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Abstract

A TIME PULSED POSITRONIUM BEAM AND
A STUDY OF OXIDES ON SILICON USING POSITRONS

by

Ravinder K. Khatri

Advisor: Professor Leonard O. Roellig

The studies on rare gas solid moderators were carried out with a 350 uCi 22Na
radioactive source. The corrected efliciency for neon moderator in conical geomet-
rical configuration was as high as (1.4 1 0.2)%. The conical configuration moderator
performed better by a factor of (2.2 1+ 0.2) than the cylindrical configuration. A
time pulsed positron beam was built to carry out investigations on the positron-
inm formation processes and positronium beam. This beam has the capability to
store low energy et in a magnetic bottle, with a magnetic bottle at one end and
an electrostatic mirror at the other. These stored et are then bunched to form a
pulse with a buncher. The bunched beam had a FWHM of 17 nsec and contained
1 to 2 e*/pulse. A thin carbon foil of 50 A thickness was used for positronium
formation by process of charge exchange. Positroniumn Annihilation Spectroscopy
(PAS) was utilized to carry out studies on the activation energy of hydrogen at
the interface of oxide and silicon substrate and the effect of irradiation on the ox-
ides in Si02/Si(100) sample. The activation energy of hydrogen at the interface of
Si02/51(100) samples with n— and p—type substrate was measured to be 2.60(6)
eV and 2.47(6) eV respectively. The investigations of the samples irradiated with

x—ray and y—ray led to the first time identification of creation of E' centers with

PAS.
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Chapter 1.

INTRODUCTION

Since the discovery of the positron and later the positronium atom,
a bound state of an electron and a positron, there has been a great cffort
in investigating the potential of the positrons and the positronium atoms to
provide more insight in the bulk and surface properties of the solids. The
existence of the positron, an antiparticle of the electron with the same mass
and spin but opposite charge and the magnetic momnent, was predicted by
the Dirac in 1930 '. It was later identified by Anderson 2~ 4 in 1932 in tracks
of the cosmic rays, in an experiment using cloud chamber.

In 1934, Mohorovi&ié ® postulated the possible existence of the posi-
troniumn atom (Ps), the lightest hydrogenic system. Later Deutch ®- 7 demo-
nstrated the existence of this positronium atom, produced in an experiment
involving the interaction of positrons with gases. He was able to measure
the decay rate of the triplet positroninm from these experiments. All these
developments opened a new era for the researchers in atomic and solid state
physics. The experiments of DeBenedetti and others® measuring the anti-
collinearity of the annihilating 4 —rays indicated that y—rays emitted due to
the positron/s annihilation with electrons are not exactly anticollinear. The
angle between these two back to back y—rays is dependent on the momentum
of the electrons in the solids. Positrons are intrinsically stable unless they

interact with matter. Their life time is closely related to the local electron



density. In the earlier years, the eflorts were mainly concentrated on lifetime
tneasurcments, angular correlation, and energy analysis of the annihilating
v -rays. These efforts led to a vast amount of information on the concen-
tration, characteristics of the defects and the electronic structure of different
kind of materials. The detailed account on these efforts is well docnmented
in the review by Stewart and Roellig *. In order to extract the information
mentioned above, the positrons from a radioactive source were made to 1m-
plant deep inside the solids and then thermalized before annihilating with
electrons in the solids. These studies had no control over the energy of the
positrons implanted into the solids. This handicap on the control over the
energy of the incident positrons imposed many constraints on the potential
applications of the positrons.

It was Madanski and Rasetti'® who realised that the continuous dis-
tribution in energy of the positrons emitted from the radioactive sources were
a hindrance to the full exploitation of the positrons as a useful probe. This
motivated an effort to moderate the positrons from a 84 Cu radioactive source
but failed, and they were unable to obtain slow positrons. They speculated
that their failure to obtain slow positrons could be because of the surface
condition of the moderator, and suspected that the positrons were getting
trapped in the solid or at the surface and possibly lost through other chan-
nels such as positronium formation. Later others were able to verify these
speculations.

It was Cherry!! in 1958 who finally succeed in producing a moderated

positron beamn with a chromium- plated mica as a moderator. The efficiency



for this moderator was quite low (~ 3 x 107®), where efficiency is defined
as the ratio of the slow positron yield to the total number of fast positrons
emitted by the radioactive source. The major breakthrough in achieving
reasonable efficiency for pousitrons moderation however came when Canter
et al.'? discovered smoked MgO as a moderator. They were able to get an
efficiency of 3 x 1078, which was two orders of magnitude higher than any
other moderator at the time.

Further studies investigating the interaction of positrons with the
sulids suggested that understanding interactions of positrons with solid sur-
faces is one of the critical parameter for obtaining better moderators. This
insight led to the realization of the great care needed for surface preparation
in order to obtain better moderators. The search for even better moder-
ators in late seventics was carried out with well prepared and atomically
clean surfaces in ultra high vacuum (UHV) environment. All this progress
with understanding of moderators opened a new frontier for the application
of slow positron heams to solid state surface physics experiments, and was
subsequently able to provide explanation of many new exotic phenomena.
This also made it possible to control the positrons penetration depth easily
as compared to the handicap faced in the earlier experiments. A detailed
account of the history of the development of low energy positron beams and
their consequences in the solid—state physics applications can be found in

13

more details in the review article by Schultz and Lynn and Fertni school

lecture notes edited by Brandt and Dupasquier 4.



By 1978, the majority of experiments were performed in UHV environ-
ment on atomically clean surfaces, and it was demonstrated that positrons
implanted into a clean single crystal target can diffuse back to the surface and
then can either be emitted as free positrons or as positronium atoms. Further
the progress made in the understanding of positronium formation processes
from solid surfaces, thin filins and in gases, with the use of monoenergetic
positron beams, suggested the possibility of exploring the positroniumn beam
15 also as a potential probe to study the surface of solids. A review of the
fundamental properties of positronium can be found in excellent reviews by
Berko and Pendelton'® and Rich 7. The positronium atom, as a necutral
weakly bound light particle, has inany appealing characteristics which could
make it suitable for use in studies on surfaces of the solids. Its mnass, about
three order of magnitude less than any cominon neutral atom, makes it much
more energetic for the same deBroglie wavelength as compared with other
neutral atoms such as helium and argon. Also, as a neutral atom, its long
range interaction with electrons or ion cores is expected to be weaker than the
Coulomb interaction as for electrons, pousitrons, and the ions. The binding
energy of positronium is 6.8 eV in the vacuum, and, therefore, makes it very
susceptible to be ionized during the collision with electrons, ion cores, and
atoms provided their kinetic energy is greater than the positronium binding
energy.

The development of a high intensity monoenergetic positron beam
at Brookhaven National Laboratory and other places led to an effort to

study various energetic positronium formation processes. A variable energy



(41

positroniumn beam was constructed at Brookhaven National Laboratory in
1987 '* and used to carry out investigations on positronium reflections
and scattering from the crystal (100) surface of cleaved LiF '° and clcaned
Cu(100) surfaces 2°.

The other most highly active research area for positrons has been the
study of various types and concentrations of defects in crystalline solids 2'.
These variable energy positron beams provide the new understanding on
surfaces, thin films, multilayer structures, their interfaces, and the buried
layers in semiconductors. The high sensitivity of positrons to defects '* was
first demonstrated by MacKenzie 22 in 1967 and since the development of
variable energy positrons beams, it has readily become a powerful tool in
defect profiling.

The availability of variable encrgy positron beams also made possible
a better understanding of the interaction of positrons with surfaces utilizing
techniques such as two dimensional angular correlation of annihilation radi-
ation (2D ACAR), time of flight (TOF) measurements, low energy positron
diffraction (LEPD), positronium emnission measurements from surfaces , and
positron Auger electron spectroscopy (PAES). More details on these tech-

13

nigques can be found in the excellent review by Schultz and Lynn and

comparisons of various surface studies using positrons with other available
surface science techniques using electrons, ions, photons, X —rays, and ncu-

20 and references therein.

tral atoms etc. can be found in Tang’s thesis
This thesis describes work performed on rare gas solid positron moder-

ators, a state of the art positron beam for a timne pulsed positronium beamn,



with the capability of storing and bunching positrons, study of defects at
the semiconductor interfaces, and creation of defects due to irradiation in
oxides of Si(100) nsing Positrons Annihilation Spectroscopy (PAS). Chap-
ter 2 contains discussion on the processes involved in moderating positrons
from a continuous distribution of 3% particles emitted from a radioactive
source. The neon moderator performance will be discussed in more detail.
Chapter 3 outlines the properties of the positronium atom and the different
processes involved in the formnation of positronium atoms. Further discnssion
on the challenges involved in making a positroniutn beam will be provided
in chapter 4. This chapter also has a detailed discussion of the time pulsed
positronium beam, with relevant technical details and the present status of
this project. This chapter also includes details of the storage of positrons
in the magnetic bottle, positron bunching, and their subsequent use in the
formation of a positronium beam with the process of charge exchange using
thin carbon foils. The next chapter will discuss the use of PAS in studies of
the technologically important SiQ,/Si systein. Results on measurements of
the activation energy of hydrogen from Si0;/S5i(100) interfaces and a study
of creation of defects in oxides of the irradiated SiQ,;/Si(100) system will be
presented. Mostly the effect of X—ray and y-ray irradiation on these sys-
tems will be investigated. Finally the last chapter contains conclusions and
a brief outline of the future directions with this state of the art time pulsed
positron beam and the potential of PAS for interface and defect studies on

$10,/Si systems.



Chapter 2.

Positron Moderators and Beams

1. Overview

One of the biggest obstacle to the usefulness of positrons in solid state
physics was the absence of variable energy positrons beams. It took almost
thirty years to achieve reasonable efliciency of the moderation of high energy
positrons for it to be of any use. Therefore, over the years a great effort has
been invested continuously in search for better moderators. This chapter
will first discuss different kinds of source and moderator geometries in use
for maximizing the efficiency. The main emphasis will be placed on only
two important kind of moderators namely thin foil transmission and rarc gas
solid moderators. Once the processes for obtaining low energy monoenergetic
pousitrons are explained, the next section will discuss rare gas moderators in
detail and measurements on the neon moderator carried out at Brookhaven

National Laboratory will be discussed.



2. Positron Sources

There are two kinds of positron emission processes, namely radioactive
3% decay and pair production, which are commonly utilized to generate low
energy positrons for research needs. The utilization of radioactive 31 decay
process usually involves the use of radivactive materials such as 22Na, 5*Co,
and **Cu. On the other hand the utilization of the pair production is nsually
achieved with the bremsstrahlung of the high energy (> 2m.c?) electron
beam, generated by a LINAC, hitting a target of high Z materials (c.g. a
tungsten crystal).

The most widely used positron sources are radioactive nuclei such as
58Co and ??Na which have a reasonably long life times (half life of 71 days
and 2.6 years for *Co and ??Na respectively). 4Cu is not so widely used
due to its fairly short half life (only 12.8 hours), however it has been used
occasionally in some experiments such as High Flux Beamn Reactor (HFBR)
based beam lines, described in detail in the dissertation of Weber 23 and
Tang 2”. A positron beam which uses traditional radioactive isotopes as
a source, does not need to be located in close proximity to big facilities
and, therefure, can be constructed independently. But their intensities are
limited by the availability of high activity commercial isotopes, and are also
restricted due to the safety hazard involved in source installations. A LINAC
based positron beam has the capabilities to deliver both high intensity and

pulsed positron beams. Therefore, several LINAC based high intensity pulse



positron beams have been built and are used for carrying out varions positron
research 24 25

Another approach to increase the positron beam intensity is to pro-
duce high activity 3% isotopes with the use of a cyclotron or a nnclear re-
actor. Some efforts to produce high purity ??Na with a 18 MeV cyclotron
were reported by Sanm and others 2%, At Brookhaven National Laboratory
(BNL). high activity *4Cu was successfully produced by irradiating *?Cu in
the HFBR at BNL and was used as the positron source for the high inten-
sity positron beam. The thermal neutron capture process **Cu (n¢,v) %4Cu
(where ngp represents the thermal neutrons) was utilized in this production.

The typical decay scheme 27 for a radioactive source e.g. ??Na is shown in

the Fig. 2.2.1 below.

A A A A —a
0 o1 02 03 04 05 06
Kinelic energy E, in Mev

Figure 2.2.1 The dccay scheme of 22Na radioactive source together
with the energy spectrum of the emitted g+.
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3. Positron Moderators

Positrons generated in a radioactive 3+ decay process or a pair pro-
duction process are cmitted over a very broad spectrum of encrgy. Monoen-
ergetic positrons are utilized to study a wide range of interactions with solids.
The need for monoenergetic positrons, and the desire for high flux, has led to
a continuous effort to develop more and more efficient processes to moderate
fast positrons emitted from a radioactive source.

The most commonly used approach to moderate fast positrons is to
slow down these fast positrons in a crystal via excitations and other inelas-
tic scattering processes. Most of the incident fast positrons are thermalized
very quickly within ~ 107!? seconds. After thermalization, some of these
pousitrons can diffuse back to the surface of the solid if the diffusion length
of positrons in that solid is long enough and the implantation depth of the
positrons into the solid is not so deep. The work function of the positrons
¢+, is negative for some solids and because of this, some of the therinal-
ized positrons diffuse to the surface and are emitted from the surface with
a maximum energy equal to the negative value of the work function. An
illustration of the fate of the implanted positrons is shown in Fig. 2.3.1.

The efficiency of a moderator is usually defined as the ratio of thermal-
ized positrons reemitted from the moderator to the total number of positrons
emitted by the radioactive source. The characteristics of the moderated
positrons and quantitative estimate of the efficiency of the moderator is de-

pendent upon parameters such as the positron’s implantation profile in the
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Figure 2.3.1 Outline of the possible interactions of the implanted
positrons in the solids.( from ref. 14)

moderator, diffusion length in the moderator, work function of the modera-
tor surface, and the positron reemission coefficient (which is defined as the
ratio of the number of reemitted positrons to the total number of positrons
diffusing back to the surface).

As inentioned earlicr, when a positron enters a solid, it quickly slows
down by losing its energy through processes such as inelastic scattering with

electrons in the solid. The imnplantation probability for positrons is defined
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as the probability per unit distance for a 3 being thermalized at a distance

z from the surface of implantation, and can be expressed 223" as,
Pim(z) = ae™** (2.3.1)

where a is the attenuation coefficient of the moderator for the 3+ spectrum.
The attenuation coefficient is empirically related to the density of the mod-
erator, p, the end point energy, Epnaz, of the 8% spectruin and an empirical
constant A as,

a = ApE, ! (2.3.2)

mazr

After thermalization, these fast positrons will diffuse around in the

¥ sec) before they

solid freely for a diffusion lifetime 7 (typically about 10!
annihilate with electrons in the solid. Some of them inay diffuse back to the
surface, if the surface is within a diffusion length L, . The probability P4,0f

a positron at depth z' diffusing to the surface can be expressed as a function

of the diffusion length L, as,
Py(2') = e*+ (2.3.3)

where Ly = /D, 7 is the positron diffusion length and D, is the diffusion
coefficient of the positrons in the moderator.

The thermalized positrons which are able to diffuse back to the surface
depend for reemission on several factors such as the surface electronic struc-
ture, the work function of the surface for positrons, and surface conditions
such as the density of defects, and impurities at the surface. The e'sctron

work function ¢_, is defined as the minimum energy required for an electron



to escape from the surface to infinity. This includes contributions both from
the bulk, the electron’s chemical potential ¢ ., and the surface, the surface
dipole barrier, D. The positron work function ¢, is defined in cxactly the
same way as that for an electron, except the electron’s chemical potential
i, is replaced by the positron’s chemical potential u,, which includes the
repulsion part from the ion cores and the attractive part from the electrons
in the crystal, and the contribution of the surface dipole barrier D is reversed
to negative instead of positive. Therefore work functions for electrons and

positrons can be expressed as,

(2.3.4)
¢y = -D - My

The work function is typically a few eV for most crystal faces. The reversal
of the surface barrier term in Eq. (2.3.4) makes the positron’s work func-
tion very small and even negative for some crystal faces. For surfaces with
negative positron work function, there will be a fraction of the thermalized
positrons diffusing back to the surface which can be emitted to the vacnum
with an energy equal to the negative value of the work function ¢,. Fig.
2.3.2 illustrates the potential experienced by a pousitron near a surface with
a negative work function.

