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ABSTRACT.

The properties of a pseudoscalar meson field is studied theoretically. In the first two articles
the general theory of pseudoscalar mesons in the presence of electromagnetic and nuclear fields is
given, In the third article the scattering of pseudoscalar mesons by the nuclear particles is calculated
for charged, symmetrical and neutral theories; in the fourth article the radiation emitted from the
pseudoscalar meson in coulombfield and the creation of meson pairs by photon and charged particle
are investigated; in the last article the production of pseudoscalar meson by photon and the capture
of meson with the emission of photon are discussed.

INTRODUCTION.

Although the postulate of a vector meson with spin one has been highly successful
in explaining the nature of the nuclear forces and most of the phenomena of cosmic
radiation it has not been possible to get rid of the singularity in the expression for inter-
action between the nuclear particles and consequently a recourse of some cut-off process
at an arbitrary radius has to be taken to obtain the correct eigenvalues for deutron.
The critical investigation of Bethe (1940) has shown that the cut-off distance depends
on the proportion of neutral and charged mesons, it being considerably larger than the
range of the nuclear forces for a symmetrical combination of these two types of mesons
whereas a reasonable cut-off radius is obtained only for a neutral meson. The sign and
magnitude of the quadrupole moment also come out to be wrong in the symmetrical theory.
It is recently shown by Schwinger (1942) as an extension of the theory of Mdéller and
Rosenfeld (1939) that the difficulties associated with the strong singular character of the
nuclear forces and also the sign and magnitude of the quadrupolement for deutron can be
removed if one assumes that a mixture of vector and pseudoscalar mesons with unequal
masses are emitted during the neutron-proton transformation. According to this theory
the vector meson disintegrates rapidly into electron and neutrino and is responsible for the
B-decay, whereas the pseudoscalar meson which disintegrates rather slowly is the type of
meson as found in cosmic rays. This assumption also then solves the discrepancies
between the problem of 8-decay and the lifetime of the meson. We have recently shown
(Chakrabarty and Majumdar, 1944) that the calculations of the size-frequency distribu-
tion curves for large bursts produced by pseudoscalar meson is in fairly satisfactory
agreement with the observation of Schein and Gill (1939) provided the mass of the meson
is assumed to be about three times less than the mass of the vector meson for which the
mass g = 177m. This, therefore, lends a support in favour of Méller-Rosenfeld-Schwinger
theory. A smaller mass for the pseudoscalar meson is also required for the correct
sign and magnitude of the quadrupolement of the deutron (Pauli and Kusaka, 1943).
Under the circumstances it may be useful to study the behaviour of the pseudoscalar
mesons in electromagnetic and nuclear fields theoretically in order that a comparison
may be made with the observations of cosmic rays. This and the calculation of some of
the other processes involving fast mesons will be carried out in another paper.

§1. The pseudoscalar meson field in vacuum.

We shall try to construct a set of linear equations for the pseudoscalar meson field
which are analogous to the Maxwell equations in the electrodynamics, the field quantities
thereby satisfying the usual Klein-Gordon equation given by

2%
a—x—,E:AZ"S'” R ¢ §)

The field equations for the pseudoscalar meson can be easily obtained by first linear-
ising the Klein-Gordon equation (1) by introducing a four-vector and then replacing
the scalar field quantity in the resulting first order equations by an anti-symmetrical

4



110 RB. . MAJUMDAR : THE THEORY OF PSEUDOSCALAR MESON IN

tensor of the fourth rank, a pseudoscalar, and the vector quantity by an anti-symmetrical
tensor of the third rank, a pseudovector. We now introduce  and yx, (I, ¢) to

denote a pseudoscalar and a pseudovector respectively describing the meson field
quantities and express the field equations * as

%%f:zﬁ, .. .. . . . (©
I' = —grad ¢, .. . .. .. .. 3
div F+— a—¢ = —AZ. .. .. .. o4
Writing equations (2) and (3) in the form
—-%—XV .. .. .. .. . (5

we can derive the equation (4) and its complex conjugate from the variation principle
by using the Lagrangian

L=t 2 6
== XX, 4771/: $oo.. .. .. .. (6)
Varying * we obtain

Xy . .

