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Preface

Interaction of light with matter is one of the major fields
of studies which have considerable impact on both basic and
spplied sciences. The advent of lasers has added newer dimension
to such studies. POG phenomena is a novel technique to study

light-matter intersaction.

POG effect is the induction of change in discharge
plasma impedance by the injection of electrons into it through
photoelectric emission. Photoelectrons are generated by the
irradiation of lasser on one of the electrodes of the discharge
cell, selecting suitable target electrodes. POG phenomensa is
identified as &1 in situ technique for the surface
characterization of target electrodes and for discharge plasma
disgnostics. The author has carried out POG studies using both
the fundamental and frequency doubled radiations from an Nd:YAG
laser. Photoelectrons were generated from different metal target
electrodes and the generated electrons were injected into
nitrogen discharge in all the observations. For the present study

an indigenous discharge cell has been fabricated.

The work presented in the thesis constitutes of two parts,
(i) studies on Photoemission Optogalvanic (P0OG) phenomena and
{ii) Nonlinear Dynamics. The first part which contains five

chapters is devoted to the presentation of POG studies sand the



second part in two chapters deals with the studies on nonlinear
dynamics in discharge plasma. General conclusions derived from

the present studies are given in the last chapter.

The first chapter of the thesis is a general introduction to
Photoemission Optogalvanic Phenomena with an overview of

optogalvanic effect.

Chapter two gives the theory of POG phenomena. Various
techniques of electron emission from metal targets and
multiphoton photoemission from metal induced by ultra short laser
pulses is included in this chapter. The generalized

Fowler-Dubridge is also given in this chapter.

In chapter three the details of the experimentsal
technique used in the present POG study is accounted. Description
of the fabricated discharge cell is also included.Details of the
Bd:YAG laser used and those of other controlling, measuring and
detecting instruments used for the present studies are also

given in this chsapter.

Chapter four contains studies on POG effect with copper as
target electrode. Dependence of POG signal smplitude on 1laser
intensity for both 10684 nm and 532 nm pulsed laser radiations is
included. The two photon induced electron emission with 532 nm

snd thermally assisted two photon process with 1064 nm laser
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radiations is also described in this chapter. Studies were also
carried out changing the polarity of the target electrode.
Attempt is made to analyze the basic phenomena occurring in both
cases. POG quantum efficiency is also evaluated in both cases and

an empirical relationship is obtained.

In chapter five POG studies with gold and platinum as target
electrodes is given. Dependence of POG signal strength on 1laser
intensity using both 1084 nm and 532 nm pulsed radiations is
reported. The multiphoton process occurring at higher laser
intensity is mccounted. Observations were repeated by changing
the polarity of the target electrode. POG signal dependence on

applied voltage across the cell is also included in this chapter.

Chapters six and seven account the nonlinear phenomensa
observed in discharge plasma. The phenomena of order and chaos
occurring in nonlinear dissipative systems have been the subject
of intense research in recent years. But, only a few studies were
carried out experimentally in this area. Plasma is a typical
nonlinear dynamical system with a large number of degrees of
freedom and it is an interesting medium to test the universal

characteristies of chaos.

Chapter six contains an account of cheotic behaviour of

gaseous discharge and theory of nonlinesr dynamics. Concepts of

time series snalysis and characterization of chaos is included.

iii



Relevance and evaluation techniques of Fast Fourier Transform
(FFT), gdeneralized dimension Dz, Kolmogorov entropy Kz and

Lyapunov exponents are &alsc included in this chapter.

In chapter seven experimental details of the nonlinear
dynamic study and the extraction of time series is given.
Evaluation of FFT, Dz, Kz snd Lyapunov exponents from the time

series is also reported in this chapter.

Chapter eight is a general summary of the masin features of

the work.
Most of the results reported in the thesis have been
published elsewhere or submitted for publication in the form of

the following papers in symposia/journals.

1.. Helnholtz resonance cell for gas phase photoscoustic studies.
Kodaikkanal Observatory Bulletin 11 (1881),33-37

, Observation of two photon induced photoemission optogslvanic
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effect using copper target electrode.Mod. Phys. Lett.B.,
8(30>, (1884), 1817

3. Photoemission studies with copper as target electrode.
Applied Surface Science (1886), (in press)

4 .Characteristics of photoemission optogalvanic effect with
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Communicated to Optics Communications

5. Photoemission Optogalvanic studies with gold ss target
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PART I

PHOTOEMISSION OPTOGALVANIC STUDIES



Chapter 1

PHOTOEMISSION OPTOGALYANIC EFFECT - AN OVERVIEW

1.1.Introduction

Interaction of light with matter is one of the important
fields of studies which have cosiderable impact on both
basic and applied sciences. Till the advent of lasers such
studies had limitations due to the nonavailability of
coherent,intense and monochromastic 1light sources. However
the discovery of various types of lasers in sixties has
fulfilled the dream of scientists and has added new
dimensions to the studies on 1light matter intersctions.
Amongst various types of such intersasctions,influence of
laser on gas discharge media is important in the point of

view of fundamental studies and technological applications.

The basic principle of laser plasma interaction 1is the
perturbation of plasma parameters due to the electromagnetic
field. When radiation from a discharge tube was s&#llowed to
pass through another identical discharge tube, variation in
the breskdown voltage was observed in the second discharge
tube. Such studies were carried out by Penning and Joshl et.
al. {1,2] during 1820°s. Such variation of the threshold

potential of an electrical discharge in presence of 1light



was termed as "light effect’. But such studies remained only
as academic curiosity till 1860. Systematic studies of the
interaction between light and plasma discharge were carried
out by various workers choosing lasers as the perturbing
light sources. The effect has been renamed to optogalvanic
(0G) effect which is & resonance phenomena., The discharge
voltage can also be altered by injecting electrons into the
plasms through photoemission from one of the discharge
electrodes. This is known as photoexnission optogalvanic
(POG) effect. A brief description of OG and POG effescts sare

given in the following sections.