Only some of the thermalized positrons that reach the surface will be
reemitted into the vacuum. As shown in Fig. 2.3.2, there is a small potential
well just outside the surface due to the image potential which can trap some
of the thermalized positrons that are trying to escape to the vacuum. Also,

a fraction of these positrons can pick up electrons near or at the surface
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Figure 2.3.2 The single—particle potential for a thermalized positron
at the surface region with a negative positron work function. The positron
chemical potential includes the attractive correlation potential 1,..( from
the conduction electrons in the crystal) and the repulsive zero—point poten-
tial Vo, from the ion cores. (from ref. 13)

and form positronium atoms, which are then emitted into the vacuum. The
probability of these therinal positrons being emitted into vacunm once they
reach the surface, P,,,, depends upon paraineters such as the material, the
orientation of the crystal surface, and the surface conditions.

The longitudinal energy spread of the positrons recmitted from the
clean crystal moderator surfaces is usually about 75 meV at roomn temper-
ature *' =32 which is believed to be because of the thermal broadening due
to the Maxwell-Boltzmann distribution of the positrons, and the angular
spread of the reemitted positrons is on the order of \/5_:;—? Various positron

source and moderator geometries have been used in the past in order to
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Figure 2.3.3 Schematics of some of the most commonly employed
positron source and moderator gevmetries. (from ref. 13)

achieve the maximum combined efficiency. Fig. 2.3.3 shows a few source
and moderator geometry combinations that are cornmonly employed.

It is not very easy to calculate accurately the efficiency of various type
of moderators because of the contribution of additional factors such as self
absorption in the source, variations in the geometry, surface conditions such
as roughness and impurities, and differences in the extraction field together
with the ones described earlier. The probability for the thermalized positrons
to be emitted once they reache the surface is denoted as P.,,, and then the
final probability ¢, of a thermalized positron diffusing back to the surface

and being emitted after having been implanted at a distance 2' is calculated
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by integrating Pey % Py(2') x Pim(2') over all 2' and given as?”,
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In the final approximation above, the diffusion length L., is assumed to
be much less than the mean implantation depth, which is valid for most
metals and other high density materials. Eq. (2.3.5) gives an expression for
calculating the cfficiency of the moderator.

Also from Eq. (2.3.5), it is observed that the qualities desirable for a
good moderator are a low end point energy of the 31 decay, a long diffnsion
length in the moderator, a high density p, of the moderator, and a high emit-
ting probability P,,, at the surface. A majority of the positron moderators
used are high density single crystals or polycrystals. These crystals usually
have extremely low impurities and are annealed to ensure that the crystals
have a large degree of crystal ordering and very low density of defects. This
reduces the probability for positrons being getting trapped at impurity sites
or defect sites. The thickness of the foil is usually selected to be on the order
of the positron diffusion length L, in the crystal, as only those positrons
that thermalize in the bulk within a distance of few diffusion length L, can
diffuse back to the surface. In practice, very good quality W or Ni thin foils
of thickness a few thousand to tens of thousands of A are used. The thin-

ner foils seems to provide higher cfficiency of positron moderation, which is



consistent with the above conclusions as L, is on the order of 1000 A or less

for most of the moderators usually used.

4. Rare Gas Solid Moderators

There has been many studies on the interactions of positrons in ionic
crystals '3, Measurements on the positron reemission by the ionic solids
had indicated that when positrons were implanted into an ionic solid at keV
energies, there was reemission of positrons with a spread of kinetic energies
comparable with the band gap energy of the solids 33. This suggested that
solidified rare gases could be efficient emitters of low energy positrons. In
the case of insulators, positron emission is not due to the surface having a
negative work function ¢, , but is due to the fact that many of the positrons
which return back to the surface are not thermalized and thus are able to
overcome the surface barrier. It is a well known fact that in gas phase, rare

3 and also that when

gases are not very efficient in thermalizing positrons
solidified the energy loss processes are not that efficient at low cnergies.
Among rare gas solid moderators, solid neon is by far the most efficient
positron moderator known 3%,

The energy luss mechanism for implanted positrons in rare gas solids
is different than the energy loss processes for other moderators as discussed
in the previous section. When fast positrons from a radioactive source are

implanted in a rare gas solid, they will lose mnost of their initial energy

through various scattering and excitation processes. However, there is a
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threshold of energy E, for inclastic scattering, below which positrons can
lose their energy only through the process of phonon scattering. Therefore a
very large fraction of the fast positrons implanted in the rare gas solids such
as solid Ne would quickly be slowed down to the energy Eip ~ 16 eV, then
diffuse in the solid ncon for relatively long time bhefore losing significantly
more energy. Some of these positrons will be able to diffusc back to the
surface, and overcome the surface barrier to make their escape to the vacuum.
Because of the residunal kinetic energy of these positrons and the inefliciency
of the positron’s phonon emission energy loss process in the solid neon at T
~ 5 K, these positrons have very long effective diffusion lengths. Therefore, a
relative large number of the positrons implanted in the solid neon will diffuse
back to the surface and be reemitted into the vacuum again, resulting in a
higher moderator efficiency. This energy loss mechanism is also responsible
for the broader energy spread of these reemitted low energy positrons in
comparison with other moderation processes.

All the advantages of attaining high efficiency for rare gas solids for
positrons motivated us to undertake this project, and a neon moderator was
investigated at a beam line at Brookhaven National Laboratory with a 350
1Ci 22Na sealed source, deposited on a 5 um Cu/Be (made up of 98 % Cu
and 2 % Be) window 3%. A schematics of the experimental set up is shown
in Fig. 2.4.1.

The ?2Na radioactive positron source used for these studics was in
thermal contact and kept electrically isolated from the cooling system. It

was mounted at the source chamber end of the magnetically guided beam.
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Figure 2.4.1 The schematics of the neon moderator aud a magnetically
guided positron beam with a 22Na radioactive source. An E x B energy filter
was utilized for selecting the energy of the moderated positrons.

A sapphire plate with an annealed gold gasket was used in order to provide
both very good thermal contact and electrical isolation from the third stage
of the cooling system. A closed cycle helium refrigerator was used to cool the
source and the moderator assembly down to ~ 5—7 K. The axial magnetic
ficld (~ 100 gauss) was utilized to transport the moderated positrons from
the source to the detector end. The beam line was mnaintained in the ultra
high vacuum (UHV) environment, with a typical pressure in the range of
~ 2x107? Torr. The vapor pressure of neon at 7 K is ~ 10~° Torr. In order

to avoid contamination of the rare gases and hence of the moderator, the gas
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injection line was made UHV compatible and was maintained in the same
pressure range as the beam line. Neon gas (as well as other rare gases) was
deposited at the source/moderator assembly and the moderated positrons
were extracted from the moderator using a combination of accelerating tubes
and a grid assembly (~ 90 % transmission). The moderated positrons were
extracted with an electric field of E = 100 V/cin and transported at an energy
of 100 eV. An E x B energy filter was used to filter out high energy positrons
from the low energy moderated positrons. The transport of the positrons in
the beam line was optimized by adjusting the magnetic field and the E x B
filter. Slow positrons were counted using a channel electron multiplier (CEM)
and a 3in. x 3 in. Nal(TI) scintillator detector in coincidence. The ratios of
coincidences and the single counting rates of CEM and Nal(Tl) were used to
measure the detector efficiencies and thus the absolute slow positron counting
rate. Background contribution from the coincidence and the single rates was
removed by taking the difference between the counting rates with the beam
on and off.

As it is very easy to fabricate solid rare gas solids in unusual geome-
tries (e.g. perforated plane, cylindrical, conical, parabolic, venetian blind,
cylindrical rings, etc.), a number of different geometries were investigated.
These geometries were: a number of cylindrical inoderators in backscattering
geometry with different aspect ratios (defined as the ratio of the length to
the diameter), a combination of cylindrical geometry with a venetian blind of
annealed polycrystalline Cu foils of thickness ~ 7um, and a truncated coni-

cal configuration moderator made of oxygen— free high conductivity (OFHC)
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copper. Here OFHC copper was nsed especially for its good thermal con-
ductivity and its future nse with a #4Cu radioactive source at Brookhaven
National Laboratory. However, this can be substituted with any other ma-
terial with high atomic number. Z, aud good thermal conductivity (e.g. An,

Pt, etc.). The cross section of the moderator togetlier with its geometries is

shown in Fig. 2.4.2.
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Figure 2.4.2 Schematics of the cross sectional view of conical and
cylindrical moderator geomectries used for rare gas deposition.

The thickness of the solid neon is one of the parameters that influences
the efficiency of the neon moderator, as shown in Fig. 2.4.3. The measure-

ments for a cylindrical surface with an aspect ratio of 2 indicated that the
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Figure 2.4.3 Slow moderated positron counts vs time neon was
deposited onto ?? Na at 3.2 x 104 Torr.

efficiency for moderation increases as a function of the thickness of the solid
neon and was observed to rise steadily to a inaxitnum value, in agreement
with the earlier observations 3%. To attain this, high purity neon gas was
injected into the vacuum systein at a pressure of 3.2 x10~* Torr for about
= 80 min.

The conical OFHC copper cup efficiency with neon was measured to

be (4.6 £ 0.1) x 10~3, while for cylindrical cup 3% with an aspect ratio

of 2 was (1.7 £ 0.1) x 1073, It should be stressed here that these quoted
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efficiencies were measured for a cylindrical moderator with a scaled ??Na
source as compared to the efficiency ~ 7 x 10 3 for a bare 22Na source
coated with a thin layer of Krylon. Comparison indicated that the conical
moderator performed better by a factor of (2.7 -+ 0.2) than the cylindrical
moderator. One of the reasons for this improved performance for the conical
moderator might be that slow positrons were extracted more efficiently in
this particular geometrical configuration 7. It was also observed that other
rare gas solids (e.g. Ar, Xe, Kr) at the same low temperatures were ~ }‘
as efficient as solid neon in the cylindrical configuration moderator with
the same aspect ratio, in agreement with previous observations 3%, There
was no enhancement observed in the efficiency of the neon moderator when
a venetian blind configuration was inserted into the cylindrical moderator.
One of the reason might have been that not enough layers of neon were
deposited on the surface of the foils.

One of the other motivations for this project was to further investigate
the feasibility of the neon moderator for use with an intense ®4Cu radioactive
source to obtain a high flux beaimn of moderated positrons. The use of 8Cu
wonld involve vacuum depositing the 4Cn on the conical/cylindrical surface
and condensing neon gas (or other rare gases) on it to act as a moderator.
Therefore, it is important to know the efficiency for a bare source such as
22Na for these particular geometrical configuration. With conservative es-
timates, the efficiency of the encapsulated 2>Na source was underestimated
to that for the bare ??Na source by a factor of ~ (3.1 4 0.5). Thus the

corrected efficiency for a neon moderator in the conical configuration with
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a bare ??Na source will be (1.4 4 0.2) x 102, In conclusion this study has
shown that for a bare source with a conical solid neon moderator, it should
be possible to achieve efficiency as high as (1.4 + 0.2) %. It is apparent that
with improved field extraction techniques (e.g. concentric cylindrical rings
connected together with a resistive chain), the cylindrical and other geomet-
rical configurations can provide even better efficiency, althongh with a much
larger energy spread A E. Using the conical configuration and a linear sealing
to the HFBR generated 84 Cu source, it is estimated to be possible to obtain

a moderated positron flux as high as 7.8 x 10* ¢t /sec 3*.



Chapter 3.

Positronium Atom and Beams

1. Overview

The development of positron beams and the discovery of positronium
atom led to an explosion of activities aimed at gaining more understanding
of the positronium atom. The positronium atom, as the lightest leptonic
system, offers a unique opportunity to carry out more investigations on the
quantum electrodynamic aspects of a two body systemn. The realization
of high flux positron beams led to an effort exploring the potential use of
positronium beams as a useful tool for the study of surfaces. The group at
Brookhaven National Laboratory has succeeded in observing the specular
reflection of positroninm atoms from the surface of a LiF crystal. The first
section of this chapter outlines briefly the properties, annihilation character-
istics, and the decay schemes of the positronium atom. It further discusses
the energy level scheme of the positronium atom in analogy with the hydro-
gen atom. Finally it touches upon the immpact of an electric field and the
magnetic field on the energy levels of the positroniumn atoms. The next sec-
tion looks into the different processes responsible for the prodnction of the
positronium atoms when positrons interacts with the solids and finally the

production of energetic positronium beam. In the last part of this section,

25
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there is a brief discussion of the experimental results on the positronium

beam obtained by utilization of different techniques.

2. Positronium Atom

Positroniuin is a bound system of an electron and its antiparticle, the
positron. The positronium atom is very similar to the hydrogen atom cx-
cept that the proton of the hydrogen atom is replaced by the positron. This
system of a particle and antiparticle consists of two particles with the same
mass, the same magnitude of the magnetic moment, and a combination of
cither parallel or anti —parallel alignment of the spins. Positronium provides
an ideal ground to perform tests on the quantum electrodynamic hypothe-
sis. It is a purely leptonic system which involves only weak electromagnetic
interactions. In positronium atom, there is no strong force that complicates

the calculations as in the case of the hydrogen atom.
Positroninm Annihilation Selection Rules

Positronium bound state is quasi—stable as there is a finite probability
for the wavefunctions of an electron and a positron to overlap and annihilate.
The energy and momentum of this annihilating electron and positron pair
is carried away by the emitted photons. The electron and positron pair can
have orientation of their spins either parallel or antiparallel. The singlet
state positroninm (S = 0) is known as para—positronium while the triplet

state positroninm (S = 1) is known as ortho—positronium. The number of
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photons emitted during the annihilation are dependent upon parameters such
as conservation of momentuin, energy, total spin, and charge conjugation.
The positronium does not annihilate via a single photon as both energy and
momentumn can not be conserved simultaneously (a photon can not have non
vanishing energy without having non vanishing motnentum in the center of
inass frame of the positronium).

