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ABSTRACT

3 short review o¢f pcsitrons amd wnuons, and their
interactions with matter is presented. The experimental
techniques for studying these short 1lived particles are
discussed,, Attenticn is focussed on the formation,
properties, and uses of the hydrogen-like atcoms, positrcriunm
{ete—) and mucnium {u*e—), in gases and insulators,

Also, positrons have been injected into extremely fine
evacuated powder samples of Sio,, Al,0,,#90, and ZnO. The
fraction of pcsitrons forming o-Ps within the powder grains
and diffusing out into the vacuum region has been measured. .
The largest measurement of 261+3.% was made for the 355
radius SiO, powder.  Using this powder as a moderator the C,
- gquenching rate coefficient has been determined to be
1.432,04 x 10-12 cp3/sec, -Doprler broadening measurements of
the annihilation 1ine verify that the quenching invclves
conversion of o-Ps tc p-Ps. .

In addition polarized muons have been injected into
sio,, Al,05,Mg0, Ca0O, Sn0O,, GeO, and SiO powders., .Using the
techniques of y*SR and MSR, upper and lower 1limits c¢n the
mucnium fraction have been determined, Non-zero muonium
precession signals are reported for Si0,, CaC, H#gC, and
31,05, Evidence is presented that suggests that the mucnium
is diffusing into the intergranular regions for Al,C; and
MgC as reported earlier for SiOj. .

Results from these twc experiments indicate that the
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formation and behaviour of muonium and positronium are
correlated in insulators, at least in a qualitative sense,
Future experiments using oxide  powders to ~ produce

positronium and muonium are discussed.
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CHAPTER 1- INTRODUCTION-

The fundamental  dynamical  postulate of quantun
mechanics states that the time dependence of a physical

state is determined by the full Hamiltonian according to

ihg |y (£)> = H[p(£)>
ot

where H = H, + Hjpnt and Hjpt is the. full: interacti§n
Hamiltoniarn which is composed of weak , electromagqgnetic , -
and stromg interaction terms, amnd accounts for both. elastic
and inelastic. processes., Experiments in nuclear, and
particle .physics invariably .involve the 'preparation: of an
~initial state followed by the determination: of a final
state. The initial state,: |i>, cam be determined precisely
by measuring a complete set of compatible observables. The
final state, {f>, cannot be determined precisely with one
set of nmeasurements because the act . of measuriag is
equivalent to projecting . {f) onto the  eigeastate
corresponding to the measured guantities. .The :probability
for making .a set of measurements, which projects Jf> onto
In> is j<myf>]2. Expanrding.{f> in:terms of |m> s gives

[f> = r|m><m]|£>
m

- The ' probabilities, {<m]f>}2, .are determined experimentally, .
,'to within a statisticalférror, by performing many. sets of

measurements. .



These efforts are directed at studying the time
dependence of a physical state in order to obtain knowledge
about the interaction Hamiltonian. A1l conservation laws in
particle physics are the result of these +types of
experiments, The confidence in any <conclusion reached
ckviously depends on the statistics of the experiment.

The simplest initial state to prepare is, of course, a
cne bedy state.. The decay of single particles provides
valuatle insight dintc the fundamental interactions and

rroperties of particles.,,h6 Examples are

+ 4+ - ,

> e + \)e+\)u {veak)

%+ 2y (electromagnetic)
Nf++ p + n+ . {strongqg)

The next simplesf inital state to prepare is,
pnaturally, the two bedy state. A very useful subset of these
two body states are those bound together by the Coulcmb
force which are scmetimes referred +to as "onium" states..
These Coulomb bound states ére well defined eiqenstates of
ocrtital angular mcmentum. 3dlsc , the wave functions, <E{x>,
are easily calculated.hThése properties make "oniunm? systens
~invaluable in the study of thé fundamental interactions, ,The
vast majority of these "“cniums" have not been observed
because both partners are short lived and must be produced

artificially.  The producticn problem simplifies if one
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partner is stable and naturally occurring. ."Oniums"™ such as
é*e‘, pn—, pte~, pu—, and p p , have already been observed. .
At the present time the search is on for thé more elusive
pi-mucnium, w¥p—. .

The interest in the diffusion and chemistry of hydrogen
atcms extends naturally tc mucrium and positronium because
they provide an opportunity to study the <chemical
interactions and moticn of hydrogen-like atcms on a time
scale as small as 10—9 sec,. -

Muonium and positrcnium are also of special interest in
particle physics., .For example, the decay of the pcsitrcrium
ground state with spin=1, written

0-Ps > 3y
is of great interest because tlke lifetime in vacuum provides
a test for the theory of quantum electrodynamics., - A major
difficulty in the experiment 1is to isolate the ete~ aton
from other electrons which tend to shorten the observed
lifetime., .

The conversion rate of mnuonium to anti-muonium has
important consequences in weak interaction theory.. Such a
ccnversion is possible o¢ply if the weak interaction
conserves muon number in a multiplicative or parity-like
fashion. Again, a major difficulty in measuring the true
vacuum conversion rate is to isolate the - +t&e— atcn.,

An experiment at TRIUMF bhas been planned for early 1979
that will produce and detect ficnium, te—, .

The purpose of this work was primarily tc explore the
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similarity in formation and behaviour between positrcrpiun
and muonium in materials, particularly powdered oxides,
wvhere copious amounts of positronium had already been
observed.,  Such ccmpariscns are essential to a brcader
understanding of ‘the behaviour of these "onium" systems and
will inevitably help to realize their full potential in

physics.



Section II,1 Introduction-

Dirac (1930) postulated that vacancies in a filled sea
of negative energy electron states would manifest themselves
physically as anti-electrons or positrons. Anderson{1933)
was the first to cbserve ©positrons in cloud chamber
photographs of cosmic ray showers., The production of
positron-electron pairs frcm high energy gamma Tays was
observed shortly afterwvards {Blackett, 1933). . These
experimental results sparked a large effort to develop a
theory for positrons in matter. Mahorovicii (1934) was the
first to suggest the existence of a bound e*e— state, npaned
positronium or Ps., Pirenne (1946) was one of the first to
perform calculations on the positronium energy levels..
Wheeler {(1946) and Ore and Powell (1949) calculated
annihilation rates from the S=0 and S=1 ground states
respectively, In the meantime the experimental studies on
positronium were just beccming possible as positron sources
such as Na22 and Cub% became availakle. The work of
Deutsch (1951) firmly established the existence of
pcesitronium,

Despite the great amount of experimentation since those
early days, it was not until 1974 that the first excited
state of positronium, Ps*, was observed {(Canter, 1975). .This

and many other experiments have been made. possible by the
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development of monoenergetic Leams of low energy positrons
{Canter,1972) . -

Sections II.,2 and II.3 of this chapter review the tasic
interactions c¢f pcsitrcns and pesitronium with matter and
the experimental- techniques for - observing these
interactions., Sections II.4 -and II.5 discuss Ps formation‘in
matter and some previous positronium experiments -in gases,

pcowders, and gels which are relevant to this study. .



Sect-11.2 Properties of Positrons and Positropium-
in-Matter
i- Conservation of Charge Conjugation Parity-

in-e*e~-Annihilation-

Although positrons and electrons are individually
stable spin 1/2 states, the positron-electron state is
unstakle to annihilation into gamma rays through
electromagnetic interaction, The charge conjugation ¢r C

parity for an e*e— state is {-1)L+S

{see Appendix I(a))
where L is the orbital angular momentum and S is the total
spin. .The C parity fcr a state containing n gamma rays is (-
1f1-(see Appendix I(b)).,. Electromagnetic - interactions

L+S 2 -1 . Since in

cecnserve C parity which implies -1
many cases one need only consider the L=0 states, this
restricts the annihilation frcm spin 0 and spin 1 states to
an even and odd number of y s respectively, Annihilation
into a single y frcm a two body inital state cannot
conserve  both momentum and energy so that a spin 1 state
must decay into (2m+1) y s where m is a positive non-zero
integer.. The annihilation rate into my S decreases rapidly
like . o™ vhere a is the fine structure

constant (=e/hc=1/137) so that the spin 0 and spin 1 states

decay primarily into 2y s and 3y s respectively. .



In -lov energy ete— scattering. only  the L=0- state
'contributes and thus restricts the final state to 2v s and
3Y s for the S=0:and 5=1 states respectively. Dirac {1930)
calculated the spin averaged 2y cross section for ete—
scattering to be.
sy = ﬁrezc/v v<<c eqn II.1

wvhere rgyis the classical-electron radias, e2/mc ... Ore and
Powell {19489) calculated-the;s?in:averaged cross section for
annihilation ‘into 3y s to. be

9y = 4(ﬂ2—9)réca/3v = 1/371¢ v<<c

2y
The single vy annihilation\irggnires a third body in the
initial statestoiconserVe*both»eaergy.and momentum ,such as
an electron or a. nucleus. In:the case of an:electron the
decay rate .involves an.e—e— correlation  coefficiemt. West
11973)3 estimates that the annihilation .rate into a single ¥
in this manner to be smaller than the 3y . annihilation . rate
by a;factorvxép where Ac is the compton wavelength for an
electron and p is the second electron density. . On this basis
the most optimistic p 1leads to a branching ratio
OY/O3Y = o3
Attempts to observe +this rare annihilation mode have been

unsuccessful {Reddy, 1970) -

The single gamma annihilation involving a nucleus is
much more likely and has been observed {Sodickson,1961). The

cross section .is approximately . a425ré
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Annihilation. into 0 gamma rays has alsoc been observed
(Shimizu,1968) . In this  process the: positron: annihilates
with a core electron and imparts the the resulting energy to
another core electron. The Feynman - -diagrams for all . these
annihilation -modes are shown.in fig II.1./Free positrons are
useful probes into the many electron  state of  the host
substance . since that: state characterizes the subsegquent
annihilation. For .a thermalized free positron: annihilating
with an electron, where the total spim =0, the angle between .
the resulting 2v s provides . a -measure of the ete— pair
moméntum which depends primarily on- the"electton..momentum
distribution of the host. This has proven to be particularly

useful .in studying metals...
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+ - + -
e e e e
(a) (b)
N
N 1 e
nucleus
e+ e~ (ze) _
nucleus et e~ €
(Ze) (o) (@)
o=
e e
e
(e)
Fig II.1 © Feynman diagrams for (a) 2 gamma annihilation

;(b) 3 gamma annihilation, (c¢) 1 gamma annihilation involv-
ing a nucleus , (d) 0 gamma annihilation involving a nucleus

and a second electron , (e) 1 gamma annihilation involving
a second electron.
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Iii. Bound- State-Annihilations-

P2 s —

The factors that effect . Ps formation:in.a substance
will be discussed in Sect II.3. Given that it does form, the
singlet {S=0 or para—poSitzoﬂium= or p-Ps) - -state aand the
triplet (S=1.or ortho-positronium .or o-Ps) state form in the
statistical  ratio 1:3. p-Ps decays into two 511 . KeVY's
- whereas o-Ps decays into 3 ys._ The enerqy sSpectrum . is
continuous and is shown: in-fig II.2. The mean decay rate .
" {£1/lifetime) in vacuum for p-Ps and o-Ps from theory and:

experiment are

\pips = 7985 x1010sec™! 1 {Kolbig, 1969 )
e _ : : 5 - .
)\p_xgs = .799 + .011- - Xlo}'osec 1 {Theriot, 1967-)
AEEPS = 7.0379 -+ .00%12.. xlOefsec_l {Casvell, 1977-) -
Monps = 7-056+-007 %106 -sec”! ({sidley, 1978 )

The difference in annihilation rates for o-Ps and p-Ps
is ' of order o and can be . understood in  terms of  the
addiiiona1='vertex for the Feyman diagram for the o-Ps decay

(see fig 1i.1).

lno error given
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Fig II.2 . The photon energy spectrum from the annihilation
of o-Ps. (Ore,1949)
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- Sect I11.3 Experimental Techniques—

The study éf positrons in matter is based . on the.
detection . of the  annihilation: quanta. K The relevant
observables are the time before. annihilation, ‘the. angle
between: the annihilation. gquanta, the. energy of  the.

annihilation ‘quanta, and the number .of annihilation .quanta. .