which is the equation (4). We shall find it convenient to use a co-ordinate system
xl, 22, 23, 2% = ect where the quantity e is such that e2 = —1 and in going over to the
complex equations the sign of € is not changed. The introduction of ¢ allows us to treat
the time component on the same footing as the space components. We shall further
use Greek suffixes to run from 1 to 4 and Latin suffixes from 1 to 3. It is to be noticed
that out of the five equations the three equations do not involve time derlvatlves They
are, namely

—grady=1. .. . . . o (3)
These equations together with their complex conjugates must be fulﬁlled at any given
instant of time and they are therefore to be imposed as the initial conditions at ¢ =0
and will enable us to completely eliminate I' from our equations.

The Hamiltonian is H={[Hdr "

L a¢ oL a¢

EORECN

* The equations (2), (3) and (4) are in fact dual to the two first order equations which result from
the second order Klein-Gordon equation (1) and given by

0%
5= G Bx = A% e @

14 14

where

= o @HHTITANY). . @)

Let Roc be dual to Gv and RmﬁyS to ¢, where Rocﬁy and Ra Byd are anti-symmetrical tensors of the
third and fourth rank respectively defined by

Rapy = tapys®: Fupys = tapys

where totﬁyﬁ = ,./g— 7(xByd), n(apfyd) =1 ifa, B, v, 8=1, 2,3, 4,¢ Byd is an anti-symmetrical tensor
of the fourth renk. Then the duals of (A) are:

aRM ~ aRays , aRaﬁs ~ aRaBy R e aRaBYS o
Oz Oz, Oz Oz - apyd’ oz Byd"
a ﬁ Y a

g;utmg (31234 = ¢ and Ragq, Rg14, R124, Byo1 = (x1> X20 X3: X4)» Xa = €, we obtain the equations (2),
and
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We now introduce = and #* which are momenta conjugate to ¢ and §* and are ‘
given by

1 oL 1 o* b*
Rk (S S .
=% (a¢) ik o0 Emhe’ O
A
ot
1 oL 1 9 ¢
T =% ay*\ dnfic2 8t dmhc” (10)
3(7
The Hamiltonian thus becomes
— 2
H= f(477ﬁ26217*77+-—1— grad y* grad (,b«l-L (,b*l//)d'r. . . (1)
4r 47

It can be easily seen that the remaining equations (2) and (4) are now obtained as the
canonical equations of our Hamiltonian (11). Taking i and ¢* to be the canonical co-

ordinates ¢, the 7 and =*, the corresponding momenta, the equation oH = ¢ becomes

op
W= drlitcin = Ticd, i, |j =4,
. oH .
and the equation E = —p assumes the form
1 a¢ — ) axk . aXV 2
zﬁ_.—/\(ﬁ_é_ﬁl;, 1.e. a—xy——/\(ﬁ
Similarly the conjugate complex relations are derived. The commutation rules are now
as follows
[#*(@), $(1')] = —B(r—r'), [n(r), *(r)] = —B(x—1). .. .. (12)

Having found the Hamiltonian and the commutation rules the equations of motion

(2), (4) and their conjugates can be obtained from the relation zﬁg{ = [fH].

We now subject the field variables  and its conjugate = to Fourier expansion and
write

b =A/IncE %‘qke“kr), Y T3
1 SO i(kr)

= 2 . . .. .. (14

™= A/ dme )’;pke ‘ (14)

The corresponding complex conjugates are also similarly expressed. Substituting these
in (12) we obtain

* % * ih
[pk’, %=~ ?87;'1: ’ [pq. )= — ?Sk'k’ .- X - (15)
all other combinations commuting. The Hamiltonian becomes
B2
—_— % L ¥
H= E(Pkpﬁﬁ qqu> O ()
where we have put cp, = P,. The energy Ey is given by -
E, = ke A/ k2422, .. . .. .. Qan

~ We now introduce with Pauli and Weisskopf

By, » . E;, *
Py = J% (@ +b),  Py= ,\/“2']‘ (a,+8;),

—B),  g=—(@-b), .. .. (8)

ih
qk"‘v—é‘f—k @y—04 qk““\/m a;
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* . . . . . - .
where a, , @, are emission and absorption operators respectively increasing and decreasing

%
the number of positive mesons by one whereas b; » b, have the same meanings but refer

to negative mesons. The commutation relations between the operators are

[ap 0] =[b.0,]==8,,, .. .. .. .. (19

all other combinations commute.
The Hamiltonian thus finally reduces to

H= Eaa+bb,+1) .. .. .. .. (20)
k

whence we obtain

¢=ithJ%-Z(ak_b;)ei(h>, @)
k

1 _— o
m= 4—%2 VEE, (400, (22
%
and the corresponding complex conjugates.