Charge conjugation is a operation under which it is possible to ex-
change the particles by their antiparticles without changing any physical
property of a system such as momentumn or spin. Charge conjugation is
invariant during annihilation of the electron - positron pair. The charge con-
jugation operation in the positronium results in a factor of (- 1)'** in the
wavefunction of the positronium. In this, a factor of (-1)! comes from the
orbital wave function while a factor of (-1)**! comes from the spin wave-
function, and another factor of (—1) from the fact that the electron and
positron have opposite intrinsic parity. Also, charge conjugation contributes
a factor of (—1)" to the wavefunction of an n—photon state due to a contri-
bution of (~1) from each photon state 3% 1% These selection rules for the

positronium atom can be summarized as,
(-1 = (1) (3.2.1)

From this selection rule, it is evident that spin singlct states (s = 0,1 -
0) annihilate to produce an even number of thc photons, while spin triplet
states ( s = 1,1 = 0) annihilate and produce an odd number of photons,

except for single photon annihilation.
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Conservation of energy and momentuin for two photon annihilation
process requires that the two photons be emitted in the opposite direc-
tion with the same energy of 511 keV in the center of mass frame of the
electron—positron, pair whereas for the three photon annihilation, the con-
servation of the total momentum and energy allows the photons to be emit-
ted over a continuous energy range, with a maximum energy of m.c?. The

annihilation spectrum for three photon decay *° is shown in the Fig. 3.2.1.
Positroniumn Decay Rate Scheine

The annihilation decay rates of positronium have been calculated us-
ing information about the electron--positron annihilation cross sections and

the wave function of the positronium *!. The cross section for the two photon

annihilation in the nonrelativistic velocity limit (v < ¢) is given as 42,

2
rac

02y =~ (3.2.2)

where ry is the classical radius of the electron, ¢ is the velocity of light in
vacuum, and v is the relative velocity of the electron- positron pair. The
cross section for the three photon annihilation is much smaller as it is a
higher order effect as compared to two photon annihilation. The ratio of the
cross section between three photon and two photon annihilation, in the low

velocity limit, is given as 4!,

(_’.3_7:4(”2_9)(,«, 1 (3.2.3)
024 3r T 371.6 -

where a is the fine structure constant.
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From Eq. (3.2.3), it is evident that the cross section for three photon

annihilation is smaller by a factor of approximately 3a compared to that for

two photon annihilation. The cross section for four photon annihilation has

been calculated to be a factor of 9 x 1075 (i.e. of order a?) less than that for
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two photon annihilation process 43. Similarly, the cross section for n'* order
even number photon annihilation is smaller by a factor of a™ as compared
to two or three photon annihilation processes. From the cross section for the

annihilation given by Eq. (3.2.2) and Eq. (3.2.3), and the wave function of

the positroniumn, the life time of the para-positronium is 44-4%,
2 h
Ty = -7 =3 ~ 0.125  nsec (3.2.4)
aSmee

whereas the life time of the ortho - positronium is given as 4!,

On 1 h

3w 9) R ~ 141.8 nsec (3.2.5)
€

T3 —

In the past, there has been a number of experimental efforts to mea-
sure the life time of the ground state of the positronium atom with high
precision '®. Measurements on the annihilation decay rates and the lifetimes
for the excited states of the positronium has also been carried out 49,

The Fig. 3.2.2 shows the schematics of the decay rates for the ground
and excited states of the positronium atom. The optical transition between
different energy levels in a positronium atom follows selection rules simnilar

to the hydrogen atom. These selection rules are,
As =0, Al =41, and Aj =0,+1 (3.2.6)

where j =1 + s. From Fig. 3.2.2 and Eq. (3.2.6), it is evident that 2P
positronium can optically decay into the ground state. The probability for
25 - 1S decay is extremely low because of the selection rules in Eq. (3.2.6).

This metastable state has a lifetime of 1.14 usec and 1.0 nsec for triplet and
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Figure 3.2.2 The rates of the positronium states for two and three
photon annihilation and optical deexcitation. The units are in sec™!. (from
ref. 46)

singlet statc respectively, much longer than the respective ground states. For
excited states, a longer life time is also expected due to the decrease in the
overlap of the electron and positron wave functions.

The optical decay rate for 2P — 15 states of the positronium is higher
than the annihilation decay rates. Therefore the majority of the 2P states
optically decay via Lyman—a emission to the 1S state before they have the
chance to annihilate in the excited 2P state. Once these state have optically

decayed to the ground state 1S, then they decay through the channel of
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annihilation decay. The life time of different states can be determined by the
annihilation decay rates. The lifetime of the triplet state 2S level is longer
by a factor of 8 in comparison with the 1S state.

The short lifetime of para—positroniumn makes it extreincly hard to
utilize para--positronium atoms as a probe to study its interaction with
solids. On the other hand, ortho--positronium atoms have a long enough
lifetime for themn to be exploited as a useful probe. The travel distance
before decay is dependent nupon the energy of the ortho- positronium atom
and typically an ortho—positronium atom with energy of 1 eV can travel a

distance of 6 cin in vacuumn hefore it decays.
Positronium Energy Levels

Information on energy levels and annihilation rates of low lying states
of the positronium atom are essential for carrying out studies on different
aspects of quantum electrodynamics. The spectroscopic structure of positro-
nium is similar to that of the hydrogen atom. For a hydrogen atom the

reduced mass, sy, of the two body system is given as,

mpm
l‘” T - -!,'—-'e— ~ me. ASs (nlp >> 'ne) (3'27)
my + mp

where m, and m,. are the masses of a proton and an electron respectively.

Similarly, the reduced mass for positronium can also be given as,

mem 1
pp, = — o~ T, as (me = m,,) (3.2.8)
me + m 4
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where m,+ is the mass of the positron. In Eq. (3.2.8), this scaling of positro-
niuin mass will change the Schrodinger energy levels of hydrogen atom by a

factor of J and the energy levels for the positronium atom can be given as,

2.2

1 mMec’a
E,(Ps)~ -E,(H) = ———— 3.2.9
(Ps) ~ 3 Eu(H) = ™55 (3.29)
where a = gz ~ 1 is the fine structure constant. From Eq. (3.2.9), the

binding energy of the positronium atom is 6.8 eV, whereas the binding energy
for the first excited state is 1.7 eV,

Similar to the hydrogen atom, each energy level E,,, of positronimmn
atom is also further split into several sublevels. The reasons for this removal
of degeneracy in energy levels for positronium atom is different than that
for the hydrogen atom as the principal factors causing the removal of de-
generacy are quite different. For hydrogen, the mnain contributing factor for
degeneracy removal is the spin orbit (1-s) coupling. The interaction of the
electron spin with the nuclear spin (s—1I) coupling can be treated as a small
perturbation as the magnetic moment of the nuclear spin is much smaller
than the electron spin and the orbital angular momentuin. This coupling
gives the hyperfine structure splitting. However, for the positronium atom,
the equality of the mass and the magnitude of the magnetic moment of the
electron and positron makes the spin—spin (s—s) interaction a mnajor contrib-
utor to the removal of the Coulomb degeneracy. Virtual electron--positron

anunihilation also contributes significantly to the removal of this degeneracy
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Figure 3.2.3 The schematical comparison of the n = 1 and n = 2
energy levels of the hydrogen and the positronium atom. The energy level
differences are given in MHz. (from ref. 16)

as its contribution to the energy splitting is also on the same order as that
from the spin—spin coupling 6.

Fig. 3.2.3 shows the energy level diagram for the positronium and
hydrogen atomn. Here the notations are defined similar to the spectroscopic
notations in atomnic physics as n 2**!L; where j =1+ s.

The fine structure splitting of the energy levels between the triplet

and singlet states for the ground state, is given as, in the lowest order '8,

E(13S,) - E(135,) = AE, (3.2.10)



where

AE] = 02E|(P.!) (3211)

W~

In Eq. (3.2.11), the term g includes a contribution of g from spin-—spin
coupling and a factor of 1 from virtual annihilation processes. There have

been calculations for the energy splitting with higher order corrections and

to order a® terins are given as,

4 2 = 132 [4
“ ':'C[é» :(»5 i 2In2) ;a’ Inal (3.2.12)

AE| =

Similarly, the corresponding lowest order energy splitting between the triplet
and singlet AE; for the excited state n = 2,is AE, = —A-;"l. Corrections to
the n = 2 nonrelativistic energy levels to order a* and a5, have also been

calculated 18.
Positronium Atom in a Magnetic Field

The ground state (n = 1) of the positronium atomn has no zero order
Zeeman energy splitting, as the magnetic moments of the electron and the
positron have exactly the same value but oppuosite sign. The positronium

atom Hamiltonian in a static magnetic field B, is given as 1%,

H =M, t pog181.Bo + pog282.By
(3.2.13)
= H; ' "

where H, is the unperturbed hamiltonian, gy is the Bohr magneton (= 2—""" s

g is the gyromagnctic ratio for the electron and positron with -g, = gy = ¢

and s, and s; are spin operators for the electron and positron respectively.
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If By is taken along the z - direction, the perturbation term V can be

written as,
(- GettoBo
2

(0.! — 0.?) (3.2.14)

where o, is the Pauli spin matrix. This leads to non--zero off - diagonasl

elements for the ground state,

("Sp,m = O|VI*S);,m = 0) = pog.Bo(®Sy,m = 0|V|' Sy, m = 0)
(3.2.15)

= pyge By
Energy levels for positronium atomn under the magnetic field are,
E(13S),m = +1) = E(1%S,)
B(S1,m = 0) = L [B(1*S, + E'So)| + ,AEW14 28 (32.16)
)|

E(1'Sy,m = 0) = ) [E(135)) 4 E(1’S,)] - %AE. V1722

where z = 3-7-}5“453 and AE, is as defined in Eq. (3.2.10).

It is evident from Eq. (3.2.16) that the magnetic field does not have
an effect on the m = 11 states. However, it causes mixing of the m = 0
triplet and singlet states. Fig. 3.2.4 shows the Zeeman splitting '® of the n
= 1 levels of the positronium atom.

The energy splitting between the m = 41, and the m = 0 states for

the ortho—positronium is,
l ———
AE(1°S)) = JAB(V1 +27 - 1) (3.2.17)

This is a small effect. The energy splitting is only about 0.7 % of AE,
(~ 5.75ueV’) for a magnetic field of 1 Tesla. This field is much higher than the

fields typically employed for mnagnetic transport of the e* beams (~ 100- 150
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Figure 3.2.4 The Zeeman splitting of the n = 1 levels of the
positronium atom. The frequency scale is in GHz. (from ref. 16)
gauss). This suggests that ortho—positroniuin is not effected under norinal
conditions. Recently it has been uhserved that ortho—positroniumn annihi-
lation in magnetic field shows time oscillations in the angular distribution
whose frequency is dcpendent upon the hyperfine splitting 424, It has also
been proposed that this phenomena can be utilized to investigate solids with

the technique named as Positronium Spin Rotation (PsSR) 3°.

Positronium Atom in an Electric Field

The Stark effect in the presence of an external electric field E does not

affect the ground state energy levels of the positronium atom, as S state is
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the only orbital state in the ground state. However, it does generates state
mixing between 2S and 2P states. The coupling matrix element 13, 3, is
on the order of 6aye|E| where ag is the Bohr radius of the hydrogen atom.
The state mixing is proportional to V3, 3,/ A E, 2p, for the case where 13, 5,
is small in comparison to AE3,2,. Here AE;, 3, is the energy difference
between the 2S and 2P states.

The triplet 2 3S, state has much longer lifetime than 2 *P; state.
The state mixing by Stark cffect can cause the quenching of 2 *S; states.
Positronium atoms traveling in a magnetic field could be affected by a mo-

tional Stark effect due to an effective electric field, given as,

E.;y =v3 x B (3.2.18)

where g = 33 and vy = 71-’-7;7 Here v is the velocity of the positroniuin atom,

and B is the magnetic field. Only positronium atoms traveling perpendicular
to the magnetic ficld are affected by this electric field 5.

The fine structure splitting of energy AE|, for 1S state of the positro-
nium atom was measured 32 for the first time in 1951, by measuring the
small amount of mixing of the triplet and the singlet state in a uniform
magnetic ficld. Since then, there have heen many experiments carried ont
to measure the energy structure of positronium. Some of these efforts are
the first observation of Lyman—a (2P — 1S) emission from positronium by
Canter 3 et al., the first observation and measurement of 235, 23D, en-
ergy splitting in the positronium atom by Mills 34 et al., the observation of

13S,-+ 23S, transition in positronium atom with two photon excitation by
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Chu and Mills®®, and finally the accurate measurement of the corresponding

cnergy interval by Chu 3¢ et al.

3. DPositronium Deam

The observation of positronium formation in gases has led to many
other investigations on different positronium formation processes and study
of other related interactions. In the past, energetic positronium was pro-
duced mainly in gases with positron gas interactions, but recently other
positronium formation processes have shown a promise for the future, such
as the interaction of positrons with thin foils to forn energetic positronium.
Thermal positronium production occurs when positrons are imnplanted into a
solid surface, and has been used in many investigations on the fundamental
properties of positronium. This section contains a brief account on the pro-
cesses involved in positronium formation in solids and experimnental results

on energetic positronium production processes.
Processes for Positronium Formation in Solids

The physical processes that take place when positrons are implanted
in the surface of a solid are shown in Fig. 2.3.1. One of them is the emission
of thermal or energetic positronium from the surface. Several processes can
contribute to the emission of positroniuin from the surface and the char-

acteristics of the emitted positroninm will reflect those emission processes.
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When positrons are implanted in the solid, the majority of them will pene-
trate deep into the bulk and go through various energy loss processes, and
are eventually therimalized. Some of these thermalized positrons can diffuse
back to the surface if they happens to be thermalized within a distance of
diffusion length L, away from the surface. These thermalized positrons,
on their way back to the surface, may form positroninmn by picking up an
clectron at the surface and then are emitted from the surface with an energy

—€p,, provided the potential outside the surface is negative and is given as,
Py =y - - EF (3.3.1)

where ¢_ and ¢, are the work functions for the electron and positron re-
spectively. The hinding energy of positronium in vacuum is Ef = 6.8 ¢V.
This large value of Eg® makes ¢p, ncgative for many surfaces, which in turn
makes it energetically more favorable for positron to be emitted from a solid
as a positronium atom.

The other possibility for thermalized positrons diffusing back to the
surface is to get trapped at the surface in the surface potential well. These
trapped positrons can be thermally desorbed as positronium atoms at ele-
vated temperatures and emitted into the vacuum. It has been also observed
that in some insulators, positronium is formed in the bulk, with some of the
bound electrons liberated during the energy loss of the implanted positrons.
These positronium atoms diffuse out to the surface and then are emitted in

13,57

the vacuum provided the work function for positronium , defined as

¢prs = Ep - EF’ — pp, (3.3.2)
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is negative. Here Ep is the positronium binding energy in the crystal and
jtp, is the chemical potential of the positronium. Usually Eg is smaller than
Eg, therefore ¢ p, is negative for a number of crystals, e.g. LiF and NaF. All
three processes discussed above involved positrons that were thermalized in
the bulk. The positroniuin atoms produced in the above processes typically
have energy ranging from therinal energy ~ kgT to a few eV,

Another process that also leads to positroniumn formation involves
non-—thermal positrons. Although a large fraction of positrons are ther-
malized in the bulk, a small fraction will scatter back to the surface with
relatively high energy, up to the incident energy. These positrons may pick
up an electron at the surface to form a positroniuin atom, and may be then
emitted into the vacuum with relatively high energy. The positronium pro-
duced in this process is usually emitted over a broad spectrum of energies.
This energy spread results mainly from the energy spread of the energetic
positrons. Since these positrons include positrons that have not been fully
thermalized, their energies can range from the original incident energy for
those scattered without energy louss, to a few eV for those which already have
undergone various inelastic scattering and excitation processes.

The above mentioned positronium production process can be further
enhanced in at least two different ways. One of them is to use a thin filn.
If the foil is sufficiently thin, some of the incident positrons would still be
energetic enough when they approach the surface on the other side of the foil

and some of these energetic positrons would pick up an electron at the surface
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to form pousitronium atom and leave the surface as an energetic positroniumn
atom.

Another way to make positronium is to let positrons to strike the
surface of a solid at a near glancing angle, so that a large fraction of the
positrons can be scattered back towards the surface without penetrating
deep inside the bulk and without too much energy loss. These backscattered
encrgetic positrons have a good possibility to pick up an electron to form an
energetic positronium atom on their way out and then be emitted into the
vacuum. Another process which is also related to the positronium emnission
from the surface is the Ps~ emission. In this process, a positron can pick
up two electrons instead of one at the surface and formn a Ps~ jon. This
emitted Ps™ can be accelerated after its emission and then stripped of its
extra electron with a process of photodetachment 3% to give a positronium
atom. The calculated binding energy of Ps~ against breakup into Ps and a
free electron is 0.3266 eV and its expected 2y annihilation decay rate 5% is

I' ~ 2.09(9) nsec™'.
Experimental Results on Positronium Production

The different processes for positronium formation described in the last

section have been investigated and observed experimentally '3

Energetic
positronium production processes that involve non—thermal positrons and

Ps~ production have promise for future application in the study of solid
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Figure 3.3.1 Schematics of different positronium production pro-
cesses. (a) therinal and energetic positronium production from a single crys-
tal surface; (b) emnission of fast positronium by glancing angle incidence of
low energy positrons on a single crystal surface of metal; (c) variable energy
positronium production with a gas cell; (d) production of energetic Ps~ ions;
(e) fast positronium production using a thiu carbon foil. (froin ref. 23)

surfaces. Fig. 3.3.1 shows some of the possible pusitronium production

setups.
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As shown in Fig. 3.3.1, positronium negative ions were observed by
directing a 400 eV positron beam at a 40 A carbon foil **. The efficiency
for Ps™ was estimated to be (2.28 + 0.3) x 1074, It is suggested theoret-
ically that the Ps~ produced in this manner can be accelerated and then
be neutralized (photodetachment) by a laser %®. Energetic positronium of
10--500 eV, emitted from a 50 A carbon fuil, with a continuous energy spee-
trumn approximately proportional to E-3/2, when the foil was bombarded
with a positron beam of a few keV', has also been observed *'. The efficiency
for positroninm production was measured to be abont 1074 positronium per
positron per eV per sec per steradian at 50 eV. This particular process of
positroninm formation is attempted in this thesis and described more in the
next chapter.

