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PREFACE

Previous experiments on positron annihilation have demonstrated
that the formation and subsequent decay of the electron-positron bound
system, the Positronium (Ps) atom, is a property of its immediate
surrounding, The investigation of bound-state annihilation may therefore
yield information regarding the internal structure of matter, The
simplicity of the Ps atom presents the challenge of a new‘chemical
element which may be useful for the understanding of chemical reactions
and the nature of chemical bonds,

Due to the discrepancy df existing experimental results, further
investigation is required before the usefulness of this approach to
solid state problems can be fully assessed. 1t is the hope of the
author that the results obtained herein may be helpful towards the
" understanding of the electronic structure of matter,

The author wishes to express her sincere gratitude to her major
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and to Dr, Rolando Pagilagan and my colleagues,‘Mr. Ali A, Abdulla, Mr.
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CHAPTER I

INTRODUCTION

Gamma-ray spectroscopy techniques provide methods for the study of
the positron annihilation process in several contexts, The first is the
investigation of the nature of the positrons and electrons and of their
interactions, The discovery of the quasi-stable bound state of an elec-
tron-positron pair, Positronium (Ps), confirming earlier theoretical
predictions, furnished the physicist with a "chemical" atom in which
only electromagnetic forces are present, This atom-like structure
served as an ideal system in verifying experimentally the theoretical
calculations of quantum electrodynamics.

Positron annihilation in condensed matter has been the subject of
a great deal of research, The primary interest lies in investigating
the interaction of the positrons with the solid or liquid prior to
annihilation, which may yield information regarding the internal struc-
ture of matter, .

Pair annihilation may also be used in the context in which the de-
cay process serves as an indicator of positron polarization, Whatever
information there is available is carried by the annihilation gammas to
the observer,

The main disadvantage in these studies lies in the distortion of
the electronic configuration by the positron, as is characteristic of

most investigation probes in atomic physics. The bound system, Ps, will



not distuyb the glectron d;sgribution as much,’due ;é its overall elec~
trical neutrality. In this case, the information obtained is limited
by the dependence of the annihilation process on the immediate surround-
ings of this hydrogen-like atom, |
 Most of the egperiments thch have been performed fall into three
classes.(l), which involve measurements of
1) the time distribution of the two-quanta annihilation events

2) two-gamma or three-gamma annihilation rates, the sum of which
. must be constant from substance to substance

3) the angular correlation between the two photons in 2 )y-
. annihilation.

This work makes use of the first method in determining the positron
lifetimes and the relative intensities of the annihila;ion processes
involved,

Several models had been.postulated by vérious researchers to ex-
plain theoretically the experimental results so far obtained. No single
model, however, isvsufficient’to explain completely the behavior of

positrons in matter,



CHAPTER I1
THEORY

Shortly after the development of wave mechanics, Dirac (2) showed
that this formalism could be generalized to meet the requireﬁents of
Einstein's theory of relativity. Applying his complex equations to the
problem of a particle in an electromagnetic field, Dirac was able to
give a complete theoretical description of the electron, which was in
exact agreement with the negative particle's known properties. The elec-
tron's positive energy states were recognized to be the normal states
of the electron, while the negative energy states, which stem from the
relativistic total energy equation, were attributed to states of the
positron, the electron's anti-particle, following its detection in a
Wilson Cloud chamber, From this theoretical treatment, the "hole

theory" of the positron was formulated.
The Annihilation of Positron-Electron Pairs

Dirac's "hole theory" leads to the simple interpretation: A
transition of an electron from a negative energy state to a positive
energy state means the creation of an electron-positron pair; the re-
verse transition means the annihilation of the pair. From energy-mass
conservation, the energy given off in pair annihilation is > 2mc2. A
direct consequence of the interaction of electrons and electromagnetic

fields led to the prediction that the rest masses of the pair could be



radiated in the form of electromagnetic energy.

An alternative method which introduces the positron properties from
the start is the second quantization of the electron field, in which the
wavefunction of the Dirac equation is subjected to a process of quanti-
zation similar to the quantization of the radiation field., The quantum
conditions must be such that the Pauli principle is fulfilled., This
treatment has the advantage that no "infinite sea'" of negative energy
electrons occurs, and allows for the possibility of creation and anni-
hilation of particles in a natural way (3).

There are essentially three types of pair annihilations whose
immediate end products are photons. The first kind is the "anmnihilation
of free electron-positron pairs", which is the annihilation of a free
electron and a free positron in relative motion towards one another,

The cross-section for this process varies inversely with velocity, so
that in the low energy region, it will compete with the second process,
the "annihilation from the bound state", which is the annihilation of
the pair after formation of the bound system, Positronium, The third
type of annihilation takes place in an external field, such as the
Coulomb field of a nucleus, This becomes important when positrons
annihilate with tightly bound electrons such that the binding to the
nucleus cannot be neglected (4). This latter process does not exclude
the possibility of one-photon annihilation, since the massive nucleus
is present to carry the excess momentum, We may therefore write,

et + e ——=ny

where n is an integer determined by certain selection rules,



Two-Photon Annihilation Process

In the absence of external fields, simultaneous conservation of
energy and momentum requires that the lowest order process yield two
photons emitted with equal energy E = mocz = 0,51096 Mev in the center-
of-mass system, in opposite directions., Thibaud (5) and Joliot (6) used
absorption methods to identify the energy of the annihilation radiation.
Using coincidence techniques, these annihilation gammas were shown to be
simultaneous and collinear to within 1° (7,8,9).

High precision spectrometry methods indicated a mean momentum of
the center-of-mass of the annihilating pair of about mc/137, indicating
that the majority of the positrons reach very low velocity prior to
annihilation. At such low velocities, the relative velocities of the
two annihilating particles are also very low, In this case, invariance
under parity, reflection, and charge conjugation operations allows two=
1

S_ state of the two particles (6,10).

photon decay only from a relative =

An analogous theoretical treatment applied to the three-photon decay
shows that the decay is possible only from a relative 351 state of the

annihilating pair (4).
Annihilation Cross~Sections

The transition probabilities and cross-sections for two-and three-
photon annihilation of an electron-positron pair were first calculated
by Dirac (2). A simpler method makes use of the famous Feynman dia-
grams, in which the matrix elements for electromagnetic processes not
involving bound states is easily written,

A derivation of the two-photon annihilation cross-section is out~

lined in the following paragraphs, starting from free annihilation,



' Therindlusion of the Coulomb wavefunction in the cross-section to be
obtained justifies the validity of the application of this calculation
for bound state annihilation (4). In caicu;ating for the‘transition
probabili;y, it is necessary to sum over all the final sfates of polari-
zation of the gamma rays. The Feynman diagrams fqr the two-photon anni-

hilation process are shown in Figure 1.

qu” RQZ

Figure 1. Feynman Diagrams for Two-Photon
Annihilatien

From the Feynman rules and Figure 1, the amplitude is given by

M= - e22‘n W £2 1 £ +
(w192 P 1

1

- tz’wl)] o

pl- z-m

In this notation, w corresponds to the normalized electron spinor wave-



function so that w w = E/m, the '"dagger" notation referring to the her-

mitian adjoint; W = wi Y, , where the y-matrices satisfy the relation

’

T (%% on) 8

where the Greek indices pu,v =1, 2, 3, 4, The delta-metric is given

by:
-1 0 0 0
b 0o -1 0 0
= Lg fg e e
0 0 0 1

The "slash" notation designates the abbreviation

),H-AU- = Yiby - ?‘K--‘

which arises from the definition of the dot product of two four-vectors
when the four-dimensional space-time of special relativity is referred
to the four real orthogonal axes x, y, z, and t. The four-vectors Pu
and k, denote the four-momenta of the electron and photon lines respec-
tively; e refers to the electron charge and m refers to the electron
mass; € is the unit vector in the direction of the polarization of the
photon, The coefficient of the brackets stems from the normalization
factor,\jzﬁ:; of each photon,

Sincewthe positrons are assumed to be thermalized, as will be dis-
cussed later, the following approximations are valid: (a) Assume
v << 1 for both positron and electron, and only the fourth components
of Pul and Pug are nonvanishing. (b) Assume v >> 1/137 so that the
electrostatic attraction may be neglected. The electrostatic effects

can be taken into account after the matrix element using plane waves is



obtained.
Applying the laws of conservation of energy and momentum in the
approximations stated, the space-time components of the four-momenta of

the problem are:

le = 0, m
pw}- 0, m
.
k= mk , m
vl Al

1(1/2 = mmkp m

A ]
where kl is a2 unit vector in the direction of propagetion of the first

gamma ray, and where h/2T = ¢ = 1,

Rationalizing the amplitude,

- ome? ; By - K tm |
M= - 2Mef <w2;£2 1 -k ¢1w1> +

J¥1%2 . l P~ kt»&az - af '

£

=" P, - Kk, +m i
<;“’2¢1 b B ¢z“*’zz} ) (23
Z%”% e

= B

Introducing the approximations into Equation (2), the matrix element

becomes
, o ‘
- my - :
M= .- 2Me? (wztz Yo ¥ é1w1> +
Jwiwg 2m?
R+
(o by e )
2m
The terms

¢2mt1 + élméz = Zmel ¢ ez



do not induce transitions between electron and poéitron states since
they do not contain y-matrices; consequently they can be omitted.
Therefore,
2 - A A
m

A A A
Choosing conveniently the positive directions of €1, € and kl3

the matrix element can be written in terms of the spinors as:

WEA) 7s W(l) =+ 1

@y s Yy =l
the first of which corresponds to the nonrelativistic annihilation of
a pair a B,, electron with spin up, positron with spin down; the second
applies to the pair ennihilation a4f , electron with spin down, pqsitron
with spin up, Only singlet pairs annihilate due to the opposite signs
of the matrix elements, With the unit vectors in the directions chosen

and applying anticommutation relations,

M=2J2 me?
2 .

m

The density of final states in this calculation is

2 ak.  dn | d K> d 2
14 i . 4y ko dy
8 2dk, - gm>

where a factor of 2 in the numerator takes into account the two polari-
zations, and dE, = 2dk;. The gamma rays are indistinguishableband

summing both diagrams, the iﬁtegration over dIll is equal to 2m.
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The transition probability for unit-density singlet electron-

positron plane waves is

Ag = 2m _2n m? (ZE nez)z = 41&" . (3)
8rp3 m2 me

Averaging over the four spin orientations, the singlet annihilation

cross-section for free collision reduces to

2

o, = 1 & |uo|”.
T

Including all constants, one obtains

o mns()? ot - nd

s
V\me

oy | %, %)

<o

where r  is the classical electron radius. The probability density
IQKO) |2 is unity if Coulomb attraction is neglected, Otherwise, it
caﬁ Be computed from Coulomb wavefunctions.
For the S state of Ps, of total quantum number n,
2 =
w0 |[* = 1 ()7, )
m
where a, = rofaz, o being the fine structure constant, The factor
of 2 arises from the correction for the reduced mass (11). The mean-

life of the singlet ground state of Ps states, in the limit of small

velocities is

1

10 3
Tpara

= 1.25 x 10 n° sec. (6)

where n = 1,

A similar approach to the annihilation through three-photon
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emission yields a cross-section

2
o, = b -9 ar,
s

: ¢

L3
v

and

3Torth° = 1.4 x 10~ n3 sec. (8)

where n = 1 for ground state Ps, Due to the multiple character of three
photon annihilation, the triplet state will have a longer lifetime than
the singlet.

For states of non-zero angular momenta, the annihilation prob-
ability is negligible compared to the probability of optical tramsition,
whereas annihilation predominates for zero angular momentum, The spin-

averaged cross-section ratio is

3 1
Oortho = & °t = 3 ( Tpara ) S A
Opara s Tortho S )

Positron Lifetime in Matter

In general, the annihilation rate of slow positrons in matter is

given by the equation

| 2 2
v ow ko= € e . (10)

‘where i% is the density of electrons with "antiparallel" spin at the
‘average position of the positron; i.e., annihilation from the singlet
spin state, q% is the same quantity for triplet spin orientation, Cs

and C, are fundamental interaction rates in the singlet and triplet
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states, In the plane wave approximation (12,13),

/o3y 2 A ‘
e, = &ﬂciﬁj%%) = 3 x 1671 cm/sec, (11}
me L
and
2
ct = 411C o2 \ ba (nz - 9)
meZ /9T

= 1 c = 2.7 x 1017 cm3jsec. (12)
1115 S o

Neglecting the effects of Coulomb forces, Q% = (1/4)n, and q% =

(3/4) ny, where n, is the number of electrons per cubic centimeter of

e
ﬁattér, If Coulomb interaction is considered, but one still assumes
“that the positrons move freely through the medium, the above equations
are still valid where n, now stands for an "effeétive" number of elec-
trons,

Generalizing, the annihilation rate in collisions should be pro-
portional to the density of available ;lectrons, and therefore for a
particular substance, to the density. Deutsch (14) demonstrated the
fact that the proportionality of annihilation rate and density was not

satisfied, and established the fact that annihilation of slow positrons

sometimes involves positronium formation.



