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p.b at 150 Mev; this value is consistent with the
S-wave total cross section predicted by the value
of S determined from the angular distribution.
The theory of Drell, Friedman, and Zachariasen, 3

taking into account the internal rescattering of a
photoproduced m+ in an S state, predicts a total
cross section of 1 pb at 150 Mev.
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This note presents some simple consequences
of (or checks for) invariance considerations as
applied to interactions of antibaryons.

A. P conservation in strong interactions. —
Consider the reactions p+p- pg particles. If the
reaction occurs at rest for n ~ 4 or in flight for
pg

~ 3, there are enough independent momentum
vectors to form, in any coordinate system, a
nonvanishing quantity p, (p, xp, ). The condition
of symmetry in the up-down distribution of p,
relative to the (p„p,) plane is then a consequence
of P conservation, unless other inherent sym-
metries require this distribution to be symmetri-
cal anyway. Thus, consider the reaction in flight

p+p-1+2+R,
where 1 and 2 are some specific particles and
where the "rest" R may be any assembly of par-
ticles. We always work in the (p, p)-c.m. system
and consider exclusively unpolarized beams and
targets. The initial state is in general not an
eigenstate of P. But it is an eigenstate of PR,
where R is a 180' rotation around any axis per-
pendicular to (p, p) and which we may take per-
pendicular to ( p, 1). I et W(1, E„8„2,E„8„$)
denote the probability of finding particle 1 (2)
with an energy E, (E,) at an angle 8, (8,) relative
to the direction of p, where p is the azimuth of
2 relative to the (p, 1) plane. Then PR implies

W(1, E~, 8~; 2, E2, 82, Q)

tistics. If one considers the triple (p, z+, m ),
however, there seems to be no other known sym-
metry than PR which leads to Eq. (2).

B. C invariance of strong interactions. —Con-
sider again Reaction (1) and also

(3)

[The products in Reaction (3) may or may not be
identical with those of Reaction (1).] The initial
state gS (S = 0, 1 is the total spin) is in general
not an eigenstate of C. However, we have

CBPS = (-1)S +S~gS, (4)

which makes CR useful for an unpolarized beam
and target, as here the cross section for any
reaction does not involve interference between
initial spin states so that CR invariance may be
applied to the final states. Let the probabilities
referring to Eq. (2) be denoted by W. Then CR
implies

W(1, E~, 8~; 2, E2, 82, Q)

=W(1, E„m-8,; 2, E2, m -82, n- P).

and obtain

In the case of pure pion annihilation the symbols
8' and W refer to the same reaction. In other
instances, such as p+p -p+ A+K+, p+ p —p+ A+K,
they r efer to different r eactions.

We may also apply CP to the final states, as
—

( 1)S+lq (6)

= W(1, E~, 8~; 2, E2, 82, -Q). (2)
W(1, E~, 8„'2, E2, 8„$)

As an example of other symmetries which would
imply Eq. (2), we note that if 1 and 2 are both
m+, Eq. (2) is valid as a consequence of Bose sta-

= W(1, E„m—8, ; 2, E„m- 8„m+ g).
Equations (2), (5), and (7) are derived channel by
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channel. They may therefore also be applied to
sums over channels so that there are no compli-
cations because of incomplete knowledge of the
neutral particles produced.

Whenever P conservation is established, one
may check C by using a relation that, in itself,
follows either from CR or from CP, such as

Eqs. (5) and (7) are trivial. However, here CP
also has a useful application. If we denote by
q(A, 8) and q(A, 8), respectively, the polarizations
of A and A, if any, where 8 is the angle between
the particle in question and the p direction, then
CP implies

q(A, 8) =q(A, v - 8). (10)

(Of course P implies more stringently that the q
vectors are perpendicular to the production plane. )

Equation (6) is here also valid in the final state,
so that the differential cross section of Eq. (9)
is the sum of a triplet-triplet and a singlet-sing-
let differential cross section. Furthermore, it
is readily shown that Eq. (10) also applies gen-
erally if q(A, 8) refers to Reaction (1) and q(A, 8)
to (3), again as a consequence of CP. Thus
Eq. (10) holds for (A, Zo) as compared to (A, Z )
production; the partial cross sections of these re-
actions should be each other's mirror around 90'..

C. Charge symmetry (CS) and charge independ-
ence (CI).—Antihyperon annihilations via strong
interactions provide in principle various means
to verify CS and CI. In practice, large numbers
of antihyperon events are needed for this. '

W(1, E, 8) = W(l, F-, m
- 8).

From this relation it follows that the m' distri-
bution in any pure pion annihilation channel is
symmetric around 90'.

Because antinucleons play a virtual role in low-
energy nuclear phenomena, the high degree to
which P conservation is known to hold in the latter
domain has implications also for these antiparti-
cles. In this sense, relations like Eqs. (2), (5),
and (7) may be considered as a useful complement
to the low-energy information. Their applicability
to very-high-energy phenomena (regardless of
the complexity of the events) makes it possible to
verify the validity of these conservation laws at
frequencies that are perhaps not as sensitively
explored in the low-energy nuclear effects.

For two-body reactions like

W(K ) =W(K ), (12)

regardless of the complexity of the various anni-
hilation modes possible. 4 Thus (A, d) interactions
may be of particular interest at very high ener-
gies. In addition, we have' from CI

(A, d-n, z', ~0) = .'(A, -d n, z-', v+)

The annihilation in flight of Z in d also tests CS.
Call W~(K) the probability of producing a K in
Z -d reactions. Then we have

W~(K+) = W~(ZO).

