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Muonium atoms have been observed in vacuum after emission from a layer of finely divided sili-
ca powder. By extrapolation of the decay-positron track, both the time and position of muon decay
are measured, confirming thermal emission at room temperature. The yields range up to
(19 + 6)% of muons stopping in the layer, depending on its thickness. The result is used to recal-
culate the upper limit for conversion of muonium to antimuonium.

PACS numbers: 36.10.Dr

Muonium is a hydrogenlike atom consisting of a
positive muon and an electron. The structureless lep-
tonic nature of the muon makes muonium ideal for
testing certain aspects of weak and electromagnetic in-
teractions, for example, via measurement of muonium
conversion to antimuonium (u~e™*),! hyperfine split-
ting,2 Lamb shift,? or the 15-2S atomic transition en-
ergy. Muonium is produced by bringing a muon beam
to rest in a suitable material, but the subsequent influ-
ence of the moderator eliminates many advantages for
fundamental investigations of the purely leptonic
muonium system. We have observed the decay of
muonium atoms in vacuum resulting from emission
from a thin layer of finely divided silica powder. This
is the most intense source of muonium in vacuum yet
reported.

The behavior of muons in silica powder has been
studied previously at TRIUMF with use of the spin ro-
tation technique. It has been established that
(61 £3)% of the stopping muons form muonium,* a
yield similar to that of bulk quartz. The quenching
rate of muonium precession by O, gas in a silica-
powder moderator agrees closely with that in an
argon-gas moderator, suggesting that most of the
muonium escapes the silica and moves in the regions
between the powder grains rather than being trapped
inside or at the surface of the grains.’ In a model
where the muonium is formed within the silica grains,

and is expelled into the intergrain region where it dif-
fuses with thermal velocities, a yield of 5% is predicted
to be emitted from a thin layer.® In addition to silica
powder, thermal diffusion and emission into the vacu-
um of muonium from hot tungsten and platinum foils
has been studied.” A similar set of experiments per-
formed recently at the National Laboratory for High
Energy Physics (KEK) has reported a yield of about
4% from a high-purity hot clean tungsten foil .2

Our experimental arrangement is shown in Fig. 1.
The M15 low-energy positive-muon channel at TRI-
UMPF? delivered 2x 10* particles/s of nominal central
momentum 20.0 +0.2 MeV/c and 3% (FWHM)
momentum spread through a 13 mm X 20 mm collima-
tor. The beam was incident at 60° to the normal of a
125-um plastic scintillator, and transmitted muons
then struck a silica-powder-layer target supported on a
2.5-um Mylar film parallel to the scintillator. The tar-
gets studied were two grades of silica powder (3.5- and
7.0-nm particle radius, density 30 mg/cm?®),!? a
powder compressed under 7 tons of pressure to a
thickness of 3 mg/cm?, and an aluminum foil of thick-
ness 3 mg/cm? for background estimation. Different
thicknesses of uncompressed powder (1 and 3
mg/cm?) were employed, but fragility of the targets
prevented accurate thickness measurements and the
layers were not always uniform. The target region was
evacuated to a pressure of less than 1076 Torr.
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Schematic of experimental apparatus. The

FIG. L.
powder target is indicated by P, and S is a stack of three scin-

tillators. Inset: target region as viewed by the wire
chambers. The powder layer (P), the thin scintillator (S),
and its Lucite light guide (L) are indicated, as are the coordi-
nate axes. Dashed lines indicate structures out of the plane
of the beam.

The scintillator-target region was viewed through a
25-um stainless-steel window by a positron decay tele-
scope consisting of three sets of two-dimensional mul-
tiwire proportional chambers (MWPC’s), three scintil-
lators, and a large Nal(T1) crystal. For each event the
positron energy, delay time relative to the beam scin-
tillator, and chamber hit coordinates were recorded.
The event trigger demanded an incident muon and a
positron within a 10-us interval in MWPCI1, the scin-
tillator stack, and the Nal. The Nal clearly recorded
the characteristic Michel shape of the muon-decay pos-
itron energy spectrum. Events for which one or more
muons were incident within 10 us were rejected to
minimize rate-dependent distortion of the muon-decay
time spectrum. Figure 2 shows a density plot of the
trajectories of the decay positrons extrapolated to the
vertical plane containing the beam axis. Decays orig-
inating from the target and beam scintillator are clearly
seen.

A Monte Carlo simulation has been used to obtain a
quantitative understanding of the data. In the simula-
tion model, incident muons are created in the phase
space of M15 and undergo collimation, energy loss,
and scattering up to their stopping positions. Decays
of both in-flight and stopping muons are generated in
the direction of the wire chambers. Of those muons
stopping in the powder layer, 61% are converted to
muonium and undergo a random walk with an effec-
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FIG. 2. Density plot of projection of decay-positron tra-
jectory to x =0 plane, showing definition of regions for time
histograms. The coordinate axes are defined in Fig. 1.

tive diffusion constant 2. The muonium is allowed to
escape upon reaching the downstream powder surface
with a thermal velocity for 300 K and a cos(6) angular
distribution. Positrons that would undergo large energy
losses because of passage through the collimator or
window flanges are eliminated. The position resolu-
tion of the MWPC track extrapolation is modeled by a
Gaussian distribution with a width of 6 mm FWHM
determined by the relative intensity of counts in re-
gion V1 (region defined in Fig. 2) for the Al foil target
and for the simulation with D=0 The stopping distri-
bution in terms of the ratio of decays in the target to
decays in the scintillator is reproduced by adjustment
in the simulation of the beam central momentum.
The diffision constant D is then adjusted to match the
ratio of target decays to decays from region V2 of Fig.
2.

