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obtained at Columbia') by electronic methods for emul-
sion suggests that the polarization of the p+ beam used
at Columbia is close to maximal. The two-component
theory' predicts complete polarization and for it a

~
a

~

value of &~ a; ——', is within the stated errors
compatible with Columbia's results for graphite. The
statistical accuracy of experiments both with muons
from decays in flight and at rest will have to be greatly
improved before any firm conclusions can be drawn.
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cVote added iri, proof.—Detailed electronic experiments
at Chicago (reference 10) have shown that even in
substances yielding a low c value, p+ precess essentially
without exhibiting relaxation over a period of 3 psec.
Hence the depolarization leading to the reduced u value
must (1) take place during the slowing down process,
presumably when e„&c/137; (2) act rapidly; (3) affect
only a fraction of all muons. These conclusions would

appear to support the muonium picture given in the
text. At a velocity of the order of c/137, however, the
muon loses little energy by e capture, and muonium
(having almost the same velocity) would make 10"
collisions/sec in a solid. This may throw some doubt
on the literal validity of the picture. On the other
hand, the latter is not critically dependent on the
assumed binding between electron and. muon. Con-
ceivably, thermalized muons can sufficiently couple to
spins of bound electrons (or nuclei) to depolarize. —
These points will be discussed in detail in a future
publication.
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The formation of the compound p++e (muonium) is considered as a tool for gaining information re-

garding the polarization of the p+ before their capture by the e and the asymmetry of e+ emission in the
disintegration p+~e++v+v'. The detection of asymmetry effects is supposed to take place through
the counting of e+. The effect of constant magnetic fields and of microwave-induced transitions among
magnetic substates of muonium is calculated, with the conclusion that all of the experiments considered
here determine in different ways the same combination of parameters describing the initial muon polarization
and the asymmetry of e+ emission in muon decay.

I. INTRODUCTION AND NOTATION

' 'N order to answer the question of parity conservation
~ ~ raised by Lee and Yang, ' experiments were per-
formed by Wu, Ambler, Hayward, Hoppes, and
Hudson' showing that parity is not conserved in beta
decay of Co" giving the 6rst example of lack of con-
servation of parity in weak interactions. The experi-
ment of Garwin, Lederman, and Weinrich' then showed
that in the reactions

m+~p++ r, p+~e++ v+ v,
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the p+ are strongly polarized along the line of motion
and that there is a large asymmetry in the angular
distribution of the e+ with respect to the spin direction
of p+. The question arises as to whether the degree of
polarization of p+ and the asymmetry parameter in the
e+ emission, or some parameter connected with both,
could be determined by observing the asymmetry of
t.+ emission from the compound

p+1 e,
the formation of which may be expected to take place
at the end of the range of the p+ in suitable materials. 4

The present note is concerned with this question. ' The
4 The possible role of muonium in the Columbia and Chicago

experiments has been discussed by J. I. Friedman and V. L.
Telegdi, Phys. Rev. 105, 1681 (1957);estimates of formation may
be found in Vernon W. Hughes, Bull. Am. Phys. Soc. Ser. II, 2,
205 (1957).

~ After the present work was completed, there arrived a pre-
print of a paper by Lee, Oehme, and Yang, on "Remarks on
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TABLE I. Inherent probabilities of spin directions of p.+. TABLE II. Relative numbers of muonium atoms and
of spin directions after capture.

Spin function
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p
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1 —p
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Totals

Number of p+ with spin orientations
Clp PI

p 0
$2c2 +$2 ($2 c2)P c4+c2 ($2 c2)P

0 1 —p
c2$2+c2(c2 —$2)P $4+$2(c2 —$2)P

2c2$2+Li+(c2 —$2)2jP 1+c4+$4—L1+(c2—$2)2jP

experiments considered will be seen to be incapable of
determining the two parameters separately but are
nevertheless able to give information regarding a
combination of the two.

The symbols most frequently used are as follows:

F=fine-structure quantum number (total angular
momentum of muonium).

M p ——weak-field magnetic quantum number with axis
of quantization along the muon line of Right.

n„, P„=spin eigenfunctions of p+; n„corresponds to spin
orientation along the line of flight, P„ to the
opposite spin direction.

n„P,= similarly defined spin eigenfunctions of the
captured e .

p=probability that p+ has its spin oriented along
the beam direction just before capture.