CHAPTER III
REVIEW OF THE LITERATURE
Positron Lifetimes

Some general features have been demonstrated in the study of posi-
tron annihilation in matter, Analyses of time distribution spectra show

that most metals exhibit only a short lifetime (T, ~ 10710

sec.), where-
as molecular compounds are characterized by the presence of T, @s well
as a well-defined linear "tail" on the curve corresponding to an expo-
nential decay of markedly longer lifetime (T, ~ 10~°? sec.,). The appear-
ance of two distinct meanlives implies that two annihilation processes
are present, and that they are mutually exclusive (15).

Many properties of pair annihilation are understood on the assump-
tion that positrons in the sample under study are thermalized before
they interact with the electrons of the substance, The validity of the
assumption made in the derivation of the annihilation cross-section in
Chapter II may be seen from the following paragraphs.

Calculations on positron thermalization time (16,17,18) in metals
have been carried out. The generally accepted value is that of Lee-
Whiting (18), who reported a thermalization time of ~ 3 x 1012 second.
Since the experimental positron lifetimes in metals are all of the order
of ln'.)'10 second, it is safe to assume that positrons are thermalized

prior to annihilation,

13
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Angular correlation experiments on the 2y -annihilation process in
metals can be explained only if one assumes that most of the positrons
are thermalized and diffuse freely in the conductor, Due to the simi-
larity of experimental results in metals and nonconductors, the assump=
tion of thermalized positrons is reasonable,

The Short Lifetime and Its Interpretations. Positrons entering a con-

densed medium lose energy mainly by inelastic collisions, and at low
energies, direct annihilation and Ps formation become competing pro-
cesses, This gives rise to the short lifetime component, T;, which

appears to be insensitive to lattice characteristics. Mostly metals
comprise the class of compounds which exhibit only the prompt decay

mode,

A cross-section for the annihilation of a slow positron by a free
electron is given by Equation (4), in which the probability density
I@(O)Iz is unity, 1In the free electron theory approximation the pre-
dicted decay rate of positrons annihilating in a material of density,

D, and atomic mass, A, is

A = 1 = O, (13)
T

where N, is the density of outer shell electrons. This leads to

T = 2.2% 1079 & - sec, (14)

DZo¢g

where Z ¢¢ is the number of outer electrons per atom, since presumably
only the valence electrons are effective in the annihilation process.
This assumption, however, is unable to account for the constancy of T

in most metals. Interpreting the lifetimes in terms of Ps formation is
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ruled out, since annihilation from bound states leads to an unobserved
long lifetime,

The discrepancy between the experimental results and the theoretical
predictions may be interpreted by assuming that electrons 'swarm"
around the positron when it reaches low energies, 1If this were true,
then Coulomb attraction between members of the pair becomes important
in the computation of 0 and nuclear repulsion confines the positron to
a region where the electron density is not simply equal to its average
value,

In explaining the negative results of the experiment carried out
by Mandansky and Rasetti (19), which dealt with the detection of thermal
positrons diffusing through thin metal foils, Ferrell (20) pointed out
that there is a lowering of positron energy as a result of electron-
positron correlation., The electrons are free to interfere with any
Ps atom which might be formed and can either strongly modify the Ps or
prevent its independent existence.

The Anomalous Lifetime. In most molecular substances, a complex decay

is observed, where the short-lived component is due to para-Ps decay
and free annihilation, The anomalously slow component is attributed to
collision-induced two-photon annihilations of triplet Ps. Positrons
slowing down in the sample may form triplet Ps atoms which are destroyed
mainly by conversion to the singlet state through collisions with the
atoms of the sample material (15). Assuming that exchange collisions
are responsible for triplet-to-singlet conversion, three-photon anni-
hilation will occur in a fraction of the long lifetime given by the
ratio of its observed lifetime to the lifetime of triplet Ps in the

sample, The experimental results of Pond (21) are consistent with this
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hypothesis, This mechanism appears to be ruled out in insulators since
the electrons occupy closed shell configurations, in contrast to their
free states in metals,

On the other hand, Garwin (17) explained the slow mode of decay by
postulating the formation of ortho-Ps and its subsequent annihilation by
the "pickoff" mechanism, Whereby the positron in triplet Ps annihilates
with an electron of opposite spin from a neighboring molecule, This
annihilation process is described in a later paragraph,

There are experimental evidences (22,23,24) that the formation of
positronium compounds such as e’Cl” or (e+é')01 is another process which
competes with the '"pickoff" mechanism. These compounds may not neces-
sarily be thermodynamically stable so long as they survive long enough
to permit annihilation of the positron with an atomic electron. In the
case of the halogens 012 and Brz, the compound state dissociates by
collisions in a time comparable with the annihilation time (22).

The long meanlife, is dependent on temperature, molecular com-

Tos
position, physical state and other properties of the material, in which
positrons annihilate., A valid generalization for the class of compounds
exhibiting Ty is that if electron exchange takes place, it would occur
only within individual molecules and that any covalent forces which may
be present between molecules are repulsive,
The intensity of the slow mode of decay, 12, is associated with

the amount of positrons forming positronium, Due to the multiplicity
of the triplet state, 3/4 of all positrons forming a bound state will

be in the ortho-state, decaying with a lifetime ~107° second., It has

been observed (25) that 12 is subject to considerable variation and is

affected by a number of extermal factors such as temperature and pressure,
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Experiments on water and ice confirm the hypothesis that the tem-
perature effect on Izia due to variation of density with temperature,
The decrease of positronium formation at low temperatures may be explain-
ed on the basis of the fact that lowering the temperature increases the
density, so that less space is available to the Ps atom effecting a
weaker binding., This would result in raising the lower end of the '"Ore-
gap"'.

a. The "Ore-Gap" Model

The formation of Ps atoms is easily understood by means of the
"Ore-gap" which was first applied to gases (26) to explain the existence
of Ps atoms, With certain modifications, this model has been applied to
liquids and solids. The binding energy of the Ps atom is 6.8 ev., which
is half the ionization potential of the hydrogen atom, resulting from
the reduced mass effect., Calling V, the ionization energy of the gas
molecules and Vo the minimum positron kinetic energy, there exists an
energy range in which Ps formation is most likely if Vo, > V; -6.8 ev.
This range of positron kinetic energy is called the "Ore-gap'", and is
determined by

V, - 6.8 <E<V, . (15)

For energies below the "Ore-gap'", the positron has insufficient energy
to capture an electron, Above the "Ore-gap'", energy loss by inelastic
collisions is predominant,

b. Pickoff Mechanism

In interpreting the anomalous lifetime in nonmetals, Garwin
(17) suggested that the decay is not due to triplet-to-singlet conver-
éioﬁ, but by annihilation of the positron, after formation of triplet

Ps, with an electron from a neighboring molecule with a relative singlet
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spin orientation., This mechanism has come to be known as the '"pickoff"
annihilation process, and is the generally accepted explanation for the
existence of the Tz-component in nonconductors and insulators,

This electron pickoff process depends on the overlap of the posi-
tron component of the Ps wavefunction with the lattice wavefunction.

It is assumed that the Ps wavefunction in a lattice is not deformed to
an extent that Ps becomes pressure self-quenched or unstable, so that
T, is a measure of the lattice-Ps interaction and its dependence on
lattice properties (27).

The decrease in the pickoff annihilation rate with increasing
temperature has been shown to be a quantum mechanical effect, A therma-
lized Ps atom has a de Broglie wavelength 2-3 orders of magnitude
larger than the dimensions of the '"free volume'" per molecule accessible
to Ps in a typical molecular lattice. Therefore, one can think of the
Ps as an "injected" exciton of high mobility, with a radius comparable
to intermolecular spacings (20).

Assuming that Equation (10) describes the decay rate for the
pickoff process, Gerholm (28) gives a rough estimate of the electronic

quenching cross-section, Og, by this mechanism, He obtains

2
UE ~ T, 1 Ca 1 % zro = cs
2 3 v! ' 16
e (16)

where r  is the classical electron radius, v' the velocity of the
external electron and C; given by Equation (11). The velocity v' is

approximated by

W sl g i (17)
137 Haer
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where Z is the atomic number and nggg the effective number of electrons.
The molecular quenching cross-section O corresponding to O and

(M valence electrons is given by

g =

mn=Ho, . (18)
The annihilation rate then becomes

12 - neffvoe . (19)

where v is the velocity of the Ps atom, presumably thermal at room
temperature.

Assuming ll is given by

e 1 G HMEA (20)

where A is the density of the material, the Tz/Tl ratios obtained were
larger than experimental values by almost a factor of 2, Gerholm con-
cludes that the inner shell electrons make a relatively more apprecia-
ble contribution to the pickoff decay rate than to direct annihilation,

c. Free Volume Model

Some features of pickoff quenching seem to be explained by

the "free volume'" model (27) which correctly predicts the dependence of
To on pressure, temperature and phase change. This model fails, however,
to explain the increase of Ty in ice upon melting.

Neglecting Ps and lattice mutual polarization and assuming that
the Ps atom moves in a field described by square potentials Uo’ the

electron pickoff rate in the Wigner-Seitz approximation is given by
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2
e Wex € Po (21)

%" Ty (U5 T T

ex’?

In this equation, p, is the electron density, Tox the radius corre-
sponding to the "excluded" volume (Vex) centered in a cell volume V;

described by the radius r The '"free volume' available to the Ps atoms

1.
which is temperature dependent.

iS Vl = Vex,

The function F (Uo’ r rl) depends upon the geometry of the

ex?

lattice and is a function of the scattering parameter

2 _ 4m 2
P = (_1;.2_) Ur2 . (22)

The theoretical expression for T, is given by

¥ (ﬂrll'c Po) [i St II)J : s
ex o
Brandt et al.(27) conclude that intermolecular distances set an upper
limit to the lifetimes of ortho-and para-Ps, since in small confinements
the internal lattice pressure is exceeded by the Ps pressure against the
lattice, The molecules would yield before they can accomodate Ps in
such small volumes,
d. Quenching Effects

The term '"quenching'" refers to processes which cause Ps atoms
in the triplet state to decay at a rate faster than their natural decay
rate of 0.7 x 107/second. The quenching effects of impurities, external
magnetic field and external electric field on Ps atoms demonstrate that
ortho- to para-Ps conversion may be accomplished by several mechanisms,

The quenching process due to the presence of an applied magnetic
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field may be understood on the basis of the second order Zeeman effect,
due to the mixing of singlet and triplet components, A field, B, dis-
places the two sub-states with m = 0 with respect to the unperturbed

state by an amount

M:i—% AW [ﬂ+y%%-q (24)

where y = 4y B/W and Mo is the electron magnetic moment and AW is the

splitting, The m = 0 triplet state contains an admixture of the singlet

by the amount e %
(1 + a%)
where
a = y-]' [(1 +* yz)k - ].J ~ 2HB (25)

AW

This admixture allows two-photon decay, in which the external magnetic
field absorbs the unbalanced angular momentum, The relative probability
of this two-photon annihilation is a%/(ltfks + az) where Ay and Ag are
the unperturbed annihilation rates of the triplet and singlet states,
respectively (29).

The application of an external electric field increases the amount
of Ps formed, because of the acceleration of any free positrons present
back into the "Ore-gap', resulting in a decrease in the two-photon yield.
This process has provided a method for estimating the cross-sections of
positrons in inert gases, since the number of positrons accelerated
back into the "Ore-gap'" is a function of the scattering mean free path
(12).

The addition of impurities such as NO and NO, which contain
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unpaired electrons show that the conversion may be explained by exchange
of electrons of opposite spins., In collisions between a paramagnetic
molecule and a Ps atom, aside from compound formation or "pickoff"
quenching, spin change is induced in the Ps atom by either the "spin-
flip" process or change in Ps spin without energy exchange (30). The
"spin-flip" mechanism results from the direct exchange of the unpaired
electron of the paramagnetic molecule with the electron of the Ps atom,
The equation which shows total spin momentum conservation, may be written

as
M(})+to-Ps(}f) — M(C|)+p-Ps (}), (26)

where M stands for the molecule, the arrow indicates electron spin
orientation, and the crossed-arrow, that of the positron.
If no energy exchange takes place during the collision, a molecule

of spin S may change the Ps spin so that
M(S8) +to-Ps —= M (S) +p=-Ps . (27)

From angular momentum conservation this process is not allowed for
S =0,

Magnetic interaction between the Ps atom and the field of the
paramagnetic molecule causes transitions with a conversion rate not
much greater than 10° sec.”!, The ortho-Ps self-annihilation rate is
several orders of magnitude larger than this, so that this process
cannot account for the quenching experimentally observed for the case
of oxygen, the most paramagnetic gas.

Spontaneous decay from triplet-to-singlet ground states of Ps may

take place by magnetic dipole radiation, the lifetime of the triplet
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state against this mode of decay being several months (13)., Ortho-to-
para conversion due to the electromagnetic field of a honQParamagnetic
molecule leads to a lifetime of approximately 12 days and 4 days for the
reverse process, so that these processes may be neglected (13).