§2. Pseudoscalar meson in presence of electromagnetic and wuclear fields.

In the presence of the electromagnetic field the operator 52— is to be replaced by
14
ad ] . .
i ;i—ec Ay, where 4, = (A, A,), A and 4, denoting respectively the vector and scalar
14
potentials. To introduce the interaction of meson with the neutron and proton we assume
that the proton and neutron are two states of the same particle, nucleon, described by

the eigenvalues +1 and —1 respectively of some operator whose components are

01 0 —i 1 0 ’
Ty = (1 0>, Tg = <’i O?/), T3 = <O _1> .. .- (23)

The wave function describing the nucleon is ¥ = <$P ) where ¢, and ¢ are 4-com-
N

ponent wave functions of proton and neutron respectively. From these wave functions

we can construct 5-covariants of which we shall be interested only with the following

two forms: namely, one anti-symmetrical tensor of the third rank, i.e. a pseudovector and

one anti-symmetrical tensor of the fourth rank, i.e. a pseudoscalar given respectively by

Yie W ynyvyp(ry ir)¥ = PI*P = (P234 P314 Pize P321) = (P, Q)

s

where P=o¥* ¥, Q= iWPrysr, W . .. (24)
and —3ie¥ Ty ly 2y St (ry tiTo) ¥ = ¥*Bysr ¥ = R. . .. (25)
Here = —ifat, at=¢ ¥ =i B, 45 =eyly2ylyt = —glgyd (26)

Hritirg) = 7oy, Hri—irg) =7y, $l4rs)=7,, Hl—m) =7y .. (27)

The meson may have also interaction with the light particle, i.e. electron-neutrino, which
may also be similarly treated. In the presence of radiation and nucleon the field equa-
tions for the meson become

Y 45
(v-ga)-r-e L e
19 oy
(Ea_t+;TZA°)*”=¢—4AfQ’ .. .. .. (29)

: 19 ze
(V— ;i%A) p+(E §+EA0)¢ = —A%)+4mgR. .. < (30)
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The interaction with the light particle (electron-neutrino) may be similarly included when
necessary. In these equations f and ¢ are interaction constants having the dimension
of a charge. Since the behaviour of ¢ and , is very symmetrical, i.e. the pseudoscalar

is uniquely defined by a given y, just as the y, is uniquely defined by i, it is necessary
to consider ¢ and yx, on the same footing as R and P*? when discussing the interaction

with the nuclear field. The field equations as written above are therefore a quite natural
and simplest generalisation when nuclear field is present.
We can now express the field equations (28) and (29) as

X:%i_~ yﬁﬁp @

v oz,

The remaining equation together with its conjugate is then obtained from the variation
of a Lagrangian function L to zero, i.e. 8 J' Ldxdxodxsdry, = 0, where

1 A2
= —oxtx,— pARRgWRRHRY. L L (32)
Variation of J* gives
s
(a‘x‘ - %Av)xv =—My+dmgE. .. .. .. (33)

Variation of i gives the equation conjugate to (33)
(890 +7m ) = —ARp¥ - 4dmg B* .. .. .. (34

The Lagrangian of the whole system consisting of meson, nucleon and the radiation field
together with their interactions is
L=rM+L™+L".. .. .. . .. (3)

where LY is the Lagrangian of the nucleon
. 0 1e
Y= mcvﬁ{w(—é—x—v = ,;GAVTP)HAPTPHNTN) }Yf, L. (36)

and LE is the Lagrangian of the electromagnetic field
1 04, 04

E = S
U= =g fwlws Fo=g = - - 6D
On variation of 4, we get
oF,
1 a —Eieyly ‘}’+4 e (tﬁ*xv——lﬁx*) =0 ., .. .. (38)

