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ABSTRACT

An experiment resulting in the reduction of the upper limit
for muonium (/u*e’) conversion to antimuonium (fL'e*) is:
described. The 1limit obtained for the effective four fermion
coupling constant is G < 42GF (95% confidence level). The muon
in a system initially formed as muonium and evolving under the
most favorable conditions will thus be identifiable as a
negative particle 1in less than 4% of the observed decays. The
results improve by over one order of magnitude the best previous
limit obtained from a search for e-e- ->f47L' interactions.
Neither process is expected to exist if an additive conservation
law is obeyed by muon number.

The present status of the theory of electroweak
interactions, as it pertains to muonium conversion, is reviewed.
It is shown that muon number nonconservation can be accommodated
in a variety of ways, some of which might allow a value for G of
0.1Gg. The steps that were taken to make the present experiment
as sensitive as possible are detailed. The major improvement
over previous conversion experiments is the use of fine silica
powder in carefully arranged layers to allow muonium to exist
for a large fraction of its lifetime in vacuum, where conversion
is not highly suppressed. Another important facet of the
technique, which is described in detail, is the wuse of an
intense beam of surface muons with a stopping densityvpreviously
unattainable. A chapter on the analysis of the data contains a

guantitative discussion of the processes which must occur for
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conversion to be detected. The numbers derived there are
essential to the establishment of a realistic 1limit on the

coupling of muonium to antimuonium.
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1. INTRODUCTION

Physics in the twentieth century can be distinguished from
the other sciences partly by its concern not only with
interactions whose effects are evident in everyday life, namely
those of electromagnetic and gravitational origin, but the so-
called strong and weak phenomena as well. The latter play no
established role 1in other natural or 1life sciences except
possibly as tools which have been developed through an
understanding of the physics. Consideration of the apparent
classification of nature's pfocesses into four divisions has
been a common occupation of modern physicists, who would seek
some reason or connection within.what seems (or ‘seemed, until
recently) a rather arbitrary scheme. We are not satisfied to
think of nature as arbitrary.

An advance toward the ideal of a unified approach to two or
more of the fundamental processes was made possible by the
deveiopment of gauge field theories. It now appears that there
is an inherent connection between the weak and electromagnetic
forces, to the  extent that they are now considered separate
manifestations of something known as the electroweak
interaction. The analogy between the elementary particles which
do not take part in the strong interaction, the leptons, with
those physically elusive but widely accepted ‘hadron
constituents, the quarks, inspire the hope that the strong

interaction can be solidly integrated with the electroweak by



further development of the gauge field approach.

Many, many problems have yet to be solved before it can be
said that even the electroweak sector is wunderstood. Progress
is made partly by searching for processes allowed (but not
necessarily demanded) by a unified theory. 1In many cases these
processes are rare, and one measure of progress has been the
ability of the experimenter to establish just how rare they must
be!, so that at 1least a few versions of the theory can be
definitely overruled. One of the byproducts of this situation
is the endless challenge it offers to the wiles of the
experimenter.

The subject of this thesis is the improvement of the 1limit
on muonium ( fve‘) conversion to antimuonium ( M e*). The
history of interest in fhis reaction predates the acceptance of
gauge field theories because of an ambiguity in the form of muon
number conservation. Recent evidence has done much to resolve
the ambiguity, but it will be demonstrated in this thesis that
the latitude of the theory still justifies the cost and effort
of attempting to reduce the upper 1limit for conversion. The
outstanding problem in a conversion experiment has been, for
reasons which will be discussed, the difficulty in producing
ample muonium in an environment conducive to conversion: the
success of the present experiment 1is largely due to the
discovery of a method by which this may be accomplished.
Another important factor has been the development in the past

five years, largely at TRIUMF, of muon beams with intensities

'The concept of "never" 1is rare in itself, since it 1is an
impossible limit to attain experimentally.



and stopping densities which make a conversion search
practicable. The other facets of the experiment might be
described as conventional. Some suggestions will be made in the
concluding chapter for improvements which may in future allow

the limit on muonium conversion to be reduced still further,

1.1. Muon Number Conservation

The first suggestion that muonium might spontaneously
convert to antimuonium was made by Pontecorvo (Pontecorvo,
1957), who <considered the process as an analogue to the weak
neutral kaon-antikaon mixing. There had previously been
discussed (Konopinski and Mahmoud, 1953) the possibility of an
additive law governing the conservation of a lepton number L,
which in one form did not disallow muonium conversion (see Table

1.1.1). In another form, favored by the authors at that time,

. - + — - + —
Particle e 4V, e ,v. U ’vu i ,vu others

L +1 -1 +1 -1 0

Table 1.1.1. Original lepton number assignments, with the
positive muon considered as an antiparticle. Reactions must
conserve XL,



it did disallow conversion because the negative muon was
considered as an antiparticle rather than a particle, and the
lepton numbers for the muonic particles were of the opposite
-sign. Parenthetically it 1is interesting that this particular
form is the only one, even today, within which the nomenclature
of muonium and antimuonium makes sense. If the positive muon is
an antiparticle, the Me” system should be known as
antimuonium, contrary to popular usage. At any rate, almost
concurrent with Pontecorvo's suggestion were the first
(Nishijima, 1957; Schwinger, 1957) proposals that there might be
a further guantum number, a muon number pﬁ (see Table 1.1.2),

that also must be conserved. If it were, processes such as

Particle e ,v e ,v TRRY) u ,G; others

L‘J 0 0 +] j] 0

Table 1.1.2. Muon number assignments. Reactions must conserve
23p~.(N1sh1]1ma, 1957; Schwinger, 1957)in an additive scheme, or
(-1)¥b~ in a multlpllcatlve scheme (Feinberg and Weinberg,

1961a).

M > elt, M > eee, and pMp-> e"p, which involve a muon
converting to an electron withou; neutrino emission or
absorption, would not take place; they had not been observed
(and 'still haven't) in experiments sensitive to rates below
those otherwise expected. Consistency of the muon number
concept in this form also demanded the acceptance of a second

type of neutrino, the muon neutrino, which is distinguishable



from its electron counterpart by its muon number.

Several years later another scheme was proposed (Feinberg
and Weinberg, 196la), based on ideas which will be elaborated
upon in section 2.1.1, in which muon number was conserved not as
the sum ZL. but as the product (-lF”7ﬂ along with the usual
additive lepton conservation. Obviously any process conserving
Z Lu, thus satisfying the additive scheme, would also satisfy
the multiplicative scheme, but the converse is not true. The
multiplicative scheme also demanded a distinguishable muon
neutrino; its existence was proven in an experiment using
neutrinos from pion decay (mostly produced in association with
positive muons) interacting with neutrons. The absence of
electron production signified the "muonness" of the neutrinos,
and also supported some form of the muon conservation law.

No real resolution to the ambiguity in the form of muon
conservation occurred for more than one and a half decades.
Only recently have experimental data been obtained which tend to
discount the multiplicative approach. A test must be made by
searching for interactions for which EL. changes by at least
two units between initial and final states, while satisfying
other conservation laws for charge and lepton number.
Candidates for the test are the reactions u* - e*T/;% '
e‘e‘—{y;y‘, and MeT e, The first, a charged current
interaction, has recently been searched for (Willis et al.,
1980), and 1its nonobservation strongly favors the additive
assignment. The latter two, both mediated by a neutral current
intéractign, have also been searched for (Barber et al.,1969;
Amato et al., 1968, and this work) but the sensitivity is too

low and the results are inconclusive for a determination of the



character of muon number conservation.

1.2. 1Incorporation of the Third Lepton Generation

Any modern discussion of lepton interactions must include
some mention of the newest generation, the tau particle or
tauon, and its neutrino (Perl et al., 1975). The same 1is true
here, for its existence and decay modes must be accounted for by
the conservation laws. All evidence 1is compatible with the
sequential lepton model, in which each type of 1lepton-neutrino
pair (electron, muon, tauon, and possibly heavier undiscovered
generations) is associated with a distinct lepton number, as in

Table 1.1.3 (see Perl, 1978, for a review). Note that this is

Particle e v, e+,3é u',vu u+,3; r-,vT r+,3; others
Le +1 -1 0 0 0 0 0
L, 0 0+ -1 0 0 0
L 0 0 0 0 +] -1 0

Table 1.2.1. Sequential lepton number assignments. Reactions
must conserve ¥L,, XZL., and T L. separately, in the additive
scheme.

equivalent for muons and electrons to the numbers already



assigned, since in an additive scheme any linear combination of
quantum numbers (such that the transformation matrix has nonzero
determinant) will give equivalent selection rules (L = Le+EM);
the multiplicative law needs only to be accompanied by the
condition that 31 (Lo+L,) (i.e., particles minus antiparticles in

the lepton sector) must be conserved, to obtain the previous

selection rules. A reformulation of the multiplicative scheme
to include the tauon might, in an ad hoc manner, without
recourse to theoretical justifications, demand separate

conservation of Z(Lb+L/u+Lt), (-l)EL/’, and either (-l)ZLfor the
more stringent XL . On the other hand,'the multiplicative law
is the result of an assumed invariance under permutation of
primitive leptons (see section 2.1.1). Maintaining and
extending that approach has led to a theory (Derman, 1978) which
requires, given the nonexistence of M- ed, the conservation

L (Le*L,+L,) and (-l)z(Lf‘+L"')

only; the decay T e may take
place, albeit at a reduced rate, well below present limits.
Muonium may also convert to antimuonium.

A more detailed explanation of muon number and muonium
conversion will be given in the second cﬁapter, in which the aim
is to convince the reader of a solid justification for an
improvement of existing limits. The experiment performed at
TRIUMF to achieve this goal will be described in the third
chapter, with further reference to the experiments which have
gone before. The analysis of the data, along with a
guantitative deséription of the processes which | must be
understood for the reduction of the numbers -obtained into the

form of a limit for muonium conversion, comprise the fourth

chapter. The f£fifth chapter contains the final result, and a



brief discussion of the influence of various experimental

factors on the sensitivity achieved.



2. THEORY OF THE MUONIUM-ANTIMUONIUM INTERACTION

A partially successful theory of weak interactions was
first developed by Fermi (Fermi, 1934) to describe the beta
decay of nuclei. The proposed interaction was vector alone,
allowing transitions between nuclear states of equal angular
momentum. Shortly thereafter a more general interaction was
proposed (Gamow and Teller, 1936) which was a linear combination
of vector as well as scalar, pseudoscalar, axial vector, and
tensor terms, and could couple nuclear states differing by one
unit of angular momentum. Nuclear beta decay was studied from
this foundation wuntil the middle fifties, when the tacit
assumption of parity conservation in the interaction was
questioned and found to be incorrect (Wu et al., 1957). Further
experiments were consistent with an interaction Hamiltonian with
both vector and axial vector parts, which now forms the basis of
the so-called vector minus axial vector (V-A) theory of weak
interactions. This theory was still not perfect because of the
unphysical high energy behavior; it is now generally regarded as
a phenomenologicélly correct description of the low energy limit
of a class of more widely applicable formulations, known
generically as gauge theories. They describe the observed weak
force in terms of massive exchange particies, the W and 2
bosons. Before getfing ‘into more details of these latest
approaches, however, it is wuseful to provide a framework for

muonium-antimuonium conversion based on a simple V-A interaction
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Hamiltonian.

2.1. The Theory Before 1967

The calculations in this section follow those described in
an early paper on the subject (Feinberg and Weinberg, 1961b),
when a muonium-antimuonium conversion experiment was less than a
gleam in the experimenter's eye. That reference stressed the
severe influence exerted by the atom's environment on any
observable muonium conversion rate. Included here 1is some
theoretical background which will prove useful in the analysis

of the experiment performed at TRIUMF.

2.1.1. The Four Fermion Current-Current Interaction

Low energy weak interactions have been well described by an

interaction Hamiltonian of the form
H,(x) = 2-¢2/2) 6 3% (x)3;(x) , 2.1.1.1

where summation over repeated Greek indices is assumed. _Ja(x)
is the weak four-current, a function of the spacetime variable x
= (x°=t,X). G, is the weak coupling constant, with an

experimehtally determined value of 1.03 x 10°* m;* (mP = proton
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mass) or 1.4 x 10-+*° erg*cfn3 in cgs wunits. - The most general
four-current is a sum of leptonic and hadronié parts; however,
for the following discussion, the. hadronic part will be ignored.
In purely leptonic processes such as muon decay or neutrino
scattering on electrons, complications due to strong
interactions do not arise.

According to the V-A theory, the leptonic current has the

)i

where the ¥'s are field operators for the particles concerned
(L=¢e or/u.). For the moment, the third tau lepton generation
will not be considered, since it played no part in theoretical
developments at this étage. Equation 2.1.1.2 denotes the
charged current of a lepton and its neutrino. There also exist
neutral current weak interactions, such as muon neutrino
inelastic scattering on protons (Barish et al., 1974; this of
course involves hadrons) and muon antineutrino elastic
scattering on electrons (Hasert et al., 1973). All procésses so
far observed, whether charged or neutral, obey a muon number
conservation law.

The assumed form of the leptonic current, containing only
fields of one type or generation of leptons (muon or electron),
leads to the prediction of an additive conservation of muon
number. This can be formalized as follows (see Bailin, 1977).
For the lepton number assignments of the first chapter and the
fields as defined in appendix Al, the lepton numbers of a state

are the eigenvalues of an operator ﬁl, which then satisfies the
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commutation relations

[Ll,géi(x)] = iﬁﬂi(X) 2.1.1.3a
[i},‘fi%(x)] = +‘f&(x) 2.1.1.3b

and commutes with other field operators (i.e., those of other

lepton generations). The result is that

[q,JE\( )] =0, . 2.1.1.4
so that LI also commutes with the weak Hamiltonian (equation
2.1.1.1). similarly, L, commutes with the free field and
electromagnetic field Hamiltonians, and thus with the full
Hamiltonian. It 1is then apparent that the eigenvalue Ly is
conserved in transitions between physical eigenstates of ﬁk.

If we do not restrict the form of the current, such an
additive scheme does not necessarily prevail, and a more general
multiplicative one will account for physical observations. A
multiplicative muon number follows, for instance, from assuming
invariance of nature wunder the permutation of two primitive
leptons, say, e’ and u (Feinberg and Weinberg, 196la; see also
Cabibbo and Gatto, 1960) which can transform into each other,
and will manifest themselves physically as linear combinations
e = (w +e')/202/2) and p= (W - e')/20%/2) of different mass.
The e'-u permutation invariance under weak interactions

requires two kinds of neutrinos, which of course are

e @NC Y,
now known to exist (Danby t al., 1962), and implies only a

multiplicative selection rule (but does not rule out a stronger

additive law).
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It was not wuntil relatively recently that experimental
information became available which permitted some choice between
the two schemes. An gxperiment‘ to determine the type of
electron neutrino 1in positive muon decay showed that the ratio
of Uy to, was less than 0.25 with 90% confidence (Eichten et
al., 1973). An additive law predicts exactly zero, whereas a
multiplicative law predicts 0.5 . A more sensitive experiment
(Willis et al., 1980) measured the same ratio to be less than
0.098 with 90% confidence. Therefore, any universal muon number
conservation law is unlikely to be multiplicative.

The questions that must now be asked about the fundamental
interactions are quite different from those of 1961, because of
the successes of unification theories (see section 2.2). The
present emphasis 1is on whether there is a universal muon (or
lepton, or baryon) conservation law at all. Assuming that there
is not, it is then important to determine the level at which it
is wviolated in order to draw further conclusions about the
proper formulation of the theory.

For the case of muonium-antimuonium conversion (and e e~ to
Vo d scattering) the point of contact between theory and
experiment is an effective coupling constant G, |usually
expressed in terms of Gg , for the interaction Hamiltonian

density,

Hye(x) = 220/ a(T ¥ (1- )Y, )(‘ﬁx"u-xwrg ).
' 2.1.1.5

This has the current-current form of equation 2.1.1.1, and the
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currents are V-A, but otherwise the nature of the expression is
guite different from equation 2.1.1.2. No neutrino fields are
present, and the currents do not change the charge but rather
the generation (muon or electron) of the particle; Each current
changes muon number by +1 and electron number by -1, so that the
overall changes for the interaction are +2 and -2 respectively.
This means that Ej(Le*EM) and (-19317“ are conserved, and  a
multiplicative muon number conservation is satisfied, whereas an
additive one is not.

It 1s shown in appendix Al that the matrix element for
conversion from 1S muonium (|Mu>) to 1S antimuonium (|Mu>)

states is

<My | H,(x) |Mu> = §/2 . | 2.1.1.6
Disregarding spin selection rﬁles and an ﬁnimportant sign,

6 = 16G/(2¢* /2 rag) = 2.1 x 10-** (G/Gg) eV, 2.1.1.7

where a, is the Bohr radius of 1S muonium . A universal (i.e.,
to all orders of perturbation theory) additive law corresponds
to G = 0, whereas the existence of a first order interaction,
described by equation 2.1.1.6 and unsuppressed by any additive

muon conservation, might imply G ~G..
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2.1.2. Vacuum Eigenstates of the Muonium-Antimuonium System

If G # 0, muonium  and antimuonium are not energy
eigenstates of the full (that is, inclgding H,y) Hamiltonian, H.

Let H include a term of electromagnetic origin which causes
the partial Hamiltonian, H - Hy, to have nondegenerate
eigenvalues for the states |Mu> and |Mu> . If the difference of
eigenvalues is 4, then the full Hamiltonian H can be represented

by a 2x2 matrix of the form (taking & to be real)

H = H; + H, with 2.1.2.1
H = (Eo/2) [1 o} , and '2.1.2.2
0 1)
H =1/2 |a §&| = Hg+ Hy 2.1.2.3
§ -aA

acting on the states |Mu> = [g] and |Mu> = [i] . H,, with
eigenvalﬁe E,, includes all terms in H describing the energy of
the atom which are the same for muonium and antimuonium. The
eigenvalues E, and E, of H differ by W = (§* +a2)'*/2), and the

normalized eigenvectors become:

IM,> = (2W(W - A))- 270 (+§|Mu> + (W - ) [MD>),
IMy> = (2W(W +4))-C272) (-§Mu> + (W +A)|Mu>).

2.1.2.4
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These reduce, for A<<8, to:

IM,> = 270172 (+|Mu> + |Mu>),

[Mg> = 270272 (- |Mu> + |Mu>). 2.1.2.5

2.1.3. Evolution of Antimuonium from Muonium

A nonzero value of & leads to energy eigenstates which are

orthogonal linear combinations of muonium and antimuonium
states. The consequence is that a state |¥(t)>, 1in the
Schroedinger picture, evolving from a state |Y(0)> = |Mu> at

time zero, has a nonvanishing probability of being identified as
|Mu> at some later time.