The direct electron exchange process is largely dependené on the
magnetic moment of the colliding molecule. On the other hand, direct
annihilation of the Ps atom with an electron from the molecule depends
upon Ps energy and the polarizability of the molecule (30).

e, Effects of Oxygen on Orthopositronium in Liquids

One would expect de-oxygenation of organic liquids to increase
the long lifetime for positron annihilation., It has been reported that
oxygen dissolved in liquid gases and adsorbed on some solids interacts
with Ps,

Measurements of the quenching of orthopositronium by oxygen in
argon gas, liquid argon and liquid nitrogen were carried out by Paul
(31). Assuming a simple gas-kinetic picture, the increased annihilation
faté A* is directly proportional to the number of oxygen molecules n
presenf. Comparison with volume rates of oxygen was used for the
liquids., Ferrell (20) proposed an electron exchange mechanism which is
insufficient to explain the results of the strong dependence of tempera-
ture on volume rates at low temperatures (around 80°K), The formation
of the chemical compound (e+'e')02 was then proposed and presumably

applies to liquids, The reaction may be written in the form
+ = +-
(e'e) + 02 +X —e (e e )02 + X (28)

which probably describes every collision of Ps atoms and 0p in liquids.

An exponential fit to the data was observed in which
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I T WP Tl L (29)
n :
where the term A arises from the electron exchange mechanism, which is
perhaps temperature independent, The second term expresses the expo-
nential dependence of ) on temperature.

Lee and Celitans (32) assumed that oxygen quenching of Ps follows

second order kinetics, described by the equation:

A=2g A, [0 ] (30)

where Lq is the quenching constant, 1-1 is the observed lifetime at
[02] concentration and h;l is the observed long lifetime for the de-
gassed liquid, In their work on several organic liquids, the rate of
quenching has been observed to be controlled by the rate of diffusion
of oxygen, Either Ps diffuses with thermal velocity or Ps is trapped
in the liquid. The increase in annihilation rate was attributed to
triplet-to-singlet conversion caused by the oxygen molecule.

Kerr et al. (33) determined the intensity of the low-momentum
component I; = I%/B from angular correlation studies of the annihilation
radiation in hexane and degassed hexane. Contrary to the results of
Lee and Celitans (32), they conclude that the ortho-to-para conversion
is not responsible for the quenching of the positron long lifetime in
hexane, since if this were the process responsible, an enhancement of
the low-component momentum would be observed, Within limits of experi-
mental error, degassing the samples showed no variation in independent

measurement of I, and IL by different detection methods.
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Positron Annihilation in Metals

Early experiments on lifetime measurements using delayed-coinci-
dence methods showed the constancy of T in the different metals studied
(1.5 = 10~10 sec,) to within 25 percent (34). Using better time resolu-
éion, Bell and Jﬁégensen (35) reported considerable variation of T in
aluminum and several alkali metals, although the previous result is
still presumed to apply to most metals. On the basis of the free elec-
tron theory angular correlation data predicted longer lifetimes and
annihilation rates proportional to the conduction electron density,
Calculated lifetimes using Equation (l4) are too long if Coulomb effects
are neglected., Allowing Coulomb interaction, Ferrell (20) obtained an
annihilation rate nearly independent of velocity, predicting a lifetime
in agreement with observation for metals of high conduction electron
density, but too low for the lower electron density metals,

The electron momentum distribution from angular correlation data
exhibits a maximum at the Fermi cutoff, The higher momentum component
is attributed to ion core effects, since the positron wavefunction is
excluded from the interior of the ion cores by Coulomb repulsion., The
lower component is interpreted to be due to an annihilation probability
which is not too strongly velocity dependent,

An exact theoretical treatment of positron annihilation in metals
requires the methods of many-body theory, taking into account electron-
positron correlation, electron-electron forces and the Pauli principle,
Involved computational difficulties introduced by the lattice are en-
countered, so that certain approximations and simple models become

necessary,
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Using the electron gas model, Kahana (36,37), calculated the elec-
tron density at the position of the positron, taking into account the
screening effect (which prevents Ps formation) and the Pauli principle,
His results showed the consistency of the Sommerfeld model, treating as
accurately as possible positron and metallic valence electron correla-
tion, The variation of annihilation rates with valence electron density
in the region of realistic electron densities are in agreement with the
experimental results, although the annihilation rates are somewhat too
high,

The solution of an extended Bethe-Goldstone equation including
both short range positron-electron interaction and short-range positron-
electron hole interaction yields positron lifetimes longer than those
calculated by Kahana. In metals of low electron densities, plasmon
emission which accompanies the two-photon annihilation process may not
be neglected (38). This treatment modifies the prediction of angular
correlation experiments, since the polarization of the electron plasma
by the positron field enhances the effective electron density.

A more rigorous treatment of the problem has been developed (39)
in which Bloch wavefunctions are assumed for the positron and conduc-
tion band electrons and core electrons are treated within the tight-
binding approximation, In this approach, the annihilation rate due to
core electrons is proportional to the square of the sum of the Fourier
component of the product of positron and core function and a term which
accounts for the polarization of the ion core by the positron, which
should not be neglected,

Based on the assumption that the Ps state is described by a bound

state of the Schrodinger equation, extended theoretical calculations
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(40) of the equation of motion for the electron-positron Green's func~
tion, approximated by a Schrbdinger equation, indicate that quasi-Ps
states in metals do not occur with large electron densities, Kanazawa

1, (41) lend support that Ps formation does not occur in the usual

et.
range of the density parameter rg, the radius of a sphere in units of
the Bohr radius, as containing on the average one electron,

A weak second lifetime of ~3,0 x 1072 sec. was observed by Bell
and Graham (34) which was attributed to the cpnvarsion qf“triplet-;o-
singlet Ps.‘ Tﬁe conversion interpretation, however, fails to account for
the magnitude of the lifetime, A complex decay was also reported by
Bell and Jgrgensen (35) which showed that the long lifetime in aluminum
accounts for 5 percent of the events, Attempts to show that the tail
was due to purely instrumental effects failed, Their data demonétrated
conclusively the lifetime dependence on conduction electrgn density,
‘ Kehonen (42), however, has shown that the intensity and slope of.the
second lifeiime is greatly affected by sample preparation techniques.
Ideal conditions demand a positron source distributed uniformly through-
out the metal to be studied, The Mg metal with Na22 produced in situ
by the (p,&) reaction provided experimental e?idence that the long life-
time iswentirely an anomaly of sample preparation involving positrons
which come to rest in the region of the surface of the metal or the
source itself, and annihilate in areas other than the homogeneous
interior of the metal, Ordinarily, positrons are considered to be free,

and not bound to any particular valence electron or lattice site (43).
Alkali Halides

Some General Features of Ionic Crystals. A theory of solids should be
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able to explain the physical properties of any solidAsubstance as we

know them from the atomic structure., The ionic crystals were among the
first solids to be treated in this manner, due to Fhe simplicity of their
coﬁposition. The idealized model of an ionic crystal presupposes that
the constituents are positive and negative ions carrying charges dis-
tributed with spherical symmetry on each ion, the charges being multiples
of the electronic charge. Such compounds are known to crystallize in

one of several simple structures (44),

The sodium chloride structure (face-centered) is characteristic of
all the alkali halides, with the exéeption of theﬂlow-temperature modi-
fications of CsCl, CsBr, and CsI which are known to crystallize with the
simple cubic structure (body-centered)., The sodium chloride arrangement
allows each atom to have as nearest néighbors six atoms of the opposite
kind, and four molecules in a unit cube.

The fluorite lattice is typical of ionic compounds which have the
formula AZX or AXZ. This occurs among the alkaline earth halides, such
as CaF,, SrFp, BaFj,and BaCl2 in which the cations are at both the
corners and face centers of a cubic unit cell., Eight anions are within
this volume, each of which is equidistant from four cations, each
cation being surrounded by eight anions.,

In the rutile structure, each cation is surrounded by six anions
at the corners of an octahedron, In this case, the unit is a parallel-
epiped rather than a cube. This arrangement is adopted by difluorides
and dioxides having smaller cationic radii than those of the fluoritg
structure, MgFj, CoF,, SnOZ, and MnO, are examples of ionic crystals

2

which crystallize with the rutile structure (45).
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Annihilation in Alkali Halides, The details of the annihilation process

in ionic crystals are expected to be quite different from those in metals.

The deviation is due to the possible capture of the positron by the hal-
ogen ibn, so that the Fermi gas model, which applies to most metals, is

unsuitable,

a, Positron Lifetimes

One of the first theoretical works on tbe annihilation of posi-
trons iﬁ alkali halides was carried out by Ferrell (20) at which time
only the short lifetime had been reported by experiﬁenéal measurements.,

‘ Treating the periodic potential problem by the tight binding approxima-
tion, he showed that Ps formation in these ionic crystals is not permis-
sible., Since ionic crystals may be considered as closely-packed hard
elastic spheres, no room is left to accomodate the Ps atom; the increase

"in Ps energy due to the ''squeezing' of the bound system by the ions in
the crystal leads to the depletion of the "Ore-gap', Furthermére, since
Ty is inversely proportional to the electron density, only the halide ion
would play a major part, so that T would be proportional to the cube of
the anion radius, One would then expect significantly increasing posi-
tron lifetimes in going from F~ to I .

Treating the crystal field of LiH as a sum of central field poten-
tials centered on ion sites, Neamtan and Verall (46) concluded that
formation and persistence of the Ps atom in the crystal is energetically
bfavqrable. The bound state occurs through the capture of a valence bond
electron by the positron, This may then be a possible explanation of
the long lifetime in alkali halides reported by Bisi et al. (47,48), in
which the decay characteristic shows an empirical regularity.within each

series. A linear correlation between the decay rate and molecular den-
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sity, n, within each halide series was observed, given by the equation

Ay = A+ keln (31)
o - . -

where Ao is the extrapolated value (to zero density), K= 1.90 x lOzcm

sec.-l, and r is the anion radius,

Ferrell's conclusion for the non-formation of Ps atoms in ionic
crystals is possibly true for perfect specimens of alkali halide
crystals, Deviation from perfection due to defects such as vacancies,
dislocations and cracks would provide more available space for the Ps,
so that its existence and persistence in the crystal should not entirely
be ruled out.

A different interpretation of the experimental data has been
offered by Gol'danskii et al. (49) in which the positron in Ps anni-
hilates from one of three typeé of bound states formed in alkali halides
through the following processes:

a, capture of positrons by anions at normal lattice sites and

the subsequent formation of et-anion bound systems with a
binding energy of about 1 ev

b. capture of positrons by negative cation vacancies, and also

by negative impurities or "host" ions at lattice interstices,
with a binding energy of about 1 to 2 ev

c. capture of positrons into Pekar polaron states.,

The probability of a two-photon annihilation from polaron states may be

calculated from the egquation
W= mr c p (32)

where 5§ is the averaged electron density (averaged over the position of



31

the polaron state of positrons in the crystal), r, being the classical

electron radius. The electron density was chosen to be

2
- N O
p = Z lf\pi(r) ¥~ (¥)dr (33)
i v .
where Q&(f) is the one-electron Hartree-Fock wavefunctions of anions and

X(r) is the positron polaron state wavefunction. This model predicts a

positron lifetime of

T=_1 =5x101"9 4 (34)

L
W 2
wherefz is the averaged electron density in a Ps atom given by

5 = _1__ (35)

The prompt meanlife is considered to be due to the annihilation of the
positron from the ls polaron state, and the long lifetime is due to anni-
hilation from the 2p polaron state, The theoretically calculated values
for 71 in the chloride series are larger than experimental results,
while the T4 appears to agree only in the case of RbCl., The discrepancy
between the theoretical and experimental values of both T1 and To has
been attributed to the fact that the annihilation of the positron from
the polaron state over the entire crystal region occupied by the positron
was not taken into account,

b. Angular Correlation Considerations

Since it is natural for the positron to be attracted by the

negative ions, it was predicted that the angular distribution of anni-
hilation photons from alkali halides should be determined mainly by the
halogen atoms. Furthermore, the width of the distribution should vary

with the halide's chemical activity (16). Approximating the positron



wavefunction by a delta-function, in the tight-binding approximation,
Ferrell obtained an angular correlatiqn function which is characteristic
of the alkali halides. The width of the curve obtained from this funce
tion was seen to be inversely proportional to the cube of the Goldschmidt
anion radius, These predictions were well confirmed by the measurements
of Lang and DeBenedetti (50) on polycrystalline NaCl, KCl and KI samples
and“oriented LiF Specimeﬁs:—

" Further measurements with single crystal samples of LiF, NaCl, KCl,
KBr, and KI were carried out by Millett and Castillo-Bahena (51). They
account only for the NaCl ‘data, assuming an overlap wavefunctioﬁ of the
form (r - b)ze'mr. Their calculations show that best agreement with
experimentai data occurs when 30 percent of the annihilation events are
attributed to s electrons, and the other 70 percent are due to anni-
hilations with p electrons.

Taking the complete sodium halide and alkali chloride series,
Stewart and Pope (52) reported that the width criterion alone is not a
definitive property of a model, Their calculations based on five dif-
ferent models of positron and electron wavefunctions are incompatible
with the assumption that both electrons and positrons may be described
by tight-binding wavefunctions, The models which fit the measured
momentum distribution have a radial electron distribution similar to

that which describes the outer shell electrons of the free ion.



