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ABSTRACT

The first direct observation of the atomic state of the muon (muonium)

in a finely powdered sample of SiO, (silica) is reported, with evidence

N

of muonium diffusion into a vacuum. The formation technique, first used
in the study of the positron atomic state (positronium), has been extended
and modified to suit the particular requirements of a beam of surface
muons presently available at TRIUMF. Some emphasis is placed on a des-
cription of the muon beam, its operation, and the problems inherent in

the successful use of these low energy, nearly monokinetic, polarized part-
icles. The basic method of MSR (muonium spin rotation) as it applies to
the experimental circumstances is reviewed. The use of powder targets of
this kind is examined in the context of possible experiments in weak in-

teractions, diffusion studies, and gas chemistry.
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I. Introduction

With the advent of the so-called meson factories, the use of the muon as

a tool for investigating properties of materials and details of interactions
becomes a practical, illuminating pursuit. Such attributes as long life-
time (v2.2 usec), magnetic moment, asymmetric decay, and point-like struc-
ture coupled with the availability of highly polarized beams make the muon
spin research (uSR) method (and MSR, its muonium counterpart) unique, al-
though not without analogue, in studying some properties of a variety of
solids, liquids, and gases.

Muonium (u+e_, denoted also as M) is often regarded conceptually as a
light isotope of atomic hydrogen, of mass about one-ninth that of the
heavier atom. Since the muon is still heavier than the electron by over
200 times, the atomic size is not appreciably different from hydrogen,

in contrast to positronium, where the mass of the positive particle is the
same as that of the electron. Positronium was at one time considered as

a light isotope of hydrogen, but due to large size (tWice the Bohr radius)
and mass differences, the validity of this approach is far from universal.
Positronium phenomena are in general difficult to interpret vis-a-vis its
interactions with a mediumiimnaanypbhase,

One of the more successful treatments of these phenomena has been the
determination of positronium diffusion constants by stopping positrons in

finely powdered samples of MgO, A120 and Si02.(Brandt and Paulin, 1968)

3’
In principle, the MSR (muonium spin rotation) method enables the same type

of experiment to be performed with muons. Moreover, a powder may provide

muonium in vacuum, enabling further experiments on this system.



II. Related Phenomena

The muon has long been regarded as a heavy electron because it does not
interact strongly with nuclear matter. This is a basic quality of the
lepton family, which also includes neutrinos and antineutrinos. It was not
until more recently -that the existence of two types of neutrino-antineutrino
pairs was established (Danby et al, 1962), now referred to as electron
(Ve’;e) and muon (vu,Gu) neutrinos.

The individual identity of the muon has since been more firmly underlined

by the need for a separate conservation law for what is termed as muon

(or muonic lepton) number, in addition to a lepton conservation law. For

instance, processes such as the following are not observed:

+

u +ei+Y
u+ - e+ +e + e+
WA et A

Ve + n > u— + p
Each reaction is allowed by conservation of total lepton number Zle (see
Table I). The physicél forbidden nature becomes evident only when the
conservation of the sum of muon number Zﬂp (Table II) is invoked.
In terms of applicapility, however, the additive rule is not unique. In
fact, a less restrictive law by which the product of a different set of
muon numbers must be conserved,,as with parity, is consistent with observa-
tion (see Table III): also, if such a law were shown to be obeyed, it
would have ramifications in the theory of weak interactions, since either

scheme, additive or multiplicative, can be deduced by assuming different

transformation properties of the neutrino field.
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Particle

Lepton Number
e, v, +1
et Vg -1
u_; vu +1
11+, ) GU -1
Hadrons 00
TABLE I. LEPTON NUMBER ASSIGNMENT SCHEME
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| Muon Number

Particle

e, v,
+ -
e, v,
H., Vu
+ -
oy \)U

Hadrons

+1

41

TABLE TI. ADDITIVE MUON NUMBER ASSIGNMENT SCHEME

Particle

Muon Number

‘Hadrons

-+l

TABLEIIII. MULTIPLICATIVE MUON NUMBER ASSIGNMENT.SCHEME




In order to test muon number conservation, one could look for the decay:
+ o+, -

u >e + \)e++ Vu (1)
The usual positive muon decay involves Vo and 5U and is allowed under
botheschemes, whereas (1) is consistent only with the multiplicative
law. Experimentally, detection of neutrinos is difficult at best, and
observation of the alternative u+ decay mode is somewhat impractical as
a test of conserved quantities (Eichten et al, 1973).
Another test, which in the past has not been possible for reasons which
will be explained shortly, is to search for the conversion of muonium into
what is termed as antimuonium (u_e+, or M):

u+ +e »>pu + et
In an additive scheme, this interaction is not allowed since % is -2
for M and +2 for M (Table II). Since Mg is -1 for both M and M (Table
III), the conversion is consistent with the multiplicative scheme.
Obviously, the observation of M in a system initially prepared in the M
state would indicate that the more general parity-like conservation law
better describes lepton behavior. It would also indicate the existence
of a neutral lepton current in the weak interaction Hamiltonian (Feinberg
and Weinberg, 1961).
On the other hand, if no M is observed, one can only set some upper lim-
its. By postulating a specific form for the possible M-M interaction,
such as: ‘