Na22 sources are commonly used for measuring positron
lifetimes because the emission of a positron is followed, in
most decays ,by the emission ¢f a nuclear v of energy 1274
KeV within 10-11 sec (see fig II.3) and thus provides a
convenient method of signaling a ©positron emission. .One
counter is used to start the cleck on an et emission and up
to three vy counters in coincidence can ke used to stop the
clock. .Small plastic scintillators provide excellent +timing
gesolution {+3 x 109 sec), but have poor enerqy resclution

and are very inefficient. For studying short 1lifetimes in

sglids and 1liguids, plastic scintillators are essential.,

larger Nal detectors are often preferred for measuring the
iong lifetime of o0-Ps where scmetimes a triple coincidence
stop is required (Bird, 1973).. The efficiency and enefgy
resolution are increased substantially using this type of
detector although the timing-resoiution {3 or 4 nsec) is not

as good as may be achieved with plastic scintillators, .

“



1.055 Mev
Ne22*
1.274 Mev
Ne22
Fig II.3 . Na22 decay scheme. The maximum enegy for a

positron resulting from the decay into Ne22*
The lifetimes for Na22 and Ne22*
sec respectively.

is .544 MeV.
are 2.6 years and 10-11
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S iid Apqular Correlation Technigue-

If an S=0 ete— state has a pair momentum ccmpcocnent,
P. o perpendicular to one of the photon emission directions
then the two photons will be emitted at an angle, 180°+ ¢

vhere
8 p*/moc p. << moc'(WeSt,l972)

If the positron is thermalized then the pailr momentum
is approximately equal to the electron momentum. Thus if p.
of the electron is 0.5 KeV/c, corresponding to an energy
pf/2m0=0.25 eV, then the two photons will be emitted at an
angle of 1 mrad or ,057°
The angular distribution between the annihilation
gquanta is measured using a 1long slit angular correlation
apparatus. This apparatus measures the ccinqidenée counting
rate between two detectors as a function of +the angle
defined by detector 1, the source and detegtor 2. .A typical

anqular resolution would be .5 nmrad.,



iv. Doppler-Broadening-Technigue-

lnfotmation;onﬂtheHpairnmomehtumadistzibution.can also
be obtained: by using a high.:resolution Ge or Geii detector
to measure the Doppler broadening of the. annihilation  line
at 511 KeV. .To first order, the shift :in:energy produced by
a longitudinal pair momentunm :component, p, , is given :by

A E Fhv=mc2ap,c/2 (Hotz, 1968)

where hv is the energy of - the . detected photon. . Thus, if
p =0.5 KeV/c. then AE =0.25 KeV. . In:cases where the sampled
e- momentum distribution:is isotropic, - the  technigues of
" Doppler broadening and amgular correlation ,applied to
annihilation guanta in a given . direction, yield the sane
information. , Charalambois ({1976) has reported a system
resolution -of -1..08 KeV at :514 KeV  using an dintriansic Ge
detector, which is equivalent - to an angular correlation:

apparatus with anangular resolution of 4 mrad..

The Déppler broadening.teChaigue analyzes all nmomentun
chanﬁels simultaneously and is therefore nmuch faster. Also,
it does not requireAhighAE*-stoPping densities nor strong
sources as does the angular . correlation- technique. The
obvious disadvantage 1is the.  poorer TrTesolution which is
limited by the intrinsic properties of semi-conductors ‘such

- as Geli. =



- 18 =

¥ 2vZ3y Decay Ratio Technigue

-——————a—m ot e S Sy o

3 y decays resulting from o-Ps formation can be detected
using a 3y coincidence technique ({Celitans, 1964a), but
normalizing the detection rate to that of 2y decays is
difficult because 3y decays result in a continuous enerqgy
spectrum, -This will be discussed further in Sect IV, 1,
Changes in the 3yv/2y ratio are however, directly observable
in the annihilaticn spectra. .An increase in the 3y/2y ratio
is characterized by a reduction in the 511 KeV photopeak and
an increase in +the counting rate below 511 KeV,  Nal
detectors previously and Geli detectors more recently (Sen
and Patro;'1969) have been used to study the 3y/2y ratic in

this manner. .
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High enerqgy positrons 1lcos€ energy through inelastic
ccllisions leading to ionization or the emission of
Bremsstrahlung radiation.,The ratio between the enerqy loss
"rates for thg two prccesses is given as

rad £Z,/800 (Segré, 1964a)

ole | B8

ion

where E 1is the positron enerqy in MeV and 2 is the atcmic
nupber of the atomic species., Below energies of a few HNeV,
ionization dcminates whereby the fast positron 1loses
approximately 30 eV per ion formed (Segre, 1964b).,The 1loss
to free annihilaticn is small because 1/(slowing down time)
~is large in ccmpariéen toc the free annihilaticn rate given

by

Ao = nNZvos

1

nanéc using egn II.1

where n is the number density for the gas and Z is.the

atcmic number for the gas..

\



ii  Ore-Gap in Gases

Fig. II.4 shows the different channels that a positron
can take before it annihilates., For the enerqy interval
‘Eion'Eexc) the processes of atcmic or molecular excitation
and Ps formation are in competition. The Ore gap is defined
as the energy interval (%m«:'ﬁhx1-6°8 eV), It 1is generally
believed that Ps fcrming ccllisions dominate the 4E/4X in
this energy range. .The Ps atom has a kinetic enerqgy 1less
than that of the dincident pcsitron by '%km -6.,8 eV, . A
positron with an energy below the threshold for Ps formation
4Eidn-6.8 eV) will collide elastically until it annihilates
freely. . The positron usually thernpalizes before
annihilating, .

The Ore limits c¢n Ps formation are arrived at by
assuming that the last ionizing collision above %km. leads
to a unifqrm population density in the energy interval
‘0'3331)" It is further assumed that.a §ositr6n in the Ore

gap ‘Eexc’ E n-6.8 eV) forms Ps 100% of the time, . The lower

io

limit on £ is then ( E -{ E -6.8 eV ) ) / E, . If
Ps exc n ion

io

the positron f€finds ditself in the enerqgy interval (E ’
‘ _ . exc

Eion) it may or may not form Ps since excitation is a

competing process., ., Thus the upper limit on fés is
6.8 eV/E. .
ion
As an example, tle Ore limits for argon and helium are
(16-43)% and (943-28)% respectively, whereas the observed
fractions are 2713% (Gittlemad; 1956) and 32+#3% (Pond, 19%52)

respectively,
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Low Energy Positron Beams-in Gases-

Unfortunately, the Ore predictions bhave bad «c¢nly
limited success, one case being argon .. It has Leen

suggested low energy resonances just above E;, could result

n

in an non-uniform population density below E;,, (Lee,1%67).
This would explain the failure of the Ore limits. .

Since 1970,scurces of thermal positromns from the back
scattering of high energy rpositrons off various surfaces
have become available, The bhighest efficiency thus far
- 43 x 10—3%) was obtaihed by using a qgold surface coated with
MgC (Canter,1574) ., These thermal positrons have been used to
generate monoenergtic beams of low energy positrons., Such
beams have been used to measure total cross sections in
nchle éases {Harris, 1976 & Canter,1974)}., The +technigue
involves passing a positron beam through a gas cell of
length d, in which the number density for the gas is n.  The
pressure is chosen so that only single scattering is likely. .
The transmission coefficient through the gas is measured at
the end of +the «c¢ell wusing a Nal counter +to detect
anpihilation radiation with apnd without the gas. The total
cross section for the gas,iqnoring small angle scattering,

~is then given by

ctot==[ deﬂﬁac-dNﬂﬂbas]/[rld(ﬂvdgﬁw ]

and represents the sum of all possible <cross sections,
elastic and inelastic. Altkough sharp rescnances are not

present (see fig I1I.5) the total cross section does drop off
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rapidly below 50 eV in some cases. -This could be responsible

for a non-uniform population density below E and would

ion
therefore help to explain the failure of the Ore 1limits in
cases such as Kr and He, .

In ﬁrinciple it should be possible to monitor the three
gamma coincidence rate as a function of positron energy and
thus determine wexplicitly the enerqgy dependence of the Ps

forming cross section, This wculd be a firm test of the Ore

gap theory. .



The Ore gap amalysis cannot be extended ian astraight
forward manner: to include..solids-;.Pbsitroaium. has been.
observed in insulators (e.g. guartz and. ice) - but has - not.
been observed in covalent .semi-conductors such.as Ge and Sie .
The enerqgy of the. positronium. state is modified by the
diélectric:properties'of-thegmedium,and»is only well defined
if the electronic .enerqgy lies in: a forbiddem . gap. High.

yields of - positronium formation: {e.g. . . 30%) ' have. - been -

observed in oxide powders {Paulin.and Ambrosino, 1969). . The

positrons are slowed down:within the grainms and eventually .
reach the intergranular region-.as posittoninm-;?anliafanaa
Ambrosino {1969) ‘have reportedvanwihcreased-Ps-ftaéiion- for
amorphous $i0, powder compared :with the crystaline form. .

It should be stressed that a Ps state in a . solid cannot
be treated independently of ‘the electrons in-the solid. In
an unreactive gas at low pressure the perturbing effects of
the neighbouring electrons on.a .Ps state are small, whereas
in a solid  this is ' not. true. For example, angular -
correlation measurenents in: single crystal ice {see
fig II.6)»reVeal a delocalized p-Ps state whereby the pair

momentum distribution has side peaks reflecting the



- 26 -
periodicity of the p-Ps centre of . mass position  wmave

function.
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Fig II.6 . Angular correlation measurements in single
crystal ice for the different crystal: orientations.

The arrows indicate the theoretical position of the peaks
- assuming a periodic wave function for p-Ps.The broad
Gaussian background is due to free positron annihilation.
(Mogensen,1971)



in snmmary, the Ore gap is a"usefu1m~cancepi ~in-- gases
‘where the. formation - process is thought to be represeated
well by‘charge exchange collisions with - individual  atoms. ..
Now that monoenrergetic. béams of low energy positroans are
available it .should be possible to firmly test the validity
of -‘this approach. In solids the situation-is more complex so

that a more sophisticated approach is required. -



Positronium gas chemistry makes use of the relatively
spall mean decay rate o¢f free o-Ps of 7.056+.007 yusec—?
{Gidley,1977). .In gases this mean decay rate is increased in
two ways, pickoff annihilaticn and o~Ps to p-Ps conversion.
Beoth processes are said to guench the o-Ps., . Pickoff
-annihilation is when the bound positron in o-Ps annihilates
with an electron from the surrounding medium., In gases this
can happen to a small degree during elastic collisions cr to
a much greater degree if a chemical compound is formed, , The
resulting pair momentum is of order 3 KeV/c¢ corresponding
to the mcmentum distribution cf the valence electrons of the
gas mclecules, If a gas has an unpaired electron, a sSpin
flip process may occur during a collision so that the c-Ps
is converted to p-Ps. The pair mcmentum for thermal p-Ps is
ptder 0.1 KeV/c and thus.makes guenching due to a conversion
process - easily distinguishable from pickoff gquenching

associated with a chemical bond formation.
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s

yiiqfaQ;enegaRateaggefficieg§¢;§;635g§a,.

The mean guenching rate for o-Ps .atons with velocity v.
in - a . gas with number demsity n-and gqueamching. cross section-
9] 1S

g
A_=0.vn

q q
If the Ps thermalizes fast, v v the mean thermal velocity...

(see Appendix II).

The mean guenching rate is proportional to n where. the
constantf of  proportionality, oqv + is referred to as . the
quench rate coefficient.

For.gases'which possess a gugnch;rate coefficient that
is much larger than that for argon
{2.51.05 x 105 sec—! satm., Cetitams,1964b), arqon. + gas
mixtures can. be used to study the reaction. .The argon acts
as a. moderator producing 27% Ps, but. has very little.
guenching effect. The = quench rate coéfficieﬂtf-fcr- a
particular .gas is then the .slope of the gquench rate versus

gas concentration:in arqon + .gas mixtures.
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iii- Ps ip-Powders and-Gels-

——m

Paulin and Ambrosino {1969) : have studied positron.
lifetimes in fine MgO, Si0, , and Al;0; powders. -The lifetinme
sééctraﬂexhibited.three.cdmpqnents at <.4 nsec, 2 asec and
140 ansec.., They attributed the <.4 nsec component to free
positron annihilation aad-‘pQPs annihilation, the 2 asec
component - to pickoff of o-Ps within the grains, and the W0
nsec- component to o-Ps in.the intergranular regioms. Brandt .
and’ Paulin - (1969) interpreted these results in terms. of a
~diffusion model whereby the 0-Ps forms within the grains and
then diffuses out iato the intergranular .region.. .