1.2.0ptogalvanic effect

Atoms and ions in discharge plasma will resonantly absorb
optical radiation which will change the impedance of the
plasma. This change in impedance will result into variation
in the discharge current. Discharge phenomena can be
considered to be a “black box" whose impedance and
electrical output are specifically controlled by the input
of monochromatic light. In general, a small change in the
discharge voltage AV can be considered as change in 1local
population of the excited states AN, as gdenerated by the

absorption of radiation {3] and can be written as



(1.1)

This concept is based on the variation of density for each
excited state within the discharge voclume. Also Zelewiski
et. al. [{4] have shown that the relative variation of plasma
impedance for weak OG signal depends on the relative optical

absorption coefficients and the plasma temperature.

This change in impedance as brought about due to the
interaction of radiation with discharge plasma will result
into variation in the discharge current. Thus, monitoring
the variation of discharge current as a funotion of
wavelength of optical radistion will result into the
recording of spectrs of various species of plasma medium.
Such 0G spectroscopy 1is being used to investigste high
resolution spectra of discharge species, and in studying
life time of various energy levels of atoms and molecules
involved in the process [5]. 0G effect can also be used as

optical disgnostic technique for plasms processes.

The most simple mechanisms for generating 1light induced
changes in discharge characteristic are photoionisation and

photodetachment. Photoionisation of neutrals denerates



additional -.charge carriers and photodetachment of negative
ions generates free electrons, which are carriers having
much higher mobility than the parent negative ions. The
increase in density is readily detected by monitoring the
discharge current, voltage, impedances etc or by more direct

probes of electron density.

UUsing a dye laser source Green and co-workers in 1876 (8]
have demonstrated the sensitivity of the method in
determining contamination by detecting the contaninants in
hollow cathode lamps. Details of energy levels of molecules
like N, and atoms like Ne, He, Ar etc were studied by

various workers using 0G effect [7,8].

Several types of electrical gas discharge are currently
used to study interaction of lasser light with plasma. Some
of them are low pressure positive columns, hollow cathodes
and plasma diode type discharges [8]. The properties and
mechanisms of these discharge are thoroughly discussed in
nany standard books [10,11]. An electrical discharge can be
produced by applying a high voltage between two electrodes
within the cell, which is filled with a gas at a pressure of
few torr. Under the influence of electric fields this gas
will get ionised and most of the discharge properties aeare
characterized by various excitation and deexcitation

processes of the species present in the discharge. The



sinple experimental set-up for observing 0G effect consists
of an electrical discharge produced in a gas c¢ell provided
with two electrode between which a8 stable dc voltage is
spplied [6]. A ballast resistance is used to 1limit the
current in the circuit. The modulated laser beam is passed
through the cell, which results in a change in impedance of
the discharge by resonant absorption of radiation. A
coupling capacitor blocks the dc voltage and the change in
impedance can be measured directly on an oscilloscope.

Pulsed or continuocus wave lasers can be used for exciting

discharge medium.

1.3. Photoemission optogalvanic effect

The 0G effect as described above is a resonant phenomensa.
As indicated earlier change in impedance of discharge plasma
can also be induced by injecting electrons into the plasma
nedium. Such electron injection can be made by photoemission
from one of the electrodes in the discharge cell.
Optogalvanic signals produced by injecting electrons into
the discharge via photoelsctric emission 1is known as

photoemission optogalvaniec (P0OG) effect [12-17].

This is & novel technique which can be employed in the
surface characterization of target electrodes and plasmsa

disgnostics. Only a limited number of papers sare available



in the literature, which deal with the studies on POG
effect. In the present thesis, we report the details of the
studies carried out in the field of POG effect and its
applications. An indigenous continuous flow discharge cell
was designed and fabricated for this purpose. The cell
configuration allows normal irradiance of laser pulses on
the target electrode with easy adaptability of target
electrode and economic use of target material. Details are

given in chapter I11I.

Unlike OG effect, POG effect 1is & nonresonant

phenomena as the phenomena can be observed for all
wavelengths below a threshold. The interaction of
photoelectrons with the discharge medium results in the
production of an electronavalanche,which vields a
considerable increase in the discharge current. This

enhancement in the discharge current results into the POG
signal. In some respect,the POG effect is the response of
the discharge to an almost instantaneocus perturbation of the
discharge plasma and yvields the direct observation of the
relevant characteristic time scales involved in the process.
In addition,the analysis of the time dependence of the
observed POG signal may give some information about the
secondary electron coefficient by ion impact on the cathode

{15].



1.3.1. POG effect for surface characterization

POG effect can be used in reactive plasmas to monitor the
removal or deposition of thin films. At 8 given
wavelength,the photoemission yield changes as the surface
composition gets altered. The change in current can be used
as an end point detector. Downey et al demonstrated {12] POG
effect for etch end point detection. Moreover POG effect is
a potential technique for monitoring surface contasmination
and effectiveness of cleaning process since POG signsal
depends on the surface conditions of the target electrode
material. Correlating POG signal with surface analysis,it
may be possible to use POG effect to determine precise
surface composition accurately. POG effect may be adapted to
specific processes by prudent choices of laser pulse

energy,wavelength and polarization.

