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for a y ray of energy (990&30) Mev. The error is
statistical. We estimate systematic errors to be about
30% primarily arising from uncertainty about the
bremsstrahlung spectrum close to the upper end. The
beam integration was carried out using a total absorp-
tion ion chamber. '

Measurements of the photoproduction of E mesons

by 1-Bev p rays have been reported previously by
Donoho and Walker at the California Institute of
Technology. ' Their measurements together with ours
are plotted in Fig. 2. The curves drawn are from calcu-
lations by Fujii and Marshak. ' The curve labeled S' is
calculated for a scalar E meson and the one labeled
I'S' is for a pseudoscalar E meson. An anomalous
magnetic moment of 1.793 nm is taken for the proton
and 1.212 nm for the A' in both cases. The form of the
curve for scalar E Inesons is typical of photoelectric
production (retarded sin'0) and seems to be rather
insensitive to the detailed assumptions of the theory.
The I'S' curve depends critically on the assumption of
the theory, particularly the sign and magnitude of the
anomalous moment of the A'. The absolute values of
the cross sections determine the coupling constant
Gnrcqs/4sr which is otherwise arbitrary in the theory.
The results are consistent with a scalar E meson with
a coupling constant G~tcqs/4sr=3&1. This is a rather
large coupling constant. It should be emphasized that
the above statement is meant to indicate a trend and
should not be taken as strong evidence against pseudo-

scalar E mesons. ' Because of the sensitivity of the
calculations to the precise choice of anomalous moment,

the present experimental data are insuN. cient to allow

a reliable choice between the scalar and pseudoscalar
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FIG. 2. Plot of the measured diA'erential cross sections from
this experiment and that of Donoho and Walker. The curves
labeled PS' and S' are taken from the calculations of Fujii and
Marshak. The assumptions under which the calculations were
made are discussed in the text.

theories to be made. This decision must await more
complete information about the angular distribution,
particularly at forward angles.
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HE recent demonstration' that parity conserva-
tion, charge-conjugation invariance, and perhaps

time-reversal (TR) invariance do not hold in weak
interactions should cause physicists to re-examine the
foundations of their beliefs that strong interactions are
invariant with respect to these symmetries. Lee and
Vang' summarize some of the older evidence for
believing in the parity conservation of strong inter-
actions; their conclusions have been considerabjy
strengthened by recent experiments, ' which indicate
that states with opposite parity are not mixed by
nuclear forces with amplitudes as large as 10—' to 10 '.

We have accepted the evidence for parity conserva-
tion in strong interactions as amply convincing, and
have examined in some detail TR invariance in nucleax
interactions. One conclusion of this study is that the
present data do not exclude the possibility that nuclear
forces which are odd with respect to TR may be present
with a strength of as much as 10—20% of the total
force. This figure is obtained from angular correlation
studies' of successive radiations in Hg'"', as well as
from the reactions' ' p+H'~an+He', p+He'+~y+He',
and p+Li'~~d+Lis. In angular correlations, if one of
the radiations in a cascade consists of a superposition
of two angular momenta, then TR invariance predicts'
an interference term with a phase of 0' or 180'. The
most sensitive determination of the phase that we
have found is in the angular correlation of the4

2 (E2+3II1)2(E2)0 cascade in Hg' s in which the phase
is found to be larger than 159'. In nuclear reactions,
the lack of TR invariance would be manifested by the
nonreality of certain matrix elements and by the con-
sequent lack of the reciprocity property of the 5 matrjx,
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For the reactions listed above, forward and backward
cross sections satisfied the reciprocity condition to
within 20%.

A second conclusion of our study, which we expect to
amplify in a forthcoming detailed paper, is that many
experiments which initially seem to test TR invariance,
actually may not be sensitive to this symmetry. Thus,
the lack of TR invariance does not rule out detailed
balance in many reactions. This is assured by the
Hermitian property of the Hamiltonian, for example,
when first-order perturbation theory applies and spins
are not measured. A less familiar restriction is im-

posed by the unitarity property of the 5 matrix, which
implies that (zt

~

5
~
b) =exp (Q~)(b )

5
~
a) on the energy

shell, when, for example, only two channels are open.
An academic illustration is the s-wave interaction
zr++~~zro+p. In most nuclear reactions a model is
necessary before the sensitivity of detailed balance with
respect to TR invariance can be predicted. The usual
models' "predict a lack of sensitivity to TR invariance
in p+p~~zr++d, and in the forward angular distribu-
tions of direct processes such as (d,p) and (p,d) re-
actions.

There are effects in elastic scattering which can in
principle reveal a breakdown of TR invariance, but
those we have examined are only of second order in the
force terms that change sign under time reversal. For
example, in a double scattering in which the second
process takes place at the same energy and angle as the
first, o (left-left) —o-(left-right) can be negative only if
TR invariance is violated. It is unfortunate that experi-
mental evidence exists" only for a system of total
spin -„ in which special case the positiveness of the
above quantity follows from parity conservation and
rotat. ional invariance alone.

We hope that the above discussion will encourage
physicists to perform high-precision experiments to
test TR invariance in nuclear physics. In detai. led
balance experiments it is important to have many
competing channels open. "For correlation experiments
of successive radiations, the most sensitive measure-
ment of the interference phase of two competing
radiations occurs when these are about equal in strength
and are followed or preceded by a pure radiation. In
correlation experiments, a null-type test of TR in-
variance has been suggested by Lee and Yang. " The
detection of a term of the form (p kXk')k k', where

y is the momentum of the electron preceding gamma-ray
emission and k and k' specify the directions of two

successive gammas, would prove that TR invariance
cannot hold in strong interactions. A further test of
TR invariance in nuclear interactions occurs in beta
decay; for example, experiments suggested by Jackson,
Treiman, and Wyld" determine not only TR invariance
in b ta decay, but also in strong interactions. If TR
invariance is found not to hold in such experiments,
it becomes all the more important to determine whether

the breakdown occurs because of weak or strong
interactions.
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' 'N an earlier communication' we reported that the
~ ~ asymmetry of the electrons emitted from polarized
Co" nuclei was approximately one-third that from
Co".' It was concluded that the interference term
between the Fermi and Gamow-Teller interactions was
quite smal1, that a reinvestigation of the magnitude of
the ratio (MF~'((MoT~' would be important for a
precise interpretation of the results, and that further
information on the coupling constants Cy, CI ', C~, and
C~' would be necessary in order to correlate the experi-
mentally observed asymmetry with the theoretical
predictions. '

In order to examine further the effects on this asym-
metry of an interference between the Fermi and
Gamow-Teller interactions, we have performed addi-
tional experiments with polarized Co" and Co ' nuclei.

The measurements made on Cos' employed essentially
the same apparatus and methods used in the measure-
ments on Co" and Co", the difference being that the
warmup t.imes were increased to about 30 minutes.
Although the decay scheme of Cos' is rather complex, '~