H =/_%E v, () Ty (v )w_ + H.C. (2)

TR 5°7e"u 57 7e

where G is the M-M coupling constant, the conversion rate can be calcul-
ated in terms of G/Gv° Since Gv’ the usual vector coupling constant, is

known very accurately from beta decay, an estimate of G can be extracted.



The probability of this interaction is (Feinberg and Weinberg, 1961), in

the absence of external fields:
PaeiD) = 2.5 x 107 &)? )
v
Thus, assuming the validity of the interaction (2), and assuming that the

multiplicative law does describe nature's selectivity, one can set an

upper limit on the coupling constant G.



A. The Experimental Problem

According to such calculations, it would seem that an antimuonium exper-
iment is straightforward, but such is not the case. One must prepare
muonium from a beam of muons thermalized in the presence of an electron don-
or, in a chemical reaction of the form:

W x o pte + 1t (4)
As shown by Feinberg and Weinberg, the conversion process is drastically
altered in the presence of matter, which, from (4), is a necessary con-
dition for the initial formation.
Specifically, the presence of electromagnetic fields breaks the energy
degeneracy of the M and M states by an amount A, thus reducing the prob-
ability of conversion. It is -estimated that unless A<<3x10_10eV, the
interaction (2) would be quenched beyond observation in the lifetime of
muonium. It is further estimated that the lowest order contributions to
A will be of order E3, and to lowest order in grédients:

A« E t T(ED)
For E<<108 volts per centimetre, A is insignificant. The longitudinal
magnetic field must be kept to <Q0l gauss, however, in order that the
18 (F,Fz)=(1,il) states are not split so much that the conversion is
completely quenched.
For muonium in a gas, the conversion probability must be multiplied by
the inverse of the collision rate to take into account the environmental

effect on A. At reasonable moderator pressures, (2l Torr) this effect is

great enough to place the experiment beyond feasibility.



B. Previous Experiments

The interest in a muonium conversion experiment is not new; in fact,‘at
least three attempts, using dissimilar teéhniques, have been made. None
has met with success. They have served only in emphasizing the major diff-
iculty, that of producing the muonium in collisionless space or high vacuum.
Each has used a different muon moderator — electron donor combination.

The first attempt (Amato et'al, 1968) relied on argon gas at atmospheric
pressure to stop the muons and supply the electrons. A search for the
characteristic argon muonic Ka X-ray was made, since there should be a

high u~ capture rate in an argon—antimuonium collision. The result of

the experiment was consistent with zero, and the lowest upper limit that
coul& be established for the M-M coupling constant was G < 5800Gv. The
muonium collision rate severely restricted the probability of conversion.
Another experiment (Hofer et al, 1972) has met with no greater success. A
beam of pions at 39.5 MeV/c momentum was allowed to decay in flight in

a magnetic field parallel to the beam. Some backward emitted muons should
then have energies <10 keV. Thes slow particles would follow a long
helical path due to the field and could form muonium in . a collision with an
argon atom of the low pressure gas environment. The uncharged system
would have a radial velocity component and could be detected in a direc-
tion perpendicular to the beam. However, no signal attributable to this
process has yet been reported.

The third technique (Kendall, 1972) used a 24 MeV/c 100% polarized muon
beam stopping in thin platinum foils heated to A1500CC. Muons diffusing

to the foil surface were expected to form muonium and escape into the



vacuum environment. Agaih, an insignificant amount of muonium was de-
tected (Bowen et al, 1973).

Other similar experiments are in progress at the meson facilities. For
instance, LAMPF has received proposals for testing muon behavior in thin
gold foils. Several neutrino experiments are also planned there to check
lepton conservation from.anothef approach. Yet another experiment is de-
signed to investigate muon conservation laws using p capture in nuclei

with subsequent electron emission.