These are the usual Maxwell’s equations where the second term is the charge current for
the protons and the last term the current due to mesons. Thus

sf = eY’*a"'rP'f’, .. .. .. .. .. (39)
8 4717;0 W—dxt). L (40)
The Hamiltonian of the whole system H= J‘ Hdr where
oL a¢ aL OL  04p _
H = 6:/1 + at +complex conj. +a<%> 5
@ ot az ot
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Introducing =* and = the momenta conjugate to ¢ and y* defined by

1 AL _ 1 f(lo e, 4nf 1,
Tr*=ﬁ Y _Eﬁ[(cat Tic >¢‘*+ Q*]—%ﬁ(:d) ’ - 4
(%)
ot
1 oL 477f 1
=i e 4m[<cat+ A0>¢+ J—m"’ L @)
a(T)
we obtain
7= [ amitermem o e e i =yt = 479 (0 ne)

0
—g(y* R+ R*) +7ic'I’*B{ <8x hcA ’TP>+A\‘T\+/\P I,}'I’-}—e'I’*Ao—r b4
1 ¢ 1 oF )
g PPty B fol (Pt 45 ar
We must now ehmlnate x; With the help of the relation (31) whence we get
H=HY4+H 4+ H 4+ HY* 4 g~ gMNe .. .. (44)

where H" is the Hamiltonian of the meson field given by (11); H is the Hamiltonian for
the nucleon including interaction with the electromagnetic field

HY = '{’*{cz(P— SATP> +B(MP027P+MNCZTN)}'{’-}—e'I’*AOTP'P; .. (45)
the Hamiltonian for the electromagnetic field is
H' = -8—1; (E2-+H2); R  £: 9

HYE is the Hamiltonian for the interaction of the meson with the electromagnetic field

M = Z%c (Ag* grad yi— A grad §*)+ AR — e d o —m*); (46)

I ﬁZ 2
H™Y is the Hamiltonian for interaction of meson with nucleon
Yo 4”Tﬁ"f (7*Q Q) —g(* R pR*) — { (P grad y* 4+ P* grad ¢)+ 4”f (P*P), (47)

and H"™* denote the direct interaction energy between meson, nucleon and the electro-
magnetic field

HMNE _ k_ef{ (AP*) — (AP)y*}. .. .. .. (48)

We now express the vector potential A as a Fourier series

A=th\/2_”e,,(0qei<qr>+o;e~i<qr)) B 0)

where €, is a unit vector in the direction of polarisation of the wave vector g and C,
and O, are emission and absorption operators respectively increasing and decreasing the

number of photons by one. The wave function of the nucleon can also be expressed in
& similar form

\/ chue . .. .. (50)

Py &, Ck are emission and absorption operators increasing and decreasing the number of
neutron-proton by one and u, the amplitudes.
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With the help of these substitutions the matrix elements finally reduce to

£202
% z Z Z '\/EkE 7, (CAk—K+a+ +C3(k—Kk'—q) } ((ek) +(ek))

X (ayay Ui, —bia, +z 22 \/Ek = [(Buct £ maai —bibe)

ME
H =

+ (B~ Ey)(biar —azby ]+z z z z NG AR mohe? = {008 (k—K' +4+47q)

ErEyE, By

+C,Cydk—Kk'+q—q )+040(,'8(k—k'—q+q )40, Crd(k—K —a—q') }
x (&8 arap+bpbr—arbr—brar), .. (51)

BN = z Z z \/ $(K—K'+k) {lf Bylag+b1) (ugyu,,) —ighe(ar—bi) (i Byuy)

/{c(ak—bk)(u,\(ok - +222J 5(K—K’'—k)
x {

—}— ak+bk)\uP'y5uN)+zgﬁc\ak—bL)(upﬁy"m )+/J\c ﬁc(ak—-bk)( ;,(crk)uN)}

+4—”f— 5K, —K', +Kg+K'y) (ugou, Nusouy), L (52)

HNF o 2”“’” T CpR—K 40+ C3 R~ K~k —a)}
2mehe f
x (ap—by) (us(eo)uy ) — —
ay—bg up( a)u;\ Z Kz kz qz VEE, A
x {CHE—K +k+0) +C 3 (K—K'+k—q) } (ap—b;)(n (eo)ur). .. (53)

Tt is to be noted that for positive meson the momentum p = 7%k and for negative meson
p = —7/k whereas for nucleon P = ZK. We have further put

Vi = f A ®E B ()

§3. Scattering of pseudoscalar mesons by the nucleon.

