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A negative muon which is slowed and captured in a hydrogen target can
participate in a wide range of processes including atomic and molecular formation,
deexcitation, and scattering. Some of these processes are of great interest not only to
the understanding of muon catalyzed fusion but for possible experiments in nuclear
muon capture or quantum electrodynamics. Experimentally, the isolation of specific
processes can not always be done unambiguously in conventional gas, liquid, or solid
targets. For this reason an attempt has been made to create in vacuum free muonic
hydrogen atoms, muonic protium (/i~p) and muonic deuterium (//~d).

The method is based on slowing a beam of /i~ in a layer of solid hydrogen
in vacuum frozen to a cold gold foil substrate. Muonic hydrogen formed near the
surface is emitted from it into the vacuum with an energy spectrum determined
by the formation and subsequent scattering processes. The thickness of hydrogen
through which the atom can penetrate before escape also depends on the initial
energy of formation and on scattering cross sections. For a typical total cross section
of 10~19 cm2[l] (Fig. 1), the interaction probability is 0.43 /mi"1. For emission at
an energy of order 1 eV, the muonic atom travels about 10 mm in vacuum prior to
decay.

Position sensitive detection of the muon decay was used to search for emission
from the hydrogen layer. The apparatus is shown schematically in Fig. 2. Incident
muons of momentum 30 MeV/c were detected by a 0.25 mm scintillator and passed
through a window into the cryostat and cold box, losing sufficient energy to stop in
the region of interest. An imaging system consisting of three multiwire chambers
plus several scintillators was arranged to detect the time and spatial coordinates of
the muon decay electron. The coordinates are extrapolated back to a perpendicular
plane bisecting the target, providing an estimate for the position of the muon at
the time of decay.



ca9110934

Hydrogen was deposited on the gold surface through a diffuser foil with 0.05
mm diameter holes separated by 2 mm on a square grid. The foil could be situ- %.•
ated 10 mm from the gold foil during target preparation, then withdrawn to allow,. '
a 50 mm drift space for measurements. The gas, which was cooled as it slowly
passed through the diffuser, froze onto the gold foil surface maintained at 2.5 K.
The targets were observed visually to be quite regular and smooth. The thick-
ness of the hydrogen was controlled by adjusting the amount of natural hydrogen
(~100 ppm deuterium content) injected. The thickest target used was about 1
mm (7 mg • cm"2), which is thin compared to an estimated range straggling of 100
mg • cm"2 equivalent in gold, so that only a small fraction of the incident muons
stopped uniformly in the hydrogen layer.

Fig. 3 shows the two dimensional distribution of the extrapolated position
of muon decay. The intense region near z = —20 is from muons decaying inside
the hydrogen layer, while the events in the region 20 < z < 40 are from muons
passing through the hydrogen and stopping in the withdrawn diffuser foil. Four
spatial regions of interest are defined as foil, drl, dr2, and drS. The latter three
are drift regions of 10 mm width centred 10 mm, 20 mm, and 30 mm, respectively,
from the hydrogen layer. Time distributions from these decay regions are shown
in Fig. 4. The evidence for emission from the hydrogen into the drift regions is
the non-exponential behavior exhibited in Fig. 4 for regions di I, dr2, and drS. As
the muonic atoms drift into and out of each region, the observed electron rate from
muon decay increases and then decreases, creating maxima at successively later
times at greater distances from the hydrogen layer.

