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in case screening is important. If there is no screening,
then Q= (m'k/2EpE) for bremsstrahlung and Q= (m'k/
2E+E ) for pair production.

Now consider the problem of integrating dtT~ given by
Eq. (1) over the angular variables I, tt, s, and t Fo.r
purely dimensional reasons the result of the integration
can be a function only of (Q/m) multiplied by Ep',
k', or E' according as M is given by Eqs. (3)—(5).
But from the Bethe-Heitler formula, ' the cross section
summed over final spin-states is

(2Ep'+2E'+k') (dk/3kEpPR) (14)

where R is a function of (Q/m) which is given the name
of "radiation length. " From this it necessarily follows
that the angular integrals of Eq. (1) must have the
values (-', R ', —',R ', -', R ') for the three separate final
spin combinations. We have also checked these values
by a direct integration. We therefore conclude that the
integrated cross sections for bremsstrahlung with
assigned polarizations are given by

[~0pppy d&p'pB) do pBp) do pBBj
= L2Epe k' 2E' 0j(dk/3kE 'R) (15)

where the suffixes refer respectively to the incident
electron (energy Ep), the photon (energy k), and the
outgoing electron (energy E).

A precisely similar argument applied to the pair-
production process gives the integrated cross sections

[d&ppp, drcppg, d&pnp, d&pgli j
= [k', 2'', 2E ', Oj(dE+/3k'R), (16)

where the suffixes refer to the polarization of photon,
positron, and electron, respectively.

These cross sections are of interest for two reasons.
First, they show more clearly than the unpolarized
cross sections the symmetry between bremsstrahlung
and pair production, and they explain the origin of the
unsymmetrical factors (2Ep+2E+kP) and (k +2E+
+2E ') which appear in the unpolarized cross sections.
Second, they clearly indicate the possibility of a
large-scale persistence of longitudinal polarization in
an electromagnetic cascade originated by a single
polarized electron of high energy. 4 The latter eRect
will be the subject of a separate communication.

* Work done under the auspices of the U. S. Atomic Energy
Commission.

t On leave of absence from the Institute for Advanced Study,
Princeton, New Jersey.'T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956);
Frauenfelder, Bobone, von Goeler, Levine, Lewis, Peacock,
Rossi, and De Pasquali, Phys. Rev. 106, 386 (1957); Goldhaber,
Grodzins, and Sunyar, Phys. Rev. 106, 826 (1957).' Kirk W. McVoy, Phys. Rev. 106, 828 (1957).

W. Heitler, Quantum Theory of Radiation (Oxford University
Press, New York, 1954), third edition, p. 248, Eq. (21). In the
case of complete screening the cross section is given by Heitler's
Eq. (26), and the extra (2/9) in this formula makes a slight
change in the coeKcientp (2, 2, 1) in onr Eq. (14). We have
neglected the (2/9} term.' This possibility was suggested by M. Goldhaber {private
communication).
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' 'N a previous communication' we reported that we
~ - observed a large asymmetry in the angular distribu-
tion of electrons from polarized Co~ nuclei. It was
concluded that unequivocal proof was thereby estab-
lished of the nonconservation of parity as well as of
noninvariance under charge conjugation in beta decay.
It was also pointed out that according to I ee, Oehme,
and Yang, ' invariance under time reversal could also
be investigated by studying the momentum dependence
of the asymmetry parameter P. Since then we have made
further measurements and checks. In particular we
have carried out similar experiments' with Co" and
observed an asymmetry in the positron emission with
a coeKcient opposite in sign and roughly one third of
that from Co". Through more detailed measurements
on Co~ we have obtained the general behavior of the
momentum dependence of P. The linear dependence of

P on t/c in the range from 0.4 to 0.75 is good.
In order to put upper limits on possible spurious

eRects in our experimental method, we have performed
a similar experiment with Bi'" incorporated in the
crystal. Since the bismuth ion in cerium magnesium
nitrate is diamagnetic, there can be no significant.
nuclear polarization set up and therefore no beta
asymmetry should be expected. In fact no eRect was
observed to an accuracy of better than p%%uq.

Although no changes were made in the apparatus,
a simpler and more eRective method was found for
preparing samples; a high-specific-activity cobalt
nitrate solution was spread on the surface of a crystal
so that a small part of it was dissolved. When this was
allowed to dry, the solution again crystalhzed with
apparently the same crystallographic orientation as
the parent crystal and also formed a very thin source.

The experiment with Co" is very similar to that of
Co". Co" decays by positron emission or electron
capture to the first excited state of Fe" and then to the
ground state with the emission of a p ray of energy
0.805 Mev. The anisotropy of the 0.805-Mev p ray was
used to determine the degree of nuclear polarization.
The sign of the coefhcient n is positive; i.e., more
positrons are emitted in the same direction as the spin
of the Co" nuclei. The reversal of the sign of the
coeKcient 0, in the case of the positron emission as
compared with electron emission can best be understood
from the two-component theory of the neutrino and
pure 6-T interaction. The negative coefFicient found in
our Co~ experiment can be interpreted by supposing
that electron emission is associated with a left-handed
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antineutrino. ' Then in the case of positron decay a
right-handed neutrino is emitted, and emission in the
direction of the nuclear spin must be preferred. In the
case of Co", however, the spin change of 2+—+2+