CHAPTER 1V
EXPERIMENTAL METHODS
Source and Sample Preparation

The radioactive isotope sodium=22 is the most widely used positron
emitter in the laboratory., Its half-life of 2.58 years makes it & more
desirable source than copper-64, which has a half-life of 12.9 hours,
although this isotope has found some use in some experiments. The posi-
tron emitter used in this work was sodium-22. Figure 2 shows the decay

characteristics of sodium=22,

E ( Mev)
- 2.840
-+ 1.820
22%
Ne 1 1.276
22
Ne —J"' 0.000

Figure 2, Decay Scheme of Sodium-22
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The relations giving the positron decay are:

Nazz

11 P

o 22"
+ lB + 10Ne + _?o
0

Ne — Ne22

+
10 10 Y

The beta energy spectrum for the sodium-22 isotope yields an endpoint
energy of 0.544 Mev,

Fortunately, the transition from the first excited state of neon-22
to the ground state occurs in less than 10744 sec, Since the shortest
lifetime observed in this work is 10-10 sec.,, the 1,276 Mev nuclear
gamma ray can be taken as emitted simultaneously with the positron.

The sodium-22 nuclide is usually supplied as sodium chloride solu-
tion at a specific activity of approximately 0.1 mC/mg NaCl. 1In this
form, the source is readily evaporated on an aluminum or mica sheet and
then folded or covered to make a sealed sandwich and inserted in the

22 source used in this work was obtained from

system under study, The Na
Nuclear Science and Engineering Corporation., For the lifetime measure-
ments in the fluoride crystals the source was evaporated on household
aluminum foil which has a thickness of 0.025 mm., folded and inserted
between two identical crystals., All crystals used were single crystals
2.5 cm, in diameter and 0.5 cm. thick (Harshaw Chemical Co., Cleveland,
Ohio), so that most of the positrons annihilated in the sample. House-
hold aluminum foil was chosen since it has been especially degreased for
household purposes, The crystals were wrapped in electrical tape and

positioned between the photomultipliers, A special sample holder was

prepared for CsF since this particular crystal is highly hygroscopic.
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An almost air-tight glass container was designed which could contain
both the sample crystals and dessicant (silica gel and molecular sieve).
The portion of the container facing the photomultipliers were micro-
scope slide glasses, which had an average thickness of 0.15 mm. to
minimize attenuation of the gamma rays, Trial runs with other crystals
with and without this sample holder showed that corrections were unneces-
sary. Verheijke (53) points out that the eccentric position and finite
dimensions of the source affect the efficiency of the scintillators,
Since the preparation of the radioactive source described above is far

2201

from a point source, precautions were taken in positioning the Na
at approximately the centers of the fluors,

For the alkylbenzenes, glass vials 1.5 cm, in diameter, 4.8 cm.
high and a thickness of 1.2 mm. were used to contain the sample. Sev-
eral milligrams of the organic compound were deposited into the vial
and NaZZCl was dissolved into the aqueous solution, A few microcuries
are quite enough, Green and Bell (25) have shown that no interaction
occurs with NaCl,

The sample preparation for the de-oxygenated alkylbenzenes will
be discussed in a separate paragraph, since different containers and
source deposition methods were employed. All organic compounds used
were of spectroscopic grade supplied by Fisher Scientific Company.

Aluminum and 6060

22

were used as the prompt curves, A few micro-
curies of Na""Cl were deposited on aluminized mylar foil, evaporated

and covered with an identical sheet and mounted on an aluminum retaining
ring, 1-3/8 inches in diameter, Aluminum discs 1/10 inch in thickness

were mounted on each side of the Na22 sandwich, This thickness is

sufficient to stop the most energetic positrons emitted by the radio-
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active source, The ring fitted snugly over the scintillators used in
this experiment. An identical ring was used for the 0060 source, which

was also deposited on household aluminum foil,
The De-Oxygenation Process

The de-oxygenation technique used is an adaptation of the Hersh
technique (54), where the solution is scrubbed with high grade oxygen-
free nitrogen.bubbles created by a fine dispersion frit., The experimen-
tal scheme for the preparation of oxygen-free nitrogen was first devised
by Arthur (55). The apparatus used in the preparation of oxygen-free
nitrogen in this work was set up by Oeschlager (56) for sample prepa-
ration in NMR studies,

Modifications in Oeschlager's assembly in the de-oxygenation of
the sample liquid had to be devised to incorporate the freeze-pump-thaw
technique. The efficiency of the revised apparatus may be seen from a
comparison of the measured values of the relaxation time of chloroform,
Oeschlager obtained a relaxation time of 80 sec. at 30°C. A chloro-

form NMR sample prepared by Melton et al. (57) using the apparatus

employed in this work yielded a relaxation time of 85 sec. at 30°C
which is in close agreement with the work of Blicharski et al. (58), in
which they reported a relaxation time of 95 sec. at 30°C. The latter
has been the largest value so far published. Since larger relaxation
times of chloroform in NMR studies imply more effective de-oxygenation,
the author feels that the revised apparatus described in paragraph B

below has a very high efficiency.

A, Preparation of Oxygen-Free Nitrogen. The process and construction

of the apparatus are discussed in detail by Arthur (55) and Oeschlager
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(56); hence, only a brief outline will be presented below, The chromic-
chromous reaction was employed, in which chromic sulfate is reduced by
amalgamated zinc. The contrast between the tremsparent blue color of
the chromous solution and the dark green color of the chromic solution
renders apparent the condition of the solution,

The important equations of the reactions of these substances are:

Zn(Hg) + 20" —+ 20t + 20r72 + g

+2 + +3
4Cr + 02 +: 4H30 4Cr - + 6H20
while the principal side reactions are:
2cc™% + 2m,0" 2cc™ + 210 + B

+ +2
Zn + 2H30 Zn + 2H20 + HZ

The small amount of hydrogen introduced by this reaction into the gas
is harmless in this application since the system is evacuated,

The experimental assembly (56) is presented in Figure 3. Nitrogen
gas passes, in order, through a safety trap, A, a scrubber, B, a second
safety trap, A', and a second scrubber, B', then through a spray trap,
E, and finally a drying trap, F.

Parts C and C' are storage bulbs for the acid-chromium solution
when the apparatus is put in stand-by condition, Part D is a pressure
relief valve filled with mercury to a depth of 35 to 40 mm., and a
loose cotton plug to prevent spattering mercury from getting to the ver-
tical tube K, The spray trap, F, was filled with silica gel in which
was also inserted wads of glass wool at the top and bottom to keep the

drying agent in place,
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All standard joints were fastened using stopcock grease and wire
clamps were used to keep the joints from parting under gas pressure.
Connective tubings used were 3/16 inch I.D. Tygon tubing.

B, Preparation of De-Oxygenated Positron Annihilation Samples. The de~

oxygenation apparatus is shown in Figure 4, This is a revision of
Oeschlager's apparatus (56) which was built primarily for large samples,
The present design was madé for both large and small samples and was
constructed to be completely air-tight. All connective tubings were
pyrex glass tubings fused to the vessel proper to ensure good vacuum
seals, Stopcocks Sl, 82, 33, S, and 85 were vacuum leak-proof stop=-
cocks, and V;, V,, and V5 were low-pressure easy-passing vacuum stop-
cocks, Vacuum grease was used to lubricate the stopcocks and each stop-
cock was carefully fitted into its proper socket in such a manner so as
to remove possible air bubbles caught in the grease. The apparatus
consists of four main parts: the sample bottle, P, the de-oxygenation
scrubber, (, the manometer, R, and the trap, T.

The liquid to be de-oxygenated was poured into Q, which was equipped
with a fine dispersion frit to provide maximum surface area contact of
the liquid with the nitrogen bubbles. The vessel was 2% inches in
diameter, 8 inches high, designed for both large NMR samples and small
positron annihilation samples. The vessel was immersed in a Dewar flask
packed with salt and ice, throughout the scrubbing process, Lowering
the temperature of the liquid decreases the rate of evaporation., In
this work, the liquid level should be approximately an inch from the
top of the frit, It is important that the entire frit be submerged in
the liquid., The stated level provides an allowance for possible evapo-

ration. The evaporation observed in the compounds of interest was
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approximately 1 mm, of the liquid height in Q.

The sample bottle, P, was made of pyrex glass, 5% cm. high, 2 cm,
in diameter, provided with two glass leads, M and N, 1/8 inch in diam-
eter, 3 inches long, fused to pyrex tubings 1/4 inch in diameter to match
the leads of the apparatus proper, The radioactive source, Nazz, was
deposited through M using a disposable plastic syringe. A few drops
of distilled water were used to wash down any radioactive material which
may have possibly adhered to the inner surface of the tube, The sample
bottle was then immersed in a heated oil bath kept at 80°C by means of
a Variac, to evaporate the water, Care was taken that the liquid and
radioactive source did not boil, to prevent contamination of the leads,
After drying, the sample bottle was then connected to the assembly by
means of the leads M and N, using a propane torch to melt and fuse the
joints. This method required some knowledge of glassblowing.

The oxygen-free nitrogen gas actually flows along two different
paths; namely, to de-oxygenate the liquid in Q, and at the same time to
continually flush the sample bottle, P. The path along the former leads
to a glass tubing, Z, leading to the outside atmosphere via latex tubing,
since some of the organic compounds de-oxygenated were poisonous, The
latter path allows the continual flushing of the sample bottle through-
out the de-oxygenation process. This allowed the flushing and evacua-
tion of the sample bottle several times prior to the transfer of the
organic liquid into it.

The U-tube, R, was partially filled with mercury, serving as a
manometer, The levels of the mercury in the vertical columns indicated
the extent of the vacuum created during the evacuation process,

The U-vessel, T, into which liquid nitrogen was poured during the
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pumping process, served as a trap to the vapor-saturated gas. This pro-
tected the pump and oil used in evacuating the system,

The de-oxygenation of the liquid was carried out for about 36 hours,
At the end of this period, approximately 20 ml, of the liquid in the
scrubber, Q, was transferred to the sample bottle by reversing the direc-
tion of the nitrogen flow by means of stopcocks S5 and Sh. Stopcock
Sg closed the system to the atmosphere prior to the transfer, The sample
bottle was then flushed with nitrogen to dry all surfaces with which the
liquid came in contact. Approximately ten minutes were allowed for
drying, after which, stopcock sz was turned to stop nitrogen flow into
the system,

Liquid nitrogen was used to freeze the liquid in vessel P. As soon
as the liquid was frozen, the system was evacuated until the mercury
levels in the manometer were equal., Stopcock V; was turned to cut off
the system from the pump, and the thawing process followed during which
the vessel P was immersed in a mixture of tap water and salt, The cycle
of the freeze-pump-thaw process was repeated at least four to five times
until the frozen sample showed the formation of clear crystals. In that
state no opaque gas bubbles were formed and the crystals cracked less
easily. Immediately after the final evacuation, the sample bottle was
sealed off permanently by fusing the two connecting leads,breaking them
away from the equipment proper, while the sample was kept at liquid
nitrogen temperature, The sample was then allowed to thaw, In this
manner, all chances of an explosion were reduced to a minimum, since at
the time of sealing, the sample bottle was still immersed in liquid
nitrogen, the system evacuated to a great extent, leaving only about

the vapor pressure of the organic solid inside the system,
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In effect, the complete process is one of de-oxygenation and de-

nitrogenation., It may therefore be referred to as a '"degassing" process.
System Arrangement

The delayed coincidence technique is the most widely usea method for
the measurement of short meanlives. The detection of the 1.276 Mev
nuclear gamma ray provides the "preceding" pulse and the 0,511 Mev anni-
hilation gammas provide us with a "delayed" pulse, The distribution of
time delays between the two kinds of pulses give us an exponential form
(e-t/T), modified by any timing uncertainties between the two pulses, in
Which + is the desired meaﬁ life,

A complete coincidence circuit for two sources of pulses must pro-
vide for energy selection‘for each pulse train as well as for time selec~
tion, The "fast-slow'" principle, first described by Bell and Petch
(59) is now generally used in coinc¢idence assemblies, Energy selection
6ccdrs in the slow channels in which pulses are unselected as to time,
and a coincidence function on pulses unselected as to amplitude is per-
formed in the fast channels. Events satisfying both criterié in time
- and energy are selected with a slow coincidence element at the end.

A block diagram of the time sorter circuitry used in this work is

. illustrated in Figure 5. Gamma rays incident on the detectors produce
electronic pulses whose amplitudes correspond to the energies of the
incident photons, Two outputs are provided for each detector assembly;
;he output from one of the last dynodes of the photomultiplier goes into
the slow circuitry or energy selection channel, and the output from the
photomultiplier anode goes into the fast or time selection channel.

Pulse discrimination is applied in the slow channels, One amplifier
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is biased to accept only the pulses corresponding to the 1,276 Mev or
"creation" quanta, whereas the other is biased to accept both trains of
pulses corresponding to the 0,511 Mev or annihilation gamma and 1.276
Mev quanta., The amplifier outputs are then fed into a slow coincidence
circuit,

The time pulses are amplified and those with sufficient energy are
clipped by a limiter circuit to a step voltage, indepeﬁdent of the
gamma ray energy., These are then transmitted to a T-junction at the
input of a time-to-amplitude converter by means of coaxial cables. Upon
reaching the T-junction, the pulses are clipped to a fixed duration by a
' shorting stub, so that only the fastest rising pulses are utilized, If
a pulse from a second limiter is produced within the activation time of
the first limiter, the two waveforms are superimposed at the input of
the time~-to-amplitude converter, The converter is biased at a particular
voltage level, such that only the overlap portion of the waveforms is
transmitted to the bias of the integrating circuit. An output pulse is
then obtained whose amplitude is proportional to the duration of the
overlap,

The output of the slow coincidence éircuit in the slow channels is
used to gate the multichannel analyzer, so that the analyzer accepts the
converter pulses only if both time and énergy criteria are satisfied.
The analyzer then serves as fhe second -coincidence element.