The probability that the state will be identified as
antimuonium rather than muonium (for these are states which will
be observed via electromagnetic scattering or weak muon decay

processes) at time t is

B, (t) = |<Mu| Y (£)>]2, 2.1.3.1

Expanding the state |Y¥Y (t)> = exp(-iHt)|Mu> in terms of the

energy eigenstates |Mj> of eigenvalue Ej gives:

— .
<Mu| ¥ (t)> = & <Mu|M;> exp(-iEjt) <M;|Mu>
J=t

= i exp(-i(E,+E_ )t/2) (8§/W) sin(Wt/2) . 2.1.3.2
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A part of the full Hamiltonian H involves the weak muon
decay for both |Mu> and |[Mu> . This can be accounted for by
considering H to have complex eigenvalues. Putting Im(Ep,) = A,
the muon decay rate, the imaginary parts of E, and E, are /2,

and equation 2.1.3.1 becomes

PrT(t) = exp(=-2t) (6/W)? sin?(Wt/2) . 2.1.3.3

For W << A, the domain for which By (t) is greatest satisfies

Wt << 1, so
Pm(t)'vexp(-')t) (§t/2)2 . 2.1.3.4

If an experiment were performed which detected conversion by
means of the observation of a fast electron from negative muon
decay, an expression for the probability of the muon decaying as
) would be required. Multiplying equation 2.1.3.3 by the decay

rate A, and integrating over all time yields
Pu- = 62 / 2(6* +a* +77) , 2.1.3.5

which is approximately $§2/2)* = 2.5 x 10-°¢(G/G.)* for A<<A,
I1f, however, a muonic X-ray were used for the signature,
the relevant expression would be 2.1.3.3 evaluated at the time
of collision of antimuonium with the atom producing the ZX-ray.
The right hand side of equation 2.1.3.3 has a maximum at
t =2/X, or 4.4 x10"¢* s, of 6.6 x 10"¢° (G/Gg)* in the
approximation .of 2.1.3.4. This will be applied in the fourth

chapter in order to estimate the expected rate of the TRIUMF
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- muonium-antimuonium experiment in terms of (G/Gg).

2.1.4. The Effect of Electromagnetic Fields on Conversion

Little has been said up to this point about the origin or
-value of A; one might wonder whether it is important, or wunder
wvhat circumstances the approximation A << A might be valid.

Such questions were addressed in the first detailed
publicatipn on muonium-antimuonium conversion, from which mosf
of this chapter has been derived (Feinberg and Weinberg, 1961b).
For the case of muonium in vacuum, 4 arises from the macroscopic
electromagnetic fiélds present. Two points should be kept in
mind:
| 1. Not all fields or field derivatives contribute to

A.
2. Not all of the 1S muonium hyperfine states are
affected in the same way.

The first point is exemplified by considering possible
contributions to 4 from a uniform electric field. For a state
of particular anqular momentum (an axial vector) the only
scalars upon which can depend (EeE and (JeE):) are even in the
electric field and are the same for muonium and antimuonium.
Since the energy shift is, by definition (equation 2.1.2.3),
positive for muonium and negative for antimuonium , it cannot
depend on a uniform electric field. If there is also a uniform
magnetic field (another axial vector) present, further scalars

can be formed, but only those containing HeJ are not even in
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both E and H.

This serves to illustrate the second point; HeJ is zero for
the two hyperfine states of J = 5,+5_ for which m,, the
projection of T along H, is zero. These two stétes are
conventionally labelled (J,m;) = (1,0) and (0,0). A naive but
useful picture of the source of A can be gleaned from a Breit-
Rabi diagram for the energies of the hyperfine states of muonium

in a magnetic field, and the reflection of the diagram through

the H=0 axis (see Figure 2.1.4.1). It must be remembered that,

MUONIUM ENERGY LEVELS:

(UNITS OF 4463 MHZ)
o
w

0.0
-0..5
&
e -1.0
=<
uil
215 | | | | | | 1

220 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
FIELD (UNITS OF H,=1585 GAUSS)

Figure 2.1.4.1. Splitting of my=+1 states of muonium and
: antimuonium in a magnetic field.

for §#0, these are not the eigenstates of the full Hamiltonian
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(see Morgan, 1967, for a more correct and complete treatment).
Switching the sign of H has the same effect on a given level as
switching the signs of the magnetic moments (i.e., charges) of
the muon and the electron, as happens in muonium to antimuonium
conversion. The nondegeneracy of the (1,+1) states of muonium
and antimuonium results. The value of A one obtains is eH/m,
where m is thé electron mass. Thus A~ 1.2 x 10-® x H eV, if H

is in gauss. Comparing this to 2,
A/A ~40 H , 2.1.4.1

and the conclusion is that H must be kept well below 0.025 gauss

in order for conversion of these states to be unsuppressed.
Estimates of contributions to A from electric field

gradients have also been made (Feinberg and Weinberg, 1961b).

These can be ignored for the case of muonium in vacuum,

2.1.5. Muonium in the Presence of Matter

It is not easy to obtain abundant muonium in vacuum, so the
possibility of observing the conversion in gases and solids has
been carefully investigated (Feinberg and Weinberg, 1961b). The
conclusion reached was that such experiments would not be very
sensitive becausé of the large values of A encountered in the
interactions of muonium with the target substance.

In a gas, collisions of the muonium-antimuonium sys£em with

the surrounding atoms involve Coulomb processes and the
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associated large (A >>A) energy differences. During a

collision the energy eigenstates approach:

M, > = (83(1 + §2/4a2)) -+ /2> (§|Mu> + §2/2a|Mu>)

~ |Mu> , and

[Ma> = (8% + 442) (1720 (-§|Mu> + 2a|Mu>)

~ |Mu> . 2.1.5.1

The |M,> component will scatter from, say, an argon atom like
|Mu>, that is, elastically, but the |M,> component has a high
probability for scattering inelastically like |Mu>, forming a
muonic argon atom and a free positron or positronium atom
(Morgan, 1967). During the collision any |M,> component 1is in
effect removed, and when 4 is switched off as the scattering
process ends, the system is in the |Mu> state as it was at t=0,
the time of muonium formation. In effect, the <collision
inhibits the coherent growth of the |ﬁﬁ> component (somewhat .in
analogy with the regeneration of the short-lived component of a
neutral kaon beam as it passes through matter).

The net result is that the probability of the muon decaying
as m~ (equation 2.1.3.5) is reduced by a factor of 1/N, where N
is the mean number of collisions during the muon lifetime. For
argon gas at normal temperature and pressure, N is of the order
of 103,

In solids the situation 1is more complicated still,
Contributions to 4 arise from the overlap of the muonium wave

.

function with those of the atoms of a molecular crystal, or from
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high electric 'fields and gradients within an ionic crystal.
Depending on the nature of the material, the probability of the
muon in muonium decaying as M- is 10°'* to 10-*° times its value
in vacuum (equation 2.1.3.5; see Feinberg and Weinberg, 1961b).
It has been suggested by B. Bergersen that this may be overly
pessimistic. For example, 1in a metal the electron density at
the positive muon is nearly as large as for a muonium atom, even
though no single electron is correlated for loné with the muon.
The energy band of the conduction electrons might provide a way
around the problem of non-degeneracy of 1initial and final
states: for any initial-state energy, there will be a band of
nearly degenerate final state energies. The conversion rate
then depends upon the 1local density of states. These
ramifications are not simple to calculate, so the use of a metal
target to establish an acceptable upper 1limit for G 1is not
appealing. Moreover, the density of states is likely not large
enough that an experimental advantage would accrue.

It is therefore desirable, if difficult, to allow the
muonium-antimuonium system to evolve in vacuum or a rarefied gas
after muonium formation. A technique for accomplishing this is

described in sections 3.2.2 and 4.2.2.
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2.2, Unified Gauge Theories and Muonium-Antimuonium Conversion

The forces of nature are wusually subdivided into the
strong, electromagnetic, weak, and gravitational interactions,
each with unique attributes. Attempts to unify two or more of
these, that 1s, to characterize them by common strength and
symmetry properties, has been a major goal of physicists in this
century.

The Fermi theory of beta decay (Fermi, 1934) was an early
example in which the vector nature of electromagnetism was’
adapted to the weak lepton-hadron interaction through a change
in coupling constant. Some further development in the Fermi
theory, leading to the successful V-A interpretation of some low
energy weak processes, was mentioned 1in section 2.1.1. of
course the discovery that weak interactions were not pure vector
blighted the apparent analogy with electromagnetism.

There were other problems with the four fermion
interactién. Even before the V-A form was assumed, divergences
existed in the calculation of some weak processes such as
neutrino-lepton scattering. When expanding the scattering
operator S in the usual perturbation series in G , shown
diagrammaﬁically in Figure 2.2.1, one hopes that the first order
term will dominate because of the weakness of the interaction.
However, the propagator for the intermediate leptons from the
second order term, containing insufficient inverse powers of the
lepton momenta, diverges in the momentum integral, so truncation

of the series is only possible by inserting an ad hoc cutoff A
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Figure 2.2.1. Diagrammatic expansion of the neutrino-lepton
scattering operator

The second order term then becomes proportional to G¢ (G.A*) and
the dimensionality of the extra factor G is balanced by A
Renormalization of the masses and the coupling constant are not
possible as in guantum electrodynamics.

The inclusion of an intermediate exchange boson W improves
the situation with respect to the wunitarity violation.
Renormalization is still a problem. If the elementary coupling
of the lepton current 1is to a massive spin one boson, the
analogy with QED is closer. Assume, for the moment, a weak
coupling of about the same strength as for electromagnetic
interactions (the boson mass must then satisfy Gyve®/m,*, so m,
~ 30 GeV),. Then, for the e* (four vertices) contributions to
lepton-lepton scattering (figure 2.2.2), the weak boson
propagator has terms proportional to k‘k’/m@, from longitudinal
degrees of freedom, which do not contribute in the photon
propagators of OQED due to gauge invariance. These terms
dominate at higher energies, and the T"extra" convergence

guaranteed by the gauge invariance in QED is absent from the

veak process. Perturbation theory thus breaks down.
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Figure 2.2.2. Order e* (or G?) lepton-lepton scattering in (a)
QED, and (b) weak interactions.

A remedy for these outstanding deficiencies of the o0ld
approach was proposed in 1967, in the form of a gauge theory

unifying weak and electromagnetic interactions.

2.2.1. Gauge Theories of Weak and Electromagnetic Interactions

Since 13967 there have appeared numerous publications which
have attempted to explain the nature of the unified gauge model
for weak and electromagnetic interactions, now known as the
Weinberg-Salam (WS) theory kWeinberg, 1967; Salam, 1968). 1In
addition to the original references, source material for this
section includes textbooks (Bailin, 1977; Taylor, 1976) and
several fine review articles (Weinberg, 1974 and 1977; Abers and
Lee, 1973; Bernstein, 1974). Only a brief introductory
explanation of the theory will be given here.

The suggestion of the previous section is that a convergent

theory might be based on a gauge invariant Lagrangian, as is
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QED, but involving a charged vector field. This is accomplished
by the WS mecdel in the following way, considering for the moment
only first generation (i.e., electron-type) leptons.

The férmion fields appea£ in the Lagrangian as left-handed

doublets and right¥handed singlets,

L=1/2 (1 - ¥%) |y,
e
R=1/2 (1 +¥%) [e], 2.2.1.1

where y, and e are neutrino and electron fields (analogous to Z;
and T; of appendix Aal). 1If ®; (i=1,2,3) are the Pauli matrices

for SU(2) leptonic isospin T = #/2, and Te= 1/2 (t,%7,), then

T,L = 1/2 (1 - ¥*) [e] 2.2.1.2
)

and the charged currents can be written

1/2 9, ¥11 - ¥°)e
1/2€ Y1 - ¥*)y,

T X"-t,L , and

TY L. ) 2.2.1.3

To complete the group of which these currents are members

(usually known as SU(2) leptonic isospin) one needs

172 [0 - ¥y, - 811 - ¥o)el |
- T/x,L . 2.2.1.4

A major success of the theory was the experimental confirmation
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of its prediction of neutral currents as described by this last
expression,
The electromagnetic current can be included in the usual

form:
sYe--1/2T¥7,L + 1/2TYVL + R¥R . 2.2.1.5

The last two terms on the right hand side conserve leptonic
hypercharge Y = N, /2 + Ny, the N's referring to the eigenvalues
of a number operator for leptons of the indicated helicity. 1In
this.way the group U(l) of 1leptonic hypercharge eﬁters the
theory, and a Lagrangian can be written down which is invariant
under SU(2), x U(l) infinitesimal local gauge transformations.

The transformations are

L —>L (1+igh (x)eT+i(g' /2)AN(x)) L , and

R —R

(1+ig'AN(x))R , 2.2.1.6

where g and g' are constants and K(x) and A (x) are gauge
funcfions. The 1inclusion of g' in this particular way insures
that the hypercharge-conserving terms of equation 2.2.1.5 couple
' to the gauge field B associated with U(1). The gauge fields for

su(2), and U(1l) transform as

Bu > By o= Bu ol - gAu
%”-9 %ﬁ = 5* +9»A 2.2.1.7

and the renormalizable Lagrangian is (in the notation and phase

convention of Weinberg; 1967)



L, = -1/¢ (. Xu-b‘,ﬁ#+g§;.xfy)’ - 1/4 (3B, éyl}t)z
—ﬁa“?g“-ig'g“)n 2.2.1.8
-_. # e -h b _ . ’
LY (3“ igTeR,-(i/2)g 9“)L .

There are more terms 1in Weinberg's Lagrangian, but these
serve to illustrate some points of the model, if the physical
leptons are inserted according to equations 2.2.1.1:

1. The normalized neutral vector field coupling to

the 1, .4, current is

ft

\KN

(gz+g|z)-(1/z) (gAf,-pg’B/‘) . 2.2.1.9

2. The field orthogonal to %ﬁ is

>
]

e (g2+g’2)-t31/2) (—g'P‘/l3+gB/“) , 2.2.1.10

which couples only to the@e current (the Au used here
is not to be confused with ﬁp' as used 1in equations
2.2.1.7 and 2.2.1.8).

3. The coefficient of iE?”ély, which 1is to be
identified with electrodynamic coupling, is
gg'/(g*+g'?)¢*/2)  and is equal to the electronic
charge e. |

4. The charged vector field associated with&y, and ZZe
terms appears as

Wy = 2702720 (A, +iAL,) . | 2.2.1.11

Note that it has become common to define a mixing angle 8. (the
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Weinberg angle) as tané, = g'/g (Weinberg, 1972), and to write
the fields and couplings in terms of this angle.

The concept of isotopic local gauge invariance represented
by the SU(2) character of eguation 2.2.1.8 was not a new
invention in WS; it had been formulated much earlier (Yang and
Mills, 1954) but convergence of the theory demanded unphysical
massless quanta of the SU(2) gauge field. The new feature was
thét explicit mass terms (and non-renormalizability) could be
avoided by introducing a scalar meson doublet whose vacuum
expectation value broke the symmetry of the Lagrangian under T
and Y (a process referred to as the Higgs-Kibble mechanism,
after Higgs, 1964 and Kibble, 1967). There is no experimental
guide to the exact structure of the Higgs scalar mesons that are
introduced, but the so-called minimal structure of the original

1967 model is a doublet of the form

é = [¢+J 2.2.1.12
¢°

where the vacuum expectation value <¢°> of ¢° is A (g* retains a
zero value); this A is not to be confused with the muon decay

 rate of section 2.1. The Lagrangian of equation 2.2.1.8 becomes

L

‘C0+LH
Lo- /20038 - ighueTg + (i/2)g' Buf|*
-Ge (TR + RPTL) - M, *|4]* + h||* . 2.2.1.13

Replacing by its vacuum expectation value will lead to the

masses
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Me =‘1Ge'_

Ag/2, and 2.2.1.14

My

m,, (gz+g‘z)(1/z).(2-(3/z))) ,
with the photon remaining massless. The low energy limit of the
electron-neutrino current coupling via W exchange must be that

of the V-A theory, so

g? /Smwz

1/4)2

Ge /2272 2.2.1.15

The model can be extended to second and higher (i.e.,/p.and
T) generations of leptons by the addition of appropriate terms
containing Ly, and Ru,x fields to expressions 2.2.1.8 and

2.2.1.13. The parameters G. and G, must be chosen such that

Gu,z /Ge= My, /Mg -

The WS theory 1in this form has survived all the tests to
which it has been subjected with presently available technigques.
There are features, however, which lack aesthetic appeal (e.q.,
the need'to include the Higgs bosohs and adjust their couplings
by hand to give correct lepton masses). It is safer to regard
SU(2), x U(1l) as a subgroup of the true electroweak gauge group,
whose further pfoperties might not be clearly revealed by
present knowledge. Much effort is being channelled into so-
called grand unification schemes, 'gauge theories unifying
strong, electromagnetic, and weak interactions with

correspondingly larger gauge groups such as SU(5) and SO(10).
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2.2.2, Muon Number Violation and Muonium Conversion in Extended

Theories

The WS theory in its simplest form (sometimes referred to
as the standard model), as defined by the leptonic electroweak
Lagrangian of equation 2.2.1.13 with extension to M and x©
fields, 'does not allow a violation of muon number. This is
apparent from the observation that the fermion currents coupling
to gauge vector or Higgs scalar bosons do not change lepton
flavor. The conservation is not really built in to the theory,
but is a consequence of the assumptions made from the outset.

In the first place, the neutral left-handed leptons
(neutrinos) were assumed massless. If this were not so, and if
the muon neutrino -and electron neutrino masses were not
degenerafe, their weak eigenstates would not be mass
eigenstates, and a situation much like the Cabibbo mixing of the
guark sector would occur. A GIM mechanism (Glashow, Iliopoulos,
and Maiani, 1970) could 1lead to lepton flavor-changing weak
neutral souplings suppressed by a factor of the order of
GesinBcosb (m - m2) (becoming second order in Gg), where m,
and m, are the neutrino masses and 8 a mixing angle. For the
largest mass difference allowed by current direct measurements
of the muon neutrino mass of about 0.5 MeV (Daum et al., 1980),
the suppression is of the order of 10-*2?., Using a more
stringent estimate of (m} - m3) = 25 eV? (Mann and Primakoff,
1977), based on cosmological arguments, the suppression would be
more like 10"’.. In some sense, then, approximate muon number

conservation can be regarded as due to the near degeneracy of
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neutrino masses, compared with other typical masses. If there

Figure 2.2.2.1. Conversion process via non-degenerate
_ neutrinos.

is no other, more dominant mechanism for conversion, the
muonium-antimuonium effective coupling as described by Figure

2.2.2.1 should satisfy
G/Gg < 10-** : 2.2.2.1

for a mass difference of 1 MeV, Very recently, a reactor
neutrino experiment has shown some evidence for neutrino
instability or mixing (Reines et al., 1980), and the lower limit
on the squared mass difference is about 0.3 eVv?, There 1is at
this writing.much controversy regarding several neutrino mass or
mass difference experiments, and no result has as yet been
widely accepted.