ITI. . The Positronium Analogy

Since hydrogep, muonium, and positronium atoms are all hydrogen-like sys-—
tems, one would expect some similarity in behavior in a given environment,
the main differences arising from size and (reduced) mass effects. How-
ever, high flux muon sources in the form of meson factory beamlines have
been only recently available, and studies of positive muon behavior are
not yet as extensive as those of positrons. Compact sources of isotopes

22N 58Co, and 64Cu have long been used to provide positrons in

such as a,
a wide range of experiments (West, 1973). The unravelling of the complex
behavior of positronium (Ps) has been slowly advancing, and it seems rea-
sonable to make comparisons and seek information from analogous Ps studies

in the first stages of a muonium experimental program.



A. Pioneering Powder Experiments

The first experiments in which positrons were injected into finely pow-
dered insulator samples showed (Paulin and Ambrosino, 1968) that positronium
was produced in the powder grains and could diffuse out to annihilate in the
intergranular vacuum. The exact formation process is still not as well
understood as, for example, Ps formation in inert gases, but .the result

was clear: a positron, on slowing in the solid, could diffuse and leave

the granule in the form of positronium. This positronium annihilates to
three y-rays with the longer T0=140 nsec lifetime of the triplet ortho-
positronium (o-Ps) state,‘whereas two shorter lifetime components, both
observed in bulk samples, arise from annihilation within the granules.

The shorter lifetimes indicate two gamma decay; the first (Tp = 0.4 nsec)
due to in-flight as well as singlet parapositronium (p-Ps) annihilation,

the second ((1 = 2 nsec) due to pickoff of electrons from the

pickoff .
medium by the bound positron in o-Ps. These lifetimes are shorter than
the average time taken to diffuse into the vacuum.

Shortly after the discovery of this effect, it was applied to the prob-
lem of determining the diffusion rate of o-Ps in insulating solids éuch

as Sio0 A1203, and Mg0O. More recently the vacuum lifetime of o-Ps was

2’
measured with great accuracy using this diffusion (Gidley et al, 1975),
and the results obtained showed some discrepancy with the theoretical pre-

dictions of quantum electrodynamics. Thus the technique has proven

worthwhile in more than one branch of physics.
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B, Techniques of Orthopositronium Observation

There are three basic approaches to positronium investigations, each with
slightly different applications.(West, 1973). They are briefly described
here in the context of how tHey can and have been applied in the studies

of insulating powders. (Fig. 1)

1. Angular correlation

A parapositronium atom at rest will decay into two y-rays emitted at 180°
to conserve momentum, thus the -coincidence rate of two well collimated
detectors as a function of angular displacement can show sharp peaking
about this angle. In bulk samples this effect is smeared due to the zero-
point ene?gy of the atom. 1In a finely powdered insulator, injected posi-
trons will form both o~Ps and p-Ps, but due to their much longer lifetime
the o-Ps atoms diffuse much farther. This is manifested in the appearance
of a sharp angular correlation peak as the powder size is reduced to

< 100 A when the sample is in vacuum in a strong magnetic field. The
field mixes the m=0 substates of 0-Ps and p-Ps, and leads to two gamma
annilation in the vacuum, where the zero-point energy is small.(Steldt and

Varlashkin, 1972).

2., Lifetime

In some isotopes the formation of the beta decay positroniiteaves the nuc-
. . \ -11 .

leus in an excited state which promptly ( < 10 sec) emits a gamma ray

of specific energy, as in the process:

22Na-+ 22Ne* + e+ + v

22Ne*-—> 22Ne + v (1.28 MeV)
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By starting a clock with the 1.28 MeV signal and stopping it with the de-
tection of a gamma of 511 keV or less, one can determine the lifetime of
the positron. Up to three medium-dependent lifetimes have been observed
(Paulin and Ambrosino, 1968) in powdered insulators, corresponding to the
different annihilation processes previously mentioned. The strength 6f
the lifetime component due to pickoff of the positron in o-Ps is found to
decrease as particle size is decreased, which can be explained in terms of
the diffusion of o-Ps into the void between particles. A diffusion model,
assuming uniform positronium thermalization in spherical powder particles
followed by a random walk, was used to describe the data. The assumption
of aejectiéonn of the atom into the vacuum at the particle surface was in-
cluded. A fit of the pickoff component strength as a function of particle
radius yielded the diffusion constant D for positronium in each of SiOz,
A1203, and MgO.

3. Gamma spectrum analysis

While p-Ps annihilation leads to two gamma rays of 511 keV each, o-Ps

must decay to three gammas (or at least an odd number greater than one)
whose energy spectrum is continuous up to a maximum of 511 keV. By care-
ful comparison of two spectra taken under identical conditions (except for
those designed to enhance the three gamma process) one c;n discern a fil-
ling in of the valley region between the usual 511 keV peak and its Compton
scattering edge at about 341 keV. The 511 keV peak is correspondingly re-
duced. This is observable in spectra from positrons injected into powders
held in air and in vacuum, since three gamma annihilation is quenched in

the presence of oxygen molecules due to spin. exchange.
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C. Testing the Powder Samples

In order to assess the suitability of a particular sample of powder, the

method of spectral analysis was used. Although quantitative interpretation
is difficult with this technique, a difference in the particle size affects
the fraction oﬁ.positrons annihilating as o-Ps, which is in agreement with -

the model of positronium diffusion.