We consider the scattering of a positive meson with energy small compared with Mc2.
The nuclear particles can then be considered to be at rest and their recoil energy be neg-
lected. Let E, p be the energy and momentum of the meson before the scattermg and
E’, 1’ the corresponding quantities after the scattering. Itisthen £ = E’,[p|=|p"|=

(i) Charged theory.

In charged theory the pseudoscalar meson is considered to maintain the original
charge after the scattering. We have the following transition to consider:—

Neutron uyg(0) absorbs the meson Y*(p) and is transformed into proton u,(p).
The matrix element is

Hy = 2—”fc.(uN(0)*(ap)uP(p)). N )

The proton wu,(p) then emits a meson Y+*(p') and is transformed into neutron
uN(p—p'). The matrix element is

Hip = \/gEE/-\j:c(up(p)*(ap')uN(p—p')). . (56)
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The differential cross-gection for the scattering of the meson into the solid angle df2 is
given by as usual

B2
de = 42h44|Hl2dQ .. .. .. .. .. (87
where H= z HAm H’"F .. .. .. .. .. (58)

A, m and F denote the initial, intermediate and final states of the whole system and E,4
and E,, the total energies of the initial and intermediate states.
We thus obtain

d¢ = ﬁ4/<4ﬂ21 (ux (0)*(eD) (0B )ux (P—D")) [2dL2. . (59)

We are now to sum over all the spin directions of the nucleon after the scattering
process and to average over its spin directions in the initial state whence we get

11
d¢=(£c> o de c e L. (60)
and the total cross-section
2y 1 pt
¢ = 4<7zc e YN h .. - .. .. (61)

(ii) Symmetrical theory.

In symmetrical theory where we assume a symmetrical combination of charged and
neutral mesons appearing during the neutron-proton transformation we must also include
the scattering process in which the meson changes its charge. If a negative (positive)
meson collides with a proton (neutron) it can be scattered as a neutral meson, while the
nucleon changes to a neutron (proton). We consider the following transitions:

I. Neutron ux(0) absorbs the meson Y*+(p) and becomes up(p)

Hpyp = J— < ¢ (ux(0)*(ap)ur(D)), . .. .. (62)

proton up(p) then emits a neutral meson Y0(p’) and becomes up(p—p’)

Br= % { ¢ (up(p)*(oD)up(p—D")). e .. (83)
II. Neutron ux(0) emits a neutral meson ¥9(p’) and becomes ux(—p’)
2— r !
Hyir = »\/—Ezf\:c (un(0)*(ep Yux(~D)), .. .. .. (64)
neutron uy(—p’) then absorbs the original meson Y+(p) and becomes up(p—p’)
2 , .
Hyp = ,\/fwgc (un(~D")(oD)up(p—D")). . .. (68)

We therefore obtain

dg = g%i [ (ux(0)*(oD) (op")ur(p—D')) — (ux(0)*(cD') (eD)up(p—D))|2d2. .. (66)

Summing over the final states and averaging over the initial states of spins of the nucleon
we get

4
d¢ = 7;4%‘52 [4 spur (op')(oD) (oD) (oD') +14 spur (ab) (eD')(eD’) (oP) —sp- (¢D)(oD’) (oP) (oD")]

2\ 2 4
—4L) L P ansan . .. .. 6
n
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This result has been quoted by Pauli (1942) as due to Adler. The total cross-section is

given by (59) and (60).
64m 2\ 1 p*

(iii) Neutral theory.

