A M,c?/E) and (1— AM_;c2/E)
for scattering by protons and neutrons respectively, AM, and AM_, being

* Bhabha: Physical Review, letter to the Editor.
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the mass excesses of protons of charge 2e and — e over an ordinary proton,
and E being the meson energy. Thus on this assumption the scattering of
charged mesons shows complete correspondence with the classical theory, and
hence the previously given classical formula (36 d) taking radiation reaction
into account multiplied by a factor 3 will give the scattering of charged
mesons up to energies of roughly 10° e.v., correctly to within about 20%.

A new formula (36 e) is given tentatively which should be more
accurate.

The scattering of charged mesons on the usual quantum theory shows
no correspondence with the classical scattering. The scattering on the basis
of Heitler’s idea of allowing the heavy particles to exist in higher spin states
also shows no correspondence with the classical scattering.
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