Secondly, the Higgs boson content of the theory is minimal.
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The single Higgs doublet was introduced in the simplest way
possible to account for the observed mass structure, and also
predicts the relative strength of charged and neutral currents.
A slightly more general set of Higgs doublets was considered
(Bjorken and Weinberg, 1977) on the strength of a rumour of the
observation of the decay/u=> ex'(which, though later shown to be
unfounded, caused much activity among theorists postulating
mechanisms for muon number violétion). The electron and muon
mass terms 1in a generalization of l;4°f equation 2.2.1.13, -

Ge(fe¢Re) - q“(§;¢3“), become
“G1 Cufi R - 9ale f R - gsf’.¢3Re - 94T ¢ Ra. 2:2.2.2

Assuming ¢, = }‘3, and g,=g, is the same order as g, (n)“Gr.‘.1 /2) for

< ﬁ°>n¢G;“”’), it is possible that
G/Grv my* /my? A 10 ¢ 2.2.2.3

for mHn/lo GeV (see Figure 2.2.2.2). There is, however, little
basis for such assumptions. Note that expression 2.2.2.2 éan be
extended to include the tau generation, in which the muon mass
in equation 2.2.2.3 would be replaced by the tau mass, and the
ratio of coupling constants might approach 10-*,

A third extension of the standard model postulates a
modification of the fermion fields to include right-handed
doublets and associated V+A currents involving massive neutral
right-handed fermions Nya (Cheng and Li, 1977). One prediction -
of this extension 1is that the electronic neutral current is

purely vector, with no axial part as in the standard model.
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Figure 2.2.2.2. Conversion via non-minimal Higgs coupling.

Some early experiments on atomic parity violation by neutral
currents in heavy atoms did not agree with V-A predictions (for
a review, see Bouchiat, 1977), but more recent meaurements with
systehs more easily wunderstood show the expected parity
violations, and the model with V+A currents is not supported.
The diagram for possible muonium-antimuonium conversion in this
extension - is that ~of Figure 2.2.2.1, with Via replaced by the
heavy fermions Nia- The GIM mechanism is still applicable, but
the mass difference is not necessarily small. Cheng and Li

obtain
G/G. = (G./167*) sin?*Bcos?H (m? - m2) 2.2.2.4

wvhen m >>m,. For the maximal mixing angle and a mass squared
difference of 1 GeV?, one obtains G/G.~ 10-*. Note that since
right-handed currents are participating, the axial parts of the

effective Hamiltonian (equation 2.1.1.5) must change sign, (1 -
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¥*) to (1 + ¥*). This has no effect on the final result for
of appendix Al.

The last extension of the standard model which will be
mentioned did not result from speculation on the rumoured
A ed decay, but rather from the discovery of the third tau
generation of leptons (Perl et al., 1975). The conversion
scheme is based on the proposition (Derman, 1978 and 1979) of
invariance of the Lagrangian wunder permutation of tﬂe three
lepton labels, e, M and T, a symmetry spontaneously broken by
the Higgs-Kibble mechanism by which the leptons acquire their
grossly dissimilar masses. Permutation invariance requires a
minimum of three Higgs doublets; the demand of mass non-
degeneracy of the charged leptons leads to the conclusion that
some of the Higgs particles carry lepton flavor, leading to a
non-conservation of additive muon (or tauon) number. Instead, a
multiplicative parity-like conservation law is implied, the ~
and one of mor e possessing a positive parity, the other (e or
M) a negative one. This particular assignment insures the
apparent .absence of MH> e Y. The theory makes some specific
predictions on decay phenomena which might be observed, but as
usual the Higgs masses often appear in matrix elements, making
estimates of rates rather imprecise. It is important to note
that, while the Higgs particles of the positive lepton parity
are required to be very massive to reproduce known phenomena,
those of negative parity could be of the order of 10 GeV.
Diagrams similar to figure 2.2.2.2 could then result in G/Gg as
large as 0.1, essentially the same as for the Bjorken and
Weinberg model extended to third generation leptons. It is also

possible, within this model, that charged current interactions
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may exhibit a multiplicative conservation law at a much lower
level than neutral current ones, making muonium conversion an
interesting test.

The purpose of this section has been to show that modern
theories of weak and electromagnetic interactions can at present
encompass a broad range of possibilities; variations on the WS
theme are diverse and manifold, because experimental results can
not yet differentiate among several of the possibilities. The
attitude of the particle physics community must then be that
efforts toward an improvement in our knowledge of the
electroweak phenomenology, toward an increase in the level of
confidence in (or demonstration of the breakdown of) laws such

as that of muon number conservation, are worthwhile.
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3. DETAILS OF THE CONVERSION EXPERIMENT

The principle of the muonium-antimuonium conversion
experiment 1is quite simple; one needs only to observe muonium
and determine whether it does or does not convert to
antimuonium. In practice there are several problems of varying
severity making this determination difficult. The muon 1is not
stable, so that observations must be made during its lifetime,
and the probability of conversion 1is reduced because of the
competing process of muon decay. The environment of muonium can
drastically influence the interaction rate, as explained in
section 2.1. Detection of possible conversion events must be
achieved‘with reasonably high efficiency while maintaining a loQ
background rate.

The formation of muonium atoms from a beam of muons will
take place during the passage through and energy loss in some
moderator‘ (solid, 1liquid, or gas). The electron capture and
loss processes involved are analogous to those of protons
slowing in matter, and formation of a neutral atom is thought to
be most likely' when the muon (or proton) has a velocity
comparable to that of the valence atomic electrons (see, for
example, Tawara and Russek, 1973). After further energy léss,
muonium states may persist or disappear, depending upon the
moderator. In some materials, the precession of the spins of
polarized muonium atoms may be observed after thermalization is

complete, and limits on the amount of muonium formed are easily
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obtained (Brewer et al., 1975) by the methods of muon and
muonium spin rotation.

The moderator, necessary for muonium formation 1in a
conversion experiment, subseqguently inhibits conversion by
interacting electromagnetically with the charges and magnetic
moments of muonium., Herein lies the reason that very sensitive
searches for muonium-antimuonium conversion have not yet
occurred; muonium formation and conversion cannot take place at
their respective optimum rates 1in any one environment, and
compromises must be made.

Detection of the conversion is a relatively less difficult
problem. There are two ways to approach it. One can search
either for a fast negative electron resulting from the normal
decay of the muon in antimuonium, or for a characteristic muonic
X-ray from the capture of the negative muon in an atomic orbital
about é nucleus from the target environment.

Presented in this chapter will be the details of the
methods used to optimize the probability of detecting muonium
conversion in the experiment at TRIUMF . 1In order to put this
most recent effort in perspective, it is worthwhile to comment
on previous muonium-antimuonium conversion experiments, both
successful and wunsuccessful, as well as on some related
investigations regarding the multiplicative muon number

conservation scheme.
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3.1. A Review of Related Experiments

3.1.1. Other Muonium-Antimuonium Experiments

The only reliable limit which has been set by a conversion
experiment on the coupling constant G of equation 2.1.1.5 is due
to a Yale group working at the Nevis synchrocyclotron (Amato et
al., 1968). A conventional beam of muons from pion decay in
flight was degraded so that some muons would stop in an argon
gas target at one atmosphere pressure. Various plastic
scintillators completely surrounded the gas region for the
identification of stopping muons. The scintillators also
detected subsequent decay electrons. Two sodium iodide
scintillation counters, sensitive to argon muonic 2P-1S X-rays
at 644 keV, were used to identify the conversion. To reduce
background, accepted events included only those photon counts
following a muon stop for which no electron of either chargé was
detected. This meant that some real conversion events could be
rejected due to negative muon decay from the 1S atomic state in
argon (as opposed to nuclear muon capture), but the loss was
more than offset by the resultant background reduction.
However, the effect of the argon environment on the muonium
produced was such that the best upper limit obtainable was
G < 5800Gg.

The assignment of this limit relied upon several numbers,
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one of which was the muonium formation probability in argon gas
at one atmosphere. This was taken to be unity, consistent with
calculations and observations at the time of the experiment,
More recent measurements have shown this probability to be
somewhat lower at 0.63 * 0.07 (Mikula et al., 1979; see also
Barnett et al., 1975). Much effort was directed toward the
calculation of the probability that a muonium atom in the target
would lead to an argon muonic atom (Morgan, 1967), a result
crucial in the interpretation of the data. This probability,
stated here for future reference, is (1.0 % 0.2) x 10-*°(G/Gg)?,
including thé effect of muonium-argon collisions which
drastically reduce the conversion rate. For comparison, the
conversion probability 1in wvacuum (see section 2.1.3) is
2.5 x 10°°(G/G,)*.

An attempt was made by a University of Arizona group,
working at the Berkeley 184" cyclotron, to use a target of fhin,
hot metal foils in vacuum. An inhomogeneous target was used in
order to reduce the effect of the moderator on the conversion
rate. One component of the target was to serve as an electron
donor, the 6ther as a region where the conversion probability
was high (the vacuum). It was expected that muons might diffuse
in the foils quickly enough to reach the surface, where they
could pick up an electron to form muonium before entering the
vacuum between foils. Some indirect evidence for muonium
formation was obtained (Bowen et al., unpublished; see also
Kendall, 1972) from muon spin relaxation measurements, but no
direct muonium spin rotation signal was observed. Detection of
a possible muonium-antimuonium conversioﬁ was to be by helical

scintillator telescopes in a magnetic field such that only fast
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negative electrons from antimuonium decay would be observed.
One very important aspect of this experiment was the associated
development of a high stopping density beam of low momentum (~29
" MeV/c) "Arizona" muons, now usually referred to as surface muons
because of their origin from pions stopped in the surface of a
produétion target (Pifer et al., 1976). The use of such beams
is now common for stopped positive muon experiments at meson
facilities, and 1is essential to the conversion experiment at
TRIUMF (see section 3.2.1).

Another unique type of muon beam has been wused in an
investigation of muonium formation in low pressure (~10-2 mm Hg)
argon gas. Positive pions of 39.5 MeV/c momentum will, upon
decay in flight, produce some muons of energy less than 10 keV
from decay in the direction opposite the p;on momentum. In a
subsequent collision with the gas, muonium could be formed. A
group from the University of Berne, working at CERN, attempted
to detect the formation by applying a magnetic field along the
incident beam, to trap the charged particles, while searching
for muons decaying at some distance from the beam axis (Hofer et
al., 1972),. Muons emitted 1in pion decay with a velocity
transverse to the applied field would spiral until forming
muonium, when they would be able to escape the magnetic field to
be detected in a ring concentric with 'the incident beam. No
signal attributable to muonium formation was detected.

The most recent 1idea for forming muonium useful for a
conversion experiment is that of a Virginia-Maryland group
working at SREL (Barnett et al., 1977), using a target similar
to that of the Arizona experiment and the original Arizona

beamline transported from Berkeley. In this case, a stack of
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200 (unheated) gold foils, each of 10-* cm thickness, was used.
Muonium spin rotation indicated that the stopped muons formed
muonium in vacuum with a claimed probability of 0.28 + 0.05.
Although this result indicated: thét a vast improvement in
muonium conversion experiments was immediately possible, it
could not be reproduced at LAMPF (Beer et al., 1979) or SIN
(Arnold et al., 1979a), where similar experiments of higher
sensitivityl were undertaken; no effects attributable to muonium
formation in vacuum were observed in either instance. A target
consisting of collodion films with gold evaporated onto the
surfaces was studied at TRIUMF, but it also showed no measurable
muonium formation., Thus it seems probable that this method is
not workable.

This completes the list of prior attempts, mostly
unsuccessful, to 1lay a foundation wupon which a sensitive
muonium-antimuonium conversion.experiment could be based. As an
aside, the production of muonium in vacuum 1is also a
prerequisite for some sensitive tests of quantum electrodynamic
effects in muonium (e.g., in measurements of the fine structﬁre,
Lamb shift, and hyperfine structure of the n=2 excited state)

(Hughes, 1979).

3.1.2, Experiments with Other Systems

A non-zero value for the coupling constant G of equation
2.1.1.5 will result in processes other than muonium conversion.

In particular, a collision of two energetic negative electrons
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could result in two negative muons by the same interaction.
Using this fact, an experiment at the Princeton-Stanford
electron storage rings has set a limit of G < 610G, (Barber et
al., l969),vnearly an order of magnitude better than the Yale-
Nevis muonium-antimuonium upper limit.

In addition to this, a recent experiment on neutrinos from
positive muon decay has searched for electron antineutrinos,
which would be allowed only if muon conservation obeyed at most
a multiplicative law (Willis et al., 1980). The result strongly
disfavors the multiplicative scheme, in that the ratio of
"wrong" muon decays to all decays is measured to be R < 0.098,
whereas R = 0.5 might be expected from the multiplicative rule.
The interaction which could 1lead to a nonzero value of R,
however, is not the neutral current one of equation 2.1.1.5, but
rather involves charged currents and the associated exchange
bosons. For this reason, the limit on the ratio R cannot be
used to calculate a limit on the ratio G/G; without recourse to
a specific model to determine the elementary couplings, exchange
particles, and their interrelationships. For instance, in the
model of Derman discussed in section 2.2.2, the masses of the
charged and neutral Higgs particles would determine the
respective ratios, and there is no a priori reason to assume
that the masses are equal. The upper limit on "wrong” muon
decay, therefore, does not absolutely rule out muonium-
antimuonium conversion with a stronger coupling. On the other
hand, it is convincing evidence that a muon conservation law, if
it does exist at all, is additive in nature.

With the knowledQe of the History of muonium conversion

experiments and the related multiplicative law research, the
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outstanding problems become more clearly defined. The attempt
at TRIUMF to find solutions to these will be the subject of the

following section.

3.2. The Apparatus and Technigques Used

An attempt was made at TRIUMF to design an apparatus which
would maximize the sensitivity to muonium conversion. This
effort, initiated in 1975, largely concerned the muonium
production target itself, but precise magnetic field control and
a simple, efficient scheme for detection were also sought.
Within the limitatﬁons thus imposed, it was imperative that a
beamline with a well defined, high luminosity, high stopping

density muon beam be available.

3.2.1. M1l3 and Surface Muons

Such a beamline was built and commissioned at TRIUMF by the
spring of 1979. It was a low energy channel, designed to be as
short as possible (9.4 m) so that pions down to about 10 MeV
(with a mean decay length of about three metres) might survive
passage through it. The opticél and beam control (via siits and
jaws) properties also make it excellent for surface muons,

especially since the muon source, the primary production target,
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can be made small.

The origins of surface muons, both historically and
physically (Pifer et al., 1976), were mentioned briefly in the
preceding section. When 500 MeV protons interact with nucleons
of a target such as carbon, positive pidns will be produced.
The energy distribution of these pions, only recently determined
(Crawford et al., 1980) down to the low regime important for
surface muon production, makes it possible for some to come to
rest close to the surface of the production target (a 13 MeV
pion has a range close to 1.0 gecm~2), These pions may arise
from proton interactions anywhere in the target, as long as the
pion energy corresponds to a range which is the amount of target
material which must be traversed in oraer that it just reaches
the surface. One does not want the target to be much larger
than the proton beam profile, then, because the surface muon
rate depends on the solid angle 'subtended by the surface
averaged over the proton interaction region (neglecting any
anisotropy in the pion production angles).

There are two other reasons that small production targets
are desirable. The first is obvious; a smaller muon source will
lead to a smaller muon beam spot in a channel with reasonable
optics. The second involves contamination of the beam by
positrons. Below a momentum of 52.8 MeV/c, the maximum positron
energy from muon decay at rest, the positrons in the beam come
both from conversion of gammas from neutral pion decay and from
muons decaying in the production target. The former are much
reduced by the use of small, low Z targets since conversion of
gammas is less likely. The latter may be dealt with by beam

separation techniques.
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One such separation technique which has been applied for
surface muons (Reist et al., 1978; Arnold et al., 1979b) is the
use of a few mgecm-? of degrader material at an appropriate
focus before the final bend in the beamline. Since the muons
lose more energy in this degrader than do positrons, the two
components of the beam will be spatially separated after the
next bending element. This technique has been observed at
TRIUMF to have some adverse effect on final muon beam spot
sizes.

A schematic diagram of the M13 channel is shown 1in Figure

3.2.1.1. Viewing the primary production target at an angle of
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Figure 3.2.1.1. The M13 pion/muon channel at TRIUMF .

135° to the 500 MeV proton beam, it consists of nine magnetic
elements; two quadrupoles, a 60° right bending dipole, three
more quadrupoles, the second 60° left bending dipole, and the

final two guadrupoles. A vacuum box with remotely controllable
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vertical and horizontal jaws, to define the beamline acceptance
and determine flux, is positioned between Q2 and Bl. Between Bl
and Q3 1is the first dispersed focus, Fl. Horizontal slits
determine the segment of the dispersion plane to be used,
thereby allowing control of the momentum acceptance, while
vertical jaws can be used for flux limitation and the reduation
of scattered beam particles. Two four-position wheels,
supporting various thicknesses of polyethylene sheet, are also
near Fl, and can be used to reduce contamination by unwanted
particles (positrons in a surface muon beam, or protons in a
pion beam). An equivalent (by the symmetry of the channel)
dispersed focus F2, between Q5 and B2, is equipped with another
set of wvertical jaws and horizontal slits. Though to some
extent redundant, this set can reduce the tails of the final
beam profile arising from particles scattered in the beam tube
further upstreém. All magnet power supplies (except B2, at this
writing) as well as slits, jaws, and absorber are controlled via
microcomputer through CAMAC interfaces or through the remote
controls system maintained by TRIUMF .

Figure 3.2.1.2 shows the particle fluxes measured from a
1.45 mm graphite target available when .the channel was first
commissioned. Note the dramatic surface muon peak at 29 MeV/c.
The low electron contamination is obtained by the use of thin,
bare, production targets, with no extraneous surrounding
materials. Presently available targets (used in the conversion
experiment) include 2.0 mm and 10.0 mm graphite pieces, and
scaling of muon fluxes with target thickness 1is in this case
reliable. Figures 3.2.1.3 and 3.2.1.4 show the effect of

horizontal slits and jaws on particle flux and beam spot
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Figure 3.2.1.3. Effect of horizontal slits on M13 particle flux
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dimension, in terms of full width at half, quarter, and tenth
maximum. Finally, the effect on surface muon rates of the
positioning of the primary proton beam on the production target
is shown in Figure 3.2.1.5, along with a curve estimated by
C. J. Oram based on simple assumptions on the mechanism of
surface muon production; specifically, the probability that a
éion ofiginating at any point in the target stops in a surface
layer is taken to be proportional to the product of the solid

angle subtended by, and the length of the pion track in, the
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layer. The width of the proton beam was realistically assumed
to be 1.0 mm (FWHM). The gross features of the data are
reproduced surprisingly well. Further details 6n procedures
used in tuning the channel and measuring the beam properties
have been published (Oram et al., 1980).

The beam tube is held under vacuum by pumps on the primary
pfoton beam 1line, which in turn is contiguous with the main
cyclotron vacuum, No windows exist between the primary
production target and the end of the beam tube. The end
consisted, for this experiment, of a 0.127 mm (0.005") Mylar

window of 7.6 cm (3.0") diameter, through which surface muons
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on the production target.

will easily pass.