The scattering of neutral mesons by the nucleon may be similarly obtained provided
we remember that when a neutral meson is emitted or absorbed, a proton remains a proton
and a neutron a neutron. Thus

_ fz)Z 1 pt

d"’“"‘(ﬁz p e (@)
_6dm (2\* 1 pt

¢——"—3—<ﬂ> l:gxzﬁ. .. .. .. .. (70)

The scattering cross-sections thus depend essentially upon the mass of the meson p

2
and the magnitudeof the coupling constant ;Eic . The determination of mass is very difficult

involving large errors and consequently the experimental values differ widely for different
observers. We may, however, determine the value of mass indirectly by adjusting the
theoretical calculation of size-frequency curves for the large bursts with the observation

2
of Schein and Gill (Chakrabarty and Majumdar, 1944). ;;—c are then so chosen that the

binding energy of the deutron as calculated from the Mdller-Rosenfeld-Schwinger theory
gives the observed value correctly. This will be done in a subsequent paper. For our

2
present calculations we take p = 177m and %: 0-75 (Pauli and Kusaka, 1943). The

scattering cross-sections are then roughly of the order of 10-25 cm.2 which is much larger
than the upper limit 10-28 cm.2 as determined from the experiments on cosmic rays
(Wilson, 1940; Code, 1941). But the measurements are for the region of 109 e.v. where the
effect of radiation damping will have some influence in decreasing the scattering cross-
sections. According to Wilson the cross-sections as given above should be divided by

2
1+m;°2p as a result of radiation reaction, where ¢, is the cross-section without the

radiation damping. Thus for energies >3uc? the cross-section is

h2 fic\?
¢N—T;?§—4TT(E“) . . . . (71)

which is of the order of 10-26 cm.2 for £~10° e.v. The smallness of the cross-section is
probably due to the influence of reaction of the eigenfield of the nucleon to the motion of
its spin as proposed by Heisenberg (1939) or due to the existence of excited states of
nucleon with higher values of the charge and the spin (Bhabha, 1940; Heitler, 1940).

§4. Radiation loss from pseudoscalar mesons.

We shall now calculate the radiation emitted by a positive pseudoscalar meson in
passing through the field of a nucleus of charge Ze. If the initial and final energies and
momenta of the meson are Ky, E and p, and p respectively and k the momentum of the
photon emitted we have from the conservation of energy

E(Do)—E(D) = ck. N £,

The nucleus being heavy compared with the meson it can take up any amount of momen-
tum q given by

q=p0—p—k. . . .e .. .o (73)
We have the following transitions to consider. The matrix elements are given by (51).
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I. The meson Y*(py) emits photon with momentum k and passes over the state
Y+(po—k).
efic? 27 , ,
HAI——T\/M{(OWH(CD)},. po—k=p. .. . (79)

The meson Y+(py—k) then makes transition to the final state Y+(p) in the Coulomb
field of the nucleus

£ Vop
=2 VEE
Weshall denote: Ev = ck = hv; E(py) = Ey, E(p) = E, E(pp—k)=E".

II. The pair of mesons, Y*(p), ¥~ (p,—k) * are created in the Coulomb field of the
nucleus

H

(E+E). .. .. .. .. (1)

2R (E'-E). .. .. .. .. (16)

The meson Y~ (py—k) and the original meson Y*(p,) are then annihilated with the
emission of a photon of momentum k

ehic? 2 ,
HHF:T\/IWEE’E{(@O)-HW)}' O )]

II1. The meson Y +(py) makes transition to the state ¥+ (p4k) in the Coulomb field

€ Vpﬂp’ ” " "
HA1[1=§ VI (Bo+E"; p"=p+k; E" =E(@+k). .. (78)
The meson Y+ (p+k) emits a photon of momentum Kk and becomes Y +(p)
ehc? 27 "
HIIIF=——2——\/EW—;{(ED)+(GD)}. . . v (79)

IV. A pair of mesons, Y+(p), Y- (p+k) are created with the emission of a photon
of momentum k ‘

thz 2 ”
HAIV=TJm{(ep)+(ep)}. .. .. .. (80)
The original meson Y+(py) and the meson Y -(p+k) are annihilated in the Coulomb field
V ”
€ PoD ”

H V. _—— T E _‘E . .. .. .. 81
IVF 2\/E0E"( 0 ) (81)

