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ABSTRACT

The properties of muonium(s*e-) and positronium(e*e~) are
altered significantl§ in the presence of matter. The study of
- these exotic H-like atoms provides a unigue perspective on
atomic interactions with atoms, surfaces, and solids. This theme
is explored in a variety of hosts.

The cross section for spin 1 positronium to be converted to
spin 0 positronium during collisions with O, molecules has been
measured from 120 °K to 630 °K in an SiO, powder moderator ﬁsing
a positron lifetime technigue. The results indicate that
positronium does not the;malize in the powder below 450 °K. The
Spin conversion cross section increases slightly with
temperatﬁre above 450 °K. A theory for spin conversion of
positronium by a spin 1 molecule 1is developed and used to
interpret the data.

Muon Spin Rotation measurements. in Si0O,, Al,0;, and MgO
powders at low temperature in an atmosphere of He indicate that
muonium emerges from the surfaces reéardless of the ambient
temperature of the powde£.>The muonium spin relaxation rate in
Al,0, in a He(or Ne) atmosphere is found to be a linear function
of the fraction of surface area not covered by adsorbed Hel(or
Ne). The cross sections for muonium to scatter elastically off
adsorbed He and Ne atoms have been measured to be 11.0%0.2 A?
and 8.9+0.2 A%, respectively.

The first observations of muonium in the condensed phases
of Ar, Kr, and Xe are presented. The data indicate that there is

a high probability of muonium formatiom in all cases. The ‘spin
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relaxation rate of muonium in solid Xe is ten times that in the
liquid, where the random local fields from the nuclear moments
of '3°Xe and '"*'Xe are averaged by additional translational

motion,
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INTRODUCTION

Pure leptonic atoms such as muonium (Muf (u*e”) and
positronium (Ps) (e‘e‘; ~ play an important role in particle
-physics. Their properties are free from strong interaction
effects so they provide an ideal testing ground for
electromagnetic and weak interaction theories. Thus the particle
physicist is interested in the properties of free atoms, such

as:

1. The annihilation rate and decay mode of 1°S and 1'S states
of Ps (electromagnetic interaction).

2. Mu(u*e”) --> Mu(us-e*) conversion probability (weak
interaction).

3. The hyperfine splitting (138-1'S) and the Lamb shift (2P_-
2Sy splitting) of both Mu and Ps (electromagnetic
interaction).

In contrast, it is the deviations from free atom behaviour
in the presence of matter that are of interest to the muon  or
positron scientist, concerned with the’ chemical or physical
properties of the probe and/or host. The Ps or Mu atom may
function as a microprobe of its environment and can provide a
unique perspective on atom-molecule, atom-surface, or atom-solid
interactions. Very few techniques are sensitive to the action of
individual atoms on a time scale as small as 10°° s. The
fundamental decay properties of the e* and ¥* in matter, well
known from particle physics, make such observations possible.

This thesis is a collection of four experiments concerned

with the behaviour of these H-like atoms in matter:



1. 13§ --> 1'S spin conversion of Ps off O, molecules in an
Si0, powder moderator between 120-630 °K.

2. Mu production in the voids of SiO,, Al,0;, and MgO powders
at 6°K.

3. Mu interaction with Al,0; powder surfaces with adsorbed He
or Ne between 7-30°K.

4. The first observations of Mu in the condensed phases of Ar,

Kr, and Xe.

The first three chapters are devoted to Ps. The first
chapter provides the necessary background information on Ps and
tHe methods of study. The second chapter is concerned primarily
with the characteristics of Ps decay in SiO, powder, with and
without paramagnetic O, gas. The reader is referred to Appendix
11 for a theory of spiﬁ exchange scattering of Ps incident off a
spin 1 atom or molecule. The first experiment is presented in
Chapter 1I1II.

The last four chapters may be classified as the Mu part of
ﬁhe thesis. Chapter IV provides background information on Mu and
the Muon Spin Rotation (#*SR ) technigue. The characteristics of
Mu and the »*SR spectrum in oxide powders are of primary concern
in ChapterFV. The second and third experiments are presented in
Chapter VI whereas the last experiment is the subject of Chapter

Chapter VII,



CHAPTER I : POSITRONS AND POSITRONIUM

In the beginning there was Dirac (1930), who postulated
that vacancies in a filled sea of negative energy electron
.'states would manifest themselves physically as positively
charged particles or anti-electrons. Anderson (1933) was the
firsF to observe positrons in cloud chamber photographs of
cosmic ray showers. The production of positron-electron pairs
from high energy gamma rays was observed shortly afterwards
(Blackett 1933). These experimental results sparked a iarge
effort to develop a theory for positrons 1in matter. Pirenne
(1946) Qas one of the first to perform calculations on the
energy levels of positronium (e*e-) whose existence was first
postulated by Mahorovicii (1934). Wheeler (1946) and Ore and
- Powell (1949a) calculated annihiliation rates from s=0 and s=1
ground states. Meanwhile experimental studies on Ps were just
becoming - possible as positron sources such - as
22Na and °®%Cu became available. The work of Deutsch (13951)
firmly»established the existence of positronium. . Despite the
great amount of experimentation since those early days it was
not until 1974 that the first excited state of Ps was observed
(Canter 1975), made possible by the development of monoenergetic
beams of low energy positrons (Canter 1972).

In this chapter, the decay properties of free positrons and
Ps in matter and the experimental techniques in positron

annihilation are reviewed.



I-1 Conservation of Charge Conjugation Parity in e‘e-

Annihilation

Since positrons are anti-electrons, the positron-electron
state 1is unstable to annihilétion into gamma rays through
electromagnetic ihteraction. The charge conjugation operator
transforms every particle into its antiparticle. For a fermion
antifermion state such as e*e-, the charge conjugation or C-

(-1)4-s

parity is where f is the relative orbital angular
momentum and s is the total spin (Williams 1971). Gammas or
photons are self conjugate with C-parity -1 by virtue of the
transformation properties. of the elecfromagnetic vector
potential under the o operation. Since electromagnetic
interactions conserve C-parity, the annihilation of Ps into n
gammas must be such that J+s+n is even. If the annihilation
occurs from an f=0 state (i.e.: the ground state of°' Ps), this
restricts the annihilation from s=0 and s=1 states (i.e.: 1'S
and 1°S atomic states of Ps) to an even and odd number of gammas
respectively. Annihilation into a single gamma cannot conserve
both momentum and energy so the s=1 state must decay into on odd
numbers of photons greater than 1. The annihilation rate into n
gammas is proportional to " where o (=1/137) is the fine
structure constant, so that the s=0 and s=1 states decay

primarily into two and three gammas respectively.



1.2 Ps Annihilation

When positrons aré injected into matter they may capture an
electron to form para-Ps (written p-Ps or Ps(1'S) ) or ortho-Ps
(written o-Ps or Ps(13S)), 1in a statistical ratio of one to
three.. As stated above, the p-Ps decays in two 511 KeV gammas
whereas 6-Ps decays in three gammas with a continuous energy

spectrum (see Figure I.1). The mean decay rate (1/lifetime) in

1.0 T T T !
51 T
NA
£
C S .50+ —
Olo -
A\
w
2l .25F .
1 ] § |
qO .2 4 .6 8 1.0
ENERGY (mc)
Figure I-1 The energy spectrum for o-Ps annihilation
(Ore 1949a).
vacuum for p-Ps and o-Ps have been measured to be 79911 x 107
s-' (Theriot 1967) and 0.7056£0.0007 x 107 s-' (Gidley 1978)

respectively.



1.3 Experimental Technigques

The study of positrons in matter is based on detection of
the annihilation quanta. The relevant observables are the mean
annihilation rate, the angle between the gammas, the energy,
polarization and number of gammas. The most commonly used means
of carrying out investigations of positrons are the 1lifetime,
angular correlation and doppler broadening techniques (West

1973).

1.3.1 Lifetime Technique

22Na sources are often used for measuring positron
lifetimes because the decay positron is followed in most decays
by the emission of a nuclear gamma of energy 1274 KeV within
10-''s (see Figure 1I1:2). The time delay between the nuclear

gamma and the annihilation gquanta can be measured with

- 22,
E.C. (10 %)

1.568 MeV

22 ot (90%)
3 .| 1274 Mev

7. (@x10 ™)

22Ne
Figure I1-2 Decay scheme for %%Na . '

scintillation detectors. Small plastic scintillators ( 2cm long
X 2cm  diameter) provide excellent timing resolution

(2.5 x 10-'° s) but suffer from poor efficiency and energy



resolution. They are essential when studying short lifetimes in
solids and 1liquids. The relatively 1long lifetime of o-Ps in
gases and powders may'be studied wusing larger Nal detectors
which have much better energy resolution and efficiency,
although the timing resolution (4 to 5 x 10-°¢ é) is not as good

as may be achieved with plastic scintillators.

I1.3-2 Angular Correlation

The angle between two photons from e*e- (s=0) annihilation

is given as
& = P /m,C Pu << M, (West, 1973) Eguation I-1

where p, 1is the pair momentum component perpendicular to
direction of emission and m, 1is ‘the electron reét mass. The
angular distribution between the annihilétion quanta can be
measured wusing a long slit angular correlation apparatus which
measures the coincidence counting rate between two detectors as
a function of angle defined by detector 1, the positron source,
and detector 2. A typical angular resolution is 0.5 mrad. The
decay of mean thermalized p-Ps contributes a narrow component to
the angular distribution of the annihilation quanta since the
pair momentum (of- order (i{'I‘Zm)'k )is small 1in comparison to

annihilations involving high momentum valence electrons.



1.-3.3 Doppler Broadening

Information on the pair momentum distribution can also be
obtained by using a high resolution Ge or Ge-Li gamma detector
to measure the Doppler broadening of the annihilation line at
‘511 KeV. In first order the shift in energy

- _ 2 . c/2
AE = hy — m,C P“ / (Hotz, 1968) Equation 1.2

where hv is the enérgy of the detected gamma and p, is the
component of pair momentum along the direction of emission. The
Doppler broadening technique analyzes all momentum channels
simultaneously and is therefore much faster and does not require
high e* stopping densities nor strong sources as does the
angular correlation technigue. However the resolution of present

day detectors is limited to around 1 KeV at 511 KeV.

14 Quenching of o-Ps in Matter

The properties of o-Ps are significantly altered 1in the
presence: of matter. The decay rate of o-Ps in matter can be
expressed \A=\o+kg where \g is the free decay rate and Ag is the
guenching rate associated with the medium, due primarily to spin
conversion and/or pickoff. Spin conversion 1is when o-Ps is
converted to p-Ps via a spin exchange  interaction with
paramagnetic species such as H, NO, and O,. This is covered in
more detail in Appendix II. In short, collisions involving o-Ps
and a paramagnetic molecule do not conserve the z component of
spin of the electron on Ps and thus o-Ps-->p-Ps conversion - is

possible. Pickoff quenching occurs when the positron in o-Ps



annihilates with a valence electron from the host. These two
quenching processes are easily distinguishable using angular
correlation or -doppler broadening. Spin conversion to p-Ps
results in a narrow pair momentum distribution determined by the
-thermal motion = of the p-Ps atom. In contrast, pickoff
hannihilation'with a valence electron from the host results in a
relatively broad pair momentum  distribution, determined
primarily by the high momentum of the valence electron. For
example the mechanism for guenching of o-Ps by 0, in silica gel

(Chuang 1974)and silica powder (Kiefl 1978)moderators has been
determined to be spin conversion as opposed pickoff annihilation

resulting from a chemical reaction.
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CHAPTER II : POSITRONIUM IN §i0, POWDER

Positron lifetime spectra in oxide powders exhibit three
components (Brandt 1968). A very fast (< 1 ns) component is due
‘to p-Ps and free e* decay(while slowing down or thermalized). A
‘'second 2-3 ns component is attributed to pickoff annihilation of
o-Ps within the powder grains and the longest lived component
(~140 ns) is thought due to o-Ps in the wvoid regions of the
powder.

-In this chaptér the formation, thermalization, and
guenching of o-Ps 1in $SiO, powder with and without ©O, are
discussed. This 1is relevent to experimental results in Chapter
II1 on the conversion guenching of o-Ps with 0, in an SiO,

moderator.

II.1 Ps Formation

There are at least three models that may be used to explain
Ps formation 1in oxide powders---- the Ore gap model, the spur
model, and the surface formation model. These models are not
very useful in making quantitative predictions of the Ps
fraction, especially in such a complex medium as a powder. The
purpose of stating them here is simply to provide a qualitative
understanding of the various processes which may lead to Ps
formation.

Aécording to the Ore gap model (Ore 1949b), first proposed
for gases and and then extended to molecular solids (Wallace

1960), Ps formation occurs epithermally via charge exchange with



"

atom (or molecule) A
+
e+ + ,Q —> PS 1 ’q Equation II-«1

in the energy region (E,, -Eg) < E < E_,, (termed the Ore gap)
where Ej,, is the ionization energy of atoﬁ, E.x 1s the first
excitation energy, and Eg (6.8eV) is the binding energy of Ps.
Below Eio,n - Eg, Ps formation 1is energetically forbidden and
above E.x excitation and ionization are thought to dominate the
dE/dx.

In the spur model (Mogensen 1974) a thermalized e* is
-attracted to, and eventually combines with, a free electron from
-its own radiation track (composed of small branches called

spurs). This model has been particularly successful in
explaining experimental results in liquids.

In the surface formation model positrons capture an
electron at the surface where it may be energetically
favourable. Such surface formation has been observed with 1low
enérgy positrons incident on metal or oxide coated metal
surfaces (Canter 1974). Previous to these results Brandt had
proposedv on the basis of positron lifetime spectra in Si0O,, MgO
and Al,0; powders that o-Ps is formed within the powder grains
and then diffuses to the surface where it is ejected into the
voids, presumably because of a negative work function at the
surface (Brandt 1968). The evidence presented for this ambient
temperature thermal diffusion (ATTD) model is that the 2-3 ns
component (attributed to o-Ps inside the powder grains)
increases at the expense of the 140 ns component (attributed to

o-Ps in the voids) as the temperature is lowered or the particle
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size increases. However the lifetime spectra may also be
consistent with surface formation so that the role of surfaces

in Ps formation in oxide powders remains unclear.

I1-2 Ps Thermalization in Si0, Powder

Whether it formed at the surface or in the bulk the o-Ps
appears to be ejected from the oxide surface with a kinetic
energy of ordef 1eV (Ford 1976). For example the kinetic energy
of o-Ps ejected from MgO powder has been measured to be 0.25 %
0.10 eV (Curry 1971). The Ps atom is very 1light, so that the
mean energy loss per collision with the oxide surface is much
smaller than for a heavier atom such as Mu. In a purely
classical estimate, in which the Ps imparts momentum to
individual surface atoms, = Ford (1976) estimates the
thermalization time in lightly packed SiO, powder to be ~140 ns.
A slightly more rigorous treatment of the problem employing the
one dimensional 'Devonshire quantum theory of gas-surface
interaction 1is developed 1in Appendix I. We find that in SiO,
powder (35 A radius,_ density of 0.056 lgcm‘3) at 121°K the
calculation yields ~30 ns -for Ps of 1eV to reach 0.0125eV
(145°K) with most of that time (25 ns) spent below 0.03eV. This
calculation wuses the Debye temperature of bulk Sio, (470°K)
(Zemansky 1968) and a purely repulsive Morse potential at the
surface with range parameter a=0.5 A-'. The result is not
sensitive to the potential parameters and agrees roughly with
the purely classical estimate of Ford (1976).

It should be pointed out that it is assumed in these

calculations that the Ps atom samples the entire surface area
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with equal probability. It does not take into account the
aggregate structure of the powder which may have drastic effects
on the mean free path and thermalization time. Thus the above
result must be considered a loyer limit on the thermalization
time. In fact the experimental results presented in Chapter 1I1I1I
vindicate that the Ps has a thermalization time much larger than

this in Si0O, powder below 450 K.

I11-3 Effect of O, on Ps Thermalization

O, introduced into the void regions of a powder should tend
to decrease the thermalization time. Low energy o-Ps (< 5eV) may
lose energy through collisions with O, via elastic scattering,.
hyperfine transitions, rotational excitation and vibratibnal
excitation. However, we find that below ~0.03 eV the major
contribution is from elastic scattering which most likely is
insufficient to cause thermalization at low O, densities (less

than 10°'? cm-3?).

II1-3.1 Vibrational Excitation

The energy 1loss rate of Ps due to vibrational excitation

can be written

‘ig) = nu’é PvéW'AEVV' Equation II1-.2
Jt Vlb vy!

where n is the O, concentration, v is the Ps velocity, Gy is

the cross section for scattering from vibrational state v to v’,

AE,, = Ey' - E, 1is the energy difference between states and
-Eu/kT — Epn /kT

F=c //Eé = is the probability that
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vibrational state v is occupied. The energy of vibrational state

v is approximately
Ev = /qy (v + ‘fz“)hc Equation II-.3

wvhere A, = 1580 cm~' for O, molecules (Levine 1975). At room

temperature P, ~ 1 and Eguation II1:2 can be simplified to

j_%)vib = nU Sy DBy Equation II-4

If it is assumed 6oy ~ 10°'® cm? and q,,, =0 for v >1, then Ps of

vl
energy leV in O, gas at a density of 10'% cm~® will lose energy
at a rate of 4.8 KeV/ns. However, below the threshold energy

(AEo; =.19eV) this channel is closed.

I1-3.2 Rotational Excitation Below 0.18%eV

Only odd rotational states of '%0, (3:5) are allowed as a
consequence of the spatial symmetry of the electrons and
permutation symmetry of the '60 nuclei (Tinkham 1964). In first
order (ignoring the effect of O, spin) the rotational energies

are (Levine 1975):
. . -
EJ= BJ(JH) B=14cm Equation II-5

The rate of energy loss can be written

iTE% )m‘z " JEJ KR Equation II-6

, - E5 /KT W N —ERT
where Fi = (2J+))€f /(%56{}*’)6 is the probability
that the O, molecule is in rotational state j (v = 0), o' is

the scattering cross section for j --> j’ transitions and AE

o

JJ
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is the energy loss (gain) per transition.

A rough‘estimate on dE/dt).,+ for Ps of energy 0.1eV in O,
at 300°K can be made by assuming P, = 1 (since j = 7 is the most
likely occupied state at 300 °K) and 655 = 10°'¢ cm? (with all
other ¢;» =0).The estimate yields dE/dt -~ 0.6eV/ns. The
threshold for ©pure rotational excitation (AE,; ) is ~0.014eV..
However, it is severely inhibited at energies below ~0.03eV

because of the s wave nature of low energy Ps scattering coupled

with total angular momentum conservation (see Section AII.9)

I1-3.-3 Oxygen Hyperfine Transitions Below 0.03eV

Even when rotational excitation is prohibited, the Ps may
lose energy inelastically through hyperfine transitions between
the states of total angular momentum J = j + s where s is the O,
spin and Jj is the rotational angular momentum of the molecule.
The splitting between J states corresponding to the same j is

2.5 x 10-"eV and only weakly dependent on j (Townes 1955). The

rate of energy loss can be written

:lj—'%)hqp = an‘% PJ'J' 4IJ'I AE‘)'J-JU_’ Equation II.7
In the approximation where total electron spin is conserved, JJ’
transitions at low energy must originate from spin exchange(or
s, changing collisions), since‘j,'jz and s are conserved (see
Appendix II). A very'crude estimate of the energy loss rate due

to JJ° transitions can be made by assuming the energies and

cross sections are independent of j and that ¢ . =q, =¢ (the
335 Iy X

spin exchange cross section for Ps scattering off 0,). Then it
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follows:
. _AE /kT
dE ~ DU[J“ c JAE'éa )
3?5 hVP Equation II-8
Substituting n = 10'%cm~3®, e, = 4 x 10°'" cm? (the spin

exchange cross-section defined as (28/7)eq, (See Equation AII.20)
where o, is the measured spin conversion cross section
(Klobuchar 1980)), T = 300°K, and AE = 2.5 x 10 %eV yields
dE/dtth ~10-7 eV/ns. Thus it can be negiected in comparison to

the rate of energy loss due to surface collisions.