Although a flux of 10¢ surface muons per second could be
obtained for 100 A proton current incident on a one centimeter
production target, the experiment was run at about 10° s-*, The
reduction was due to a lower proton current‘and/or the use of a
2.0 mm production target, as well as a slight closure of the
horizontal jaws to reduce the positrons in the tails of the beam
profile. The range of the muons (figure 3.2.1.6) was 135

mgecm-* Mylar, with an apparent range spread of about 25 mgecm-?
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3.2.2. The Target: Production of Muonium in Vacuum

It has been pointed out that a sensitive conversion
experiment cannot be performed without the production of muonium
in vacuum. It is the purpose of this section to describe the
target and indicate, 1in a qualiﬁative way, how muonium may be
produced in vacuum. More detailed rate estimates can be found

in section 4.2.2, with reference to appendices A2 and A3.
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The target consisted of a sloping stack of seventeen
identical eliiptical expanded polystyrene frames supporting thin
collodion films. Each film in turn supported, on the upper
downstream surface, a thin fluffy layer of silica powder for
muonium production. The lower, upstream surface was coated with
calcium oxide in which antimuonium could give rise to an easily
recognizeable muonic X-ray (see Figures 3.2.2.1 and»3l2.2.2).

Each frame was a ring, 3 mm thick by 8 to 10 mm wide, of

Si Oz powder
collodion —
CaO

Figure 3.2.2.1. 1Illustration of the target used for muonium
production in vacuum.

roughly elliptical shape (20 ecm major by 10 cm minor axis
lengths). The frames were heat treated for strength and vacuum
compatibility. The collodion film was created by first
dissolving a chip of collodion (cellulose nitrate, trade name
Parlodion, from Mallinckrodt Chemical) in amyl acetate to
produce a three to five per cent solution, then floating a
milliliter of solution on a clean water surface,. allowing the

amyl acetate to evaporate. The residual collodion film could
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Figure 3.2.2.2. A single layer of the target, illustrating the
mechanism of muonium production in vacuum.

then be picked up by sliding the frame in the water beneath the
film and gently removing it from the water surface with film
attached. The mean weight of collodion attached to a frame was
17 + 6 mg, corresponding to an averagelfilm thickness of 0.11
mgecm-~ 2,

The only function of the <collodion was to support the
active constituents of the target, the silica and the calcium
oxide. The silica, in the form of a very fine (particle
diameter 7 x 10’ cm, density 0.032 gecm-?, or 0.015 times that
of bulk silica) powder, is known to produce muonium copiously in

the intergranular voids (Marshall et al., 1978; Kiefl et al.,
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1979). However, the estimated thermal muonium collision rate
with powder particles, about 2 x 10!° s-!, makes the powder
itself wunsuitable for antimuonium conversion. By using a thin
layer of powder, there is some chance that muonium can escape
the voids 1into a true empty vacuum (the actual probability of
escape will be calculated in the fourth chapter). The target
employing the collodion substrate was constructed to take
advantage of this. -

The reason for the slope of the target is twofold. 1In the
first place, it means that the silica powder can rest on the
surface without falling off; the alternatives would be to use a
vertical muon beam, placing the layers horizontally, or to stick
the silica to the collodion by other means, possibly destroying
its muonium production properties. Neither seemed practical.
The second reason is that it doubles the length of material per
layer in the beam direction for a given.layer thickness, thereby
stopping more muons near the layer surface.

Prior to the application of the powder 1layer and final
assembly of the target stack, two things were done. First, the
individual foils were lightly moistened on one surface with a
spray of an acetone-water mixture and dusted with silica powder.
Only a tiny amount (0.04 % 0.02 mgecm-2) of the silica adhered
to the collodion after the liquid evaporated, but it served to
roughen the surface considerably. This was important for
reasons which will soon become apparent. Secondly, a thin
coating - of calcium metal was evaporated onto the other surface
and allowed to oxidize 1in a ldry atmosphere. The resulting
calcium oxide film was estimated to average five to six

micrograms per square centimeter, but precise weighing was
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difficult since the heat from evaporation of the calcium metal
tended to drive moisture from the collodion film, while the
oxide would convert to hydroxide and/or carbonate in a period of
minutes during weighing. Comparisons of weights before and
after evaporation were thus only approximate. The conversion
reaction of the oxide was eliminated by keeping the target foils
in a dry, inert environment until insertion into the evacuated
target region at the end of the M13 beam line.

The final step was the building of the stack with powder
lightly dusted on one surface of each foil. The first frame was
mounted, on an expanded polystyrene support structure, with the
major axis making a 30° angle with the horizontal, célcium oxide
side down. On the upper, roughened surface was sprinkled (with
the aid of fine mesh screen) silica powder. A second frame was
similarly placed adjacent to the first and 1lightly glued in
place, then sprinkled with more powder. This procedure was
continued until all seventeen foils were in place, each
supporting approximately 0.85 mgecm-? of silica. The final foil
was not sprinkled. The roughness of the collodion film, after
the treatment mentioned previously, made the powder stable to
small vibrations; it would not slide on the 30° incline when
carefully handled.
| - The average perpendicular distance between films was
measured to be 4.4 mm, while the physical thickness of the
powder layer was 0.3 mm. With this information, and reasonable
assumptions about the motion of muonium within the powder layer,
an estimate can be made of the probability of muonium conversion
to antimuonium. This will be calculated in section 4.2.2, using

the formulae derived in appendix A3. It is sufficient at this
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point to have a more general idea of the mechanism. Muons
thermalizing in a target édnsisting of layers of evacuated
silica powder (as used on the collodion films) form muonium
atoms in the intergranular void with high probability. The
muonium atoms are free to move at thermal velocity among the
grains, undergoing collisions and migrating macroscopic
distances in the 2.2 x 10-¢ s muon lifetime. A fraction of the
atoms, especially those ‘formed near the surface of a layer,
actually leave the vicinity of the powder and travel without
collision across the gap between films. The transit times
approach the mean muon lifetime for spacings of the‘order of one
centimeter. For this small fraction of the incident muons, the
opportunity for conversion is nearly makimized. Moreover, any
atom that does convert to antimuonium can be torn apart on
collision with the atoms: or molecules on the facing surface
(calcium oxide, in this case), which can in turn 1lead to a

muonic 2P-1S X-ray, the signature of a conversion event.

3.2.3. Magnetic Field Measurement and Control

A factor of two in the sensitivity of the experiment is
gained by forming muonium in a region where magnetic fields are
of the order of ten milligauss or less (see equation 2.1.4.1 and
Figure 2.1.4.1). This was accomplished at TRIUMF by the use of
three mutually perpendicular Helmholtz pairs and a sensor which .
controlled their power supplies to compensate automatically for

changes in the ambient field.
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The problem of <creating a wuniform magnetic field (or
gradient) can be approached from several points of view. The
most elegant and efficient procedure is the construction of a
geometrically correct array of current loops, creating a central
field free of wundesired gradients to the required  order
(Garrett, 1967). Consider pairs of circular coaxial current
loops above and below a plane of symmetry, such that the current
in each member of a pair travels in the same sense (for the
creation of a gradient, the current would be in the opposite
sense) . The currents will create an axial field at the
intersection of the plane of symmetry and the axis, which, by
the symmetry, has no first or higher odd derivative along the
axis. With only one pair, the separation of the coils can be
specified to null the second derivative, and the Helmholtz
condition results. Further pairs with different separations
and/or currents can be added to null fourth, sixth, etc.,
derivatives, provided that problems in computation of the
correct parameters can be overcome.

If one can tolerate a sacrifice in efficiency, in terms of
field produced per kilowatt of power .consumed, amount of
materials needed, and overall size, a large volume of uniform
field can also be produced by making the initial Helmholtz pair
large, with no nulling of higher derivatives. An advantage of
this approach, for a practical system within which an experiment
can be erected, is that the region of uniformity is  well awvay
from the coil winding, so that large detectors can be
accommodated entirely within the structure quite easily. Since
the liquid nitrogen reservoir dewars on the germanium crystals

used were bulky, and a large field was not required, it was
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decided to opt for a large Helmholtz assembly.

The three mutually perpendicular pairs which were built
were square rather than circular, to make fabrication more
siﬁblel The x, y, and z coils measured 189, 196, and 204 cm on
a side, respectively. Blocks enabled attachment of one pair to
éach of the other two at the twenty-four points (four on each
face of the cube) of proximity of the frames. For sguare coil
geometry, the Helmholtz condition is that the separation should
be 0.855 times the dimension of the sqguare.

By far the 1largest field component that had to be
eliminated was due to the cyclotron fringe field, approximately
three gauss in the vertical (z) direction. Moreover, it was at
some times desireable to apply a vertical field for muonium spin
rotation tests on various samples, including the conversion
target. Therefore, allowance was made for a +10 gauss range
vertically and a *1 gauss range both in the beam direction (+x)
and perpendicular fo it (y). The z coils consisted of 2 x 260
turns of AWG 12 copper conductor, capable of sustained operation
at 140 V and 5 A. The x and y coils were each 2 x 52 turns of
AWG 14, operating at up to 36 V and 5 A.

The coils were wound on frames of kiln-dried oak. The
reason that metallic forms were not used is that the currents
induced in them by variations in the coil current at up to 200
Hz would restrict the frequency bandwidth for the production of
a.c. magnetic fields. The aim was for the system to be capable
of eliminating at least 60 Hz variations in the ambient field,
when used in conjunction with the magnetometer controller and
feedback system.

The coils were powered by Kepco bipolar operational power
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supplies. A 36 V, 5 A supply was used for each of the x and y
pairs, and two 72V, 5 A units energized the z coils. The
outputs were governed by a Schdnstedt HCM-3 triaxial magnetic
field control wunit, which also constantly monitored the three
magnetic field components produced at a triaxial magnetometer
probe placed on the =z axis near the center of the Helmholtz
array. In this manner, the controller, power supplies, coils,
and magnetometer probe formed a loop such that variations in the
ambient magnetic field components were automatically measured
and compensated for.

Although most accelerator-oriented physicists have a
working knowledge of the principles of measurement of higher
magnetic fields (e.g., NMR, Hall effect), the operation of the
saturable inductor magnetometer, a device useful at zero and
very low fields, may be less familiar. 1If a magnetic field is
induced 1in an easily. saturable material with a sinusoidal
driving current of frequency f through a solenoidal primary
coil, that field can be sensed by a secondary coil. 1In zero
ambient magnetic field, the output of the secondary will be a
sine function with flat tops and bottoms corresponding to the
saturation of the material. A Fourier decomposition of the
function will include frequencies 3f, 5f, and so on. 1If a
nonzero field component exists along the solenoid axis, the
waveform on the secondary coil will flatten at points on the
sine curve which are displaced from the zero field values by an
amount corresponding to the applied field component (see Figure
3.2.3.1). The Fourier spectrum will then also contain harmonic
termé of the even frequency multiples 2f, 4f, and so on.

Circuitry to sense one of these frequencies can be made to cause
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Figure 3.2.3.1. Saturable inductor magnetometer waveforms
(a) in zero ambient field.
(b) with a nonzero field component B.

a d.c. cu;rent through the primary coil (in addition to the
sinusoidal driving current) such that the even components are
eliminated; the value of the required d.c. current 1is then
proportional to the ambient field component along the solenoid
axis., With fundamental frequencies in the kHz range, slowly
varying (i.e., wup to 200 Hz) a.c. magnetic fields can also be
measured.

Setting the three field components to zero was accomplished
via an independent, wuniaxial saturable 1inductor magnetometer
(Héwlett Packard model 3529A probe and 428BR controller). The
zeroing of this probe was in turn accomplished by insuring that
accurate rotations of the probe by 180° caused equal but
opposite field measurements. After some iterations, each of the
three field components at thg coil centre could be reduced to
one milligauss or 1less, well within the tolerance of an

antimuonium conversion experiment.
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Field gradients, however, presented another problem. Since
the target was approximately 10 cm long, a gradient of only two
milligauss cm~* was sufficient to exceed the criterion of less
than ten milligauss 1in the stopping region. Although the
theoretical applied field uniformity satisfied this demand, the
ambient field uniformity did not. It was thus difficult (ahd
pointless) to determine whether the coils were operating at the
designed field homogeneity. The lowest maximum gradient that
could be obtained wunder beam .conditions, using iron blocks
external to the coils for trimming purposes, was four milligauss
cm-*. The solution to the gradient problem was a sheet of
mumetal, 0.25 mm thick and 35 cm long, wrapped around the vacuum
pipe containing the target (see Figure 3.2.4.1). With this in
place, along with the compensation provided by the coils, the
maximum gradient was reduced to less than one milligauss cm-?t,
and field surveys at the beginning and end of the data taking
showed no component 1in excess of 3 %+ 1 milligauss over the

entire target region.

3.2.4. Detectors and Hardware in the Target Region

The gamma rays from a myriad of processes in the target
region (and elseﬁhere) were detected via two independent
germanium detectors on either side of the target enclosure,
approximately 8 cm from its centre. A diagram of the layout
comprises Figure 3.2.4.1.

Both detectors were large, high efficiency, coaxial,
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cooled-FET germanium devices, but were otherwise dissimilar.
One was an Ortec lithium-drifted crystal of 51.55 mm diameter by
55.5 mm length (active volume 103.2 cm?) while the other, an
intrinsic germanium detector of 48.53 mm diameter by 40 mm depth
(active wvolume 71.5 cm®), was manufactured by Aptec. Curves
representing the photopeak efficiencies of each detector, as a

function of photon energy, are displayed in Figure 3.2.4.2. The
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Figure 3.2.4.2. Photopeak efficiencies versus energy for the
two detectors used.

curves will be referred to in the analysis presented in the next
chapter. Both detectors were warranted for a resolution of

better than 1.9 keV (FWHM) at 1.33 MeV, and 1in practice
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surpassed that figure. Other features of the target region may
be noted from figure 3.2.4.1. For. instance, a 0.25 mm
scintillation counter (MU) of 5 cm diameter identified incoming
muons, distinguished by pulse heiéht from the pbsitron
contamination in the beam, A surface muon will deposit more
than six times the energy in a thin scintillator thaﬁ a beam
electron will (Trower, 1966). With good light collection, the
pulse height difference makes for easy discrimination between
the two particles. Immediately upstream of this counter, a 0.20
mm fixed Mylar degrader ranged the muons to stop in the
silica/collodion target. Fine range adjustments were made by
selecting apprdpriate additional thicknesses of Mylar from
several mounted on two frames which could be adjusted by
mechanical vacuum feedthroughs. 1In addition to a 0.12 mm (7.5
cm diameter) Mylar window separating target from beamline vacuum
systems, a further 0.15 mm was required to maximize the stopped
muon rate.

Two veto scintillation counters (VF) detected charged
particles approaching the germanium detectors. Muons decaying
to positrons of up to 52.8 MeV were one inevitable source of
‘background radiation problems which could be alleviated by the
veto counters. Further suppression of undesirable radiation in
the germanium crystals was accomplished by shielding with
polyethyiene, paraffin, and lead. An explanation of the
background problems encountered is contained in the following

section.
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3.3. Data Acquisition

Data were collected in a very simple fashion. Most of the
procedures employed originated in pionic and muonic X-ray
experiments. This 1s not to say that no particular problems
emerged; on the céntrary, the operation of large germanium
detectors in close proximity to a stopping beam of over 10°
muons per second required some special tactics. In this
section, a description of the sources of radiation entering the
detectors will be given. The steps taken to minimize the impact
of background sources on the data are also discussed. The
hardwired processing of information from counters and detectors
is described in detail, with an explanation of the logic of the
electronics used. Finally, a subsection is devoted to a summary
of the conditions wunder which the data were accumulated and

stored, including experimental parameters such as rates.

3.3.1. Primary Sources of Background and Their Minimization

The sensitivity of the TRIUMF experiment to a possible
muonium-antimuonium coupling depends in part on the likelihood
of processes resulting in background gamma radiation of similar
energy to the muonic X-ray processes of interest. The rule of
thumb states that the square root of the number of backéround
gammas, accumulated within the full width at half maximum (FWHM)

of the expected X-ray, determines the minimum number of
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foreground events necessary for observing an effect of one
standard deviation (68% confidence level). Therefore an
understanding of the backgrounds present and the procedures for
their reduction is of some importance.
The sources of the radiations of interest may be
categorized as follows:.
1. Muon decay positrons: It 1is essentially certain
that a positive muon will decay to a positron with an
energy following the Michel spectrum, up to a maximum
of 52.8 MeV. Bremsstrahlung energy 1losses of the
positrons result in a continuum of gamma rays, up to
the full energy. Some gammas are within the muonic X-
ray energy region (either initially or after
subsequent Compton scattering). The positron;
eventually annihilate with electrons, giving mostly
two 0.511 MeV photons per annihilation. The positrons
themselves can enter the detector, depositing energy
directly by radiation and ionization: most such
particles leave more than a few MeV in the germanium
crystal (unlike the gammas of interest) since the
radiation length is about 2.2 cm (or 12 gecm~?; see
Particle Data Group, 1976).
2. Beam positrons: Approximately one half to two
thirds of the beam entering the target 1is positrons,
the sources of which were explained in section 3.2.1.
Like the muon decay positrons, they can radiate and
produce the troublesome bremsstrahlung background. On
the other hand, they tend to remain a beam, passing

through the very light target and out of the apparatus
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where they do little harm. A very small number
undergo large angle scattering, creating problems
similar to those caused by decay positrons.

3. Other sources: Included in this category are the
induced nuclear gammas from material in the vicinity
of the detectors, direct neutron activation of the
detectors, and cosmic rays. Some energy structure is
of course present in.this background; most notably, a
0.835 MeV **Mn 1line appeared close to the 0.784 MeV
calcium muonic 2P-1S line which was searched for as a
conversion signal. Rather than presenting a problem,
this line proved to be a valuable calibration during
the analysis.

The decay positron background was the most severe and the
most difficult to deal with. This fact had been anticipated;
several features were incorporated into the apparatus to
mitigate the problem.

First of all, it was apparent that muons stopping near or
in the target, but not 1in the active regions, should be
eliminated. The low thickness and stopping power of the
collodion films was important for this reason. Control of the
muon beam spot size via M13 jaws was anAasset, especially as it
reduced the flux 1in the tails of the beam distribution. The
degrader (including the defining scintillato;) necessary for
ranging muons into the target was as close to it as possible.
This was found to be crucial because of the large multiple
scattering suffered by the slow muons. Without the collodion
target in place, the muons stop mostly in the walls of the

vacuum tube in the target region or slightly downstream of it,
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so the background.due to decay positrons was not much reduced by
its removal.