1. Experimental design

The apparatus used for the positron segment of the experiment consisted of
a four inch diameter by three inch cylindrical NaI(Tl) crystal mounted on
an RCA XP1140 photomultiplier tube with its associated electronics, a pre-
amplifier and pulse shaping amplifier, and a Victoreen PIP 400 multichannel
analyzer fbrbpulse height analysis. A'22Na source was deposited on a thin
flat aluminum disk which could be submerged in a powder sample and held at
a pressure of 10_6 Torr by a diffusion pumping system.  The source and pow-
der were enclosed by glass in order to make the powder visible while pump-

ing on it, as it had a tendency to '"boil" into the vacuum pump.

2. Data analysis

Approximately 20 runs of aboﬁt 30 minutes each were made on various powder
samples; both in air and in vacuum. The data were analyzed in the fol-
lowing way: contents of each of four sets (valley (V), annihilation peak z
(A), background (B), and prompt peak (P) ) of five channels apiece were
separately totalled (see Fig. 2). The background due to the 1.28 MeV Comp-
ton scattered events (B) was subtracted from both the valley channels and

the annihilation peak. These values were then normalized to the prompt
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1.28 MeV peak and comparison was made between runs in air and in vacuum

(as well as a run in vacuum bakgd—out at 200 C). The results are tabul-
ated in Table iv. It should be emphasized that the figure 'per cent effect"
is not to be consfrued as a measure of the amount of triplet positronium in
vacuo, but is for purposes of comparison between samples only. This

figure is derived from the reduction in the strength of the annihilation
peak, since the valley region is much more prone to error from background
and increased efficiency at the lower energies. Obviously, the three

gamma component can grow only at the expense of the two gamma 511 keV peak.

3. Results

As expected, the per-cent effect is largest for the power of smallest
grain size used, the 70 A diameter silica (Cab-0-Sil EH5) sample. It
was smallest for a sample of larger, low-purity (&96%) magnesiumogxide
granules, which is in agreement with.other experiments using MgO.

We have placed emphasis on the study of silica powders for two reasons:
firstly, very fine, pure Si0, powder samples are commercially available
at no cost; secondly, the behavior of muons and muonium in fused quartz
is well established (Miyasishcheva et al, 1968, and Gurevich et al, 1971)
and such behavior is a probable condition for the observation of muonium
in vacuum. This will be clarified in the chapters on the experiment at

TRIUMF.



AIR -

VACUUM

POWDER SIZE V-B  A-B i A-B PER CENT
MATERIAL _ 5 5 5 - EFFECT
810, (Aerosil) 154+.003 5.700+.012 1.297+.004 5.498+.011 3.520.4
Si0? (Aerosil) .154+,003 5.700%.012 1.318+.003 5.480+.,009 3.9%0.4
baked out : ' » :
§10, (Cab-0-sil) | 70 A .153£.003 5.578+.011 1.349+.004 5.302+.0L1 4.9+0.4
510, (Cab-0-Sil) || 140 A .113+.003 5.617+.010 1.285+.004 5.434%,011 3.3%0.4
MgO (impure) .116+.003 5.503+.009 :1.375+.003 ©'5.,4224.010

1.5:0.4

TABLE TV. POSITRONIUM EXPERTMENTAL RESULTS

_Bs‘[_v
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IV. The TRIUMF Experiment

The study of muonium and its behavior in a powdered insulator target is
similar to that of positronium in that one can trace the life history of
the F = 1 state. There the similarity ends, for the muonium atom produces
no annihilation quanta. One instead observes transitions émong the F = 1
substates of the atom, in the form of the polarization of the muéns in
these substates. Transitions involving the F = 0 state occur at a fre-
quency too high to be observed. The time dependence of the polarization
provides information on the environment of muonium, which is the basic
idea of MSR. The TRIUMF installation provides beams of highly polarized

+
positive muons, a prerequisite for an MSR (or u SR) experiment.



- 15 -
A. The Source of Muons

1. General

The dominant mode of positive pion decay, with lifetime T ~ 2.6 x 10_8 sec
is: w++ﬁu+ + vuu. The resulting muons can be collected to form a beam.
The pions are in turn produced by irradiation of a target with an intense;
well-focussed proton beam. TRIUMF produces such a beam at 500 MeV,
utilizing for pion production a reaction such as: 4Be9 (p, ﬂ+)4Belo.