An energetic 10—-100 eV positronium production, with ~ 20° FWHM,
by scattering a well collimated small diameter positron heam of 30-400 eV
off single crystal of Al(100) and Cu(100) surfaces at glancing angle has also
been reported 2. A total efficiency of a few percent was reported, with no
information on the energy distribution of the emitted positronium.

Monoenergetic positrons beams have also been used to carry out sys-
tematic studies of positroninm formation in gases. In these experiments,
positrons were thermalized in gas and forined positronium atoms by charge
exchange with the gas atoms. The total positronium formation cross scction
for different gases has been measured 3. There have been various theoretical

calculations of both the total and differential cross sections forn = 1 and n

= 2 states of positronium formation in H; and He gases 84~ %%, Experimental



details of positroniumn production in gases and their application to study of

3 and Tang’s ?° dissertations.

surface of solids are described in Weber’s ?

The Ps~ production approach, with its possibility to be accelerated
to any desirable energy and be energy filtered because of its charge, conld be
a useful way to make high energy monoenergetic positronium in the future.
However, the short life time of Ps~ and presently, the lack of experience
in photodetachinent of Ps~, makes it not so feasible presently. Positron-
ium production with a thin carbon foil is a very practical approach to make
positronium atoms with a range of energies. The positroninm is produced in
a UHV environment with this approach as compared to positroninm produc-
tion using the positron—gas interactions. This is a very important advantage
for carrying out studies on surfaces. The handicap of this approach is a broad
energy spectrum of the positronium atoms which requires an energy analysis
using time of flight measurements. This has been incorporated in the state

of the art beam line built at BNL for this thesis work and is discussed further

in more details in the next chapter.



Chapter 4.

Bunched Positronium Beam

1. Overview

At Brookhaven National Laboratory, the production of positronium
beam was carried out with the use of gases, on a HFBR based high flux
positron beam line. As mentioned in the last chapter, the disadvantage of
poor vacuumn conditions using this process for positronium production are
overcome by undertaking the present project. This project involves the use
of carbon foils for positronium production and hence is a UHV compatible
system. This can be used to carry out investigations on clean surfaces, with-
out gas absorbants from the gases used in the earlier positroniuin production
experitnents. This new beam line uses a 30 mCi 2?Na source and a thin single
crystal tungsten foil to prodnce a low energy positron beam, which is guided
magnetically to a trap with the capability of storing these positrons, in a
magnetic bottle at one end and an electrostatic mirror at the other end, and
bunches these stored positrons at a rate of 1 kHz. These bunched positrons
are made to hit a carbon foil target for the production of a positronium
beam. This beam further has the capability of carrying out time of flight
measurements, which in turn can provide useful information on the energy

of positroniuin atoms reflected and diffracted from the solid surfaces®”. This

46
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chapter is completely devoted to a discussion on the technical details of dif-
ferent components of this state of the art positron beam and the positronium
bheam. The last section of this chapter outlines the performance of this heam

line and the present status of the project.

2. Positron Beam

A monvenergetic positron beam is constructed at BNL for carrying
out investigations on the production of positronium atoms using thin carbon
foils. The different kind of positron emission sources were discussed in detail
previously in chapter 2. At BNL, there are two different means by which
one can obtain monoenergetic positron beams. The most widely used one is
radioactive 3+ decay from: a 22Na source and the other, not available at the
moment, is radioactive #* emission from a %4Cu source. It is expected to
be available again by the end of this year, for use at the high flux positron
beam facility recently built in Bldg. 480 of Brookhaven National Laboratory.
Radioactive 22Na is chosen for its reasonable halflife of 2.6 years, and the
branching ratio for the positrons. The branching ratio is defined as the ratio
of number of positrons emission to the total number of the decay emissions,
and is 0.90 for a 2?Na source. The decay scheme for ??Na is shown in Fig.

2.2.1 in chapter 2.
Positron Source

The 22Na radioactive source used in this experiment was produced

as a result of the development program undcrtaken at the Brookhaven to
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Figure 4.2.1 Schematic of the 2?Na source.

80 A schematic of the

produce an intense, high positron yield 2?Na source
32Na source capsule is shown in Fig. 4.2.1.

Details of the source deposition and the method used to determine the
effective yield of At are described in detail in the paper by Huomo et al.%®.
The source installed in this beam line had an activity of ~ 30 inCi, at the

time of its installation in the beam, with a 8% effective yield of ~ 25 %, and

an active arca of diameter ~ 6 mn.
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Moderator

A detailed discussion on the processes involved in inoderating the high
energy positrons and the various geometrical configurations utilized for low
energy positron beain production are described in chapter 2. The discovery
of the inoderation process revolutionized the low energy positron beam pro-
duction by reducing the mean cnergy and the energy spread of the positrons.
It also made it possible to enhance the usable range of the positron energy
spectrum from various §*+ decay radioactive sources. The radioactive decay
of 22Na atoms produces positrons over a wide range of energy with the distri-
bution having the shape of the usual 3+ decay spectrum. It is characterized
by an end point energy of 0.545 MeV. The moderation process is usually
performed with the use of a well annealed crystalline material, together with
a radioactive source either in transmission or reflection geometry. The reflec-
tion mode of the moderator has the disadvantage of creating a shadowing of
the source in the positron beam. On the other hand, the transmission geome-
try of the moderator has a well defined phase space for the positrons emitted
by its surface and it is much easier to extract these positrons for transport
with an electrostatic or a magnetically guided beam. Vane type moderators
have the disadvantage of producing positrons with relatively large transverse
energy spread °°.

The aterials used for the moderator has a negative work function
¢+, for positrons, and the positrons emitted by the moderator surface are
characterized by a typical mean longitudinal energy of ~ 3 eV and an angular

spread which is governed by the transverse energy of the emitted positrons.



The measured energy width (FWHM) for these emitted positrons is ~ 75
meV at room temperature and this corresponds to an angular spread of
about ~ +£10° normal to the surface of the moderator 32.

The historical development of different materials used for the moder-
ators, with their efficiencies can be found in the literature '3**. The moder-
ation efficiencies for different thin foils (thickness ~ 0.3 to 7 um), have been
measured for many inaterials such as tungsten, nickel, tantalum, molybde-
num, niobium, and copper 7. These studies indicated that the moderator
efficiency increases as the thickness of the single crystal decreases. Single
crystals of tungsten and nickel provide the highest efficiency, 5.9(3) x 10 4
and 6.6(3) x 10~ 4 respectively. Although the nickel thin foil showed a higher
initial efficiency, it degraded fast as compared with the tungsten thin foil
when exposed to poor vacuum.

The tungsten single crystal has a good moderation efficiency and is
not so sensitive to the vacuum conditions, making it a good choice for a
moderator. For this beam, a 5000 A thick foil of tungsten single crystal
with (100) orientation was used. The thickness of the foil was of the order
of the positron diffusion length L, inside the crystal. The moderator was
sandwiched between two 90 % transmission high purity tungsten meshes.
This mesh was spot welded onto a tantalun ring of thickness 0.040 inches,
with an inner diameter of 10 mm. The moderator foil also had the same
diameter of 10 mm. Before installing this moderator in the beam line, it
was annealed and treated with oxygen in high vacuum (low 1078 torr). This

annealing was performed to ensure that the tungsten foil has large degree



crystal ordering and very low density of defects. This enhances the moderator
efficiency as positrons will not be trapped at impurity or defect sites and
hence will have a large diffusion length.

The moderator assembly was mounted on a plate along with two ex-
traction grids of 90 % transmission each. The plate itself was mounted on a
six inch Conflat flange, and also had an electron gun assembly mounted on
it. This electron gun can be used for annealing the moderator in situ. The
chamber containing the source and the moderator assembly can be isolated
from the rest of the beam line with a 4% inch gate valve, as shown in Fig.
4.2.2. The source end is maintained in UHV range (low ~ 10~° torr), with
a Varian ion pump with pumping speed of 220 liters/sec.

The 22Na radioactive source was mounted on a retractable linear
feedthrough with 10 inch linear motion. This linear feedthrough is used
to position the source on the heam axis and to center it with respect to the
moderator assemnbly. Furthermore it can also be used to retract the source
away from the moderator when the electron gun is used for annealing. The
radiation from the radioactive source was completely shielded with a lead
brick housing at the source end chamber of the beam line. The separation
between the front of the source and the moderator was arranged to be ~ 2-3
mm, so that the large solid angle subtended by the source on the modera-
tor surface produces the maximuimn number of high energy positrons incident
on the moderator surface. The source and moderator assembly were also

arranged so that both can be maintained at the same potential.



Positron Transport

The low energy positrons were electrostatically extracted from the
source/moderator in transmission type geometrical configuration and were
magnetically guided to the target. A schemnatic of this arrangement is shown
in Fig. 4.2.2. The magnetic coils numbered 1-23 were used to transport
magnetically the positrons from the source to the target. The different re-
gions of the beam line as shown in Fig. 4.2.2 are discussed individually in
more detail in the following sections. The positrons were transported from
the moderator at very low energy, on the order of ~ 2—5 eV. For the positrons
extraction fromn the moderator and their transport to the target, a special
effort was made to ensure that positrons would not gain undesired transverse
energy before they approach the region of the magnetic mirror. The axial
magnetic field for transporting positrons was usually kept in the range of
100--110 gauss except in the region of the magnetic mirror.

Not shown in the schematic of the positron beam in Fig. 4.2.2 is a set
of vertical and horizontal Heliholtz coils installed around the beam line to
cancel out the effect of the residual earth magnetic field on the transport of
the moderated positrons. This also helps to cancel the effect of the localized
magnetic fields in the room. Eventually it can also be utilized to steer the
beam along different regions of the beam line. The magnetic field in the
magnetic mirror section was arranged to be more than twice the magnetic
field used for transporting the positrons. The reason for this different mag-
netic field in the magnetic mirror region is explained in detail in the section

on the magnetic mirror.



Once moderated positrons are electrostatically extracted from the
source end, they are made to pass through a set of energy filters, naned
E x B filter. The E x B filter consists of a set of parallel plates so that the
electric field between these parallel plates is transverse to the axial gniding
magnetic field and hence to longitudinal velocity of the positrons. The effect
of this transverse electric and inagnetic field is to cause a drift in the gyration

centre of the positrons, with a constant velocity "' 1, where
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The transverse drift of the positrons depends upon their energy and
the time they spend in the E x B region. The direction of the drift is
independent of the sign of the charged particles, but does depend on the
direction of the electric and magnetic field.

The beam line is also installed with two Hevi-Met (an alloy of tung-
sten and copper) collimators of 2 inch thickness and a 10 mun hole located
off center by 0.625 inch and on center respectively. The off center collimator
is located between two E x B filters, while the on center collimator is just
after the second E x B filter. The positrons transported from the modera-
tor consists of both low energy moderated positrons along with high energy
positrons, which did not completely lose their energy in the thermalization
process. To filter out these positrons, the moderated positrons are drifted
off the axis of the beam line with the help of the first E x B filter and then
brought back to the beam axis using the second energy filter. The high en-

ergy positrons transported along with the moderated positrons, do not get
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Figure 4.2.2 Schematic of the setup of the low energy positron beam
for pulsed positronium. The labeled components are discussed in more detail

in this chapter.
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enough drift from the first ExB filter, as they spend less time in the filter
than the moderated positrons. Hence these high energy positrons will he
stopped and absorbed by the first collimator.

The total length of the beam line, shown in Fig. 4.2.2, from source to
the target end, is ~ 5.5 meter. The solid angle subtended by the moderator,
with 10 iInm diameter and a 10 1nm aperture in the center of the Hevi-- Mect
collimator, along with a detector of 256 min diameter at the target end, is
~ 10°%. Therefore in the present set up, both E x B filters along with the
first off center Hevi - Met collimator are left out. However, if necessary, these
E x B filters and the collimator can be installed at the positions indicated in
Fig. 4.2.2. One of the disadvantage of using E x B filters is that they usually
impart a transverse energy to the the positrons passing through them, due
to the fringe fields at the edges of the parallel plates. In the present set np,
it was crucial to avoid imparting any unnecessary transverse encrgy to the
low energy positrons. Therefore, it was decided for the present experiment
not to utilize any of the energy filters, but rather usc a small solid angle to
achieve a good signal to noise ratio,

The moderated positrons, on being transported further, make their
way throngh the magnetic mirror, rf cavity, and finally through the buncher
to the target chamber. In the target chamber, the positrons are detected
either with a channel plate (CEMA) or a scintillator detector, on being an-
nihilated at the annihilation plate. This beam can store the positrons in the
combined region of the magnetic mirror and the active part of the buncher

section of the beamn line, and further bunch these stored positrons into a



pulsed beam, whose pulse width (FWHM) is ~ 17 nsec. The buncher section
of the beam line is responsible for providing this pulsed beam. The princi-
ples underlying these individual components utilized for storing positrons in
a bottle, then bunching the stored positrons in the bottle, and then into a

pulsed positron beam are discussed in the following sections.

Magnetic Bottle

For a charged particle in a uniform, static, magnetic field B the trans-
verse motion is periodic. The action integral for this transverse motion is

given 7! as,

J= fﬁi dl (4.2.2)

where P, is the transverse component of the canonical momentum and dl is
a directed line element along the circular path of the particle. The canonical
momentuin is given as,

P=p+-A (4.2.3)

[ WA ]

where ¢ is the velocity of light in vacuum, p = ymu is the relativistic mo-
mentum, and vy = /1 - 'C‘; -l.

It is known that if a change in property is adiabatic i.e. slow as
compared to the period of the motion, the action integral is invariant. In
this case if the particle in motion is taken from a small magnetic field to a
larger magnetic field which is changed adiabatically, the final motion of the

particles will be such that the action integral has the same value as it had in
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the lower magnetic field. The action integral defined in Eq. (4.2.2), can also

be written 7' as,

J = ymwpna? = f(B?mz) (4.2.4)
(o

where wy = 7—'"—"35 is the gyration frequency of the particle in magnetic field
B and a = % is the gyration radius of the particle in magnetic ficld B. The
quantity Bra? is the flux through the particle’s orbit.

If the particle moves through regions where the magnetic field strength
varies slowly in space or time, the adiabatic invariance of J in Eq. (4.2.4)
means that the flux linked by the particle’s orbit remains constant. If B

2 remains un-

increases, the radius a will decrease so that the quantity Bma
changed. This constancy of the flux linked with the particle motion can
further be rephrased in several ways, involving the particle’s orbit radius, its
transverse momentum and its magnetic moment. These different statements
all take the form that Ba?, p, /B, or yu are the adiabatic invariants, where
it = (ewpa?/2c), is the magnetic moment of the current loop of the particle
in orbit. In the presence of static magnetic fields, the speed of the particle
is constant and its total energy does not change.

A simple situation in which the magnetic field B is mainly in z direc-
tion, with a small gradient in the same direction, is illustrated in Fig. 4.2.3.
In addition to the z component of the field, there is also a small radial com-
ponent due to the curvature of the lines of force. For a cylindrical symmetric

magnetic field By, the magnitude of the velocity of the particle is a constant.

