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Energetic positive muons were injected into the backs of thin moderators (lithium fluoride,
quartz, and copper), and the transmitted beam energy analyzed. The p,

+ time-of-flight spectra for
lithium fluoride and quartz were observed to have two components: a narrow distribution of slow
(&10 eV) tA,

+ [rate= (1.6+0.35) &10 per incident iu,
+ for lithium fluoride] and a broad fast

component (0-2 keV), while the data for copper indicated only a fast contribution. Slow ((10eV)
negative muonium ions (tt, +e e ) were also observed for the first time in vacuum.

PACS numbers: 71.60.+z

In this work we have investigated the energy dis-
tribution of low-energy muons (p, + ) transmitted
through thin moderating solids. The approach taken
draws guidance from analogous positron (e+ ) experi-
ments, ' and may lead to a tunable beam of slow posi-
tive muons. Such a beam would be immensely useful
from the standpoint of surface, atomic, and particle
physics. For example, studies of muons and muonium
atoms (p, +e ) on surfaces would provide information
regarding surface magnetism and the hyperfine in-
teractions of adsorbed muonium. 2 In addition, pre-
cision measurements of the optical excitation of
muonium, as has been done for hydrogen3 and posi-
tronium (e+e ), the search for muonium-anti-
muonium conversion, ' and the formation of
"muium" (lit, +p, ) s would be more feasible given a
bright source of slow iu,

+.
Slow positron beams are currently produced by utili-

zation of negative-affinity metallic moderators. Such
moderators are not expected to work for muons, how-
ever, because of the large p, +-e correlation energy in
a metal. Fortunately, ionic solids can also be used as
slow-positron moderators and a recent positron exper-
iments suggests that a large-band-gap solid may work
as a slow p,

+ emitter as well. Of particular importance
for surface emission processes are the atomic binding
energy and the bulk diffusion rate (of the charged and
neutral states) in the solid. Both the positron and the
muon can capture an electron from the stopping medi-
um to form the corresponding neutral species, posi-
tronium (Ps) and muonium (Mu), respectively. How-

ever, the binding energy of Ps is only —,
' that of Mu,

making the energetics for lt,
+ vs e+ emission substan-

tially different. As a result of the lighter mass of the
positron (m„= 207m, ), the e+ and Ps diffusion rates
are typically much greater than those for p,

+ and Mu
in the same material, whereas the ttt,

+ mean lifetime
(r„=2.197 p, s) is much greater than the lifetime of
positrons in solids (typically & 2 ns).

To study the energy spectrum of muons emerging
from the surface of possible moderators, the apparatus
shown in Fig. 1 was designed and constructed. It con-
sists of a high-vacuum scattering chamber, an electro-
static extraction lens, and a magnetic spectrometer.
Energetic (4.2 MeV, —2.5&&10sis) muons, from the
M20 secondary channel at TRIUMF, enter the scatter-
ing chamber through a water-cooled reentrant window
assembly; the muons pass through an incident 0.25-
mm scintillator, where they are detected, then through
two 0.013-mm aluminum heat shields, and finally
through a 0.025-mm stainless-steel vacuum window.
The target is oriented with the surface normal at a 45'
angle with respect to the incident muon beam. The
electrostatic lens, immediately downstream from the
target, collects and accelerates (to 10 keV) any low-
energy charged particles that emerge from the target.
The extracted particles are then injected into a dipole-
quadrupo}e-quadrupole magnetic spectrometer which
momentum selects and focuses the 10-keV charged
particles onto a channelplate detector. A positron tele-
scope array, subtending a total solid angle of about
87r/3 sr, is situated around the channelplate detector to
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FIG. 1. Diagram of the apparatus.

detect the decay positrons. Assuming an efficiency of
500/o for the channelplate detector for 10-keV muons,
and requiring the observation of a decay positron, we
estimate the experimental detection efficiency of the
apparatus to be 10%, exclusive of the spectrometer ac-
ceptances.