I1-3.4 Elastic Scattering

The energy loss rate due to elastic s wave scattering at

incident energy E can be written (Mobley 1967)

éjg) = &S nuU 2 Ern,/%ﬂ Equation II-S
dt /el
where o, is the elastic s wave scattering cross section and

2Em/M is the mean energy loss per collision for Ps of mass n
scattering off O, of mass M. There is considerable uncertainty
in the value chosen for o, since the scattering at low energies
involves only one partial wave (see Appenix 1II). Thus the
elastic cross section can vary tremendously depending upon only
the s-wave electron spin quaktet and doublet phase shifts(see
Appendix II). For example the spin conversion cross section 1is
only 10-'® cm? -- about four orders of magnitude smaller the
phyical cross section. Howeger for the purpose of illustration
we chose g, =10"'®* cm? and n=10'? cm-3. One then finds

e

dE/dt)e‘~f1.5 x 10°% eV/ns which is the largest contribution to
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the energy loss rate due to O, but considerably smaller than the

energy loss rate due to the Si0, powder.

11.3.5 Conclusion

The presence of O, gas decreases the time required to reach
~ 0.03eV due to inelastic scattering processes, but has likely
has little effect at 1lower energies where s wave elastic
scattering dominates (provided the elastic cross section is not
much greater than 10-'® cm?). Since the "thermalization" time in
Si0O, powder at 121°K is primarily due to scattering below 0.03eV
it is unlikely that the presence of.Oz has a substantial effect

on this time.

I1-4 Quenching of o-Ps in Si0, Powder

Consider an ensemble of o-Ps in a powder at temperature T
with surface area A and free volume V- =(V - V,;;4y). In the most
general case, there exist both bound (binding energy B) and
free states. Let A and \g be the annihilation rates for o-Ps in

the bound and free states. These can be written

Ae v. 5+
Dp = ,AF + Ao

"

Equation II-10

where v, is the collision freguency with the surface, P, is the

q
probability for pickoff annihilation per collision, Ao is the
pickoff rate from the bound state, and )\, is the free
annihilation rate (7.056 ws-'). The bound state quenching rate,

xP, can be estimated from the lifetime of  o-Ps adsorbed on
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surfaces of silica gel. The observed lifetime of 30 ns (Chuang
1973)at 300°K corresponds to a quenching rate of Ng ~ 26 - T
Po can be estimated from the o-Ps guenching in Ar gas (due to

pickoff) as
P = & /8

Equation II-11

~

A

where 5o is the cross section for pickoff annihilation
(1.3 x 10°5 A2?) (Celitans 1964) and ¢ is the area of an Ar atom
over which the eiectron density is appreciable (assumed to be 10
A?), In completely dispersed SiO, powder at 300°K (35 A radius,
density = 0.056 g cm~®) where the entire surface area is equally
accessable to the Ps, v. = 6 x 10" ''s (according to Equation
AI.24). This yields v P, of .order 0.8 ws~' but must be
considered an upper limit on since clumping of the powder grains
into aggregates may increase the mean free path and decrease v .
This possibility will be discussed further in Chapter III.

The form of the o~Ps lifetime spectrum depends on how xBE
compares with wunity, where t is the mean surface dwell time,
evaluated in Appendix IV. If the surface bound Ps behaves as a 2
dimensional gas then t can be written:

t = 4Ae

Equation II.12
Py ?

where A is the thermal wavelength of the o-Ps, v is the mean o-
PS velocity, and P, is sticking probability on the surface. The
two 1limiting cases xBE >> 1  and xaf << 1 can easily be
evaluated, whereas the intermediate case IXBE ~ 1. 1is more
complicated and will in general not yield a decay spectrum which

is tractable.



19

IT-4.1 Special Case \g t << 1 (Adiabatic Approximation)

This is the only possibility considered in the 1literature
(Ford 1976). It implies that the Ps adsorbs and desorbs many
times before decay, leading to a single exponential decay
. spectrum, The _décay rate X\, 1is then an average of \g and Ae

weighted by the fraction of time spent in each state.
)\ﬁ = o('AB + O‘d> )F Equation II-13

where o is the fraction of time spent in the bound state. 1In
thermal equilibrium o can be expressed (according to Equation

AIV.15):

0( = l
-&s /kT E tion 1I-14
| + e Ve /AN quat

I1-4-2 Special Case A\, t >> 1 (Strong Collision Approximation)

This case has not been considered previously, but the
ensuing rate equations are well known from the trapping model
for positrons in metals (Brandt 1967). The assumption xpt >> 1
implies there is no desorbing from the surface before decay and
this leads to a decay spectrum which is a sum or difference of
two exponentials. This can be seen as follows.

Define n.(t) and ng(t) to be the number of o-Ps atoms in
the free and bound states respectively. The trapping rate on the
surface can be written v, P, , where v is the collision rate with

the surface and P, is the probability for trapping (or
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adsorption) per collision. It 1is assumed that the coupling
between a light atom such as Ps and the phonoﬁs at the surface
is weak so that P, << 1. This corresponds to trapping which is
transition rate rather than diffusion rate limited. ng and n,

then satisfy the following rate eguations.

N = —-AF’WF - )QAF; hF Equation II-15

Ny = - ABVWB 3 VL¥%JWF » Equation II-16

The initial conditions ng(t=0) = n, and n,(t=0) = 0 lead to

solutions

"(AF t V‘Pi-)t

= N,¢
ne () ° Equation II-17

“det (e +uR)F
neft) = %R n [e e J

AF“A9+W2V‘ Equation II.18

The decay spectrum will then be of the form

-A + —{)F+ R)&)f
ﬂ(‘H = nozr V. P e ? +_[1- Az Je ;
)_F”/\p T)&R /\F"Agf)/‘e Equation I1-19

This is the familiar two component solution derived by Brandt
(1967) for positron trapping in defects, except that in this
case g > kg + v P, leads to a difference of exponentials rather
than a sum.

In highly dispersed powders where v_ P, << [hg = x|
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-‘[Vca— +AF]-l—
n/%> o~ Ne &
-L Vo(P'E"’Pa‘) th]t
= nl,@

Equation II.20

Alternatively in highly compacted powders such as silica gel

where v. P >> |x_, - X\
c & 8 F

et

n(t) ~ n,e Equation II.21

The assumption X\ t >> 1 and the conseguences discussed
above agree qgualitatively with experiments on silica gel and
Si0, powder. In light SiO, powder, the guenching rate of o-Ps is
a linear function of v, (Gidley 1976) as given in
Equation I11-20, whereas in silica gel the quenching rate of o-Ps
is independent of pore'size (Chuang 1972) or equivalently, v,

as suggested by Equation 1I-21,.

I11.5 Effect of O, on the Quenching of o-Ps in Si0O, Powder

0, molecules in the gas phase are paramagnetic, possessing
two unpaired electrons. The conversion quenching of o-Ps with 0,

can be written

. _ O .
o—Ps + Oz‘_’ ¥ P5° * = Equation I11.22

Since p-Ps has a lifetime of only 0.125 ns, spin conversion
quenching is easily observable in the lifetime spectrum. At low
energy, the o-Ps =--> p-Ps conversion cross section can be

written (see Appéndix 11)
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A
6.=8 IL sintl Sj/z“ 5. ]

27 K Equation II-.23
where éf is the scattering phase shift for total electron spin
'S and orbital angular momentum 0, independent of the rotational
state of the molecule. The most recent room temperature value of
o, is 1.0 £ 0.1 x 10-'? cm? (Klobuchar 1980). The pickoff «cross
section with O, is of order 10-2' cm? (estimated from quenching
in pure N, gas, Celitans 1964) and can thus be neglected in
comparison with spin conversion cross section.

When O, gas is admitted 1into Si0O, powder, a certain
fraction will adsorb onto the surface. The adsorption of 0, on
Si0O, surfaces has been studied previously. The binding energy is
roughly 1100°K estimated from a BET (Brunauer-Emmett-Teller)
plot (Brunauer 1938) of the adsorption data. ESR data of H atoms
on the Si0O, surface in the presence of adsorbed 0O, indicate that
the O, remains paramagnetic on such a surface at temperatures at
least as low as 100°K (Surin 1973). Furtherhore, 0, adsorbea
onto the pores of silica gel at 300°K has been shown to be an
effective conversion guenching agent of o-Ps (Chuang 1974).

Thus when O, gas is admitted into the voids of §SiO;, the
free and bound annihilation rates of o-Ps must be modified from
those given in Equatipn II-10 to

: >\Oz _ chq + VL ésg h5 + éﬁj nj L):ﬂ + /io

F Equation II1.24

Vot = e F WSS ML+ LU ¥ A

Equation 1I1-.25
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where ¢° 1is the conversion cross section of free o-Ps with

9
adsorbed O, (surface density n ), %; is the conversion cross
section for free o-Ps with free O, (gas density ng), v, is the

velocity of free o-Ps, v, 1is the 2 dimensional velocity of

adsorbed o-Ps, %; is the 2 dimensional conversion cross section
for bound o-Ps with bound 0, (*SZZ), %OI is the velocity of free
0, and %; is the conversion cross section for free 0, with

bound o-Ps. When n 1is much less than the monolayer coverage,

L nﬁ(fﬂr

e

2o /T
) Equation II.26

where b = 1100°K is the O, binding energy on SiO, (see Equation
~ AIV-9). EqQuations I1I.13, I1-20 and I1-21 still hold as 1limiting
cases. For example, in highly dispersed powders where \g t >> 1

and v_ Py<<|\g -\ | Equation I1I1-20 yields

- 6_[V¢<PQ tR o+ 8 n,) + S NgUy +A ]t

Equation I1-.27
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CHAPTER II1 : TEMPERATURE DEPENDENCE OF CONVERSION QUENCHING OF

o-Ps BY O, IN Si0, POWDER

Conversion quenching of o-Ps by paramagnetic O, in gas
moderators at 300°K has been well studied experimentally. [See
for example (Klobuchar 1980)}. At 300°K the spin exchange cross
section for o-Ps + O, (defined in Appendix II as 27/8 times the
spin conversion cross section) is 2 x 103 times smaller than the
spin exchange cross sections for Mu + O, (Fleming 1981a) and H +
O, (Gordon 1981). The o-Ps spin exchange cross section with O,
( 4x10°'% cm?) is considered to be be anomolously low in
comparison with the physical cross section, being roughly 1000
times smaller. 1In fact, some early authors (Celitans 1964)were
convinced that quenching was not due to spin exchange because it
was so small. However, angular correlation measurements (Chuang
1874) and doppler broadening measurements (Kiefl 1978) discussed
in Section 1I-4 provide clear evidence that the quenching by 0,
in the gas phase is dominated' by spin conversion. The
temperature dependence of the spin conversion rate may help
improve our understanding of this very interesting isotope
effect.

In this chapter a positron lifetime experiment is described
in which the o-Ps + 0, --> p-Ps + O, conversion rate has been
measured from 121°K to 630°K using an SiO, powder moderator. The
results are pertinent to both conversion quenching of o-Ps with

O, and to the behaviour of o-Ps in SiO, powder.
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IITI-1 Experimental

A 3 uCi 22Na positron source, prepared from a NaCl
solution, wés dried and sandwiched between 1 ym nickel foil. The
source was embedded in SiO, powder (mean particle radius 35A and
density 0.056 gcm~?), sealed with a copper o-ring in a welded
stainless steel vacuum chamber (Figure III-1) and outgassed at
10-% torr for a period of 12 hours. This removes most of the
adsorbed H,0 from the surface (Cabot).

Provisions were made to input extra dry grade 0, gas
(99.65% O0,, 0.03% Ar, 0.05% N,, 2 ppm CO,, 20 ppm hydrocarbons)
via a gas handling system constructed from 1/4 inch stainless
steel tubing and stainless steel bellows valves. The O, pressure
within the vacuum chamber was measured with a Matheson absolute
pressure gauge accurate to *5 torr.

Two copper constantan thermocouples, inserted in stainless
steel wells (see Figure 1III-1), were used to monitor the
temperature and its uniformity (#2°K over the chamber volume).
The temperature was controlled to within +2°K over the range of
study (121°K to 630°K). The target chamber was cooled below
300°K by circulating cold N, gas around the vessel held in a
styrofoam cryostat, whereas higher temperafures were achieved
with heating tape. |

The positron 1lifetime measurements were made at TRIUMF
using the »*SR data acquisition system (see Section VI.1.2). The
time delay between the nuclear gamma (1274 KeV) from 22Na (see
Section .I-3.1) and the subsequent ©positron annihilation
radiation was measured with two 4 inch diameter by 4 1inch 1long

Nal detectors using a standard fast-slow coincidence circuit



26

To O, supply,
vacuum gauge and
vacuum pump

valve

copper
0-ring
topper-constantan /SiO2 powder
-~ - - _H
thermocouples | S ‘
. - {/C T\y"i‘ H .22 :
welded stom|esV - T ot Na™ positron
steel chamber P source
Scale em N
L s e ]
0o 5
Figure III«1 Apparatus for measuring o-Ps lifetime in

Si0, powder in an O, atmosphere.

(see Figure II1-.2). Timing information was obtained from the
anode output via constant fraction discrimination, whereas
energy (pulse height) information was derived from the dynode
output by passing the pulse through a spectroscopy amplifier and

" single channel analyzer. The ehergy resolution of these
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Figure III.2 Electronics and data acquisition system for

measuring o-Ps lifetimes.

detectors was 14% FWHM at 1274 KeV. A good event consisted of a

single start pulse consistent with a 1274 KeV » ray and a single
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stop pulse in.the energy window 400 to 450 KeV, both within a 2
#»S gate. The time interval between the start and stop pulses was
digitized with an EG&G TDC100 clock. The overall timing
resolution was 5 ns FWHM as determined with a ®°Co source
(which produces two virtually simultaneous » rays at 1170 and
1330 KeV). The energy window for a good stop was chosen below
the 511 KeV photopeak (due to 2y annihilation) in order to
increase the sensitivity to o-Ps decay which has a continuous
annihilation spectrum by virtue of its 39 decay (see Figure
I-1). However, due to the poor energy resolution. of these
detectors and the Compton scattering of 511 keV gammas, the stop

detector was still sensitive to some 2 gamma annihilations.

I11.2 Procedure and Results

Lifetime spectra consisting of 100,000 events were
collected for at 1least five O, pressures at each temperature.
Figures III.3 ka).& (b) show the effect of O, on the 1lifetime
spectrum of o-Ps in Si0O, powder. The prompt annihilation is due
to free e*, p-Ps and o-Ps within the powder grains, whereas the
long lived component is due to o-Ps in the void regions of the
powder., Good fits were obtained assuming a single exponential

decay rate

-3t , -

N&) = N, e T Bg Equation III-1
over the fitting range 30-500 ns, where N, is the normalization,
A is the o-Ps decay rate, and Bg 1is a time independent
background. Figure 1III1.4 shows two sample plots of X\ as a

function of O, concentration (in the gas phase) determined from



29

100000 ¢ T l | T T | 3
10000 .
(a) [ .. ]
L e, 4
-a-.,'-‘
1000 £ ... =
100 i L L L 1 1
-100 0 100 200 300 400 S00 600
TIME IN NSEC (S NSEC/BIN)
100000 ¢ | | T T | | 3
10000 .
. o F ]
(b) = i ]
=2
D 'e
o 1000 ¢ - E
100 1 ! T ey Tt it e
-100 0 100 200 300 400 S00 600
TIME IN NSEC (S NSEC/BIN)
Figure III-3 (a) Positron lifetime spectrum in evacuated
Si0, powder at 295 °K. (b) Same with O, gas density of
10'%cm- 3,

the pressure. Good fits were obtained at all temperatues
assuming a linear dependence. The slope of each line gives the

total conversion rate constant k® defined from
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)\ = \(C hs + A(ﬂfo) Equation III-2

This rate constant k° is plotted in Figure III:5 as a function

ZJ -]
(|
)
2
P —
5 | ] L1 | !
0 2 4 6 8 10 12 14
0, CONCENTRATION (CM™ X 10™ )
Figure 1II-4 Decay rate of o-Ps versus O, concentration

(na) at 295°K and 632°K.

of temperature. The data points are given in Table III.1,.
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Figure III-5 Conversion rate constant versus temperature
in an Si0O, powder moderator. Note there is no observable
dependence on powder density.

I1II1.3 Discussion

It is clear from Figure I1I1I.5 that the rate constant, k° ;
is 1independent of temperature below 450°K. This may seem
surprising if one expects the adsorbed 0, to play a role in the
guenching since there is a large variation in adsorbed O, in thé
range 121 to 450°K., For example, at a gas density ng = 1019
cm-?, the density of adsorbed 0,, (according to Equatioh I11.26)

varies from 2 x 10'' em- 2?2 at 450°K to 2.5 x 10' ecm-2 at 121°K.,.

If one assumes that a o-Ps adsorbed on the surface behaves as a
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Table III-1. O, Conversion Rate Constant Versus Temperature

Temperature Conversion Rate

Powder Density
Constant
(?K)% 2 (107%em?s™) (g/cc)
645 1.68t0.04 0.056
636 1.75%0.05 0.161
530 1.34%0.04 0.056
422 1.22%0.05 0.056
290 1.26%0.05 0.056
290 1.23%0.04 0.161
183 1.18£0.04 0.056
121 1.29£0.05 0.056
116 1.22%0.05 0.161

(rkT/2m)* and

2 dimensional gas atom with surface velocity v,
that the 2 dimensional conversion cross section scales with the
3 dimensional conversion cross section (¢, ~ %;% ), then the
abéve 0, surface concentrations correspond to XB( “35‘;ns) of
order 10 ws-' and 10°® ws-' at 450°K and 121°K respectively. The
observed quenching rate at n, = 10'® cm?® is only 13 ws-! and
independent of temperature.

However, the data are totally consistent with the "strong

collision" model assumptions X\gt >> 1 and v, P, << |xg =~ X

g Tl

described in Section 1II.5, which lead to a single exponential

decay rate

)\: dﬁjc Uanj + ésg y(, ﬂs t ya(P-t‘f'Pq) +/\°

¢ < 2 \% b/kT P)
= ) Baa UL + &8 Vo.b_. )Ze + V‘ZPt—-* 4 + Ao
[ 99 Y3 < {zmT th

Equation III-.3

Note that in this limiting case X\ is linearly dependent on n, at

3

low surface coverage and independent of xé(the bound state
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annihilation rate), as observed. The essential point is that \g
is sufficiently large that once the o-Ps 1is adsorbed on the
surface it 1is 1lost from the Ps ensemble, independent -of
precisely how large \g is.

The third term in Equation III.3, v (P +P

, (B, +P, ), due to

.quenching by the SiO, alone, is much less than 1 ws-', since the.
decay rate with no O, is close to the free decay rate at all
temperatures (see for example Figure 1I1I1.4). The first term
(%; Vﬁnﬂ) is the conversion rate in the gas phase, whereas the
second term (Q; v, n,) is the conversion rate due to free o-Ps

'colliding with adsorbed O,. The total conversion rate constant,
k®, (the term in square brackets) was observed to be independent
of powder density for the two densities studied (0.056 gcm-* and
0.161 gecm-3). Since v, differs in these two powders by a factor
of approximately 2.5 (see Appendix 1), this implies that the

conversion rate of unbound o-Ps by gas phase O, is much larger

than the conversion rate of unbound o-Ps‘by adsorbed 0, (i.e.:

<< = © ° is
v, n, %M‘%IE)' 1f one sets % ~ S then at 121°K this

<

dsj
reduces to

-5
d > ns/ng =25 xI10 em

Equation III-4

where d=vy /v, is the mean free path between surface collisions.

While not in accord with d = 0.6 x 10°® cm, calculated from

Equation AI-24 in Appendix I for the higher density powder, the

above limit is still quite reasonable since Equation AI.24 is

~ based on the assumption of spherical particles evenly

distributed in space, and therefore represents only a lower

limit on 4.