So at any position along the z axis, the velocity is,

vﬁ +03 =0 (4.2.5)
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Figure 4.2.3 An illustration of the behaviour of a charged purticle
in a magnetic field with a gradient and its reflection from the region of the
magnetic mirror. (from ref. 71)

where

vi=v3,+ vﬁo (4.2.6)

is the velocity of the particle at z = 2o, and v)o and v, are the paralle] and
perpendicular components of the velocity of the particle at position z = z,.
As the flux linked with the magnetic field is a constant of the motion,

for two different regions of the magnetic field, it can be written as,



where B is the magnetic field at z = z;. This relation can be used to find
the parallel velocity at any position along the z—axis. Substitution of this

relation in Eq. (4.2.5) gives,

B(:)
B,

2 2

v = v - vi, (4.2.8)

If B(z) increases enough, eventually the right hand side of Eq. (4.2.8) will
vanish at some point z = z,,. Physically this implies that the particles spirals
in an ever tighter orbit along the lines of force, converting more and more
of its translational energy into energy of rotation, until its axial velocity
vanishes. Then it turns around, still spiraling in the same sense, and moves
back in the negative z -direction. Hence the particles are reflected back
by this spatially varying magnetic field. This is the principal behind the
magnetic mirror i.e. the reflection of the charged particles by regions of
strong magnetic field. The magnetic mirror is shown Schematically in Fig.
4.2.3.

The condition for particles to be reflected back is that the parallel
component of the velocity v of the particle is zero. Therefore Eq. (4.2.8)

can be rewritten, substituting vy from Eq. (4.2.6), as,

v2 B
= (e -1
Lo 0 (4.2.9)
o = (.Biﬂ —~1)
Vio B,

So from Eq. (4.2.9), it is evident that the criterion for trapping is,

Vlin AB,,, N
——- —_ = .2.10

Ui 0
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The magnetic field distribution as shown in Fig. 4.2.3 can be produced with
solenovidal windings over somne region of space, and additional coils at the end
to provide a much higher magnetic field at that end. Tle particles injected
in this magnetic field region will spiral, along the beam axis and be reflected
by the magnetic mirror at the end. If the ratio of the field at the mirror end
B, to the ficld away from the magnetic mirror By, is very large, then only
particles with a very large component of the velocity parallel to the axis can
penetrate.

If the particle velocity makes an angle 8 with the direction of the
magnctic field along z--axis, then the Eq. (4.2.7) can be expressed as,

sin? § = g sin? 6, (4.2.11)

0

Here 6, is the initial value of @ in the region where the magnetic field valne
is By. For a magnetic mirror field B,,, all particles for which sin’ 8y exceeds
By/B,, will be reflected back. This angular distribution of velocities can
be related to a quantity called the coefficient of reflection R defined as the
fraction of the particles reaching the magnetic mirror per unit time that are
reflected, provided the velocity distribution is isotropic. For a particle with
initial velocity v, the number of particles reaching the magnetic mirror per
second, in the interval of solid angle df?, will be proportional to cos8,dS?.

The coeflicient of reflection is,

.fo’;i 20' cos 8pdf2

fo:fo cos 8,dS}

R (4.2.12)
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where sin’ 8, equals By/B,,. As df! equals 27 sinydfy, R simnplifies to,
R=1-322 (4.2.13)

Since R does not depend on the assumed initial velocity, the same coefficient
of reflection applies for an arbitrary velocity distribution, provided that the
distribution is isotropic. It also shows that only particles with incident angle

6 > 6y will be reflected by the magnetic mirror.
RF Cavity

The tf cavity is located between the magnetic mirror and the front
end of the electrostatic buncher. It is shown in the schematic of the positron
beam in Fig. 4.2.2. The tf cavity has the very crucial function of imparting
a transverse energy component to the low energy positrons passing through,
so that they satisfy the condition for trapping in the magnetic mirror on
their trip back from the electrostatic mirror. The rf cavity is driven by a
Hewlett Packard rf frequency generator model no. HP 608 F, together with
an Electronic Navigation Industries (ENI) broadband power amplifier model
no. 601L with capability of 30 dBm gain. The rf frequency generator can be
tuned to a range of frequencies from 200480 MHz. The frequency and the
amplitude (maximum ~ 1 V) of the driving voltage from the rf generator are
carefully tuned to excite the cyclotron resonance frequency of the positrons
and their optimum trapping in the hybrid trap, made up of a magnetic mirror
at one end and an electrostatic mirror at the other. The Q factor of the rf
cavity used in this experimental setup is large. Therefore it is not necessary

to have a very accurate and highly stable rf frequency generator.
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A cross section of the tf cavity is shown in Fig. 4.2.4. The rf cavity
has a set of parallel plates which act as capacitor plates. Thesec plates are 1
in. apart, 2.5 in. wide, and 4 in. long. The parallel inductance is provided
by the vertical plates. There is no insulator placed in the cavity to hold these
plates, as they could charge up and deflect the low energy positrons. The
input impedance of the rf cavity is ~ 50 ohm and no imnpedance matching
clements are required to drive it. The clectric ficld between the parallel plates
is transverse to the axial magnetic field.

The motion of the positrons in this crossed static magnetic field and rf
electric field with frequency w is worth examining in detail. Motion where the
angular frequency w of the rf field is equal to the cyclotron frequency w. of
the positrons, is responsible for itnparting the required transverse component
of the energy to these positrons in the magnetic bottle.

An oscillatory electric field can be written as,
E = E, cosaut (4.2.14)

where Ey is the amplitude of the field and is perpendicular to the magnetic
field B, and the frequency of the field w (= &3), is in resonance with the
cyclotron resonance frequency w. of the positrons.

The equations of motion for positrons in this rf driving field are,

T = —(-’-Eo coswt + iBg
m me

) e (4.2.15)

y=- —-—Dz

Here the positrons are moving in the z direction and the magnetic field B is

in the z direction.
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Figure 4.2.4 The cross section of the rf cavity for exciting cyclotron
oscillations to trap positrons in the magnetic bottle. Also shown is the rf
frequency generator and the amplifier used to drive the cavity.

Assuming the initial conditions,
rog=0 and ¢ = vy

Yo = To and yo =0

where ro = %2
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Integrating Eq. (4.2.15) and using the initial conditions, we have,

. € .
& = —— Eysinwt + wy

mw (4.2.16)
Yy = —wr

From Eq. (4.2.16), x can be eliminated and y can be given as,
j1wly=- - Ey sinwt (4.2.17)
m

and the solution to this equation of mnotion is,

1
y= ™ cos (wt + o) - ‘—v-e—-Eo(sinwt - wtcoswt) (4.2.18)
w 2 mw?

Similarly Eq. (4.2.16) can be solved for x to give,
1
r = 2 sin (wt + ¢o) + ——e——Eot sin wt (4.2.19)
w 2mw
The kinetic energy W of the positrons is,
R PR
W= 2~m(:1: +y°) (4.2.20)

Differentiating Eq. (4.2.19) and Eq. (4.2.18) and substituting into

Eq. (4.2.20) for ¢y = 0, the kinetic energy can be given as,

1 2
é 7%”—2 Eg Sin2 wt
- (4.2.21)

. 1 €? .
+ - —?E" sin 2wt + ~—P—E§tsm2wt
4 w 8 mw

.1 1 1e?
W = ‘2ng t éEoCl'(p' + 8'—’;ng2 4

In the equation above the first term represents the initial kinetic energy, the
second increases linearly with time t, the third increases as the square of t,
and the rest are ouscillatory terins. These oscillatory terms do not have inuch

significance. The time for which the impulse is given to the positrons in the



cavity is short, therefore the third term mainly determines the absorption of
rf energy by the positrons in the rf cavity.

Eq. (4.2.21) was considered for positrons with integration constant
¢do = 0. The effect of ¢¢ # 0 can be seen from the expressions for x and y in
Eq. (4.2.19) and Eq. (4.2.18). Ast increases, the term with factor ¢¢ becomes
negligible compared with the other terms. This incans that the particles for
which ¢ # 0 are eventually pulled into phase with the applied electric field

and their energy W increases approximately as given by Eq. (4.2.21).
Electrostatic Buncher

The next component in Fig. 4.2.2 after the rf cavity is the buncher.
This buncher and its related components were built under the direction of
Dr. Allen P. Mills, Jr. at AT&T Bell Laboratories. Bell Laboratories also
generously provided all the required parts and equipment needed for the
project.

The basic constraint on any attempt to bunch particles is Liouville's
theoremn which states that the volume in phase space occupied by an enscmble
of particles is conserved in the absence of dissipative forces 2. Within this
constraint, it is possible to increase the instantaneous intensity of a slow
positron beam by trading encrgy resolution for spatial density.

The continuous beam of slow positrons is trapped in a magnetic bottle
and bunched into short pulses using a parabolic accelerator 2. The mechan-
ical and electrical schematics for the electrostatic buncher are shown in Fig.

4.2.5. The positrons are trapped after passing through the pinched magnetic
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field at the entrance to the magnetic bottle with the use of a transverse rf
field tuned to the positron cyclotron resonance frequency.

The buncher ™ is made up of 100 rings of non — magnetic 304 stainless
steel and is 75 in. long. The rings have a 1.0 in. inside diameter, 1.375 in.
outside diameter, and a length of 0.725 in. These rings were clectroplated
to avoid sharp edges. This helps in minimizing the perturbation of the uni-
form electric field along the rings and hence the buncher. These rings are
supported on a 304 stainless steel frame. This stainless steel frame has 100
equidistant holes in the bottom plate consisting of ceramic mounts, holding
the 100 rings of the buncher in place. The buncher rings are centered and
clectrically isolated from this frame by 0.5 in. diameter quartz insulator rods
on each side. This assembly is shown schematically in Fig. 4.2.5. This whole
assembly of frame and rings is arranged so that when mounted inside the
beam line, made up of 6 in. conflat flange and 4 in. outside diameter vacunm
tubing, the center of the rings of the buncher on this frame coincides with
the center of the beam line.

The buncher accelerator is divided into two sections and these buncher
rings are connected together with two separate resistor chains. The first one
is an active part and the second one is a passive part. The length of the
active part of the buncher is 45 in. while the passive part is 30 in. This
division of the accelerator into two sections is useful in keeping down the
spread in the positron bunch width. Ring numnber 49 is at about + 15
volts to repel the positrons prior to forming a bunched pulse, and hence it

also closes the far end of the bottle. So positrons are trapped in a bottle
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Figure 4.2.5 Schematic of the cross section of the buncher assembly,
showing the buncher ring and its related support system.
consisting of the magnetic mirror at one end and the electrostatic mirror at
the other end, i.e. ring number 49. The passive part of the accelerator is
biased negatively at ring number 11. The first 39 rings, part of the passive
part of the accelerator, are connected to the high impedance divider chain
that approximates quadratic potentials at positions 11-49, of the form V, =
const.x z?. Here z—direction is taken along the beam axis and the origin is

at the target. The resistors used for making this impedance divider chain are
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high precision metallic filim resistors specially designed for ultra high vacuum
application. Ring number 11 and a drift tube attached to it are biased at
negative potential V,,.

The active part of the accelerator is designed to continue the quadratic
potential and is actually a distributed 50 §) attenuator. Buncher rings
50-110 are connected to the 50 N attenuator that continues the sequence
of quadratic potential V, = const. x2z?. DParallel resistors are high power
metallic thin filn resistors. The values of different resistor are shown in Fig.
4.2.6. The series resistors leads were kept very short and were connected to
the consecutive rings, by spot welding the short leads to thin foils of tanta-
lum on each ring. This helped in minimizing the induction effect on delay
of the propagating pulse along the buncher. A test pulse can be fed to ring
number 110 and its delay to different parts of the buncher can be monitored.
The paralle] resistors as shown in Fig. 4.2.6. One end is connected to a ca-
pacitor plate C with capacitance =~ 3nF, and the other end of the capacitor
is grounded. This capacitor is made by sandwiching a thin sheet of mica as
a dielectric media between two stainless steel metal plates.

When a 5 nsec 10% — 90% rise time pulse is applied to ring number
110, the delay before it reaches ring number 58 is 4.2 nsec. The pulse spec-
trum at some of the resistors of the pulser is shown in Fig. 4.2.7. These
spectruins were taken with LeCroy digital scope (model number 9450). with
350 MHz band width. The pulser used for the input pulse was from E - H re-
search laboratories, model number EH 123A while the probe used to measure

the output pulse from the accelerator was Tektronics model number P6122.
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.2.6 The schematics of the buncher voltage divider chain. It

Figure 4
is arranged so that the impedance o

driving source.

{ the divider chain is inatched with the
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(8)

(d)

Figure 4.2.7 The pulse spectrum of the test pulse at different places
in the accclerator. The front end of the pulse is shown at rings: (a) 110; (b)
98; (c) 86; and (d) 58 respectively.



The delay for the pulse propagation is ~ 1.3 times longer than that
due to the velocity of light, principally because of the inductance of the series
resistors and their connections. For an ideal case, with no inductance, this
delay would have been ~ 3.3 nsec. At ring number 54, the rise time of the
accelerator network is about 6 nsec with about £10% overshoot.

The measured characteristic impedance of the the active part of the
buncher installed in the 4.0 inch outside diameter beam linc, between rings
110 and 50 is 50.2 2, while the impedance of the passive part hetween rings

49 and 11 is 29.10 MQ.
Beam Pulser

The high voltage pulser for driving the buncher, is a thyratron based
circuit 1. A HY2 thyratron from EG&G Ortec is operated with a floating
cathode. The grid of the thyratron is triggered by an avalanche transistor
as shown in Fig. 4.2.8. The avalanche transistor is triggered by a pulse
generator linked with a 1 : 1 transformer. The use of a zener diode across
the avalanche transistor helps considerably in the improvement of the pulse
shape. The pulser for triggering the avalanche transistor generates square
pulses of amplitude ~ 2 — 5 volts and is usually operated at a frequency rate
of 100 — 10,000 Hz.

The filament power is supplied through a high frequency transformer.
This high frequency (~ 50 kHz) is generated by a Motorola programmable
timer MC14536B, amplified by an Apex PA02 operational power amplificr

and is finally linked to the heater tab by a transformer with a ratio of 2 : 1.
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The transformer has mylar tape insulation between its windings. This high
frequency tf power supplied to the heater stub of the thyratron is adjusted
to give 6.3 volts acruss the thyratron filament after it has warmed up. The
anode circuit of the thyratron consists of a delay line for pulse shaping and
a high voltage power input, V4. The delay line is made up of a 50 foot long
RG -214/U coaxial cable. The output delay time is ~ 150 nsce and its rise
time is 15 nsec 10% - 90 %. This rise time of the pulse from HY2 thyratron
to 15 nsec is achieved by adjusting the voltage + V, of the 1 15 volts power
supply, as shown in Fig. 4.2.8.

The pulse output from the pulser is used to drive the active part
of the accelerator, as discussed in the previous section, with characteristic
impedance of ~ 50 §). The typical width of the pulse is ~ 200 nsec, more
than the time required for collecting the positrons from the buncher. For
example, the collection time for a buncher driven by a 2.5 keV pulse is about
100 nsec. The shape of the output pulses for three different input anode
voltages V4 (from 1 to 3 keV) on the anode of the thyratron are shown in
Fig. 4.2.9.

Whenever a pulse is generated by the pulser, a signal is picked up
inductively. This inductively picked signal is used as one of the timing signal.

This will be discussed more in the following sections.