Three targets were studied: air-cleaved lithium
fluoride (LiF, 0.18 mm and 0.23 mm thick), z-cut
quartz (Si02, 0.20 mm), and polycrystalline copper
(Cu, 0.05 mm). The LiF and Si02 crystals were
oriented with the (100) axis and c axis normal to the
emitting surfaces, respectively. The incident beam
momentum was adjusted to maximize the number
density of muons thermalizing near the downstream
surface of the targets. The experiments were per-
formed in a vacuum of 5 & 10 Torr with the targets
at an elevated temperature of about 150'C. The pur-
pose of the elevated temperature was threefold: to
enhance diffusivity, to increase ionic conductivity (in
the case of LiF), and to help maintain clean surfaces.
Similarly treated samples of LiF have been shown to
have less than a monolayer of surface contamination. 9

Two time spectra were collected simultaneously: a
time-of-flight (TOF) spectrum between single events
in the incident p,

+ counter and the channelplate detec-
tor, and a p, -decay spectrum which was started on the
channelplate-detector signal and stopped upon the
detection of a muon-decay positron in the position
telescope array. To reduce backgrounds, a triple coin-
cidence was demanded for the TOF spectrum; any
TOF events that were not associated with a subsequent
p, -decay event were rejected. The correspondence of
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FIG. 2. Time-of-flight spectra for p,
+ from the surface of

(a) LiF, (b) Si02, and (c) Cu. The data are normalized to
10 incident p,

+ and the errors sho~n are statistical.

the TOF through the spectrometer coupled with the
associated muon-decay spectrum, provided a positive
signature of the detected particles as muons. The ex-
perimental time resolution, determined by measure-
ment of the TOF of beam positrons (30 MeV/c)
between the incident muon counter and a channelplate
detector mounted on the straight-through port of the
scattering chamber, was estimated to be —2 ns.

The TOF spectra taken with LiF, Si02, and Cu are
shown in Fig. 2. A small flat background (typically
(0.3 count/channel), determined from the integrated
rate over a 100-ns interval between 75 and 175 ns, has
been subtracted. The dashed line (to at 363 ns)
represents the "zero energy" position (i.e., the calcu-
lated average TOF for a prompt reemitted p,

+ having
energy supplied solely by the extraction optics).
Events at times t & to are thus attributed to delayed
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emission. The LiF data of Fig. 2(a) clearly show two
components: a slow (& 10 eV) p+ component and a
broad higher-energy (or fast) background. The fast
component was observed for all three targets and is at-
tributed to beam muons degraded to 0-2 keV energies.
The normalized integrated fast-p, + rates for LiF, Si02,
and Cu, calculated over a 50-ns interval between 300
and 350 ns, are (3.0 + 0.20) x 10 s, (3.6 + 0.18)
x10 8, and (3.9+0.29) x10 8 per incident p+
respectively. The slow component, observed in LiF
and (perhaps) Si02, is attributed to muons that emerge
from the moderator surfaces with low kinetic energies
(&10 eV, estimated from the width of the LiF peak).
The LiF data exhibit a sharp cutoff of the slow events
at late times (r & to), whereas the Si02 data of Fig.
2(b) show a much broader distribution, which appears
also to be shifted by —25 ns to later times, possibly a
manifestation of charging. The normalized integrated
slow-p, + rates, measured for LiF, Si02, and Cu, are
(4.5 + 0.25) x 10 s, (4.6 + 0.20) x 10 8, and (2.9
+0.25) x10 8, respectively. The integration was per-

formed over a 50-ns time interval between 350 and
400 ns. By subtracting the Cu data from the LiF data
and taking the aforementioned experimental efficiency
into account, one obtains a slow-p, + flux of (1.6
+0.35) x10 7 for LiF. Although not clearly evident

from Fig. 2(b), the increased slow-p, + integrated rate
from Si02 over Cu would suggest an enhanced slow-

@,
+ emission similar to that observed for LiF.
Similar emission behavior has been reported for

positrons in the same materials; positrons of kiloelec-
tronvolt energies, implanted into ionic single crystals,
are observed to be subsequently reemitted with a con-
tinuum of energies having a maximum approximately
equal to the band gap. Expanding upon an earlier sug-
gestion, '0 an emission model was proposeds in which
the e+ is Auger emitted when the Ps electron falls
into an acceptor level at the moderator surface. As-
suming that the same mechanism(s) might also be in-
volved in p,