The second feature built into the apparatus initially was a
length of aluminum tube spun to a wall thickness of 1 mm, which
constituted the vacuum pipe in which the target would be placed.
It was expected that this would minimize the radiative energy
loss by the positrons in the vacuum tube wall, and hence the
bremsstrahlung entering the detector (similar reasoning led to
the use of expanded polystyrene as a support material for the
collodion). However, the spun aluminum tube was abandoned for a
pipe of 3 mm wall thickness, after a measurement of gamma count
rates in the energy range of interest, as a function of the
amount of aluminum between target and detector, revealed a
difference of less than five per cent. It should also be ‘noted
thaﬁ this was performed before extensive shielding of the
detectors was undertaken, and other sources of (positron
independent) background were dominant. The experimenters were
not unhappy at the change, since many precautions had to be
observed in wusing the thin tube: an identical one had buckled
while being used under vacuum by another group at TRIUMF! In
addition, a flange could be welded on the thicker pipe which
allowed the final degrader and defining scintillator to be
installed much closer to the target, further reducing the beam
loss due to multiple scattering.

Thirdly, scintillation veto counters were installed. These
could be used in fast coincidence (see section 3.3.2 following)
with pulses from the crystals to veto events associated with
charged particles in and near it. Initially a éet of three

scintillators covered all but the rear face of each detector.
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This arrangement was modified when a high background,
uncorrelated with beam in M13 (iLgL, "other sources"),
necessitated more extensive lead shielding surrounding the
detectors and thus conflicting . with the scintillators
physically. Eventually a large, 20 x 20 cm® counter, 0.65 cm
thick, was wused in front of each detector. The large counter
size aided the reduction of background events due to the
bremsstrahlung of positrons in the iead shielding.

As an aside, the choice of a calcium oxide coating for the
production of possible muonic ZX-rays was also motivated
partially by background considerations. The 2P-1S energy of
0.784 MevV (Engfer et al., 1974) 1is above the positron
annihilation background yet still low enough to be detected with
reasonable efficiency. Another reason for the choice is the low
evaporation temperature of Ca, which the fragile collodion films
can at least sometimes withstand (many were ruptured during
preparation).

The procedures adopted because of muon decay positron
background were often also effective for the minimization of
beam positron effects. Some further effort in this direction
included the trimming of slits and jaws to reduce the beam halo.
Positrons, 1light particles that they are, can undergo large
deviations during Coulomb scattering from a nucleus. This takes
place along the length of the beam 1line, causing those not
ordinarily within its momentum and coordinate acceptance to
emerge in a broad smear. By closing otherwise unnecessary slits
and jaws to the point just short of réduqing the muon flux, some
of the smear was removed. In addition, paraffin and

polyethylene shielding immediately upstream of the muon target
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removed some of the halo with minimal radiation release, which
was in turn dealt with by substantial lead shielding (see
section 3.2.4).

By remotely inserting a small amount (about 30 mgecm-? CHj,)
of degrader at F1l, one could displace the muon beam at the end
of M13 such that it did not pass the upstream polyethylene
collimation. The beam positrons still remained more or less
undeviated, so it was qQuite easy to see their contribution to
the gamma spectrum. It turned out to be much smaller than that
due to decay positrons, as was expected.

The background due to sources other than decay or beam
positrons was initially larger than expected. It was not clear
at the outset whether optimum sensitivity would be achieved with
or without extensive lead shiélding of the detectors; in some
cases, especially with relativistic electrons or positrons
present, it can act as a gamma source because of shower
production. By testing the effect of shielding, it was
determined that, at the moderate rates used, about half of the
gamma background was not beam related and could be drastically
reduced by careful placement of lead blocks. Neutrons were part
of the problem, partially alleviated by the construction of a
concrete and paraffin wall at the maze entrance to the proton
beam tunnel adjacent to M13, where some neutrons seemed to
originate. Characteristic neutron lines (Bunting and Kraushaar,
1974) were observed in the gamma spectra. One 1line came very
close in energy to the 0.784 MeV calcium line(more discussion on
this will appear in section 4.1). A substantial positron
annihilation peak was observed even with M13 shut off, probably

from primary proton interactions such as neutral pion gamma



72

conversion in the production target. Some further 1lines were
identifiable, but only the aforementioned **Mn line was close in
energy to the region of interest.

It sufficés to say that the background problem was dealt
with mostly by trial and error. By changing various parameters,
one could.determine the best method of 1lessening a particular
background rate. Several different aspects of the apparatus
were at this stage designed, tested, or altered. This evolution
was paralleled by similar development of the electronic hardware

arrangement, the subject of the forthcoming section.

3.3.2. Electronics Configuration Used

The function of the data acquisition system was to obtain
energy information about the spectrum of gamma rays below
approximately 1.0 MeV, originating in the target. The task of
the electronics was to ensure that the events obtained satisfied
some simple criteria. Apart from the suppre;sion of background
events, the most important aspect of this selection related to
the maintenance of the high resolution capability of the
germanium spectrometer. The sensitivity of the experiment
depended on, among other things, the resolution obtainable.

A detailed diagram of the circuitry that was used in taking
data 1is shown in Figure 3.3.2.1. Some units, denoted by ah X,
are duplicated in the actual system to handle two detectors. An
attempt will be made to explain, in the remainder of this

section, the logical arrangement of the important components.
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The electron-hole pairs, created in the germanium crystal
by the passage of ionizing radiation, cause a sharp (~50 ns)
change in the voltage output of the charge sensitive
preamplifier. on the detector. This signal, denoted as Ge(E) in
the fiqgure, 1is shaped and amplified further, so that the peak
voltage (something less than 10 V) is proportional to the energy
deposited in the germanium, for the energy range of intefest.
The BIASED AMPlifier further amplifies a selected range of the
analog signal, if a logical gating pulse has been properly
applied. From there, the signal is fed through a MIXER ROUTER
into a pulse height analyzer (PHA). It 1is digitized by that
unit's analog to digital converter (ADC) and the appropriate
channel of one of the two 2048 channel histograms is
incremented, depenéing upon which detector saw the event.

The amplifier output also feeds a linear fan-in fan-out
(LIN FAN) which inverts the positive analog pulse for input into
a NIM discriminator (DISC) operating in the time-over-threshold
mode. This wunit performs two functions, the first being to
pulse the GATE input of the BIASED AMP if several gating
conditions have been met. The second is to define the end of
the analog pulse. The trailing edge serves to fire a further
DISCriminator which in turn stops a GATE GENerator that
eventually inhibits gating of the BIASED AMP .}

This second function is an important one. It was found
that the large energy deposited in a germanium c}ystal by the

fast electrons could saturate the preamplifier, causing the

‘The author is grateful to J. A. Macdonald for suggestions
regarding this particular point.
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amplifier to "hang up" at a non-quiescent value of about eight
volts for wvarying periods of up to 40 ms. This was a real
source of dead time, especially for the Aptec intrinsic
germanium detector whose preamplifier was not as capable of
handling the highly ionizing energetic positrons. Furthermore,
a certain loss of energy resolution and photopeak symmetry was a
consequence of the poor baseline definition in the long pulse
tails. The circuit deals with this in the following way.
Whenever a large pulse occurs, it is amplified (by the T.F.
AMP) to fire a discriminator, starting a GATE GENerator that
inhibits gating of the BIASED AMP. The inhibit is removed only
when a quiescent (less than about 50 mV) level is sensed by the
time-over-threshold DISCriminator.

Three other signals serve to inhibit gating of the BIASED
AMP, each fanning in to the SUM INHIBIT unit. One 1is derived
froﬁ the BUSY signal of the PHA through the MIXER ROUTER, while
another (INH) comes from special pile-up circuitry of the main
amplifier (572 AMP). The latter maintains resolution at the
expense of accepted rate for high'count rates. Both must pass
through a TTL-NIM 1level converter (CON). The third inhibit
occurs when either veto scintillator, front (VF) or upstream
(vu), fires in fast (i.e., within about 40 ns) coincidence with
thé amplified timing output (Ge(T)) of the detector. As
mentioned 1in the previous section, this serves to reduce counts
due to showers from charged particles in the 1lead shielding
around each detector. Constant fraction discrimination (CFD) is
used on detector timing signals. Other timing in the circuit is
slow, and gate lengths are in the microsecond range.

The SUM INHIBIT fan blanks any output from an AND gate
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enabled by an updating 12 us gate (U.D. GATE) in turn initiated
by an incident muon firing the defining counter (MU). At the
rates used in the experiment, the 12 us gate was on virtually
whenever the beam was on, and there was a reasonably high
probability of two muons being in the target at one time. The
major function of this gating is to protect the spectrum from
background occurring during occasional cyclotron trips of
anywhere from a fraction of a second to several hours duration.

Most of the remainder of the <circuitry measures numbers
vital to the analysis of the experiment, the total muons
incident and the fractional 1live time. Incident muons .are
identified by pulses from the MU defining counter, and are
counted in a scaler enabled whenever the PHA 1is collecting
events.

The 1live time measurement is slightly more complex. One
scaler measures a quantity labelled gated monitor (GAT MON),
which 1is accumulated when the PHA is collecting events and the
updating muon gate (U.D. GATE) is on (necessary for an event to
be gated through the BIASED AMP and measured by the PHA). A
second and third scaler (only one of which is shown in the
diagram) measure left (LGM) and right (RGM) counts. These
require the same gating as GAT MON, but are inhibited by SUM
INHIBIT, which also inhibits gating of the BIASED AMP, that is,
the measurement of an event. The fractional live time for a
particular detector is just the ratio of the corresponding left
or right gated monitor to GAT MON. The monitor used in the
experiment consisted of periodic pulses derived from a pulse
generétor.

This completes the description of the operation of the
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electronic hardware; the remaining section will deal with the
actual procedure of data accumulation wusing the described

system.

3.3.3. Accumulation and Storage of Data

With all the equipment set up, the magnetic field adjusted
to =zero, and the target quickly and carefully transferred from
its dry storage to the vacuum (5 x 107 mm Hg) of the target
tube, the surface muon beam was allowéd into the target region.
The first task was to adjust the degrader for a maximum stopping
rate in the foil target. This was accomplished by scaling the
energetic positron events in the detectors in coincidence with
the front veto (VFL and VFR) scintillators, and maximizing the
rate. After a short calibration run using sources with the beam
on, the first of ten runs of actual data taking began. The
incident muon rate was typically about 1.7 x 10® s-*, wusing 25
MA of proton current carefully steered onto a graphite
production target of 10 mm thickness. Several hours of
accumulation time, corresponding to a few billion incident
muons, made up each run, after which the data were recorded,
along with the relevant scaler totals. Interspersed with these
were calibration runs (using mostly ®*’Cs and 5*Mn sources) to
check for possible gain shifts, plus some negative muon
normalization checks, the results of which will be used 1in the
forthcoming chapter on analysis.

The gamma spectra were transferred via B.C. Telephone
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lines to temporary disk storage on the U.B.C. Amdahl 470 V/6
computer for subsequent analysis and permanent storage on
magnetic tape. A program specifically for the transfer, PHARUN
(Clark, wunpublished), created a data file oﬁ the disk, copied
the information in easily usabie character format, and checked
that the data were successfully stored. During the timé
required to write the contents of 4096 channels to the file, any
necessary changes in the experimental parameters were made, and
the vacuum was checked. When this had been completed, the
spectrum was erased and the cumulative scalers zeroed.

This concludes the description of the muonium to
antimuonium conversion experiment performed at TRIUMF . The
information thus obtained must be used in conjunction with that
from some peripheral experiments, in order that a meaningful
upper limit for the process can be determined. The actual
results of all of these, the methods by which they are deduced,
and the way in whiéh they can be combined to calculate a value

for G, are the subjects of the next chapter.
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4. ANALYSIS AND INTERPRETATION OF THE DATA

There' are two basic steps which must be taken, éfter the
data have been collected, to derive a result for muonium to
antimuonium conversion in the form of a value (or limit) on the
coupling constant G defined by equation 2.1.1.5.

The first consists of applying a well-understood
statistical procedure to the energy -spectrum of gamma rays
obtained. The fruit of this effort, and the goal of the first
section of this chapter, will be the determination of a number
and its associated uncertainty representing the counts in a
(possibly nonexistent) photopeak in the spectrum from a calcium
2P-1S muonic X-ray transition.

The second step is more complex. An estimate must be made
for the probability that a muon, upon entering the target
region, will eventually lead to detection of the full energy of
the muonic X-ray after conversion has taken place. Each step in
the sequence of events required for the successful counting of
the X-ray must be understood and assigned a probability, in
order that the only unmeasurable or incalculable qQuantity in the
overall probablility is the coupling constant G. There is also
an uncertainty in the probability which should be estimated.
Since there are several independent steps between muon incidence
- and event detection, the overall probability will be the product
of probabilities or efficiencies for the indi&idual processes.

Some factors are easily measured, some must be computed, while



80

others may be more accurately evaluated as a subproduct with
other terms. The meaning of this will become more clear in the
second section of this chapter, which deals with the calculation
of the experimental sensitivity in terms of G.

Meanwhile, the time 1is ripe for presentation of the data

upon which this thesis depends.

4.1. The Results: Determination of a Limit on the Number of

Events Observed

Ten pulse height spectra for each of the two germanium
detectors comprise the results of the search for the negative
muonic X-ray in the calcium constituent of the target. The
accumulation times for each spectrum were typically three to
five hours, corresponding to two or three billion incident
muons.

Figure 4.1.1 shows the sums of each set of ten spectra,
from 0.55 to 1.0 MeV. The data correspond to a total of
2.32 x 10'° incident muons. The fractional live times for the
Aptec and Ortec spectra were 0.82 and 0.92 respectively.

Because of slight long term drifts in the gain and offset
(causing shifts of +0.6 keV maximum, at 0.835 MeV) among the
spectra, the resolution obtained by a simple summation is not
optimal. One can, however, ameliorate the situation for a

particular region of interest by calculating the effective drift



25000

uw” IN CONVERSION TARGET (ARPTEC)

20000 -

15000

10000 -

COUNTS PER CHANNEL

2000 -

i i | I 1 { ] { 1

40000

[ SR SR (R N SR NN R

u' IN CONVERSION TARGET (ORTEC)

30000 -

20000

COUNTS PER CHANNEL

10000

1 I ] I i | | | [

i | l | | 1 | | |

300

Figure 4.1.1.

S50 600 650 700 750 800 850 900 950 1000
ENERGY (0.4 KEV/CHANNEL) |

Gamma spectra from simple summation of all data.

81



.82

in offset wusing known lines and adjusting the channel numbers
accordingly before addition of the spectra. If the gain (as
opposed to offset) drifts are small, this procedure will restore
much of the short term resolution over 1limited regions of
interest. |
The adjustment of channel numbers was accomplished 1in the
following way. The large (Doppler broadened) annihilation peak
at 0.511 MeV (not shown in the figures) and the small background
®4Mn peak at 0.835 MeV in each of the twenty histograms were
fitted to a gauséian form to determine the channel numbers of
the centroids (gamma photopeak energies were obtained from
Marion, 1968). From this calibration, the channel numbers for
the 0.7837 MeV calcium X-ray were deduced, and the spectra were
summed over a region encompassing the peak such that the
calculated positions, to the nearést channel, should coincide.
The results of the summation are shown in Figure 4.1.2.
The features to note from the histograms are:
l. the prominent **Mn peak at 0.8348 MeV., It is
possible that a 0.8345 MeV line from = neutron
activation of ’2Ge 1is also present (Bunting and
Kraushaar, 1974), but the likelihood of the manganese
assignment was shown to be correct during background
runs with the cyclotron off. Moreover, the peak shape
is not consistent with that of a neutron induced line.
The intensity of the 1line relative to the smooth
background differs for the two spectra presumably
because of the geometry.
2. a resolved peak at 0.804 MeV, of unknown origin.

Although the shape of the peak in the Aptec data is
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not well determined, it looks to be skewed for the
Ortec spectrum toward higher energies, a well
established property of neutron induced lines
resulting from a wvariable fraction of the nuclear
recoil energy being converted to electron-hole pairs
in germanium (ibid).

3. definite neutron induced peaks at 0.569, 0.585,
0.596, and 0.609 MeV (figure 4.1.1 only), which were
also observed by Bunting and Kraushaar. They were
able to attribute the latter two to-neutron inelastic
scattering on ’*‘Ge, but could not specify the origin
of the lower energy pair.

4. a rather featureless region near the 0.784 MeV
calcium muonic 2P-1S energy. This 1s convincing
graphic evidence that no muonium conversion to
antimuonium has been observed in the present
experiment.

As a preliminary check of the apparatus and detection
systems, some data were also acquired from an argon gas target
at room temperature and one atmosphere pressure, similar to that
used in the previous search for muonium conversion (Amato et
al., 1968). They are shown in Figure 4.1.3. The corresponding
number of incident muons was 3.4 x 10°. An analysis of this
information allows some comparison of target techniques, which
appears in the final chapter.

Quantitative limits on the number of events .that could be
present in a calcium photopeak were derived as follows. From a
gaussian fit to the summed °®‘Mn peaks of Figure 4.1.2, an

experimental resolution for each detector in terms of full width
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at half maximum (1.67 %+ 0.05 keV for Aptec, 1.73 + 0.07 keV for
Ortec) was obtained at 0.835 MeV. The expected line width was
calculated for the 1lower calcium energy by assuming that it
scales with the square root of the energy, which holds when ‘the
statistical fluctations 1in the number of electron-hole pairs
dominates the contributions to the width; in any case, the
correction 1is only about 3%, similar in magnitude to the
uncertainty in the FWHM. The widths at 0.784 MeV were taken as
1.62 kev (Aptec) and 1.68 keV (Ortec).

A gaussian function of the form

N = 0.939(Ny/FWHM)exp[-(1/2)e{(E-E,)/(0.4250FWHM) } 2]

+ A + B(E) 4.1.1

was used to fit a range of data over a region centred on the
0.7837 MeV energy. The same form was used to fit ®*Mn peaks,
with good success. When fitting annihilation lines, which were
well defined statistically, it could not reproduce the wings of
the peaks. This was not a problem since an accurate
determination of the area (N,) was not required. 1In this
expression, N, is the number of counts in, E, the centre, and
FWHM the width of, the peak. The constants arise from a
conversion of the standard deviation of the peak into FWHM,
along with factors wusually seen in a normalized gaussian
expression. The numbers A and B represent the constant and
linear (in energy) terms for the background, respectively. The
multiparameter minimization routine MINUIT (James and Roos,
1971) was used to miﬁimize X* and assess from the shape of the

hypersurface the values and uncertainties of the parameters.
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For the normalization, determinations of uncertainties (which
determine in turn the final 1limit on the number of events
observed) were accomplished with the MINUIT subroutine MINOS,
which searches the X? hypersurface for the change in the wvalue
of the parameter (both positive and negative) for which that
statistic is increased by one, thus defining a one standard
deviation uncertainty.

Fits to a possible calcium line were obtained by fixing E
and FWHM to the calculated values and allowing N,, A and B to
vary. Since A and B are highly correlated and therefore not
independently well defined over small energy regions,
- preliminary estimates based on linear fits of the data from
0.740 to 0.800 MeV were used as initial input, in order that
realistic minima could be %ound. N, was initially set to zero.
The values obtained were quite insensitive to the value of E, in
a range *1.2 keV from the expected peak position. However, the
answers obtained for N, and its uncertainty did depend on the
range of channels around the 0.784 MeV pbsition that were used
for the fit, as shown in Table 4¢.1.1.