3. Beam Operation

The moderated positrons are extracted electrostatically from the sour-

ce chamber at low energy and transported with the axial guiding magnetic
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Figure 4.2.9 It shows the output pulse shapes from the pulser,
driving a 50 §2 impedance load, for three different anode voltages V4 on the
thyratron anode. The V4 voltages are 1, 2, and 3 keV respectively.



field to the target end. The voltage at the source/moderator assembly is ~
2.5 volts while the grids on the moderator assembly are grounded. The typi-
cal guiding field is ~ 100 gauss along the whole beam line except in the region
of the magnetic mirror. This region has a magnetic field ranging between
~ 200-250 gauss, as shown in Fig. 4.2.2. Those low energy positrons with
very sinall transverse energy component make it through the magnetic mir-
ror region, are trapped in the magnetic bottle, and subsequently bunched
into a short pulse using a parabolic potential accelerator. The positrons
are trapped in the magnetic hottle after first passing through the pinched
magnetic field at the entrance to the inagnetic bottle and then through a
transverse electric field tuned to the positron cyclotron resonance frequency.
These positrons are imparted with a high transverse energy E| when they
pass through the rf cavity. The frequency and the amplitude of the f driv-
ing voltage is carefully tuned for optimum trapping. For the magnitude of
magnetic fields mentioned earlier, the rf cavity tuniug parameters are typi-
cally ~ 280 MHz and amplitude of ~ 0.8 volts for the optimal storage of the
positrons in the magnetic bottle.

As discussed in the section on the magnetic mirror, the magnetic
mirror transmits the particles if the ratio (5—{) of the longitudinal (E)) to
the transverse (E | ) energies for these particles is greater than (B, /By — 1),
where By is the value of the magnetic field outside the mirror region while
B,, is in the mirror region. The accelerator ring 49 is kept at a positive
voltage and is adjusted to repel back the positrons during the accumulation

period. This acts as an electrostatic mirror and closes the end opposite to



the magnetic mirror in the bottle during this accuinulation period for the
positrons.

The active section of the buncher is also biased at a simall positive
voltage in order to slow down the positrons in the accumulation region. This
is done by applying a positive voltage very cluse to the positron beam energy
to ring number 50. This end is also terminated with a combination of a 50
2 resistor and a capacitor. If the magnetic field By is uniform, positrons
will return back to the rf cavity in phase and again reflect back from the
magnetic mirror. However, a non uniform field can cause an indefinite phase
shift ainong the positrons. Therefore an effort is made to make the magnetic
field uniform, with the use of solenoids, in the region of the accumulation
stage of the buncher, as shown in Fig. 4.2.2. The positrons are dumped ont
of the magnetic bottle by the accelerator section as shown in Fig. 4.3.1.

In the active part of the buncher, the values of the resistors between
the rings are chosen to make a quadratic potential well, whenever a high
voltage pulse from the pulser is applied to the front end of the accelerator at
ring number 110. The positrons initially have low velocity in the accelerator
section and thus all will arrive at the minimum of the quadratic potential
after one quarter of a simple harmonic oscillator period. The target is placed
at this minimum 7.5 inches away from the last ring 11 of the passive part of
the buncher. The active part of the accelerator is usually operated at 1 kHz
or lower frequency, and it is limnited to this repetition rate because of the

heating of the resistor chain in vacuum. When the buncher is operated, the
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Figure 4.3.1 Schematic of the becam section containing magnetic
mirror, rf cavity, active part of the buncher, and the electrostatic mirror

region.
potential distribution along the length of the buncher looks like the quarter
period of the simple parabolic potential as shown in Fig. 4.3.2.

As shown in Fig. 4.3.2, the front end of the buncher at ring number
110 has much higher voltage than the voltage on the electrostatic mirror end,

at ring number 49. This makes all the positrons collected in the active region

of the accclerator between ring numbers 100 and 49 dump out of the bottle
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Figure 4.3.2 The potential distribution on the active and passive part
of the buncher. The solid line indicate the pulsed potential distribution on
the active part of the accelerator, when pulsed. The dark solid line indicates
the potential distribution over the whole buncher during the accumulation
stage.

and get bunched at the minima of the quadratic potential, which is also the
center of the target chamber. It takes about 100 nsec for all the positrons

collected during the accumulation period of the buncher to clear out of the

whole length of the buncher.



The bunched positrons are detected at the center of the target cham-
ber either by a 3 inch x 3 inch Nal(T1) scintillator detector or a channel plate
(CEMA : channel electron multiplier array). This channel plate is mounted
on a linear feedthrough and is capable of 3 inch travel along the beam axis.
It is also arranged so that when the target is mounted, the target sits at
the center of the target chainber. The center of the target chamber is also
arranged to be the minima position for the quadratic period of the harmonic
potential well. The channel plate then can be moved back and forth behind
the target on the heam axis and hence it is possible to change the solid angle
subtended by the detector. The minimum distance that the channel plate
can approach the target is ~ 1 inch. A grid with 90 % transmission is placed
behind the target, between the target and the channnel plate. This grid is
used to repel charged particles, when the target is positioned at the beam
line axis.

The photomultiplier tube used with the Nal(Tl) detector is a RS2238
photomultiplier manufactured by Hamamatsu. These tubes are designed so
that they are less sensitive to magnetic fields than conventional ones. For
detection using a Nal(Tl) scintillator, the positrons are annihilate first on an
annihilation plate and then 511 keV vy —rays are detected with the Nal(TI)
detector. In case of channel plate detector, the positrons annihilate at the
front plate of the detector itself. Later, the same channel plate is used for
detecting the positronium beamn. The channel plates efficiency for detecting

y—rays is about 1073 while for charged particles it is much higher. This
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reduced sensitivity to v - rays helps to reduce background from annihilating
positrons at the target.

The target is mounted on a linear feedthrough capable of linear travel
of 3 inch. The target holder consists of three : inch holes. Oune hole is used
to mount a 50 A thick carbon foil on a grid mesh. The carbon foils are
described in the section on the positronium beam. Another hole is covered
with a stainless stecl plate while the last hole is left open. This open hole is
used for alignment of the beam and the target, while the hole covered with

a stainless steel plate is used for measuring backgronnd counts.

4. Performance of the Beam

The performance of the rf cavity, magnetic mirror, and the buncher in-
stalled in this beam line is monitored by detecting positrons with the CEMA
and then carrying out timing analysis of the detected positrons with respect
to the signal from the pulser, which is also used for triggering the front end
of the active part of the buncher.

Schematic of the necessary electronic setup is shown in Fig. 4.4.1.
The pulse from the buncher used for driving the active part of the buncher
is utilized as a start signal for the time to amplitude converter (TAC), and
positrons stored in the buncher, on their arrival at the CEMA in a bunched
form provide a stop signal. The typical efficiency of the CEMA for charged
particles like electrons is 50 -85 % in the energy range of 0.2—2 keV and

10-60 % in the energy range of 2--50 keV "5 Positrons arriving at the
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timing analysis of the positron bunches with respect to signal for triggering

Figure 4.4.1
the front end of the buncher.
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CEMA from the magnetic bottle and the active part of the buncher are
correlated in time with the driving signal of the active part of the buncher.
The spectrum of this time correlation was recorded on a Canberra series 35
multi channel analyzer (MCA). A typical tite spectrum of the positrons
arriving at the CEMA when the active part of the buncher was driven at 1
kHz is shown in Fig. 4.4.2. This data was collected for 5000 sec and the time
window on TAC was 400 nsec. The channel numbers can be converted to
time scale by multiplying channel numbers with a conversion factor of 0.098
nsec/channel. The maximum stop signals due to the bunched positrons at the
CEMA were about 720 for 1 kHz rate of the start signals from the buncher.
It was also observed that the rate of stop signals drops by at least a factor of 7
when the rf cavity was turned off or tnned away from the cyclotron resonance
condition. The remaining signals were either due to the low encrgy positrons
in transit in the buncher during the triggering of the buncher or the high
energy positrons. The data in Fig. 4.4.2 shows the subtracted spectrum of
beain on and beam off.

The bunched pulses of the positrons for this setup of the buncher
and under the operating conditions described in the earlier sections of this
chapter gave a time distribution of full width half maxitnum (FWHM) of ~
17 nsec. This time spread consists of both contributions fromn the electronics
and from delay in pulse propagation along the buncher. The time spread
in the pulse because of the contribution due to the buncher alone typically
is about 8 nsec 3. In the absence of the inagnetic bottle, there was no

indication of any peak in the time spectrum as the arriving positrons had
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no time correlation with the start signal. The shape of the timing spectrun
in Fig. 4.4.2 was very much dependent upon the position of the CEMA
with respect to ring number 11 of the buncher. With rough estimates of the
efficiency of the source and the 63 % combined efficiency of the buncher and
the bottle 73, it was estimated qualitatively that there were at least one to
two positrons per pulse and the positrons were able to get trapped in the
bottle at least in the range of 108 to 1075 sec. This conclusion was hased
upon the estimates on the efficiency of the CEMA (50 -85 % for positrons
in the energy range of 300 eV to 2 keV) and a flux of 1 x 10° e* /sec from
the moderator. It was not possible at present to measure quantitatively
the number of positrons per pulse due to the lack of equipment such as a
digital storage oscilloscope and a fast scintillator detector. The number of
positrons per pulse quoted here is only a lower limit on the possible number

of positrons per pulse.

5. Positroninin Beam

The positron pulses obtained fromn the buncher were made to strike
a 50 A thick carbon foil. The target was arranged to he about 7.5 inches
away from the last ring (number 11) of the buncher, which is coincident
with the minimum of the quarter period of the potential distribution of the
buncher. The target, i.e. the carbon foils of varying thickness, was obtained

76

commercially fromn Arizona Carbon Foils Co. and delivered on glass

slides. These foils were floated off onto a water surface and then mounted on
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Figure 4.4.2 Typical time spectruin of bunched positrons arriving
at the CEMA. The buncher was driven at 1 kHz. The zero of the timne scale
was taken as the opening of the electrostatic mirror end of the buncher. The
channel numbers can be converted to timme scale by multiplying it with 0.098,
i.e. the conversion factor is 0.097 nsec/channel.

a target holder, which had a copper grid mesh with ~ 20 lines/inch, covering
the 3/4 inch diameter hole in the target holder.

A positron on passing through the carbon foils can pick up an electron
at the exit surface of the foil and with this process of charge exchange can
forin a positronium atom. Beside this process, it is also possible for pusitrons
to undergo other processes such as Ps~ formation *°. Positronium formed
on transinission through the carbon foil was detected with the channel plate

located about ~ 1 inch behind the foil while the grid in betwcen the target



and the channel plate was biased positive at ~ 41200 V with respect to
the target to repel positrons which did not succeed in making positronium
in their first trip through the target. The target potential was kept in the
range of —300 to —500 volts. The front end of the channel plate was kept at
a potential of ~ - 1850 V while the anode was at ~ +400 V. This combined
arrangement of potentials had a potential distribution such that the target
was always at the minimum potential scen by the positrons while other po-
tentials were arranged so that high cnergy positrons, secondary electrons,
and other charged particles will be reflected before they would reach the
detector and make a contribution to the signal at the detector.

With the assumption of about 2 e* /pulse, at the rate of 103 pulses/sec,
there will be about 2 x 10% e* /scc incident on the carbon foil target. When
the detector is located about 3 cin behind the target, the solid angle sub-
tended by the detector at the target will be ~ 0.44 steradian. From earlier
measurements by Mills et al.®!, the efficiency for ortho - positronium pro-
duction with a detector solid angle of 0.44 steradians is about 2.6 x 10" 2
positronium atoms per incident positron in the energy range of 1 eV to 500
eV. For the present case, the number of positroniuin atoms expected for 2000
et /sec (ur 2 et /pulse) incident pousitrons and the detector subtending a solid
angle of about 0.44 steradians will be about 52 Ps/sec, provided the efficiency
for positroniumn detection by the channel plate is 100 %. But it is known that
the efficiency for positroniuin detection by channel plate is dependent upon
the energy of the positronium atoms and hence it is not expected that all the

positroniumn atoms incident upon the detector will be detected and result in
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a signal. The fast positrons were the major source of constant background
contribution to the signal during the positronium formation measurements.
Typically there were about 14 stop signal due to fast positrons, for every
1000 starts in the 400 nsec timme window at time to amplitude converter.
With this constant background presence it was not possible to extract the
positronium signal and make a very conclusive estimate on the efficiency for
the positronium formation. However with conservative estimates, it could be
concluded that the number of positronium atoms from a 50 A thick carbon
foil, detected on the channel plate was at least (7 4 3) Ps/scc.

After carrying out many investigations with a 50 A thick carbon foil
as the target, it is concluded that with the present flux of positrons (~ 1 x 10%
ct /sec), it is not very conclusive to obtain a good estimate on the efficiency
for the positronium production. Also for the saine reason, it is extremely
difficult to carry out investigations of the energy and the angular distribution
of the positronium atomns produced. It is expected that in the future with the
use of a higher intensity positron source from the high flux positron beam in
Bldg. 480 at Brovkhaven National Laboratory, it will be possible to continue
investigations of positronium formation efliciency, angular distribution, and

encrgy distribution of the positroninm atoms.



Chapter 5.

Studies on Si0;/Si(100) Systems

1. Overview

The importance of the SiO,/Si system in modern electronics has made
it an extensively studied system. The microscopic details of this system
is not well understood and therefore there has been a great effort to get
more insight utilizing techniques such as Transmission Electron Microscopy
(TEM), Rutherford Backscattering Spectroscopy (RBS), Secondary Ion Mass
Spectroscopy (SIMS), and Capacitance— Voltage (C—V) measurements. The
shortcotnings of sotne of these techniques has led to the utilization of Positron
Annihilation Spectroscopy (PPAS) to study these systems. Positrons are very
sensitive to defects and are non destructive compared to other cominon tech-
niques.

This chapter contains studies of Si02/Si(100) systemns with PAS. In
the first section of this chapter, processes for oxide growth on silicon sub-
strates and the details of interface passivation are discussed briefly. The fol-
lowing section contains an introduction to the parameters and the concepts
involved with PAS measurement technique. Finally some measurements uti-
lizing PAS are presented and particularly measurements of hydrogen activa-
tion energy from interfaces of both n— and p—type substrates and the effect

of irradiation on oxides are discussed in details.
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2. Introduction

Variable energy positron beams have found a wealth of applications
in the studies of surfaces, interfaces, thin filins, multilayer structures, and
buried layers !3. Recently there has been much research concentrated on the
studies of Si0,/Si systems, due to its technological importance in the mi-
croelectronics industry 77. The sensitivity of positrons to defects has played
an important role in the understanding of oxides and interface defects of

SiO;/Si systems™®.
Oxidation Processes

Oxide layers in silicon integrated circuits provide surface passivation
for a silicon device, work as diffusion masks, and isolate one device from
another. Oxide layers grown on silicon substrate require control such that
the electrical characteristics of the device are dominated by bulk rather than
surface properties. This requires that the interface between silicon and the
oxide should have a minimum, stable density of fixed oxide charge and inter-
face traps, and the oxide must be sufficiently thick that the potential gradient
along the air—oxide interface has a minitnum influence on the semiconductor
properties.

Silicon surface is highly reactive by nature, so that a layer of oxide
forms rapidly on exposure to an oxidant gas and its rate of formation is
reaction limited. As the oxide layer becomes thicker, its rate of formation

becomes diffusion limited because the silicon and the oxidizing ambient are
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separated by the oxide layer and oxidant has to diffuse through this oxide
layer. The oxidation process involves the sharing of valence electrons between
oxygen and silicon to form four silicon—oxygen bonds. Each bond is largely
covalent with a small ionic component at room temnperature. This ionic
component becomes more important at elevated temperatures. The oxide is
usually grown either in a dry atmosphere of pure oxygen or in an atmosphere
of water vapor. These growth conditions are known as dry and wet oxides
respectively.