indicates that both allowed Fermi and Gamow-Teller
interactions are involved. The magnitude of the
asymmetry in a J—+J transition is quite diferent from
that in a J—&J—1 transition. Besides the terms resulting
from the interference between the parity-conserving
and parity-nonconserving terms in Gamow- Teller
interactions, there are also the interference terms
between Fermi and Gamow- Teller interactions as
shown in Kq. (1).'
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If the ratio IMFI'/IMoTI' in Co" were negligible,
then the asymmetry coeS.cient would be positive and
only one third as large as that of Co" on account of the
factor 1/(J+1)= s. However, a small admixture of
Fermi interaction could result in significant changes
in the asymmetry observed. The positive or negative
sign of the asymmetry coefficient may determine the
relative sign between the scalar and tensor interactions.
For Co" the ratio of IMs I'/IMorf' has been deter-
mined to be —,

' by the study of the anisotropy of the
0.8-Mev p ray from aligned Co" nuclei. ' If this ratio

FIG. 1. Experimental asymmetry coeKcient a and the sym-
metry parameter p for Cos' as a function of pulse height and v/c. p
has been deduced assuming that the total contribution to the
asymmetry comes from the G-T interaction alone.

is used, and the constants C~, C~', Cy, and Cy' are
assumed to be small in comparison with Cg, Cq', Cz,
and C&', then the calculated asymmetry according to
the two-component theory of the neutrino is positive
and nearly 81% of that of Co" for Cs I

MF I/Cr MoT I(0 and nearly 22% of that of Co" for Cs Ms I/
C&

I
Mo T I

)0. Nevertheless, the observed asymmetry is
positive and only one-third of that of of Co". Thus
it becomes extremely important to reinvestigate the
ratio IMFI'/IMoTI' and also to re-examine the order
of magnitude of the constants C~, C~', C~, and Cg'.
It also suggests that a careful study of the asym-
metry coe%cient of neutron decay where the ratio
IMFI'/IMoTI' can be calculated, will shed much in-
formation on questions such as the relative signs of
Sand T.

At the lowest temperature our observed gamma-
anisotropy is 17% which corresponds to a polarization
of (J,)/J=0.6. The asymmetry coefficient rr vs the
pulse height and v/c are shown in Fig. 1.The asymmetry
parameter,

f'(J ) 1
p=~ x

( J' J+1)
calculated considering pure 6—T interaction, is labeled



LETTERS TO TH E E D I TOR

-0.(- -0.2
-0.2-

Q -os-

-04-

-0.4

-' -0.6

-0.5- -0.8

0 0.2 0.4 0.6 0.8 I.O
Y/C

-O. i- -0.2
-0.2-

Q -O.s-

-0 4-

-0.5-

-0.4

-0.6

-0.8

on the right side of Fig. 1. The accuracy of the values
o. is not as good as our results for Co".

From both the oriented nuclei' and the m. —p, —e
decay experiments, ' the conservation of parity, I',
and invariance under charge conjugation, C, in these
interactions are violated. The most important question
now is whether the weak interactions violate invariance
under the operation of time reversal, T. If T is con-
served, then CI' is conserved by the Schwinger-Luders-
Pauli-theorem. Theoretically one could determine the
question of time reversal by examining the momentum
dependence of the asymmetry parameter P, which is
proportional to

'V Z$2
-Re Cv Cr'* C~C'*+i (—C.Cr"+C.'Cr'-),
C Ac

where the Z-dependent term automatically vanishes if
T is conserved. Unfortunately this term for Co" is
rather small, the upper limit' for its contribution to
P being only 2 X (28/137) X (1/K3) =0.24. Furthermore
it must be borne in mind that even with high-Z nuclei,
the absence of this Z-dependent term cannot be used
as the criterion for invariance under time reversal, as
it is quite possible that the coupling constants C~,
C&', C&, and C&' are very small. Furthermore it has
been shown' that in other possible experiments, where
rr (y, Xy„) or e ((J.)Xy,) are involved, the terms which
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FIt . 2. Experimental asymmetry coefficient n and the asym-
metry parameter P for Co'0 as a function of pulse height and v/c.

appear if T is not conserved are cross terms containing
Cg, C~', CI, or Cy'. Thus in these experiments, as
well as in the momentum or Z dependence when
o y, is measured, the absence of the relevant term
would not necessarily provide unequivocal proof of
invariance under time reversal.

To evaluate the asymmetry parameter P, the
observed asymmetry must be corrected for background
and backscattering e8ects. These corrections ~s energy
were obtained from supplementary experiments, but
because of the complexity of the conditions, the accuracy
of these correction factors is rather poor. We consider
that the tt/c dependence of the parameter p for Co"
given in Fig, 2 is compatible with the predictions of
the two-component theory of the neutrino. 4 However,
the presence of the Z-dependent term cannot be
determined in view of the uncertainties in the back-
scattering and multiple scattering corrections. Because
of the possibility of C& and C&' being small, no conclu-
sion on time reversal can be made from Fig. 2.
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HERE are now several experimental confirma-
tions' ' of the suggestion made by Lee and

Yang' that the traditional formulation of the conserva-
tion of parity may not be valid for weak interactions.
The existence of longitudinal polarization of negative
beta particles from an unpolarized source has been