34

III.-3.1 Thermalization

There are at least two factors which indicate that the o-Ps
is not thermalized below 450°K.

1. The rate constant k° ~ ¢f v, is independent of T
below 450°K. This is easily explained if v  does
not change below 450°K. Thevalternative explanation
is that o, varies as 1/(T)” below 450°K. There is
no theoretical justification for this. Calculations
of the spin conversion cross section of o-Ps by H
atoms (Hara 1975)indicate that the conversion cross
section is only weakly dependent on energy below
thermal energies. This would give rise  to a
conversion rate constant proportional to (T) if
the o-Ps is thermalized.

2. The rate constant o, vy; at 300°K (1.2 # 0.1 x 1012
cm3s-') 1is substantially higher than the rate
constant of 0.8 + 0.1 x 10°'2 cm?s-' measured at
300°K in an Ar moderator. It is worth pointing out
that the spin exchange cross section of Mu+0, is
the same in Ar gas and powder moderators (Marshall
1878). In these experiments the Mu is known to be
thermalized (see Section V:2).

A possible explanation of why the o-Ps may not thermalize
as indicated in Section I1.2 has to do with the assumption that
the entire surface area 1is equally accessible to the Ps.
According to the manufacturer (Cabot), the primary particles
( 35A radius spheres) are fused irreversibly into large
aggregrate structures with dimensions as large as 20000A. These
aggregrate structures are mechanically entangled into
agglomerates, which support the 1large free volume associated
with the powder. A very 1light atom such as Ps has a thermal
wavelength of 60A at 450°K, which is of the same order as the
spacing of the primary particles in the aggregrates. It is
conceivable that at lower températures the Ps scatters primarily
off the surfaces of the aggregrates, thus 1increasing the mean

free path and thus the thermalization time by a large factor
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(~102 or more). This large increase in the mean free path could
also help explain the independence of the rate constant on
powder density. One implication of this hypothesis is that the
observed quenching rate in evacuated SiO, is not purely due to
pickoff annihilation as previously suggested (Ford 1976), since
decreasing v, by a factor of 100 implies this raté is only of
order 0.008 ws~' (see Section II-4). The observed quenching rate
would then correspond primarily to the trapping rate on the
surface (see Equation 1I1I.20)., This might be tested at low
temperatures by depositing a film of He on the surface. This
would most likely eliminate the possibility of trapping since Ps
is not 1likely bound to such a surface. Such a medium might be
ideal for determining the vacuum decay rate of o-Ps, a subject
of great interest since it provides a test of quantum

electrodynamics.

II1-3-2 Anomolous Spin Exchange in o-Ps + O, Scattering

At low energy, the spin exchange cross section of o-Ps off

a 2 electron molecule can be written (see Appendix II)

3/ '/2
dex = I s>l go - go J Equation III-5
kz
where 631z and 6:i are the spin guartet and spin doublet phase

shifts for elastic s wave scattering off the isotropic part of
the molecule-atom interaction and independent of the molecular
rotational state. The small spin exchange cross section for Ps +
O, compared with the physical cross section and those of Mu + 0,

and H + O, at 300°K can be explained qualitively as follows. 1In
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the case of Mu + 0, and H + O, at 300°K there are many partial
waves which contribute to both elastic and inelastic séattering
involving rotational excitation. In the case of Ps + 0, at
300°K, these inelastic channels are closed along with any non-s-
wave scattering. Thus only in the case of Ps + O, scattering
‘does the spin exchange cross section depend on only two phase.
shifts. This may lead to a small spin exchange when 6Zh‘6}ba—nn.
This is somewhat analogous to the Ramsauer Townsend effect 1in
low energy positron (electron)-atom scattering, where a
cancellation in the s wave contribution leads to a very small
eleastic cross section.

The increase in the conversion rate constant above 450°K
may partly be due to the increase in the mean thermal velocity.
There is also indication that ﬂ% increases with temperature. The
room temperature value of ﬂ% (1.0 £+ 0.1 x 10-'% cm?), obtained
using an Ar moderator (Klobuchar 1980), is slightly 1lower than
ogy @t 540°K (1.3 % 0.1 x 107'? cm?) and @% at 630°K (1.5 * 0.1 x
10-'® cm?), obtained from the present data using an Si0O, powder
moderator. Thié increase in ﬂ% could be the result of a small p-
wave contribution expected at higher temperatur%s, or possibly a

weakening of the interference between qQquartet and doublet s-wave

scattering.



I11-4 Summary and Conclusions

The conversion rate constant with O, in Si0O, powder
has been measured over the temperature range from
121°K to 630°K. Below 450°K, the conversion rate
was observed to be independent of T. There are
indications that the o-Ps does not thermalize at
lower temperatures, possibly because of large mean
free path resulting from clumping of the powder
grains. The conversion cross section measured at
530°K and 630°K is slightly higher than previously
measured at 300°K in gas moderators.

The anamolously low spin exchange cross section of
o-Ps in O, 1is explainable in terms of the s-wave
nature of low energy Ps scattering caused by the

isotropic part of the Ps - O, interaction.

37
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CHAPTER IV : MUONS, MUONIUM AND 'SR

Unlike the positron, the existence of the muon was not
predicted theoretically. It was discovered 1in cosmic ray
.experiments (Anderson 1937, Street 1937) in a search for the
pion, a particle predicted by Yukawa to explain the nuclear
force. Muons can be considered heavy electrons, having a mass of
103 MeV/c?, rouéhly 200 times that of an electron. They are spin
1/2 particles, and come in both positive and negative charges.
As in the case of electrons, they do not participate in strong
interactions. The magnetic moment of the muon is very close to
eh/qnc, as predicted by the Dirac equation.

Muon decay was one of the first experiments to show that
parity is violated in weak interactions (Garwin 1957, Friedman
1957). Not unexpectedly, the positive muon may capture an
electron to form the H-like atom called muonium or Mu. The first
observation of Mu was made by Hughes et al. (Hughes 1960). The
properties of muons and Mu atoms are of tremendous importance in
physics since they provide an almost ideal testing ground for
electromagnetic and weak interaction theories (Hughes 1977).

i The advent of the "meson factory" 1in the 1970's has
revolutionized muon physics by providing intense - beams of
polarized muons for experimental study. Apart from 1its
fundamental role in particle physics, the muon has become a
useful probe 1in nuclear physics, solid state physics and
physical chemistry¢ Negative muons can be used to probe nuclear
structure because their atomic orbits overlap the nucleus.

Positive muons have been employed primarily as magnetic  probes
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in solid state physics. The Mu atom (s*e”) 1is of special
interest in physical chemistry because it can be considered a
light isotope of H, the muon having 1/9 the protdn mass.

A description of the Muon Spin Rotation (ufSR ) technique
would be incomplete without first discussing the source of
'polarized muons and the properties of muon decay. These are.
briefly presented in the first two sections of this chapter. The
#»*SR technique is then explained with emphasis on the transverse
field technique. The basic types of spin relaxation for Mu are
then introduced. Finally, the form of the »*SR spectrum is

derived.

IV-1 Source of Polarized Muons

Intense beams of medium energy protons (~100 wA at 500
MeV), incident on a suitable production target, are currently
being used at meson facilities such as TRIUMF, SIN and LAMF as a
source of n mesons -- the "nuclear glue" particles. The most
- common source of polarized muons is from weak decay of n's

+ +
il — o F 7

- - +.\7
T E/M 2 Equation IV-1
which have a free lifetime of 26 ns. The massless neutrino obeys
a two component Weyl equation

__g-};‘lv/a> = \Flcl\}'>

Equation IV-.2

5.5 V%> = |ple >

and is  thus an helicity eigenstate. Conservation of energy,
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total angular momentum, and linear momentum reqguire that the ¢
is an helicity eigenstate and monoenergetic at 4.2 MeV in the
rest frame of the nf. A secondary beamline, consisting of 1large
dipole magnets(for momentum selection) and quadrupole magnets
(for focussing), is used to transmit charged particles from the
production target to the experimental area. The muon helicity
remains virtually unchanged during passage through this beamline
since the cyclotron frequency for a muon in a magnetic field of
strength B (qB/(ch)) and the precession fregquency (qg,B/(Zqﬂc))
are almost the same (g;~2). The first stopping muon channels
were designed.to collect backward decaying muons from pions in
flight. These types of <channels result in a relatively high
energy muon beam, ~50 MeV, with polarization ~0.8. Recently; it
was discovered (Pifer 1976) that a flux of #* can be obtained
frﬁm n* decay on or near the surface of the production target.
The technigue of producing highly polarized intense fluxes of
these surface -muons was subsequently developed and exploited at
TRIUMF (Oram 1981). The muons have energy 4.2 MeV and are almost
completely polarized because the pions are at rest in the lab
frame. Surface muons are particularly useful in ¢*SR experiments

because of their low energy and high polarization.
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IV.2 Muon Decay

Muons decay via weak interaction into an electron and two
neutrinos with a lifetime of 2199.4 ns (Wu 1966).
M e e b
T F Y. F %Q | Equation IV-3

The decay properties of muons are described well by a current-
current interaction of the following form

Hy = _@{,[ (%;YFC\—Y5>%J[(EYFQ'7@>%¢] t+ J’?ermi“[’tdn conJ'uﬁque
2% <

B

. Equation IV-4

(Williams 1971), where I is a constant, the ¥ and the i, are
the field operators for lepton 2, +f are the Dirac matrices, and
p 1is a summation index. Each term in sguare brackets has a
vector - axial vector (V-A) form. The product terms involving
vector and axial vector components are pseudo-scalars, and thus
connect states of opposite parity. Non conservation of parity,
simultaneously discovered by Wu (1957) in the beta decay of
nuclei and by other groups (Garwin 1957, Friedman 1957) in the
very muon decay process now being. discussed, leads to an
asymmetric muon  decay, depending on the pseudo-scalar
<g”>.n,, where <&*> 1is the muon polarization vector and n. is

the positron momentum direction. More specifically, the energy

angular distribution of the e* can be written

& W 1 £ D) <34 - An)]

Equation IV.5

wvhere o = E/E,,, 15 the positron energy in units of Eny, = QA/Z.
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Figure IV-1 shows the decay parameter C(w) and D(w). Note that

1.0
o5k Clw) —
- D(w) -
1 1 | 1 ]
0] 0.2 04 0.6 08 1.0
w = E/Emax
Figure IV-.1 Muon decay parameters C(e) and D(e).

the asymmetry changes sign with energy and that the distribution
of positron energies, C(v), is weighted towards E. . The

average of C(w)+D(w) is theoretically 1/3 and has been measured

to be 0.324 + 0.004 (Cronin 1968).

IV.3 Muon Spin Rotation

The techniques of muon spin rotation (#*SR ) involve
measuring the decay rate of the muon in a particular direction
as a function of time after the muon arrival in the target. In a
typical #*SR experiment, the muon arrival is signalled by one or
more scintillation counters and its decay by the passage of a
high energy positron through a pésitron telescope, consisting of
two or three scintillation counters with some absorber acting as

a range filter. The histogram of time delays between these
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events (the u*SR spectrum) has the following form (for u° decay)

N () = Ny () Saw eto) ( 42 cpod 1+ DS -RR)] + By
° JT4m ‘

Equation IV:6

-t/ .
{where Nﬂ#t) = N e 7 is the total number of muons in the

ensemble at time t, 7, is the »* lifetime,e(w) is the efficiency
of the positron telescope for detecting a positron of energy o,
n° is the solid angle subtended by the positron telescope, Bg is
a time independent background, and <& (t)> is the muon
polarization vector (which, 1in general, 1is time dependent).

Carrying out the integration yields a spectrum of thebform
-'t"/?’ > A
N_Q (i) = Ng e '/[ [ A(é/ﬂ(ﬂ>'m.} t gﬂ Equation IV.7

where m 1is the direction of the positron telescope, N, is the
normalization, and A, is the maximum possible asxphetry. In a
typical »*SR apparatus, Ao~ 0.3 and Ny,/N~0.03. It is clear from
Equation 1IV:7 that the »*SR spectrum allows the experimenter to
measure the time evolution of the muon polarization vector
<g#(t)> -- both its magnitude and direction.

In transverse field 4*SR , é magnetic field is applied
perpendicular to the initial muon polarization <¢/(0)> , and the
positron telescope direction m. As might be expected, the muon
polarization precesses about the applied field direction, giving
rise to oscillations in the »*SR spectrum. The time evolution of
<g”(t)> for free muons and Mu in a transverse field will now be

derived.
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IV.3.1 Free Muons in a Transverse Magnetic Field

The spin Hamiltonian for an isolated muon in a magnetic
field B along the 2 direction is
M - Yy A” A A
H = h ws. 8" = hw 55 Equation IV-.8
2
where & = g eﬁ/zgkc, 9.~ 2, m, is the muon mass, and &~ are

Pauli spin matrices. The energy eigenstates are then |e;> =

|6, =1> and |e,> = |o, =-1> with eigenvalues *hu//2 respectively.

If the muons are initially in a pure state

| W)y = [8x=17

+ | &
[ €. z>>] ‘ Equation IV.9

=

L
Uz

then the corresponding density matrix at t=0 is

plo) = \ Yo YD < W) | = _L[ ev<e,] + 154 |

tolev<e) + [er<e! j Equation IV-10

In matrix notation

. [z
fi

L
p

€L
2z
—L -
2 Equation IV-11

The density matrix at a later time t 1s glven as

] LH 4 L Ht
.. - £ é: o\ e [ €;
(1) = <ecle” o i
—é-(e\! -—é‘\
= C _I‘LUAIL
4 1L e
= 2 2
e
-211'6 Ji Equation IV-.12
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The time evolution of muon polarization vector is most
easily evaluated in terms of the expectation value of ¢/* = gﬁ
+ iaf, twice the muon spin raising operator. It is clear <¢[> =
Re<e” "> <¢/'> = Im<¢”'> and <¢/'> = 0. In matrix notation,

5.’5 ﬂ* = ®) 2

o 0 Equation IV.13

It immediately follows from
LM T 1 VHW<5A+]

fwt Equation IV.14
€

i

{l

that

(X)) = coswHt
< & (H)> = sin w* Tt Equation IV.15

Thus the polarization vector rotates about the applied field

direction at a single freqguency, o4 as expected classically.

IV-3.2 Free Muonium in a Transverse Magnetic Field

The spin Hamiltonian for an isolated Mu atom in a magnetic
field along the 2 direction can be written

B hwe 845 4 nwr S Fwee 3
g ya Z

Equation IV-.16

The first term is the hyperfine coupling between the muon and

electron. In the ground state, wo/2n = 4463.302 MHz (Casperson

1975). The 1last two terms are muon and electron Zeeman

interactions with the applied field. 1In the Iq: c; > basis,

where o and g refer to +1 respectively,



\é\7" = \OKDK>

| €, = sing ldp?
| €37 = ]PP>>

| €47 =

with corresponding eigenvalues

& /m = w. + W
i
R = -We (W
L,l
&l = —wW. + W
Lf
eﬁlt\ :'"_% —-<U)1-—
L/
where
Sin = L | — X
= £l
X = 2(_/0__{— = B/B
W

where B,=1585G and

wy = Be (gn
4c Wi

t’_fii)

Me

t cose lF»o(>

cos¢]xp> - singlpad
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Equation.IV-17

Equation IV.18

Equation IV.19

Equation IV.20

Equation IV.21

These are the familiar Breit-Rabi energy eigenvalues for the H

atom(see for example Brewer 1976).

Consider a muon initially polarized along the X direction,

which captures an unpolarized electron at t=0. The resulting Mu

Sstate is a mixture of the two states
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Ta o) = & [y + lpe>]
= J\Fz[ e,y + cosp eV - Sl’ﬂ¢l€.>]
Y (o) = L [1ep> +1pp>]

\l

#ii:l63> + SWWT’6>> + CO$¢l6q>].
Equation 1IV-.22

The corresponding density matrix at t=0 can then be written

plo\ :izl q’ﬁ[o)><,‘f’ﬁ(b>| + L RACINAY ‘ﬁ;o)] Equation IV-.23

In matrix notation,

E;J(oj: <€ | {D(D\ }éJ'>

ST 1 st o -sino]
i 7 | y
€cO5¢ AL !
o 7 ad .o
) sin N cos
~sing o €os L
| 2 7]

Equation 1IV-24

The time evolved density matrix S My
iy i
h ' .
Dij (£)= <egile olo) € L& >
= & ?‘J (05
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- I'w:zt . l.w;q 't" ]
- L cos@ e o -snfe
= 4 1 7
-t w‘;f . l. LO;;+
Qe € sinPe o
Y y
. —-iwl.ﬂ :'u),qt
O smPe 4 osge
y ! 4q
. ._l'u),.,-t. "iu)",t
“sinfe o) cosge L
1 z
L— —
Equation IV-.25
where huﬁ = €. - € -

As in the <case of the free muon, it is sufficient to
evaluate the expectation value of ¢#*, twice the muon spin
raising operator. It is easy to show

1 - + .

cff{ = el s €, >
= B O _ O O O
2005 ¢ o o ©
o 2¢05¢ o 2050
-2 cowp [®) @] O ]
Equation IV-.26

It follows immediately from
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<&y = Trl g(ﬂ o’/‘“]

’.wIZ{ .2 ’.wz}_t—
=J_[coaq>e t singe
- P Wet f
+ Sin (f@ + o5 4)6 ]

Equation IV.27

that
<5:> ’-L{C0$?C03“Mt-fsww?cosu%3f

+ s/n cpcosu),ﬂ’ + cos¢w5w3‘/—é ]
L&D = JiLcOszqo snWet + 3 @ sin Wyt
. , ,

F osInNp sNW,t — 0P sinwsT |

Equation IV.28

In 1low fields x << 1 or B << 1585 G, the period of the w,,
and w,, frequencies is of order 0.225 ns and 1is wusually not
observable with a typical «*SR apparatus, where timing
resolution is ~1 ns. Thus half the muon polarization in Mu is

. . . M
not observed, and the remaining two terms in <g;> can be

expressed
CAD =L {( s ‘_X”x )-‘a> cos[(w.-5s21)t "I]
+ ( 7 cosl (w-+JDt :I~J }’ Equation IV.29

L+x

e
L= WamWa = We [G+xD -] .
. - Equation IV-30

In very low fields, < ﬁOG, where Q}, << (t” =2.2 us 1is the
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muon lifetime) the splitting is negligible and the expression
simplifies to

<éx>'= —17: cos w-t Equation IV.31

where o_=B-1.40 MHz-G~' from equation IV.21.

IV-4 Mu Spin Relaxation

When muons are stopped in matter as bare muons or Mu, the
free Hamiltonian 1is perturbed by the surrounding medium in
various ways which lead to decay of the muon polarization <g“> .
Much of the interest in w*SR is focussed on the spin relaxation
of muons (Mu), since this yields information on muon (Mu) + host
state. So far as spin relaxation is concerned the bare muon is a
pure magnetic probe, sensitive to the 1local magnetic
enQironment. The muon in a Mu atom is strongly coupled to the
electron, whose magnetic moment is 200 times larger. Its
response to the local magnetic environment are indirect but in
general 103 times faster than the bare muon (due to the faster
precession frequency). Muons in Mu atoms are also sensitive to
electric fields since 1in general these will alter the muon
electron coupling and thus the precession frequencies of Mu. The
information obtained from «*SR of Mu atoms is similar to that
obtained from ESR of H atoms. There are four basic mechanisms by
which <5”(t)> of Mu decays in a host . |
Random local magnetic fields.

Random anisotropic distortion.

Spin Exchange reactions.
Chemical reactions.