The yield as a function of hydrogen thickness is shown in Fig. 5. The values
are extracted by determining the number of counts from dr2 between 0.4 and 4 /JS,
and from drS between 0.7 and 5 /JS, normalized to the number of incident muons
times the detection efficiency. Thus the yield Y is a partial yield from dr2 and drS
in the specified time region, calculated per incident muon. These data were fit to
an expression Y = Yo(l — exp(d/do)) + B where d is the hydrogen thickness, B
is an assumed constant background, and the aymptotic yield Yo and characteristic
emission depth do are given by:

Yo = (6.5 ± 0.5(stat.) ± 1.3(syst.))xlO"3

do = 2.5 ± 0.4(stat.) ± 0.5(syst.)mg • cm"2

We have ignored in the fit the inconsistent point at d = 6 mg • cm"2 which we
assume results from an error in target preparation; subsequent data sets have con-
firmed the monotonic behaviot of the curve, but are not included in this analysis.
The systematic errors dominate for Yo and do, and are ascribed to normalization
and efficiency inaccuracies in the first instance and to calibration of the hydrogen
thickness in the second.

The charge neutrality of the emitted atomic system was confirmed by ap-
plication of electric fields to the drift region; no significant change in the signal



occurred.
An important clue to the origin of the observed effect is that no correspond-

ing signal was observed with a deuterium layer of 6 mg • cm"2. It is also important
to note that the value of d0 would imply a cross section of the order of 10~21 cm2

(interaction probability ~ 4 mm"1), two orders of magnitude lower than existing
theoretical and experimental values for elastic scattering of muonic protium on pro-
tons. Recent calculations (see Fig. 1) for muonic deuterium on protium, however,
show a broad minimum of ~10~21 cm2 for a range of energies around 5 eV. This min-
imum results from the Ramsauer-Townsend mechanism. The natural abundance of
deuterons in hydrogen leads to transfer of the muon in a mean time of about 500
ns, and because of the reduced mass difference, the /i~d obtains a kinetic energy of
45 eV, from which the atom will scatter and slow until the energy of the Ramsauer-
Townsend minimum is reached and the hydrogen film becomes nearly transparent
to n~d. Our velocity distributions, which estimate the z-component of the atomic
velocity under the assumption that the atom is emitted immediately upon muon
arrival in the target (and is thus only a lower limit) are also consistent with E _ j
~ 5 eV. It is therefore most reasonable to interpret the emission as that of muonic
deuterium, rather than muonic protium.

Several possibilities exist for the exploitation of muonic hydrogen emission.
First, with more detailed analysis using comparison with Monte Carlo calculations,
estimates can be obtained for the elastic cross section for (i~d on protium and
its energy dependence near the Ramsauer-Townsend minimum, which will test the
recent calculations. Preliminary data have been recorded for the attenuation of the
emission signal in thin (< 1 mg • cm"2) layers of pure deuterium on the surface of the
hydrogen target. Together with a study of emission versus deuterium concentration
in protium, further data should provide an estimate of the cross section for scattering
of fi~d on deuterium, which has recently been measured by quite different means
at PSI[2].

The Ramsauer-Townsend effect is also expected to show up for tritium in
protium (although not for tritium in deuterium), which means a s c r e e of /z~t in
vacuum should be possible. Therefore we have at our disposal a source of either /i~d
or fi~t in vacuum, in the energy range of 1-10 eV, where the expected atomic state
is IS. The observation of d-t fusion in an adjacent solid layer of the complementary
material can in principle provide information which is difficult to extract from con-
ventional experiments. In particular, it may elucidate the role of the ground state
population (qis) of /i~d in the fusion process.

A further possibility is that emission from a solid layer may enhance the per-
formance of the slow negative muon source which has been proposed by Nagamine[3].
In a p-t layer of thickness ~10 mg • cm"2, up to half (depending on ct) of the stopped
muons are expected to reach the surface as fi~t. Fusion will occur in a second sur-
face layer of a d-t mixture, repeatedly releasing 10 keV fi~, of which possibly 50%
might be emitted into vacuum. A reasonably high rate of fi~ at this energy would



allow experiments which are as yet not feasible.
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Figure 1. Some theoretical cross sections[l].
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Figure 2. Diagram of the apparatus
used for imaging muon decays.
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Figure 3. Image of muon decay
position from electron tracking.
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Figure 5. Partial yield from selected
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Figure 4. Time histograms for selected

spatial regions of Fig. 2.