The conventional mode of beamline operation is to collect muons from
in-flight pion decéy. The decay can take place either near the production
target, producing so-called cloud muons, or in the beam line, in which
case either the forward or backward (with respect to beam direction) decay
muons are selected by subsequent momentum analysis. Each process leads

to a different set of beam properties such as flux, momentum, profile,

and contamination (proton, pion, and positron).

2. The TRIUMF M9 channel

The M9 channel is a multipurpose low energy and stopping,pion,or muon
beam line, designed and built by the University of Victoria contingent
at TRIUMF. It consists, for our purposes, of seven magnetic elements,
which focus particles, emitted from the production target in a solid
angle of A60 millisteradians at 135° to the proton beam, onto the target
of interest. Two of the elements are 45° bending dipoles, the remaining
five being ten inch quadrupole lenses, arranged symmetrically about the
midpoint as shown in Fig. 3. Particles produced in the proton target
are focussed to a beam spot which is essentially a 45° plane projection

of the target.
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3. Surface muons

Conventional modes of muon production are not compatible with good
focussing characteristics, since the muons do not come directly from

the proton target. There are, however, a large number of pions that
decay at rest close to the skin of the target, producing muons which

can be sharply focussed by a beam line (Bifer et al, 1976).

A beam of these muons has certain other properties which can be advan-
tageous. The polarization isvhigh (> 95%), the momentum is well defined
(a maximum of 29 MeV/c), and the range is short (148 mg/cm2 CHz), making
it ideal for MSR studies in low density materials such as gases and
powders.

One would expect protons, pions, and positrons of 29 MeV/c to contaminate
such a beam, but only the positrons are present at the muon target. The
protons do not pass throught the thin (2 mil mylar) window at the beam
pipe exit. Only about 0.3%Z of the pions remain due to decay during a
time of flight of about six mean lifetimes, and these have a range of the
order of one-third that of the muons. The positrons, on the other hand,
haveazaarather ill-defined range ~100 times greater than the muons, and

do not stop in a low density target.

4. Detection of low energy muons

The short muon range necessitates the use of a very thin counter system,
since one must identify the time at which the muon enters the target by -
passing ‘it through a scintillator.

The system used consisted of a single four inch square sheet of 15 mil

(40 mg/cm2) NE102 plastic scintillator. Light collection was facilitated
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by a wedge shaped aluminized mylar sheath supported in a lucite frame
which reflected light from the scintillator towards the wider end of

the wedge, where it was guided via the usual lucite light guides to an
RCA8575 photomultiplkier. A second sheath of 0.3 mil aluminum foil provided
a light tight wrapping. Due to much lower energy deposition by 29 MeV/c -
electrons in comparison with mﬁons, the photomultiplier high voltage

and signal discrimination levels can be adjusted so as to provide a

clean muon trigger with high efficiency and good time resolution.

5. Tuaning for surface muons

The M9 channel was initially adjusted for surface muons by scaling the
bending magnet currentsdown by the momentum ratio, since it was known
that hysteresis effects were small. With all quadrupoles off, the
counting rate in the muon detector was maximized by fine adjustment of
the bending magnets. The quadrupoles were then turned on to the
approximate (scaled) settings, and fine adjustments were made by an
iterative process, again by maximizing the rate. Fluxes as high

as 5 x lO4 positive muons per second were achieved in the four inch
square scintillatbr, at one microampere proton current.

In order‘to identify the muons unambiguously, an integral range curve
was measured by scaling the muon counter as a function of thickness of
mylar absorber at the beam pipe exit. The curve is shown in Fig. 4.

A muon precession curve in copper proved that the particles were muons
rather than pions. Beam profiles were measured in a subsequent experi-
fient, and showed.the muon spot to be roughly elliptical in shape, three

inches wide by two inches high.
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B. The MSR Time Spectrum

The MSR technique is based on two intrinsic qualities of the muon, its
asymmetric decay and its magnetic moment. Due to maximal parity
. . . + + =
violation in the process p > e + Vo +‘vh (Emax = 52.8 MeV), the
positrons are emitted with an angular distribution 1 + a cosfd, where
. . , . , + .
0 is the angle between the positron direction of flight and the u spin
. + .
(in the u rest frame) at the instant of decay. The asymmetry parameter
a is a function of the decay positron energy E (Fig. 5):

2w -1 -
& =550 w = E/52.8 MeV.
This asymmetric behavior provides a method of observing the rotations

of the spin magnetic moments of a time ensemble of muons in a transverse

magnetic field.  (Fig. 6)

