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After the discovery'~ 2 that muons which origi-
nate from pion decays are polarized and that pos-
itrons which originate from muon dec-ays are
emitted with an angular asymmetry with respect
to the spin direction of the muons, it was real-
ized'~ 3 that it should be possible to observe the
atom consisting of a positive muon and an elec-
tron (called muonium) and to measure its hyper-
fine structure. The present Letter reports the
formation of muonium in pure argon gas; muonium
is observed through its characteristic Larmor
precession frequency.

Muonium in its ground 1 ~S~ state can be formed
when a positive muon is slowed down in matter
and captures an electron from an atom in the
stopping material. If the muons are polarized,
the muonium atoms formed should also have a
net polarization. 4 Specifically, if the z axis of
quantization is taken along the direction of the
momentum of the incident muon beam, then the
spin direction of a positive muon will be in the
negative z direction to a good approximation. '
Hence substates (E, mE) = (1, - 1), (1,0), and (0, 0)
will form in the relative amounts 1/2, 1/4, and
1/4, respectively, where E is the quantum num-
ber for total atomic angular momentum and mg
is the associated magnetic quantum number. In
the states (1,0) and (0, 0) the muon is unpolarized;
the time involved in establishing these unpolarized
states subsequent to the electron capture by the
muon is determined by the hyperfine structure
interaction between the electron and the muon
and is of the order of 10 ' sec. In the state
(E,mE) = (1, - 1) the muon is polarized with its
spin along the negative z axis.

Many searches have been made for muonium
since 1957. Usually'~' the attempt has been to
observe the characteristic precession frequency
of muonium in the state (E,mE) =(1, —1) in an
external magnetic field H whose direction is per-
pendicular to the direction of the incoming muon
beam (or equivalently to the axis of quantization).
The muonium spin angular momentum will precess
about H with the frequency f= pH/8 [p, = magnetic

moment of the (1, -1) state of muonium], which
is 1.39 Mc/sec-gauss. The published accounts
indicate that solid or liquid targets have been
used. An experiment has also been done' to look
for a Zeeman transition between the E = 1 mag-
netic sublevels of muonium induced by a radio-
frequency field, when muons are stopped in N~O

gas at 50 atm pressure.
A wide variation has been observed in the

amount of depolarization of positive muons stopped
in different materials. '& '0~" The polarization is
measured in a precession experiment in which
the magnetic field is chosen so as to detect the
precession of a free muon; in such an experiment
polarized muonium would appear unpolarized
because of its high precession frequency. The
observed variation in polarization has often been
ascribed to varying amounts of muonium forma-
tion. However, this explanation is not necessarily
correct because one can conceive of other depo-
larizing mechanisms, e. g. , those resulting from
chemical reactions of the muon. "

The present experiment was designed to search
for muonium in pure argon gas at high pressure.
The argon gas was contained in a stainless steel
cylinder at a pressure of 50 atm and was puri-
fied by recirculation over titanium sponge heated
to 500'C. First the depolarization of the muons
stopped in the gas was measured in a free-muon
precession experiment. ' The value of the ratio
of the asymmetry parameter, a, for argon to
that for carbon was 0.08+ 0.15, and thus within
the accuracy of the experiment no free polarized
muons remain in argon. This result is a neces-
sary condition that all the muons form muonium.

As a specific search for muonium, the charac-
teristic precession frequency of muonium in the
state (E,mE) = (1, - 1) was looked for in the man-
ner indicated in Fig. l. An external magnetic
field H between 3 and 5 gauss was applied per-
pendicular both to the direction of the incoming
muon beam and to the direction from the target
to the positron telescope, and its value was meas-
ured to an accuracy of 1% with an electron reso-
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FIG. 1. Experimental arrangement.

nance spectrometer using DPH free radicals.
The distribution of time intervals between the
incoming muon pulses (1-2-3 coincidences) and
those decay positron pulses (4-5 coincidences)
which came between 0.2 and 2.0 microseconds
after the muon pulse was converted to a spectrum
of pulse heights which was fed into a pulse-height
analyzer. The characteristic precession of po-
larized muonium should appear as an oscillation
in the pulse-height analyzer data.