°

o wWwN -
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IV-4.1 Random Local Magnetic Fields (RLMF)

"Consider a Mu atom at position Ity in a host containing
magnetic moments at positions t,, f, ... f,. The free spin
Hamiltonian for Mu must be modified to include the dipole-dipole
coupling between the Mu and the host moments. The perturbing

interaction can be written

HYP = S BuR)-{ quends geeh o)

t 4 W C Gmec .
Eguation 1IV.32
where ,
B. = §3iet“ ( &' - 3T I' -5y )
| _— > =z
gmc lim Tim

s F-T
Fim ' M Equation IV.33

is the magnetic field at the Mu site due to the moment at r-

L
(Abragam 1961). Thus the effective field at the site of Mu atom

\:ge_ﬁc = BQ?'P[.'&J T AB‘“P Equation IV.34.
where AQ&? = ?E(

In a lattice where the host moments are fixed and
unpolarized, Aﬁgé is randomly digtributed about =zero, giving
rise to a broadening in the Mu frequencies, or (equivalently) a
decay of the muon polarization amplitude. A specific example of
this will be given in Section V.4, If Aﬁ@k is flucuating quickly
due to motion of the Mu or the host moments, this tends to
average the perturbing field so the Mu atom sees the average

field. This phenomenon 1is commonly referred to as motional

narrowing.
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IV.4.2 Random Anisotropic Distortion

Consider a Mu atom localized at a site © in a lattice. The
ground state wavefunction may be perturbed by the lattice,
altering the hyperfine 1interaction between the muon "and

~electron. This perturbing interaction can be expressed
thf = gﬂ_ﬁ.ge .

Equation IV-35
where A isa 4 x 4 tensor: In the case of an 1isotropic
perturbation (i.e.: 2 = tAawol), the energy eigenvalues and
eigenstates are identical to those obtained in the free Mu ﬁase,
except that the hyperfine splitting is modified to h(uwo+tauwe). In
the general case the perturbation is anisotropic and <g¢{(t)> has
six frequencies corresponding to all possible wu;, even 1in zero
applied field. Three of these (of order w,) are not normally
observed because of their high frequency. All of them may depend
on the orientation of the 1lattice with respect to the muon
polarization. Zero field oscillations of Mu have recently been
observed in single crystal SiO, below 50°K (Brewer 1981). 1In
fused Si0,, the orientation of the lattice with respect to the
initial muon polarization is random the anisotropic distortion
causes spin relaxation. As in the case of random local magnetic
fields, rapid motion of the Mu atom leads to an averaging of the
distortion over many sites, and a subsequent weakening of the

relaxation,
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IV.4-.3 Chemical Reaction

A Mu atom may react chemically with a molecule to form a Mu
compound. The magnetic environment of the muon changes
dramatically at the instant of formation (except if the Mu
compound 1is a radical in which the muon electron coupling is
almost the same as for Mu), so that the muon spin vector quickly
falls out of phase with the remaining members of the Mu
ensemble. In the gas phase the Mu relaxation rate can be written
oy v, where ;d\ is the cross section for the reaction, v is the
mean thermal velocity of Mu and n 1is the concentration of

reactant.

IV:.4-4 Spin Exchange

As in the case of Ps, the z component of the Mu electron
spin is not a conserved gquantity in collisions with paramagnetic
molecuies such as NO (s=1/2) or O, (s=1). This leads to
hyperfine transitions of Mu which result in a loss of coherence
of muon spins. The relaxation rate for Mu due to spin exchange

can be written

V= T lewvn /2 Equation IV-36

where o, is the spin exchange cross section defined in
Appendix II and f 1is a constant depending on the spin of the
paramagnetic molecule (f = 3/4 for NO and 8/9 for O,, Fleming

1981a).
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IV-5 The »*SR Spectrum in a Transverse Field

It is clear that the precession amplitudes Au, and Ap, for
muons and Mu in matter have some time dependence due to
interaction with host. Let the time dependence be represented by
- the functions R,,(t) and Rm(t) with R,,(0) = Ry, (0) = 1. Then
the &SR speétrum in a moderate transverse field for a positron
telescope in the % direction can be written, 'using Eguations

IV-7 and 1IV-29,
-t /%

Vi = Nee LU Sub)t Sult)]

Equation IV.37

where

>

Mu Kult ) {(os?cp co>[(w,-)2)f-%f]+5m7¢ Co&[(u).ﬂl)f‘ll_j} :

Suh -

Su ) =

v P

Equation IV.38

The spectrum for a telescope in.any direction in the plane of
precession differs only by a phase factor. In very weak fields
(< 10G) one may use Equation IV-.31 instead of Equation IV-29 so

that

Sy ) = An, Ry, [t) cosw-t
)

Equation IV-.39
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CHAPTER V : MUONIUM IN INSULATING POWDERS

Mu precession has previously been observed in several oxide
powders such as SiO,, Al,0, and MgO (Marshall 1978, Kiefl 1979).
.As in the case of Ps, a fraction of the Mu emerges into the void
regions of the powder. This has been verified through the
introduction of paramagnetic O, gas, which rapidly relaxes the
Mu in the voids through spin exchange at a rate consistent with
that measured in an Ar or N, gas moderator.

As a prelude to the experimental results on Mu in fhese
oxides at low temperature, this chapter deals with the
formation, thermalization, and spin relaxation of Mu in these
highly dispersed media. The form of the relaxation function

RH“(t) will be derived under various experimental conditions.

V+«1 Mu Formation

The thermalizétion and neutraliiation'of energetic positive
muons 1is a complicated process, especially in condensed matter
or a powder. As in the case of Ps, epithermal,spur and surface
processes can result in Mu formation. However, recently it has
been shown that Mu formation is unaffected by the application of
én electric field in bulk SiO, and.sevéral hydrocarbon 1liquids
(Ito 1981). This is in contrast to the case of Ps, where such a
field inhibits combination of e* and spur e~ (Ito 1979). These
results weaken the spur model hypothesis for Mu formation, at
least in these cases.

The problem of epithermal Mu formation can be formulated as
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follows. Define f;(E t) to be the fraction of muon ensemble in
charge state 1 at energy E and time t. Ignoring double charge
exchange [valid below 10KeV for protons (Tawara 1973)] the £.'s

(8

obey the followlng coupled integro- dlfferentlal equations

3{ - -t +)§[t,(Ef Y+t,(EE )]JE’ +f[f,,(es V(') + LAEE) T.E' ) dE
.t

Equation V-1

o, -
2t

+°§[ tlg'ﬁ)foég}) L EBRED + T,EBVf (E]dE

[+

F(ED [Tt EY) 1 AlEE) + holEE)] dE

Equation V-2

AT (Eﬂ Yt EE )+ T (EE V] dE+
ot

5[ t (EE)VEEY) + t (Fe)Vfe'y)] dE!
Equation V-3

where tﬁ(EE’) is the transition rate between a muon in an
initial state of energy E, charge i and a final state of energy
E° and charge j. It 1is generally accepted that most of the
charge exchange occurs in the 2 KeV to 20 eV region, where the
muon has a velocity comparable with the valence electrons in
most atoms (Fleming 1981b). At thermal energies, charge exchange
may be energetically forbidden. Since the thermalization time in
condensed matter is estimated to be of order 10-''s (Brewer
1875), all the charge exchange occurs much too fast to be
observable via the ,*SR technique (timing resolution 10-% s).

The observable quantities in a *SR experiment are the Mu
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fraction R (t) and the diamagnetic fraction gﬁ(t) where

Frdt) - J5,E4) dE

Equation V-4
Felt) = JIfen« £ (D] de

Egquation V.5

The Mu- ion is difficult to distinguish from a bare muon with
the #»*SR technique, since the time evolution of the muon
polarization is virtually the same in both cases and thus
contributes to the diamagnetic fraction.

In principle, 1if the transition rates tU(EE’) are known,
one can solve equations V-1, V.2 and V.3 and predict Fp, @nd
Fy.. However, in general, they are not easily measurablé or
calculable. This is why Mu formation in condensed matter has
remained somewhat of a mystery.

Mu precession has also been observed in bulk samples of MgO:
and SiO,. Longitudinal field measurements indicate that it is
also present in bulk Al,0; (Minaichev 1970). The Mu formation
pfobability is not positively correlated to the degree of
aggregation of the oxide, suggesting that Mu formation ié a bulk

rather than a surface phenomenon.



58

V+2 Mu Thermalization

Below the lowest electron excitation energy"of a non-
metallic medium (or of Mu, whichever is smaller), Mu must lose
energy through excitation of léttice vibrations (phonons). Once
thermalized, it diffuses through the lattice at a rate which is,
in general, strongly temperature dependent. At very low
temperatures, the Mu atom may become trapped in the lattice for
times greater than .the muon lifetime. Trapping of H atoms in
bulk insulators has been observed in many ESR experiments (Foner
1960, Weil 1981).

The process by which Mu eventually reaches the interstices
of oxide powders 1is not <clearly understood. In the thermal
diffusion model, Mu thermalizes within the grain and then
proceeds to diffuse to the surface where it is ejected into the
voids, presumably because of a negative work function at the
surface. (Such a work function might arise from the lattice
distortion induced by an interstftial Mu atom). This model has
been used to explain »*SR results from SiO, powder (70A and 140A
mean diameter) at 300°K. (Marshall 1978). There is no indication
that the Mu reenters the powder grains, suggesting that the work
function at the surface is much greater than 300°K. However, the
assumption that all the Mu initially thermélizes within the
grains may not be valid at all temperatures and under all
conditions. A large work function at the surface, the small
pargicle size and the 4presence of a buffer gas in the
interstices may favour direct thermalization in the voids. The
motivation for introducing this model is provided in Chapter VI

in light of the experimental data on Si0O,, Al,0, and MgO powders
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in a He atmosphere at 6 °K. Its feasibility is qualitativey
demonstrated in Appendix III. .

Once the Mu reaches the voids with an energy less than the
work function _at the surface, it will thermalize via phonon
excitation during collisions with the surface or by scattering
"off a buffer gas, if present.

The thermalization of an atom in a powder is treated in
Appendix I, using the 1-dimensional Devonshire theory for gas-
surface interactions. In this approximation, the time required
for 1eV Mu (8600°K) to reach 35°K in Al1,0, at 7°K (SA = 220
m?/g, » =0.56 g-cm~?®, 6, = 880°K and Morse surface potential
parameters a ;0.5 A-', D=0) is 40 ns, with most of the time
being spent below 300°K.

The presence of a small amount of monatomic buffer gas in
the interstices reduces the thermalization time substantially.
In the case of s-wave scattering, the time required to go from

energy E; to E; is roughly (Mobley 1966).

)
t =M ( 'é_t - "‘t) |
2% An e =i E.F Eguation V.6
where
m is the Mu mass
M is the mass of the buffer atom |
¢ is the s wave cross section (~10A%)
n is the number density of the buffer gas.

The time required to go from 8600°K to 35°K is only iazns in 1
torr of He.
We may conclude that the information obtained from ,*SR

experiments on such powders will pertain to thermalized muonium.

]
K
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V-3 Mu Bound States on Oxide Surfaces

H atoms have been stabilized on silica and alumina surfaces
below 120°K (Golubev 1965). The activation energy on the surface
ranges from 500°K to 1500°K (in units of k). This represents a
rough estimate of the binding energy to the surface.

From the H atom results, it is possible to estimate the
binding energy of Mu to a similar surface. The surface-atom

interaction is assumed to be represented by a Morse Potential
-24z ’azj
Vezy= Dle -2e

Equation V-7

The binding energy of the deepest bound state can be written

(Morse, loc. cit.)z .
e - (4-1) £a
(o]
2 Zqu

Equation V-8

L ,
where @ (ZTM D)’ /fia and e% is the corresponding binding energy

of the H atom. For example, if e% = 1000°K and a =0.5A, then e%‘
= B850°K. This serves to illustrate the isotope dependence one
may expect between Mu and H bound on such surfaces.

It is of some interest to consider the fraction of time a
Mu atom will spend 1in a bound state on the powder surface at
300 °K, given that the binding energy is of order 850 °K. This
fraction may be estimated by applying some simple thermodynamics
given in Appendix IV. One finds, for example in 70 A Si0O, at a
powder density of 0.04 g cm?®, that the Mu spends only 7.7 % of

its time on the surface. It is clear that to trap Mu on the

surface of such powder for any appreciable amount of time, one
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must experiment at temperatures much less than the binding

energy.

V.4 Mechanisms for Mu Spin Relaxation in a Powder

The mechanisms for Mu spin relaxation in a powder
(discussed in general in Section IV-.-4) depends on whether the Mu
is bound to the surface or colliding freely with it. Spin
relaxation of Mu adsorbed on an unreactive surface has three
basic origins:

1. Dipole-dipole interaction with nuclear moments or distant
paramagnetic impurities. This 1is particularly effective
when the Mu is static on the surface.

2. Random anisotropic distortion of the Mu atom due to the
atom-surface interaction. Again, this 1is most effective
when the Mu is stationary on the surface.

3. Spin exchange with unpaired free electrons on the surface.
This, on the other hand, is most effective when the Mu is
mobile on the surface.

If the Mu is colliding freely with the surface, the effects of

the first two are diminished considerably due to motional

narrowing. The situation 1is analogous to spin relaxation in a

gas since the powder grains in this case act as large gas

molecules. Thus spin exchange is expected to be dominant in the

case of desorbed Mu.
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V.4.1 Nuclear Magnetic Moments

If Mu is adsorbed on a surface which possesses nuclear
magnetic moments the dipole-dipole coupling between the Mu and
the moments leads to a broadening in the precession fregquency
. distribution or equivalently, spin relaxation. The expectation
value of the 2 component of magnetic field produced at the Mu
site by a moment at position f and z component of spin I, can be

written

ABAZ"P - <LIBIL>- Yfr?ét‘;< = 3coste) Equation V.9

where B,is given in Equation IV.33, & is the angle between f and

the 2 axis and v, = ge/4q,c. The shift in the Mu precession

frequency about the 2 axis can then be written in first order

4t
)1 AW = ?/Mu ABz_f
wnere ~1
7'\1 = 2717 -4 MH?— 6
“ Equation V.10

. T dy . C s .
provided that AB;F << BﬁﬁkJ- If this condition 1is not

R . .‘ d:'
satisfied, proper account must be taken of ABiV and ABVF . If

one assumes that on a surface only the nearest neighbour

) a . .
contributes to ABzf , then the mean squar%g frequency shift is
5

2 2 z
W= Yo Uw O-3eosTel” L =T,

re 2T+ I=T =
kA
= T 5 Wy (-2 cov%)
2 re Equation V.11

This 1is the second moment due to dipolar broadening by unlike

spins (Abragam 1961). In a powder, é may be averaged to obtain

2 2
AU\J_’ = _i IC[‘I”))/]: YMU
15 ~ Equation V.12
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or

—— s,

(ARSP)" = w I(r+1) ¥
|5

ré ' Equation V.13

For example, in the case of Mu adsorbed on Al,0, at a distance
of 1.5A from an 27Al nucleus, 2[(ABif )2} = 3.9G. This agrees
reasonably well with the ESR 1linewidth (4.27 G) of H atoms
stabilized on an Al,0, surface (Golubev 1965). For comparison,
the ESR linewidth on Si0O, is only 0.87 G, and is probably due to
a random anisotropic distortion, since only 2% of natural Si has
nuclear moments. Thus the relaxation rate for Mu atoms frozen on

——n 4
. . . 2| 2
an Al,0,; surface is estimated at 2n1MJABiVJ =19 us™ ',

V-.4.2 Paramagnetic Impurities

If the Mu is frozen on the surface of a lattice, the
dipole-dipole interaction between Mu and an impurity at position

F; leads to a shift in the precession frequency.

. i -/
Aw' = T My (|- 3cos’s) I.
ri?

N .
If there are N impurities, then the total shift o = L Ao' . In a
XN

Equation V-14

statistical model (Anderson 1951, Abragam 1961), the fregquency
distribution x(w)dw 1is proportional to the volume of phase
space, such that o < ¢ AJ < o + da. '
, .
'X({U): YE g(w_ZAw>n—drI
vV I, L g
_L‘Wt

o I
-2 e L =, Je dF
21T - VeI =2

Equation V.15
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where

8- T.Vm Y (1-3cos)

>

Equation V.16

and where V is the half space associated with the solid.

Following (Abragam 1961)
@ itB

e Sc{deF s -= L ffdr[v | 1r

VQRTH1) Tz T, v(2I+n)n' o

where 0° is 2n steradians associated with the solid.

JitB

=]~ L2z éﬂgdr[l“ jr®
2 I, Vei)a
where B = [I_|»_ 7 (1 - 3cos?e)/r?

s - MY ¥l ST gcJJl|36058’l
-VQRI+)) T

- T s TAITL
év(z:cﬂ)grg

)

Ry Yt Ve lt | Mj n
973 2T+) N

1)

Equation V.17

where n = density of impurities. Define
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V= 4T Y, Y, TeLIL
9 V3

2T+ Equation V.18

Substituting Equat1on V.17 into Equatlon V.16 yields

fwr= & bdre e

3” P wt )t
_ d§ Jte e ; N large ,
- lTT - Equation V.19

For example, a 2% Fe-? impurity in Al,0; relaxes Mu on a surface
at a rate A~ 400us"’

If the Mu 1is moving on the surface, or colliding freely
with the surface, then the Mu may undergo spin exchange with
paramagnetic impurities. The relaxation rate in a free Mu State

can be written

£ m Ve Ses | Equation V-20
2

where v, 1s the collision fregquency with the surface, m 1is the
concentration .of. paramagnetic impurity on the surface, s, is
the spin exchange cross section, and f a constant of order
unity, depending 'on the spin of the impurity (see Section
IV-4.4), For example, in 70 A SiO, powder at a density of 0.04
g em~® at 6 °K with ¢ =9.2 A2 and m=4 x 10-%A-2, the relaxation

rate of Mu should be of order 120 us-'.
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V.4.3 Motional Narrowing

In the preceding sections, it has been assumed that there
are no fluctuations in the random 1local magnetic field
experienced by the Mu atom. However, a very light atom such as
.Mu may be extremely mobile on a surface, and this may lead to a
motional narrowing of thebprecession frequency distribution, or,
equivalently, a reduction in spin relaxation rate. If the local
magnetic field in the reference frame of the Mu atom is
fluctuating randomly, characterized by some relaxation time ¢ ,
and if (Auz)ir << 1 (the limit of fast fluctuations), then the
obsérved relaxation will be reduced to

2
N~ AW T Equation V.21

V-4.4 Random Anisotropic Distortion

It is difficult to predict what effect the surface will
have on the hyperfine intgraction of Mu. If the ESR linewidth of
H on SiO,; is due to this effect, then one might assume that the
relaxation of Mu on an Si0O, surface to be of order LA 0.87G =
4.2 ws~'. Note that the relaxation rate of Mu trapped in fused
$i0, (3.9 ws-') (Brewer 1981) is thought to be due to this

effect.
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V-5 The Relaxation Function Ry,(t) for Mu in a Powder

The derivation of the form of the Mu relaxation function
RMu(t) in a powder is completely analogous to the derivation of
the lifetime spectrum for o-Ps in a powder (see Section II.4).
.Consider an ensemble of Mu atoms in a powder at temperature T,
where there exists a bound state with binding energy B. Define
A\ and Ay to be the spin relaxation rates for Mu in the free and
adsorbed states. The form of Ry, (t) (which describes how the
muon spin in Mu relaxes with time) depends on how Azt compares
with unity, where, as before, t is the mean surface dwell fime

for Mu on the surface (see Appendix 1V).

V:5.1 Special Case Ay t << 1 (Adiabatic Approximation)

_ 'As in the case of Ps, this corresponds to a situation where
~the Mu adsorbs and desorbs many times while still polarized. The
polarization amplitude decays according to a single exponential
decay rate -- the average over free and bound states, weighted

by the fraction of time)ﬁPent in each state. Thus
K MuH\ = <
Equation V.22
with

Mg = o >\B T Zi“d> %F Equation V.23

where o is the fraction of time spent in the bound state (see
Equation AIV-15)., It is assumed that the Mu atom hops many times
on the surface before desorbing, so that the desorbing-adsorbing
process does not significantly contribute to any motional

narrowing. Combining equations AIV.15 and V.23 yields
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A[/—J» ]xs +f-g/:#~——j%
l+ e % lf/'f)ﬂ +
F

AN Equation V.24
BAkT
In the limit of A e << 1 this reduces to
Ve |
T
)&,1 = AA @,B/k AB + AF Equation V.25

Ve

V:5-2 Special Case g t >> 1 (Strong Collision Approximatioﬁ)

The derivation is identical to that contained 1in Section
I1-4.2. The resulting Mu relaxation function 1is a sum or

difference of exponentials.