The entire time spectrum is measured in one observation on the
multichannel analyzer, Drifts in the apparatus affect all channels
alike, and source decay corrections become trivially easy or wholly

unnecessary (60),
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Electronic Equipment

DETECTORS.
a. Scintillator
The scintillation phosphots used were NE102 (Nuclear'Enter-
prise, Winnipeg, Canada) organic cfystals, 1.5 inches in diameﬁer and
_one inch long, in thin aluminum covers which fit snugly over the photo-
multiplier heads. These crystals have a decay constant of 3.5 x 1077

- second, The scintillators were optically coupled head-on to the photo-

tubes with Dow Corning QC-2-0057 silicon grease, Care was taken in

2 2

getting a good optical coupling sinée this greatly'affects T, and I
(61). |
o b. Photomultiplier

High gain and short-transit time requiredbfor this work were
obtained by the use of the fourteen stage AMPEREX 56AVP photomultiplier
tubes., The phoﬁotube 56AVP is constructed with a plane and polyoptical
Window for simplifying and improving_:he»optical‘coupling of scintil-
lator and‘photocathode. It has a gain > 108 at 2000 volts, and a
spectral sensitivity peaked around 4200 Z . The cathode time difference

is 3 x 10'10

second, and the anode pulse is characterized by a rise
time of 2 x 10-9‘second, at a high voltage of 2000 volts.

Tﬁé photomulfipliers were hotizontally positioned 180 degrees té
each other. One was‘socketed in a fixed chassis, the other in an iden-
tical chassis which could slide back and forth along rails to facilitate
sample changing.

C. Limiterv

~ Each detector chassis was provided with a limiter circuit and
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a>cathqde follower circuit._ The 1imiﬁers used were Amperex 5847_pen-
todes. The limiter input was obtained from the photomultiplier anode,
and the output pulses had fast rising:edges, followed by a flat plaﬁeau
of ~6 microseconds, terminated by a slow expohential‘decay to zero,
d. Cathode Follower

A simple cathode follower circuit using 6AK5 pentodes proved
to be a satisfactory preamplifier for the slow channels. The input was
taken from the tenth photomultiplier dynode. The output was cabled to
the amplifier input mode by RG-7/U coaxial cables.

TIME-TO-AMPLITUDE CONVERTER.

Delay lines transmitting the limiter pulses to a T-junction at the
time-to-amplitude converter input were RG-7/U coaxial cables which have
a nominal impedance of 100 ohms, The time pulses were then clipped to
a duration of 2t ~ 18 x 10"2 second by identical shorting stubs of RG-
8/U coaxial cables, 183 cm, in length, The converter inputs were
therefore only the fastest riéing limiter pulses,

A copy of the time-to-amplitude converter designed by Simms (62)

- was used, which consisted of two fast switching transistors (Tlﬂahd TZ)
followed by a third integrating transistor (T3).' When pulse trains
from the two limiters overlap, T1 and T2 are cut off, and the current
is switched into T3, where it is integrated at the collectof of this

transistor, The amplitude of the output pulse is

14t
V=""¢

s

where At is the time of pulse overlap and C is the stray capacitance.
A complete schematic diagram is shown in Figure 6.

Simms recommends Western Electric 2N1195 transistors for short
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lifetime measurements and Philco 2N501 tranmsistors for regular coinci-
dence experiments. A larger output pulse, may be obtained, reég;ting
‘in a larger common emitter current, .Philco 2N501A were recommended to
handle the additional power dissipation safely.

Philco 2N501A transistors were adeqﬁate for positron lifetime
measurements in the organic compounds; ‘Data collection was also carried
out with Western Electric 2N1195 transistors with no appreciable differ-
ence,

AMPLIFIERS.
a, Pulse Amplifier

Simm's timé-to-amplitude converter gives a positive pulse out-
put which is directly préportional to the time duration of pulsevoverlap.
The detector input mode of the analyzef,>which utilizes inﬁernal ampli-
fication admits only negative pulses. It is then necessary té invert
the converter output with no appreciable pulse height loss. A
Hewlett Packard Model 460 BR fast pulse amplifier was employed (Hewlett
Packard Co., Palo Alto, California) for pulse inversion, so that the
ahalyzer input would be of the right pﬁlarity. The fast pulse amplifier
is characterized by a rise time of approximately‘3 nanoseconds with no
appreciabie overshoot, and a linear amplifier rated at an output of
approximately 8 volts peak into a 200 ohm load or 16vvolts peak into
open circuit,

b. Coincidence Circuit Amplifiers

Since pulses in the energy channels are unselected as to time,
the main céncern with the amplifiers used in the slow circuitry was high
gaiﬁ rather than fast rise time. Bajrd Atomic Model 215 nén-overloading

amplifiers were used (Baird Atomic, Cambridge, Maésachussetts). These
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amplifiers have a minimum gain of 72 and a maximum gain of 6,400, a
rise time of 0.2 microseconds, and a lihearity of 0.5 percent, At maxi-
mum géin, the white (random) noise and 60 cpé ripple are both 0.5 volts
rms, | | |

TRIPLE COINCIDENCE CIRCUIT.

The slow coincidence circuif used in the energy channels was
patterned after the Coincidence-Anticoincidence Analyzér Model 401
(Advance Radiation Engineering Corporation, Garland, Texas). A front
éanel switch allowed for the selection of two or three channel logic
modes, The resolving time can be varied continuously from 0,5 to 20
microseconds. The recovery.time is 12 microseconds within channels and
‘at the output, A 5 microsecond reétangulér pulsé, either positive or
negative, with an amplitude adjustable from zero to 25 volts is obtained
at the output.

MULTICHANNEL ANALYZER.

A Nuclear Data Model ND 130 multichannel analyzer was used for data
accumulation (Nuclear bata, Inc., Madisoh, Wisconsin). This analyzer
has a maximum of 512 channels, and is provided‘with a Tektronix Type
RM 503 oscilloscope which displays the time distribution curve stored
in the memory core., The time pulses are cabled into the detector input
mode, and the slow coiﬁcidence output was trahémitted to the coincidence
input mode, which was used to géte the‘analyzer.

Data were collected in the lower 256 channéis of the analyzer, which
was run.at an internal gain of 1.0. The time sorter was run on coinci-
dence, which provided the second double coincidence in. the circuit, The
_.analyzer output was recorded on an IBM typewriter, which waé electron-

ically connected directly to the analyzer,
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‘POWERVSﬁPPLlES.

a. Voltage Regulator

v The AC line voltage for the entire system was regulated by a

Sorensen Voltage Regulator Model 2000S (Sorensen and Company, Inc,, S.
Norwalk, Conn,), This instrument has a‘regulation accuracy of 0,1 per-
cent against line or load at the nominal input frequency (factor&-
centéred at 50 cps) with a resistive load and a time conséant of 0.2
second,

b, High Voltage Power Supply

The photomultiplier tubes were oberated at 1850 volts, suppli-

ed by a Hamner High Voltage Power Supply Model N-4035 (Hamner Electron-
ics Co., Inc., Princeton, New Jersey). This model was designed for
applications requifing very high voltage stability, low ripple and
sufficient current output for operating several phototubes in parallel.
This power supply has a regulation accuracy of 0,005 percent against
line between 105 to 125 volts,vand 0.005 percent against load between
zero to 25 milliampefes. Noise and ripple are less than one millivolt
rms, |

c. Regﬁlated Power Supplies

The limiters and cathode followers were operated by a

Heathkit Regulated Powéf Supply Model PS~4 (Heath Company, Benton
Harbor, Michigan). The positive voltage regulation has an output varia-
tion iess than l.percent from no load to full load for‘outputs of 100
to AOO»Qolts, and a ripple less than{lO millivolts rms., The limiters
and cathode followers were operated at 150 volts, An identical power
supply was used to operate the time-to-amplitude converter, Sinée the

converter was operated with an independent power supply, the OAS tube
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given in Simms' circuit (62) was replaced with a 6AK3 pentode operated

-at 150 volts,
Calibration of the Time-To-Amplitude Converter

The method of caiibration used in this work required the insertion
of measured lengths of cable in one or‘thebother side of the fast coin-
‘cidence circuit and thé measurement of the resulting shift of a prompt
time spectrum, Systematic errors are involved in this technique, since
the velocity of the pulses in the cables are constant only within 5
percent (63). |

Aluminum was used as the prompt curve foruthe alkylbenzenes and
RG-7/U coaxial cables with a nominal impedance of 100 ohms were used to
delay ﬁhe time pulseé in the 0.511 Mev channel, The channel number of
the peak of the prompt curve was plotted against delay, and a least
squares fit was used to obtain the slope of the linear region of the
resulting curve. The calibratioﬁ constant ﬁas obtained from the slope
and the pulse velocity in the cable.

The calibtation curve waé seen tb flatten out at bath the tai; and
at the peak. Data must be collected only in the linear region., All
pertinent data collected in this experiment show that no tails extended
into the nonlinear region,

With counter biases unchanged, Co60

was run with different cable
lengths, The calibration conétant determined using this source was not
too different from that of the aluminum. It was observed, that the
difference in the value obtained was less than 3 percent,'whichvis ﬁith-

in the limits of error encountered for this method of calibration.

60 : s . . .
Co” " was used as the prompt curve for the ionic crystals in this experi-
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ment,
Collection of Data

Thg electronic equipment was tested for performance by using four
organic samples (toluene, m-o-p xylenes) of reported positron lifetimes,
The experimental results (64) in these éamples were in agreement with
previously published results‘(65); within statistical errors,

The ionic crystals were run.at resolutions of ~ 0,8 nanosecond as
determined from the width at half-height of the Co%0 prompt curves, The
worst resolutions used in this work were in the de~oxygenated alkyl-
benzenes runs, in which the resolutions of the alumindm prompt curves
corresponded to ~ 1,4 nanoseconds and ~ 1,7 nanoseconds, Since the
anomalous lifetime of the positron in the latter compounds was = 2.6
nanoseconds, the lifetimes of interest are still well within the over-
all resblving time of the electronic system,

Since the calibration of the‘time-to-amplitude converter is subject
to systematic errors, the calibration was repeated several times, and
the average value of these runs was used in the lifetimé calculations,
It was found that the calibration remained constant for many days. The
system was re-calibrated ecach time it was found necessary to turn off
the power dr a '"breakdown' in one of the components occurred,

Data accumulation was carried out until a well-defined time
spectrum (composite curve) was observed as viewed on the analyzer
oscilloscope, Usually, this corresponded to a peak of =~ 104 counts.

In ail measurements, a minimum of a thousand counts at the peak were
recorded before the data were read out on the typewriter, Accumulation

time differed from one sample to another due to slight differences in
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source strengths,

Immediately before or after each sample run, an aluminum curve was
taken for the alkylbenzenes, Co®0 being used in the case of the ionic
crystals, This eliminated timing uncertainties in determining the true
zero due to possible instrumental shifts,

In determining the background, data were allowed to accumulate for
several hours with the ''sample out" for the same time delay used with the
sample runs. A few counts were observed in the first'ten channels of
the analyzer, no counts being recorded in the upper channels. Using a
longer delay gave the same result, The background obtained by this
method refers to the unwanted coincidences due to the surroundings
(i.e., cosmic rays and/or laboratofy). Since no portion of the time
spectrum of the samples ever fell within the first ten channels, the
background referred to above may be neglected. False 0.51 Mev - 1.28
Mev coincidences are neglected, since the time-to-amplitude converter
gives a high doubles to singles ratio (62).