1. Rotation

In contrast with u+SR, where the rotation of free muons is observed, MSR
is the rotation (and relaxation) of the 381 state (Fz = 1) of the muonium
atom. Here the muon spin is coupled to that of the electron by the
hyperfine interaction. The magnetic moment of the system gives rise to

Larmor precession in low magnetic fields, at the frequency mM, where:

=k + -1
%ﬂ 2(u)u we) ~ 03wu

The factor of one-half is due to the precession of a spin one state, rather
than spin one-half, &ince the individual magnetic moments depend on the
charge-to-mass ratia, Wy N~ o= 207 wu, and the sense of rotation fior muonium

is opposite to that of a free muon. Numerically, I%{[B| v 2m:1.394 MHz/gauss,

fér B ¥ 50 gauss. In higher fields, Zeeman couplings cause a split in
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frequency (Gurevich et al, 1971, and Brewer et al, 1974) and a beat

phenomenon is observed.

2. Relaxation

The average of the muon decay asymmetry "a over all possible pogitron
energies is one-third, but in practice one does not detect -all positrons
with the same efficiency. Moreover, all muons do not form triplet

(F, = 1) muonium and the beam may not be 100% polarized, which leads to
‘a reduction in the observed asymmetry. Therefore, we do not measure

Y' directly, but a more subtle quantity Ao, the experimental asymmetry

at the time the triplet muonium atoms form ih the transverse field.

It is the time evelutdén of the experimental asymmetry A that has
spawned another meaning for the MSR acronym, Muonium Spin Relaxation;
the relaxation of the spin due to depolarizing effects of various

kinds provides valuable information on the environment of the M:atom.
Applied field inhomogeneity, random iocal fields, and chemical reactions
are sources of relaxation. Collisions with paramagnetic molecules such
as 62 1ea& to an exponential decay of the asymmetry at a rate propors
tional to the probability of collisions, that is, the gas pressure. This
result can be summarized: A (t)-= A, exp%-t/T3). The quantity Ty is

called the relaxation time.

3. Spectral form

Overall, the form of the mudniumm- decay time spectrum is:

-t/t /T

N (g) =N, {e/F|1+ A "2 cos (ayt + ¢ + B}

The parameter T = 2.2jusec is the muon lifetime. The phase ¢ depends
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on positron telescope geometry and the difference between the time of
formation of muonium and the experimental t = O (usually 'small). N6 is

a normalization factor while B takes into account the background, assumed

to be constant.$'

4., Typical muonium and muon spectra

A typical muonium spin rotation spectrum obtained using a fused quartz
precéssion target is digplayed in Fig. 7. 1In Fig. 8, a plot of the
asymmetry as a function of time is shown for muons in a liquid carbon
tetrachloride target (obtained by folding out the background and
exponential decay). Both of these were obtained in a conventional muon
beam. Fig. 9sshows the precession of surface muons at TRIUMF in a
copper target. Both muon spectra were taken with the applied transverse

field of 75 gauss, while the muonium spectrum was at 4.2 gauss.

o . \
With a large free muon component, one should assume a linear time

dependence for B(Fleming et al, 1976).
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C. Apparatus

1. Precession cart

The technique of MSR was applied to search for the formation and diffusion
of Muonium in silica powders. The main components of the apparatus as
shown in Fig. 10 are; the thin defining counter, two positron telescopes,
Helmholtz precession coils, and a“target vacuum chamber with a diffusion
pump and support assembly. The use of a wheeled precession cart makes

the apparatus portable and the geometry reproducible.

The two positron ttélescopes view the muon stopping region in a direction
perpendicular to both the beam direction and the applied transverse field.

Each telescope consists of three 8" x 16" x 4"

plastic counters, one near
the target and two farther away, separated by 2" of graphite degrader to
reduce scattered positron background and discriminate against low energy
(and hence negative asymmetry) decay positrons. All counters use RCA 8575R
photomultipliers. The telescopes were designed and built by the University
of Arizona group at Lawrence Berkeley Laboratory, as were the precession
coils, and have been modified for use at TRIUMF.

The coils themselves are dual Helmholtz type, the extré set of coils
enhancing the field uniformity. A deviation of less than +0.1% over a
volume of 400 cubic centimetres minimizes depolarization due to field
inhomogeneity. The maximum field available is over 75 gauss, sufficient for
both muonium and muon precession studies.

The vacuum chamber in which the target is supported consisted of a glass

cylinder 6 inches in diameter and 15% inches long, with brass and

aluminum flanges on each end supporting mylar windows. The upstream (5 mil)
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window allowed muons (and positrons) into the target while the down-
stream (10 mil) one allowed parasitic use of the positrons behind our
apparatus. Our entire experiment did not present enough mass to the beam
to scatter positrons appreciably.

