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which Slater screening constants in the usual formula~
for bound electronic wave functions were used. The
use of Reitz's wave functions (instead of Slater screening
constants) reduces the branching ratios by about 1%
at intermediate Z( 50) and by about 2% at high Z.

It should be stressed that the Z in Table I refers to
the charge of the parertt nucleus.

The decrease of the branching ratio due to screening
depends on 8'0 and Z. For Z=16, it varies between
54% at Ws ——1.6 rite' to 24% at We=4.8 rite'. For
Z=29, for the same range of 5'0, the correction varies
between 7-,'% and 3-', %; for Z=49 between 14-,'% and

54%; for Z=84 between 26s~% and 84s%; and for Z=92
between 29—,'% and 104%. These numbers are in
essential agreement, within the 1 to 2% probable
error in the numerical calculations, with those presented
at the New York Meeting. ' (Most of this error stems
from the screening correction. )
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nucleus were to emit positrons of zero mass; therefore,
this paper will deal with the polarization of the brems-
strahlung, which has not been studied before. It is
possible to envisage the bremsstrahlung as arising from
the emission of a virtual positron, which annihilates
one of the E electrons, ' the momentum (and angular
momentum) of the positron being carried off by the
gamma ray. Since, as was predicted theoretically, ' ""
and as has been verified experimentally, "" beta
particles are circularly polarized, it is not implausible
that the gamma ray might also be polarized. "

The matrix element for capture of a E electron, with
emission of a gamma ray, is given by Eq. (12) of IB:
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Since we are now interested in circular polarizations,
it is necessary to introduce complex polarization
vectors,

e = 2--'*(a,+is,).
The plus sign refers to right circular polarization, "the
minus sign to left circular polarization (ai and es are
two perpendicular real unit vectors, which, with a unit
vector x having the direction of the photon propagation,
form a right-handed triad). The square of Xtc„summed
over the electron and neutrino spins, is
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Circular Polarization of Internal
Bremsstrahlung

Note that
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EE and Vang's suggestion' that parity might not
& be conserved in weak interactions and the experi-

mental proof' 4 of the correctness of their suggestion
have made desirable a re-examination of all processes in
which weak interactions take part. The internal
bremsstrahlung associated with E capture will be
examined in this paper for properties which are con-
sequences of parity nonconservation, with particular
attention being given to the two-component neutrino
theory "

This paper will follow in detail the notation and
methods introduced previously for studying the spectra
and angular correlations of the internal bremmstrahlung
gamma ray. ' It follows directly from a theorem proved
in IB that the asymmetry of the gamma rays emitted
by an oriented electron-capturing nucleus' will be the
same as the asymmetry which would be obtained if the

v e*v e=-,'(viWivs) (vi~ivs)
= j.&'lC'0'. (3)

Again, the upper sign refers to right circular polariza-
tion, the lower sign to left circular polarization. Equa-
tion (2) can now be reduced in a straightforward way to

p ~Xrc~) =7rnor 'rtt s[p(0)7s
X-'„Tr((ivs iV ic) (1atr.—tJ)Pit. (4).

The factor (ivs —iV x)(1&x e)Xsi is equal to the pro-
jection operator (in hole theory) for a massless positron,
traveilng in the direction of x, which is right (minus
sign) or left (plus sign) circularly polarized. F.quation
(4) therefore shows that the polarization of the gamma
ray is the same as the polarization of a zero-mass posi-
tron; this relation does not depend on the nature of
the beta interaction. In the two-component theory,
with scalar and tensor interactions, positrons have a
degree of right circular polarization equal to v/c, and
therefore the gamma ray will be 100% right circularly
polarized, in the approximation considered here. )See
IB (13), et seq.j
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Xs=et, (p,o) (1—ps)A'e„(tl, p). (6)

Since the projection operator (1—ys) now stands next
to the electron spinor I„it is evident that an electron
will be emitted with a 100% polarization, if it has zero
111ass.

It will be noted that 100%polarization of the internal
bremsstrahlung requires that the electron which is left
in the E shell also be polarized 100% along the direction
opposite to that of emission of the gamma ray. It should
be pointed out that the 100%polarization of the gamma
radiation is based on an approximation which assumes
Ace)&~ca'Z'mc'. In particular, the bremsstrahlung associ-
ated with capture of p electrons is largely unpolarized,
as can be inferred from the close relation between these
gamma rays and the x-rays which follow ordinary
E capture. "

The same techniques can be used to study the
polarization of the internal bremsstrahlung accompany-
ing beta emission. The general result is very com-
plicated, but it is found that energetic gamma rays
are right (left) circularly polarized if they accompany
slow positrons (electrons), while low-energy gamma
rays have a linear polarization correlated with the
direction of the beta particle.

Finally, it may be observed that the theory of internal
bremsstrahlung of E-electron capture can be applied
without change to the absorption of p, mesons from
a mesonic E orbit. A study of the internal-bremsstrah-
lung gamma rays associated with p, meson capture
would provide one of the few ways of investigating
that process. If the muon-nucleon interaction is the
same as the electron-nucleon interaction, the internal
bremsstrahlung will also be right circularly polarized.
However, it may be easier to examine the correlation

The method of the 6rst part of IB can be used to
give a simple proof that the polarization of massless
beta particles, and hence of the internal bremsstrahlung,
is independent of the degree of forbiddenness of the
transition (in the two-component theory with scalar
and tensor interactions), provided terms of order nZ are
neglected. However, the large spin-orbit coupling
terms, which are of order nZ/R (R is the radius of the
nucleus), are kept. The proof depends on the fact that
the electron wave function can be represented approxi-
mately by the form %(r) =A (r)tt(p, o), where st(p, a) is
a plane wave spinor, and A(r) is a matrix which
commutes with y5." In the two-component neutrino
theory, the beta emission matrix element has the form

Xs= N. (p,a)A'(1 —Vs) n. (a,p),

where A. is the matrix which would describe the inter-
action at the nucleus in the old, parity-conserving,
theory. If the beta-decay Hamiltonian is a combination
of scalar and tensor terms, y~ will commute with A.',
even with the spin-orbit coupling e6'ect included. Thus
one can write

in direction between the meson spin and the gamma
ray. The gamma rays which accompany the absorption
of oriented muons must have an angular distribution
proportional to 1+cost), if they are 100% right circu-
larly polarized.
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' 'N their phenomenological analysis of the reaction

p+~++d, (1)

Gell-Mann and Watson' use for the center-of-mass
difrerential cross section the expression

do (X+cos'0 )
4~—=~&+p&

~

where q is the pion c.m. momentum in units m c, and
cr, P, and X are constants. The first term, nrt, is supposed
to arise from 5-wave pions, and the second from
I'-wave pions.

Integration of Eq. (2) yields the total cross section

Lichtenberg has recently made a theoretical calcula-
tion' of the differential cross section for reaction (1) at