The stoichiometric chemical reaction for dry oxide growth is,
Si(solid) + O = 5i02(solid) (5.2.1)
whereas the stoichiometric chemical reaction for wet oxide growth is,
Si(solid) + 2H,0 = S10,(solid) + 2H, (5.2.2)

These reactions occur when a silicon surface is exposed to an oxidizing
ambient, typically at a pressure of 1 atm., and at elevated temperatures in the
range of ~ 900 -1200 C. The rate of oxide growth is litnited by availability of
the reactants, namely, oxidant molecules and silicon—silicon bonds. Initially,
oxide growth rate is limited by the availability of silicon-silicon bonds, as
there are more than enough oxidant molecules present at 1 atmosphere. The
supply of oxidant molecules becomes the limiting factor as an oxide layer
grows as this oxide layer now separates the oxidant molecules in the ambient
fromn the silicon-silicon bonds. Now the oxidant has to diffuse through the

oxide layer in order to react at the Si—SiO; interface.
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The oxide filin is not coplanar with the original silicon surface hecause
of a volume expansion during the oxidation process, due to the differences
in the density of substrate and the oxide layer. The density of Si0Q, (2.21
g/cm?) is slightly less than that of the silicon (2.33 g/cm?). Oxides grown in
pure dry oxygen have the best electrical properties, but require considerably
longer time to grow the same thickness of oxide, at a given temperaturc,

than in water vapor.
Passivation of Oxide Interface on a Silicon Substrate

The process of passivation is carried out to minimize undesirable sur-
face effects and is usually obtained by forming a thin insulating layer of
thermally grown oxide on the semiconductor surface '®. This oxide layer
also helps in preventing the contaminants from being injected into the sur-
face devices. The oxide structure can be described as a noncrystalline con-
tinuous random network. The flexibility in the bond angles of Si--O - Si in
Si0; makes it possible for the oxide to adjust to the crystalline silicon struc-
ture and make saturated chemical bonds at the interface of the oxide and
the silicon. Both intrinsic and extrinsic impurities contribute to imperfec-
tions at the interface region of the oxide and the silicon. Parameters such
as a mismatch of 6 % between silicon atomn positions in silicon and silicon
oxide create an intrinsic interface strain. The lower density of silicon atoms
in oxide (~ 2.5 x 1022 ¢m~3) as compared to silicon (5 x 10?2 ¢m~?) also

contributes to defects at the interface in the form of broken bonds. These

intrinsic imperfection sites are chemically active and very likely to attract
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impurities. It is hard to distinguish individual contributions from intrinsic
structural defects and extrinsic impurities.

Detailed accounts of the present understanding of the SiO;/Si system
can be found in excellent review articles snmmarizing work performed over

80 - 82

three decades . Three kinds of defects have been previously identified in

the Si0;/Si systems, classified as fixed oxide charge, interface trapped charge,

83 -84

and fixed trapped charge . These defects along with their charges are

shown schematically in Fig. 5.2.1.

MOBILE I0NIC
CHARGE

Si0;
OXIDE TRAPPED
 CHARGE
(& 4 FIXED OXIDE
- - CHARGE
+ + + + +/ + San
.
INTERFACE s

TRAPPED CHARGE

Figure 5.2.1 Schematics of different kinds of defects in thermally
grown oxide on a silicon substrate. (from ref. 84)

Fixed oxide charge is positive and known to be located near the inter-
face, about 25 A fromn the Si—SiO; interface. These charges are immobile and
do not exchange charge with the silicon, hence are not in electrical cominuni-

cation with the underlying silicon. This fixed oxide charge is not affected by
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hydrogen in oxidation or annealing processes. The origin and the mechanism
of creation and annihilation of these charges is presently not well understood
81,85 Techniques for controlling these defects in devices are largely emnpiri-
cal #3% Interface traps refer to electrons or hole traps localized at interface
sites that can change their charge states by exchange of carriers with silicon.
The trap occupancy and the total charge in these traps changes with the
surface potential. The broad distribution of trap energy levels throughout
the silicon band gap indicates that there are several kinds of traps that leads
to this energy distribution *'®7. One kind of traps is a broken bond in which
a silicon atom is bonded to only three other silicon atoms. The unpaired
clectron of this silicon atom (the trivalent silicon with a dangling bond) is
chemically active. The observed reduction in interface traps at low anneal
temperatures (400-500 C for 5-10 min) in the presence of hydrogen ** -**
is believed to be due to passivation of the unpaired electron with a hydrogen
atom. Trivalently bonded silicon at the Si0;/Si interface is also known as a

90-91 with experiments us-

Py center, and has been verified experimentally
ing electron spin resonance (ESR). The detection of Py centers is mainly due
to the fact that the spin of the unpaired electron localized at the trivalently
honded silicon atom interacts with the magnetic field used in ESR. The sug-
gestion of hydrogen passivation of the dangling bonds has been supported
by the reduction in the P, centers after anneal in a hydrogen ambient.
Finally, oxide trapped charges are a property of the bulk oxide and

prevails everywhere in the oxide. Trapped charges could be cither positive

or negative due to holes or electrons trapped in the bulk of the oxide. The
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effect of trapped charges is profound when they are located near the interface

region. The control of oxide quality is important for minimizing these defects.

3. Investigation of SiO,/Si with Variable Energy Positron Beam

The variable energy positron beam at BNL is utilized to carry out ex-
periments on the Si0;/Si systems. This beam has the capability of providing
positrons with energy from 100 eV to 60 keV. The details of this beam can
be found elsewhere *2. The positrons annihilate with electrons in the sample
and the energy distribution of these annihilating positrons is measured with
a high purity Ge detector. The detected energy of the emitted v - rays from
these annihilating positrons is Doppler shifted and this shift is dependent
upon the momentum of the electron—positron pair. Since the implanted
positrons are thermalized before annihilation, the Doppler shift character-
izes the electron momentum prior to the annihilation and is very sensitive
to whether these positrons were in a freely diffusing state or in a trapped
state at a defect site, at the time of annihilation. In Positron Anunihilation
Spectroscopy (PAS), it is common to quantify the Doppler broadening by a

93 The S—parameter is de-

line shape parameter, called the S—parameter
fined as the ratio of the counts n, connted under a small fixed energy interval

around the center energy of 511 keV to the total number of counts N, in the

photopeak, i.e.

S = (5.3.1)

n
N
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The S - parameter reflccts the narrowness of the energy spectrum and this
narrowness is a function of the momentuin distribution of the electrons anni-
hilating with the implanted therinalized positrons. A lower electron momen-
tum around the annihilation site produces a sharper annihilation spectrum
and hence a higher S--parameter value and vice versa. Typically materials
with open- voluine —type defects produce a sharper annihilation spectrun
and hence a larger S—parameter value. For optimmum sensitivity, the win-
dow of the central region which determines n in Eq. (5.3.1) for calculating
S -parameter, is adjusted so that the S—parameter value is ~ 0.5 *. A

typical S—parameter line shape is shown in Fig. 5.3.1.

Pe (small)

N P. (large)

511nkeV Pel St
SEN

Figure 5.3.1 The schematics of the typical line shape of S—parameter
is shown together with the effect of electron momentum P, on the shape of
S—parameter. (from ref. 92)
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Positron Implantation and Diffusion

Implanted positrons in a solid thermalizes rapidly and then diffuse
around until they annihilate with an electron by emission of two y —rays, with
an cnergy of 511 keV each. The therinalization time for the positronsis small
compared to their lifetitne. The positrons thermalize typically on a time scale
of ~ 10712 sec whereas their typical lifetime in the materials is ~ 107 !? sec,
The spatial distribution of the positrons as a result of scattering events during
the thermnalization process is usually described by the implantation profile
of the implanted positrons. The mean implantation depth z (in A), for a

uniform material is approximated by,
z = AE" (5.3.2)

' where p is the

where the coefficient A is given empirically®® by ~ 332p~
target density in g/cm3, and E is the incident energy in keV. The parameter
n is about 1.6 for most materials **. Sometimes n is also used as an energy
and material dependent parameter, particularly for high Z materials®”. Also
it has been reported that the coeflicient A depends upon the material of the
target and the energy of the implanted positrons *®. Monte Carlo sitnulations
carried out for the implantation profile, P(z), of the positrons has been found
)

to fit well a Makhovian distribution®®, is given as,

1 m—1
P(z) = —ri—'—"——cx])[—(i)m] (5.3.3)

where z9 = 3\};, is the mean implantation depth. In previous work, it has

been found that the derivative of Gaussian distribution (m = 2, in the
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Makhovian distribution) gives a good approximation to the implantation

100101

profile and is given as,

P(z) = f-—cxp[ -~ ) ] (5.3.4)

~0

Propagation of the positrons after thermalization is usually well described

by the diffusion equation'?2-193,

The positron density n(z,t) as a function of their position z and tiine

104

t can be described by the diffusion equation as,

In(z,t) _ Dazn(_zl e(2)e

ot 0z?

D dn(z) =n(z) . N
kT 0; - ‘—r;!_ + no(Z) (-).3.0)

where D is the positron diffusion coefficient, T is the temperature, k is the
Boltzinann constant, ¢ is the electric field, e is the positron charge, ny(z) is
the rate at which therinalized positrons are imnplanted at depth z, and r'!',
is the effective lifetime of the positrons. This effective lifetime can further
be expressed as,

're}', = Tb:““! + nCyq (5.3.6)

where Tpu is the lifetimme of the positrons in the bulk, u is the specific
trapping rate, and Cy is the defect concentration in the solid.

Under steady state conditions, i.c. %—'; = 0, the timne dependent diffu-
sion equation reduces to an ordinary linear second —order diffusion equation,

: 104
given as "%,

Pn(z) 1dn(z) nlz) | i(z)

“d22 A d: 1z " p 70 (5.3.7)

where L = (D7.y4)"/? is the positron diffusion length and A = kT /ec is a

parameter with dimensions of length which characterizes the electric field €.
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Since only the relative fraction of positrons annihilating is required in the
data analysis, Eq. (5.3.7) is normalized with respect to the total positrons
deposit rate. The positron deposit rate ng(z) in Eq. (5.3.6), is then modified
to the norinalized positron implantation profile. A complete solution to the
diffusion equation in Eq. (5.3.7), can be found elsewhere '92:1%3,

The typical approach in studies of multilayered structures is to as-
sume that each layer is homogeneous but distinctive from each other. The
resultant lineshape S -parameter for these structures is then the average of
the S -parameter values of the various layers, weighted by their respective

annihilation fraction F and is given as 2,

N
S =) SiF (5.3.8)
=0

where N is the total number of layers. S; and F, in Eq. (5.3.8) arc the
S-parameter and the annihilation fraction of positrons in the i*® layer re-
spectively. The surface contribution is represented by the i = 0 term. The
annihilation fraction F; is obtained by the solution of Eq. (5.3.7) and rep-
resents the fraction of positrons annihilated in the i'* layer. Typically data
analysis is perforined by the simulation of the experimental S—parameter vs
energy E, curves in Eq. (5.3.8). A computer code called Variable Energy
Positron Fit (VEPFIT) '*® is widely used for modelling and fitting data to
the model from positron depth profile experiments and S—paraineter vs en-
ergy measurements. This program solves the one ditnensional, steady state,
diffusion annihilation equation (Eq. (5.3.7)), with a Gaussian derivative im-

plantation profile for the positrons.
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For multi layered structures with different material densities, an ef-

fective implantation profile P, ((E,z), is calculated by scaling the depth de-
1 I 1! A g 1

pendent density p(z), with respect to the substrate deusity pg. The modified

108

implantation profile is given as,

Peys(E,z2) = !’-S»)-P(E,Z') (5.3.9)

where
2z

2 = /p(i).iz (5.3.10)

Po
0

where P(E,z) is the implantation profile for a constant density material, with

a substrate density py.

4. Activation Energy of Hydrogen in SiQ;/Si(100)

It is common practice to use hydrogen to passivate the dangling bonds
and hence improve the clectrical properties of the devices 77'1°7. It has heen
observed 77 that hydrogen can passivate interface states of the Si0,/Si
systemns and can also alter the fixed and mobile charge in the oxide layer.
The abundance of hydrogen in many fabrication processes and its impact
on the properties of the SiO;/Si system, has led to much research activity
directed towards more understanding of its interaction with SiO;/Si based
devices. Here an effort is made to measure the activation energy of hydrogen
from interface states of this technologically important Si02/Si(100) system,

with the use of Doppler broadening annihilation spectroscopy. The positrons
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has the tendency to get trapped at defect sites which happen to be sensitive

108--110 also.

to hydrogen trapping

The samples used in this experiinent had an oxide layer of 1172 A,
grown in dry O, under no HCl, on both n— and p—type Si(100) substrate
with no post oxidation forming gas anneal.

The samples were annealed from room temperature to 700 C, in steps
of 50 C in situ. The annealing process was carried out for 30 min. for each
temperature and during annealing the base pressure of the target chamber
ranged from 1 x 107% to the high 10~* torr. For annealing, the samples were
resistively heated by a tantaluin foil in contact with the back side of the
silicon. The temperature was measured with a K—type Chromel- Alumel
thermocouple in contact with the oxide side of the sample. Temperature
measurements with this arrangement were estimated to be accurate to within
1+ 20 C 1,

In order to observe the recovery of the interface states during these
experiments, the saimnples were expused to atomic hydrogen after the comple-
tion of the annealing cycles. The samples were maintained at 300 C during
exposure to the atomic hydrogen. The atomic hydrogen for this post anneal-
ing treatment was obtained by dissociating molecular hydrogen in the target
chamber with an ionization filament of a vacuum ionization gauge. Typi-
cally, for these experiments, the total hydrogen exposure was in ~ 1.4 x 107
Langmuir ( 1 L = 1078 torr—sec).

The S—parameter was measured for different incident encrgies E, of

the positrons. A typical S--E curve for the Si0,/Si system is shown in Fig.
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Figure 5.4.1 The S vs E spectrum shown above is typical for Si0,/Si
systems and shows distinct S—parameter values for the surface, oxide, inter-

face, and the bulk silicon regions.

5.4.1. The data shows distinct signals corresponding to the surface, oxide,

interface, and the bulk silicon regions '12.

Usually, a high value for the oxide S—parameter and a low value for
the interface S—parameter is indicative of a good quality oxide layer and a
good interface respectively *2. Fig. 5.4.2 and Fig. 5.4.3 show the normalized
S—parameter curves corresponding to different annealing temperatures, for
n— and p-type substrate Si(100) respectively. The S—paramcter shown

in Fig. 5.4.2 and Fig. 5.4.3 are normalized to the bulk silicon S—paramcter
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value. For 5 x 10° counts for each energy, the typical errors in the normalized
S- parameter was 0.0011. For these measurements, the samnple was allowed
to attain the room temperature before starting the measurements. These
curves show that the norialized S—parameter for the SiO2/Si(100) interface,
for both n— and p- type substrate, undergoes substantial changes during
annealing. The essential features of this behavior are more obvious from the
data in Fig. 5.4.4 and Fig. 5.4.5, for n— and p—type substrate respectively.
From Eq. (5.3.2), an implantation energy of ~ 4.0 keV corresponds to a mean
penetration depth of 100 nmm. Fig. 5.4.4 and Fig. 5.4.5 shows the curves
for the normalized S - parameter at 4.5 keV incident energy of the positrons,
corresponding to the interface region of the oxide and the substrate.

S - paramneter goes to a minima at annealing temperature of abont ~
250 C, then increases with higher annealing temperatures and finally satu-
rates at ~ 650 C. The decrease in S—parameter corresponding to the inter-
face at ~ 300 C can bhe explained by the fact that hydrogen is liberated from
the oxide layer 7113 around this temperature. This liberated hydrogen
then diffuses to the interface, passivates the unoccupied trap sites at the
interface, and reduces the interface state density. According to the present
understanding of positron behavior in Si0,/Si systerns, positrons and hydro-
gen prefers to be trapped at the same trap site, so that positrons will give
a high S—parameter value if trapped at an activated site at the interface
and a low value if the trap site is passivated with hydrogen. This argu-
ment tends to support the correlation between the behavior of S—parameter

and the interface state density 2. The increase in interface S—parameter at
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Figure 5.4.2 The norinalized S—parameter vs E curves for a n—type
substrate for different annealing teinperatures. For clarity, the curves are
shown for each 100 C annealing temperature steps. However the measure-
ments were carried out in steps of 50 C. All measurements were performed

after the sample was coovled down to room temperature.

higher annealing temperature can be attributed to activation of the hydro-
gen from trap sites at the interface, and causing an increase in the interface
trap density.