However, another source of background comes from the interdetector
scattering of photons due to the detector geometry used in this work,
Scattering would occur more frequently with higher energy photons which
correspond to coincidences recorded in the upper channels, 8ince this
gives a more representative measure of background, the counts in the
uppermost channels (usually 10, as determined by the "trailing" off of
the spectrum) were averaged, and this value was subtracted from each
of the points on the composite curve, A peak to background ratio of
104:1 was attained with the alkylbenzenes. and ionic crystals, and a
ratio of 103:1 for the de-oxygenated organic samples,

At least twenty runs were carried out for each of the ionic crystals
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and alkylbenzenes. Each of the de-oxygenated samples was run at least
ten times. Since the alkylbenzenes chosen reacted with light, the bottles
were wrapped in black tape and care was taken that data be accumulated

shortly after de-oxygenation,



CHAPTER V
DATA REDUCTION AND PRESENTATION
Analysis of Data

The centroid shift technique introduced by Bay (66) is subject to
systematic errors such as drifts in photomultiplier traﬁsit time and
changes in pulse size distribution (43). The slope method was used in
this work, which is insensitive to smail changes §f this kind. Since a
high peak-to-background ratio would eliminate some uncertainties in the
latter method having obtained a ratio of 104:1, the author felt that the
slope method is a more reliable method of analysis.,

Two lifetimes were observed in all the measurements performed, The
curves were plotted on sémi-log paper and the linear 'tail" was visually
determined, After correcting for.background, a straight line was fitted
by the least squares method (67). The slope of this "fail” and the
calibratiqn constant, K, determines the meén lifetime of the positron
in the méteriél, given by the eéuation

K : (36)
Slope

=)
N
it

In calculating for the intensity of I_, the true zero of the time

2’
spectrum is necessary., The true zero was determined from the centroid
of the "prompt' curve corresponding to each sample run, A Gaussian

curve ,

56
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Y& = ylx) e & - X0/ 20" G37)
was fitted by the least squares technique to the prompt curve, P(x).
For each value of x (channel number) of P(x), the ratio of the nﬁmﬁer
of counts corresponding to the preceding chénnel (x - 1) and éubsequent
channel (x + 1) was  determined, The natural logérithm of such ratios
was caléulated for the different channels and for a perfect Gaussian
distribution, the plot of these ratios versus channel number would
yield a straight line (68). Due to the detector response to photon
energies, the prompt curve would bpe semi-Gaussian, which is easily seen
from the deviation of the empirical points from a straight line, The
x-intercept of the "best' straight line after a least squares fit
determines the centroid of P(x). (See Appendix A). Following the
methods of Bell and Jprgensen (35) and Green and Bell (25) the cen-
troid of the prompt curve obtained by replacing the positfon sample

with a €o°°

source with the same counter settings, determined the true
zero for the ionic crystals. In the case of the organic compoﬁhds the
centroid of the aluminum prompt curve corrected for the positron life~
time in aluminum determined the zero of delay, The positron lifetime
value in aluminum used in this work is T,; = 1.9 x 10.10 second (35).
The linear tail which determines the long lifetime was then ex-
trapolated back to the true zéro of the deiayed coincidence curve, The
value of I, may be approximated by the area under this straight line to

the right of the zero position, divided by the total area under the

curve. A correction factor given by

] -1 .
To | sinh 22 (38)
2 T2 |
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wheré To 18 the half-width at haiffheight of the prompt resolution curve,
is required due to the finite width of the prompt curve,

The presence of a valley on the left portion of the spectrum pre-
‘vented accurate calculations of the total area uﬁder the curve, Since
iargg errors are usually associated with 12; the left-hand portion of -the
curve was extrapolated,‘following the genéral shape of the prompt curve,

The determination of the short lifetime T} was obtained by sub-
.»tréction of the T2-component from the composite curve, A straight line
was fitted to these resulting points using the least squares methbd,
identical to that used in determining T,.

In this analysis; T1s T2s and I2 were allowed to vary. Computer
programs were written for all the calculations carried out: the least
squares method for the determination of the calibration constant, true

~ zero or centroid, T; and T,, and Simpson's tule for determining 12. All

2’
calculations were carried out on the IBM 7040 digital computer.
The effects of the ratio of the cation radius to the anion radius

and interionic distance upon Tys Tos and I, were calculated by a step-

2

wise regression analysis, This analytic method is based on the

"Doolittle Method" (69), assuming a model of the form
Y o= g, t X + oaX, t ... + aX, (39)

where X;, X2, « « « X are independent variableé‘which affect Y as.
determined by the so-called "F" variate.

The "F" variate is a statisticai discribution,_wﬁich is the ratio
of two chi-sqqare variates, each divided by its respeétive degrees‘of
freedom. The stepwise operation allows thé‘independent variables to

enter the regression equation in the order of decreasing effect on Y,
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Elimination of the parameters which hardly have any effect on the de-
pendent variable is done at a predetermined F-level. That is, only those
variables for which the F-values as given by the ratio of the regression
mean square to the error mean squa;e are greater than the predetermined
F-level (0.001 in this work) are included in the final regression equa-
tion;

The influence of any independent variable on the dependent variable
may be seen from the magnitﬁde of its F-level; a larger value implies a
larger effect, adjusted with respect to the coefficients of the preceding
parameters, A comparison of the calculated F-variate, with known degrees
of freedom, with the cumulative distribution tables (69) giveg the prob-
ability of committing a "Type I error",which is theverfor involved in
rejecting a hypothesis that. is trué. It should be noted that the crite~
rion for the closeness of fit should not be the difference between the
experimental and the calculated values, but rather, the magnitude of the

error probability.
Presentation and Interpretation of Results

Alkylbenzenes. Tables I and II show the results of this work on the

alkylbenzenes. The normal state of the samples will be referred to as
the '"oxygenated" group to distinguish these samples from the "de-oxyge-
nated" class. The word "oxyggnated" might be misleading, byt all that
is meant by the use of the term is the state of the sample which contains
the normal amount of oxygen present at ordinary conditions. The errors
quoted are at least twice the statistical errors obtained.,

A very striking feature of the results shown in Table I is the

constancy of the long lifetime, It is plausible that the presence of



60

the paramagnetic oxygen molecules in these ssmples masks the contri-

bution from the aikylbenzenes, The rapid quenching may be attributed to

oA - e
the formation cof the complex (e e')O,’;9 which was first suggested by

Paul (31).

EXPERIMENTAL RESULTS IN THE OXYGENATED ALKYLBENZENES

TABLE I

9 .
T, X 1010 gec, T, x 10 sec. IEC%)
Isopropylbenzene 5.78 + 0.28 : 1.91 + 0.06 70 + 3
n-Butylbenzene 4,31 + 0,12 1.92 + 0.16 67 + 2
iso=Butylbenzene 4,15 + 0.12 1.92 + 0.16 68 + 2
sec=Butylbenzene 4,16 + 0.16 1.90 + 0.24 67 + 2
tert-Butylbenzene 4,05 + 0.14 1.88 + 0.14 66 + 2
TABLE IIX

EXPERIMENTAL RESULTS

IN THE DE-OXYGENATED ALKYLBENZENES

Ty X 1010 gec, Ty X 107 sec. IZC%)
Isopropylbenzene 5.53 % 0020 2.62 + 0.05 64 + 2
n-Butylbenzene 6.37 +0.18 2.83 + 0.04 63 + 4
isc-Butylbenzene 6.29 + 0.14 2.72 + 0.04 69 + 2
sec-Butylbenzene 6.90 + 0.14 3.26 + 0.06 64 + 3
tert-Butylbenzene 6.72 + 0.10 2.98 + 0.06 64 + 2
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Considering ;he intensity of the long lifetime, it is seen that the
majority of the annihilating positrons form bound states prior to_anni»
hilation. Approximately 2/3 of all positrons participating in the decay
process form orthopositronium, whereas approximately 22 percent form
pargpositronium, leaving about 12 percent to annihilate from the £free
state., The slight decrease in I, upon de-oxygenation is consistent with

./'l‘

the results of Kerr et al. (33) on hexane,

The results on the dewoxyéenated organic liquids are consistent
with the electron donating properties of the alkyl branch te the benzene
ring by inductive effects., A good measure of this would be the g* con-

stants, which are also known as the polar substituent constants. The

values of o* for the different samples (70) are given in the table below,

TABLE 111

o* CONSTANTS FOR THE ALKYLBENZENES

72( X 109 éec,) c*
Isopropylbenzene 2.62 -0.190
n-Butylbenzene 2.83 =0,130
iso-Butylbenzene 2,72 -0.125
sec=Butylbenzene 3.26 =0,210
tert-Butylbenzene . 2,98 -0.300

. * . .
A more negative g value implies a greater electron donating ability
of the substituent te the benzene ring. The Ty values give evidence that

annihilations take place with the electrons of the substituent rather
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than with those of the benzene ring, as seen from Table 1V,

TABLE IV

*
POSITRON LIFETIMES VS ©

' %

Tl(x 1010 see.) T2(x 1010 sec.) c
iso-Butylbenzene - 6.29 2.72 -0.125
n-Butylbenzene 6.37 2.83 -0.130
tert-Butylbenzene 6.72 2.98 -0.300

The structures are as follows:
| ,CHs ,CH;
=CH,CH,CH,CHy —CH,~ C\- H : - C\— CHj

CH, CH,

n-BUTYLBENZENE @ iso-BUTYLBENZENE tert- BUTYLBENZENE

The fact that the positron lifetimes in isopropylbenzene and sec-butyl-
benzene do not fit in the above analysis may be explained by the forma-
tion of hydroperoxides. These two organic compounds are similar in

structure as seen from the diagrams on the following page.
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\
CHs ) \CHz‘CHs
ISOPROPYLBENZENE  sec-BUTYLBENZENE
The hydrogen aﬁoms desiénated by arrows are quite reactive and in the

presence of oxygen will form compounds of the: -0-0-H group. The

reactions may be written as

/CH3 /CH3
—Q:H ‘ : —q:O—O-H
CHy + O —= CH,
and ' | ‘ ‘,
CH CH
/ 3 » VAR
-~ C—-H ‘ -C-0-0-H
\ + 0 — \ .

Hydroperoxides most likely were formed, since isopropylbenzene and sec~
butylbenzene are non-resistant to this type of oxidation, whereas n-,
iso-, tert-butylbenzene are more resistant (71). This oxidation process

may be looked upon as a hydration process, in which the water molecules
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formed prevent sufficient contact between Ps and electrons of the
neighboring molecules. This picture is consistent with the quenching
process due to the pickoff mechanism.,

2

than in I, The results on IZ, however, show that dissolved oxygen has

In choosing the organic compounds, the interest was in 7, xather

very little effect on the amount of orthopositronium formed. The alkyl
substituents are known to effect &n increase in the electron density on
the ring, so that the group added becomes the positive end of the dipole,
Since the negative charge is smeared out over the benzene ring, a less
marked effect is expected. Substituents such as the halogens, in fact,
affect L% greatly, since the negative charge is more concentrated (65).
The results also exhibit a very slight dependence of chain length of ﬁhe
alkyl substituent on T).

Alkali Halides. The results on the positron short lifetime, Ty, in

alkali halides in this study are listed in Table V together with prev-
ious work. All theoretical calculations make use of the electron density
at the position of the positron in terms of the Ps atom as the basis of
comparison. Ferrell's (20) model assumes that the electrons are uni-
formly smeared out over the volume of a sphere of radius a. Only the
eight electrons occupying the noble gas configuration a?e ass&med to
contribute to the amnihilation process, since the inner electrons are
more tightly bound and are therefore never sampled by the thermal
positrons. The second column lists calculations based on this model,
using the Goldschmidt anion radius. The third cqlumn is patterned
after the same model using corrected anion radii based on x-ray methods
(72). Goldanskii et al. (49) report the 7 values as determined by

positrons annihilating from the 1s polaron state,



TABLE V

COMPARISON OF THE POSITRON SHORT MEANLIFE.

7, x 1010 sEc.

Theoretical

Experimental

Ferrell (773) Ferrell (73)

Gol'danskii (49)

(Goldschmi&t r)  (Corrected r) ls‘Polaron Intérstitial Bisi et al, (47) Pollak (73) This_Work
LiF 1.67 0.92 . 7.00 1.9 + 0.2 3,25 +0.18
NaF 1,67 1.1 3.6 4,25 2.4 0.2 2,97 +0,08
KF 1.67 1.11 | 3.25 + 0.06
CsF 1.67 1.11 3.04 * 0.08
KF 1.67 1.11 3.25 + 0.06
KC1 4.20 3.15 3.1 ' 2.80 2,2 + 0.9 3.0 +0.2 3,79 + 0.06
KBr 5.38 4.13 3.4 +0.3 4,02 + 0,14
KI 7.46 3.9 + 0.3

6.13

3.92 + 0.10

¢9
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The measurements for which twice the statistical errors obtained
are quoted, are consistent with the hypothesis that the positron prompt
meanlife is determined mainly by the halogen ion, although the simple
relation betweén T; and the cube of the anion radius cannot be recon-
ciled, The results on the potassium halide series show an increasing
lifetime in going from F~ to I except for the case of potassium iodide,
The discrepancy may be attributed to the la;ge halide radius,‘in which
case Ferrell's”model may not be valid; howevéf, this observation agrees
with Pollak (73).

The analytic proof of the T; dependence on the halogen ion may be
seen from the results of the regression of cation-anion ratio and inter-
ionic distance on Ty These are shown in Tables VII through X, where
the constants listed in Table VI were used. These constants were used
in all the regression analyses for the alkali halides. From the error
probabilities listed in Tables VIII and X, one can immediately see that
the alkali ion hardly has any effect on T;. The anion radius greatly
affects Ty; the analysis shows a square dependence rather than a cubic

dependence as predicted by Ferrell (20).
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TABLE V1

CATION-ANION RATIOS AND INTERIONIC DISTANCES
OF THE ALKALI HALIDES

r+/r¢ Interionic Distance (75)
(76)* x 108 cm,

LiF 0.5865 2,07

NaF 0.7368 2.31

KE 1.0000 2.66

CsF | 1,2556 3.00

KF 1.0000 2.66

KCL : 0,7348 3.1

KBz 0.6786 3.29

K1 0.6073 3.53

*The ratios are based on the Goldschmidt ion radii taken from
Reference (74) except for the lithium ion for which there seems to have
been a typographical error. The value used in this work is 0.78 angs-
trom, which was obtained from Reference (43).