In addition there will occur frequently a quantity a
which is a measure of the asymmetry of e+ emission. It
is de6ned by counting e+ emissions in two cones having
angular openings 0 to 8 and x to x—8, with 8 standing
for the angle between the direction of e+ emission with
respect to the muon spin. When one restricts oneself to
these e+, the probability that if an e+ is observed its
direction is in the first cone is denoted by (1+a)/2 and
the probability that it should lie in the second cone is
denoted by (1—a)/2.

II. CONDITION IN A STEADY FIELD ALONG
THE LINE OF FLIGHT

The muonium will be supposed to be subjected to the
action of a magnetic 6eld 3C along the line of Qight of the
muons. A magnetic 6eld orientation perpendicular to
the line of Right results in equal probabilities of the p+
spin along and opposite to 3C, and is thus not suitable for
obtaining information regarding the original spin direc-
tion. The eGect of the longitudinal magnetic 6eld is to
give the probabilities of the states n„, P„of p in the
states (F,3IIr) of muonium as in Table I. In this table
the states (1,0)' and (0,0)' are the stationary states
arising from (1,0), (0,0) if BC is applied adiabatically.
For BC=0, s=c= 1/W2. In general s, c may be taken to be
real numbers satisfying s'+c'= 1. The notation is
suggested by the fact that s and c are, respectively, the
sine and cosine of an angle associated with the orthogo-
nal transformation from the strong-field states to the

noninvariance under time reversal and charge conjugation" which
increases the interest in the question of the determination of the
spin direction of the muon on account of its bearing on the ques-
tion of conservation of light particles.

actual ones. It will be supposed that if the muon spin is
n„before capture, the relative number of muonium
atoms formed in diferent states is proportional to the
probability of n„, i.e., to the numbers in the next to
the last column of Table I. If the muon spin is P„, the
relative numbers of muonium atoms formed is similarly
proportional to the probability of P„ in the state into
which capture takes place. This way of calculating the
relative probability of formation amounts to the as-
sumption that torques on the p+ spin during the forma-
tion have a negligible effect. This appears reasonable in
view of the smallness of the magnetic moment of p+ and
corrections for such eGects could be worked out. In this
way one obtains from Table I the relative numbers of
muonium atoms produced in the various magnetic
substates as well as the relative numbers of the p+
having different spin orientations n„, P„. These relative
numbers are listed in Table IJ.

The directions of n and P will now be referred to by R
and L (for right and left), and the fractional excess of
E over L spin orientations by b so that

fi= (R L)/(R+L), — (1)

where R and L stand for the number of p+ spins having
spin orientations along E and L. For the conditions
applying to Table II, one has then

&=L(c'—s')'+17 (p—2) (2)

The observable asymmetry of the e+ is

A = [R(e+)—I.(e+)7/[R(e+)+L(e+)7, (3)

where R(e+) and L(e+) are the relative numbers of e+
emitted along E.and L, respectively. From the de6nition
of a, one has

R(e+) = (1+a)R/2+ (1 a)I./2, —
I.(e+) = (1—a)R/2+ (1+a)L/2,

and hence from (1) and (3),

A = [(c'—s')'+17(p —~)a (6)

From K one can calculate c and s and hence a measure-
ment of A through (6) determines (p—-,')a.

By applying a microwave magnetic field with a
frequency corresponding to the energy difference be-
tween (1,1) and (0,0)', it should be possible to equalize
the relative numbers of muonium atoms in these two
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states making each of them s'/2+ (1+c'—s') p/2. For
this saturated condition of (1,1) and (0,0)' states, the
the asymmetry of electron emission is obtainable by
the same procedure as that used in obtaining (6). The
result is

A, = (3c4—2c'+1) (p ——',)a

((1,1) and (0,0)' equalizedj. (7)
Similarly one 6nds

A 2——(1—2s'+3s') (p ——',)a

[(1,—1) and (0,0)' equalized]. (8)

In all cases the measurement of the asymmetry of the
electron emission gives the combination (p—2)a and
does not suKce for the determination of p and a
separately. The occurrence of the factor (2p —1)a in
the result is in agreement with expectation because a
change from p to 1—p together with a change from a
to 1—e replaces every R muon by an L muon and also
reverses the sign of the inherent e+ emission asymmetry.
The value of A cannot be a6ected by these two changes
as is in fact the case in (6), (7), and (8). The occurrence
of (p ——',)a in A could in fact have been predicted from
this consideration because the only way of combining
expressions contain. ing no powers of a and p higher
than the first into a form invariant to changing p to
1—p and a to —a is to form a multiple of (p ——,')a. One

may conclude therefore that the experiments just
considered can give the parameter (p —2)a in several
ways but not p and a separately.