Since that time many experiments have been: done with.
fine powders. K Stedlt and-Varlashkin {1972) have performed
anguiaracorréiatioh:measutements on .compressed SiO, powders...
$hey investigated .the effect of powder .size, powder density,
‘baking, and temperature on.the narrow component associated
with p~-Ps .. They interpreted the results in terms of the
diffusion model suggested by Brandt and Paulin (1969).

'Gidley and Marko {1976) - have measured the 1linear
~dependence . of the o-Ps mean. decay. rate.in fine Si0, oam.
powder < demsity. They extrapolated back to zero powder .
density and obtained a value of 7.09%£.02 psec—t for the mean
decay rate of o-Ps in vacuum. Systematic errors were. later
discovered ({Gidley, 1978) - which lower . this" value to
7.067%.021 psec—t. .

Positrons have also been -injected-into silica gels vith

S e O . .
a mean pore size of 22 .A7 (Chuanqg,1974). After evacuating the
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gel they obse#ved-a long component in:.the lifetime spectrunm
with a mean decay rate of 31_useCft which they attributed to
o-Ps in the pores. After adsorbing different :amounts of Br, .,

NO, 12, 02,- and - Noz' they  measured guenching - rate

coefficients for - these gases., They also performed anqular

correlation. measurements to. determine the guenching

mechanismns.



Sect IIi,1 Introduction-

In 1935 Yukawa postulated that the nucleus was held
together by an exchange fcrce whereby heavy quanta are
exchanged between the nucleons within the nucleus.. He
estimated on the basis of the strength and range of the
nuclear force that the heavy quanta should possess a mass
between 50 and 100 Mev/c2, ,Cecsmic ray experiments perfcermed
by Anderson and  Neddermeyer (1937,1938) and Street and
Stevenson (1937) showed the existence of a pair of
oppositely charged particles with a mass N 100 Mev/c2, .
However, further experiments {(Conversi, 1947) revealed that
the nuclear absorption lifetime in carbon of the negatively
charged partper was of order 10-% sec, instead of 10—18®
sec. . as expected if the particles - were strcngly
interacting. . These two particles are now called muons, .The
Yukawa meson , which is novw referred to as the pion, was
discovered later that year ({Lattes, 1947) in an experiment
which showed that pions decayed intoc a neutral particle plus
a mucnh, .

Section IIX,2 of this chapter discusses the properties
cf nmuons and muon decay, and points out some of their uses
as prcbes,. Section II11.3 reviews the basic features of u+SR
and HSB.,'Section I11.4 discussés muonium formation with
specific reference to the analogous situation 4in hydrogen

formation, .
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2+ Properties and-Uses of-Muons-

Sect-III

. ”

£~ uons’s - % haves &7 [ provid- -
:g@ilf;f;j;”valuabieﬁinsightnwigtox element§f§f theories for
ﬁeak,iﬁteractionS"aﬁdfélectrogagnéticﬂinteractibns,,
For . example, the gyromagnetic ratio of ‘the muon which
is ‘defined as
5 A e/ <

{ﬁhereqﬂl is the. nuon .magneti Q?ﬁ¢£t~aﬁdinh 'is the nmuon

f.méS§F?»iS,VetYMCIGSQ'tO.2 anPtﬁ@iCtéd-hy»thevDirac eguation .
fOrfa,spiﬁéijz.particle¢,'Theg difference.'au ﬁ(gﬁ—Z)/z has
'fprc#idea~'ohé“<af the - best tests for the theory of guantum
_elecirddynamicsFSince’itfhas;heeg@measured and calculated to
1.part in 10%. The results as of 1977 are

aexP

U
th
u

1,165,910 (9) x 10~ (Bailey,1977)

a 1,165,915(10)x 10~°% (Calmet,1977)

Huonsﬂdééay.ﬁeakly with a 1i£etime'af 2199.4 msec into-
an electron and two neutrinos in.the following way:

+ -
et + v + v

It ,ﬂas"diSQQvered..ia 3956vfgom;thege’-decay of Co®%0 {Wu,
1957) that :weak .interactions do not. conserve parity.. Non

conservation of parity .in- nuon: decay allows the weak.
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interaction Hamiltonian +to <contain a pseudoscalar tern
q;pé wherex oy is the mucn spin operator and Pe is the
electron momentunm operator..The obvious conseqguence of such
a term is that the distributicn of decay electrons depends
cn coso where 6 1s the angle between the muon polarization
vector and the electron mcmentum. The simplest interaction

Hamiltonian containing such a term leads +to +the follcwing

energy-angular distribution

dn - _ C(w) _ o
dedw = 5—'[ 1.+ |B|D(w) cosé ] (eg. Williams

2m ,1971)
+ for positrons

- for electrons

where P is the polarization vector, ¢ the angle bhetween

and the electron wcmentum and w = E/E is the enerqgy of

max
the electron expressed in units of Emax=mu/2. ~Fig III.1
shows the parameters C(w) -and D{w) as a function of w. It
shculd be noted that D(w)  changes sign going from small
electrcn energies to large electron energies, Also, the
distributicn of enerqies, C(w), is weighted +towards Emax._

The value of D {w) averaged over all energies is

" +324%+,004 (Cronin,1968)
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{ ) | | | 3 { 1
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w=E/E

max

1

Fig III.1 . Muon decay parameters for dN(w,Q)/dwde ' t
(e.g. Brewer,1975)



ii- Muons as Prgbes

Muons are also proving to be very useful probes into
atomic and nuclear structure, When negative muons stcp in
matter they are captured into weakly bound atcmic orbits and
then procee@ to cascade through the lower orbits until they
reach the ground state. The muon lifetime is shortened in
this ground state due to the process whereby the muon is
captured by the nucleus., Since the radii of atomic orbitals
vary inversely with the reduced mass in a hydrogen-like
atom, the mucnic orbits are approximately 200 times smaller
than the corresponding electronic orbits. In the upper part
of the cascade, where there is substantial cverlar between
puonic orbits and the K and L electronic orbits, Auger
transitions dominate, . In such a transition the transition
energy is imparted to a K or L electron. Transitions betwueen
the lower orbits are electromagnetic in nature whereby - the
transition energy is released in the form of an X ray. The
lower orbits are often inside the nucleus so that the X ray
€energies are ‘shifted from those calculated by an ordirnary
Coulcnb potential because of the perturbing effects of the
nuclear charge distribution.,

| The present study is directed téuaxds positive muons.
Folarized positive muons can ke used as magnetic prcbes into
the many electron states in matter;sThe time - dependence of
the nmuon polarization vector is determined by the magnetic
environment in which it exists. The muon polarization vector

is easily observakbkle because of the asymmetric muon decay. .
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In addition, the bound state,’(Mny=_perides a - umigue
pppottnnity‘-to 'study the chemistry and motion of hydrogen=
like atoms. Moreover, macroscopic.quantities of muonium are
not required to obtain information on .the system as is the
case forhhydfogenAStudies.wEach“ muonium atom is detected
separately so that a milliom nuons are sufficieat  to
determine the time dependence of the muon-: polarization
vector. Such-experiments will 'inevitably help to clarify our
understanding of. the macroscopic properties of hydrogen in-

matter.
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0}

Sect ITI.3 - The-Technigues of u+§pi “Resonancejuf§§lw

I

nd Mu Spin Resonance {MSR) -in-

Transverse Magnetic-Fields-

fpae

General-

The techniques of y +SR and MSR both involve measuring
the time evolution of the muon polarization vector in the
presence o¢f an externally applied wmagnetic field.. The
difference is that in yutSR the muon exists in a diamagnetic
envircnment whereas in MSR the muon is strongly courled
to the 1large magnetic mcment of an electron, The time
dependence of the muon polarization vector  yields

.inforwaticon on the magnetic environment of the free muocn or
nuonium atom.,Tﬁis time deﬁendence for muonium is radically

different frcm that fcr free mucns. .



Ip-
tie

u*SR-

The spin Hamiltonian for a free muon in the presence of
an external magnetic field of magnitude |B} applied along

the z directicn is

HY = h wiol = hwo
2 2
where w = 9, © B/2myc  and the components of o¥ are the

Pauli spin matrices. It follows that the energy eigenstates

are I o> = l 02/2 =1/2> and [ B> = | 02«/2‘;_»_1/2> with
energy eigenvalues hguelﬁl and _hguelgl ,
"respectively. . 2m,c S 2myc

The technique of u*SBE involves preparing an initial
free muon state polarized in a direction perpendicular to

the field direétion, say the x direction. The initial state

can then be written |¢(0)> = |Gz = 172>» The muon
polarization vector is the expectation value of oM and
therefore can be.uri£ten
| iHMt -iHVt
Bie) = <™ ¥ e ™ [yoy>
—coswMt ® + sinwbt v see'Appendik ITI

where w¥= 2mx 13.55 KHz/G X |§|
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The corresponding prcblem for muorium is more difficult
to solve because it involves two spin 1/2 particles
interacting with cne another as well as with an external
field, The spin Hamiltonian for Mu in an external field, 5,

.is given as

H™ = ho,o¥:io® + hot.gH + he®.o®

g g

4 2 2
shere hw,=1.84 x 103 eV is the hyperfine splitting of
Mu, ho'/2 and ho€/2 are muon and electron spin
cperators, and w¥ and w€e are -gueE 7/ 2muc and

geeB / 2mgc , respectively.

The proéedure for evaluating the time dependent muon
pclarization vector is the same as for the free mucn case, .
It involves the diagonalization of BM1 yhich is a 4 x &
matrix in order to evaluate its eigenvalues and
eigenvectors., . The details can be fcund in many sources
{eg:Brewer, 1975 ). _ Fig III.2 shows the familiar Breit-Rabi
diagram for the muonium energy eigenvalues in units of h for
1=0 @as a function <¢f the dimensionless gqguantity xﬂ&@o
where

B, = hwo/[ FeMa ~ gﬁpu] = 1585 G

is the effective magnetic field experienced by the muon due

to the electron, .
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Fig III.2 . Muonium energy eigenvalues as functions of
x=B/1585G. The vij are the allowed transition energies in
units of h. Vij=wij/oq
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If ‘the exteraal fie1d~ispgpplied.alonqathe.z,directioniz
ttaﬁsverée:to.the:initial-muonwpolarizatioa vector then - the

~initial muonium state can.be written.

[0(0)> =L(lok=1 ,05=1> +|oyx=
5. 53X 2

1,05
V2. 2 2

where it is assumed. that half the Mu forms with the nuon and
electron: spins aligned and ‘half with them aanti-aligned. The
X compdnent of the .muon polarizatioa vector as a function of
time is defined as

igMY —iaMl

P_tt) = <y(0)|eP st e®™ | y0)s

If B<<B, this may be-approximated-

Px(t)m 1l cosi_tlcosqet + cos(w,+R)t] (e.g.Brewer

2 1975)
where-
w—=1(wjo+w23)
2
@ =l(wr3-wi2)
2
hw..=hv.. = E.-E.
1] 1] i ]

The . oscillations.‘cofresppnding.ytq the  angular velocity

w,+ 92 are too fast- to resolve experimentally since they
correspond to a period of = .225 nsec. Thus the observed x
component of the polarization. .vector is

Pexp(t)

= 1 cosw_t cosqt
X 2

whose .maximum-.value {1/2) is exactly half that of -the actual
maximum = of P_(t). For intermediate fields ~70 G ’ pixP(t)

displays a fast oscillation . . = L(wiz2+w,,) enveloped by a
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beat . fregueacy Qf%(w23_w12) - In very low fields
{B<10G) Q~0 so\that.only.a_siQQleuprecession=frequeacy is

oberservable corresponding to w-wi,nve, v1.4 MHz ‘per Gauss.



iv: - Spectral -Form-

The bbservable.vguantity'in.u*SB-and MSR is the anumber .
of‘-posittqns epitted - in. a direction im the plame of.
preééésiOn- as a function of time after the ;* stop. .For a

low transverse field the usual spectral form is

dN = N e Y TH[1 + Asy . (t)cos(wFt+d)+ Asy. ()
ac 0 u+ Mu
cos(w_t+6)] + B

where T is the:mBOn.lifetime,,Asyu+1ty»is time dependent
asymmetry of the free muons, and Asyy, (t) is the time
dependent asymmetry of the. muonium.. In many. cases the

asynmetry relaxes exponentially so that

ASyMu(t) = ASyMu(O) exp[—xﬁut]
and
- _,R
Asyu+(t) = Asyu+(0) exp [ Au+t]

such  is the . case for -muons or muonium propagating freely
through matter where: the. probability for depolarization per
unit distance is a constant . The inital asymmetries depend
on the solid angle subtended by the positron detectors, the
energy selection: of the positron counters, the initial
. polarization, and the fraction of muons- precessing in a free:
state or muonium state. The B term allows for a flat.

bvackground.
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¥ Source-of- Polarized-Muons-
The source of polarized nuons originates from pion
_ decay
+ +
T > U + v
M

The neutrino state obeys a two component Weyl equation
—5=.f’i\)lu>‘= |13|c|\)u>

uith.anﬁheiicitj eigenvalue -1.. Comservation of asmnqulac-
momentud and limear momentum .require that the u+ is also an
hélitityﬁéiﬁénétété in the rest frame of the pion. The first -
stcppingwmuoaachannels-were, designed  to collect  backward
decaying muons. from pions in flight. These types of channels
are ‘éﬁataétetized by a relatively high energy of v50 MeV
and a- polarization < .8 ..