The changes in S—parameter at interface during anncaling are associ-

ated with activation of hydrogen from trap sites, as verified by exposing the
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Figure 5.4.3 The normalized S—parameter vs E curves for a p—type
substrate for different annealing temperatures. For clarity, the curves are
shown for cach 100 C anncaling temperature steps. However, the measure-
ments were carried out in steps of 50 C. All measurements were performed
after the sample was cooled down to room temperature.

samples to atomic hydrogen after the annealing cycle, shown for a n—type

substrate in Fig. 5.4.6. The recovery of S—parameter at interface is consis-

tent with previous measuremnents 192111,
Analysis to obtain the activation energy of hydrogen is carried out

by considering a series of isochronal annealing processes at equally spaced
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Figure 5.4.4 The normalized S - parameter vs annealing tempcerature
for a n--type substrate, at an implantation energy of 4.5 keV. The annealing
measurements were carried out in steps of 50 C. All measurements were
performed after the sample was cooled down to room temperature.

temperatures T, for i = 0,...,N of durstion 7 sec. The hydrogen content

N3 (i) at the beginning of the i** cycle is given as !!!,

d‘_'vz':ﬂ = -Nu(i)Ky exp(-k%) (5.4.1)

where Kj is the vibrational frequency, € is the activation energy, and kg is

the Boltzmann constant. It is assumed here that this isochronal annealing
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Figure 5.4.5 The normalized S—parameter vs annealing temperature
for a p—type substrate, at an implantation energy of 4.5 keV. The annealing
measurements were carried out in steps of 50 C. All measurements were
perforined after the sample was covled down to room temperature.

is a first order process. Quantitatively, S—parameter at the interface can be

taken proportional to the hydrogen content, Ny. With this assumption, the

activation energy can be written ',

KoT
€~ kBTm In [m] (5.4.2)
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Figure 5.4.6 The normalized S—parameter vs E curves for an oxide on
a n—type substrate. The nieasurecments were carried out first at room tem-
perature, then sample was annealed at 700 C for 30 min. in situ, and finally
it was exposed to atomnic hydrogen at 300 C for 30 min. and subsequently
cooled down in atomnic hydrogen ambient before the measurements.

where Ty and T, are shown in Fig. 5.4.7. The paramcter T,, is T\, =

(Ti+Ty)/2 and A T is the step size in annecaling teinperature. In Eq. (5.4.2),

the step size A is arbitrary but the activation energy is unique. The change

in step size will change the total amount of tine spent for carrying out

the process of isochronal annealing and hence will affect the shape of the
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annealing curve. This change in shape of the annealing curve translates into
the change in parameters such as T,. Ty, and T,,. used in the relation for

calenlation of activation energy of hydrogen.
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Figure 5.4.7 Schematic of the normalized S-paramcter vs annealing
temperature, showing different parameters used in the calculation for the
activation energy in Eq. (5.4.2). (from ref. 111)

For an oxide on n—type Si(100) substrate, the parameters required

for the calculations for the activation energy (as indicated in Fig. 5.4.7)
were obtained from Fig. 5.4.4. Using appropriate values of T; = 653.6
K, T, = 9254 K, T, = 789.5 K, and AT = 50 K from Fig. 5.4.4 in
Eq. (5.4.2), resulted in an activation energy for hydrogen £ of 2.60 (6) eV.
]

For this calculation, the vibrational frequency Kg, was taken to be 103 sec™!.

Similarly, for an oxide on p—type Si(100) substrate, using appropriate values
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of T, = 61586 K, T, = 887.29 K, T,, = 751.58 K from Fig. 5.4.5, and
AT = 50 K, the activation energy for hydrogen was & = 2.47 (6) eV. The
activation energy for hydrogen is dependent on the methods used to grow
the oxide filins. The values observed in our experiments are in reasonable

agreement with the values observed in previous experiments ''1:112,

5. Study of Irradiated Si0,/Si(100)

The studies of radiation damage on the oxides in SiQ;/Si(100) is of
great interest because of its consequences for the performance of this cor-
nerstone of the microelectronics industry 4. Exposure of devices to ioniz-
ing radiation such as X—rays, y —rays, electrons, and ions can cause severe
degradation of device performance and operating life time. On irradiation,
the oxide and the interface layers suffers significant damage. This damage
could consist of buildup of the trapped charges in the oxide, an increase in
the number of interface traps and an increase in the number of bulk oxide
traps.

An cffort is made here to investigate the creation of defects in the
oxides, irradiated with X —rays and y—rays, with the use of Positron Anni-
hilation Spectroscopy (PAS). The dominant type of defect in the irradiated
oxide layers has been previously identified by electron spin resonance (ESR)

15-11T 46 E' centers. An E' center is a trivalent silicon atom

technique
that has an unpaired electron in the dangling orbital and is back bonded to

three oxygen atoms. The strained Si—O bond in the oxide layer is easily
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broken by ionizing radiation and can formn associated nonbridging oxygen
and a trivalent silicon structure, i.e. an E' center.

The samples used in this experiment had a oxide layer of 1172 A,
grown in dry O, under no HCI, on both n- and p- type Si(100) substrates
with no post —oxidation forming gas anneal. These samples were irradiated
with X ~rays at the National Synchrotron Light Source (NSLS) X - ray beam-
line with doses in the range of 502000 mJ/cm?, with an average encrgy of 1
keV. The v —ray irradiation was carried out at the **Co gamma pool facility
at Brookhaven National Laboratory (BNL). The irradiation was carried out
at a temperature of 10 C. Some samples were exposed to a cumulative radi-
ation dose ranging from 7 x 10* Rad to 9 x 10° Rad (1 Rad = 100 ergs/gm),
at a constant dose rate of 7.3 x 103 Rad/min, while others were exposed to
a cumulative dose of 1 x 10° Rad, at different dose rates ranging from 100
Rad/min to 1.8 x 10* Rad/min. Measurements on some samples were carried
out immediately after irradiation, while others were allowed to age for few
weeks at roomn temperature before measurement. The positron beam inten-
sity during these measurements was ~ 5 x 10° e* /sec, too low to produce
any measurable radiation damage during the experiment.

S—parameter measured for different beam energies E, for both unirra-
diated and irradiated samples is shown in Fig. 5.5.1. The data in Fig. 5.5.1 s
normalized to the silicon bulk value, S,. The bulk S—parameter, Sy, is calen-
lated by taking the average of the measured S—parameter values in the S -E
data set for energies greater than 15 keV. At a penetration depth of 50 nm,

S—parameter for the oxide layer of the irradiated SiO;/Si(100) sample shows
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Figure 5.5.1 S -parameter vs E for 1172 A thick oxide layer on n— and
p—type Si(100) substrate, for both unirradiated and irradiated samples with
X —rays and y—rays. For the X -ray case, the sample was exposed to X —rays
of an average energy of 1 keV and a total cumulative dose of 500 mJ/cmn?.
The cumulative dose for the y— rays irradiated sample was 1 x 10° Rad, at

a dose rate of 1.8 x 10* Rad/min. Other cumulative doses and different dose
rates measurements, not shown here, showed similar behavior.

a change as compared with the unirradiated sample, which could be due to
defects created by irradiation. These changes in S—parameter are found to

be independent of the dopant type, irradiation dose rate, and cumnlative

dose of up to 9 x 10° Rad. Also there was no indication that these defects
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anncaled out with time, when the samnples stored for few weeks at roomn tem-
perature. The drop in the value of S—parameter in the oxide layer suggests
that positrons are annihilating with defect sites created during irradiation
and, together with the information that strained Si—O bonds in the oxide
are easily broken during the irradiation process, leads to the suggestion that
this change in S- parameter could be due to these broken strained bonds.
It is also observed that S-parameter value at the interface increases in the
irradiated samples. Usually the interface states are passivated with hydrogen
but when irradiated, perhaps this hydrogen is activated out of these states,
leaving a dangling bond at the interface. These changes in the S-- parameter
at the interface are consistent with previous measurements done on the hy-
drogen activation energy with PAS ''! and the results discussed in the last
section.

The series of S—E curves in Fig. 5.5.2 correspond irradiated sam-
ples annealed at different temperatures. Fig. 5.5.3 shows the change in
S—parameter at a fixed energy of 2 keV, which corresponds to ~ 50 nm
inside the oxide layer of the Si0;/Si(100) samnple. It is evident from the
S—parameter vs annealing temperature curves at 2 keV that the S--para-
meter value recovers to the valne corresponding to the unirradiated sample
around 250 C (425 C). Isochronal annealing for these measurements was
carried out for 30 min. at each temperature.

Annealing of defects created due to the irradiation of the sample with

v —rays at this temperature suggests that these defects are E' centers. These
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Figure 5.5.2 S-parameter vs E for y—ray irradiated SiOz/5(1uvv),
at different temnperatures in steps of 100 C, although the measuremnents were
carried out in steps of 50 C. The sample for this measurement had a cumnmn-
lative dose of 1 x 10° Rad, at a dose rate of 1.8 x 104 Rad/min.

centers are known to start annealing out rapidly around these anncaling

temperatures 18121,
Fitting of the data in Fig. 5.5.1 was carried out with a program called
VEPFIT !"5. A three layer mnodel was used to fit the experimental data. The

diffusion length, electric field, and the S—parameter of each layer was varied

to obtain the best fit to the data. The diffusion length of the positrons in
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Figure 5.5.3 S-—parameter vs annealing temperature for y--rays
irradiated Si0;/Si(100). The plotted S—parameter is mensured at 2 keV
implantation energy (which corresponds to ~ 50 nm deep inside the oxide
layer) and is extracted from the S—parameter vs energy curves at different
temperatures in Fig. 5.5.4.

the irradiated and unirradiated samples was found to be within the errors
associated with the fitting inodel. The fitted normalized S - parameter for the
oxide on a n—type substrate changes on irradiation with ¥ —rays from 0.9800
(11) to 0.9701 (11), whereas the S—parameter for the interface changes from
0.9276 (11) to 0.9365 (11). The S—parameter values obtained for the oxide
grown on a p—type substrate also changes in a similar manner from 0.9200
(11) to 0.9325 (11) for the interface, while from 0.9804 (11) to 0.9709 (11)

for the oxide layer.
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In related work with ion implantation (B and Si) on Si0;/Si struc-
tures, much larger changes in S - parameter of the oxide layer were produced
as compared to the present experiment. The annealing behavior observed
in irradiated samplc was clearly different from that of the ion implanted ox-
ides. The different isochronal annealing behavior and the correlation with
ESR measurements has indicated the dominance of other kinds of defects
such as nonbridging—oxygen hole center (NBOHC), peroxy radicals (PR),
and others '?2 '23, The changes in S-parameter and the correlation with
the annealing behavior of the irradiated samples, suggests that therc is indi-
cation of the presence of E' centers and these are observed for the first time

using Doppler broadening annihilation spectroscopy '%4.



Chapter 6.

Summary

This chapter sununarizes the results of the work performed for this
thesis as described in the previous chapters. The work performed can be
broadly divided into three sections. The first is mainly related to the rare gas
solid moderator. The second is the design and construction of the time pulsed
positroniumn beam, used to carry out investigations of the pulsed positron-
ium beam. The last section is based on the experiments performed on the
Si0,/Si(100) system, using Positron Annihilation Spectroscopy (PAS). The
experiments on the Si0,/Si(100) systems were mainly concentrated on mea-
surement of the activation energy of hydrogen at the interface of oxide and
silicon, and studies of the crcation of defects in 5i0,/Si(100) on irradiation
with X —rays and v —rays.

The study of the rare gas solid moderator in this thesis was motivated
by the necessity to know the positron moderation efficiency for a bare source
in order to obtain a high flux positron heam with an intense #4Cu radioactive
source from High Flux Beam Reactor (HFBR) at Brookhaven National Lab-
oratory (BNL). These studies were carried out by constructing a beam line
at BNL, utilizing a sealed 350 ;1 Ci ??Na radioactive source, with a moderator
in different geometrical configurations. The neon moderator in conical geo-
metrical configuration provided an efficiency of (4.6 £0.1) x 1073 for positron

moderation, underestimated by a factor of (3.1 + 0.5) as comnpared to the

115
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efficiency of a bare radivactive source. Among different rare gas solid mod-
erators investigated, ncon in the conical geometry outperformed other rare
gas solid moderators by a factor of 6. The conical confignration moderator
also performed better by a factor of (2.2 0.2) than the cylindrical configura-
tion moderator. The corrected efficiency for a neon moderator in the conicnl
configuration with a bare 2?Na source was as high as (1.4 1 0.2)%. This mod-
erator when used with a *4Cu radioactive source from HFBR could provide
positron flux as high as 7.8 x 10° e* /sec. Presently, the neon moderator is
in use with a 100 mCi 2?Na source in Bldg. 480 at BNL and preparation are
underway for its use with a *Cu radioactive source from HFBR.

In order to continue the previous experiments at BNL on positronium
reflection from the surface of a solid, a time pulsed positron beamn was built
at BNL with the capability to carry out surface sensitive experiments in
ultra high vacuum. This beamn has the ability to store low energy positrons
in a magnetic bottle, with a magnetic mirror at one end and an electrostatic
mirror at the other. These stored positrons can then be bunched with the use
of a buncher, developed under the direction of Dr. Allen Mills, Jr. at AT&T
Bell Laboratory. This buncher when pulsed at a rate of 1 kHz, provides pulses
of positrons with a FWHM of 17 nsec, which includes a contribution of 8 nsec
from the buncher alone. With this beain line, it is also possible to carry out
time of flight measurements and hence energy distribution measurements.
Qualitatively it was estimated that the pulses had at least one positron per
pulse. In order to obtain a positronium beam, these positron pulses were

made to hit a 50 A carbon foil. The present investigation led to the conclusion



that with present positron flux, it is not possible to obtain a good estimate
of the efficiency of positronium production and hence more information on
the energy and angular distribution of the positronium beam. It is expected
that this work will continue with a higher positon flux in Bldg. 480 at BNL.
This will be able to provide information on positronium formation efficiency,
angular distribution, and energy distribution. Further this positronium beamn
will be used to carry out investigations on reflection and diffraction of the
positronium atoms from solid surfaces. Time of flight measurements would
be able to provide useful information on the energy losses of the positroninm
during their interaction with solid surfaces.

The sensitivity of positrons to defects has shown a great potential in
providing useful information on technological important Si0,/Si(100) sys-
temns. The variable energy positron beam at BNL was utilized to carry out
experiments on this system. Positron Annihilation Spectroscopy (PAS) was
used to measure the activation energy of hydrogen at the interface of oxide
and a silicon (100) substrate. In addition to PAS the ESR technique is also
frequently used to extract this information. The sensitivity of ESR is due to
the paramagnetic nature of the defects, which is not so for positrons. The
activation energy of hydrogen at the interface of a Si0,/Si(100) sample with
a n— and p— type substrate was measured to be 2.60(6) eV and 2.47(6)
eV respectively. The importance of radiation damage in the device industry
led us to carry out investigations on the irradiated samples of Si0,/Si(100).
The irradiation was carried out with X—ray and y—ray sources at NSLS

X-ray beamline and ®"Co gamma pool facility at BNL respectively. Using
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PAS, it was observed that the oxide layer of Si0,/Si(100) suffered significant
dainage. The correlation of the observed change in the S parameter with
annealing behavior of the created defects due to irradiation of the sample
led us to suggest that these defects were E' centers, which are trivalent sil-
icon atoms that have an unpaired electron in the dangling orbital and are
back bonded to three oxygen atoms. It is expected that in the future the
high sensitivity of positrons to defects together with other techniques using
positrons such as 2D ACAR and lifetime measurements, will be able to pro-
vide defect specific information in Si0;/Si based systems, which is presently

very difficult to obtain with other techniques.
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