1.3.2. Analysis of thin films and surfaces

For layer and surface analyses, the direct
layer-by-layer examination is preferred because of its
simplicity,high sensitivity,dood accursacy as well as diverse
information it provides [18]. This method gives very useful
information about the thin film structures,namely for

qualitative analysis of the elements in the layers,for



finding the depth profiles of the different element
distribution, for evaluation of the mutual diffusion of
different atoms, for consecutive layer thickness
measurements and for an examination of the interface

peculiarities.

POG effect is extremely sensitive to the interface
position and for this reason it may be used for layer
thickness neasurements particularly in the cases, where it
is not possible to use the spectral 1line intensity [173.
More over POG effect can be applied as an analytical method
for layer-by-layer analyses of thin films {16]}. This method
is very simple and measurements can be done with apparatus
consisting of standard components. Even for samples with
small area this method is very sensitive and yields better

accursacy.

POG effsct can also be used for enhancing
ionization and dissociation of species with discharge mediunm
and for testing models of low pressure glow discharges [12].

Details of the POG process is given in chapter II.
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Chapter 11

THEORY OF PHOTOEMISSION OPTOGALVANIC EFFECT

An outline of the photoemission optogalvanic (POG)
effect has been given in the previous chapter. Theoreticsal

treatment of POG effect is presented in this chapter.

2.1. Electron Emission from Metal Surfaces

Creation of electron beams from metal surfaces are
of considerable interest due to their relevance both in
fundamental and applied fields {1-8]. The principal methods
employed for this purpose are thermionic emission, field

emission and photocemission.

For electrons to be torn away from metsl
surfaces they should be loosely bound to it. For the free
electrons, the interior of a metal may be considered as an
equipotential volume, but there is a potential barrier at
the surface. When the electron reaches the surface of the
metal, it collides with the potential energy barrier. At
absolute zero temperature, it is impossible for an electron
to escape from the metsl because this regquires an amount of

energy equal to potential barrier sand the maximum energy

11



possessed by any electron is only Fermi energy. It is
necessary to supply an additional amount of energy egual to
the difference between the potential barrier energy and
Fermi energy in order to make this escape possible. This
difference is known as the workfunction and it is the
minimum amount of energy that must be given to the fastest
moving electron at the sbsolute zero of temperature in order
for this electron to be s8ble to escape from the metsl.
Workfunction of a metal may be interpreted in another way
{10] as, when a negative electron escapes the metal surface
it will induce & positive charge on a metal from which it
escapes. There will then be a force of sattraction between
the induced charge and the electron. Unless the electron
possess sufficient energy to carry it out of the region of
influence of this image force of attraction it will be

returned to the metal.

2.1.1. Thermionic Emission

In thermionic emission, thermal energy is supplied
to the electron from the lattice of the heated metal
crystal. The enerdy distribution of electrons changes
because of the increased temperature. Electrons sachieving
energies greater than the potential barrier energy may be
able to escape from the metal. The thermionic current is

#given by the Richardson equation

12



I=8 AOTZ g Ew/kT (2.1)

where S- area of filanent,Ao- a constant,T - temperature,hk -

Boltzmann's constant,Ew - workfunction.

2.1.2.Field Emission

Under normal operating conditions, the field
applied between the cathode and the collecting anode is
accelerating rather than retarding, and hence the field aids
the electrons in overcoming the image force at the surface
of the metal. When the accelerating field at the surface of
s cold cathode is very intense it will lower the potentisal
energy barrier at the surface of the cathode [10) and also
it 1is reduced in the thickness. For fields of the order of
millions of volts per meter, the barrier may become so thin
that the electron considered as & de-Broglie wave, may

penetrate or tunnel through the barrier.

2.1.3. Photoemission

By the application of light, elesctron emission from metsal
surfaces can be achieved. It was Hertz in 1887 {11} who
first documented observation of photoelectric effect.

Subsequent investigators, principally by J.J.Thomson ({12}

13



‘and H.Lenard [13-15] identified photoelectric process with
the emission of electrons and established that the velocity
of the emitted electron depend on the frequency of the

l1ight while the intensity was determined by their number.

In 1805 Albert Einstein [16] explained the

photocelectric effect in terms of & simple relationship

Ekin,max = ho - ¢ (2.2)

That is, the maximum kinetic energy E of a photoemitted

kin
electron is equal to ‘quantized package” of 1light energy
related to the classical fregquency o minus the work
necessary to release the electron from the emitter, the
workfunction ¢. This relationship contained two fundamental
and novel assumptions viz, the photon or particle nature of
light and the quantized nature of matter. In the excitation

process it is assumed that the incident photon is absorbed

by a single electron.

The photoelectric effect for metals nay be
subdivided into volume photoelectric effect &and surface
photoelectric effect [17)}. The volume photoelectric effect
is due to the emission of the bound electrons in the solid.
This effect is of 1little importance near threshold, but

should not be neglected in general. The surface

14



photoelectric effect is due to the emission of the “free’
electrons in the conduction band, while they are interacting
with the surface barrier. Mitchell {18,183 developed a model
to explain surface photoelectric effect. He assumed that the
wavelength of the incident monochromatic wave is large
compared to the de-Broglie wavelength of the electrons in
the conduction band. He also assumed that electrons moved in
a Sommerfeld type of potential and the energy distribution

of the electrons was given by Fermi-Dirac statistics.

One of the first explanations of photoemission, based on
phenomenological models of the intersction of 1light with
electron in a metal was developed by Fowler ({203. This 1is
one of the first applications of quantum mechanics to solid
state physics. Fowler derived an equation for the specific
photoelectric emission from a metal surface as a function of
the frequency of the incident light and tempersture of the
surface. Moreover Fowler has devised an ingenious graphical
method of testing the theory and has shown that it 1is in
excellent agreement with the best experimental results

available at that time.