' The pions 'usually originate from energetic . protoas
iﬂdidé£t5 on a @rcducfioaAtargetﬂ/Recently it was discovered
(Pifer,1976) -that there exists a sizeable fluk of u*'s
resulting from piomns stopping on or near the surface df;the
' prodﬁctién target. The resulting Ysurface muons® are
~ monenergetic at 4.2 MevV and momentum 29 MeV/c and are almost
completely polarized because the pions are at rest in the

lab.



50 MeV positively charqed muons lose energy in ;gases
primarily through icpization ccllisions ,lcsing v 30 eV per
ion formed (Segré, 1964b), When the muons reach an enerqy of
several KeV their velocity is ccmparable with the velccity
cf the valence electrons in the gas molecules so that they
begin to capture and lose electrons in rapid succession. The
final charge state of the muon system as it agpproaches
thermal energies is primarily a function of the «cross
sections for electrcn capture by a muon,olof, and electron

-« The cross sections ¢ and

loss by a muonium atom, o, 1-1

Og—1 in noble gases are a fewv orders of magnitude smaller
than o_, so that the simplification is valid in roble
gases. .

As yet no measurements on the p*e~e- system, bcurd by
- «75eV, have been performed although it surely must e3xist,.
Prcduction of Mu— ions in a non-depolarizing envirornment
nust be considered an extremely‘difficult task. .

Very little information exists on the charge excharging
cross sections for muons, but .a large amount of data exists
for profon charge changing <c¢ross sections in the enerqgy
range 2 KeV-1 MeV, These cross sections are +thought tc be
velocity dependent, not mass dependent, so that much can be

inferred about the muon <chargqe state in gases at near

thermal "énergies by considering the corresponding situation
t The i j in oj4 refer to the initial and final charge states.



for protoas. -

Figs I1II1I.3 {a), (b). (C},vidi*and»{e).shovu 0,5and o

1 01

for protoas in H, , He, Ar, Ne, Kr,y .and Ar. The behaviour of
0;0 for He and Ne is noticeahlyuaiffgtent in that :it- drops
off rapidly below 10 KeV,.Fo;:He 0,9/04; ~ +15 at 2 KeV
impiying that  the »neutralafra¢tionxis decreasing, whereas
for Xe'clo/oo1 v30, suggesting .that :the protons are gquickly.
neutralizing..

Table I- gives the nuonium fractions, the ionization
energies, and the expected muon charge exchange cross
sections at 220 eV on: the  basis of the proton data for
several noble gases..

- The higH. probability for. fo;matiqn.~in Xe 1is easily
understood after considering the expected ratio between .the
capture cross section and the stripping cross section at
nuon - energies . of 220 eV as suggested by the proton data.,
Moreover, there is.no threshold energy for Mu . formation . in-
Xe - §ECau$é.theﬁidnizatibnxenerqu(12v32? eV) is exceeded by .
thé@ﬂﬁwbinaiﬁg~energy {13.6 eV). .

- The proton data for Ar suggests that.the muons are also
gu;kly~neutrélizing at near thermal energies as in .the . case
for Xe. However, in Ar.clo must - go to  zero below

2.15 ev ' where Mu -fomation- is  energetically
forbidden.: The free muon. fraction in.Argon may result in
part  from MHu in- the energy gap (B, »13-6 ev) : being
stripped of .its electron. The .competing processes for .energy

loss 'in this gap are Mu exc1tation.Aruexcitationsand elastic
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TABLE |. Mu Fraction in Noble Gases. (Stambaugh,1974)

Gas

He

Ne

Ar

Xe

Pressure

atm

50

26

30

44

Mu Fraction

100+ (not
given)

lonization
Energy

eV

24.48

21.56

15.75

12.13

Electron capt
cross section

for 220 ev
imUOnS
cm
ox10™'8
ox10 7
1.7x107 "2
3x107 12

. Electron Joss

cross section

for 220 eV
muonium
cm -
sxi0” !’
.4><|o'|8
s5x10”!7
10-'6

AS]
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,scéttétiﬁg-;.lf stripping occﬁrsgthe.tesultinq muon can have.
as much as 13.6 eV of kinetic energy less than:that  of the
incideat: Mu atom and thus may. get - trapped below - the
threshold for Mu formation. .

The proton data for He and Ne indicate: that nmuons
approach - thermal energies as free muons so that the absence
of Mu precession in these. gases is consistent - with . the
proton data. The ionization energies for He and Ne are much
largerJthanlfor Xe or Ar. Iﬁvappéars-that. the . capture and
loss cross sections are stronqgly correlated with either the
ionization energy or possibly .the routere ‘electron- velocity
distribution. : Theoretical attempts to explain the behaviour .
of 0,, and o,, for . protons, evean in noble gases, are

inadequate at present.
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ii Insulators and Semi~-Copductors-

The formation process of Mu in matter is a complex many
body problem, Measurements of the Mu fraction in noble gases
have been made but no theory has emerged that successfully
explains the results,. In solids, even less experimental
information is available, It should be stressed that the Mu
states may be strongly perturbed in solids and should be-
treated as Mu-(many electron states), denoted {Ma (n-
Ne > .

In insulators it is believed that Mu exists in the
large interstitial sites and behaves similarly to free Mu..
Mu precession has been observed in quartz, ice and sclid
COZ, .

-Mu-like states have also been observed in semi-
ccnductors such as Ge and Si,, The c¢bserved precession
frequency is approximately half that of free Mu (Brewuwer,
1975). - It 1is believed that Mu exists in the interstitial
cgites and is highly perturbed.. The reduced precession
frequency indicates that lthe binding energy is reduced by
several electrcn volts, .

In insulators and semi-conductors both freé muocn and Mu
states exist sinpultaneously. This suggests one of two

things (Brewer,1975), .
1 Thermal formation of Mu does not occur,

2 A fraction of the Mu reacts epithermally and
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exists in a diamagnetic envircnment producing

what appears to be free pucn precession. .

The absence cf thermal Mu formation is difficult to
understand in the <case of insulators where the binding
energy of the Mu atom is 13.6 eV, It is difficult to
comprehend how the {Mu (n-1)e;> state could have an energy
greater than that of the |yt ne—> state. . However, a

* ne-> state may be meta-stable to a transiticn into a

I u
lover energy state, |Mu (n-1)e~> , if the thermal muon 1is

trapped @h a diamagnetic state. .
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- CHAPTER IV. MEASUREMENTS OF FREE o-Ps PRODUCTION-
EFFICIENCIES IN OXIDE POWDERS-
AND AN ACCURATE DETERMINATION OF-TIHE O

o

QUENCHING -RATE COEFFICIENT FOR -0-PS-

Sect IV,1. - Introduction-

e i —

The purpose of this experiment was:
1. To determine the fraction of injected
positrcns fcreming o-Ps and reaching the
intergranular regions for various cxide

powders. .

2.. To test the feasability of using fine oxide
powders as high yield sources of free o~Ps to
study the interactions o¢f o-Ps with gas

molecules., .

The presence c¢f free o-Ps in a sample is relatively
€asy to establish because of its «characteristic 140 nsec
lifetime and continucus 3 Y annihilation energy spectrum.
However, measuring the fraction of positrons in a fﬁee c’Pé
state is more difficult,. The: 140 nsec componernt in.the
lifetime spectrum is difficult to normalize +to the proapt
components because they result from 2 vy decays which yield
monoenergetic gamma rays.,‘ Similarly, normalizing 3y
ccincidence rates to ZY coincidence rates is difficult

because it involves knowing the detector efficiency as a
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function of energy and the effective solid angle subtended
by the détectots-h’This techﬁigue. also suffers from. 1low
‘céﬁﬁting ‘rates " {typically 3 or 4 counts/1000 sec.), even .
- with & 200..Ci source {Ceélitans,1964).
. More subtle téchni@hééﬁformmeasuriﬁg the o-Ps fraction
";ni§1Ve.-guemchinqathe"o~Ps,bg@a~knowasamount:using magnetic
orACBémiéalimeans., The =~ application  of a. large (20 KG):
pmagnetic field mixes the o-Ps {m=0).substate with p-Ps and
causes 1/3 of the o-Ps - to . decay-. imto 2% s. Chenmical
- guenching ' is the introduction of some o-Ps reactant which-
either induces an o-Ps»>p-Ps conversion:through a spia- flip
peéchanisn or results in an 0-PsX compound -which :is followed
by pickoff annihilation-within a few nanoseconds. .

In this experiment samples of Sio, (35 3 radius)., . Si0,
(70 A radius), A1,0, (150 3 radius), 2n0:(560 % radius) and-
Mg0 (fine) (see-Appendix~IV)~§eref investigated. . Using the
technique described  in  Sect 1IV.2 the o-Ps fractiomns were . .
determined for each powder. The largest producer was . found
to be the.35§ radius Sio2 powder where ‘approximately 25% of
the injected positroans emerged from the powder grains. as - o-
Ps. This powder was then used to measure the mean decay rate
qf; 0~Ps_ as aAfuncti¢n~9fr02 p:gssuré;JThe-relationship was
found to be limear, giving a gquenching rate coefficieat of-
35.511-0-usec*%/agmos,‘The reaction'mechanism wvas determined’
to be  spia- chanq@ng,_in7natd:e'hyuusing«a:high Tesolution

' GeLi detector to ‘monitor the pair momeatum distribution..
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- Sect, IVa2 Techpigue For Measuring Frege Q-Ps Fraction-

The production efficiency of o-Ps in the intergrarular
region of a powder sample can be determined by measuring the
2 vy counting rate and the o-Ps mean decay rate(=1/lifetinme)
in the powder under vacuum and again with a gas guencher in
the intergranular region. In the special case where the gas
quencher eliminates all 3 y decays and the powder surfaces

produce no gquenching affect, the free o-Ps fraction may be

uritten
dN dN
an ooy dN
£ _dtQ dtv dEv -
o-Ps dN =1 + 55—} 1
dt Q dtQ dtv
where dN/dt,, and dN/dtQ are the 2%

ccunting rates in the evacuated. powder sample and in the
povder sample plus gas guencher respectively. .

In a more realistic situation where the powder surfaces
have a guenching effect cn the o-Ps and the gas quencher
dces not completely quench the o-Ps , f Smay be written

{see Appendix Vi)

dN ,
f _ _ o dt v -A _y)\ —'>\ -1
o-Ps = {1 Ay -A-‘o + aN_an [ )Q)\ 0. \)\7 o] 1}
" dtQ dt v 0 v

egn IV.1
where X% , X, and Ag are the mean decay rTates in the
evacuated powder  sanrple,in true vacuum and in the presence

of the gas guencher respectively..
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Eqn-IV.2 is  based on ‘the  assumption: that the gas
‘guencherAserves only to guench the o-Ps in . the intergrasnular
region and does not alter: the: fraction. of o-Ps in the
intergranular~region.,Inxthis.experiment>@2 at 1. atmosphere
was - used because of its effectiveness as.a quencher. {80%)

and its non -toxic nature. ‘However, O

, Bay:indeed alter - the

fraction of o-Ps reachingﬁthedintergranalar-regioﬂ‘in tvo

possible ways.

A1;;Thé posder surfaceSfare-knoﬁa;tagadsdrb~gases
{Steldt and varlashkin,. 1972)s A layer of o,
on- the powder surfaces nmight: alter - the
transmission properties of o-Ps through ‘the
surfaces.