The data were assumed to represent the sum
of four components, due to (1) polarized muonium,
(2) polarized free muons, (3) unpolarized muons,
and (4) accidental coincidences. We determined
the amplitudes of (2) through (4) by a least squares
procedure in which (1), which must be represented
by a rapidly varying periodic function, would not
contribute. With these computed amplitudes, the
contributions of (2) through (4) to the data were
then subtracted, leaving numbers yz containing
only the desired oscillation due to polarized
muonium. A least squares fit to the yz was made
using the function
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FIG. 2. Frequency analysis.

Here v is the muon mean lifetime; v' is a para-
meter introduced in order to allow for line broad-
ening, either through field inhomogeneities, drifts
in electronics, or depolarization of muonium in
collisions; f is the trial value for the precession
frequency of the magnetic moment of muonium;
to is the time delay between the stopping of the
muons and the emission of the earliest positrons
used in the data analysis. An IBM-650 computer
was used for these computations.

The results of this analysis are shown in Fig. 2
for three sets of data; for two of the cases (II
and III) polarized muons were stopped in argon
at different magnetic fields and for case I pions
were stopped (and hence unpolarized muons were
produced). The solid curves were obtained from
the analysis of the data and represent the percent
amplitude of A compared to the total counting
rate. The error bars correspond to an error of
one standard deviation in the percent amplitude.
The dashed curves are theoretical line shapes
centered in each case at the muonium precession
frequency predicted from the measured value of
the magnetic field. The theoretical lines were
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computed with the values of v' and t, determined
from the data analysis and were normalized to
the peak amplitudes of the lines computed from
the data.

Resonances are clearly seen in cases II and III
at the frequencies which are predicted for muonium
precession on the basis of the magnetic field meas-
urements. The observed and predicted resonance
frequencies agree within the experimental uncer-
tainty of 0.2 Mc/sec. The observed amplitudes of
the resonances are 4 to 5 standard deviations. In
case I where unpolarized muons were used, no
resonance is observed. In three other cases, not
shown here, where polarized muons were used at
different magnetic fields, resonances were ob-
served at the precession frequency of muonium;
in one additional case with unpolarized muons, no
resonance frequency was found. Hence we con-
cluded that muonium is formed in pure argon.
Although it is difficult to relate quantitatively
the percent amplitude shown in.Fig. 2 to the
fraction of muons which form muonium, the data
do indicate that close to 100% of the muons form
muonium in pure argon.

Muonium is of interest principally because it
is the simplest system involving a muon and an
electron, and hence it offers the greatest prom-
ise for a precise study of the interaction between
these two particles and thus for a test of the quan-
tum electrodynamic field theory of the muon, elec-
tron, and photon system. In particular, it would
be of great value to measure the hyperfine struc-
ture separation, 4p, in the ground 1 2S~ state of
muonium, Under the assumption that the muon
is a Dirac particle, the theoretical value for 4v
is given by

in which n =fine structure constant, c = velocity
of light, A =Rydberg constant for infinite mass,
m=electron mass, I=muon mass, jun=eh/2mc
= Bohr magneton, p, &

=ek/2Mc = muon magneton.
The first bracketed term is the Fermi expression;
the second term is a reduced-mass correction;
the last term includes the lowest order anomalous
magnetic moments of the electron and muon. Use
of the known values of the atomic constants" gives
b.v=4464. 0 Mc/sec. The next order o.' term has
not yet been calculated but is, of course, calcu-
lable in principle from a Bethe-Salpeter equation
for the bound state of the muon and electron.

Comparison of a precise experimental value for
4v with the theoretical value would provide a
critical test of electrodynamics involving the
muon and could reveal an anomalous structure
of the muon. In view of the abundant formation
of muonium that we have found, we are hopeful
that a measurement of the hyperfine structure of
muonium will be possible and we are preparing
to do this experiment.
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