The regression wodel for 7; in the alkali fluorides is given by

the equation

Ty = a + al(rint) + az(r+/r=) (40}
_ =10
where a, = 10.28750 x 10 sec., ,
al = =5.51917 x lO“2 secfcmo,

7.48063 x lOalO sec.

ii

au
and 32



TABLE VII

REGRESSION MODEL RESULTS FOR T;
ALKALI FLUORIDES

3
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Actual Predicted Deviation
X 1010 sec. X 1010 sec,
LiF 3.25 3.25022 =0.00022
NaF 2.97 3.04995 =0.07995
KF 3.25 3.08715 0.16285
CsF 3.04 3.12268 =0.08268
TABLE VIII
STATISTICAL LEVELS FOR T, REGRESSION MODEL
ALKALI FLUORIDES
Parameter F Error
Probability
L 0.1527 0.741
/T, 0.4602 0.663

The regression model for T in the potassium halides is given by

the following eguation:

where b
o
by
and bz

fi

il

: 2
T = bo + bl(r+/rm) + bz(rint)2

5.77256 x 107

-1.88840 x 10

=0.09041 x 10

6

0

10

sec,,

sec. ,

sec/cm%

(41)
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TABLE IX

REGRESSION MODEL RESULTS FOR T
POTASSIUM HALIDES

Actual Predicted Deviation
X 1010 sec. X 1010 sec., ‘
KF 3,25 3.24448 0.00552
kel 3.79 3.86158 -0.07158
KBr 4.02 3.92439 0.09561
KI 3.92 3,94955 -0.02955
TABIE X

STATISTICAL LEVELS FOR Tl REGRESSION MODEL

Parameter . Error
‘ Probability
(r4fr.)? 29,2404 0.037
' 2 )
(rint) 0.4909 ' . 0.654

Table XI lists the compérison on T,. With the exception of CsF,
the measurements in this work are larger than any of the previous works.,
A possible explanation may lie in the difference of the crystalline
aggregates, Bisi et al. (48) used polycrystalline samples except in the
case of KCl, All of the sémples uséd in this work were single crystals

This point, however, is inconsistent with the observation of Bisi et al.
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(76)_in their work on th:eeaphoton afmihilat_ion° No difference in T2
for polycrystalline and single crystal samples of NaCl was noted. How-
ever, on the basis of symmetry, in multicrystalline materials the per-
iodicity‘of the structure is interrupted at grain bbundaries° It is

plausible that the difference between single crystals and polycrystals

is the reasonable explanation for the disagreement on the angular corre-

lation results (51,52) in NaCl and KCl.

TABLE XI

POSITRON ANOMALOUS LIFETIME COMPARISON

Theofetical » Experimental
Gol'danskii et al,(49) Bisi et al. (48) Thig Work
x 1010 sec, _ x 1010 sec. x 1 sec.
LiF v 4,02 + 0,20 1.68 + 0.04
NaF 6.25 5.05 * 0.35 1.96 + 0,10
KF 6.20 + 0.40 1.11 + 0.06
CsF 7.60 + 0,21 0.84 + 0,04
KF 6,20 * 0,40 1.11 + 0,06
KC1 5,30 6,07 + 0,12 1,03 + 0.06
KBr 6173 +0.22 1.55 £+ 0.06
KI 6.40 + 0,21 1.31 + 0.06

In the case of the alkali fluoride series, a decreasing anomalous
lifetime with increasing cation radius was observed whereas the results
of Bisi et al. (48) showed the Opposite trend. The results can be

explained on the basis that a larger cation would effect a greater
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Coulombvrepulsipn on the positron, so that enhancement of the annihila-
tion rate should be observed. In the case of LiF, an "anomaly" was
observed, It should be noted, bowever, that the»LiF‘bond has a greater
covalent bond than any other alkali fluoride bond (77). Wallace (12)
pointed out that the covalent bond effects a repulsive force, éo“thaﬁ an
increase in annihilation rate or decrease in lifetime is expected. If
this reasoning is valid, 'r2 in LiF would therefore not be an anomaly..
The results of the computerized stepwise regression analysis on Ty
show a marked dependence on the alkali ion.” The mathematical models
and results of the calculations are shown in Tables XII through XV, In
the case of the fluoride series, a reasonable fit can be obtained when
one assumes a squére dependence of the long lifetime on cation radius.
The interionic distance variable does not seem to have a large effect on
Tp, as evidenced by the large error probabilities. H

The regression model for T, in the alkali fluorides is given by the

equation
T,=a +al(c/r)?+a(, ) (42)
2 o 1 4+ - 2 int
-10
where a' = 7.19470 x 10 SEC.,
a) = -2.52880 x 107 sec.,
and . a' = 4,46380 x 106 sec/cm%



TABLE XI1

REGRESSION MODEL RESULTS FOR Ty
ALEALT FLUORIDES

72

Actual Pred%cted Deviation
b 4 109 sec., % 107 sec.
LiF 1.68 1,76228 «0.08228
NaF 1.96 1,72855 0.23145
K¥ 1.11 1.34905 «0.23905
CsF 0.84 0,75012 0.08988
TABIE XIII
STATISTICAL LEVELS FOR TZ REGRESSION MODEL
ALKALI FLUORIDES

Parameter Exrorx
Probability

(rofrx ) 9.1901 0.097

(rs.0)? 0.1241 0.799

The regression model for T, in the potassium halides is given by

the equstion

o R o
where by =

=

b

il

-
and bZ =z

e § 2 ' 2
Tg = B) + bl(rint) + bz(r+frm)

4.24010 x 10710 sec.,

5
7.31100 x 10

1.53480 x 10”10

2
secfcm.,

sec,

(43}
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TABLE XIV

REGRESSION MODEL RESULIS FOR To
POTASSIUM HALIDES -

Actual Predicted Deviation
x 107 sec., x 102 sec.

- KF 1.11 1.09476 0.01524
KC1 1.03 1.22767 ~-0.19767
KBr 1.55 1.28599 0.26401
Ki 1.31 1.39158 -0.08158

TABLE XV

STATISTICAL LEVELS FOR T2 REGRESSION MODEL
POTASSIUM HALIDES

Parameter F Error
Probability
2
(rint) 0.7864 0.484
(r4/r.)? 0.0029 ~ 1.000

The intensity of the long-lived component is shown in Table XVI,
The theoretical result of Gol'danskii et al. (49) and the experimental

measurements of Bisi et al. (48) were included for comparison.
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TABLE XVI

INTENSITY OF THE ANOMALOUS LIFETIME

Theoretical (%) Experimental (%)

Gol'danskii et al. (49) Bisi et al, (48) This Work
LiF 70 + 15 43 + 2
NaF | 49 + 5 34 + 2
KF 33 + 7 52 + 3
CsF 46 + 5 65 + 2
KF 33 4+ 7 52 + 3
KCl 35 +7 50 + 15 61 +2
KBr | 37 + 7 51 +2
KI 43 + 7 52 + 2

Considering the potassium halide series, the amount of ortho-Ps
formed is approximately 50 percent, independent of the halide ion. The
intensity of KCl is somewhat higher than the rest by about 20 percent,

1. (48) on the

which was rather unexpected. The results of Bisi et
potassium halide series give fairly constant I, Qalues. It is rather
difficult to draw definite conclusions based on their results, since the
statistical errors are quite large, It can be seeh, however, that

‘their measurements on,I2 for the sodium halide, potassium halide and
cesium halide series are more or less constant within each particular
halide series. One can therefore conclude that the alkali ion determines
the amount of positrons taking part in the annihilation process after

formation of triplet bound states. This conclusion is, in fact, sup-
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ported by the results of the calculations given in Tables XVII through

XX. A square dependence of 1

error for the regression model as seen from Table XVIII,

2

on the cation radius gives the minimum

No meaningful

interpretation can be given to the relation between I2 and interionic

distence.

The regression model for 12 in the alkali fluorides is given by

the equation

2

12 = ag + gf(r*frc)z + a;(rint) (&4
where a; = 110,29062,
aI = 117.99213,
and ag = =25.52147 x lolﬁ/cm}.
TABLE XVII
REGRESSION MODEL RESULTS FOR 12
ALKALL FLUORIDES
Actual Predicted Deviation
(%) %)
LiF 43 41.52087 1.47913
NaF 34 38.16039 -4.16039
KF 52 47.,70304 4.29696
CsF 65 66.61568 -1,61568
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TABLE XVII1

STATISTICAL LEVELS FOR I, REGRESSION MODEL
ALKALI FLUORIDES

Parxameter F Error

Probability
(r, /)3 9.4754 0.096
(r;0)? 1.2553 0.487

The regression model for 12 in the potassium halides is given by

the equation

N2 : :
I, = by + DY (ea/T) T DY ) (g ) (45)

i

where bl = =364,02910,

bY = -269.3879%,

332:88562-x 10°/cm.

and bg =
TABLE XIX
REGRESSION MODEL RESULTS FOR 12
POTASSIUM HALIDES
Actual Predicted Deviation
(%) : (%)

KF 52 52.05872 -0.05872
KCl 61 58.57767 ‘ 2.42233
KBr 51 55.11675 =4.11675

KI 52 50.24692 1.75308
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TABLE XX

STATISTICAL LEVELS FOR I REGRESSION MODEL
POTASSIUM HALIDES

Parameter F | ' Error
Probability
2
(r fx) 0.0149 ~0.900
(e fr ), ) 1.5276 0.470

Alkaline Earth Fluorides. About the only work reported on positron life-

times in alkaline earth crystals are those on multicrystalline BeC, MgO,
Ca0, and BaO (78), in which a long lifetime was observed besides the
short-lived component. The values of IZ (1 to 7 percent) observed were
larger by a factor up to 15 than that calculated, assumihg Ps formation,
The experimental results on these oxides lend further support that posi-
tron-bound systems can be formed and persist in crystals displaying an
ionic bond.. -~

Table XXI shows the results of this study on the alkaline earth
fluorides, in which the errors quoted are twice what were observed. The
short lifetime is constant within experimental error, except in the case
of MgF, which crystallizes in a different structure. Considering those
crystals of the fluorite structure, the independence of Tl from the
cation radius is noted., This is consistent with the results on the
alkali fluorides, all of which have the NaCl structure.

The anomalous lifetime shows a decreasing trend with increasing
cation radius. The positron long lifetime in MgFZ appears to be in line

with this behavior. Ignoring the differences between the rutile and
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fluorite crystal structures, the ratio of the alkaline earth ion radius
to the fluoride ion radius and the interionic distance were used as the
independent variables in the regression analysis which was previously
applied to the alkali halides. The results of these quantitative
analyses are shown in Tables XXIII through XXVIII, using the constants

given in Table XXII.

TABLE XXI

EXPERIMENTAL RESULTS ON THE ALKALINE EARTH FLUORIDES

Structure T, X 1010 gec, “‘Tz x 109 sec. I (%)
Mng rutile 2.83 + 0.14 2.39 + 0.08 37 2
CaF, fluorite 3.11 + 0.14 2,05 + 0.08 34 + 2
SrF2 fluorite 3.35 + 0.12 1,53 + 0.08 41 + 2
BaF2 fluorite 3,37 £ 0.08 1.07 + 0.08 52 +3
TABLE XXII
CATION-ANION RATIOS AND INTERIONIC DISTANCES
OF THE ALKALINE EARTH FLUORIDES
(r+/}-) Interionic Distance(45)
79) x 108 cm,
MgF, 0.59 2.02
CaF, _ 0.80 2.36
SF, - 0.93%* £ 2.50
BaF, 1.08 2.68

sk
This ratio was calculated from the tables listed in Reference
(79), p. 192, applying the ionic radius correction corresponding to a
coordination number of 8.
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The regression medel for T; in the alkaline earth fluorides is

given by the equation

2

Ty = 6 T e (Tyned T epryy) (46)

=10
where ¢ = -1.47393 x 10 sec.,

-2

¢y = 3.07742 x 107° sec/cm.,

6 2

and ¢, = =0.47068 x 10 sec/cm’
TABLE XXIIIX
REGRESSION MODEL RESULTS FOR Tj
ALKALINE EARTH FLUORIDES
Actual Predicted Deviation
X 1010 sec, X 1010 sec.
Mng 2.83 2.82190 0.00810
CaF, 3,11 3,16728 -0.05728
Ser 3.35 3.27787 0.07213
BaF2 v 3.37 3.39295 -0.02295
TABLE XXIV
STATISTICAL LEVELS FOR Tl REGRESSION MODEL
ALKALINE EARTH FLUORIDES
Parameter F Error
Probability
ot 32.1831 0.033

2
(rint) 0.2346 0.732




The regression model for Ty in the alkaline earth fluorides is

given by the equation.

cI
(o]

It

T2
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by’ + ety 0 1)

where c! = 2.20149 x 107 sec.,
ci = =2,69170 x 10”9 sec.,
and Cé = 0,27559 x 107 sec/cm%
TABLE XXV
REGRESSION MODEL RESULTS FOR T
AILXALINE EARTH FLUORIDES
Actual Predicted Deviation
x 107 sec. X 109 sec.
Mng _ 2.39 2.38904 0.00096
CaFy 2.05 2.01375 0.03625
SrF, 1,53 1.59590 =0.06590
BaF2 ‘ 1,07 1.04131 0.02869
TABLE XXVI
STATISTICAL LEVELS FORﬁTz REGRESSION MODEL
ALKALINE EARTH FLUORIDES
Parameter F Error
Probability
2 v
(ry/rl) 140,2918 0.018
(x. ) 1.1906 0.490
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The regression model for I2 in the alkaline earth fluorides is

given by the equation

2
— " o "
I, = o 4 cie/e )+ el ey ) (“8)
where c!! = 74.61369,
el = 214.09277,
and  cj = -94,09178 x 10°/cm.
TABLE XXVII
REGRESSION MODEL RESULTS FOR I,
ALKALINE EARTH FLUORIDES
Actual Predicted Deviation
%) : %)
MgF, 37 37.00080 -0,00080
CaF, 34 33,98779 0.01221
sc¥, 41 41.01915 -0.01915
BaF, | 52 51,99226 - 0.00774
TABLE XXVIII
STATISTICAL LEVELS FOR I, REGRESSION MODEL
ALKALINE EARTH FLUORIDES
Parameter F Error
Probability
(rifr_)? 5.2146 0.184

(e ) (T 0) 16800,7385 ~0,000
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The interionic distance seems to have a marked effect upon Ty
This can be reconciled with the previous remarks, since the alkaline
“earth ions are small, the fluoride ion would still contribute

largely to the magnitude of rj, .. From Table XXV, it is seen that the
dominant factor affecting fz is-the:catibn radius, which comes into the
equation as a squafe function, It shouid be noted that the same effect
was observed in the case of the alkali fluoride series, The intensity
of the anomalous lifetime appears to be largely influenced by the same
parémeter affecting Ty The anomaiously large F-level of the second
parameter in Tablc XXVIII is difficult to intérpret. Since this vari-
able entered into the regression equation as the second parameter, its
effect on I, is less than the effect of (r+/r_)2. It should be men=-
tioned however, that an unreasonably large partial correlétion coeffi-

cient was obtained,the cause of which has escaped detection.