The matrix element which determines the transition probability is then given by

H . .H. . H, H H, ..H H, . H
HAF=Z( ALTIR | AL CITF AL IIE A1V IVF)

EA_EI EA_EII EA"'EIII EA"'EIV

where the summation is to be taken over all the four intermediate states, B, By, E11, . . .
etc. represent total energies in the initial and the intermediate states. We have

E,—~E,=E~F—E,, E,—E,=—(E4E~E,), E,—E, =E-FE,

and B, —E,, = — (E,+E"), .. . . ... (82)

dnZe?ht  4AnZezh® dnZe2h?  4nZeh?
a. d V = 7 = 5 V ” o= - = 83
n L A Py e PP = [po—p’ |2 e (83)
since Q=po—pP" =p —p=p—-k .. . .. .. (84)

* Y-{p) has momentum —P.
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The differential cross-section for the emission of a photon of momentum between k and
k+dk lying within the element of solid angle df2; by the meson which is deflected into the
element df2 is given by

_ 27 pEE, k*dkd2dQ,
Tk py  (2mh)8ct
If the photon is emitted in a direction forming an angle 6, with the direction of the primary

meson and the meson is scattered in a direction with polar angles 6, ¢ referred to k then
the differential cross-section reduces to

et o2 dk p sin 00 sin Bod8ydd [4E§p2 sin®  4E2p; sin%,

dé

[H, 2. .. .. .. (85)

df = O Rk Po cAqt (H—cp cos 0)2 * (Ey—cpg cos 8,)2
8EEoppy sin by sin 6 cos ¢ 86
(E—ep cos 0)(By—cpg cos 6p) | (86)
q? = pg +p2+k2—2pok cos Oy +2pk cos 6—2pp, (cos § cos fy+sin 0 sin 6y cos ¢). .. (87)

In the extreme relativistic case when Ey, E > uc? the integration over the angles
gives

16 e2\2dk E 2EE, 1
— 2 atid 0 _ = 3
dé 7 o (p,'—qcz) I (log Y 2) .. .. (88)

whereas the non-relativistic approximation leads to the same result which has been given
by Heitler (1936) for the case of electron.

Creation of meson pairs.

The cross-section for the production of a pair of mesons by the absorption of a photon
in the presence of a nucleus is obtained from the emission of a photon by a meson by
p_E_dE , dQ,dQ_

2, k2dkd2d82;,
by E_ and E.. The integration over the angles is just the same as for Bremsstrahlung
and the differential cross-section for the extreme relativistic approximation is given by

8 2 \’E. E_ ( 2E . E.. 1)
—_— 2 O e
¢ =zaZ (,402) toys W+ \lo2 =50 — 5

which is the same as obtained by Pauli and Weisskopf (1934) for the scalar mesons. The

total cross-section is
e2\2 /8. 2w 52
= 2 5 ~ T M- . .. ..
¢=0Z </.ch> (9 log w? 2~7>. . (90)

The cross-section for the production of a pair of mesons by charged particle may also
be easily obtained by the method of virtual quanta, i.e. by replacing the field of the charged
particle by radiation and then considering the production of pairs by this virtual radiation
in the field of the other particle. Let the charge and energy of the particle be Z,e and Ey
where Egy> 2uc?. Then the total number of virtual quanta lying within the frequency
range v and v+dv which represent the field of the charged particle is
By dv
e v

Now multiplying the cross-section (89) by (91) we obtain the differential cross-section
for the production of a pair of mesons with energies lying in dE. , dE .

32 . 5,0f € )2 E.E_ I: 2E.E_ 1] E,
=32 5 Kl —2llog=—"2 __4m.dE., (92
@b =3 0?22 (,wz Tt B | a7 B 2] B E, B (92)

multiplying the equation (86) by after By and E have been replaced

(89)

Nydv = 721_ aZ? log (91)

w=E,+E..
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The total cross-section is
ol p e e2)? 9B \?[ 8. gE, 52 N
¢ = 721 Z (’ch log “——-—62 'Q—7~ log __F,Cz -_— -27? N g~ 1. .o (93)

§6. Production of pseudoscalar mesons by photons.