Immediately after the publication of the results
of Fowler, Dubridge {21] sugdgested some modifications to
Fowlers graphical method. By this method it became possible

to determine the true photoelectric threshold of a surfsace

15



from photocurrent - temperature curves taken at a single
incidence frequency and Dubridgde s modification of Fowler's

theory found to be more successful.

Works of Lawrence and Linford ([10)] on the effect of
intense electric fields on the photoelectric properties of
metals gave a greater insight into the phenomena. Shifts of
photoelectric thresholds by strong accelerating fields are
of particular interest for they involve changes of the
workfunction of a surface without alteration of the
important characteristics of the metal. The workfunction
involves more than Jjust the work required to eject an
electron from inside to immediately cutside a metal, since
it also includes the work required to remove it entirely
away from the surface. Outside the metal, an electron
experiences 8 force of attraction produced by its image
{221. In some cases ion lasyers salso produce electrostatic
fields near metal surfaces, which oppose or aid the removal
of electrons. Surfaces reduce the ion image fields, thereby
causing the reduction of the workfunction. The lowering of
workfunction sappear a3 8 shift of the photoselectric
threshold to the red. Variation of the thermionic emission
with applied fields have been used to estimate surfsace

electric fields.

Kane {23] proposed a theory of photoelectric

16



‘emission from semiconductors. In his work he has determined
the photoelectron yield versus enerdy relation for a number
of possible photoelectric production and escape mechanisms

involving volume and surface states in matter.

Assuming bulk photoemission from a solid, Berglund
and Spicer [24] derived expressions for the gquantum yield
and for energy distribution of photoelectrons. The deduced
expressions relate optical transition probsbilities, opticsal
constants, and mean free paths for inelastic scattering in a
solid to quantities which can be measured in photoemission

experiments.

Understanding of the physics of photoemission process
provides an extremely sensitive method for detailed analysis
of the electronic properties of atoms, molecules, condensed
matter, surface properties etc.{25). An important saspect of
photoemission is its surface sensitivity, that is fesatures
of the emitted electrons like velocity, density, spectral
features etc. are related to the properties of s0lid as
defined by the ocutermost layers of s&stoms in the emitter.
Hence, photoemission is intrinsically influenced by surface
conditions and external parsmeters such as photon energy,

angle/region of incidence, applied voltage etc.
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2. 2. Laser induced Photoemission from Metal Surfaces

Using high energy density laser beams it 1is
possible to generate short intense and bright electron besams
{26-30]. The time dependence of electron beams by other
methods is dictated by the +temporal characterization of
their pulsed voltage sources. But using lasers with very
high photon fluxes and nano second or pico second pulse rise
times, it is possible to cresate electron begns of very short
duration {31}. Such electron beams have many applications
like transforming electron beam enerdy into the radiative
field of a Free Electron Laser, microwave tube, synchrotron

source etc.{8,98,29,32].

2.3. Multiphoton Photemission from Metals induced by wultra

short Laser Pulses

Extensive use of lasers in various branches of
experimental physics began in the sixties and has opened up
opportunities to solve a number of fundamental problems.
Among such applications, many-photon process in solids and

particularly the photoelectric emission is of considerable

interest.

Easrlier works [33-36], explained laser

induced emission current from different targets as only due

18



to thermal contributions. Conductors, semiconductors, and
insulators were used as solid targets in these studies. It
is observed that for different elements relative intensities
appear to depend on the workfunction of the surface and on
the ionization potential of the species in question. But the
work carried out by David Lichtman and Ready ({34] hasas
investigated and shown the possibility of wmultiphoton
induced photoemission. However,they alsc canme to the
conclusion that the emission is due to thermionic emission

and could be described by Richardson egquation.

But, Verber and Adelman {35} found it difficult to
explain short signals s&aroused during laser irradiation
unlike the case when the 1long signals were confirmed as
thermionic. Adawi {37] and Smith {38] predicted a dependence
of two photon photoelectric current on the direction of
polarization of the bean. The first report of a
photoelectric emission proportional to the square of the
light intensity was that by Teich et al {38]. Farkas et al
{40] proposed an effective model which made it possible to
study photoelectric emission as a result of the sabsorption
of three or more photons. The experiments were in good
agreement with the theoretical calculation of the
probability of the many photon photoelectric emission

carried out by Adawi and Smith.
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Measurements of the absolute values of the gquantum
efficiency of the two and three photon process also
confirmed the qualitative correctness of the theoreticsal
calculations [41]. Ready f42] was the first to study
electron emission from metals using a Q-switched Ruby Laser.

He was able to consider the details of the electron process.

There are certain characteristic festures which
distinguish photoelectric emission from thermionic emission.

In contrast to the thermionic emission current, the

photoemission current is proportional to the nth power of
the light intensity [43].
_ n
Jrl = nnI (2.3)
where nn is the probability of n - photon effect. The

order of the photoelectric effect can be deduced from the
experimental data and compared with theoretical value {44]

A
n = 1 + —_— (2.4

hw
where A is work function for emission from a metal. The
sgreement between the value of "n” and that found
experimentally can be regarded as an important evidence in

support of the photoelectric nature of the measured current.
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.//
// :
Since in the pho@ﬁélectric effect, the emission
of electrons as & result of the incidence of photons on the

cathode is an instantaneous process, the current pulse shows

a delay relative to the laser pulse.