2. :Small concentrations of O2 are known- - to
increase Ps formation in gases. It is
conceivable = that this could also happen for

very fine powders

HoweVer,qiffthe"quenchingwis.nearly conplete as is the
. case ¥ith oi at 1 atm thépathenresalt from eqn IV.1 is
insensitive to the fraction:of o-Ps in. the intergranular
region in the presence.of‘thenguencher;,

In order to estimate the error .due to.this effect, one
quenching run in the 35 ﬁ.radihs.sicg - powder - was - repeated

using 750 torr of <Cl, - for.ghich, AQ—AO/Aé n 1.00: « The



results were as follows:.

fo—Ps = 26.4+.8 % using 750 torr of O,
fo_PS = 24.8+.3 % using 750 torr of Cl,

This difference was taken-into- account in the  final

- error estimate on the o-Ps fractions. .



Two 15 uCi Na?2 sources were prepared in the following
manner, .Several drops of NaCl solution were deposited cn 1.9
p® nickel foil and allcwed to dry. - A very thin coat of
lacguer was applied to hold the NaCl in place

There were Dbasically twc types of target assemblies, .
For the low density SiozZ powders the source was suspended in
the centre of a 17 cm diameter flask filled with Sioz., It
was calculated that 7 cm of S5i0, {( p=.035 g/cm3) was
sufficient to stop even the most energetic (544 KeV)
positrons from Na’? decays.. For the high density powders
{p>.13 g/cm3) -a seccnd Na2?2 source was suspendad 2 cm from
the bottcecm of a large 4 cm diameter test tube filled with
powder to a heiqht of 5 cm. . It is estimated that >95% of the
pcsitrons were stopped in the powder for both types of
target, .

311 runs in vacuum were performed after outgassing at
less fhan 10—3 torr fcr a period of six hours. A Wallace and
Tiernan precision vacuum gquage, accurate to +2 torr, was

used to monitor the.q2 pressure when required.



ii Detectors-

Lifetime measurements were made using two 8.9 cm dia x
8.9 c¢cm 1lcng Nal crystals mounted on RCA XP1140
photomultiplier tubes.. They were arranged at 70° to one
ancther approximately 15 cm from the source (see fig 1IV.1)..

Measurements of the Doppler broadening of the 511 KeV
annihilaticn 1line and the 2 ycounting rate were made using
an lithium drifted gerﬁanium {GelLi) detector with an active
volume of 104 c¢c measuring 5S.2cm diax5.6cn léng and
pcsseséing a resoluticn of 1.32 KeV at 567 KeV, The detector

was placed 25 cm from the source, .
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Electronics- for-Lifetime-Measurements-

i

[WH
=

Fig IV.1 coantains ' a .  schematic . diagram . of  the
electronics used in- . the- . 1lifetinme measurémentsderHé
electronics were.setaup,to_meaSure'therdeCay rate of o-Ps as
a function of time after .a positron stop. A Na?2 source was
chosen. because the. emission  of a positrom.is followed in
10—11sec .by the emission -of a nuclear .gamma .at 1..28 HMeV (see’
fig II.3). The method of constant - fraction  discrimiration
was used toltimeuthevfastwaﬁodé-pqlseszfromﬂaetéctorSua.8~2;¢_4~
The spectrum of time.delays.was'§CCQmﬂ1ate&-by=nsinq,é~time
to amplitude .converter and a pulse height. analyzer. Pileup.
gates -on each discriminator were used to reject:eveats that
came within 4 psec of one another.,

Single channel -pulse height .analysis. was performed on-
the slow dynode pulses from detectors 1 & 2 to select. decays
of o-Ps. Fig IV.2 shows the Na?? emerqy.spectrum from oné of
the Nal detectors showing. -the  single . channel »analyzer7
windows for the start .and stop. . Thé"impOrtaatf'feature in-
fig IV.2 is that .the stops required a .gamma. ray just below
511 KeV. ,This maximized the. ratio -

stops from ' 3y annihilation _ long lifetime component

stops from 2y annihilation prompt lifetime component

. , . n ’ '
This ratio was unity for the 35 e radius Si0, in. vacuum

which implies that half the events in-the lifetime spectrum
wvere from o-Ps decays. -

The timing resolution was measured to be 4 msec usiang a  *
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powder .
dyno o-Ps decay
anade Nal #1
Na22 decay
r"““———— fol lowed by
| .28 MeV vy
Ortec 473A | {Ortec 473A
const. frag.}const. fracl
disc. disc.
T dynode
. I
130 nsec EG&G GPI100/N|EGAG GPI00/N | Ortec 471 | |Ortec 471
delay X X
pileup gatel |pileup gate| | spect. amp.| |spect. amp.
Conuclear EG&G OriQ2/AN Ortec 420A EOrTec 455
Cl26 dual OR/NOR S.C.A. S.C.A.
T.A.C.
c?in. colin.
Ortec 416A Ortec 418
gated dela . . 1 universal
anti-coir. L
generator coincidence
Northern
NS-700
P.H.A. gate

Tektronix
TX4010
visual
display
terminal

Fig 1V.1

switch box

{BM 370

computer

. Electronics used to measure o-Ps lifetime in powders.
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Fig IV.2. Na22 spectrum from one of the Nal detectors,
showing the single channel analyzer window settings
for the starts and stops in the lifetime determinatr.
iionsi:.] .channel= 1.46 KeV

.
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Co80 source which emits two, virtually simultaneous, gamma
rays. .

An ORTEC time calibrator was used to calibrate the TAC
output and to check the differential linearity of the
.system.f No mnon-linearity was observed using 20 nsec
intervals over a range of 600 nsec, K The average time per
channel was .942 nsec.

The pulse height analyzer was operated in the 1024
channel mode.. The - stop was delayed so that time zero
cccurred in channel 130. .This was done so that negative tinme
could be used to evaluate the random coincidence rafe (see

Sect IV.3.x). .
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iv Electronics For Measuring The 2-v Annihilatigon Rate-

and The Doppler Brcadening of the 511 Ke¥-Line-

Fig IV.3 shows the electronics for the energy spectrunm
analysis used in the determination of the 2y counting rate, .
The time constant on the amplifier was sef at 3 psec, The
pulse height analyzer was operated in the 1024 channel mode, .
The energy per channel was 580 eV. .

The electronics for the Doppler broadening measurements
were virtually the same as that for the 2y counting rate
reasurements., , A biased amplifier was inserted as indicated
in fig IV.3. Additicnal gain, heavy biasing and 2048
channels on the PHA vere used to lower the enerqgy per
channel to 73.3 eV, This was necessary for an accurate
determination of Doppler broadening of the anpihilation line

at 511 Kev, .



Ortec 459 Ortec 119
5 Kvol+ —— H.V. filter

104cc Ge-Li

power suppl

~

Ortec 472
sect. amp.

! - A
; Ortec 408A |
i biased amp.!

t
|
I
|
]

]

Northern
NS-700
P.H.A.

Tektronix
TX4010 switch
visual disp{—| box

terminal

u.B.C
IBM 370

computer

Fig I1V.3 .Electronics used fo measure total 2y annihilation rates

and Doppler broadening of the 511 KeV line. The biased amplifier

was only used in the Doppler broadening measurements.
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Computer Link

A novel technigque (Clarke, 1978) was used tc traansfer
the data from the pulse height analyzér directly into the
IBM 370 computer where the data analysis and plotting were
performed. A switch box (see figs IV.1 and IV.3) between the
computer terminal and the pulse height analyzer made such a
transfer possible.. 2 slight nmodification to the PHA was
necessary to synchronise the +transfer of data to the

ccoputer, .
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- T grocggure»for»deseP%eductioawMeasggemea&sw

Bach sample was evacuated to a pressure of 10-3  torrc
for a period -of three hours prioruto-runniaq._FourarBQS'xete
required to evaluate the o-Ps production efficiency in -the
intergranular regions as descripéd im Sect IV.2. . Pirst a
lifetime ' spectrum was accumulated for .approximately 2 x 104 -
sec¢ (333 min<) ‘collecting 5 x 105 events. The count rates in-
the NaI ‘counters were typiCallyhzmx 10%/sec.. Then -an - energy
spectrun.using the Geli detector was accumulated for 5 x 103
sec. - 750 torr of 0, ({see. Appendix V) was bled into .the
target chambermehénwénothetflifetime: spectrum aad energy
spéétrumh were - accumulated - in . the manmer ‘described above.
Care was taken .not:to disturb: the position of the Geli
detector in relation to source because the nuclear gamma ray .
from Na22 was used to normalize the energy spectrum:in
vacuum to that in- 750 torr;df.02 {see Sect.  IV.3.ix)a..

In the case of 3102 {35~8)£two-additionalvspectra- were

taken using Cl2 as a quencher.
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vii- Procedure for the O.

35 X radius Si0, moderator was used to determine the
the dependence of the o0-Ps mean decay rate on 0, pressure.
The system was pumped down to 10-3 torr, after which 750
torr of O, was bled in. .Lifetime runs of duration 2 x 10¢

sec, collecting 5x106 events, uere taken at cxygen rressures

of 750, 600, 456, 300, 200, 100, 50 and 10-3 torr,



Loppler broadening measurements were performed on the
35 § Sio2 powder sample at 10—-3 torr, at 750 torr of %i' and
at 750 torr of Clz.fThese’runs were 5 x 103 sec in duration
collecting roughly 5 x 106 events in the annihilation
rhotopeak, - A Bi207 source ¥ith a nuclear gamma iay at 567
KeV was placed nearbdy in order to monitor the systen

resolution, .
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-
I

Analysis of the Annihilation Spectra

The purpose of this part of the analysis was to
evaluate the 2y counting rate in vacuum and in 750 torr of
02 to within a constant of proportionality. This constant of
proportionality cancels out in calulating fo—Ps which
ccntains only the ratio of counting rates (see eqn 1IV.1).

This task was acccmplished for each annihilation
spectrunm by evaluating the total number of counts in the 511
KeV ‘photopeak {see fi§ IV,4) and dividing by the number of
Ccepten events from the 1.274 MeV nuclear gamma ray in the
flat iegion above 511 KeV, This choice of enerqy range (see
fig IV,5) desensitises the normalization to small changes iﬁ
gain (Sen and Patro, 1972). .

The 2y cocunting rates can then be written

dt = N

dN _ k(P-B1l-B2)

where k=N/t and t is the counting time,
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Fig IV.4. Annihilation spectrum from the Ge-Li
detector, expanded .about 511 KeV. 1 channel = 580 eV
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Fig IV.5. The Na®? spectrum in Si0, (35 &) at 107>

torr. The annihilation spectra in vacuum and O2
were normalized over the range indicated. The

gain has been lowered to show the nuclear y at 1274
KeV, which was off scale for the actual runs.
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Ise

Ne + B t>0

B t<0

over the two regions indicated in fiq IV.6., The starting
time for region 2 was always 48 nsec,.The finishing time was
g£xtended to where the count rate was twice the background or
to 95 nsec whichever was largest, A maximum likelihood
prcgram {(Albrecht, 1978) assuming Poisscn statistics vwas
vused to determine the best fit., The x° was calculated by
binning the data apprcpriately so that Gaussian statistics
could be applied. Although reasonable x?2 s were obtained in
all cases, the decay rateé dié show some dependence on the
fiﬁting regicn., ~For the long lifetimes this dependence was
less than 1% whereas decay rates in the highly quenched runs
varied as much as 5% after shifting region 2 inwards by 1%
nsec, . This deviation from a single exponential behaviour is
not well understocd, A syStematic error of 5% was attached

tc all decay rates obtained frcm these hiqghly gquenched runs. .
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Fig IV.6. Decay rate versus time after the positron
emission, in Alp03 (150A), showing the fitting
regions. 1 channel = .942 nsec.



Sect. IV.4. - Results and-Discassion-
i o-Ps- Production ‘Measurements-

Columns 2, 3 & 4. of table I give some physical
properties of -the powders listed.in«columnw1.;cblumns 5% &
give the 'mean-decay rates is .vacuum amd at 750 :‘torr of 0,0
respectively. The errors guoted for .the 0, nean.decay - rates
otigiﬁate: primarily  from tbe estimated 5% systematic error

associated ¥ith the dependence of the answer .on the . fitting

b~region‘4(see Sect 'IV.3.x). Column:-7 .cortains the fractioa of

positrons reaching the intergranular reqgions in-the form - o-

- Ps as calculated - from. equation. IV.l. Columa .8 contains

' calculations of the ratio ;qp/Zﬂsz where %qp is the nean
gquenching ctdSs -sectionw at .room. temperature. of -the powder
grains {see Appendix #%II{a) ) and wR2 is the phySic&l*croés
section of~t§eugrains;,Thése-quenching, cross sections are
consistent . with. calculdtions assuming that the o-Ps is
mdviﬁg freely betwveen the graims but decays at:  a pickoff
annihilation rate while it is within a few % of a powdef
grain.