Two ports on the upper and lower sides 6f the cylinder provided,
respectively, a line to the vacuum pump and a connection through two
closely spaced needle valves to an oxygen supply.

The powaer itself was put in a wire~supported mylar vessel with a 0.25 mil
aluminized mylar face to allow muons into the target. It was open at

the top to permit the interstices to be evacuated. This was done by
means of a diffusion pump with a cold trap. Pressure was measured with

a UBC-NP-12 tyﬁe ionization gauge for high vacuum and a Pirani gauge

for lower wacuum.

2. Electronics and data collection

Signals from the photomultiplier bases in the experimental area were fed
via 100 foot cables to the electronics configuration shown in Fig. 11.
The stopping muon logic is virtually nonexistent in this configuration
for two reasons, First, the clean, noiseless signal from the muon
counter eliminates need for a coincidence to define the incoming particle.
Secondly, the inefficiency of electron counting in the thin plastic

makes an electron veto counter unnecessary.

No muons have sufficient energy to pass completely through the target
vessel.

Start and stop signals from one telescope were fed to an Ortéc 437A time-

to-amplitude converter coupled to a Tracor-Northern pulse height analyzer
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and punched on paper tape. Time histograms from stop signals in both
telescopes were accumulated simultaneously with a PDP-11/40 using an
EG&GTDC100 time digitizer connected via CAMAC and an MBD-11l programmable

branch driver. These histograms were recorded on magnetic tape.
D. Muonium in Silica Powder

1. Quenchiﬁg technique

The vacuum system on the precession cart was assembled the day before the
run at TRIUMF. A sample of 70 A diameter silica powder identical to

that used in the most successful positronium study was inserted. The
system was pumped at}lO-6 Torr for four hours to remove impurities

(eg. hydroxyl groups, siloxane, water) from the granule surfaces. It
was kept overnight at 2 x 10_2 Torr until an hour before the first

run, when diffusion pumping'was.resumed. The pressure for that run was
’.\110_6 Torr. The transverse magnetic field applied in this and subsequent
runs was 2.5 gauss.

Oxygen was then introduced, at a pressure of 0.4ft 0.05 Torr, for the
second run, in order to check whether depolarization (or "quenching')
would take place. The high vacuum run was repeated with better statistics,
followed by two runs at 0.05 4+ 0.005 Torr and 0.15 + 0.02 Torr oxygen
pressure. Another high vaccum run, a.run with a low pressure xenon
atmosphere, and a run at high vacuum with a mylar shield on the inside
surface of the glass vessel, followed the initial runs.

If.muons form muonium in a powdered sample as they are known to do in

bulk quartzT,,precession at the muonium frequency will be apparent. If
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they do not reach the powder surface, the addition of a small component
of oxygen to the target will have little effect. If, however, there is
fast diffusion to the surface, the paramagnetic oxygen molecules will
depolarize the muonium and quench the precession at that frequency.
Moreover, if the powder acts as an inert moderator (essentially a dense

. ) . -1
inert gas) the dependence of the relaxation rate, T, , on the oxygen

2
partial pressure could be similar to the result from the gas chemistry
of muonium (Garner et al, to be published).

The addition of xenon, on the other hand, should increase the muonium
formation probability, since it is known that small admixtures of xenon
in other inert gases enhances the muonium formation probability, with
no depolarizing effect. To ensure that the glass walls of the vessel

were not responsible for the muonium present, they were shielded with

mylar shortly before the end of the shift.

2. Results

Analysis of the time histograms obtained was done off line on the IBM
370/168 at the UBC Computing Centre. The data were fitted to the form
(5) by the routine VARMIT, and the results obtained are summarized in
Table Vi. Plots ‘ofmsomé of the data and the best fits are shown in
Figures 12 - 15.

The plots show a clear trend in the relaxation of the precession signal

as a function of oxygen pressure; depolarization is taking place.

This was observed in a prior run at TRIUMF, and has been observed
elsewhere (Miyasishcheva et al, 1968, and Gurevich et al, 1971).
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TABLE V. MUONIUM EXPERIMENTAL RESULTS
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V. Evaluation; Diffusion of Muonium into a Vacuum

The presence of muonium depolarization when oxygen is added in small

amounts to the target chamber constitutes evidence for the diffusion of

the atom in the silica granules.
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A. Qualitative Assessment

The extent of the diffusion in the powder is not well defined in our
experiment. The argument can be made that a muonium atom would
depolarize in the powder granule if it diffused to the surface and
interacted there with adsorbed oxygen. Adsorption.of oxygen cerfainly
takes place on the powder surface, resulting in the formation of a
siloxane group (Cabot Corporation, 1976) but there are several facts
contradicting this as a depolarizing mechanism. The linear dependence