Histograms of the observed time of decay for real
events in different spatial regions are shown in Fig. 3
for a 1-mg/cm? layer of 3.5-nm powder and for the Al
foil target, and are compared to the simulation for
D =80 cm?/s and beam momentum 20.0 MeV/c.
Note the nonexponential time dependence introduced
by motion of muonium into and out of the different
regions. The simulation allows estimates of partial
yields for diffusion from the layer followed by decay in
each of the four regions, per muon stopping in the sili-
ca layer. Based on the measured yield for region V2 of
(1.6 £0.12)% per stop in the silica, yields into the vac-
uum of 6.7%, 5.3%, and 0.7% are estimated from the
simulation for decays from the target, V1, and V3 re-
gions, with the remainder decaying elsewhere. How-
ever, the inferred total yield depends on the input
parameters and the model. From simulations with
other assumptions, in particular for isotropic emission
from the layer, a systematic uncertainty of 30% and a
yield of (19 +6)% is indicated. The same analysis for
a 1-mg/cm? layer of 7.0-nm particles gives a similar
result while a 3-mg/cm? layer of 3.5-nm particles
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FIG. 3. Muon decay times for events from the spatial re-

gions defined in Fig. 2. Filled circles represent the data from
a l-mg/cm? powder, open squares, those from a 3-mg/cm?®
Al foil, and the histograms result from the simulation calcu-
lation with diffusion constant of 80 cm?/s.

yields (15 +5)%.

The background of approximately 40% in region V1
is mainly from muon decay in the target (smeared in
apparent position as a result of resolution) which has
an almost exponential time dependence. The fit in
this region improves for a resolution width of 5§ mm
rather than 6 mm, without destroying the good agree-
ment in other regions or the calculated yields. Decays
in the walls of the apparatus contribute most of the
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FIG. 4. Velocity distribution of events from spatial re-

gions V1, V2, and V3 for the powder and the simulation as

in Fig. 3. Also shown is the component of the simulation
from muonium in vacuum.

background in regions V2 (10%) and V3 (25%).

Figure 4 shows a histogram of the distance of the
muon from the layer at decay divided by the time of
decay (an average velocity during diffusion and drift)
for muons decaying in regions V1 and V2. The agree-
ment with the simulation is again very good, confirm-
ing the hypothesis of thermal emission. No evidence
was noted for a change in yield with an applied electric
field of 2.5 V/cm, which is sufficient to inhibit escape
of charged muons from the proximity of the layer.
This confirms the neutral nature of the signal, while a
muoniumlike mass is inferred from the velocity spec-
trum. Furthermore, the aluminum-foil-target results
were well described by the simulation without dif-
fusion where the nonexponential time structures of
Fig. 3 are absent. No evidence was noted for muoni-
um emission from the compressed target. We con-
clude that the effect observed from silica is due to
muonium moving at velocities consistent with room-
temperature thermal energies.

Some inconsistency was noted with the diffusion
model used in the simulation. A thermal diffusion
constant 9 can be calculated as a function of particle
number density and size by treating the layer as a gas
of powder particles.® For 3.5-nm spheres one obtains
D =79 cm?/s. However, the simulation requires
D =80 cm?%/s, corresponding to a substantially in-
creased yield and indicating the presence of beneficial
effects not considered in the model. Our results indi-
cate even higher values of D for a thicker powder
layer. We believe that the primary reason is the ex-
istence of large chainlike agglomerates in the powder,
regions of higher density separated by large empty
volumes, which tend to greatly increase the effective
diffusion constant.
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Marshall er al.® have exploited the advantages of
thermal muonium in a search for muonium conversion
to antimuonium. Seventeen layers of 3.5-nm-diam
SiO, powder, each 0.85 mg/cm? thick, were used to
produce thermal muonium in vacuum. The signal for
conversion to antimuonium was a muonic x ray from a
CaO surface adjacent to the vacuum drift region. The
upper limit obtained on the branching ratio for conver-
sion (with respect to normal muon decay in muoni-
um), 4%, was based on a calculated 5% yield of
muonium in vacuum. The present data show that the
muonium yield was at least (15 +5)% in that experi-
ment. This yield thus places an improved upper limit
on this branching ratio of 1% (95% confidence level)
and the upper limit on the coupling constant is re-
duced from 42 to 20 times Gpf, the Fermi coupling
constant. We are planning an improved muonium
conversion experiment at TRIUMF based on ra-
diochemical detection of the x~. New measurements
of this process have also been proposed at the Clinton
P. Anderson Meson Physics Facility (LAMPF), KEK,
and the Swiss Institute for Nuclear Research.
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