It is clear .. from. column. 8 that:  the - guenching
probability duriag a collision is. of order 10=% - 10—6. It
is interesting to compare this with the corresponding
probability inm. gases. Ia-. Cl,, I,, Br, and NO, gases, the
guenchiag cross sections are .of the order 10—1% - 10-15  cn2
and are . . due  to. chemical .reactions {Tao, 1974). For these

gases the gneﬂchingaprobabilityvinwa- collision: is of- the



TABLE ||. Results of the Positronium Experiment

Sample

S0
Si0
A1LOS
Zn0

MgO

Intrinsic
Powder Density

.
4

g/cm3

.035
.035
.56
.65
.3

Bulk Density

g/cm3

2.2
2.2
3.7
5.6
3.6

Mean Radius

10" “cm

35
70
150
560

Mean Decay
Rate in Vac.

A
v

=1
usec

7.22+.08
7.23+.12
8.39+.14
7.30£.09
7.43£.09

Mean Decay

Rate in O2

A
g

-1
usec

40.1+2.0

40.0£2.0

37.5%1.9

44,5221
39.0+2.0

Intergranular
o-Ps Fraction

o-Ps

26.4£2.6
21.5%2.0
24.6x2.4
19.2+1.9
14.3¢1.4

Quench Cross

Section(powd.)
Physical Cross

Section

o /nR2
qp

.8 £.3xI0
1.6.£.8x10
2.9+,4x10

-6
-6
-6
2.61.x107°

18
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Qfﬂerv<unity since the physical cross sections are ‘typically
REA ¢ 10—16. cn2. Where spin-exchange is the dominant . process, -
'such“aé’in Ozvor,NQ;'this*guenching>probability:decreases,to
10~2 - or  10—-3 {(Tao, 1972). For argon . and the other inert
gases the probability for quenching drops. to - 10—¢: or 10-5:
© {Celitans, 1964b). It appears there = is no large surface
interaction for any. of the powders. The. noticeably larger.
decay  rate for.<A1203T is primarily a density and particle:

size effect.
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ii ¢ Quenching Rate Coefficient for O

Fig IV.7 shows explicitly the quenching effect of 0, at-

1,atmosp§ere.on-o—?sf,using, the 35 1R Sio, powder as a

noderator. Fig IV.8 shows graphically .the dependence of the
0—-Ps decéy rate on 02 pressure . . . A - reasonable. fit: was
obtained by assuming a. liaear];elationship.,The.best?fit
gives a quenching rate coefficient of 35.6+.8 usec—latm-1,
which - at. - 22°9C. corresponds to

9qY '=m1§§31;03 X 10—12 ca3 sec-1? where Oy is the
guenching cross section anmd v is the o-Ps velocity. Using aa
argon moderator: with: 02 ﬁattial,pxessures greater than 1
atmos Tao . (1964) measufed the oxygen . gueanching rate

coefficient, qu . to be .94 % .12 x 102 cm3 sec—3.

_ More recently the quenching rate coefficient was measured

using porous silica gel with a large :surface area {800 m2/q)
as a moderator: {(Chuang and Tao, 1974b).They reported a loag

1ivéd;édmyonén£ﬁin=the,lifétime~spectrum ,attributed to o-Ps

‘within :the pores, possessing a mnean- decay. rate of 31..3

psec—1. . By adsorbing different amounts of 0, ostovthevgél

. they  calculated a quenching = - rate coefficient

oqv': 1.75 x 10=12 cn3sec~! .1  The O  adsorbed samples
showed an-increased low momentum component . im the. angular
correlation ddta which establishes that the gquenching

process is spin f1lip in-nature.

no error given
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Fig 1lv.8. The o-Ps mean decay rate versus the 0
pressure. The best fit gives a reaction rate
coefficient of oqﬁ”= 1.43 = .04 x 10712 cm3 sec~l.
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- The fact that all-:three moderators. give approximately
the: same answer . indicates that no large systematic errors

are introduced by the moderators. .
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i Doppler Broadening Measurements-in-

Ciid
(o]
Si0, (35-A-) ‘in VYacuum, 0, and Cl,

In this part of the experiment a Geli detector with a
resolution of 1,32 KeV at 567 KeV (see fig IV.9) was used to
determine the o-Ps quenching mechanism in 0, and Cl,.

Fig 1IV,10 shows the line shape in 35 § Si0, with and
withcut 0, present, The counting time was adjusted sc that
the peak heights were the same, The line shape correstonds
to the distribution of the parallel component of +the rpair
mcmentum {see Sect II.3.iv).. The enhancement of a narrow
cocmponent which is characteristic of thermalized p-Ps 1is
clearly visible when O, is added. This indicates that the
guenching process is spin exchange in nature. .

The lifetime spectrum in SiO, { 35 g } with 750 torr of
Cl, (see fig IV.11 ) shows nc 1long component, indicating
that +the guenching is complete. In contrast to 0,, the line
width with Cl, shows a slight broadening (see fig IV.12)..
The absence of a narrcw component rules out a spin flip
quenching process., The slight broadening can be understood
if it is assumed there 1is a certain fraction of the
positrons which form p-Ps directly and preduce a small
narro¥ component, The narrow component fraction of the 511
KeV line will then decrease as pickoff gquenching of o-Ps |is
increased.

The broad 1§ne width in C1, is not surprising since Cl1,
has no unpaired electrons. This result is in agreement with

angular correlaticn studies on the PsCl system (Tao, 1S74).
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Fig 1V.9. The detector resolution curve at 567 KeV,

measured with a Bi207 gsource.
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The chemical reaction

o-Ps + Cly,-~» o0-PsCl + C1

is believed to be responsible for the large quenching cross
section. The o-PsCl ccmpbund.is very short lived because the

Fositron picks off a valence electron from the Cl atonm..



In conclusion of this chapter uwe state

1. .

Fine grain oxide powders are high
yield sources cf thermalized, virtually
free, o-Ps, ideal for studying o-Ps

interactions with gases. .

Thke presernt state of GeLi detectors
is such that they are able to
distinguish quenching due to bond
formaticn from guenching duve to a spin
exchange process, by the technique of
Doppler broadening, Considering the
simplicity ,speed and feasability for
all density targets cof such a technique,
compared with the technique  ¢f angqular
correlation, Geli detectors could prove
to be very useful tools in physical gas

chemistry.
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CHAPTER YV  MEASUREMENTS u* AND Mu FEACTIONS-

——— . oy i

QOF -
IN -OXIDE POWDEES-

Sect Y.1 Introductien

The purpose of this experiment was
1., To search for Mu in powdered
insulators using a transverse field MSR

apparatus.

2. . To measure both the free muon and Hu
initial asymmetries and thus determine
upper and lower 1limits on the HMu

fraction in these powders. .

3. . To 1look for evidence that the Mu is
diffusing out of the powder gqrains and

into vacuum, .

Powdered samples of 5102(35 ﬁ), Geozqcoarse),
SngQ, {coarse), CaC(coarse), MqO (£ine), SiO (coarse) and
31,045 (150 X) were investigated. The Zn0 (5603) that was
examined in the positronium experiment ({Chapter 1IV) was
investigated in a previous Mu experiment (Spires, 1977) . The
result wvas negative cn the basis of a large muon asymmetry
and the lack of Mu precession., That experiment alsc 1lccked

(o]
at A1,0, {150 A ) which showed what appeared to be a large
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Mu asymmetry relaxing very fast, It was felt that further
evidence was required in order to make a positive

identification, .



Sect- Va2 Technigue-

A standard two telescope MNSR apparatus for .. transverse
fiélds {see . SecttIII.B)A was ~used  to measure the tinme
evolution .of the muon polarizatioam. In. low fields ~ {B<10G) -
there are tvwo resolvable.preceséion:freguencies, one due to
free muons in a |a> spin .state at 13.6 KHz/G and the

other = due. to Mu'im a |a o> 1 spin state at 1.4 MHzZ/G

Mu
{see Sect III.3.iii). - Each: . precession . frequency is

characterized by an amplitude or asymmetry which relaxes

with time. The asymmetries at time=0. are in- . diréct

pxbpbftion to the fraction .of :the muon ensemble initially in.

a | o> state and |a o > state respectively. The

Mu
propo;tiqnality coastant was determined experimeatally by
measuring the initia1=frée.muonqasymmetty.in'Al~for'which1it
is assumed that: all nuons are initially in a free muon -
state.

f = k Asy(t=0) where k=[Asy“+(t=0)]_1
for Al

If all the npuons. stop inithe powder thesn the free- muon
fraction and the Mu fraction in the powders are.

fi+ = Asyﬁ+(powder)/Asyﬁ+(Al) egn V.1(a)

g

fMu = 2AsyMu(powder)/AsyU}(Al) eqn V.1l(b)

where Asy(powd) is the measured initial Mu asymmetry for the powder, and

Notation : o >
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where Asyu+(powder), and Asyu+(A1) are the measured initial
free nwmuon asymmetries for the powder and aluminum,
respectively. The factor of 2 in the expression for fMu
arises because half of the Mu ensenble is in
a o g> spin state which is not observable,

In a real situaticn the muons do not all stop in the
powder, as intended, so that the effect of muons stopping
elsevhere must be subtracted.,  The ccntribution to
Asyu+{powder) and As¥u+(Al) due to muons stopping in the
vacuum vessel,target holder,etc. was determined by measuring
the free muon asymmetry fer Fe,0; in which there is no
coherent free muon precession at 13.6 KHz/G. Sutracting this

asymmetry fror the free muon asymmetries in eqn V.1 yvields

fu+ = Asy 4 (powder) - Asy +(Fe,03)
. u H egn V.2
Asy +(Rl) - Asy +(Fe;03)
fMu = 2 AsyMu(p,owder)
eqn V.3

Asyu+(Al) - Asyu+(Fe203)
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Sect . V.3 Experipental Details-

olarized Beanm-

I
)
i
o
I
1o

The experiment was performed -on:M20, a stopping muon
channel . at TRIUMF. The channel was ‘tuned to accept .muons of
momeﬁthm.29.Mev/Crresu1£ihg;f;dm-the'décay ~of pioms . which
had stopped: on :the,sutfaCQiofva Be production target. The
poiagizaiionsof'such'ymuoas.,is close to 100% .  ({see . Sect
~ III.3.v). . Their. range in.carboam  is 140 mg/cm? so -that it

' was possible to stop'all4thé‘muons in. the target. .
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ii- The Experimental Setup-

Fig V.1 shows the counter arrangement used for - the
experiment, , A thin (40 mgs/cm2) beam defining counter
functicned as a 95% efficient npuon counter, able to
discriminate cleanly against positrons of 29 MeV/c because
the dE/dX for muons is much greater than that for positroas
at 29 MeV/c., The 5 cm of carbon degrader between K1 and R2
and between L1 and 12 ‘discriminated against 1low emnergy
Fositrcns and thus served to increase the maximum
experimental asymmetry (see Sect III,2,i). Using an alusinum
target this maximum experimental asymmetry was measured to
be ,347+.004 and .33612.003 for the left and right telescopes
respectively, The m@muon stop rates wefe typically 40 K/sec
with 15 yA of primary proton beam incident on a 10 cﬁ Be

rreduction target.,
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pt et
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D 4"x4"x.015"
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R1 .
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coils
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quad = =g - degrader
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vacuum scale: 1/10
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Fig V'.1 Experimental setup for observing free
muon and Mu precession in powders.
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iii Electronics -

The logic was designed to measure the time delay
between the muon stop and a high energy positron passing
through one of the telescopes {see fig V.,2) . The details of
the electronics are written up elsewhere {Garner, 1978) but

the main features are:

1 Timing resolution = 5 nsec

2 Time/channel = 2 nsec

3 ‘Total range = 4 usec

4 Second muon rejector : If a second muon

entered the target within 4 usec of the first
muon, the event was rejected. .

5 Second electron rejector: 1If a second
electron was .chserved in either the left or
right telescope within 4 usec after the &Emuon

stop, the event was rejected. .