+ emission, the maximum available energy
would correspond to the Mu electron recombining
with a hole at the top of the valence band. The actual
energy available may be somewhat less than this, par-
ticularly in the case of salt-structure alkali halides
which show evidence for a self-trapped hole (Vk
center); for LiF, the energy required to form a hole
center is 6.866 eV." For Mu in LiF (band
gap= E~ =13.7 eV), '2 Si02 (Eg = 9 eV), s or Cu, this
simple emission process is thus not energetically possi-
ble, unless it is coupled with a "recombination-assisted
diffusion" model. ' In this case, a Mu atom may act
to catalyze electron-hole recombination, with the ex-
cess energy being converted to kinetic energy of ihe
Mu atom. Later, the electron of the now "fast" Mu
atom may combine with another hole which may,
depending upon the available energy (kinetic+hole),

cause the Mu atom to break up. If this process occurs
near a surface, the muon could be expelled from the
solid in a manner consistent with diffusion-controlled
emission. An alternative suggestion is that the slow-

p,
+ component is due to epithermal muons which fall

below the band-gap energy; above Eg, energy loss oc-
curs primarily through electron-hole pair production,
whereas below Eg, energy is lost at a comparatively
lower rate through phonon excitation. This process
would also exhibit a strong correlation with the band-

gap energy, but would not be strongly diffusion depen-
dent.

Within the context of a diffusion-controlled model
(assuming a random walk process), the slow-p, + TOF
spectrum would exhibit a shape defined by

D 1 1
exp —X+ t .

Here F(T) is the bulk-formed Mu fraction at tem-
perature T, A. is the rate of loss of bulk Mu, yo is the
probability for p,

+ emission, 1/r represents the nor-
malized stopping distribution of the incident p,

+

(where r is the range width in the material), and D is
the "average" diffusion constant of the p, +-Mu en-
semble. The k parameter is included to allow for the
possibility that Mu undergoes a thermal transition to a
diamagnetic state (p, + or Mu ion), as has been ob-
served in some alkali halides. '~

To look for evidence of diffusion-delayed emission
the TOF data have been fitted in the range t & to by
use of Eq. (I). Because the time-resolution distribu-
tion exhibited no long tails, the effect of the resolution
function was not considered important in the analysis.
For LiF and Cu, the fits gave A. =63+24q50 p, s ' and
A, =73+353t64p, s ', respectively. In the case of Cu, no
such emission is expected, and the rather large A. value
is consistent with this. On the other hand, the rela-
tively large X obtained for LiF implies either that the
muons in the diffusing ensemble are indeed lost at a
high rate, or that the emission is not diffusion con-
trolled. Unfortunately, the possibility of distortions
due to charging for Si02 makes the time dependence
in this case somewhat suspect. Thus, it is at present
not possible to draw any conclusions regarding
diffusion-delayed processes.

Measurements were made also with the polarities of
the electrostatic lens and dipole-quadrupole-quad-
rupole spectrometer reversed. The resulting TOF
spectra, with the backgrounds (typically &0.05 count/
channel) removed, are shown in Fig. 3. The data for
both LiF and Cu clearly indicate a peak at to (dashed
line), whereas very few events were recorded in the
case of Si02. This peak is comparable in width to the
slow-p. + TOF peak of Fig. 2(a) and is attributed to
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shown further to be a strong function of the target
medium. Clearly, much work remains to be done be-
fore a usable beam of slow It,

+ (or Mu ) can be real-

ized. Of interest to future studies is the detailed mea-
surement of the energy spectra for both charge states
and a quantitative comparison of these results to the
corresponding positron data. The effects of surface
eontaminants and structural damage on the energetics
of emission would also be of interest. Additional in-

formation on the emission mechanism(s) involved
could also be obtained by extending the measurements
to rare-gas solids, such as neon (E~ = 22 eV), '2 as well

as studying the temperature dependence of the flux ra-

tio of the two charge states for various materials, ad-

sorbates, and crystal orientations.
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FIG. 3. Time-of-flight spectra for Mu ions from the sur-
face of (a) LiF, (b) Si02, and (c) Cu. The data are normal-
ized to 10 incident p, and the errors sho~n are statistical,

Mu (It, +e e ) ions emerging promptly from the
target at low ((10 eV) kinetic energies. This charge
state, which has heretofore not been observed in vacu-
um, is clearly shown here to be formed at very low en-
ergies as there is no evidence of a fast-iIt, + contribu-
tion. Accounting for the experimental efficiencies, the
integrated slow-Mu rates for LiF and Cu are
(1.6 + 0.21) x 10 and (1.3 + 0.35) x 10 per in-
cident It, , respectively, while the data for SiOz indi-
cate a much lower rate of (0.38 + 0.145) x 10 . The
reduction in Mu events observed for Si02 may be
significant; however, given the possibility of charging,
this will require further investigation.

In summary, low-energy p.
+ emission has been ob-

served from LiF and (possibly) Si02, while no such
emission was observed for Cu. In addition, Mu ions
have been observed for the first time in vacuum. The
observed emission for both charge states has been
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