In the Guassian profile of the laser pulse the
duration ‘tj' of the photocurrent pulse is related to the

laser pulse duration ‘to’by {44]

t. = — (2.3)

In thermionic emission case the shape of 8 current pulse
is governed by the time dependence of the target

temperature.

Thermionic emission current is governed entirely
by the temperature of metal surface, which in turn depends
on the absorbed power. While, photoelectric current is
governed by the electric vector of the incident wave and
thus on the angle of incidence and on the angle of
polarization of light [45-47]. Thus messurements of the
angular and polarization dependence of the emission current
make it possible to distinguish the BANY photon

photoelectric effect.
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Photoemission from metal cathodes is explained
theoretically in two ways; pure multiple-photon photo
emission and multiple-photoemission combined with thermal

emission.

2.3.Ca). Multi-photon photoemission from metals without heating

Hultiple photon photoemission from & metsal su:face at a
temperature T = 0° K, is considered. The calculations of
pure multiple photon photoemission have been either for the
so called surface photoemission effsct or for the volume
photoelectric effect. The initial calculations for the two
photon surface photcemission effect were done by Adawi [37]
and Smith {383. Calculations of higher order multiple-photon
effects have been given by Bunkin and Federov {47} and by

Silin {48].

A theoretical treatment of two photon volume
photoemissive effect was first given by Bloch {483. Bloch’'s
calculation has been criticized by Teich and Wolga [58], who

observed that Bloch failed to account for the following:

(i) the electron escape depth 1is a function of

electron energy
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(ii) part of the incident light is reflected at the
surface
(iiidthe perturbation Hamiltonian in the independent

electron scheme is

- eA.P e’ A

ne chz

and two photon transition may occur either from the first
term in second order or from the second term in the first
order. Bloch neglected the first term. Teich and Wolga [50]
obtained san explicit relation for the two photon
photoemission current and found that their calculation was

in good agreement with their experimental result.

Logothetis and Hartman {41} used a similar
multiguantum volume photoemission model to explain their
experiments on gold. As it is deduced for two-photoemission,

two-photon induced current density J2 is given by

ep I%C 1 - R )°Bpe

Jz - he (2o + 1/1 ) (2.7)

e - the electron charde,p - the electron escape
probability, R - the metal reflectivity, I - the incident
power per unit area, hr - the incident photon energy, o -

the absorption coefficient at the laser wavelength, 1 -

23



electron escape depth and ﬁpe - is the two photon absorption

coefficient that results in photoemission transition.

2.3.(bd). Multiple-photon photoemission combined with thermal

emission mechanism

The Generalized Fowler - Dubridge theory

The first successful theory to explain both the
temperature dependence of one-photon photoemission and the
spectral dependence of one-photoemission near the work
function threshold was developed by Fowler {[18]. Fowler’'s
starting point is the sassumption that the electron in the
metal obey Fermi-Dirac statistices and are uniformly
distributed in the momentum space. He calculated the
one-photon quantum yield for three different models that
depended on how the photon‘was sbsorbed and how the electron
escaped. Thereafter Dubridge ([20,51] extended Fowler's
calculations using slightly different assumption for, both
the photon absorption and the electron emission, and he
calculated the one-photon quantum yield as a function of

temperature and one photon energdy.
The ideas of Fowler and Dubridge can be extended to more

general electron emission effect. The total electron

emission current is composed of partial current densities
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esch of which has a simple interpretation. Thus the total

current can be written as {52,53]

J (r,t) = r J.(r,t) (2.8)
n=

The quantity Jo is interpreted as thermionic emission, J1
as one-photon photoemission, Jz as two-photon photoemission
and Jn as n-photon induced photoemission. The functionsal
form of the partial current density for n-photon

photoemission can be written as

~ e n
IplT, 1) - a“[ ] AT (r,0)" (1 -ROMT (r,t)2
h
nhy — ¢
F {—— (2.8
KT

e - the electron charge, R - the surface reflectivity, A -
the theoretical Richardson coefficient, h» - the laser
photon energy, ¢ - the surface work function, k -
Boltzmann’'s constant, I - the the incident laser irradiance,
T - the sbsolute temperature of the surface sand s - 8

n
constant. F{(x) is the Fowler function.

A comparison of (2.7) and (2.8) shows that
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the constant a, can be related to the escape probability p,
the two-photon absorption coefficient

A, nd o (2.10)

a =
2 2nm el ( 2o+ 1/1 ) (Zhw— & ¥

The constant a, oan alsc be related to the measured
emitted charge q, if the electron emission is a pure
two-photon effect. In this interpretation 8, is a completely

empirical parameter and is found by choosing a such that

2
the measured charge is equal to the theoretical expression

for the emitted charge,
q = f3(r,t) . ds dt  (2.11)

The integration is to be taken over the pulse duration and
the pulse area. The total current density J (r,t) is given
by equation (2.8) if both the space-time dependence of the
incident laser irradiance and the surface temperature are
known. The irradisnce usually known from the experimentally
megsured laser diagnostics, but the surface temperature as s
function of space and time must be calculasted from the hesat
conduction equation

2 1 T (r,t) G (r,t)
VYET(r,t) - = - ——(2.12)
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k - the thermal diffusivity, K - the thermal conductivity
and G(r,t) - the net energy genersted per unit volume per

unit time within the metal.