The time delay between the U+ stop and the €t event was
digitized with an EGEG TDC100 clock connected to a CAMAC
interface. A microprogrammable bkranch driver (MBD) was ' used
tc transfer data from CAMAC to a PEP-11/40 computer. Events
wvhere the seccnd u+ or e* arrived within 4 usec of the first
U+ stop, but after the first e+ were rejected by the HMBD, .
The MBD alsc routed the event to the appropriate left or

right spectrum. ,
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90%270° or Arizona' data acquisition mode logic diagram

R1 R2 R3

L2 L3

Rzmﬁ]uu

-'r" Tope-- {5
Wi D}

-

-

-

o
L.
=

[

EERL -« TTE

R1- R2'R3-9] veto
=@*right
In

underminated . . widerminoted

e+ right
route

Comac
scoler coincidence word
word ¢ bit mas

mask

level

coirxgge"n%g

X word 1
bit 12,13,140r 15

pulse height = 800+ 100 mV

KEY v et level
3 o, nEop
1 = bridged output
1915253 - gote generators
B = Somirivater it S0p”

op
-pulse height =800£100 mV

U _ logical 'or’
= fanin/out

. logical ‘ond’
O s coincidence unit

\

= deloy

dotted _ denole optlono!
lines = unit

Fig V.2 . The logic used to collect the left and right
spectra of time delays between a nt stop (signaled by D)
and a fast positron event (signaled by L1.L2.L3 or
R1.R2.R3). The opt10na1 units denoted by the dotted lines
were not used.
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A four sided multiple target attached to a mechanical
feedthrough allowed four targets to be rum in successicn
without disturbing the vacuunm vessel, . Ancther dual target
consisting of aluminum ( for normalization) on one side and
a powder target on the other was used alternately with the
quad target, Powder samples were contained by using .0013 cnm
aluminized mylar windows, The target areas were all 50 cm?
in area whereas the ccllimated beam was 8 cm? upon entering
the vacuum vessel, .

During the 1runs the vacuum vessel was maintained at
10-5 torr. At least two runs were made for each powder, one
at 696G and one at 7.8G . If the higher frequency mucnium
precession was visible at 7.8G, the run was repeated later
cn after bleeding in 5 torr of 0,. This was the case for
21,05, MgO and CaO. The excepticn to this was for S5i0, where
thé behaviour of Mu din powder + O, had already been

investigated (Marshall, 1578). .
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The first four powders, SioO,, GeO,, Sn0, , and 41,0,
were pumped down to 10-5 torr for a period of 24 hours in
advance of the run.,. They were installed within the MNSR
apparatus without disturbing the vacuum. The fifth and sixth
samples to be run, Al and SiO {(coarse) were not pumped in
-advance since surface effects were . not expected tc be
important. ,The next three targets, ngqg. MgC, and CaQ vere
rumped down to 10—1! torr for a period of 3 hours in advance
of their running, In addition, the CaO, which is commonly
found as Caco3, was baked fcr 24 hours at 600 C?to ensure
the reaction

| CaCO, > Ca0 + CO,

had taken place, .



vi Apalysis

~a) High Field Runs

Since the pcsitrcn telescopes, initial puon
polarization ( the beam direction), and magnetic field of
69G were all at 90° to one another the pcsitron ccunts
versus time after the ut stop were fitted to the following 6

parameter function..

sPi9h vy — N1 + a(0)e *RY cos(wt+s)le T/ Tu 4+ B
eqn V.4
vhere N= the normalization
A(0) = ipitial asymmetry
Agp = relaxation rate for the asymmetry
w = angular velocity of the free muon

polarization vector
¢ = phase of this precessicn
B = flat background term

T = 219S8.4 nsec ( the py* lifetime)

The spectra were fitted over a 3.6 u sec range using 20

nsec bins starting at approximately 20 nsec.  The function

x> =L [ g

n

high(n) - S(n) ]2/Shigh(n) egqn V.5

was minimized using the computer program MINUIT where S(n)

is the number of events in bin n and shlgh(n) is the
nunber of events in the time interval Corresponding to bin n

as calculated from egn V.4, .
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Fig <V.3(a) shows the raw time spectra for aluminus at
69 G along with the best fit., Fig V.3(b) shows the data
after subtracting the flat background term and folding out
the exponential, More explicitly it iS a plot of
Chigh

(t) = S(n) - (E(n)+B(n)) eqn V.6
E(n)

where E(n) and B{(n) are the number of events ig the time
interval coiresponding to bin n as calculated from
E(t) = Ne /Ty
B(t) = B egn V.7
The amplitude of the oscillating function, chigh(t) ., is
defined as the experimental asymmetry As%ff(t);, The solid
line in fig V. 3(b) represents the-besi fit to Chigh(t)
defined as

high
fit

ARt

C (t) = A(0) e cos (wt+¢)
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Fig V.3(a) . Number of positron events versus time after the
muon stop in aluminum. The transverse field was 69 G .The sol-
id line represents the best fit. (b) Same as (a) except the
exponential has been folded out.The amplitude of the oscill-
ation is the asymmetry due to free muon precession.
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k Lcw -Field -Runs.

For the runs at 7.86 the number of positron events
versus time after the y* stop was fitted tc the following

8 parameter function using 8 nsec bins

SO () = N[1¥Ay, (0)e” *Mutcos (103w, 1t-dyy)
+ Au+(0)cos(%rt+¢ﬂ;)jé;t/fu + B
wvhere N = the ncrmalization
AMJO)= the initial Mu:- .. asymmetry
My = relaxation rate of the Mu.asymmetry
103wwf = angular velocity of the muon polarizaticn in
mucnium
¢y = the corresponding phase

Au+m)= the initial free muon asymmetry
"@WF: angular velocity of the muon polarization
for free mucns
¢u+ = gorresponding phase

B = flat backgrcund tern

Again this done by using the computer program MINUIT to

einimize the 2 according to 'egn V.5 . Fig V.4(a) is the
o]

rav time spectrum for SiO, (35A) at 7.8G at 10-3 torr. Fig

Vol (b) is a plot of

cm) = s(n) - [E(n)-B(n)]
E(n)

where E{(n) and B(n) are defined as in egn V.6 ', , The. =o0lid
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Fig V.4 (a) .Number of positron events versus time after the muon
stop in Si03(35A) .The transverse magnetic field was 7.8 G.The

pressure inside the vacuum vessel was 10~ torr.The solid line-
is the best fit. (b) The same as (a) except the exponential has

been folded out.The fast oscillation is due to muonium precess=--

ion whereas the slow one is due to free muon precession.
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line in fig V.4 (b) is the function

t

1OW () = A(0)e MUt [ cos(103w Lt - i)l
U

Ceit

+ Au+(0)cos(wu+t'+ ¢U;Y

properly normalized to 20 nsec bins. The awmplitude of the
fast oscillation in fig V. _ 4(b) is defined as the muoniun
asymmetry , Asnmﬁt) - e . The base line for the Mu asymmetry
cscillates in time at a frequency reduced by a factor
103 {see Sect III.3).. The apmplitude of this precession is

defined as the free nmuon asyammetry , Asyu+ﬁﬂ .
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Sect V.4 Results and Discussion-

> S e wa i . s e, e s

Table III sunmmarizes the .results of all runs in vacuun.,
The free muon and Mu fractions were calculated according to
eqns V,2 and V.3 respectively. The left and right telescopes
were analyzed seperately.. In some cases the values
calculated for the left and right hand sides differed by
several standard deviaticns. The errors listed in Table III
are either the MINUIT errors or half the difference betseen
the left and right hand telescopes, whichever was largest.

The Mu asyometry in Al, O, relaxes very rapidly and is
cnly marginally indentifiable {see fig V.5). There are three
factors which strongly support the <claim the observed

¢cscillation is actually Mu precession

‘1. . The frequency corresponds to Mu to within a
relatively large fitting error.

2. The precession signal for the left side is 180°
out of rphase in relation to the right side
{see fig V.5) -

3.. The addition of 5 torr or O, destroys the signal

(see fig V.6)., .

The cause of this fast depolarization is not clear, .  If
the ©precession signal is due to muonium within the grains
then the random local magnetic field (BLMF) of 21,0, is
responsible., The RLMF due to the nuclear magnetic moment cf

the A127 . pucleus definitely contributes to . the



TABLE 11|, Results of the Muonium Experiment

Sample

Aluminum

FeZO3

SiO2
Cal

Mg0

AI203
GeO2
SnO2

Si0

u+ Asymmetry

at Time=0

342+,

.070%.
AT x,
. 185+,
.262%,
.267%,
.18 %,
.336%,
.24 %

006

006
02

010
016
ot3
03

019

.01

+
¢ Relaxation
Rate

usec

.031£.009

.009+.009
.03 £.02
.07+.02
.05+.04
.08+.02
.044+.016
.056%.025
.049+.009

Mu Asymmetry
at Time=0

.083+.004
.047+.005
.020+.004
.047£.018
no signal
no signal

no signal

Mu Relaxation
Rate

-1
usec

. +
Polarized u
Fraction

z
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Fig V.5(a). Number of pésitron events versus time after
the muon stop, with the exponential folded out, in Al,04
(150A) for the left telescope. The transverse field was

7.8 Gauss. The pressure in the vacuum vessel was 10-2 -

torr.. (b). Same as (a) except for the right telescope.
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Fig V.6 (a). Number of positron events versus time after
the muon stop, with the exponential folded out, in_Al,;0,

(1504). .The pressure in the wvacuum vessel was 10~5- torr.
The transverse field was 7.8 Gauss.

(b). Same as (a) except with 5 torr of 02 in the
vacuum vessel.
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depolarization but it is protably not the only cause since
this fast depolarizaticn is nct #resent’ in ice vwhere the
proton nuclear magnetic moment 1is present, . Physical
inpurities may also contribute to this RLWF. If the mucniunm
is in the intergranuiar regions then the affect of adsorbed
gases on the surface must also be.considered.

Figs V.7(a) and V.7(b) show the effect ¢f 5 torr of O,
on the Mu precession signal in MgO. .Again the precession
signal is destroyed. Such is not the case for coarse (a0
{see figs V.8(a) & V.8(b)), which is clearly a particle size
effect. The Sig, (358) in an c, environment  has Lkeen
investigated by Marshall (1977).,  The quenching rate
coefficient was measured and found to be consistent wuith
peasurements using an argon moderator (Garner, 197€&).. This
is strong evidence that the Mu was in the intergranular
regions. .

Ge0, showed the largest missing fraction. There was no
muchium precession observed despite the fact that the free
puon precessicn accounted for cnly 40+7 % of the muons  (see

figs V.9¢a) and V.9(b)).. It is very probable that the

missing fraction is due to fast depolarizatiocn of Nu since

1.. GeO, and SiO2 are chemically very similar sc one
would expect that Mu formatiocn 1in SigQ, would
imply Mu formation in GeO,..

2,  Mu precession is 100 times more ‘sensitive to

RLHF than p* precession, The fact that a 1long
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Fig V.7 (a). Number of positron events versus time

after the muon stop, with the exponential folded out,
in fine Mg0O. The pressure in the vacuum vessel was
10-5 torr. The transverse field was 7.8 Gauss.

(b) Same as (a) except with 5 torr of Oy
in the vacuum vessel.
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Fig V.8 (a). Number of positron events versus time
after the muon stop, with the exponential folded out,
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was 10-5 torr. The transverse field was 7.8 Gauss.

(b) Same as (a) except with 5 torr of O2
in the vacuum vessel.
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lived y+ precession was observed in GeOQ,

suggests that the missing component is Mu. .

The missing fraction in Mg0 (1417%) could be due to HNu
within the grainé and the observed fractién due to Mu in the
intergranular region. This would be possible if the variance
on the particle Asize is large as expécted., Oon this
assumption the observed Mu relaxation rate is a result cf
surface depolarization,

The missing fraction in céo (22¢7%) cannot be explained
this way because the'additicn of 0, had no affect on the Mu
preceésion.,This implies the rarticle size 1is @much 1larger
than the mean diffusion length before decay. However it is
possible that the observed precession signal is due to Mﬁ
trapped in pores within tﬁe grains. The missing fracfion
would then correspond to Mu depclarizing fast within the

sclid Ca0O regions, .
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Sect V.6  Future-Muoniu

Experiments-

The results of this experiment leave many guestions
unanswered which should be re-examined in the future, .

The origin of the missing fracticn, especially in GeO,,
should be investigated. ,Isotopically pure samples of GeO2
are now available, If the nuclear magnetic moment of Ge73,
which ccmposes 7.76% of the natural Ge , is responsible for
the fast depolarization of Mu then an isotopically pureGeo,
sample will show Mu precessicn, Fine GeO, powder should also
be examined since it is expected that nuonium will diffuse
into the intergranular regions before it has a chance to
depclarize. . |

A single run with oxygen is not the best technique in
crder to determine whether Mu has reached the intergrarular
regions because the oxygen will alsc depolarize Mu which is
cn the 'surface,. It 1is then neccessary to exanmine the
relaxation rate as a function of O, pressure in order to
establish that the ﬁu is in the intérqranular reqgions
(harshall, 1978). One fairly simple way to establish that
the Mu jis in between the grains is tc¢ show a linear
dependence between pbwder density aﬁd relaxation rate. . Such
a dependence is only possible if the Mu is moving freely
between grains. .

