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Muonium in the 2 state has been produced by the beam-foil method with a w* beam of
10 MeV/c. The metastable 2S state of muonium has been detected by a static electric field
quenching method, and the transition 28y, F=1— 2P, F=1 induced by a radio-fre-
quency electric field has been observed with an event rate of about 4/h.

PACS numbers: 36.10.Dr, 12.20.Fv

Muonium (M) is an atom consisting of a positive
muon and an electron and is an ideal system to test
quantum electrodynamics (QED).! High precision
measurements of the hyperfine structure interval
Av and of the Zeeman effect in its ground state
have provided very sensitive tests of QED, as well
as precise values of the fine structure constant o
and the ratio of the muon and proton magnetic mo-
ments.>? In these experiments muonium was
formed by stopping u* in gaseous targets.

Another important QED test would be a precise
measurement of the Lamb shift in muonium in the
n =2 state, since it would be free of the effects of
proton structure which complicate the interpreta-
tion of the Lamb shift in hydrogen.* For this mea-
surement muonium in the 2S state must be ob-
tained in vacuum to avoid collisional quenching of
M(2S) atoms. With a method similar to beam neu-
tralization in proton-beam-foil spectroscopy® we
have shown that muonium in its ground state is
formed by passing a w* beam through a thin foil in
vacuum.® From proton data’ we expect that meta-

914

stable M(2S) atoms will be formed as well, and that
M(2S5)/M(1S) will be about 0.1. Higher excited
states will also be formed but their formation proba-
bilities are lower and most of these excited state
atoms will decay rapidly. This paper reports on fur-
ther developments for producing muonium in vacu-
um, the detection of M(2S) by a static electric field
quenching method, and the observation of the
Lamb shift transition 25— 2P induced by an rf
electric field of about 1140 MHz.

Our experiment was done at the Stopped Muon
Channel at the Los Alamos Clinton P. Anderson
Meson Physics Facility (LAMPF). In our previous
experiment to obtain muonium in vacuum,® the
surface muon beam?® of 28 MeV/c was degraded so
that about one half of the muons were stopped in
the production foil. Monte Carlo calculations of the
energy spectrum of ut emerging from the foil
showed that this spectrum is rather flat and extends
up to a kinetic energy of 2.5 MeV. Thus, only a
small fraction of about 10~3 of the muons passing
through the foil could capture an electron due to
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FIG. 1. Schematic diagram of the apparatus.

the rapid decrease of the capture cross section with
increasing kinetic energy.>!® Our calculations also
showed that the absolute yield of muonium atoms
is roughly independent of the incident muon beam
momentum p whereas the muon flux was measured
to be proportional to p33. Hence for lower beam
momenta the signal-to-noise ratio for any muonium
experiment should be improved. Our calculations
indicate that muonium atoms emerge approximate-
ly isotropically from the foil and that the velocity
distribution of M(1S) or M(2S) is determined by
the charge capture cross section and is not depen-
dent on p.

Figure 1 shows a diagram of our apparatus. The
20-um-thick muon scintillation counter (NE 102A)
served as a degrader, and muonium was formed in a
thin Al foil (0.2 mg/cm?) at ground potential im-
mediately downstream of the scintillator. With a
parasitic apparatus mounted downstream of the ap-
paratus shown in Fig. 1 (with microchannel plate
removed) and similar to the apparatus of Ref. 6, we
optimized the beam momentum for maximal
M(1S) yield per incoming muon. In the search for
M(2S) we were limited to accept an average muon
rate of 70 kHz at a duty factor of 9% because of
pile-up considerations. Figure 2 shows that at 9.75
MeV/c the M(1S) flux is about 4% of the muon
flux measured with the scintillation counter. The
muonium flux from the downstream side of the

foils is obtained from the measured rate with the
parasitic apparatus assuming isotropic distribution
of M(1S) from the foil. This ‘‘subsurface’” muon
beam was obtained by tuning the muon channel to
transport muons of about 10 MeV/c; an electrostat-
ic separator was used in our beam line to suppress
the very high positron contamination (e*/
ut=10%at 5 MeV/c).

Figure 3 gives the energy level diagram for
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FIG. 2. Muonium yield at the foil as a function of the
ut beam momentum.
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FIG. 3. Energy level diagram of the n=1 and n=2
states of muonium.

muonium in its n =1 and n =2 states including fine
structure, Lamb shift, and hyperfine structure. The
value of the Lamb shift interval of 25/, to 2P,
for muonium has been calculated from QED.!! The
2.8 atomic state is metastable with the mean lifetime
of % s for two-photon decay to the 1S state; howev-
er, the mean life of 2.2 us for u* decay determines
the lifetime of M(2S). In muonium the 2P state
decays to the 1.5 state with a mean lifetime of 1.6 ns
through an electric dipole transition with emission
of a Lyman o photon of 1221 A, MQS) is
quenched in an external static electric field!2
through admixture of the 2P state; a Lyman « pho-
ton is emitted, and the mean lifetime is about 2 ns
in a field of 600 V/cm.