“Nat -—QF-fVcR)t
Ryt = %B e L [1-wRk e
- A 4 Va‘a")‘s /\F'f’yaPi——)b

Equation V.26

The limiting forms are as before

Ve Ve + A )T .
KuE)~ e 77" 0 vp < de- e |
Equation V.27

and - et
RMJLL)’V,C ’ y Ye B >>}.)s‘)rr:/

Equation V.28
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V.6 Effect of Adsorbed Inert Gas on the Spin Relaxation

If an inert gas such as He or Ne 1is admitted into the
vessel, a fraction of the gas adsorbs on the bare surface, thus
decreasing the collision frequency of the Mu with the bare

surface according to

Mu
vc (h) = VC(O)J: |- dﬁ D'] Equation V-29

. . My .
where n,is the density of adsorbed atoms and ¢ “ is the elastic

A

cross section for Mu scattering off an adsorbed atom. Also the

available surface area for adsorption decreases to

A (Yﬂ = A(O) L [~ é/am ﬂ.j Equation V.30

Equation V.23 must then be rewritten with

>(A = [ A(OM' eB/kTAB T f_éex m V¢CO)£' - Aﬂmn']
P

F Equation V.31

B/kT
valid when XgE << 1 and Aﬁ%%iﬁ << 1, Similarly, Equations
F

V.27 and V.28 must be rewrittenn
~Yelo) 1- "n,]f P& t ‘fﬁ/ex MJ t
Rultl= e | “

Equation V.32

valid when X\t >> 1, v (n)P. << |xg = \g|
and
~Ast
Kuft) = e

Equation V.33

valid when gt >> 1, v_(n)P >> X - X

.

F
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CHAPTER VI : LOW TEMPERATURE STUDY OF MUONIUM IN Al,0,;, SiO, AND

MgO POWDERS

The simplicity of the H atom make it an 1ideal object of
fundamental atom-surface interaction studies. In addition, the
chemistry and physics of H atoms on solid surfaces may have
industrial applications, especially in the field of catalysis.
Since Mu can be considered a light isotope of H, having 1/9 the
mass of H, the interest in H naturally extends to Mu. In the
past this interest has been confined to studies 1in the 'gas,
liguid, and solid phases. In this chapter the first experimental
study of Mu interacting with solid surfaces is presented.

The present study consists of two experiments in which
muons have been injected into high specific surface area oxide
powders. In the first experiment, the fraction of muons which
emerge into the voids as Mu at an ambient temperature of 6°K was
measured. This obviously has important conseqguences in regard to
the feasibility of studying Mu surface phonomena. It also
represents a test of the thermal diffusion model (Section v.2),
since, at low temperature, the diffusion length before decay  is
expected to be small in comparison with the particle size. For
example, in bulk fused quartz, the Mu is believed to be
sfabilized at a single site below 50°K (Brewer 1981). The
second experiment was undertaken to examine the interaction of
Mu with +-A1,0, (Knozinger 1978) surfaces with varying amounts

of adsorbed He and Ne.
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VI.1t Mu in the Voids of Oxide Powders at 6°K

VIi-1.1 Experimental Details

The ¥*SR apparatus is show in Figure VI-i1. A beam of spin

29 MeV/c
+ +
© e

§ 5

J 10 counter
0.005'MYLAR—“””’—””—”— .

—1— VACUUM

B2 COUNTER

B 1 COUNTER

™ TARGET

— CRYOSTAT
F1 COUNTER ASSEMBLY
CARBON

F2 COUNTER DEGRADER

cm
o] 10 20

Figure VI-1 - The »*SR apparatds "Beaver". Note that the
positron telescopes are along the beam direction.

polarized positive "surface muons" of momentum 28 MeV/c from the
M13 n-u channel at TRIUMF (us*/e* ratio ~ 1) was collimated to a
3/4 inch diameter spot, and passed through a thin (0.010 inch)
defining counter (D), before entering a He gas flow cryostat.
The dE/dx- for 28 MeV/c muons is roughly 6 times that for 28
MeV/c positrons, so that surface muons can easily be
discriminated from beam positrons. The incident muon rate was
.typically 10,000 »*/s. The target cryostat assembly is shown in
Figure VI.2. The Mylar windows (35 mg/cm?), the thin counter

(29.5 mg/cm?), helium gas (16 mg/cm?) and aluminized Mylar
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Figure VI-.2 The target-cryostat assembly used to study

Mu in oxide powders.

windows (3.5 mg/cm?) sum to a total of 84 mg/cm?. Since the
range of a 28 MeV/c surface muon is only 140 mg/cm? (of Carbon),
56 mg/cm? of .target material are sufficient to stop all the
muons.

Positrons from muon decay were detected in two telescopes
positioned upstream and downstream of the target. Helmholz coils
were used to apply a magnetic field perpendicular to the muon
polarization direction.

Temperature measurements were made with a CryoCal CR2500H
germanium resistor with an absolute accuracy of betﬁer than 30
m°K at all temperatufes. A very careful human temperature

controller maintained the temperature to within #250 m°K. All
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measurements were performed with the powders held in a He

atmosphere at a pressure of 760 torr.

Vi+«1+.2 Electronics

Figure VI<3 shows a schematic of the electronics, designed
to measure the time interval between a single muon entering the
target and its decay. At low incident muon rates (<< 1/y4) this
task is straightforward, but at higher rates precautions must be
taken to minimize distortion effects due to pileup (more than
one muon in the target at the same time). A "good" event
satisfies the following conditions.

1. A muon arrives at t=0 with the microprogrammable branch
driver (MBD) not busy and with no ux* having entered the
target in the time interval -P < t < 0 (P 1is the pileup
gate length, ~10pss). This condition starts the time
digitizer. :

2. A positron event defined by B1-B2 or F1:.F2 occurs at t =
(r < P) with no second muon having entered the target in

the time interval 0 < t < r, This stops the clock.

3. No second muon or second electron is detected in the time
interval r < t < P.

A histogram of these time delays is termed a #*SR spectrum.

The «*SR data acquisition system consists of a PDP-11/40
computer and a CAMAC interface, driven by a microprogrammable
branch driver (MBD-11). The dead time associated with processing
an event 1is only 20ss. This 1is made possible by using the
relatively fast MBD to process an event and increment the

appropriate histogram bin in the PDP-11/40 memory.
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Figure VI-3 4*SR electronics that are used to measure

the time interval between an incident muon and 1its decay
positron (Garner 1981).
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VI-1-3 Analysis and Results

" w*SR spectra were taken in a transverse magnetic field of
8G in order to evaluate the Mu precession amplitude and its
relaxation rate. The data were fitted to the functional form
derived in Section IV:.5

NIt = N, c’f/’r/'[} + 5/«(1‘) + Sy, t)] + B4

Equation VI-1

with

Stz Am Ry F) cos(wt + Pmy )

Z Equation VI-2

wherg % and ¢p, are the initial phases for free muon and Mu
precession (determined by the orientation of the telescope
relative to the muon polarization vector at t=0). The muon
relaxation rates were very small for SiO, and MgO0 0.05 ws~ '),
so the fits were insensitive to whether Rﬂ(t) was gaussian
(e'sqt) or exponential (e-*t ), Iﬁ the case of Al,0,;, which has
a high concentration of nuclear moments, better fits were
obtained with a gaussian form with g ~ 0.2 ws-'. In theory, one
expects the relaxation function for static muons interacting
with only nearest neighbor dipoles to be gaussian (Pake 1948).
In reality, the presence of paramagnetic impurities and muon
mobility complicate the situation. However, since this study
focusses on Mu in these targets, it suffices to say that the Mu
preceésion parameters Ap, and Xy, are only weakly correlated

with the free muon relaxation function Rﬂ(t)' and a gaussian

form Yielded good fits in all cases.
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The general form of the relaxation function Ry, (t) for Mu
in the voids of a powder is too complicated to use for fitting.
However, the limiting forms consist of a single exponential or a

difference of exponentials (Section V.5). If a fraction of the

 Mu remains inside the powder, then an additional component must
be added. In the present experiment, good fits were obtained
with a single exponential relaxation function RMfH= e')f, except

in the case of 140A Si0, powder (see Figure 1IV-.4). 1In this

0.15 T T T T T | I T T T
0.10 + -
0.0S "o . -

= 0.00

-0.05 y i v . -

-0.10 —

-0.15 { i | | I | | | 1 |
00 0204060.8101.21.416 182022

TIME IN uSEC (16 NSEC/BIN)

Figure VI 4 The Mu precession signal S (t)(defined in
Equation VI.2 ) for 140A SiO, powder in a He atmosphere at
6 °K.

particular case, a sum of exponentials [Rpm,(t)=

o exp(-x,;t)+(1-a) exp(-r,t)] gave a substantial improvement in
the x? per degree of freedom (315 for 301 degrees of freedom,

compared with 401 for 303 degrees of freedom).



77

The Mu fractions were eyaluated from the fitted parameters
Ay, by normalizing to the free muon amplitude in Al., It was
assumed that all the muons injected into Al precess at the (free
muon Larmor frequency B-13.55 KHz G-' (B in Gauss). The free
muon precession background due to muons stopping in parts of the
target vessel other than the powder itself was determined with
an antiferromagnetic Fe,0; powder target. Muons in Fe,0;
experience very large local magnetic fields and thus do not
contribute to the free muon Larmor freqguency. The Mu fractions

were evaluated as

FMu = /ql”lu (sdmplc§
/Q/u /AJ) . A/a (Fcl OB> Equation VI.3

The values for %M in Al and Fe,0, were obtained from coarsely
paéked data taken at 45G, fitted to Equations VI.1 and VI-.2
with SMu(t)=0'.

Table VI.l gives the Mu relaxation rates and fractions
measured at 6°K in 760 torr of He. For comparisoh, the low
temperature results for bulk oxides and the room temperature
resﬁlts for both bulk and powdered samples are included. The
temperature depéndence of the Mu relaxation rate 1in the Al,O;

powder is shown in Figure VI-5.



TABLE VI-1. #*SR results in bulk and powdered oxides.

Target Temperature

(K)

Si0, bulk fused 6
‘§i0, bulk fused 295
Si0<. ,powder

(70 A) 6
Si0, powder
(70 &) 295
Si0. powder
(140 R) 6

Si0z Qowder
(140 A) 295

Al,0s bulk fused 6
Al1,03 bulk fused 295
Ale; powder

(75 &) 6
Al,0, powder
(75 &) 295
Mg0O single XL 6
MgO single XL 295
MgO powder
(300 A) . 6
MgO powder
(300 A) 295

Mu Fraction Mu Relaxation

(%) Rate(fs")
79+ 3219 3.340.5
79+ 329 0.20:0.05
49+ 3 0.46%0.03
612 39 0.1840.03
35:5 (NP 4.1:£0.7
35¢ 5 (2) 0.16%0.05
a5+ 207 0.18£0.03
>80° >20
>80“ >20
29 + 3 0.3540.05
35+ 149 1.3+ 4.4
B g2
12 ¢ 3 0.22:0.03
15 + 3 1.9+ 0.5

a The (1) and (2) refer to the two components

resolved in the fit.
Rough estimate using Mu asymmetrles only.
Esitmate based on the missing fraction presuming

o

o

it to be Mu
(Kiefl 1979)
(Spencer 1981)
(Marshall 1978)
(Brewer 1981)
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Figure VI:.5 The temperature dependence of the Mu spin
relaxation rate in Al,0; powder in a He atmosphere. The
arrows indicate points that are off scale.

vi-1-4 Discvssion

VI.1-4-1 Mu in SiO, Powder at 6°K in a He Atmosphere

It is worth while to point out the varying conditions under
which the SiO, powder targets in Table VI.!1 were studied. . The
room temperature 70A and 140A targets were evacuated to 10°°
torr, which effectively removes adsorbed water (see Cabot). The
70A target at 6°K was admitted into a He gas flow cryostat in an
open top vessel without evacuation. Thus it had adsorbed water

plus whatever O, and N, was adsorbed during cooling (4 x 10‘3-02
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atoms per A2, 1.6 x 10-2 N, per A?, assuming that all the air in
the target vessel was adsorbed). The 140A target at 6°K was
evacuated to 10" torr at 270°K before further cooling and thus
had adsorbed water but little O, or N,. Also, the cold runs were
made in a dense atmosphere of He (760 torr of He at 6°K
corresponds to a density of ~0.01 g/cm?®).

In regard to the results taken in a He atmosphere there is
no Mu formation in He gas (Fleming 1981), so that the observed
Mu originates from the powders. Although there is insufficient
information to conclusively state that the surfaces play no role
in Mu formatipn, the large Mu fraction in the bulk oxides(see
Table VI.1) is indication that Mu formation 1is a bulk
phenomenon. In some cases the observed Mu fraction in the powder
is less than in the bulk. This may partly be explained in terms
of- é Mu component trapped inside the powder grains where the
relaxatipn is very fast. Another possibility is that a portion
of the Mu reacts epithermally with surface groups such as (OH)-
to form a diamagnetic surface state such as (OMu) ".

In both the 70A powder and 140A powder, a slowly relaxing
Mu component was observed (0.46.% 0.03 gs-' and 0.157 * 0.05
#s~', respectively). This component cannot be due to Mu inside
the powder grains, since Mu is static in fused SiO, below 50°K
and has a relaxation rate of 3.3 + 0.5 xs-', attributable to
random anisotropic distortion(Section IV;4~2). Therefore, the
slowly relaxing component in the Si0O, powder must be due to Mu
which has thermalized in the voids. This is in contradiétion to
the ambient temperature thermal diffusion model (Section V-2)

since, according to this model, no Mu would escape the powder
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grains at low temperature where there is little or no diffusion,
In fact, a sécond fast relaxing component (see Figure VI-4) 1in
the 140A powder (4.1 * 0.7 ws-') is most likely due to Mu which
is trapped inside the powder grains. The reason that such a
component was not observed in the 70A powder is probably due to
the smaller particle size. Also the presence of O, on the
surface could rapidly relax Mu within 154 of the surface
(essentially the entire powder grain). Such O, was not present
in the 1404 powder.

It may seem surprising at first that O, on the surfaces
does not have a more pronounced effect on the relaxation of Mu
in the extragranular region. According to Equation V.20 one
would expect that such a concentration of O, on the surface
would lead to a Mu spin relaxation rate of roughly 120 us-'.
However, it is well known that He readily adsorbs on such
surfaces at this temperature (6°K) (See for examples Dash 1975).
It 1is 1likely that a He film shields the Mu from depolarizing
effects of the surface. More evidencé for this will 'be given

shortly.

VI.1.4-2 Mu in MgO Powder at 6°K

This sample was studied under the same conditions as the
70A Si0,, in an open-top non-evacuated vessel, and thus had H,0,
O, and N, on the surfaces.

A single long lived component was resolved whose amplitude
agrees well with the room temperature value. However; the
relaxation rate was substantially less at 6°K (0.22 % 0.03 ws™ ')

compared with that at 300°K (1.9 # 0.5 ws-'). Considering the
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low purity of the MgO powder (see Table VI-2), it is unlikely
that this component is due to Mu inside the powder grains. As in
the case of the §Si0O,, it 1is attributed to Mu in the

extragranular region shielded from the surface by a He film.

VIi-1:4+3 Mu in Al,0, Powder (5°K - 20°K)

This target also had adsorbed H,0, O, and N, (3 x 10°* O,
per A? and 1.2 x 10-% N, per A? assuming that all the air was
adsorbed on the powder surfaces). In addition, the sample

contained an 1.8% paramagnetic Fe*?® impurity.(see Table VI1.2)

Table VI.2. Properties of oxide powders.

Powder Density Surface Paricle Impurities
Area Size(dia.)
(g/cc) (m*/g) (A)
Si0, 0.04 400 70 Na(20-40 ppm)
Cabot EH5 . P (<300 ppm)

All other element less
than 30 ppm (see Cabot)

Si0, 0.04 200 140 same as above
Cabot M5
Al,0, 0.56 225 75 Fe (1.8%)from (Fe,0,)
Davison SOy (.2%)
SMR-7-7563 Sio> (.08%)

Na.0 (.03%)

MgO 0.12 not 300 Na (.5%) Cl1(.01%)
Matheson available Ca (.05%) Ba(.005%)
Coleman . SO, (.02%) K (.005%)
Bell NH, (OH) (.02%)Sr(.005%)
MX 65-05 In (.01%)

Heavy Metals(.003%)
Mn (5ppm)
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The observed long-lived component (0.35 * 0.05 s~ ' ) must
not be due to Mu in the powder grains or adsorbed directly on
the surface, since the Fe*? impurity would relax such Mu at a
rate of roughly 400 «s-' (see Section V.4.2). As in the case of
_ﬁhe 70A $i0,, the adsorbed O, should relax extragranular Mu
‘colliding directly with the Al,0, surface. Again, the small
relaxation is attributed to the presence of a He film on the
oxide surface.

Convincing evidence for this He film hypothesis is shown in
Figure VI.5, which displays the temperature dependence of X in
Al,0,. The sharp increase in . above 12.5 * 0.5°K is attributed
to vacancies in the film as the first monolayer begins to
evaporate. A more detailed examination of this phenomenon is the

subject of the following experiment.

VI-1:5 Summary and Conclusion

‘A slowiy relaxing Mu component (A~ 0.2 ss-') has been
observed in Al,0;, SiO,, and MgO powders in a He atmosphere at
6 °K. It is attributed to Mu outside the powder grains colliding
freely with He coated oxide surfaces. In the 140 A Si0, powder
an additional fast relaxing component was also resolvea and
attributed to Mu trapped inside the powder grains. The dramatic
increase in Mu spin relaxation rate in Al1,0, above 12.5 °K is
thought to be due to evaporization of the He film.

In conclusion, it appears that a sizeable fraction of the
Mu atoms emerge into the void regions of these oxide powders
regardless of temperature and that the presence of a He film on

the oxide surfaces inhibits Mu spin relaxation,
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VI.2 Spin Relaxation of Mu in Al,0, Powder with Adsorbed He/Ne

In this section further evidence 1is presented which
substantiates the above conclusion at least in the case of Al,0;
powder. The Mu spin relaxation rate has been measured as a
~function of adsorbed gas per unit surface area at constant
temperature. Both He and Ne gases were used as an adsorbate.
Isotherms . were measured at 7.3°K and 10.4°K for He and 28.7°K
and 30.3°K for Ne. The spin relaxation rate is a steep, linearly
decreasing function of adsorbed gas Selow monolayer completion
and 1is virtually independent of the amount of adsorbed gés at

higher coverages.

Vi-2-1 Experimental Details

The TRIUMF/Lawrence Berkely Laboratory (LBL) surface muon
apparatus, "Eagle" (see Figure VI.6), was used in this
.experiment. The main difference between this apparatus and that
described in Section VI-1 is the additional left and right
positron telescopes, which are in general more suited for
transverse field u*SR since they are less sensitive to
scattering of beam positrons.

The TRIUMF M9 n-» channel equipped with a 3m long Wien
filter velocity selector, or "DC separator", set at E = 3.9
kV/cm X, B = 48 G §, was used to obtain a ciean beam (e*
contamination undetectable) of 28 MeV/c "surface muons". An
added effect of the separator was to rotate the muon
bolarization by a small vertical angle (9°) relative to the beam

direction. Muons entering the target region were collimated to a
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Figure VI-:6 The »*SR apparatus "Eagle"{ Note the four

positron telescopes.

3/4 inch diameter spot before detection by a thin (0.010 inch)
scintillator. Typical incident muon rates were 30,000/5.

The He leak tested target vessel (see Figure VI-7) was
conétructed from stainless steel with two 1 inch diameﬁer 0.001
inch thick stainless steel windows.