The diffusion model should be tested thoroughly by
deing studies of the vacuum fraction of Mu versus
temperature and particle size for all powders which form Mu..

In this regard it would be very interesting tc compare the
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diffusion constants for muonium and positronium in the
various oxides .
Finally , the possibility of depositing chemicals on
the surface of these powders clearly suggests a series of

experiments in surface chemistry. .
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| CHAPTER VI - ‘CONGLODING:- BENABRKS-

‘*”I€>ha5“beenfShowawthat;finefPOHdéréd;Oxides‘can-be used -
toggffidienylylgroduce;muonigm,and'pcsitroniwm;jﬁurthermote,
thelresultS»indicate,thateif.these. oxides are in: a fine
pouderedf'form Mu like Ps reaches the intergranular .regions..
‘-Tﬁe applications in- gas chenistry, surface.
chenistry,diffusion . studies = and ‘the-~S£udy;ofufuhdam€ntalv
-pﬁopérties of Hu and PS are numerousS. -

' Careful measuremeants have revealed MNu precession = in .

. cap, Mgo, and Aal1,0, where-they had not been .seen before.

TheSe_results'iudicatéﬁtﬁatgihe»féthétioﬂzprOCesses..for‘ Nu
. and Ps afeftélosély.1iﬁked,atgleastfinwawqaalitative sease
- despite the :large mass. difference.

Clearly future investigations in this area should be
very - févardiﬁgﬁiin " many - branches  of -physics and-physical
_'chéﬁiéﬁtyténdﬂﬁill;help clarify -our .understanding of one of
tﬁe?:ﬁdgtﬁ fundamental - of . physical  systens the hydrogen:

atom.
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APPENDIX 14A) CHARGE CONJUGATION - PARITY - FOR
N

The charge conjugation operator acts on a state vector
by reversing the sign con all the internal guantum numbers of
the paricles involved such as the <charge, strangeness,
tarycn numker, lepton number, etc..

Consider a spin 1/2 fermion - antifermion state vector

- 1 2 3 L 5 6
| FF>=| a, -a, L{L+1), L,, S{5+¢1), S; >
where guantum number
1 = internal quantum numbers of fermion # 1

2

]

internal gquantum numbers of fermion # 2

[E%]
]

{orbital angular momentum) 2

4 = z component cf orbital angular momentun

W
]

(total spin)?2

)]
H

z ccmponent cf spin
Now expanding | F F > in terms of the kets

1 2 3 L 5 6
| a, =a, 9, ¢, S]ézv S;_ZZ >

where quantum number

186 2 = as defined before

3864 spherical ‘angles between fermion 1 & 2

5

third component of spin for fermion 1

6 = third component of spin for fermion 2
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Gives

FF> =1 % ‘raavpy(0,¢)xg(s1,,52,)|a,-a,6,¢,51,,82, >
S1. s2
Z Z

Applying the operators which exchange space variables

‘ESpace ), Spin variables (E spin ), -and internal - quantum
numbers ( C ) gives
E E_. C|FF->
space spin
=3 I fdeLM(e,¢)XS(51z,szz)l—a,a,—e,5¢,szz,s1z>
Sl 82
Z Z
= 3 L sy, (-6,-¢)xg(52,,51,) l—a,a,e,¢,Slz,SZZ>
S1_ Ss2 .
z z
L

DI DS -1 FF >
where C[F F> = (—1T”iF F>
Since the state vector for twc identical fermions must
be antisymmetric under such an exchange
(__1)L+S. - (‘Un

Thus the C parity (—1{1 for positronium obeys this rule.
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Classically, the vector potential
pmagnetic fields must change 'sign when

reversed in sign since the fields

B = Curl A
E = —gé - Gradd
ot

are observed to reverse their signs, .

for

all

the electro-

charges are

The photon field operator in Fock space is defined as

= 2 A ~ik.x # ik
A(x) = 1 sak DA 8e T Al 8e T )
(2m) %2 (2x) Y2 3=1 J I3
where Aﬁﬁ creates a photcn of momentun k and polarization

j and Akjannihilates one of the same. .

Ssince the field theoretic vector potential

must have .

the same symmetry as the classical vector potential, this

implies
t 1 T
C ARyC™¥ = =Bf5
n
Thus an n photon state has C parity (-1)

¥ T ¥

S, A . «.. A . 0>
k131 ko232 kn]ni

- since

=cal cfeal . ct ... cal , cTclos
k1j1 7 k23J2 kKnln
= ™ Al o ...oaT L Jos

ki1 ko232 knin
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Apbﬁn”  - 4A) MEAN- QugncH;NG%ggdssggggggggaggw“
A-POUDER FOR O=Ps-

‘Let n be the number deusityufqriaapoﬁder:aithﬁintrinéic

density.pI , bulk density 0B, and .mean .radius R -
1= 4mRPB oI \ egn AII.1
n 3 '

Assume there exists a o-Ps atom.at. time=0. Let :P{t) . be " the -

probability that it still exists at ‘time .t. Define Sgp S

%% = _[oqpnv + o] egn AII.2

where v ‘is its velocity and ), is the mean decay rate of -
' - free o-Ps. .

From eqn AII.2: it follows: .

P(t) = exp[-(cqpnv +a,)t] eqn AII.3

From egn- AII.3 the - observable mean: decay = rate in . an.

~ evacuated powder is

Using eqnwAII-iﬂit-foiloms

= 4 Ag-)
°gp 3 V%  gR3,B/,1
v . .

If it is assumed-that the oqp.,vaties as 1/v so that :the

Ay is independent of v then the mean:cross section

Tqp (V) = (3v—Ao)(§)
n

For a Maxwellian .speed distribution:



<=
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.2m -1 = [5.92 x 10°cm/sec]”}!
‘(—k) 2
mko
where
m= 1.02 MeV
k = 1.38 x 107 % erg/deg

= 2950 K
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APP'_’E_QD*?xg.;M_;;_‘I_a-:’1;5;1,;.;.' YENCHING -RATE-C '.s_ray LCIENT-QF- A-GAS-F enﬁ-:;_'qeﬂ-.é-s--,
Equation:AII.3 can be rewritten for a gas
P(t) = exp[—(oqvn +Ao)t] AII.4

vhere Oq " is the c¢ross sectios at velocity v, = . is the
. numbper . density for - the quea?hing . gas and X, is the npean
decay rate in the absence ‘of the gquenching gas. It follows
from e@n-AiI.Q that
Aq = Ao + oqvn

where xq is the obse:ved dé¢§yﬁ;ate;innthe»presence of the
.guehéhgr,ﬁThevgdenchihg‘rate‘.coefficientu for .the gas is
defined as °q’ ‘and is;independeatgof‘v provided Ig

goes as 1/v...



. APPENDIX III IHE MUON POLARIZATION VECTC

FREE MUGN IN A STATIC MAGNETIC FIELD-

The task is to evaluate

inMt ~iHMt
B(t) = «(0)] e sHe®  |y(0)>
lu(t)>= e 32|y (0)> = e 7992 1{[s,=1> + |s,=-1>}
V2 2 _

where a = gjelﬁl
4cmm

= i{fe—ials =1> + eials =-1>}

%3 23 2 3

therefore P, (t) = <yp(t)]oz|w(t)> = l{e_iaeia—e"ia
’ eia} =0

In order to evaluate px(t) and;p;(t).it is advantageous to
define a complex polarization

P (t) = P_(t) + iP§(t)
i -i

= 1[e*®<s,=1| + e *%<s,=-1]| ] 2st
2

le Tt s =15+et?5,=-15]
2 -

where St=s_+ is, is the S, raising operator

therefcre PC (t)

[et%s =1 | + e T3«s =—ll]ela[S =1>
z 5 z = z =
2ia
e

~1

cos(2at) + 1i sin{(2at)

therefore P(t)

- A L - A
cos gye|Blt X '+ sin gue|Blt ¥y

2muC zmuc
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 APPENDIX V- THE-0=PS FRACTION-IN-VACHUM-

Consider a large . number: of- o-Ps atoms , N{0), at
;time=0-gLet Ngt) be the number of atoms after time t. Then-
dN(t) = -AON(t)dt' eqn AV.1l

. where o is the free o-Ps decay rate.. . If a .guenching agent

is present then . egn:AV.1 must be rewritten.
' —-A A=A
dN(t) QN(t)dt 0 0+Aq egn AV.2

N(t) N(O)exp[-AQtl

where g is the mean guenching rate.. The total number of 2v

decays reSnlfing‘from the'gueaching~process.is

ogAqN(t)dt = g (Ag=2,)N(0)exp(-rgt) dt
= (xQ—AO)/AQN(O)[exp(—AQt)lz

(XQ-AO)/AQN(O)

I;:fdlioss that if therfPs'is:heiQprroduced at ‘a ‘constant

rate , dX/dt _, then-the 2r "decays will occur a rate:

dx2y _ dx
dat (AQ ‘o) /Mg FE eqn AV.3

Define

(dN/dt) . = 2 ycounting rate in the evacuated powder

(dN/dt) . 2y counting rate .im the powder+quencher

Q
(dN/dt)o

2 Y counting rate due e+.s that do not reach the
intergranular. regions as o-Ps
fde/dtTCQ==’the‘zw'cbuntiﬁqlrhteiifﬁthé'gnenéhinq vere

¢complete and there were no 3y decays
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Ay = the true vacuun-mean-decay .rate of o-Ps-

Ag = the mean:decay .rate in the
po&dermsamp&eﬂteguenche:;

Ay = the mean :decay rate in the evacuated powder

:'Then,it=folloué‘that'o-Ps fraction in vacuua is

o-Ps = [(aN/at) - (aN/dt) 1/ (aN/at) .o

{1+ (dN/dt)o/[(dN/dt)CO-(dN/dt)o]}_1

egqn AV.4
Since (dN/dt)Cx?nd (dN/dt)O are .not ebéervable the problen.

is to - @eXpress f in terms of the
0-Ps

observables g, A (AN/dt),  » (AN/dt)q and the "known .

o = 7.05 wsec~i. By defimition of (dN/dt) ., and (dN/dt),

the rate of o—-Ps production .is

ax/at = 1 [(dN/dt)ys(dN/dt) 1 eqn AV.5
k (o]

yhere x is the efficiency,@ ﬁQr" aetection.d In . the
powdertquencher . the rate  of. 2y decays resulting from the
quenching of o-Ps is |

(dX/dt)éYé % [(an/at) - (aw/ae), ] egn AV.6

Substituting eqhs AV.5 and AV.6 into egn AV.3 yields

(AN/at) - (AN/dt) ; = (A=A ) [(AN/dt) o= (dN/dt) ]

A egn AV.7

Similarly
(dN/dt)v—(dN/dt?)0 =.Oxv-xo) [(dN/dt)CQ-(dN/dt% ] -

v eqn AV.8
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Subtracting eqn-AV.7:from egn AV.8 yields

(an/de) o= (dN/dt) - = [(dN/dt)CQ—(dN/dt)gAQ—AO =24, ]
AQ XV )
Rewritng this gives
- = - - -3 1-1
(AN/dt) o= (aN/dt) = [(dN/dt) (dN/dt)V]YQ XA,
AQ XV
egqn AV.9
Rewriting egn AV.'8
(dN/dt)o = - )\V_Ao + (dN/dt)V
)\ by
(dN/dt) o= (dN/dE) v (dN/dt) .- (AN/dt)
1 CQ o)
egqn AV.10
Using eqn AV.9
L.H.S. = - Av B >‘o + (dN/dt)v XXQ_AV - Av_ko
A A
v (dN/dt)Q—(dN/dt)V 0
egn AV.1l1
- Substituting egn AV.11 iato egm AV.4
£ ps = {1 - e+ (awat)y oh - MR
My (8N/dt) - (AN/dt) ) o
Q v
eqn AV.12



APPENDIX VI OXYGEN IMPURITIES -

The fcllowing is the manufactures 1list of
for the 99.65% oxygen used in this experinent, ,
«3% argon
.05% nitrogen
2ppn ~carbon dioxide

20ppn hydrocarbons )

impurities