Let us consider the process where a photon of energy E; > uc? in passing through
matter creates a positive (negative) meson changing a proton (neutron) into a neutron
(proton). The proton is considered to be at rest and the recoil of the nucleon is so small
that the non-relativistic approximation may be applied. Let the momentum of the photon
be ko, the energy and momentum of the emitted meson be E and p and the energy of
the recoil neutron W. The conservation of energy gives

Ey+Mc2=E4+W. . .. .. o (94)
The process takes place in the following ways:
1. The proton up(0) emits a positive meson Y+(p’) and is transformed into neutron
un(—p’)

2_ ? F
Hy = \/Ezgc(uP(O)*(ap)uN(—p)). .. . .. {95)
The meson then absorbs the photon ky and is transformed into meson Y ' +kp)
ehc? 27 ,
HIF:: ——g—\/m ((ep)+(ep)), . .. .. (96)

p=0+k ; E'=E(p).
II. The photon k; creates a pair of mesons, Y*+(p) and ¥ -(p,—k;)

ehicz [ 27 ,
HA11=TJW((GD)+(GD)). .. . .o (97
The proton up(0) absorbs then ¥ —(p,—k;) and becomes un(—p’)
’2—_‘ ’ ’
Hup = —-,\/EZ‘/L\CC (up(0)*(oD') ux(—p7)). .. .. .. (98)

III. The direct transition in which the proton up(0) is transformed into neutron
un(—p’), the photon Ky is absorbed and meson Y +(p) is emitted

2 (up(0)*(e0) ux(—0)). .. .. .. (99)

The total matrix element is therefore given by
_HatHrip | Han Hur il

Hup = F o Ty —Fy + H,,, .. .. .. (100)
where Ex—E1=M2~W—E'= —{E'+(Ey—E)}; E,—En= _{E,_(EO_‘E)} .
Now the differential cross-section for the production of & meson within the solid angle d2
making an angle 6 with the direction of the incident photon is
2 99 EW | Hywp
ke (27%) 2 Wp+E(p—kycosb)’
Here we shall have to take the average of | Hap |2 with respect to the directions of polarisa-

tion of the incident photon and of the spin of the proton in the initial state and perform
the summation with respect to the directions of the spin of the neutron in the final state.

Thus

. (101)

d¢ =

2020252 f2 2 421" 6in2 22 gin?
iHAFlz=4weChf l( Mc) 2c4p2p'? sin2f 2c2p sm())z_H]’” (102)

EE, 22\ T W N B (By—neE  Bi—(B,—F
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and

dd = 2me? f2 W 1(1 +§Iﬁ) 2 5in 640
T h2% A2 E 2 W ] Wp+E(p—kg cosb)
[2c4p2(p2+k§—2pk0 cos 6) 2¢2p? 5in20 1]
47 (E—pc cos §)2 " 2E(E~pc cos ) :

The total cross-section is obtained by integrating this over all angles. When E, < Mc?
we have approximately

2me2 f2 1 pe c2\? c2 uc E’+c
¢=%%ﬁ%[2+2(’i—> —"—’Llog—"——ii], e (108

(103)

E, Ey p " Ep—pc
. o 21 pe
1.e, ¢N4ﬂ.ﬂ %Azﬁo .o .o . .o (105)

For the reverse process in which a positive meson of energy E is absorbed by the nucleon
with subsequent emission of a photon of energy E, = ck the differential cross-section

may be calculated in the analogous way. We obtain
e f211(  Mc? 4 ¢2k2 sin 6d0
d = dm e X _( __) W+E,—cpcosf EE,

e hcAz2 4

2ctp?(p2+k2—2pk cos 6) 2¢2p2 s5in20
X 2 - 1]... .. (106)
4E% (E —cp cos )2 2E,(E—cp cos 6)

When E < Mc2 the total cross-section is approximately

Now multiplying (105) by the mass number 4 we obtain the total cross-section for the
production of meson by photon. For p~puc it is of the order of 6 xX10-25 ¢cm.2 for lead
and 4x10-26 ¢m 2 for air. This is much larger than the corresponding cross-sections
for the production of meson pairs by photon. From (90) we get ¢~10-28 ¢m 2 for lead
and 10-30 ¢m.2 for air.
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