2. 4. Photoemission Optogalvanic Spetroscopy

Photoemission Optogalvanic (POG) effect is as explained
earlier the production of optodgalvanic signals by injecting
electrons into & discharge via photoelectric effect {54-58].
Because of the pumping of electrons, an avalanche develops
in the discharge,which yields s considerable increase of the
plasma current which constitutes the POG signal.Because the
magnitude of the signul produced by a laser incident on an
electrode is affected by the surface composition, this
method is a useful and appropriate analytical tool. When the
electrode is being etched, changes in surface composition
affect the photoemission yield. Physically, the workfunction
or carrier mobility of the electrode surface changes during
the etch and the photoemission efficiency varies for a given
photon energy and flux. By changing the photon energy and/or
flux, the technique can be tailored to measure plasms
etching end points or surface contamination. Besides this,
the understanding of POG is strongly related to that of rf
and other nonstationary discharges. In some respects the POG

effect is the response of the discharge to an instantanecus
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perturbation and its observation yields directly the
relevant time scales. In addition, the analysis of the time
dependence of the observed POG signals may give some
information about the secondary-electron -emission

coefficient by ion impact on the cathode.
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Chapter I1IIX

EXPERIMENTAL DETAILS OF PHOTOEMISSION OPTOGALYANIC TECHNIQUE

Introduction

Photoemission Optogalvanic (POG) technique has been used
to study the fundamentsl processes occurring in discharge
plasma {1,2,31, surface characterization of target
electrodes {4,5,6], multi photon absorption {7,8,8] etc. In
POG studies the basic principle is the observation of
discharge plasma perturbation occurring due to the injection
of photoelectrons into it. In general, the experimental

aspects for observing POG effect consists of

(i) =a stable electrical dischargde medium with suitable
tardet electrode,

(ii) Photoelectric emission from the target electrode using
laser radiation and hence the perturbation of the
discharge,

(iii)detection of the resulting POG signal.

The interaction of the photoelectron with

discharge will produce an impedance change and which can be

measured using appropriate detecting systems.
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3.1. Discharge cell

In POG studies, a discharge cell with two electrodes
filled with a desired gas at an optimum pressure is needed.
One of the electrodes acts as the target electrode. A stable
de voltage is applied to the electrodes in order to sustain
the discharge. A stable and low noise discharge is reguired
for efficient measurement of POG signals. The mnajor
difficulties that arise during POG studies are due to the
presence of random discharge noise sas a result of
fluctuations in current caused by the variations in gsas
pressure and/or applied voltage. The noise can be minimized
by maintaining the gas pressure at a steady 1level and by

using a highly regulated power supply.

In many POG studies commercially svailable hollow cathodes
have &also been used {4,8). But in such cases the
applications are limited, because the target electrode and

the discharge gas cannot be changed.

Details of the discharge cell fsasbricated 1in our
lsboratory is depicted in fig.3.1. It consists of a glass
tube of 1 cm diameter socketed into two metal caps made of
stainless steel. Separation between the ends of the caps is

3cm and they act as electrodes. One end of the cylindrical
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- g8lass connector,

Fig. 3-1.Shematic of the discharge cell.g

- bressure gdsauge,

- 8as inlet,0 - gas outlet, P G

T- Target, I

5 - steel caps.
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cap is provided with a glass window while the desired targdet
is fixed inside the metal cap at the other end of the
discharge tube. Separation between the target and the end of
the electrode is 4.5 c¢m. Suitable side tubes are also

provided for gas inlet and ocutlet.

The discharge is excited using a low noise high
voltage power supply ( Thorn EMI PM 28 B ). A ballast
resistance of 86 kQ is also included in the circuit so as to
limit the current in the circuit. Discharge in the cell was
maintained by using needle and diaphragm valves which are
provided at the inlet and outlet sections of the cell. All
the joints of the cell are vacuum tighted with ‘o0° »rings.
The cleaned cell is first evacusated with a vacuum pump sand
then flushed by passing the discharge gas. A digital pirani
gaude ( Vacuum Technique Model VT DPC - 11 ) ({[Vacuum
Technique Model VT DPC - 11 Instruction Manual] is used for
monitoring pressure. The inlet sand outlet valves are
adjusted to maintain a steady gas flow sc that the pressure
inside the cell remains constant. A well regulated high dec
voltage is applied through a ballast resistance. The
discharge is then run for a long time at a slightly high
current than the actual current at which the expseriment is
to be performed so that the presence of impurities in the
cell is minimized. The discharge noise is then monitored and

the pressure of the gas adjusted such that it is s minimum.
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3. 2. High Voltage Power Supply

One of the serious problems that 1limit the
sensitivity in POG experiments is the presence of large
discharge noise due to random fluctuations in the pressure
or current. This can arise as a result of vsariation in gas
pressure or the applied voltage,presence of impurities etc.
Hence it is essential to maintain the dischargde with &
pinimum noise using an extremely stable and ripple free
voltage source. The voltage source used is a stable well
regulated power supply having very low ripple factor ( 2 mV
peak to peak ) and the ocutput controllable from 100 V to
2800 V up to a maximum of 5 mA ( Thorn EMI PN 28 B ) [ Thorn
EXI PM 28 B, High Voltage Power Supply Instruction Manual ].
The unit is provided with a switch controlling the output in
ZQO V steps from 100 to 2800 V and &8 five turn potentiometer

for fine voltage control giving a range of 0 to 500V

3.3. Optical Excitation System : The Nd: YAG Laser

In our experiments an Nd:YAG laser (Quanta Ray DCR - 11)
{Quantay Ray DCR - 11 Nd: YAG laser Instruction Manual] was
used. Nd:YAG laser is & four level laser system which has s
distinct advantage over other laser systems. The properties

of Nd:YAG are the most widely studied and best understood of

37



all laser medias. In normal operating conditions the

wavelength selective optics limit oscillations to 1064 nn.