—l, on the oxygen pressure (Fig. 16) supports

of the relaxation rate, T2

the contention that muonium is finding the void and depolarizing there.
Secondly, adsorbed oxygen does not have the paramagnetic (depolarizing)
character of the gaséous atom. Thirdly, the positronium results
demonstrate that annihilation takes.place in the vacuum, and muonium,
being a neutral atom, should behave in a similar fashion at the solid-
vacuum interface. In other words, if the atom gets to the surface,

the potential barrieriis such that it should escape to the void. It
will remain there, since the thermal energy is small in comparison with

typical barrier potentials at the surface of a solid.
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B. Quantitative Consequences of the Muonium Asymmetry

Some idea of the amount of muonium present in vacuum can be extracted if
one is prepared to make a few reasonable assumptions. From the evidence
of fast diffusion just given, it is plausible that éll the muonium formed
eventually finds the void, since the mean lifetime (2.2 usec) is long
compared to the relaxation time of 0.3 usec. However, in the powder
target, the probability of muonium formation is not one, but is reduced.
This probabiliiy can be estimated by analysis of the muonium asymmetry,
which is ~0.08 on the average for our experiment (excluding the Xenon
run, where formation is enhanced due to the presence of. a donor gas).
With our experimental arrangement, the maximum observable asymmetry (ie.,
with no depolarization present) is of the order of 0.4 for a muon signal.
This is reduced by one-half for muonium since in the atomic state, only
the triplet precessioﬁ is recorded. Therefore, roughly 407% of the muons

injected decay as muonium in the particle interstices.



- 28 -
C. Applications in Future Experiments

1. Feasibility of an antimuonium experiment

With this information the possibility of attempting an antimuonium
conversion experiment at TRIUMF can be critically examined. For one
microampere of proton current en the production target, typical surface
muon stop rates are of the order of 4 x 104 per sec, of which &1.6 X 104

decay as muonium in vacuum. TIf collisions with the powder particles have
little eff&ét.on.the degeneracy of the M-M states, one can expect the
conversion probability of 2.5 x 10_5 to hold in the absence of external

fields, so that &.4 conversions take place in one second. Experimentally,

this is not prohibitively small.

There are two possible methods for detecting the conversion. The most

sure is the observation of a fast electron from negative muon decay,

thch requires magnetic analysis to differentiate the electron from the

vast positron background due to normal positive muon decays. Solid angle
considerations imply the necessity of a rather large fancy device such as

a spark chamber.

A somewhat easier approach is the search for muonic X-rays in the target material.
The probability of breakup of antimuonium is high in dense materials, and
should be high in the powder envirénment. Taking into account a 10%

detector efficiency for, say, the silicon muonic K& X-ray at 400 keV, and

a solid angle of 5%, the overall probability of observing antimuonium in

this way is &O.SZ.

This gives an expected event rate for an experiment of this kind performed

at TRIUMF of &2 X 10“3 per sec, or &7 events per hour. At 100 microamperes
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proton current, this is 700 per hour. It is obvious that background
(such as positron annihilation radiation) in the X-ray measurements will
be a pfoblem. Hopefully, this can be reduced to a tolerable level:
possibly the assumptions made are pessimistic ones. If not, the more

complex, fast electron detection system will be required.

2, Diffusion studies

Another interesting, though very specific, utilization of the powder
technique is in the investigation of the diffusion rate of atomic
muonium in silica which in this instance may be considered as a light
isotepe of hydrogen. If a target of suitable particle size is used
(that is, such that the average muonium diffusion time to the particle
sufface is about one microsecond)., the time dependence of the asymmetry
should have two components; one represents diffusion, the other the
(fast) relaxation due to the low préssure oxygen environment. Such
experiments will soon be undertaken at TRIUMF to elucidate the nature
of the processés undergone by a muon in the powder target, and to

investigate the effect of surface interactions on the muonium atom.

3. Chemistry of gaées

One of the major efforts of the TRIUMF MSR group is the study of the
chemical reactions of muonium atoms injected into a gas. The usualy
method is to stop the muons in an argon moderator, which supplies electrons
necessary to muonium formation. Trace amounts of reactants are added

to this moderator, and information on the reactions of muonium is drawn

from the decay spectrum shape (relgxation, phase, etc.). However, since
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"~ the gas mixture of the target is at &l atmosphere, the muons stop over
a very large volume, hindering precise measurements. Moreover, the
moderator itself may play some role in the reactions. Both of these
problems might be largely alleviated with the use of a powdered

moderator. This avenue is currently being explored at TRIUMF.
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