The Al,0, powder sample (weighing 10.5g) was baked at 500°C
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Figure VI.7 The powder target vessel and cryostat used

to study Mu relaxation versus He/Ne coverage. Note the
target vessel 1is 1isolated from the He atmosphere of the
cryostat. '

for 24 hours in air and cooled in a dessicator before being
placed 1in the target vessel. Adsorbed water on y-Al,0; forms
hydroxyl groups with heated above 100°C, so that the surface was
likely terminated by a layer of hydroxyl groups (Knozinger 1976).
. The vessel was then soldered to the gas handling system and
evacuated to 10°5 torr for a period of 24 hours immediately
prior to the experiment.

A CryoCal 2500L germanium resistor with an  absolute
accuracy of better than = 30 m°K at all temperatures studied was
used to monitor the temperature and control it to within + 60

m°K.
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The all-metal (stainless steel and copper) gas handling

apparatus (Figure VI-8) was composed primarily from 1/4 inch

GAS ég
INLET
~
v3
STANDARD
10 VOLUME
PUMPING CRYOSTAT
STATION INSIDE WALL—
TARGET EJ
VESSEL— ||
Figure VI8 The gas handling system used to deposit

controlled amounts of He/Ne on y-Al,0; powder.

tubing, Swagelock fittings and Nupro bellows valves. The vapour
pressure measurements in the target vessel were made with a
Wallace and Tiernan pressure gauge (0-800 torr)(G2), accurate to
+0.5 torr. The pressure difference measurements were made with a
Matheson 6301 stainless steel absolute pressure gauge (0-760
torr){(G1), accurate to * 2 torr. The system was evacuated to
10-* torr and He leak tested prior to the experiment. High
purity grade *He (99.995%) and purified grade 2°Ne (99.99%) wvere

used as adsorbates.
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Vi-2.2 Electronics

The electronics are as described in Section VI.1 with a
minor modification to allow acquisition of four histograms

instead of the two used in the first experiment.

Vi.2+.3 Procedure

The experimental procedure consisted of admitting a
controlled amount of adsorbate into the target vessel held at
constant temperature, recording the vapour pressure, - and
collecting a u*SR spectrum. The precise steps were as follows
(with the system initially under vacuum and all valves/closed

except V4, which was open for the entire experiment).

1. V1 was opened to pressurize the standard volume (1368 = 20
cc) bounded by Vi, V2, and V3.

2. The pressure on gauge Gi1 was recorded.

3. V2 was opened and closed to admit a small amount of gas
( 80 cc at STP) into the target vessel volume bounded by
\V

4. The pressure on G1 was recorded again so that the amount of

gas admitted into the target volume could be calculated.

5. The pressure and temperature in the target vessel were
stabilized over a 30 minute period and the vapour pressure
recorded (G2).

6. An ,*SR spectrum was taken ( 4 million events) over a
period of about one or two hours.

7. The pressure in the target vessel, G2, was recorded again.
The difference from before and after the run was typically
1 or 2 torr, indicating that the system was very close to
thermal equilibrium.

8. Steps 3 through 7 were repeated until more than a monolayer
of gas was adsorbed.

Afterwards the powder was removed and replaced with a piece

of aluminum of volume m /pbdk, where m 1is the mass of powder
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(10.5 g) and py,|, is the density of bulk Al,0, (3.7 g/cm?).
Steps 1! through 5 were repeated. The pressure in the target
vessel was found to be a linear funétion of the amount of gas
admitted for each temperature studied. The amount of gas
adsorbed on the Al,0, surfaces(in units of cc at STP) at a given
‘temperature and vapour pressufe was determined from the
difference between the amount of gas admitted with and without
powder. The specific surface area (225m%2/g as specified by
Davison Chemicals) and total mass of the powder (10.5 g) were
then used to determine the number of adsorbed atoms per unit

surface area.

Vi.2-4 Analysis and Results

The »*SR data analysis was done exactly as described in
Section VI-1-3. Good fits were obtained with a single
exponential relaxation function for the Mu precession signal.
The results frém fhe left and right telescopes were averaged as
a last step.

The Mu spin relaxation rate as a function or the number of
adsorbed “He atoms per unit area at 7.3°K and 10.4°K is shown in
Figure VI-S8., For comparison, the vapour pressure in the vessel

at each coverage 1is also plotted. Similar results for ?°Ne

adsorbed on Al,0,; are shown in Figure VI-10,
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Figure VI.9 The Mu spin relaxation rate in Al1,0, powder

versus adsorbed He at 7.3°K and 10.4°K. The dots represent
the vapour pressure at each coverage.

Vi.2.5 Discussion

Vi.-2.5.1 Adsorption Isotherms of He on Al,0Q,

Vapour pressure isotherms are a common means of determining
the amount of gas required to complete a monolayer. .The point on.
the isotherm at which the density of adsorbed atoms becomes a
linear function of vapour pressure is a rough'indication of the
monolayer density (Brunauer 1938). This is referred to as the

point B method.
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Figure VI«10 The Mu spin relaxation rate in Al,0; powder

versus adsorbed Ne at 30.3°K and 28.7°K.

Applying this method to the 7.3°K and 10.4°K “He adsorption
isotherms (see Figure VI.-9) yields a monolayer density n,(7.3°K)

= 0.125 = 0.01A"2 and n,(10.4°K) = 0.10 + 0.01A-2, The effective

hard sphere cross section assuming a close packed 2 dimensional
°K

array, ‘:: =i%é7;n , is then 8.6 % 0.5A2 at 10.%and 7.3 + 0.5A2

at 7.3°K. For comparison the hard sphere cross section of “He on

graphite at 4.2°K, obtained from the monolayer density, 0.123
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A? (Dash 1975), 1is 7.9 A?, whereas for liquid He at 4.2 °K,
assuming a simple cubic packing factor is mp “2/3/4) = 10.4 AZ,
Aston (1955) has compared the properties of adsorbed He to those
of bulk He under an effective pressure. The slight temperature
dependence of n, indicates there may be some thermal expansion
-of the film between these two temperatures, although the non-
uniformity of these surfaces along with the rough nature of the

point B method cannot be ruled out as a cause.

VI-2.5-2 Mu Spin Relaxation in Al,0, Powder With Adsorbed He

The »*SR data taken on Al,0; with adsorbed He is also shown
in Figure VI.9, Below monolayer completion, the Mu spin,
relaxation rate fits well to a linear function of adsorbed He,.
independent of temperature. Above monolayer completion, the
relaxation rate rapidly levels off at a constant value Ay ~ 0.54
+ 0.05 ws~ ',

The interpretation is gquite simple. The Mu relaxation\ rate

is proportional to the fraction of exposed surface area:

’.1
Y (n)) = k(l—h,éH:)+)o5 n, < ’Lﬁq
S e
!
>\o , N, > AJ?

"Equation VI-4

where n,; 1is the density of adsorbed atoms in the first layer
only, aﬂt is the total elastic cross section for Mu scattering
off an adsorbed He atom, k 1is a constant (to be discussed
shortly) and A\, is a constant relaxation rate unrelated to the

Mu-Al,0, surface interaction. There are at least three factors

which contribute to \,.
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1. In a transverse field of 8 G, the splitting (Q) of the Mu
precession frequencies is 0.178 ws-'. The effect of fitting
these two freqguencies to a single component yields an
apparent relaxation \ ~ Q.

2. The target vessel was contructed from slightly magnetic
stainless steel causing a small field inhomogenity over the
effective target volume.

3. The He wused 1in the experiment was 99.995%, so that
impurities may have caused a small relaxation.

At low coverage, n, is simply the total amount of adsorbed
gas (this explains the linear behaviour of \x(n) below monolayer
completion) whereas at higher coverages, n, --> n,, the
monolayer density, and thus x(n) --> X,. There was no marked
temperature dependence in \(n), and therefore the combined data
at iw3 and 10.4°K were fitted to a linear function at low
coverage, yielding k = 32.9 ¢ 0.3 s~ ' and am: = 11.0 + 0.2 AZ,

Not surprisingly, the hard sphere cross section of helium,
of" at 7.3 and at 10.4°K (7.3 * O0.5i% and B.6 * 0.5AZ
respectively) determined from the adsorption isotherms is
slightly different than aﬁt. This couid easily be explained
~classically as due the finite size of the Mu atom which also
contributes to the He-Mu scattering cross section. Perhaps more
correctly this difference can be explained by the fact that cff
is determined by the by the He-He-surface interaction, whereas
‘JZ is determined by the He-Mu-surface interaction.

The linear dependence of Xx(n) at low coverage is consistent

with two limiting cases discussed in Section V.6. They are:
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Considering the strong binding of H to the bare surfaces.
(Section V-3) and the large value of \g expected because of the
Fe*?® impurity ( 400 us-' for static Mu, see Section V-4.2)
limiting case 2 must be favoured.

It 1is difficult to extract any more information from the
the present results, such as a value for P, without making
unjustified assumptions. The contribtion to k from spin exchange
with the Fe*® on the surface is not known. Further experiments
on a paramagnetic free sample would eliminate this wunknown.
Furthermore only an upper limit on the collision frequency with
the surface is known)since.Mu at low temperatures may scatter
off thev aggregate structures rather than off the primary
particles just as in the case of Ps (see Section III.3.1). This
could cause a significant decrease in 1y, . Despite these
uncertainties it is interesting to estimate P, under the
assumptions that the entire surface area is equally accessible

to the Mu, in which case v_(0) at 7.3°K is 4.3 x 10 4s-', and
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that the spin exchange rate is negligable. One then finds the
trapping probability Py to be 0.00074. In the future it should
be possible to measure P in well characterized samples where v,

is known.

VI.2.5.3 Adsorption Isotherms of Ne on Al,0;

Applying the point B method gives an effective hard sphere
cross section for adsorbed Ne, azf = 7.9 + 1.0 A? at 30.3°K and
8.6 + 1.0 A? at 28.7°K. For comparison, q& on graphite near
20°K is 7.37A2? (Huff 1975), whereas a layer of 1liquid neon at
27.1°K corresponds to aﬁt = 7.23 Az._The agreement between all

these methods is indication that Ne atoms are much 1like hard

spheres.

VI-2.5-4 Mu Spin Relaxation in Al,0; Powder With Adsorbed Ne

The shape of the relaxation rate versus density of adsorbed
Ne atoms was identical to that observed for He. As in the case
of He, no marked temperature dependence was observed between
30.3°K énd 28.7°K. Fitting the region below 0.11 atoms A-? to
Equation VI-2 with No = 0.85 + 0.08 vws~' gives k = 31.4 * .3
ws™' and ey = 8.9 + 0.2A2.

The value of czz obtained from the fit is in fair agreement
with cﬂt obtained from the adsorption isotherms. and is
substantially lower than aﬁg. This might be due to the stronger
attraction the Mu feels toward the Ne, which could enhance the

probability of trapping and thus decrease the the elastic cross

section.
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Surprisingly, the value obtained for k is close to that
observed at the lower temperatures (7.3°K and 10.4°K) in the
case of He. Unfortunately, since the temperature dependence for
the spin relaxation rate and the trapping rate in Equation 1IV-4
are both unknown, this observation cannot be wused to
conclusively distinguish one from the other.

The measureably larger value of A, in the case of Ne |is
probably due to the higher impurity level in the Ne as opposed

to the He.

Vi.-2:6 Status of the ATTD Model

According to the ambient temperature thermal diffusion
(ATTD) model the Mu thermalizes at the ambient temperature
inside the grains, diffuses to the oxide surface, and is ejected
into the voids because of a negative work function. However,
since Mu 1is static in bulk oxides such as SiO, below 50 °K
(Brewer 1981), the ATTD model fails to explain the copious
amount of Mu in the voids of these powders at low temperatures.
A simple model that explains why Mu might thermalize directly in

the voids is given in Appendix III
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Vi.2.7 Conclusion

It has been shown that Mu emerges from 754 Al,0; powder
grains below 30°K in low density He and Ne atmospheres (10-760
torr). The Mu spin relaxation rate is linearly depenaent on the
amount of exposed surface area. This substantiates the
conclusions reached in the previous experiment (Section VI.1.5).

The effective cross section for elastic scattering of Mu
off adsorbed He (7.3 to 10.4°K) and Ne (28.7 to 30.3°K) have
been measured to be 11.1 # 0.1A% and 8.9 * 0,2A2 respectively.

A new technigue for studying the properties of these oxide

surfaces and adsorbed atoms on them has been demonstrated.
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CHAPTER VII : MUONIUM IN THE CONDENSED PHASES OF Ar, Kr AND Xe

Motivation for studying Mu in the condensed phases of Ar,
Kr, and Xe is easy to find. Firstly, when a muon stops in matter
it leaves a hot track of excited and ionized species. There has
been considerable debate in recent years on the effect of this
track on Mu formation and relaxation (Percival 1981, Walker
1981). Since the properties of the track are phase dependent it
is of interest to study the effect of phase (gas, 1liquid and
solid) on Mu formation and relaxation. In this chapter the first
observations of Mu in the condensed phases of Ar, Kr and>Xe are
reported. These measurements, along with the existing gas phase.
data (Fleming 1981b) represent the first complete u»*SR study of
an element in all three phases.

Secondly, H atoms have been stabilized and studied in solid
Ar, Kr, and Xe using ESR. The ESR measurements are sensitive to
lattice-induced perturbations  of the hyperfine contact
interactions as well as to the presence of nuclear moments. 1In
principle, isotopic dependence of these effects can be studied
using s*SR .

Finally, there have been several studies of chemical
reactions of H atoms with impurities such as C4H,, deposited in
solid Xe (Kinugawa 1978, Iwasaki 1978). In the past #*SR has
been wused very successfully in exploring isotopic effects of H
atom chemistry in gas and liquid phases. If there is a large Mu
fraction in the solid phase of these elements isotopic effects
of the above mentioned H atom reactions in the solid phase could

" be studied.
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VIiI.1 Experimental

The muon beam has been described in Section VI.1.1., The LBL
surface muon apparatus has been shown in Figure VI:5. The target

vessel (Figure VII-1) was constructed from copper and stainless

copper - constantan
thermocouple

heater wires

T ]
gas inlet
i copper target
/7_ _—T" vessel ¢
condensed % / - heater
target /
29 MeV/c y.+ " %
/ heater wires
005" mylar
) window cold finger
from cryostat
scale cms.
Y | 2 3 4 5
Figure VII.1 The target vessel used to condense noble
gases.

steel except for the mylar window. The vessel Qas mounted on a
rotatable LN, cryostat such that condensation and solidification
of the gas could be observed prior to facing it towards the .
beam. The target gases (ultra high purity Xe, ultra high purity
Kr, and research grade Ar) were admitted via the gas inlet tube

(Figure VII-1). The vessel was equipped with two heaters, one on
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the gas inlet to prevent blockages, and a second mounted between
the copper vessel and the cold finger of the «cryostat for
temperature control. Two copper constantan thermocouples were
used to monitor the temperature (controlled to +1°K).

The «#*SR electronics have been described in Section VI.1.3.

VII.2 Data Analysis and Results

#*SR spectra were taken in a transverse field of 65G 1in
order to determine the free muon fraction. The data were
coarsely binned and fitted to Egquation VI:1 with §M(t) given  by
Equation VI-2 and Sy,(t) =0 The parameter of interest, 5”, did
not depend on whether Rﬁ(t) was gaussiaﬁ or exponential. The

free muon fractions in Table VII:.1 were determined from

Fu = A (sample) = A (Fe, 05)
| A/A (CM) - A/ ( Fez 03> Equation VII-1

»*SR spectra were also taken in a low transverse field 8 G
in order to determine the Mu fraction. The data were fit to
Equation V.1 with %u(t) and Sp,(t) given by Equation V-2 and
with 3ﬂ(t) = e‘qu. In all cases except ligquid Ar and solid Kr,
good fits were obtained with a single component Mu relaxation
function (erfL e“)r). There were seven free parameters, N, O

Apy s ® B, 1 A and Bj. The parameters §“, g and 3“ were held

My !
fixed at the values obtained from the high field data. In the

cases of 1liquid Ar and solid Kr, considerably better fits were

obtained with a two component Mu relaxation function [(Rp,(t)

et 4 (1 - a)e'Ltl. The improvement in the x? was significant:

[
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Table VII-1, u*SR results in condensed Ar,Kr,and Xe.

Target Free Muon Mu Hissing Mu Relaxation Mu Hyperfine
Substance Temperature Fraction? Fraction(s)®? Fraction Rate(s) Splitting®
K b4 : E 2 usec™! MHz
Liquid Ar 85 1.6 + 1.0 (1) 48 + 6 3+ 29 (1) 0.65 + 0.12
(2) 49 + 28 (2) 19.0 + 11.0
Solid Ar 77 0.8 +0.2 9] + 9 89 0.15 + 0.03 4463.8 + 6.0
Liquid Xe 162 3.3 +0.8 43 + 9 54 + 10 2.07 + 0.21
Solid Xe 150 5.0 3.3 79 + 25 16 + 28 19.0 ¢ 2.5
Liquid Kr 120 6.5 + 0.1 57 + 10 36 : 10 3.6 ¢+ 0.9
Solid Kr 90 1.4 +1.8 (1) 127 0+10 (1) 6.68 + 0.20 4462.9 + 3.7
(2) 29 £ 7 (2) 0.89 + 0.04

@ These fractions were determined from data at ~70 G.
b These fractions were determined from data at ~8 G except for solid Xe where the fraction was from
~70 G data.

€ The vacuum hyperfine splitting is 4463.302 MHz.

from 164 (145 degrees of freedom) to 126 (143 degrees of
freedom) for solid Kr and from 169 (145 degrees of freedom) to
154 (143 degrees of freedom) for liquid Ar. The Mu fractions in
Table VII-1 were determined from Equation VI.3. For comparison
the results in the gas phase are shown in Table VII-.2.

In the <case of solid Xe, the relaxation rate of Mu was so
fast that a reliable measure of the Mu asymmetry and relaxation
rate was not possible in low field. It was necessary to use data
taken at 70G(where the precession signal is more complicated) to
determine the Mu fraction and relaxation rate. The data were fit

to Equation VI:1 with
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a
Table VII.2, Mu Fraction in Gas Phase Ar, Kr, and Xe.

b b
Target Pressure Mu Fraction Free Muon Fraction
(atmospheres) % %
Ar 2.5 75 _ 24
Kr 0.9 100 3
Xe 0.65 100 3

a from (Fleming 1981b)
b error estimate is 5%

Su,lt) = Qﬂg {COSZKP Cos[@—"ﬂﬂL +¢MJ

z (- +J0)t 15 e
©o2 _+ T Mu
+ SN <P COs[w ? c Equation VII.2

This expression is valid at intermediate transverse fields 65G
(see Section IV:.5). The parameters A

/" BI
fixed at the values obtained from the coarsely binned data. The

N, O and ¢. were

parameters 4§ (not to be confused with 0 and ¢p,) and 0 are
functions of the applied field (B) and the hyperfine frequency
(0p) (see Section IV-.3-.2)., In this fit, @, was set to the vacuum
value, leaving four free parameters, AM,+ \, #pm, and %. |

The relaxation rate of Mu in solid Ar and Kr was
sufficiently small so that the two normal Mu freguencies could
be resolved at an intermediate field of 66G (See Section
IV.3.2). The difference between these frequencies is a function
of B and wo(Eguation IV.31) and thus provides a measurement of

wo. The two frequency precession of Mu in solid Ar at 66 G is

shown in Figure VII.2. The hyperfine splitting determined in
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Figure VII.2 Two fregency Mu precession signal in solid
Ar at 77°K in high field ( 66 G).

‘this way is also given in Table VII-1.