For a flash lamp pumped laser the pulse duration
will be long, about the same as the flash lamp and its pesak
power will be low. A Q@ - switch is used to shorten the pulse
and raise its pesk power. The short pulse of high peak power
is the key to the usefulness of the pulsed Nd:YAG laser. The
present laser used for our studies has a pulse duration of

10 ns and it is used 8t a repetition rate of 10 H=z.

The high peak power of the Q@ - switched pulses
permit frequency conversion in nonlinesr crystals 1like
potassium dideuterium phosphate ( EKDP ). 1064 nm Nd:YAG
fundamental interacts with the crystal to produce a
secondary wave 532 nm. Both 10684 and frequency doubled 532

nm were used in the present work.

3.4.Digital Storage Oscilloscope

POG signal smplitude was mesasured directly from
the storage oscilloscope. The storage oscilloscope used in
the present work was a digital storage oscilloscope of 200
HHz frequency range ( Iwatsu DS 8621,200 MHz ) {Iwatsu Ds -
8621,200 MHz Instruction Manual J. This scope has the

facility for signal averaging and data storing, which can
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also be used to obtain hard copy of signal shapes using

plotter/printer.

3. 5. Power Meter

For messuring the laser power/energy during various

experiments the following power meters were used.

(i) Laser Power Energy Meter : (Scientech Model 362)

This is & disc calorimeter that enploys
calibrated thermopile which generates a voltage proportionsal
to the heat that is liberated from the absorption of the
input laser flux. Many thermoelectric Jjunctions are arranged
in series &and sandwiched between an absorption surface
producing heat which flows through the thermopile. The heat
flow is accurately proportional to the 1laser beam and
substantislly independent of the laser beam spatial
distribution of power. The thermopile output is a linear low
impedance dc¢ signal of approximately 0.08 volts/W. The
following are the specifications of Scientech 3682 : a flat
spectral response in the region of 400 nm to 1200 nm,s
continucus range from 0 to 10 watts, a maximum power density

of 47 ﬂ/cn2 and a maximum pulse energy of 3.3 J/cnz.
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(i11) Pulsed Energy Monitor : Delta Developments

This on 1line laser power meter uses a polarization
compensated beam splitter to sample the beam,85 X of which
is transmitted through the exit face. The sampled bean
strikes a retroreflecting diffuser and reaches a photodiode
via 8 rande plate which attenuates the 1light approximately
for the range of energies being measured. All positions on
the diffuser give equal signals. Different plates c¢an be
used for different energies or wavelengths.The spectral
rangde extends from 200 nm to 1100 nm.A wmaxinum of 300

nJ/pulse can be measured with delta development meter.

3. 8. General Experimental Set-up

General scheme of the experimentsl set-up
(£fig.3.2) consists of the measurement of POG effect produced
by the injection of photoelectrons into the discharge. In
the present work all POG studies were carried ocut using Nz
as the discharge gas. Copper, Gold and Platinum were used as
the target electrodes. The current limiting resistance and a
nilliammeter were connected in series with the c¢ell and
discharge is maintained by applying a stable dc voltage. The
discharge condition is adjusted by varying applied voltage
and a constant pressure is maintained to get & =minimum

electrical discharge noise. Pulsed radiations from Nd:YAG
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Figure 3.2Schematic of the experimental set-up (SHG - second
harmonic generator, F - harmonic separator, R - reflector, BS

- beam splitter, PM - power meter, D - discharge cell, BR -

ballast resistance).
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laser, both 1064 ne and frequency doubled 532 nm (pulse
width 10 ns and repetition rate 10Hz. ) were used to excite
POG signal from the targets. Signal developed sacross the
load resistor was fed toc the Digital Storage Oscilloscope
through a coupling capacitor (0.1x4F). The capacitor blocks
the dc¢ voltage and ac signal is messured directly from the

oscilloscope.
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Chapter 1V

POG STUDIES WITH COPPER AS TARGET ELECTRODE

Introduction

Photoemission Optogalvanic (POG) studies with copper as
target electrode is included in this chapter. The
fundamental (1064 nm) &and frequency doubled (532 nm)
radiations from Nd:YAG laser have been used in the present

studies to generate POG effect.

Only limited studies on photoelectric emission with copper
had been carried out by earlier workers. Honing et al (1]
observed laser induced emission of electron, ion and neutral
atoms from copper. But the emission of electrons and ions
were attributed only to thermal excitation.Berglund et al
{2] studied photoemission from copper both theoretically and
experimentally. They have shown that measurements of the
spectral distribution of the photoelectric yield and of the
energy distribution of photoemitted electrons at individual
photon energies can be used to study both the optical
excitation and the electron scattering processes in solids.
At first photoelectrons are to be optically excited into
states of higher energy; then they move to the surface of

the s0lid with or without scattering and get escape to the
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outside of the metal.They also obtained theoretical
expressions for the quantum yield and for the energdy

distribution of photoelectrons.

Tsnang et al {3] studied surface plasmon field
enhanced mnultiphoton pho;oelectric emission from copper
metal film. It is observed that electron yield increases by
several orders of magnitude with fsairly high quantun
efficiency, when photons are coupled to the surface plasmon
modes. Chen et al ([4] also observed photoemission from
copper films. Srinivasa Raoc et al {5] analyzed the influence
of electric field associated with the photons in enhancing
photoemission on diamond turned copper with laser bean.Also
they observed that 8t the optimum incident angle, the
electron yield with p-polarized light was 75 times larger

than that with s-polarized light.