The source of this dependence is the statistical
improvement in the determination of the continuous background as
a broader energy range is included. The value of Y2 (per degree
of freedom) is rathef small unless more data 1is included on
either side of a peak. It is especially true for the Aptec
results,‘where the number of events per channel 1is only about
60% of that of the Ortec spectrum.

The one standard deviation limits on N, can be taken to be
277 (Aptec) and 371 (Ortec). The last entries from Table 4.1.1

are used since they should in theory be more representative of
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Energy Range Degrees of Aptec Ortec
Analyzed Freedom . N+o X° N+o X
(keV) _(cBunts) (cBunts)

+3 12 -249+333 7.04 +186+141 7.34
+4 17 -182+310 8.50 +17+406 21.4
+5 22 -206+296 11.2 -134+389 24.4
+6 27 -146+289 23.7 -514378 34.7
7 32 -159+284 32.9 -44+371 35.5
+8 37 -153+277 42 .4

Table 4.1.1. Values obtained by MINUIT for different ranges of
data analyzed.

. an accurate estimate; by including a larger segment of the
spectrum in the fit, the background underneath a possible
photopeak is better defined, and A* is more reasonable. The
standard deviation in the sum of N, from the two detectors is

obtained by adding the variances, giving an upper limit of 463.

4.2, Relationship of Events Observed to the Upper Limit for

Conversion

With a 1limit on the number of events observed in hand, it
remains to translate that number into a limit on the coupling
constant G of the four fermion Hamiltonian of equation 2.1.1.5,
which could describe mponium-antimuonium conversion.

To this end, a number P can be defined for each detector

such that the relation between the number of observed events,
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No, is the product of P and the total number of incident muons,

N, within the live time of that detector, i.e.,
N, = PN . 4.2.1

P is just the probability that, given a positive muon entering
the target, the calcium 2P-1S muonic ZX-ray following its
conversion to antimuonium will contribute to the photopeak at
0.784 MeV in the detector under consideration. P, of course,
depends on G.

Values for P can be derived by first writing it as a
product of the probabilities, fractions, or efficiencies of each
member of the series of processes which must occur for the
detection of the X-ray. These numbers and their respective
definitions are 1listed below, in the order in which they take
place:

1. F(foils): the fraction of muons which, having
passed through the thin MU counter, eventually stop in
the active silica component of the sloping target
stack. It will be assumed in section 4.2.5 that this
number does not depend on whether the muons are
positive or negative, in order to facilitate
calculations.

2. F(Mu): the fraction of positive muons which, having
stopped in the silica powder component, form muonium.
3. F(vac): the fraction of muonium atoms formed in the
powder grains which reach the intergranular voids
befofe decaying. It depends on, among other things,

the grain size, and has been measured by muonium spin
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rotation techniques.
4, F(gap): the fraction of those muonium atoms in the
intergranular voids in a silica powder layer which
migrate by a random walk among the grains and
eventually into the gap on the upper, downstream side
of the layer. This fraction 1is a function of the
layer thickness.
5. P(Mu): the probability that a thermal muonium atom
leaving one side of the gap between target layers will
have converted to antimuonium by the time it reaches
opposite side. This number contains the value of G
(or more precisely, G2).
6. P(capt): the probability that an antimuonium atom
impinging on a calcium oxide surface will result in
the inelastic scattering process whereby the negative
muon 1is captured by the atoms of the molecule (either
calcium or oxygen). |
7. E: the overall detection efficiency, defined as the
probability that a negative muon from antimuonium 1in
calcium oxide will result in a calcium 2P-1S X-ray
which deposits its full 0.784 MeV energy in the
germanium detector wunder consideration. Two values
will be derived, E(Apt) and E(Ort), for wuse 1in the
calculations.

The determination of each of these numbers (or in one case,

a subproduct F(foils)eE) will allow the calculation of P:

P = F(foils)eF(Mu)eF(vac)eF(gap)eP(Mu)eP(capt)eE .

4.2.2
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The following sections will deal - with the terms
individually, explaining the basis for the assignment of a value

to each.

4.2.1. Muonium Formation

It has been previously mentioned that the choice of silica
as a target material was based partially on its penchant for
muonium formation. The most careful and systematic measurement
of the muonium fraction 1in the silica powder used in this
experiment is that of Kiefl et al. (1979), who accounted for
muons not stopping in the powder. From a direct observation of

muonium spin rotation, the fraction was measured to be
F(Mu) = 0.61 + 0.03. 4,2.1.1

Muonium spin rotation (for a description of the technigue,
see, for example, Garner, 1979) was also observed during the
conversion experiment in the silica/collodion target, using a
small scintillator telescope for positron detection (Figure
4,2.1.1). By normalizing the muonium asymmetry obtained to the
muon spin rotation signal in copper (close to 100% muon spin
signal), a value of 0.29 + 0.02 was obtained for the muonium
fraction in the entire target region. Since the silica powder
was.the only substance capable of causing the muonium precession
signal, this 1lower muonium fraction provides a measure of the

product F(foils)eF(Mu), and an estimate of
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Figure 4.2.1.1. Muonium spin rotation signal in the conversion
target.

F(foils) = 0.48 % 0.04 : 4.2.1.2

results. The apparatus, constructed for muonium conversion
rather than spin rotation, was not apt to eliminate systematic
errors in muonium formation fractions, and the quoted
statistical uncertainty may be misleading. Regardless, the
determination of F(foils) 1is better accomplished by other

techniques described in section 4.2.5.
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4,.2.2. Probability of Ejection into Vacuum; Single Foils

The derivations of values for F(vac) and F(gap) will be the
concern of the following discussion. The calculations required
are 1in some cases lengthy, and therefore have been relegated to
appendices A2 and A3. Similar techniques can be applied for the
estimation of both fractions, with appropriate changes in
geometry, muonium velocity, and the distance scale. The major
difference in approach to the extraction of the final values 1is
that F(gap) relies solely on reaéonable (and possibly
pessimistic) conjectures on the motion of muonium among the fine
silica particles of the layers in the conversion target. Only
sketchy, qualitative experimental evidence could be obtained for
the effects to be described; the sensitivity required for a
direct, unambiguous measurement of F(gap) could not be reached
with the methods employed.

The situation for F(vac) is more clear. The results are on
a firm experimental basis, explicable in terms of a model yet
largely independent of its validity. It 1is expected that an
energetic positive muon slowing down in a low density silica
powder target will behave much the same as in bulk silica, at
least 1insofar as surface effects play no role, That is,
electron capture and loss will help to slow the muon, the former
dominating at lower energies so that the observed thermalized
muonium fraction 1is large. One expects the atoms to come into
thermal equilibrium with the silica grains (although not
necessarily at the ambient temperature, since the muon's energy

may have caused heating of the grain) in a uniform distribution
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throughout the powder grains. Any further thermal motion would
cause some of the atoms to reach the grain surfaces and enter
the void between particles. Given the size and sphericity of
the grains, and the assumption that there exists some barrier
inhibiting muonium from re-entering a silica particle, the rate
at which muonium reaches the voids can be calculated in terms of
a parameter D (henceforth referred to, rightly or wrongly, as a
diffusion parameter). An experiment to test the applicability
of this approach has been carried out (Marshall et al., 1978)
utilizing the spin exchange relaxation of the muonium
polarization with oxygen gas to determine the rate of expulsion
from the particles and extract values for D. It supported the
mechanism just described; moreover, the evidence that muonium
does in fact reach the voids and move essentially freely at
thermal energies between collisions with grain surfaces seems
unshakable (appendix A2 contains more discussion of the
techniques and results), whether or not the mechanism is wvalid.
Evidence that muonium in the conversion target is escaping the
silica particles to vacuum is provided by Figure 4.2.2.1, where
the muonium spin rotation signal of Figure 4.2.1.1 has been
removed by the addition of oxygen gas to the target region. The
fraction of muonium reaching the voids before decaying, based on

the model, is
F(vac) = 0.93 % 0.01, : 4,2.2.1
where the expressions A2.12 and A2.14 have been applied.

Assuming no particular model, but using the measured exponential

muonium spin relaxation rate in a powder sample with oxygen



95

MUGNIUM IN TRRGET WITH OXYGEN
0.4 I I I I I I | I

ASYMMETRY

0.0 0.2 0.4 06 0.8 1.0 1.2 1.4 1.6 1.8
TIME (pSEC)

Figure 4.2.2.1. MSR precession signal relaxed by oxygen gas.

present, one gets an estimate for F(vac) of 0.97 + 0.01 (ibid).
Note that this number is derived from a different relaxation
spectrum, for a different powder size, than that from which the
value of D in A2.14 results. Grain heating (Kiefl, 1981) may be
the cause of the discrepancy, since D, a function of
temperature, may depend on grain radius. In subsequent
calculations, the more pessimistic fraction of 4.2.2.1 will be
used.

The estimation of F(gap) can be accomplished via similar
mathematical methods, with the major difference being that a

value for D (now referring to the diffusion parameter

characterizing muonium motion in the voids in a layer consisting
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of hard silica spheres surrounded by vacuum, rather than inside
a silica sphere) has not been determined by experiment, but must
be inferred from simple, reasonable estimates on the properties
of the silica layer. This has been carried out in appendix A3
(equation A3.8), assuming a homogeneous distribution of silica
particles in a powder such as the one used in the conversion
target. The diffusion parameter can then be inserted into
equation A3.3 with the muon decay rate A= (2.2 x 10‘; s)-* and
the average powder layer thickness of 0.3 mm (section 3.2.2) to

give an estimate of
F(gap) = 0.078 . 4.2.2.2

Note that the second (exponential) term in A3.3 is negligible
‘for the large value of the powder layer thickness d, -and that
F(gap) 1is then inversely proportional to d. This makes sense;
only a small part of the layer, that nearest the gap, is
"active", or will emit the muonium that can enter the gap before
decay. As d is increased, the probability that a muonium atom
will begin 1its random migration from the "active" portion
decreases as d-!, explaining the dependence of F(gap). The
point is that a nonuniformity in the value of d over the 150 cm?
area of the collodion film does not radically change F(gap)
calculated from an average value of d, as long as coverage\of
the surface is complete. Visual examination of the target stack
after all runs were completed indicated that coverage was
greater than 2/3. Accordingly, the estimate which will be

applied for the final analysis is
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F(gap) > 0.052 . 4,2.2.3

F(gap) could not be precisely measured because of the
difficulty in determining the whereabouts of muonium atoms near
a single collodion foil (or film) supporting a silica layer,
similar to the foils making up the target stack. However, a
qualitative indication of the presence of muon decays at one
centimeter from a single foil was observed.

A plastic detector telescope consisting of two pieces of
scintillator material 5 cm long by 0.3 cm wide was arranged so
as to detect muon decays within a narrow sheet of about one
centimeter thickness. The telescope was aimed at a region one
centimeter from and parallel to the upper, downstream face of a
silica-covered foil in the evacuated target area of figure
3.2.4.1., The object of the exercise was to observe some
enhancement in the muon decay rate, as measured by a time
histogram, at times when muonium drifting away from the foil at
thermal velocity would pass through the region viewed by the
scintillator telescope.

Consider a non-decaying atom of velocity ¥V emitted at t=0
isotropically from a surface x=0 into 2wsr. The component of ¥
perpendicular to. the surface 1is, by averaging over all
directions, v/2, and the number AN in a sheet of thickness dx at

a distance x from the surface is
aN = §(x - (v/2)t)dx , 4.2.2.4

where the Dirac delta function has the usual definition. If the

exponential decay rate of the atom is A, the observed decay rate
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of the 8N atoms in the sheet can be written as

—q(dN)/dt = )exp(-}t’)OS(x - (v/2)t)dx . 4.2.2.5
If a thermal Maxwellian dis?ribution

P(v) = 47 (m/294kT)*2/2) v? exp(-mv?/2kT) 4.2.2.6
is assumed, the decay rate must be integrated over v to give

-d(dN)/dt = QAexp(-At)dxeds(m/24kT) 2 /2’ (8x2/t?)

sexp(-2mx2/kTt?) . 4,2.2.7

A plot of -d(dN)/dtdx versus t at room temperature for several
values of x, notably 1.0 cm, comprises Figure 4.2.2.2.

The data collected from a total of about'3 x 10° incident
muons (in an elapsed time of about fourteen hours) are shown in
Figure 4.2.2.3. An unknown number of the muons (possibly 50% or
greater, as estimated from F(foils) in equation 4.2.1.2) were
lost from the severe multiple scattering of the beam 1in the
incident detector (MU) and degrader. Of those remaining, only
about four per cent would stop in the silica 1layer, estimated
from the layer thickness (1.8 mgecm-?) divided by the FWHM range
spread for the surface muon beam (25 mgecm~?). Furthermore,
muonium forms with about 61% probability (equation 4.2.1.1). An
‘estimate of the number of muonium atoms formed in the silica

during the course of the run is then

N(Mu) = 4.6 x 107 . | 4.2.2.8
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Figure 4.2.2.2, Expected time distribution of decays from
muonium drifting thermally in vacuum from a single foil.

The telescope had a geometrical solid angle efficiency of
3.7 x 10-+, At the incident rates wused (6 x 10* s '), a
fraction of 0.38 of the muon decay events detected were
recorded, having passed a «criterion of being "alone" in the
target (meaning the muon entrance time was both preceded and
followed by an eight microsecond interval in which no other muon
entered). This cut is necessary to prevent distortion from muon
pile-up (Garner, 1979). The detection efficiency for the single
foil experiment, E(sf), may be taken roughly as the product of

" the two, naﬁely
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Figure 4.2.2.3. Muon decay curve obtained with narrow telescope
centred 1 cm downstream of silica layer.

E(sf) = 1.4 x 10-* . 4.2.2.9

The enhancement in the number of events above an exponential
background in the muon decay curve should be, if the assumptions

made are reasonable,

N(enh) = N(Mu)eE(sf)eexp(-)t)eF(vac)eF(gap) .

4.2.2.10

The exponential factor makes allowance for the decay of the

atoms before reaching the region of detection.



101

A five parameter fit to the data of Figure 4.2.2.3 was

attempted using the function

N(t) = Noexp(-At) + B + 0.939(N, /FWHM) 4.2.2.11

sexp[-(1/2){(t - to)/(0.4250FWHM)}2]

where A was fixed at the muon exponential decay rate. The
gauﬁsian form was assumed for ease of analysis; a more accurate
and somewhat intractable functional dependence, derivable from
equation 4.2.2.7, was judged unnecessary for the size and
statistical signifigance of the enhancement observed. The value
of N, obtained was +160 with positive and negative standard
deviations of B5 and 77 respectively. The center (t,) and FWHM
of the fitted - enhancement were 2.8 # 0.1 and 0.7 = 0.3
microseconds, so the shape is similar to the 1.0 cm curve of
Figure 4.2.2.1. Thé reduced XY* value was 0.845 for 33 degrees
of freedom. With N, set to zero, the fit obtained had a reduced
X* value of 0.913 for 36 degrees of freedom.

The data, then, do show some enhancement at approximately
the right position in the decay curve for emission of thermal
muonium, although the sensitivity of the method is not adequate
for a precise measurement of the rate. A plot of the data and
the fit are displayed in Figure 4.2.2.4, where the first two
terms of the right hand side of equation 4.2.2.11 have been
subtracted. Muonium ejected epithermally from a grain would be
expected to thermalize in a few subsequent collisions with
neighboring powder particles, before reaching the gap between
layers (also indicated by the MSR relaxation rates in oxygen

gas, as explained in appendix A2). Taking the value for N; as
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Figure 4.2.2.4. Enhancement in the muon decay spectrum.

an estimate of N(enh) of eguation 4,2.2.10, setting
t = 2.8 x 10"¢ s and F(vac) = 0.93 (equation 4.2.2.1), and

solving for F(gap), it is found that
F(gap) = 0.095 4,2,2.12

with a standard deviation of about 50%. Because of the large
uncertainty and the difficulty in assessing systematic errors,
this result is by no means an unequivocal measurement of F(gap).
It is at least not inconsistent with the calculated value of
0.078 of equation 4.2.2.3.

This concludes the discussion of the values which will be
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taken for F(vac) and F(gap) in the derivation of a 1limit on
muonium cohversion to antimuonium. The next step is to examine
what may happen to a muonium atom once it has reached the gap
between foils and finds the vacuum environment where conversion

is not strongly suppressed.

4.2,3. Conversion Probability

As a muonium atom leaves a flat surface and moves in vacuum
toward another flat surface, the split A in the muonium and
antimuonium energy eigenvalues (introduced in section 2.1.2) is
greatly reduced and 1is no 1longer detrimental to possible
conversion mechanisms. The expression for the probability of
conversioﬁ as a function of time, equation 2.1.3.4, will hold to

a high level of accuracy, so it can be said that

P(Mu;t) = exp(-At)(§t/2)? . 4.2.3.1

Assuming a speed v for the atom as it leaves one surface
(the silica layer) destined for another surface a distance s
away, at an angle O with the perpendicular, the probability can

be expressed in terms of v and € as

P(ﬁﬁ;y,e) = {exp(-As/v cosB) §2*s?}/4vicos? B .
| ' 4.2.3.2

An integration over angles can be carried out, assuming
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isotropy of the velocity vector in the half space 0 < 8 < /2,

to get
P(Mu;v) = (d:/422)e(ns/v)eexp(~-As/v) . £.2.3.3

Inserting the values of § and ), setting v = 7.4 x 10° cmes-!,
(mean thermal muonium velocity at room temperature, egquation

A3.8) and s = 0.4]1 cm (see section 3.2.2), the result is
P(Mu) = 2.4 x 10 (G/Gg)? . 4.2.3.4

A more careful calculation using numerical integration over the

velocity distribution (equation 4.2.2.6) will give
P(Mu) = 2.5 x 10-° (G/Gg)?, . 4.2.3.5

which is the number that will be applied in the evaluation of
the right hand side of equation 4.2.2.
Before 1leaving the topic of P(Mu), two points should be

emphasized:

1. The value derived here is exactly one order of
magnitude lower than the time-integrated probability
for decay as antimuonium under 1ideal circumstances
(equation 2.1.3.5), and is slightly less than half the
maximum of the unintegrated expression 2.1.3.4.

2. P(MU) depends on the square of the coupling.
Experimentally this means that increasing the

sensitivity to G by some factor necessitates reducing



105

the 1limit on the number of events observed, or
alternatively, increasing the product of factors in
the combined detection probability of equation 4.2.2,
by the square of that factor. One way of achieving
the former is to take more data, but the reduction in
the 1limit of events observed itself depends on the
square root of the increase in data. This means that
a reduction of the 1limit on G by a factor of two
requires 2* or sixteen times as much data, other
things being equal. More will be said on this point

in the concluding chapter. |
The next factor to be evaluated in the expression for P
describes the behavior of an antimuonium atom impinging on a
surface of calcium oxide and the likelihood of capture of the
negaﬁive muon into an atomic orbital, a process which must occur
for the observation of muonium conversibn by the method employed

in this experiment.