Presentation of Graphs. A comparison of the prompt curves used in this
work, alﬁminum and cobalt-60, is shown in Figure 7, These runs were
obtained with the same counter settings. It is seen that the widths at
half-height are not too different. The aluminum prompt curve shows a
tail with respect to cobalt-60 as expected, since the positron life-
time in aluminum is long compared to the lifetime of the nuclear excited
states in cobalt, The peaks Qere made to fall on the same channel for
the purpose of comparing thg slopes of the time spectra.

Figures 8 and 9 both show the oxygenated and de-oxygenated time
spectra in isopropylbenzene and tert-butylbenzene, respectively. In
each of these diagrams, the linear "tail" corresponding to.the‘de-oxy-
genated sample was adjusted so that it could be plotted on the same

time calibration as the oxygenated sample. This was done merely for a
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visual comparison to show the effect of oxygen on the anomalous life-
time component,
Time distribution curves in KF, KCl, LiF, and CsF are shown in

Figures 10-13, Figure 14 shows the annihilation spectrum in MgF In

2.
each of these graphs, the corresponding prompt cobalt-60 curve was in-
cluded for comparison. In some cases, the prompt curve was vertically

displaced for clarity.
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Theoretical Considerations

Speculations on the Polarization of the Crystal Field due to Ps. In the

absence of more definite information on the potential inside the ionic

1. (46) assumed a more or less simple model for the

crystal, Neamtan et
“potential in & LiH crystal.‘ Presumably, their model describes in a
certain average way, the potential in the crystal due to charges of ioms,
as well as dipole and higher moments. We present below a qualitative
argument that effects on lifetime due to polarization of the crystal
field may not be attributed to the neutral positronium atom, arising
from dipole-dipole interactions, but rather, to the positron, in agree-
ment with their explanations.

If the polarizability of the material and therefore, its dielec-
tric constant, is to affect the lifetime of positronium in it, this
would be due to a change in the polarization (dipole moment per unit
volume) induced by the presence of Ps., That is, the induced polarizsa-
tion chahges the field at the site of the positronium atom and the
field affects the energy levels and wavefunction, hénce, the lifetime
of the quasi-bound state. Since we are dealing with electromagnetic
interactions, this would be of the order of & or e4, where & is the
fine structure constant and e refers to the electron charge. The first
‘& would be for the Ps ‘atom to change dipole moment density, another &
would be needed for the changed dipole moment density to affect posi-
"tronium,

The S state (i = Q) of a hydrogen-like atom has no dipole moment,
Since the Ps atom is neutral, only those higher states which have

dipole moments can cause a change in polarization., If, indeed, one has
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a higher state which has non«vanishing dipole moment and if this changes
the polarization of the crystal which ultimately changes the field at
the position of the positronium atom, this would cause a change in the
lifetime of this higher state. However, before annihilation can occur,
the Ps atom would radiate optically to the ground state (13). Each
transition to a lower level involves at least an order @ in the dipole
transition approximation., One would therefore have an effect of at
least a3. This effect is at least two orders of & smaller than the fine
and hyperfine effects, which are of equal magnitude in the case of Ps.
From the above argument, we would be dealing with an effect
a2- (1/13?)2 ~.10'4 orders of magnitude less than the spin-orbit and
spin-spin interactions. Inasmuch, the polarization of the crystal
field due to positronium may therefore be neglected, However, it is
possible that changes in the crystal polarization may be attributed to
the positrons upon entering the medium and in the course of their slow-
ing down to thermal velocities. In this case, the positrons are said
to be in polaron states; i.e,, states in which positrons are surrounded
by a phonon cloud due to lattice peolarization., This is analogous to the
theoretical treatment of positrons annihilating in metals, in which the
electron plasma may not be neglected,

Calculations of Positron Lifetimes in Alkali Fluorides, The theoretical

aspect of the problem of positrons annihilating in an ionic medium is
complicated by the lattice polarization caused by the positron's elec-
tric field, The distortion of the electronic configuration may be
approximated by the inclusion of the dielectric constant of the crystal
for static fields in the wavefunction or wavefunctions for any feasible

treatment. The following analysis was applied to interstitial ioms (49).
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Considering the positron plus anion, Gol'danskii et al. (49) cal-
culated the positron lifetimes in some alkali fluorides using-thé ana-
lytical wavefunction for the fluoride ion obtained by Brown (80), where
the energy is minimized with reséect to the radial function,.suﬁject to
the condition of orxrthonormality., Similar theoretical calculations were
carried out in this work to predict positron lifetimes in LiF, NaF énd
KF using known dielectric constants., This approximation takes into
consideration‘the formation of a bound system (e+F') in which the
fluoride ion acts as the nucleus, so that one must have a bound state
wavefunction to describe the positron polaron.

The positron wavefunctipn,.x, used is that obtained by Gol'danskii

et al, (49), using the variational method. For the fluoride ion, the

wavefunction, {J, is given by the equations belows

ls: £ = 51,77 re™ 0+ 77T
2s: £, = 11.55 [%e-7'25r - 21,0322 4 0.300e-1.9f%
2p: £, = 13.57 rZ(e-3.86r + 0.133e-l.36r)
where
f(n,r) = rR(n,1)

and . ¥ = R(n,l) Y(O,p). (49)
The positron wavefunction for the ls polaron state is given by
X = Ae-ar (50)

where

a= _1 (5 + 11) and A= @
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The constant e, refers to the dielectric constant of the material when
the ions are fixed in their normal equilibrium position and e refers to
the dielectric constant for the static field of the positron and anion.

Using Equation (33),
— ¥, oy ¥
g = Z 'f\Ili(r)\Ili(r) xox dt| .
i
Substituting for ¥ and y ,
5 = ZlfRz(n,l) ¥ (0,9)Y(8,p)e 2% x2 5ing do dypdr |.
1
Using the orthonormality condition for spherical harmonics given by
fY*(G,LP)Y(G,w) d0l = K = constant, (51)

p reduces to

p =Ky

L

uféz(n,r) e"20T gp |

©
where integration to infinity takes into account the effect on the
entire crystal. It is easily seen that the largest contribution to 2
comes from fl. From Equation (34), T is inversely proportional to the
electron density at the position of the positron. The smallest contri-
bution to T then comes from fla This is actually what one would expect
since the ls electrons are more tightly bound to the nucleus, being in
a region of high electrostatic potential,

From Equation (34),

o

T=5x 10710 Lo

Ry

[

3

where ﬁi = 1/8nao_,

the electron density in the positronium atom aver=~

aged over the initial spin states; a, refers to the Bohr radius. The

P
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method outlined above was appligd to LiF, NaF, and KF; CsF was omitted
due to the unavailability of constanté describing its diglectric prop~
erties., The values used for ¢, come from the square of the index of
refraction of the crystal and ¢ are those due to static fields or for
radio frequencies, These constants are shown in Table XXIX, together
with the ratios pased on the respective TLiF of both experimental and

theoretical results obtained in this work,

TABLE XXIX

POSITRON LIFETIME RATIOS IN e+;F- BOUND SYSTEMS

Experimental ‘ Theoretical (1/ TLiF)

€o € T1/ TLiF T9/TriF Gol'danskii  This

(81) (81) /T _z/ MY et al. (49)  Work

LiF 1.92 9,27 1.00 1.00 1.00 1.00
NaF 1.74 6.00 0.91 1.16  0.61 0.56
KF 1.85 6.05 1,00 0.66 0.63

From the results of Gol'danskii et al. (49) shown in Table V,
positron lifetimes are seen to vary with the halogen ion. From the
analyses of the results of the anomalous lifetimes in this work, these
theoretical results should be used to predict Ty, although the ls posi-
tron polaron wavefunction was used, Comparing the theoretical values
with Ty, @greement is obtained in the case of KF, whereas the experi-
mental result on NaF is greater by about a factor of 2. "

The selection of either the positron or the fluoride wavefunction
may be wrong in these calculations. The use of the ls polaron wave-

function suggests that the above calculations predict Tl’ in which case
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no agreement is attained. However, the F  wavefunction may not describe
exactly the wavefunction of an interstitial ion, since one would expect
the energy levels of an interstitial ion to be different from the bands
of the crystal., Since it is known that Schottky defects dominate over
Frenkel defects in alkali halide crystals, it is plausible that positron
capture is due to halogen ions in normal lattice positions rather than
in interstitial positions, unless the crystals are injected with impu-
rities. It is seen, however, that the polarization of the lattice may
be approximated by the inclusion of the dielectric constants in the

polaron wavefunction,
Summary of Results and Conclusions

The findings of this study on some alkylbenzenes show that posi-
tron annihilation experiments can be used as a method in determining
the electron donating abilities of gubstituents to the benzene ring.
However, due care must be observed especially in compounds which possess
high oxygen solubilities., De-oxygenation is recommended for such liq-
uids, since the unpaired electrons in the paramagnetic oxygen molecule
are capable of perturbing the annihilation processes, The rapid
quenching of ortho-Ps states due to the presence of oxygen may be attri-
buted to the formation of the complex (e+'e')02 and subsequent annihi-
lation by the pickoff process. At very low oxygen concentrations,the
formation of water molecules inhibits positrons in the triplet bound
state from annihilating by the pickoff mechanism,

It has been observed that dissolved oxygen has a very slight effect
on the amount of orthopositronium formed. A small effect of chain

length of the alkyl substituent on T, was also noted, although the
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l. (82), in

behavior cannot be reconciled with the findings of Gray et

2

This work confirms that pesitrons annihilating in ionic crystals

which ¥, was found to decrease with increasing hydrocarbon chain length.

are capable of forming Ps atoms, as evidenced by the complex annihilation
time spectrum, It has been observed that the haslide ion is the pre-
dominant factor responsible for the short lifetime, whereas the alkali
ion has a greater influence on the anomalous lifetime, The results of
the calculations show a square dependence of T; on anion radius rather
than a cubic relation as predicted by Ferrell (20). The anomalous life-
time and its intensity are both affected by the cation radius as seen
from the quadratic relaticns given by the linear regression models. The
results on T, are in disagreement with the eﬁpirical relation obtained by
Bisi et al. (48) given in Equation (3l), which shows a square dependence
on anion radius,

It has been observed that positron decay in alkaline earth fluor-
ides involves the formation of positron-bound systems, and that the
alkaline earth ionic crystals were seen to exhibit longer anomalous
lifetimes than the alkali halides considered. This may be attributed to
the fact that the electron densities in the former are smeared over a
larger volume, due to the divalent character of the cationms,.

The lifetimes of positrons annihilating from the positron-anion
(e+Fﬁ) bound state, using the ls positron polaron wavefunction and
éssuming a wavefunction for the fluoride ion, were calculated, In the
approximations where the static dielectric censtant € describes the
lattice polgrization due to the presence of the positron and taking the
lifetime ratios in terms of lithium fluoride, the results werevfound

toc be in agreement with the anomalous lifetime measurement in the case
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of K¥,
Suggestions for Further Work

It would be interesting to carry out further positron lifetime
measurements in de-oxygenated organic compounds in order to determine
guantitatively the effects of polar substituents to the benzene ring.
It is plausible that with more available data, force constants of
various chemical bonds may be measufed through the properties of the
annihilation processes, 1t is 1ikeiy that this experimental method can
be used in the future as a means of identifying organic compounds, or
determining oxygen concentrations and solubilities in such liquids,

vassuming second order kinetics to hold, so that a relation such as
Equation {(30) may be suitable.

More exéerimental data are needed to eliminate the disagreement
among existing measurements of positron lifetimes and intensities in
alkali halides. Also; it would be informative to observe the effect on
positron lifetimes, of increasing concentrations of crystal defects
caused by vacancies, impurity ions; F-centers, and neutron irradiation,
so that a meaningful comparison with theoretical predictions may be

carried ocut,
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APPENDIX A
GAUSSIAN FIT - CENTROID CALCULATION

y(xi) = no, of counts in ith channel

n no, of points on semi-Gaussian curve

m=n - 2

2
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