Finally, production reactions in d yield a few CI
relations, namely:

(P, d-A, A, P, m ) =2(P, d-A, A, n, go),

(p, d -z', A, p) =2(p, d -z', A, ~),

(P, d- A, Z, P) =2(p, d- A, Z, pg).

(15)

(16)

(17)

D. A decay and T invariance. —It has been noted
by Okubo' that CPT invariance by itself does not
imply the equality of the partial lifetimes of
hyperon decay into a given channel and of anti-
hyperon decay into the corresponding charge-
conjugate channel. In general there are three
independent sufficient grounds for two such quan-
tities to be equal, namely (a) absence of final-
state interactions, (b) C invariance, and (c) T
invariance. In the case of the A, there is a fourth
independent sufficient ground, namely the AI =-,'
rule. ' Thus the validity of the latter rule would
obviate the possibility of testing T invariance by
means of a partial lifetime comparison. This is
in principle not the case when one compares the
up-down asymmetries ~ch and n h of the decays
A-p+g and A-p+n . In fact, if one assumes
the LI=& rule to be valid, one has

n sin(5» - 5, - b.)chp=-
o. sin(5» - 5, + A) '

ch

For (A, p) annihilation, we have' from CI

(A, P-Z', v+) =2(A, P-Z', v').

This is the only relation that CI imposes. ' A
much more interesting situation obtains if the
A's are annihilated in deuterium. The reason is
that the (A, d) system is self-charge symmetric.
[It shares this property with (A, d), but it has
considerable phase-space advantage. ] Thus let
W(K+) and W(K') be the probabilities, respectively,
of producing a K+ (K ) in (A, d) annihilation. Then
CS tells us'
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where 5aa and &x are the Pv~ and Sv2 7t'-nucleon

phase shifts in the I=-,' state. Here 6 has the
following properties: If C invariance holds, we
have 5 =0, so p =1; if T invariance holds, we
have 6 =m/2, so p = -1. From the magnitude of
a h we know already' that lhl ~ v/4. We also
see that p = -1 if Gay 5y is neglected relative to

As this neglect is justified to a good approxi-
mation, it follows that a 20% deviation from
p = -1 is the most that can be anticipated. '

I am indebted to many physicists at the Lawrence
Radiation Laboratory for stimulating discussions.

This work done under the auspices of the U. S.
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~Thus for A production in hydrogen by 1-Bev anti-

protons, one would need to have an annihilation cross
section as large as -50 mb to have an effect 1%.

2The relations (11) to (17) refer to relative rates and
are valid for all energies and all angles.

3In this note, we do not consider inequalities following
from CI.

40f course Eq. (12) may also be applied to an individ-
ual channel and its charge-symmetric one, such as
(n, K, v+} versus (P,K+, w }, eto.

5Here the pure I=1 state of the K-nucleon system is
involved. In (A,d P,KO} =(X,d—pg, K+}we deal with
the corresponding pure I= 0 state.

S. Okubo, Phys. Rev. 109, 984 (1958).
~Electromagnetic effects are ignored here.
BR. Gatto, Phys. Rev. 108, 1103 (1S57};see also

S. Weinberg, Phys. Rev 110, 782 (1958).
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VALLEY-ORBIT SPLITTING OF ARSENIC DONOR
GROUND STATE IN GERMANIUM. G. Weinreich,
W. S. Boyle, H. G. White, and K. F. Rodgers
[Phys. Rev. Letters 2, 96 {1959)].

In the previous Letter we reported measure-
ments which indicated that in the arsenic donor
ground state in germanium the triplet component
has a lower energy than the singlet. Since very
strong evidence to the contrary'~2 has now ap-
peared, we were led to re-examine our experi-
mental procedure in order to attempt to locate
the origin of the discrepancy.

We have modified our equipment so as to im-
prove greatly both the homogeneity of the applied
strain and the certainty of its orientation. Data
taken with the new arrangement indeed reveal a
line splitting opposite to the one +e previously
reported, establishing that the singlet is the
lower state in agreement with the other evidence

quoted. Apparently we had been dealing with a
rather peculiar pattern of inhomogeneity which,
instead of simply broadening the absorption, pro-
duced the deceptive line shape shown in our first
report.

These new experiments were performed on
samples with about ten times less arsenic content
than the original ones, since at this concentra-
tion the line is much better defined. We do not
believe, however, that the different results are
connected with the different concentration, since
the new samples under the old strain conditions
show the same spurious behavior as the more
strongly doped ones.

A full report of the experiment will be sub-
mitted to the Physical Review.

H. Fritzsche, Bull. Am. Phys. Soc. 4, 185 (1959).
2G. Feher, D. K. Wilson, and E. A. Qere, Phys.

Rev. Letters 3, 25 (1959).

ELECTROMAGNETIC TRANSITIONS BETWEEN
p. MESON AND ELECTRON. S. Weinberg and
G. Feinberg [Phys. Rev. Letters 3, 111 {1959)].

In comparing the rate mN N, for p, +N-e +¹
via virtua1 photon absorption with the rate Nabs

for ordinary muon absorption, an important
numerical factor was omitted from vabs. Equa-
tion {11)should read'

={1/2m')Z ff'n'g 'm C,abs
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