Our first approach to observation of M(2S) was
to detect the static electric field quenching of
M(2S). Our apparatus (Fig. 1) includes four pho-
tomultiplier tubes for detection of Lyman « uv ra-
diation. These are the Hamamatsu type R2050
photomultipliers with a MgF, window of 5 cm di-
ameter and a quantum efficiency of 10% at 1221 A
including transmission through the window. The
total solid angle of the four tubes is 30% of 47. In
addition, there is a microchannel plate just down-
stream of the phototubes to detect M(1S) atoms
and n™; in our first run the active plate diameter
was 4 cm and in the second, 7.5 cm. Three quench-
ing grids located at the axial position of the photo-
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tubes produced an axial static electric field of 600
V/cm. The center grid was at —1200 V and the
two outer grids were grounded.

We searched for M(2S) by modulating the static
electric field between on (600 V/cm) and off and
looking for a difference in the event rate due to Ly-
man « photons emitted during the field-on phase.
An event required a triple coincidence between an
incoming muon, a delayed Lyman « photon in one
of the four uv phototubes, and a further delayed
M(1S) atom detected in the microchannel plate.
The distance between the scintillator and the center
plane of the uv phototubes is 20 cm and that
between the scintillator and the microchannel plate
27.5 c¢cm; the time gates were set to accept M(2S)
atoms with kinetic energies between 4 and 26 keV.
The phototube pulse had to occur between 30 and
80 ns after an incoming muon, and the microchan-
nel plate pulse between 10 and 40 ns after a photo-
tube pulse was detected in the first gate. Combin-
ing about two days of data taking from our two
runs, we observed 174 events with the quenching
field on and 72 events with the field off. Assigning
the difference between grid on and grid off to
events due to Lyman « photons from quenched
M(2S) gives a Lyman « event rate induced by the
static electric field of (4.7 £0.7)/h. Within the un-
certainties of our detection efficiencies this value
agrees with the expected rate of M(2S). For the
normalized difference signal (S) between quench-
ing field on and field off defined with the events
(E) normalized to the number of incoming muons,
S=[(E/w)on — CE/p) oged /ICE/ ) on + (CE/p) oir 1,
we obtained S=(41.5 +5.8)%. For delayed coin-
cidences with delay times outside the expected
flight times of M(2S) atoms, the signal is con-
sistent with zero, namely S=(—1.7 +6.4)%. For-
mation and static electric field quenching of M(25)
has also been reported from an experiment at
TRIUMF.®* However, the M(2S) formation rate
reported by them is in disagreement with ours, be-
ing about a factor of 10 higher when the different
beam momenta are taken into account.

Our next step in establishing the formation of
M(2S) atoms was to search for the Lamb shift tran-
sition 28y, F=1-— 2Py, F=1 driven with an rf
electric field. In Fig. 4 the solid curve shows the
theoretical non-power-broadened resonance lines
for two transitions between the hyperfine sublevels
of the 257/, and 2Py, states. The natural linewidth
of 100 MHz (full width at half maximum) is due to
the lifetime of the 2Py, state. Our rf interaction
region (Fig. 1) consisted of a coaxial line. It was
8.3 cm long and had tungsten meshes with a
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FIG. 4. Muonium 28y/,— 2Py, resonance lines. The
solid curve shows the theoretical non-power-broadened
resonance line shape. The data points for 100- and 25-W
rf input power are shown.

transmission of 80% each at the entrance and exit
planes to allow the muon beam to pass through.
The diameter of the inner conductor was 1 cm and
the inner diameter of the outer conductor was 5.1
cm, which resulted in a variation of a factor of 25 in
the power density between the inner and the outer
radii.

Initially we searched for the 25y, F=1— 2Py,
F=1 transition at 1140 MHz with the maximum
available microwave input power of 100 W (70 W
transmitted power) where large microwave power
broadening of the line is expected. The microwave
power was modulated between on and off with a
frequency of 1 Hz. The static electric field in the
quenching grids was held constant at 600 V/cm.
With microwave power on, M(2.S) atoms should be
quenched in the rf region, while with power off,
quenching will take place only in the region of the
static field quenching grids which is viewed by the
phototubes. Event counts were defined as above
and our signal should be the reduction in event
counts due to the microwave power. The signal Sis
defined as the normalized difference between rf
power on and power off. A large signal of the ex-
pected sign was found: S=(—40 +10)%.

Our six data points are shown in Fig. 4 and were
obtained in six days of data taking in two runs.
After obtaining a second point with 100 W at 1000
MHz which is off the center of the resonance, we
took the four data points shown with 25 W input
power, which is calculated to be approximately the
optimum power for studying the resonance line.
Again no signals were observed with delayed coin-
cidences outside the expected times of flight of

muonium atoms. The solid curve shows the
theoretical non-power-broadened resonance line
shape with its height normalized to the data point at
1140 MHz with a microwave input power of 25 W.
The four data points are clearly consistent with the
theoretical curve and indicate that a more correct
theoretical curve would include some power
broadening. The magnitude of the signal at the
peak of 1140 MHz, (—28 +6)%, agrees well with
that expected from the measured static electric field
signal, namely S;= — (0.6)Sgic= —25%. We
note that the large S value observed at 1000 MHz
with 100 W input power is expected due to power
broadening and provides further evidence of our
observation of the 2S(F=1)— 2P(F=1) transi-
tion. Our resonance curve with 25 W input power
is in agreement with the predicted value of the
Lamb shift.

We conclude from our data that we have formed
muonium in the 2 state with the expected rate and
that we have observed the Lamb shift transition.
We are proceeding to make measurements of the
28y, 2Py, transitions to determine the Lamb
shift and hfs intervals.
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