VII.3 Discussion

VII-3+1 Mu in Liquid and Solid Ar

The free muon component in bbth ligquid and solid Ar 1is
extremeiy small (<2%). This is a strong indication that most of
the muons form Mu, since there are no strong local fields to
relax free muon polarization. 1In fact, there is no source of
even weak local magnetic fields, sihce there are no significant
amounts of naturally occuring isotopes of Ar with nuclear

moments.,

-+
Vo)
o°

In solid Ar, a large Mu precession signal (Fy, = 91
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was observed with a small relaxation rate (x=0.15 * 0.03 xs~ '),
The Mu precession signals in solid and liquid argon are shown in

Figure VII-3, In liquid Ar, there is a slowly relaxing component

0.25 T T T T T T T
0.15 F , | A

0.05

(a) %

-0.25 ] | 1 i 1 1 !
0.0 .0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

TIME IN uSEC (10 NSEC/BIN)

-0.15 {3 -
-0.25 | | ! | 1 | |
. 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
TIME IN uSEC (10 NSEC/BIN)
Figure VII-.3 (a) Single frequency Mu precession in
ligquid Ar at B85°K at low field ( 8 G); (b) In solid Ar at
77°K.

(x=0.65 % 0.17 ws~') which accounts for only 48 * 6% of the muon
polarization. The relaxation 1is 1likely due to a reactive

impurity present at a ppm 1level. In addition, there 1is
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indication of a very fast-relaxing component (A=19 * 11 ,4s-'),
accounting for the remaining muon polarization and observable
only within the first 100 ns. The 1long-lived Mu signal
demonstrates that the inert 1liquid or its impurities are not
responsible for this relaxation. It is possible that the fast
relaxing component is due to Mu interacting with the radiation
track consisting of free electrons, ions and excited atoms. This
will be discussed further in Section VII-4,

Electron spin resonance experiments on H atoms in a solid
Ar lattice at 4.2°K indicate at least two trapping sites (Foner
1960). The major component has a hyperfine splitting shift of -
0.46% relative to the vacuum value. At temperatures above 39°K,
the H atoms become mobile. In the present experiment, we have
measured the mean hyperfine splitting of Mu in solid argon at
77°K to be 4463.8 * 6MHz, which gives a shift of 0.01 + 0.13%.
Although this does not agree with the H atom results, the two
measurements are not directly comparable ‘because in the ESR
experiment the H atoms are trapped at fixed lattice sites,
whereas in the present »*SR experiment the Mu atoms are probably
diffusing through the lattice so that the hyperfine perturbation

e¥.B.-5¢ (see Section IV-4.2) is averaged over many sites.
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VII.3.2 Mu in Liguid and Solid Xe

As in the case of Ar, the free muon fraction in liquid and
solid Xe is small (3.3 + 8% and 5 + 3%, respectively). In solid
Xe, the Mu component accounts for 79 * 25% of the muon ensemble.
.The large error is due to the fast relaxing nature of the
signal. In liquid Xe, the Mu component accounts for 6n1y 43 + 9%
of the muons. It is possible that there is also a fast relaxing
Mu component as in the ‘case of 1ligquid Ar, but it 1is not
resolvable.

The Mu relaxation rate increases sharply from 2.1 £ 0.2
#s”' in the liquid to 19.0 * 2.5 xs-' in the solid. The nuclear
dipole moments of '2%Xe and '®'Xe , which comprise 26.44% and
21.18% of the naturally occurring Xe, are likely responsible for
the fast relaxation in the solid. MotionalA narrowing (see
Section V:4.4), an effect greatly enhanced in the liquid, might
cause such a discontinuity between phases. The larger relaxation
rate in liquid Xe compared with liquid Ar is likely due to the
higher impurity content in the Xe.

The ESR spectrum for H atoms trapped at interstitial sites
in the Xe lattice at 4.2°K is multicomponent with an overall
spread of 98.2 G. Each freguency corresponds to a particular
magnetic environment, determined primarily by the 1isotopic
compositions of 1its nearest neighbours. Thus, the mean local
field experienced by an interstitial H atom is of order 25 G.
This corresponds to a Mu relaxation rate of order 2n-1.4
MHzG" ':25G = 220 »s-'. The observed Mu relaxation rate at be°K
is only 19.0 % 2.5 us™ 1. Thus, it is likely that the Mu is

diffusing rapidly at this temperature or- possibly trapped in
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defects where the 1local fields are much smaller. It should be
noted that H atoms are mobile in solid Xe at temperatures above

20°K (Kinugawa 1978).

VII-3+3 Mu in Liquid and Solid Kr

Again, the free muon fractions in solid and liquid Kr are
small (1.4 + 1.8% and 6.5 £ 0.1%, respectively). As in the case
in lriguid Kr
of liquid Xe, the Mu component,accounts for only 57 * 10% of the
muon ensemble, whereas the Mu fraction in solid Kr, 99 # 10%, is

consistent with 100% Mu formation with no missing fraction.

The Mu ‘relaxation in 1liguid Kr 1is again likely due to
impurities, since motional narrowing is expected to quench any
relaxation due to 83Kr , which accounts for 11.48% of the
hatural Kr.

Perhaps the most interesting #*SR spectrum in this
experiment 1is for solid Kr. As mentioned in Section VII.2, a
considerably better fit to the data was obtained using a two
component Mu relaxation function (see Figure VII-4). The sum of
these components accounts for 99 * 10% of the muon ensemble. One
interesting interpretation 1is that there exist trapping sites
due to vacancies or defects. The situation is analogous to the
trapping of Mu on a surface described in Section V.5 with
XBE >> 1. In the present case \g corresponds to the relaxation
rate of trapped Mu. This is expected to be small, since the RLMF
(Section 1IV:5.1) due to °3Kr (11.48% of natural Kr possessing a
magnetic moment of -0.969 &, ) falls off rapidly as 1/r®. The

relaxation rate of interstitial Mu, being much closer to the

nuclear moments, is expected to be larger. As in V.5, we define
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Figure VII-4 The Mu precession signal solid Kr at 90°K

in a magnetic field of 10.7G

v as the trapping rate. Under these conditions, one would

expect a relaxation function

_.Ag{’ . “‘(’\F+V)t
FEM (f) = Y & 4 [ I e
’ AF+\”'%B AF+V’AB

Equation VII-3

(i.e.: a sum of exponentials as observed). Using the fitted
amplitudes and relaxation rates yields v = 1.7t0.4 ws™ ',
Ag = 5.020.4 ws”' and xg = 0.8920.04 ws™'.

One may also make a rough estimate on the hopping rate
between interstitial sites by comparing A¢ with the calculated
static relaxation rate. The interstitial trapping sites 1in a
face centered cubic lattice such as solid Kr have tetrahedral or
octahedral symmetry. We will assume that the Mu atoms hop

between octahedral sites which have a larger Mu-nucleus
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separation (1.418 A) (Foner 1960). The static relaxation rate of
Mu at one of these sites may be calculated from eqguation V.13,
assuming one of the eight nearest neighbours 1is 83Kr (nuclear
moment=-0.969 nuclear magﬁetons). The result yields x=15 us-!
which is a factor of three larger than the observed relaxation
.rate. This indicates that the hopping is rather slow-- 45 us”'
according to equation V.21 (assuming r 1is the mean time between’
hops). Also the Mu atoms hop only 26 times before trapping.
This model could be tested by studying the effect of

annealing and temperature on the »*SR spectrum.

VII-3.4 Missing Fractions

It 1s clear from these results that in solid Ar, Kr and Xe
all the muon polarization 1is accounted for, whereas 1in the
liquids roughly half the muon polarization is missing after 100
ns. Recently, such results have been explained gualitatively

(Walker 1981)in terms of an expanding track model. According to

this model, the Mu is formed epithermally and begins to diffuse
randomly from some point beyond the end of the track. At some
time r, the concentration of track species, also diffusing,
overlaps with the Mu for a short period of time, during which
the spin exchange relaxation rate 1is large. Thus, one would
expect a fraction of the muon polarization to be lost within
time r. In cold 1liquids, such as 1ligquid Ar at B85°K, the
diffusion rates may be sufficiently small so that the relaxation
of the fast component is barely observable. In slightly warmer
liquids, such as ligquid Xe at 150°K and ligquid Kr at 120°K, the

diffusion rates are too 1large, and « too small, for the fast
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relaxing component to be observed. It 1is argued that 1in the
solid phase the diffusion rates are too small and r too large

(>> 2.2 ws) for the fast component to be observed.

VIii-4 Conclusions

As in the gas phase, most of the muons in the 1liquid and
solid Ar, Kr and Xe form Mu. The only real discrepency is in the
case of Ar gas, where a 25% muon fraction is observed (Fleming
1981). No such free muon fraction was observed in either liqﬁid
or solid Ar.

The elements of Ar, Kr and Xe are ideal substances to study
Mu-lattice states because of their large (~100%) Mu formation
probability and their simple monatomic structure. It may be
possible to make more direct comparisons with existing ESR data
of trapped H atoms at lower temperatures where perhaps the Mu
also becomes trapped.

Theré is an indication that the Mu interacts with its own
radiation track in the 1liguid elements, leading to a fast

relaxing Mu component.



CONCLUDING REMARKS

It has been demonstrated in the preceding chapters how Ps
and Mu studies can provide a unigue perspective on atom-
molecule, atom-surface and atom-solid interactions.

In the future, it is possible that Mu and Ps could provide
a testing ground for fundamental theories dealing with atom-
surface 1interaction. Measurements of such quantities as single
atom binding energies, surface diffusion rates and adsorption
probabilities are all within the realm of possibility.

Until now, the chemistry of Mu on surfaces and in solids
has been neglected. It is hoped that this study will stimulate

some interest in this direction.
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APPENDIX I THERMALIZATION OF GAS ATOMS IN A POWDER

The mean energy loss per collision for a thermal beam of
atoms can be written

D
4E =k §§de,- del Plel el)ei-€l)e
kT3 o o

_&2 /KT

(&Y

Equation AI.1

where ™ = the temperature of the beam,
ed = the initial energy of the gas atom.
? = the final energy of the gas atom.

€

P(e?,ed) = the probability er collision for. a
( f L p

transition e? --> ¢I.

P(e?,ez) can be approximated in a one-dimensional theory for
atom surface scattering, first developed by Devonshire (1937)
and recently reviewed by Goodman (1971). The effect of using a
one-dimensional calculation increases the transition rate by a
small factor (2 or 3) 1in cases where the three-dimensional
calculatipn has been done.

In the Devonshire theory, the surface atom potential is

represented by a function

Viz-2) ~ V(z) + Z Viz) 5z small

Equation AI-2

where =z and Z are the displacements of the gas atom and surface

atom respectively. V(z) is often chosen to be a Morse potential
—~242Z —GL>

Vian = Dle - 2e

Equation AI-3
' , -242Z -az>
Viz) = -2Daq (e -C
Equétion Al -4

D and & are the depth and range of the potential, respectively.
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The unperturbed gas atom states are solutions to

[Ho + V)] 1€’y = ¥l el>

Equation AI.5

The transition rate from ¢} --> gg is given as

Ti = 20 |<e2 IV €12 ksl z[s3] 5 (67 rel-4e)
T

Equation AI-6

where |[s;> 1is the initial state of the solid at temperature T®
with energy ef. The sum is over all final states of the solid,
|s¢>. The matrix element involving the solid is most easily
evaluated by expressing Z in terms of phonon. creation and

annihilation operators (Ashcroft 1976).

+ .
Z = L ( +a
< W ? EZ:E]—W@ <a$ 7 ) Equation AI.7

where a, annihilates a phonon corresponding to normal mode g, ag
creates one of the same, Oq is the phonon frequency, M is the

mass of the solid atoms, and N is the number of atoms in the

solid.
= \<selz\ s 55 (&% )€€ ) =%ﬂ%j{ﬁm f(e2-&1huwy)
¥

+ _ﬁ@ ) (é.f 'f?-tw@>}

Equation AI-8

where
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l

_t\w e d
- e ¢/kT.

Equation AI-S

Equation AI-10

Substituting a three dimensional Debye density of modes,
2

gle) = 34—
Wy J1 Equation AI.11

where o, is the Debye freguency and 0 is the volume of the

solid, into Eguation AI-8 yields

14

w
LHs: = 2h  (dw [ wlhor)§lel -] +huw)

2
MWy e v ong 3 (E1-67 —hw)
Equation AI-12
=2 leme) L P, > emec| >0
WozMh e xpl(ep-€)/T°] - | =
o otherwise
Equation AI.13
where the g superscript has béen dropped. 6
‘Thus |
T;F = 31T \<e,=\\/('zﬂe.->lz(e;—é,-) s huwp>le-e1>0

'F\'*M ujp3 GXP[(éF“é[)/KTs] —~

O ) O+hcrwise-
Equation AI-14

The probability per collision for scattering into an energy
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interval de is

P(é.;é > Ti-(— g<é‘:\
n

Equation AI-15

where E%é;\/ is the density of final states in one

(£,)°

21 \2é¢ . . L

.dimension with normalization L and n =(i€(> //L. is the
m .

collision frequency.
Ple, €Y= (amL e IViz)le: D) Es-€)

qM(hth)3(é;"é()J—z CXP[@f“él')/kTSJ —-
') for 'F.WD> l é{'él" >0

O | otherwise

Equation AI-16

For a Morse potential,

ké,&l\/‘(z\\éolzz fﬁ T s - lece ) “clnh 24 émln:zﬁﬂ
PLE

£ -
C cosh 27}1« aosh//j

NG cipl) o, P )
I_,(Ji" ’f'L/‘1> F(—lird.f—,/,“
Equation‘AI-17
P lese) = e W3 sinh 21y, éinhzrfﬂ’ _
h2a” W (efoT\ w//kT‘SJ- I)(Coshm‘-— cosh 27;»1)
x r(twwwl L |res-d +'/72"
r(L-d+in) M(s-d +ia'
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where
o= (zméz)vz/’ﬁa
m' o= (2m 6F>’/2/Jﬁa
J = (zmD)"*/ha
hw = € - E(

Equation AI-18

Substituting Equation AI-18 into Equation AI-1,

y — ) kTS
AE - B §aé §aw W Plrere = Pl ero)e ]

Equation AI-19

By the principle of mlcroscoplc rever51b111ty
\<ef)v<zne S\ = <l iz ) >)*
Equation AI-20

So ‘hw/kT’

P (e, €+Fw\ P (g+tw, e)

Equation AI-21
-€/kT*

-k “’g fdw w e Plethw, é)[l_@ (T‘_T:a}J
kT® o

Equation AI.22

Thus, in thermal equilibrium, there is no mean energy transfer.

The rate of energy loss can be written

at Equation AI-23
where v,

is the collision frequency with the surface. v, can be
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estimated as
2
V.= NTTR U
Ve

Equation AI-24

where N is the number of particles per unit mass, V. is the free
volume per unit mass, R is the radius of the powder grains and v

is the mean velocity of the atom.
NTE" - © fotd SA
VF L’(( eﬂ‘” - ?)

Equation AI-25

where SA is the specific surface area of the powder, 5., is the
density of the solid, and » is the density of the powder.
The time required for an atom of mean energy E; to reach E

is obtained by integrating Eguation AI-23
1373

t = Lf(Eso\iA"Q) (m\yz S’Jé
SA © Pulil 2/ g AEE*:

Equation AI-26

where AE is given by Equations AI-22 and AI-18.
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APPENDIX II PS SCATTERING OFF 2 ELECTRON ATOM (MOLECULE)

In this appendix, a theory for low energy scattéring of o-
Ps off a two-electron atom is developed. It is assumed that the
spin (s) of. the atom and thus the spacial symmetry of the
electrons ;n the atom is conserved during collisions. When s=0
(e.g., He) there 1is no spin conversion, but when s=1 (e.g.,
He*(23S)), o-Ps may be converted to p-Ps via spin exchange. The
‘effect of a large magnetic field on the observed quénching rate
is considered. Finally, the result 1is generalized to é 2
electron molecule.

The particle interactions are assumed to be a function of
only the spacial coordinates. Thus, effects due to the spin-spin
and spin-orbit coupling are neglected. The spin of each particle
and the total electron spin are therefore conserved quantities.
However, the direction of the electron spin associated with the
0-Ps is not necessarily conserved during collisions, because of
the exchange degeneracy associated with the electrons (i.e., the
electrons may interchange). This is the basic principle behind

spin exchange.
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A II-1 Total Electron Spin States

States of total electron spin |SS,s> (g the z component of
) ss
positron spin) span an irreducible sub-space é;ﬁ:? with respect
to permutation of the electron spin coordinates. Basis vectors
SS; P . 3 4 S
for é;ﬁn generate the irreducible representation I~ of the

3/2 transforms

permutation group S;. The basis vector for T
according to the one dimensional, totally symmetric irreducible
representation A, of S; [using notation of Tinkham (1964)],

/2

whereas the basis vectors for r transform according to the two

dimensional irreducible representation E of S;. For example,

| A S,=-5 p>= 165-2 5, =-4 €> = é{)¢¢1‘p>+lww>+lm?>

Equation AII-1
| E %, Sz=2l_€> = lgsé 52:_7“; 7= ﬁ{leTW)—IMW)—!T&W&}

Equation AII-2

|Ef.S=4 pr=1S=1G,=1 5 5,>- iu_z{ e + 1IN
Equation AII-3
where ¢, 1is the row index of the irreducible representation

n
r?=g.
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A II-2 Spacial States

The space of asymptotic states for Ps (momentum k and
orbital angular momentum 1lm) incident on a two electron atom

(spin s) are spanned by the three states

(7{/:]([73 ry.) ‘7(/ (r o)

Y e TN YR

ARG AT SR
where

A AR AT l]ﬁ[m ]LV (I ~T)

r,+rr

and §k25(f,fz) is the two electron wavefunction, symmetric for
s=0 and antisymmetric for s=1,

There are two irreducible subspaces E¢“¢ associated with
each value of s. For s=1, one has A; symmetry (totally
antisymmetric) and one has E symmetry. For s=0, there is one
with A, symmetry and one with E symmetry. For example,
lkdm A, s> = {eb (RRYYETY+ YRRV TR

F U RTIYE TS

Equation AII-4

m Efs-> = L {- ORYER) + A7) YR §

Equation AII-5
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\Qrzm Ef.s=id-L (2@ ETD YRR + YR Y (RE)
P ETIYER)

Equation AII-6

A II-3 Physical Asymptotic States of Total Electron Spin
. . s
These states are found in the direct product space 5;r“e X
SSs .
é;f“F and must have A, symmetry. The value of S uniguely

determines the irreducible representation Iil“" associated with

the spacial wave function.

For §=3/2, ' = A, and thus r’™“ = a,. For s=1/2, r’f""
E and thus r*f“ = E.
(kdm S=2 S, s-1 > = |KmA s> 1S3 S 7. ¢>

Equation AII.7
|k 2m S=Ji Sz 5= F>= \)J;Zf\k,QmEis=s>lS:JZ_S,_ Ta B>

+ lkmE S, s21> 151 s, {W}

Equation AII-8

lkem S=L S, s<6 p> = ﬁ{—lkﬂmE{, sso>S-LS. §p>

+ lkmES, 50D 154 52 3, 8D
Equation AII-9

Since the Hamiltonian and thus the T matrix are invariant under
the group operations of S;, the matrix elements of T vanish
between states belonging to different irreducible

representations of S; or to different rows of the same
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irreducible representation of S,, according to a general matrix
element theorem (Tinkham 1964). Since we have imposed the
condition that s is consefved, the T matrix is diagonal in the

above basis. The diagonal elements are

T = <KIMESsITIKAmE 1, 5

Equation AII-10

T2 'L <kamd, s=i T kdm A, 521>

Equation AII.11

A II-4 Physical States of Ps spin (II,)

Consider the Ps spin states:

lelm 112 s> = LYY RRNVY (07 ) 2 tpa ) Koz )
)Y R T p X ofm2) + KRRV )

I s
* 7(IJ?'Z)?(S,“’ 3)} ‘ Equation AII-12

These states also have A, symmetry, but are not well defined
states of total electron spin in general. Thus, the T matrix is

not diagonal in this representation,
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A II:5 The T matrix in |klmII,ss,> Representation
‘Define
! +
5 . .
—RQ(ILSZ;IIL s,')= <kdm T 1, ssJ-Hk,QMIL,ss,>

Ss )
= 2 <kgwml I,6%: [£AmSS, $F>—Tk£ <xdm SS,Sf\kIMIY,55,I>
SSzF

Equation AII.13

The matrix <klmII, ss, |klmSS, sg> and the T matrix in the
. S . .
|klmII, ss,> representation (in terms of TL:) are given in the

following tables.