IIL ESTABLISHMENT OF EQUILIBRIUM

The question arises as to whether an observation of
the rate at which equilibrium is established as a result
of the application of a circularly polarized microwave
field can distinguish between p and a. If it were possible
to observe the reaction on the microwave cavity pro-
duced in transitions between (1,1) and (0,0)', one
would know the value p(1+s'—c')—s'=s'(2p —1) and
the value of p would be determinable. The number of

. muonium atoms available is too small, however, to
make such an observation of the absorption of micro-
wave energy practical. It is necessary therefore to use
the observation of the disintegration e+ exclusively. The
possibilities of experiments making use of such observa-
tions appear as follows.

The combined eGect of absorptions and stimulated
emissions is to give rates of change of populations

E, S~ of two states a, b as follows:

dN, /dt= XN +Ng, dNb/d—t= XNg+XN, —

where ) is determined by the strength of the microwave
6eld and the transition matrix element. These rates of
change leave N,+¹time-independent and give an
exponential decay of S —F~ with time constant
1/(2X). At the time t,

N, (t) =-', (1+u)N (0)+-';(1—u)Ny(0),

Nq(t) =-', (1—u)N, (0)+-,'(1+u)Nq(0),
(9)

where
e—st (9')

Referring to the states (1,1), (1,0)', (1, —1), (0,0)' as
1, 2, 3, 4, the relative numbers of muonium atoms in the
four states may be written as

c,+d,p, (i=1, 2, 3, 4). (10)

The contribution of states k, l to 2b is, according to
(11) and (12),

(2qk —1)(ck'+dk'p)+ (2ql —1) (cl'+di'p)
= (2q~ —1)(c~+dip)+ (2q) —1)(c)+dip)

+ (1—u) (q~ —qi) pi —c~+ («—di) p$.

Thus during the transition the value of b is

b'= b+ ', (1 u) (qg -q() [—c( cp+—(«—d—g)p]. (13)

Since b is a multiple of 2p —1, and since the same
applies to b' when N=o, the value of b' for other N is
also a multiple of 2p —1. Inspection of the second
column of Table II shows in fact that c~—ci+ (d~ —di) p
is a multiple of 2p—1 for any pair of states. The ob-
servation of the rate of transitions thus gives informa-
tion about X but not about the values of a or p
separately.

IV. CONCLUSIONS

Measurements of the asymmetry in the emission of
e+ yields several ways of determining the quantity
(2p —1)a which can be of value in. testing assumptions
regarding the formation of muonium and the applica-
bility of simple theory to its structure. Steady magnetic
6elds along the line of flight and microwave transitions
between magnetic substates give formulas for e+

asymmetries containing the same parameter (2p —1)a
as a factor.

It is desired to acknowledge helpful discussions with
Professor T. D. Lee.

These quantities are listed in succession in the second
column of Table II. The quantities occurring in the
third and fourth columns of Table I will be called q;
and 1—q;, respectively. The inherent probability of
a„ in state i is thus q; and that of P„ is 1—q,. I'he relative
numbers of p+ with spin orientations along and opposite
to the beam direction are therefore q, (c~+d;p) and
(1—q;) (c~+d,p), respectively. Hence

&=Z' (2q' —1)(c'+d'p)/2' (c'+&'p), («)
and, on account of the normalization used in Table II

g; c;=2, P; d;=0.

Thus fi is linear in p as has been observed previously.
According to (9), the effect of a microwave transition is
to change a pair cq+d~p, c~+d~p to

cg,'+ di'p =-', (1+u) (can+dip)+-', (1—u) (c(+ dip),
c(+d(p=-', (1—u) (c,+d,p)+-', (1+u) (c&+d~p).

(12)