4.2.4. Negative Muonic X-ray Probability

This section will attempt to present a clue to the solution
of the question, "What happens when antimuonium in vacuum
interacts with a calcium oxide surface?". Very little
theoretical work exists on the interaction of atoms such‘as
antimuonium (a negative nucleus surrounded by a positive
electron distribution) with normal matter. Experimentally, it

is impossible at this stage to measure the 1likelihood of
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formation of a muonic atom from an initial state containing
antimuonium. Although much is known about positronium, which
might be thought of as an antimuonium analogue, the equality of
mass‘of the electron and positron makes 1its atomic properties
vastly different; also, because of the exclusion principle, the
electron will not be affected by an atomic coliision as a
negative muon would.

The problem has been approached for the case of antimuonium
in atomic hydrogen and inert gases, especially argon, for the
analysis of the previous successful muonium conversion
experiment described in section 3.1.1 (Amato et al., 1968). The
methods employed and the conclusions reached (Morgan, 1967) will
be summarized here, insofar as they relate to the problem at
hand.

For atomic hydrogen, an interaction potential for the
scattéring of antimuonium was derived using a perturbation
expansion for the ground state eigenvalue of the Schroedinger
eguation for the system. The procedure is.similar to that for
deducing the Van der Waals dispersion energy for two hydrogen
atoms (Margenau, 1939), but 1is claimed to be relevant for
- smaller atomic separations. The result is applicable in the
adiabatic approximation where the nuclei (muon and proton) can
be considered fixed for the calculation of electron wave
functions, and holds for thermal encounters at room temperature.
A critical radius, R, is defined as that separation of the muon
and proton below which the formation of positronium at rest,
leaving the muon and proton capable of forming muonic hydrogen,
is energetically favored. The assumption is made that this

reaction will take place if the muon-proton separation in a
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collision of antimuonium with hydrogen is less than Re. It is
then a question of determining the turning point, or distance of
closest approach, of an orbit for a given collision and impact
parameter, using the interatomic potential. It was found that
for a particular collision energy there existed a definite value
of impact parameter, R;, below which the turning point |is
significantly less than R, (possible rearrangement of the
particles was ignored for the <calculation). At ﬁhermal
collision energies, R.~ 0.5a3,, R = 6.5a,, and the path length
of antimuonium within R, is about a, for impact parameters less
than R; (a, is the Bohr radius). The electron velocity is about
five times the relative muon-proton velocity, so the formation
of the lower energy positronium state is a certainty. Moreover,
its formation within the wvolume r < Ry indicates, by the
uncertainty principle, that it will escape rapidly, and a
reversal of the interaction if the muon-proton separation were
again to become greater than R, is not likely. Subsequent
photon emission by muonic hydrogen takes place on a time scale
much shorter than the muon lifetime, and the muon will usually
decay from the 1S atomic state.

The case for antimuonium scattering by argon 1is similar
except that the accuracy of the determination of the radii R
and R, is reduced because of a higher uncertainty 1in the
interatomic potential for some separations. The forces tending
to break up antimuonium are greater due to the higher charge of
the argon core for separations less than R. Again, muonic
argon formgtion is a near certainty for impact parameters less
than a particular value, calculated to be 7.4a, for the mean

thermal collision energy at room temperature. The corresponding



108

inelastic scattering cross section is
oy = 55.17a2 . | 4.2.4.1°

An estimation of this quantity by use of an optical model
approach, which is not susceptible to error from uncertainty in

the interatomic potential, gives

o = (56.5 * 2.3)wal _ 4,.2,4.2
in close agreement.

A large discrepancy between this cross section and one for
another simple atom is not likely (the cross section for atomic
hydrogen is calculated to be about 377ra). This can provide a
clue to the behavior of antimuonium in a collision with a
calcium oxide surface. It is wvery difficult to rigorously
calculate a theoretical cross section, and the only recourse is
to plausibility arguments. The reduced de Broglie wavelength of
thermal'antimuonium is mwae/6, so the surface can be considered
as an array of atoms rather thén a continuum., Moreover, a value
of the 1inelastic <cross sections of anywhere near the order of
magnitude of equation 4.2.4.1, coupled with the thickness of the
oxide 1layer wused, insures the certainty that antimuonium
encountering the coating will result in the negative muon being
captured by either a calcium or an oxygen atom. Thus it is

reasonable to set

F(capt) = 1.0 4.2.4.3
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for use in the overall detection probability.

Some assumptions will have to be made regarding the
relative capture probabilities for calcium and oxygen. While
these can be measured for fast negative muons stopping in
oxides, the application of the ratio of probabilities to atomic
muon capture from thermal antimuonium requires some
| justification. As defined in section 4.2, the ratio 1is
contained within the factor E, the detection efficiency, whicﬁ

is the subject of the following section.

4,2.5. Detection Efficiency

It has been stated that the detection efficiency is the
probability that a negative muon from antimuonium, when captureé
in calcium oxide, will result in a calcium X-ray which deposits
its full 0.784 MeV in the germanium detector. Two values, one
for each detector, will be deduced in this section to account
for the difference 1in response to the radiation. It is more
convenient ahd precise to evaluate the efficiencies in the form
of a product with F(foils), the fraction of muons passing
through the thin counter which stop in the silica portion of the
conversion target. The method of extracting the numbers relies
on the use of a beam of negative muons at 29 MeV/c, the momentum
of positive surface muons.

Because of the strong absorption of negative pions produced
and stopped 1in the proton target which is viewed by M13, there

are none (or very few) which decay to muons in the surface of
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the target. Hence, negative surface muoné do not exist. Some
negative pions, however, escape the target with a velocity that
allows their decay into negative muons which satisfy the phase
space acceptance of the secondary beamline when it is set up for
29 MeV/c negative particles. Rates are typically (Oram et al.,
1980) about 1.5% of the positive surface muon flux, which is low
but nonetheless wuseful for the purposes of this experiment.
Because of its high stopping density the slow negative beam
should find applications, for instance in muonic X-ray studies
of rare targets. or low pressure gases, but it has not yet been
exploited. One point to note 1is that the high polarization
characterizing the positive beam is reduced to 0.45 % 0.20 for
the negative one (as measured by J.H. Brewer at TRIUMF ). No
difference in quality (except flux and thus relative
contamination) could be distinguished between negative and
positive muon beams at 29 MeV/c, nor is one expected when the
sharp edge at 29.8 MeV/c of the positive particle momentum
distribution is not within the channel acceptance, and the final
beam spot size is not determined by the muon source size
(multiple scattering is responsible for the enlarged beam at the
conversion target, as evidenced by the low value of F(foils)
estimated in equation 4.2.1.2). The stopping power for negative
and positive beams is the same for energies determining the
range and range spread of a 4 MeV muon bgam; only at energies
comparable to atomic binding potentials does the charge of the
beam lead to a difference in the slowing mechanism (atomic
cabture versus muonium formation). It is therefore accurate to
assume that, in the present context, the muon stopping

distribution is the same for positive and negative beams. In
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particular, the fraction of muons stopping in the active silica
component of the target is independent of the <charge of the
beam.

With this in. mind, it is evidené thHat the probability of
observing a negative muonic 2P-1S X-ray from silicon at 0.400
Mev (all muonic X-ray energies quotéd ére from the compilation
of Engfer et al., 1974), given that a ﬁegative muon has entered

the target, is
P(Si) = F(foils)eR(Si)eeff(Si) . 4.2.5.1

F(foils) has been defined previously, and:

1. R(Si) 1is the ratio of silicon 2P-1S X-ray
intensity to the total muonic K X-ray intensity from
silicon and oxygen resulting from muons stopped in the
silica powder of the conversion target. It 1is the
relative capture ratio of silicon to oxygen multiplied
by the ratio of Kg to all K ZX-rays, and can be
measured using a silica powder target.
2. eff(Si) is the efficiency for observing the full
energy of a silicon 2P-1S ZX-ray in a particular
detector. 1Included are the photopeak efficiency at
0.400 MeV, the solid angle, and an attenuation factor
for the 0.32 cm aluminum vacuum pipe, mumetal shield,
and 0.62 cm front veto scintillator (neglecting the

" target itself, the scintillator .wrapping, and air,
‘which are negligible). The solid angle effect is the
only one which cannot be accurately and independently

estimated. The efficiency and attenuation depend on
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the energy of the X-ray. Both the efficiency and the
solid angle will be different for each detector.
The goal of this section is to estimate the quantities E
for each detector. From the way in which it.has been defined,

it is evident that
E = R(Ca)eeff(Ca) , 4,2.5.2

where the guantities on the right are analogous to those of
equation 4.2.5.1, for calcium oxide rather than silicon dioxide.
The reader should by now understand the gist of this approach.

Multiplying equation 4.2.5.2 by F(foils) and using 4.2.5.1:

F(foils)eE = P(Si)e{R(Ca)/R(Si)}e{eff(Ca)/eff(Si)} .
4,2.5.3

P(Si) is measured using the 29 MeV/c negative muon beam and the
conversion target, R(Ca) and R(Si) are measured independently
with negative muons in silica and calcium oxide targets, and the
ratio eff(Ca’/eff(Si) is just the ratio of the detector
photopeak efficiencies times the attenuation factors at 0.784
and 0.400-MeV. The factors from F(foils) and the solid angle
efficiencies have been absorbed in P(Si) and are thus determined
as a product experimentally. This approach should be relatively
free of systematic errors, if carried out with care.

The use of R(Ca) is made under the assumption that it is
independgnt of whether the muon 1is captured from a thermal
neutral antimuonium atom or an energétic negative muon beam.

The gualitative understanding of muon capture in atoms and
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molecules has increased with the growth of activity in mesic
chemistry (Schneuwly, 1979; Daniel, 1979), but no theory exists
which can accurately predict the effect on R(Ca) of capture from
"a thermal antimuonium state. A measurement of R(Ca) using
thermal antimuonium is not experimentally feasible, but a rough
analog& exists with thermal muonic hydrogen. This has been
studied in the oxidized surface layers of thin aluminum foils in
a hydrogen gas target (Bertin et al., 1978). A reduction of
about 40% was observed in the relative 2P-1S aluminum muonic X-
ray intensity, presumably because the small size (some 200 times
smaller than muonium) and high binding energy allow it to
penetrate well within the outer electron orbitals before being
torn apart. The negative muon will then populate lower angular
momentum states of lower principal gquantum nu&ber, enhancing nP-
1S with respect to 2P-1S transitions. No mention is made of any
effect on the relative aluminum and oxygen capture ratios, so it
is presumably negligible. The larger, more 1loosely bound
antimuonium atom should behave more like a free " negative muon
than muonic hydrogen, since it 'cannot penetrate the atom as
easily without breakup. This supports the assumption of the
suitability of R(Ca) as deriQed from negative beam data for
capture from the antimuonium state.

The P(Si) are obtainable from daéa summarized by Figure
4.2.5.1, the spectra fom the two detectors with a negative muon
beam in the conversion target. The number of muons entering
through the defining (MU) counter was (2.53 + 0.25) x 10’. The
large uncertainty results from the high electron contamination_
(>100 e~ per muon) of the beam, which, although counted with low

efficiency in the counter, was responsible for 46 + 5 per cent
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Figure 4.2.5.1. X-ray spectra from negative muons in the

conversion target.



115

of the rate. This number was determined by inserting a thin CH
absorber at F1 (see section 3.2.1) which qffects the electrons
very 1little but slows the muons such that they have too low a
momentum to survive the bend between F2 and F3. The number of
counts in the silicon 2P-1S photopeaks (from gaussian fits) were

2961 + 63  (Aptec) and 3439 + 68 (Ortec), leading to the

assignments
P(Si;apt) = (1.17 + 0.13) x 10+ , 4,2.5.4a
P(Si;ort) = (1.36 + 0.15) x 10~ * . 4.2.5.4b

Figures 4.2.5.2 and 4.2.5.3 show muonic spectra from silica
powder and calcium oxide targets respectively. The calcium
oxide was in the form of .a coarse powder and was heated
overnight prior to being placed hot 1in the targe£ chamber
vacuum, to insure the absence of hydroxide which will alter the
capture ratio., After correcting for detector efficiency and
absorption, the 1line intensities were deduced and summed
appropriately. Note the proximity of the oxjgen 3P-1S line (158
keV) and the calcium. 3D-2P doublet (157 keV, 158 keV). Rather
than trying to measure the oxygen line intensity, it was assumed
that the relative intensities of the 3P-1S to the 4P- and 5P-1S
sums were equal in silica and calcium oxide. The results were
0.01 , and 4.2.5.5a

R(Si) 0.17

I+

+

R(Ca) 0.48 = 0.03 . 4.2.5.5b

The ratio of attenuation factors for 0.784 and 0.400 MeV
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- Figure 4.2.5.2. ZX-ray spectrum from negative muons in silicon
dioxide.

radiation in aluminum, mumetal, and scintillator between target
and detectors is 1.05. The ratios of photopeak efficiencies are
estimated from Figure 3.2.4.2 to be 0.52 t 0.03 (Aptec) and
0.57 £+ 0.04 (Ortec). Combining this information with that of

equation 4.2.5.4 and 4.2.5.5 in 4.2.5.3, the desired results

are:

F(foils)eE(Apt)

+

(1.80 + 0.26) x 10-* , 4.2.5.6a
F(foils)eE(Ort)

+

(2.30 £ 0.35) x 10-* . 4.2.5.6b

All numbers required for a determination of the sensitivity of
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Figure 4.2.5.3. X-ray spectrum from negative muons in calcium
oxide.

the experiment are now in hand; the evaluation will be carried

out in the next section.

4,2.6. Detectable Events in Terms of the Coupling Constant G

Because of the differences of the two detectors, two values
for equation 4.2.2 will be determined, P(Apt) and P(Ort).
Apologies are extended for the proliferation of F's and P's in
this chapter. The author has attempted to make the labelling

unambiguous, but that does not mean it 1is not confusing; the
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plethora of processes which must be pondered calls for the
inclusion of a collossal collection of fractions and
probabilities.

Numbers for the factors on the right hand side of equation
4.2.2 can be found in the expressions 4.2.1.1, 4.2.2.1, 4.2.2.3

(a lower limit), 4.2.3.5, 4.2.4.3, and 4.2.5.6. They imply that

4

P(Apt) > (1.33 + 0.20) x 10-**(G/Gg)? and 4.2.6.1a

+

P(Oort) > (1.70 £ 0.27) x 107 **(G/Gg)?* . 4.2.6.1b

Data from the two separate detectors may be combined by

modifying equation 4.2.1 to

N, (Apt) + N_,(Ort) = P(Apt)eN(Apt) + P(Ort)eN(Ort)

4,2,6.2
The value of N differs for the two since dead times were not
equal. For 2.32 x 10*° 1incident muons and live times of 0.82

and 0.92 respectively,

1.90 x 10*°® and 4.2.6.3a

N(Apt)

N(Ort)

2.13 x 10*° ., 4,2.6.3b

The right hand side of 4.2.6.2 then gives

N, (Apt) + N, (Ort) > (0.61 % 0.09)e(G/Gg)?,

4.2.6.4

which expresses the minimum number of detectable events, in



119

terms of the coupling constant G for muonium conversion to
antimuonium. It is straightforward to use equation 4.2.6.4 1in
conjunction with 1limits on No as derived in section 4.1 to
+ determine an upper limit for G. This will be undertaken in the

next chapter.
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5. CONCLUSION

"Nature shows us only surfaces, but she is a thousand
fathoms deep.”

-Ralph Waldo Emerson

The fourth chapter described gquantitatively the steps
required for the observation of the <calcium muonic ZX-ray
signature of muonium conversion to antimuonium in the TRIUMF
experiment. In this concluding chapter a limit for conversion
will be extracted, representing a considerable improvement over
previous limits. In addition, the results of the fourth chapter
will be scrutinized in an attempt to evaluate present technigques

and suggest improvements thereof.

5.1. The Limit on the Muonium-Antimuonium Coupling Constant

In section 4.1 it was shown that the number of X-ray events
observed which could have resulted from muonium conversion is
consistent with zero, and that the one standard deviation 1limit
of the sum of events from both detectors is 463. 1It éan thus be

said that
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No = N,(Apt) + N,(Ort) < 926 (95% C.L.), 5.1.1

where a 95% confidence 1limit for the wusual assumption of
gaussian statistics corresponds very closely to two standard

deviations. From equation 4.2.6.4, then,

(G/Gg)? < 1.51 x 10°, or ‘ 5.1.2

G/G, < 38.8 . 5.1.3

The uncertainty of 15% in 4.2.6.4 is halved by taking the square

root; including this, the final result of the experiment is
G < 42 G, (95% C.L.) 5.1.4

which, using the value of G, is about 6 x 10-**® ergecm?.

It 1is possible to define the 1limit in more meaningful
experimental terms. A muon in a system initially formed as
muonium, evolving in a field-free vacuum where conversion is
most likely (A.=l0), will decay as antimuonium into a negatiVe
electron with branching ratio R, equal to the right hand side of
equation 2.1.3.5 with the value of & determined from G by
equation 2,1.1.7. The stated limit for G implies a value for R
of less than 0.04.

The experimental result is an improvement of more than one
order of magnitude on the limit G < 610Gy (R < 0.47) determined
by a search for a final state consisting of two negative muons
from the collision of energetic electrons (Barber et al., 1969).
It also represents an improvement of over two orders of

magnitude on the limit G < 5800G (R < 0.50) set using an argon
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gas target at one atmosphere (Amato et al., 1968); that
experiment is the only other one which measures G by searching
for muonium conversion.

It was mentioned in section 4.1 that in preparation for the
TRIUMF experiment an argoh gas target was installed for early
checks of the apparatus and detection systems. The procedure
and analysis were similar to the o0ld muonium-antimuonium effort,
utilizing gas at one atmosphere and room temperature, and
searching for an argon muonic 2P-1S X-ray at 644 keV. 1In the
old experiment, a muonium formation probability of wunity was
assumed, whereas a value of 0.63%+0.07 (Mikula et al., 1979) is
used here. An upper limit of 1066 counts (95% confidence limit)
is obtained for a possible argon muonic photpeak in the data of

Figure 4.1.3, which implies a limit of
G < 190 Gg (95% C.L.), 5.1.5

or R < 0.32, independent of the silica result.

In the sense that the present powder target experiment
allows a substantial improvement in the limit of the coupling
constant, it was undoubtedly successful. To have impact on
present gquestions about the real nature of leptonic electroweak
interactions will require an improvement of a further two (at
least) orders of magnitude, which may or may not be within the
realm of present technology. In the opinion of the author, the
limit must be reduced to less than 0.01 G before it can be said
that muonium conversion can provide an effective test of some

unified theories.
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5.2. Feasibility of an Improved Experiment

Certainly some féctors determining the experimental
sensitivity can be improved upon. It is the intent of this
final section to point to the most promising methods for further
reduction of the limit on G, within the framework of known
procedures and available equipment.