Table AII.1.

The Matrix <klmlI, ss, |klmSS, ss>

s LAy nyrrrprisprieioiolo
S AR AR LA A A A A A A A
5; > l/l 'Iz '%, % % '/’é %4 '/2 gAK?] -V Y2 ’I/z '/2 ‘//2
A A A A AR A AR AL LA AR AT A K AR AR

I I, s s

BYATAR J

;o1 Vi Yz FiE

1|/ e ra

olo |/ |/ P & /5

1] o Z Wz

ARRE Vs Ve Az

R AVAr., Z e

ol|lOo|!l |D J/,/_% '/3 ',/JZI/JE

VRS Y5 -z

;o] |- Wz Y 5

(=11 |-/ !

ololi [-1 iz 7 5

1l 1lol|o N

/lololo s

/-11olo -

olololo s
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Table AII.2. The Matrix <klmII,ss, |T|klmII,ss’>

i

I' pptrlrjotifrtirlolttrirfiolr|r ] |o
Liit [o]|-llo |1 |o]|-1lo |1 |ol|-Ilo]|i]|o]|-1]o
C=3 | I N A T T T O A I I I ololo
L1111 ]ojololo|-t]|-t|-1|-i|lo]olo]|o
I I. s s,
HERERN a
Lo |1 b d|d
RN c d d
olol !l | d b |-d
T O R A V5 d -dib
rio |l o d b d
P17 o b d d
olo|! 0O d b |-d
NERERE d -d|¢
tlo |1 {-) d b -d
Pop=ry |-y Q
olo|! |- d dil |b
ri1r oo e
Fiol0o o e
I |-1lo |0 e
o0 |0 o e
a-Toe' be 2Ty TS T 2Ty
. =Y 3
) I
d = T.i("—T.‘f' e =T:o
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A II:6 The Spin Conversion Cross Section for s=1

The scattering amplitude for a given transition I’I;s’gf

-->I11,8s5 is given as

,'g(,(-w{.-. (II.ss,5I1 s's.) = <k Il.ss, | T|kIL's's.)
2 2001 ("k ) Tee (II.ss.; T I.s's) §(e-k')

A=0 ‘/TTk k2
Equation AII-14
Thus
-F (I, ss,>Il,$S,) _L_,f(Q,Z-H}P(kK 7;1(1'1 55,,II ss,)

k=k!
Equation AII-15

The total cross section for such a transition
o (I1,ss,; 1T 5's,) = é(zm T, (ILes;ITass)

Equation AII-16

The o-Ps-->p-Ps conversion cross section 1is obtained by
averaging over initial states of o-Ps with s=1 and summing over

final states of p-Ps

P4 é()r,_!s,-,OOIS,')

9 1,55,
321
= 2 T’"f_uiﬂ ]T i "T I Equation AII-17
27 K Lo

Since the scattering matrix is unitary TE: may be parameterized
in terms of a single real angle, the scattering phase shift for
scattering in a state of Ps orbital angular momentum £, total

electron spin S, andsatomlc spin s.
Ss 2 SL

T}l = € =

Equation AII-18
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Thus the conver51on cross sectlon ,can be rewritten

¢ LSl =
ALzl

21 2& %l
= 8 I S (24¢41) sin (5, )

27 'k L<o Equation AII-19

The spin exchange cross section is defined as

Se, = I Z (z8+1) sin /33/7 glz’)

kt

[~
= %; S Equation AII-20

In a large magnetic field, where (10) and (00) hyperfine states

shgh‘”
of Ps are mlxeq\ the relevant conversion rate is from I,= 1 ->
1, =0. ,

S5 o= L Z é(lI,ls,')IOIS;)

6 It

r 5:%
@ ) 7 ) s
> f(ﬂﬂ) smz(% “gz)
2 A

Equation AII-21

A II.7 The Total Cross Section

The total cross section for s=1

JT;‘ 1 Z J(II‘LlS;/)I.'I;Ist’>
g 11T, |
58,
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e[ 2 T T

N\ &

= 1 7
2 k* 4s0
321 . =z Yo !
= 41T ﬁ(Z[-}])[ZS]Vlzg L Sin S, J
2 k¥ -0

Equation AII.22

The total cross cross for s=0 is simply

24 ~li 0

ST 4T S (224))5in™ §
. | 2 . |
k= L~=o Equation AII-23

whereas the conversion cross .section is zero.

A I11-8 Generalization to a 2 Electron Molecule

In the case of Ps of orbital angular momentum 1, scattering
off a molecule with rotational angular momentum j, 1invariance
under rotations requires only that the total angular momentum, J
= j + 1, be conserved. This allows for the possibility of
inelastic collisions involving rotational excitation. The
average cross section for scattering from rotational state j -->

j (Arthurs 1960) in a total electron spin state S (molecular

spin s) can be written s
» 24T+51 2=]34§" JTsSs v
S5 . . .. Lt
S 2= 2 e [T Gyl
20+ 10k* Teo L) 0137
Equation AII.24

ISs ., , . . . .
where T (j“17jl) is the T matrix element between initial state
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jl and final state 3j"1°. The average cross section for

scattering from initial state jII, ss, —> j’1°1'ss!], can be

written o L= 1745] L=1r4;'

S (TE sy TTs)=1T =
(2J+I)¥<’ T0 L=Py ) 4= |T-)'

I‘ [} ' f ) .
X }T (J./Zl—l-z 5,;)11-11/52\)]
Equation AII-25

The corresponding spin conver51on Cross section
o AQ:U- J = 'J I Ts.;u”,;

SGh=2T == 2 ’NH)JT (Jl’ﬂ” Jz >)z
27 K@yt 1o 2oy o = T-1

Equation AII-26

As will be shown in the following section
s
J’SS NS ) . 2‘§
T ()4 Lﬁ£>'v S;o gjjl( — | ) Equation AII.27

in the 1low energy 1limit kR << 1, where R is the range of the
potential. In this limit,
. 32 ) Yz !
é(J)J)"‘g _Tﬂsml(g~§ ) -
JJ 27 L e - Equation AII-28
Thus the conversion cross section averaged over rotational

states of the molecule is simply

3/ 2
A~ & T sm(g — 7 >

27 k Equation AII.29

Note that the phase shifts are independent of the rotational

state of the molecule.
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JSs
A II-9 Evaluation of T (J 1 j 1) in the Limit kR << 1
We assume that the scattering states of total electron spin
S and molecular spin s at low energy evolve in time according to

some effective Hamiltonian

H= i+ 8 g0 LV
2. .m

Equation AII-30

where B, is the rotational constant for the molecule and v > is

an effective 1local interaction between the Ps and the molecule
which depends on the total electron spin S and molecular spin s.

. . S
Now consider matrix elements of V s

<kTT, g4l 2 KTTz 4> k-k' = BJ(J'@M -J l)]
gdr'Jw :g; <KTJ;JXIKJJ,QX ><<kJlelzl >
J:. z
lez

)‘\/ \rw)<rw Je | 44, ><kJJz,Q/,/kJ'TJ/(>
Equation AII-.31

where £ is the vector from the Ps cm to molecular CM and @ is

. . TS5,
the molecular axis unit vector. V ®(f,w) can then be expanded as

Vies)- = (um S Plra) - = oY sy

even L even L
Equation AII-32

where we have assumed Vs’ to be a real finite function of © and

A .
t.&, invariant under o --> -4, U51ng

kAl TS = = LJAMY (7 )/" (i)

Equation AII-33
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.’v ’/Z N N
oY Y)Y, o) = [ragen i ] el am)e (' 5oMF)
4 (21

Equation AII.34

* ¥ ,} 2 Yz \ , ‘
jd?};‘?ﬁ)n’q[ﬁ”ﬁ/m - [} [(z,oﬂ L“]c&u po0)c(tLoh-MA,")

4T RLY!)

Equation AII-35

It follows:
<kIJle 55Jk1JJ_ZJ.I />
-=> > c(jAT fz 4 L) cel(j” J’Jz'lz\];>

L2, 11

Jzjr
X Qkk'S&W‘&I&VBU'(ﬂAQ(kF§54w NO\‘Y/0>YU

x Sdr NGRAE YI

evenl 2.4 ,_

J=J='

"2
1) [b_x_),ékwj Cl L 000) (Ll 4e-H e fzﬂym]
y17 (24'+ 1) L;U’KZJH)

« ¢ (jry’ |2 MJ2’> l (J'Lj'ooo> gdr r"&'i(kr)lf,;/r)&(w)

Equation AII-36

At 300°K, k for Ps is 0.113A-', and at 600°K is still only
0.163A-'., If we assume that the potential is negligable for R >
3A, then the integral over r is small for all values of 1L 1’

except 1=L=1=0. Thus the matrix element of v®* can be

r

approximated to
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N

m,
: S
! Skk-% ﬁm ")
(o]

Equation AII-37
This implies that the scattering is dominated by the s wave
elastic component involving only the isotropic part of the Ps
molecule interaction. The corresponding matrix element in the T

matrix can therefore be expressed

S
J Ss '5;5

T a5 )~ S (777 0)

. = . .
where the phase shifts 6,5 are independent of j.

Equation AII-38

This 1is precisely the conclusion reached by Arthurs and
Dalgarno concerning low energy scattering of electrons by a
rigid rotor (Arthurs 1960). They found that scattering off a non

spherical potential such as

Vi) = ( o r< 3a.
-543 — 0174 E@{)) r> 39,
r9 >

Equation AII-.39

was completely elastic s-wave for electron energies below 0.01
Rydberg, which corresponds to a wave vector k less than 0.187 AL

It is immediately clear from the Clebsh Gordon coefficient'
c(jrj' jx M j;) in Equation AII-36 that j» is also conserved in

this low energy limit.
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APPENDIX 111 DIRECT THERMALIZATION OF MUONIUM IN THE VOIDS OF

OXIDE POWDERS

The failure of the ATTD model (see Section VI.2.6)
necessitates an alternative explanation for how Mu emerges into
the void regions at low temperature. In this appendix, the
possibility that Mu thermalizes directly in the wvoids is
examined.

A cross section of the Mu-powder potential can be imagined

as in Figure AIII.1., Given that there is a collision of a

-]
70A DIA.

¢
§

>
3 4 —t—
I' ’j’ 1../
> >
2
K
)4 -
v
Figure AIII.1. Imagined cross section of the Mu-

powder grain potential.

Mu atom (E < 6 eV) with a powder grain there are four possible

outcomes.

1. The atom is scattered elastically off the surface, losing
a fraction of its energy. Since the thermal wavelength for
a 100°K Mu atom is much less than the atomic dimensions,
momentum is transferred primarily to individual atoms. Thus

the mean energy loss is 3mE/M, where m is the Mu mass and
M is the surface atom mass.
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2. The atom may be captured in a surface state via phonon
interaction. This is only important near thermal energies.,

3. The atdm enters the grain with kinetic energy E - V4, loses
energy via phonons, and thermalizes within the grain. In
this case, the Mu might become trapped in the lattice at
very low temperatures if the diffusion rate is small.

4. The atom enters the grain with kinetic energy E - V,, loses

) energy via phonons and is expelled from the surface before
thermalization. This can be thought of as a generalization
of inelastic scattering.

For E < V,, outcomes 1 and 2 are the only ones allowed
energetically. It may be assumed that for Mu energies greater
than some threshold energy E; (dependent on the type of powder
and the grain radius, R), outcome 4 dominates. Thus there is, in
effect, an energy window V, < E < E,, where thermalization
within the powder is most likely.

The probability for a particle of energy, E, to be
transmitted into the powder grain can be estimated from the

transmission probability for square potential barrier of height

Vo < E. In one dimension (Leighton 1959),

? (E) = %E'/”(E—Voz't
| (" +V,”)

Therefore, a sufficient condition for Mu to thermalize directly

Equation AIII.1

in the voids is for (E+h - Vo)/Vo << 1, since ijE) is then
small over the entire energy window Vo< E <E,, .

E;, can be estimated by assuming that a Mu atom which
enters a grain loses energy through elastic collisions with
individual atoms until it reaches a critical kinetic energy, E_-
Vo, at which point it becomes trapped. E;, can be approximated

as:
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R*2m /1M
E#h'—y; = <E<;-V2)Ci £ .
guation AIII.2
where 12 is the mean squared distance between <collisions and
ARz/fz is the mean number of collisions required for a Mu atom to
“scatter randomly the radius of the grains (R) (Reif 1965),.
losing an average 2m(E - V,)/M per collision. 12 should be on
order of the mean atomic spacing squared ( 10A2). Since Mu
becomes trapped in SiO, below 50°K, a value for E_ - V, is
somewhat arbitrarily chosen to be 100°K. The above parameters,
inserted into Equation AIII.-2, yield E;, - Vo ~ 0.033eV. 1In
other words if a Mu atom is to deposit the last of its kinetic
energy within a powder grain and stop, then its kinetic energy
inside the grain must not exceed about 0.033 eV.

The work function at the surface is not known, although the
barrier height must be much greater than 300°K, since the Mu
does not reenter the $Si0O, powder at room temperature. In order
to illustrate the feasibility of this model, V, is chosen to be
2 eV, which yields ‘Z%< 0.13 over the entire energy window
(Vo ,Epp ).

Another imporfént factor which may influence the
probability for direct thermalization in the voids is the number
of collisions a Mu atom makes with the surface in the sensitive
energy window (Vy,Eyx, ). In an evacuated powder sample, this may
be estimated as n, = (th - Vo)/AEy , where AE- is the energy
loss per surface collision. Using AE = 3mEﬁh/M, n,= 1.5 in the

Si0, powder. The presence of a buffer gas such as He will tend

to reduce n, due to the additional energy loss between surface
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collisions. If the mean distance between collisions with gas
atoms is less than that between surface collisions, then n_~

<

(Egy, - Vo)/AE? . In this equation
_za%r1dw4/b13

g -
AE™ = D e J Eu, Equation AIII.3

is ,fhe mean energy loss through elastic collisions with the
buffer gas (of density n, s wave scattering cross section 9 and
mass Mg) after travelling a distance d (the mean free path
between surface collisions). Inserting oq = 10A2, n = 102' cm-?
(an ideal gas at 760 torr and 7°K), Mg = My, = 3720 MeV/c? and d
= 1800A (mean distance between surface collisions in SiO,
powders R = 35A , =0.04 gcm-?) into Equation AIII.3, yields
AE® =0.68 ev and n.,= 0.04.

According to this model, the probability that a Mu atom
thermalizes directly in the voids of oxide powders is determined
by processes occurring below the electron excitation threshold
(E < lgeV). It is most probable when the particle size is small
énd the work function for Mu at the oxide surface is large. The
presence of a buffer gas such as He may enhance this probability
provided that the mean free path between gas collisions is less

than the mean free path between surface collisions.
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APPENDIX IV ADSORPTION OF ATOMS ON A SURFACE

Consider gas atoms contained within a volume, V, in contact
with an adsorptive surface of area A. Let ¢, be the binding
energy to the surface, and Ng be the number of atoms on the
surface, Ny the number of atoms in the gas. Define ng = N, /A and
nj = NS/V. The adsorption isotherm n, versus N4 at constant T
will, in general, depend on the atom mobility on the surface.
Two ideal situations, reviewed in more detail by (Dash 1975) are
considered here.

1. Adsorption of a Van der Waals gas atom of area ¢ on a
smooth surface.

2. Adsorption of tightly bound atoms on a surface with 1/¢
adsorption sites per unit area.

A IV.1 Van Der Waals Two Dimensional Gas

The total energy of N, atoms on the surface is
Vs

FE . -Mé& + = pi s UG 1)

(st =M Equation AIV:-1

where ¢, is the binding energy to the surface, p;, is the
momentum of atom i, and U(r, .. q%) is the total energy of
interaction between atoms on the surface. In the case of hard
discs,

V2 ..
LJ o }r[,w| < 26%) )‘gr anyld

o ) oTherwise Equation AIV.2

The partition function, Z., for the adsorbed atoms
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- E/kT
Ls = - S~C’ a1
Nl %ZN
Ns€o/KT |
- e i 0
/\/!/\ZM

Equation AIV.3

| _
where A= (h2/2nka)h'iS the thermal de Broglie wavelength, dr is

an element of phase space, and Q is glven by:

g\e "“ er Equation AIV-4

At low densities, where N ,e¢/A << 1,

n ~ AA-12)(A-88) - (A- yWs=1)8)

Ns
[ 1= {(2%-1)N; @/)]

Egquation AIV-.5

The free energy, F, for the adsorbed atoms is then

= kT InZ i}
F - }5V§k-r /h[ensA J" kT Ih[f"Ns(Nz’/)zéJ

- Ns €. Ns kT InLe ns/ *] +M<A<T2¢5

Equation AIV:6

The chemical potential

My= 20| =
T vy,

e+ KT InLn AT+ N kT4S

Equation AIV.7

The chemical potential for the atoms in the gas phase (assuming

an ideal gas) is given by

/MJ = leh{hj/\BJ

Equation AIV-8
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In equilibrium, by = Hs and thus

éo/kT -l'ls ‘l’é

Ns = rﬁﬁ'ﬂ = - Equation AIV-.9

At very low densities, ng is linear in nj, since n e << 1. Near
monolayer .completion as e¢ng tends to 1 and O (Equation AIII-1)
tends to zero, SO that ng is bounded by 1/¢ (we have ignored the

geometric packing factor from the start).

A 1V.2 Tight Binding Model

In this case, the free energy for the N5 atoms adsorbed on

a surface with N = A/¢ tight binding sites 1s (Dash 1975)

Eoo =T hn [ NE/FIN-NS) e e ’/kT}
e Ne o+ KTIN & Inlnsl+ (- Ns 8)

 )n Li-nes]

Equation AIV-10

where ng.e¢ 1is the fractional coverage. The chemical potentiial

for the adsorbed atoms 1is
]V\{ Kb#é— ] A
/45 = - € ¥ il |- Ns& Equation AIV.11

In thermal equilibrium the chemical potential of gas phase atoms
(given by Eguation AIV-8) may be equated with that of the
surface atoms, yielding:

: >
A
nﬁ = j- _h_%—’" — ée/kT
Ng N+ E Equation AIV-12

At low coverage, n.e¢ << 1, n is linear in n

4 S j
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52 € /KT
S Equation AIV-13

whereas for large qﬁ, neg = 1/¢.

Note that at a low coverage, both Van Der Waals model and
- tight binding yield a linear relationship between n, and ng with
the proportionality constant differing by a factor A?/e¢ (~1 for

He at 7°K).

A IV.3 Single Atom Adsorption

If a single atom (Ps or Mu) is thermalized in a system with
surface area A and total free volume Ve, it is desirable to know
the fraction of time spent -on the surface, averaged over times
much larger than the dwell time on the surface or the mean time
between stickings. This fraction, o, may be obtained from the

above low density approximations for ng and Ng .

Ne A

R = —
n5A '}nj\/F

— 3 e

|+ N

L

F

AN

Equation AIV.14

l

& kT
;e Ve
AN Equation AIV-15

for a 2-dimensional gas bound to the surface by e
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]
~ & /kT
1 te &S Ve

/q3/% Equation AIV-:16

S
i

for tightly bound atoms.

A IV.4 Mean Surface Dwell Time

It is also of interest to estimate the mean time spent on
the surface per sticking to the surface before desorption
occurs (Ctampton 1980). The density of atoms on the surface can

also be written

Equation AIV-.17

where v is the mean thermal velocity and Py is the probability
that an atom which strikes the surface will adsorb. The sticking
of an atom to a surface is an inelastic process in which the
incident momentum of the atom and 1its binding energy are
transferred té fo the lattice via phonon interaction. In the

case of a low density 2 dimensional gas, the above expression

may be equated to Equation AIV.8 yielding

—

<
R
U ;% Equation AIV-18
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