When assessing the value of various improvements, it is
helpful to wunderstand the dependence of the limit on
experimental parameters. In section 4.2.3 it was pointed out
that increasing the amount of data, that 1is, the number of
incident muons, lowers the limit only as the fourth root of the
increase; the same is true for any experimental change which
increases both the signal probability P and the background rate
by similar factors. The use of more and/or higher efficiency
germanium detectors (to increase E) without more extensive
background suppression £falls into the same category. An
experimental change which increases P by some factor without
changing the background rate will reduce the limit on G by the
square root of the factor.

Taking optimistic improvements of factors of two in
F(foils), one and a half in F(Mu), ten in F(gap), and three in
P(Mu), a reduction in the limit of G by a factor of ten might be
possible. This 1is not sufficient in itself to allow a test of
theory. |

1f the experiment is not restricted to detection of muonic

X-rays, but wuses 1instead fast electrons from the high energy
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part of the Michel spectrum for negative muon decays to signal a

conversion event, several things change:
1. P(Mu) can increase one order of magnitude to
2.5 x 10°% (G/Gg)* as shown by equatiog 2.1.3.5.
2. P(capt) does not enter into equation 4.2.2 for P.
3. The detection efficiency E coﬁld be increased
substantially by large solid angle detection of the
curvature of electrons in a magnetic field. It is
difficult at this Jjuncture to estimate background
levels which would be encountered, but an increase in
E by two or more orders of magnitude 1is not beyond
reason. It is probable that, with the magnetic field
required, P(Mu) would decrease by one half in light of
the explanations of section 2.1.4, but that should be
more than offset by the gain in detection efficiency.

Taking only these gains into account, P might be improved
by a factor of 10°, and G might be limited to a value less than
G . However, it is only speculation, and a greater increase in
sensitivity could be the product of clever experimentation,

The technique crucial to the success of the present
experiment, that of using thin layers of fine powder to produce
a useful fraction of muonium in vacdum, is at least encouraging.
There is ample room for development and refinement of the idea.
Most importantly, for conversion experiments and also for some
investigations of the atomic structure of muonium in vacuum, a
reliable measurement of the probability of muonium escaping the
silica layer plus an accurate estimate of the rate at which it
is expelled are of high priority.

1f sufficient sensitivity can be realized by any means
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whatsoever, be they similar to those of this experiment or
radically different, the conversion of muonium to antimuonium

could provide a clue to the nature of the fundamental

interactions.
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Al, MUONIUM-ANTIMUONIUM CONVERSION VIA THE FOUR FERMION

CURRENT-CURRENT INTERACTION

In this appendix a value for the muonium-antimuonium
conversion matrix element will be calculated assuming a vector
minus axial vector (V-A) current containing the muon (‘“) and
electron (Ve) fields. This lepton flavor changing neutral
current, when coupled to itself, violates an additive muon
number but preserves a multiplicative one (as defined 1in the
first chapter). The Hamiltonian density takes the form

(Feinberg and Weinberg, 1961b)

H(x) = 270270 Gl ¥, (x)F % % ()0, (x) + H.Co ),

Al.l

where G is the effecfive‘coupling constant, O? = Xa(l -Y*) is
the V-aA form for the coupling, and H.C. stands for the Hermitian
conjugate. G 1is to be compared to the Fermi coupling constant
Ge = 1.4 x 10°** ergecm® (1.03 x 10°* mg?, mp being the proton
mass). 0? and the field operators § (x) are defined to conform
with the conventions and normalizations ‘of Bjorken and Drell
(1964) (except that % = c = 1), and the representation of the

Dirac matrices which will be used explicitly is:
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¥3= 1doyyry o= Y= |01 Al.2
I 0
Note also that aeb = a*b, = a®b, - aeb .

M
The field operators satisfying the Dirac equation are (for

L= pore)
\YL(X) = (2-,r)-(3/2)§fdap (mL/IE)(l/z)
[bl(p,r)ql(p,r)exp(—ipox)
+ Q£(p,r)Y£(p,r)exp(+ip0x)] , al.3a
?:(X) = T:(X)yo = (2v)-(3/2)£;jrd:p (WI/E)(1/2)

[b¢ (p,r)T, (p,r)exp(+ipex)
+ ql(p,r)zl(p,r)exp(—ipox)] . Al.3b

Here, QZ(QL) and qL(ql) are the usual anticommuting fermion and
antifermion annihilation (creation) operators, respectively.
The Dirac spinors are given by (see, for example, Commins, 1973;

note that his normalization differs)
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uL(p,s) = {(E + ml)/Zml}“”’ » , _ Al.4a
a_l_’-.l
P s
E+m,
I
vj_(p,s) = {(E + mg)/ZmL}“’“ 3’."? 9’1 , Al.4Db
E}fﬂ&
n
! )

where is a two component Pauli spinor satisfying
'5:0@1, =% and 99' = 1/2 (1 +5e8) . Al.5

Here & is the spin polarization unit vector in the rest frame of
the particle. For € = (0,0,1), '>)=¢ for u(p,s) and %X for

v(p,s), where g and X are the basis vectors

¢. = |1 , X = 0 . Al.6

For 2 = (0,0,-1), the roles of ¢ and X are reversed. Making the
non-relativistic approximation, the small components of the
Dirac spinors can be ignored and E approaches Wz»i“ the
normalization coefficients.

The goal is to evaluate the energy &, defined by the
expression

->p Ny

&/2 = <Mu(p*q,r,¢) | H(x) |Mu(P+d,r,s)> , Al.7
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where |Mu(P+d,r,s)> and |Mu(p*d,r',s)> are particular spin states
of the muon and electron in é 1S atomic state, with P (P) and @
@) the/u* 9u:) and e~ (e*) momenta respectively. The muonium
and antimuonium states are constructed 1in occupation number
space by weighting the occupation states with the 1S momentum

wave function. For example,

IMu(R,r,8)> = /aw}“(i) 3 (m, /MK + K, 1)

Obé((me/M)f - X,s) |0> , Al.8
where
K=8+d, k= (mB - m3)/M,
and M=m/4,+me . Al.g

Constructed in this way, the states are normalized to delta
functions in ?, r, and s; the V’(i) are momentum space wave
functions and should not be confused with the field operators in
H(x).

Evaluating equation Al.7, using Al.l with expansions such
as Al.3 and Al.8, and applying the anticommutation relations for

the creation and annihilation operators, it can be shown that

§/2 = (21;)'//d,°k k' Y*(X) ¥ (k) exp(-i(K-K')ex)

e 2(1/2) G e B(r,s,r's) , Al.10
where

Mnaﬁﬂ=—ﬂmﬂﬁkwdmjmﬂ%%mA)
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U, (P, 11070, (@, 5)7, (P, 1)0y % (d))

B can be evaluated using the explicit representation, by
inserting values for r, s, r', and s'. The results can be

succintly written as

B(r,s,r',s) = 4(-1)" 9 28§ Al.11
Then, at t = 0 in the rest frame of muonium (? = 0),
- - / - + /2
§/2 = 2-x/Ge8(-1) (VS /i g LS,
(2 >f [ @k @K YFERY (X Al.12

after 1integration over the total final momentum K. Expanding
the final momentum space wave functions in terms of coordinate
space wave functions ¥ (x) (again, not to be confused with the

field operators)

Y (X) = <k |'1’>=_fd-"x <k | X><¥ |Y¥>

(21,')"",’“/d3x exp(-iio'}?)“f’(i') , Al.13

and the expression for S becomes

S /2 = 2‘(1/2)G.8(_l)(f*s) /2 gY‘)V" SS,S’
Ifd’x ax @Y 8§ , or

8/2 = 2-(1/2)Ge8(-1)("+$) “gf,r'ss,;' .(.,Taoa)-x Al.14

for the 1S wave function, where a, is the Bohr radius. The

delta functions denote the spin selection rules for transitions
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between particular initial and final spin states. All
guantities of interest contain d?, possibly averaged over
initial wvalues of r and s, so the sign factor «can be

disregarded. Inserting numerical values,

& = 2.1 x 10°*2 (G/Gg) eV. Al.15
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A2, MOTION OF MUONIUM ATOMS IN SPHERICAL SILICA PARTICLES

In this appendix expressions will be derived to predict the
rate at which an ensemble of muonium atoms, formed 1in fine
silica powder, can escape the powder particles and move in an
interstitial wvacuum, The starting point for the following
calculations is an expression for the rate at which particles
appear at an absorbing interface per unit area, per unit time

(Chandrasekhar, 1943),

R(t) = -D(# W4 A2.1
where ! is a unit vector normal to the surface and

W(P)AE = (49Dt) ¢ */2lexp(-|F|2/4Dt) aF A2.2
is the probability per unit area of finding a particle between T
and P+d® after movement by random walk from T = 0 at t = 0. The
boundary condition W = 0 applies to equation A2.1 at an
absorbing interface. The diffusion coefficient is defined here
as

D = n<y?>/6 A2.3a

for a particle undergoing n independent displacements of mean

square distance <y*> per unit time. An equivalent definition in
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terms of the mean speed ¢ and the mean free path s is

D = cs/3 . | A2.3b

The words T"absorbing interface™ 1indicate that a particle
reaching that surface will pass through it with zero probability
of re-entry, presupposing a mechanism 1like a work function
inhibiting the possibility.

Consider a sphere of radius a, whose surface 1is the
absorbing interface, and find R(t;X) for a particle starting its

random motion at X at t = 0 (see Figure A2.1). Then W = 0 when

Figure A2.1. Geometry for muonium emission from a sphere.
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R(t;%) = (7rnt)-<=,m/1stfds(a) A(2)e(3 - %)

sexp(-|3 - X|*/4Dt) . A2.4
The surface integration can be performed by noting that

ds(3) = a* sin® dBd¢,

|2 - X|? = a* + x* - 2ax cos@ , and A2.5
A(3)e(d - X) = |2 - X| cosat = a - x cosH .

Carrying out the surface integration yields

R(t;X) = (/2) a*DeyDt)~‘*/*’ exp(-(a*+x?)/4Dt)
o[x"*(1 + 2Dt/a?)sinh(ax/2Dt)

- a-*cosh(ax/2Dt)] . A2.6

Now assume that the particle ensemble is initially distributed
uniformly throughout the sphere with a constant density of
1/v = 3/47ma?, in order to preserve the probabilistic
norﬁalization of equation‘ A2.2, Then, integrating over the

volume of the sphere,
a -l
R(t) = 3a'/dx XR(t;X) A2.7
o

which is the rate at which particles appear at the surface of
the sphere, given a uniform distribution at t = 0. This may be
evaluated wusing the exponential form for the hyperbolic
functions, although the procedure becomes gquite tedious. The
substitution 2z = -(x%a)/2(Dt)‘*/2?) in integrations involving

exp(+ax/2Dt), along with the knowledge that
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(] a
J/’dx x"exp(-x2) = (-l)z/’dx x"exp(-x2?) ,
—a [~

leads to an integrand 1in A2.7 proportional to exp(-z?) times
terms constant, linear, and quadratic in z. Fortunately, the
coefficient of the constant term vanishes for all t. The
quadratic term may be integrated by parts, giving a further
linear term in the integrand plus_a contribution proportional to
t¢* “2)exp(-a?/Dt). The 1linear term can then be evaluated, and

the result obtained is

R(t) = Gp)=(1/2) (3/2t)(Dt/a?) 2 /)
[1 -~ 2(Dt/a?) + (1+2(Dt/a?*))exp(-a?/Dt)]

A2.8

As time approaches zero, R(t) grows as t-'’?, which 1is a
result of the non-zero particle density at the surface of the
sphere at t = 0 and the assumption of a perfectly absorbing
interface. As t grows without limit, R(t) behaves as t-*’/2,

It .is now possible to calculate the probability that a
particle has passed through the surface by time t (assuming that

it will not decay). Evaluating
t
P(t) =/dt'R(t') A2.9
o
gives the desired result:

P(t) = 1 - erf[(Dt/a?)-(3/3)] = (3)-C2/2)(Dt/a?)(1 /e
(3 - 2Dt/a* - (1-2Dt/a?)exp(-(Dt/az)-*)] .
A2.10.
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The error function erf(x) has the usual definition:
Ps
erf(x) = 2(7)""“/dt exp(-t?) . A2.11
o

Another useful result includes the decay of a particle of
mean lifetime A-*, so that the probability of it passing through
the surface before decaying 1is (see also Brandt and Paulin,

1968; note that their formula contains a typographical error)

0
It

QD
J[ dt R(t) exp(-2At)
(/]
(3/2) [1 -p* + (1 +/3)’exp(-2//6)] , A2.12

where P = (D/Qaz?)*’2,

Formula A2.10 has been used in the analysis of a muonium
spin rotation experiment in a silica powder sample (Marshall et
al., 1978). The silica particles, whose radii could be
independently inferred, were surrounded with oxygen at wvarious
concentrations. The muonium polarization was relaxed by spin
exchange at a rate which depended on the concentration (Fleming
et al., 1980).

When this rate was high compared to the rate at which
muonium appeared at the surface of the silica particles, the

time dependence of the muonium polarization was assumed to have

the form
A(t) = A(0) (1 - P(t)) . A2.13

In other words, the relaxation process was controlled by the

rate at which the muonium atoms could get to the voids between
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particles, where the ©polarization was then destroyed 1in a
comparatively short time. That the data supported the model
proved the 1likelihood that muonium was reaching the voids
between silica particles before decay.l '

A further result of the experiment was the close similarity
of the dependence of the relaxation rate on theA oxygen
concentration, given by the rate constant k, to that in a target
consisting of oxygen in an argon gas moderator (with no silica
present). In the low concentration regime, where the relaxation
rate was determined by the oxygen concentration rather than the
motion of muonium 1inside the silica spheres, a rate constant
k = (2.55 + 0.13) x 10-*° cmi*emol-leg-? was measured, in
agreement with k = (2.52 # 0.18) x 10°'° cm’emol-'es-! from an
argon-oxygen target at one atmosphere. For spin exchange, the
rate constant can be written as £k = O0<xv>, where ¢ is a
geometrical cross section and <v> is the mean relative speed.
Since the mean thermal velocity of muonium is 16.8 times that of
oxygen, this equality of rate constants strongly supports the
hypothesis that muonium is moving thermally within the voids,
rather than attaching itself at or near the powder surface and
depolarizing there,

The diffusion parameter obtained for muonium in the silica
powder particles, assuming the validity of the foregoing model,

was
D= (2,2 £+ 0.4) x 107 cm?es~?® , : A2.14

It must be stressed that this may not be applicable to silica in

general, nor even to powders with differing particle sizes.
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There are several points which must be considered:

l. There may exist fissures in the particles through
which muonium could escape more quickly than by
diffusion.

2. The radius assumed in the calculations is derived
from measurements of the specific surface area, and
may not be uniform.

3. The temperature of the grain in which muonium is
moving may have been sharply elevated by the energy of
the incident muon deposited there during the slowing
process (Kiefl et glL,-l981). Because of the model
dependent nature of the analysis, the value extracted
for the diffusion parameter D, which 1is certainly a
function of temperature, would likely depend on the
size of the grain.

Scanning electron micrographs do show the approximate
sphericity of the particles, and a reasonably uniform size
distribution consistent with the radius assumed (Cabot
Corporation, -unpublished technical report). The micrographs
also show the tendency of thel particles to form chain-like
aggregates, which mechanically entangle to form agglomerates.
While this has little consequence for the motion of muonium
within the particles, it could play a part in the thermal motion

after muonium reaches the voids, the subject of appendix A3.
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A3. MOTION OF MUONIUM ATOMS IN FINE POWDER LAYERS

The purpose of this appendix is to estimate the rate at
which an ensemble of thermal muonium atoms may escape a thin
powder layer. The procedure is essentially identical to that of
the previous appendix, with only the geometry and the parameter
D requiring modification,

Consider a homogenous layer of thickness d, bounded on both

sides by an absorbing surface, as in Figure A3.1, Eguations

4 .

< d —>>
[] 4 P
- ] .

Figure A3.l1. Geometry for muonium emission from a layer.

A2.1 and A2.2 apply, and the expression for R(t;X) becomes,
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after integration over the surfaces (assumed infinite in area),

R(t;X) = (2t)-*(4yDt)-(*/2)[xeexp(-x?/4Dt)

+ (d-x)eexp(-(d-x)2/4Dt)] . A3.1

For an incident particle distribution of 1/d per unit
thickness at t = 0, the rate of emission can be integrated over

X to give the effective rate from the entire volume:

J/-dx d-*R(t;X)

(4Dt )-¢*/2) @-'D [1 - exp(-d2/4Dt)] . A3.,2

R(t)

The chosen normalization permits the calculation of the
probability that a particle, decaying at a rate of A s-*, will

reach one particular surface of the layer:

o)
"

1/2)f dt exp(-At)R(t)
(1/2)(1d /D)-t1/2) [1 - exp(-(Ad2/D)*/2)] , A3.3

where the factor of 1/2 comes from the neglect of the second
surface.

In order to estimate this value numerically, some
reasonable assumptions must be made for the value of D. Using
the expression A2.3b, and the formula (Kittel, 1969) for the
mean free path s of a point particle (a muonium atom) moving
freely in a uniform random collection of n cm~® stationary

spheres (silica particles) of radius r,

s = (yr*n)-* , A3.4
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it is found that
D = c(3gr2n)-* . A3.5

The average number density n can be written in terms of the
density of silicon dioxide,f>, and the density of the silica

powder used in the layer,.f', as

o
"

3f’/'411'r-"f , A3.6

so that

o
]

(4cr/9){f(}’) . A3.7

The mean thermal velocity c is 7.37 x 10° cmes-? for muonium at
room temperature. The density of silica powder wused 1in the
experiment was /ﬂ =0.032 gecm~?*, whereas for bulk silica it is
P = 2.2 gecm~*. A particle radius of 3.5 x 107 cm then leads

to an estimate of
D=7.9 cm*es-* , | A3.8

which is more than seven orders of magnitude greater than the
constant of A2,14 for muonium inside a silica particle.

The agglomeration of chain-like aggregates of the powder
spheres make the assumption of uniformity of the layer a 1little
tenuous. Without that assumption, a calculation wusing the
approach which has been taken becomes much more forﬁidable, and

at some point must rely on a detailed knowledge of the powder
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structure. It is important to realize, though, that unless the
agglomeration were to result in very dénse regions of the layer
extending for distances comparable in magnitude to its
thickness, the effect is to increése the rate at which muonium
is emitted. The reason for this statement 1is that the
probability for escape from a small agglomerate (of typical
dimension << (D/Q)‘*“?*’ with D the appropriate diffusion
parameter) 1is close to one; after léaving that agglomerate, the
mean square distance between collisions is much longer than in a
uniform layer, and the probability of reaching the surface is
correspondingly higher. 1In that case, the numbers derived from
the methods used here will be valid as a 1lower 1limit, and as
such are good enough for the purposes of the fourth chapter.
The expressions are wused in section 4.2.2 to find the
probability of escape of a muonium atom from one surface of a

silica powder layer.
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