In the present study we use copper target as a source for

denerating electron beams for POG effect.

4.1.Two-photon induced photoemission optogalvanic effect

with copper as target electrode.

POG studies using copper 8s target electrode has been
studied under two conditions (a) keeping the target

electrode s8s cathode (forward bias condition) and (b)
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keeping the target electrode as anode (reverse bias

condition).

Initially the dependence of discharge plasma current
on applied voltagde s&8and discharde gas pressure has been
characterized. For differgnt pressures, the dependence of
discharge plasmsa current on spplied voltage is
noted,(fig.4.1.). The discharge plasma current increases
with the aspplied voltage. But,above a threshold vsalue of the
gas pressure discharge plasma current diminishes. Fig.4.2.
shows the dependence of discharge plasma current on
pressure. Plasma current incresases to a threshold value of
pressure, and then decreases. Around a pressure of 200 pbar
to 210 ¢ bar there is a sharp increase 1in the discharge
current. At this pressure as the applied voltage is
increased beyvond a threshold san sabrupt increase in the

plasmas current (plasma breakdown) is noted.

Cad keeping the target electrode as Cathode ( forward biased

condition )

A solid copper target of 2 mm thickness was sandwiched to
one of the caps of the dischargde cell.Nitrogen gdas was
continuously flown through a needle valve and an optimum
pressure of 180 wbar was maintained in the discharge cell.

The ocutlet of the discharge cell was connected to a rotary
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vacuum pump.Discharge was excited using a 1low noise high
voltage power supply. A negative polarity was given to the
target (forward biased condition) electrode. Frequency
doubled pulsed laser radiations (532 nm) were normsally
irradiated on the target electrode.POG signal amplitude was
directly measured from the storage oscilloscope. A typical
POG signal shape (forward biased case) is given in fig.4.3.
The signal shows a FWHM of a few micro seconds which is much
larger than the laser pulse duration ( ~ 10 ns). This
difference coccurs because, the POG signal arises due to the
transportation of injected photoelectrons into the
discharge. The propagation of electron avalanche in
discharge result into POG signal,which sustains longer than
the laser pulse duration. The discharge plasma will be left
with strongly perturbed ion and electron densities, which

afterwards relax intoc their respective steady states.

The work function of copper is 4.4 eV (6] which is
slightly lower than the two photon energy (4.6 eV) at 532 nm

s0 that we can expect & two photon induced photoemission

from copper target.

According to generalized Fowler-Dubridge theory {7,8,8]
the total electron density emitted from copper target under

laser irradiation is
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o

J (r,t) J(r,t) (4.1)

n=0

i

where

- e PN n
Jn(r,t) = a, [ ho ] A (1-R)y P(r,t)
2 nhy - ¢
T(z,t)}" F [ “KT(r. ) ] (4.2)
In this experiment one can expect a two-photon

induced photoemission so that the contribution to POG

signal will be due to

_ e _pi\2 2
Jz(r,t) = a, {__E;_] A(1-R)™ P(r,t)
2 2hw - @
T(r,t)*™ F [—_ETT;TE) (4.3)
From (4.3) it is clear that the slope of the 1log - 1log

plot of POG signal against laser intensity gives the number

of photons taking place in the multiphoton process. It is

two in the present case.

The variation of POG signal as a function of laser
intensity for different discharge voltages ( keeping the
target as cathode )} at 180 pbar of nitrogen gas pressure is

shown in fig.4.4. The signal strength increases with the
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laser intensity as well as with the applied voltage. At
lower laser intensity, the POG signal is almost the same for
different values of applied voltage. But, at higher laser
power, POG signal increases with the applied voltage.
Electric field at metal surfaces reduces the image and ion
fields and thereby cause reduction of the work function
{10}, which will result into an enhsncement in the POG
signal as observed in the present studies. But, at higher
laser power much larger number of photoelectrons will be
denerated such as to surpass the recombination rate and
hence an increase in the POG signal may be expected. In fig
4.5. log - log plot of signal strength against laser power
for three different applied voltages are given. The three
plots are parallel and have a slope of 2, which clearly
confirms the two-photon process taking place in POG effect

here, for different applied voltages.

As we go on increasing the 1laser intensity,a
threshold intensity was observed sabove which, a complete
breakdown ( an abrupt enhancement in the discharge current)
of the discharge plasma is observed.At this condition, the
discharge plasma became so turbulent that the discharge
current shoots up to five to ten times the normal discharge
plasma current.Now, the POG signal shape becomes very
different indicating the vigorous processes of

transportation of the perturbed electrons and ions in the
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plaspa medium.Figures 4.6. and 4.7. give the trace of the
P0G signal shape at the onset of the breskdown. Fig.4.8.
shows a typical POG signal Jjust at discharge breakdown.
After the bresk down a typical discharge plssma nature is

depicted in fig.4.8.

At breakdown and before breakdown discharge plasma spectra
were recorded and the difference in plasma spectral lines
were analyzed. Figures 4.10. and 4.11. show the plasms
spectra before and after breakdown. The spectra reveal well
resolved bsands corresponding to C-X transition of Nz
molecule present in the discharge. Before breakdown, the
spectrum shows a few bands of nitrogen molecule, while at
breakdown more number of lines with greaster intensity are
seen.The same discharde current at breakdown was also
achieved by increasing the discharge voltage. However the
corresponding spectrum of the plasma (fig.4.12.) differs
with the one recorded at low voltage breakdown
concentration.The (0,1} band is predominant at 1low voltage
breakdown condition.While (0,3) 1is predominant at high
voltage ( i.e. without breakdown) condition. The intensity
distribution smong the bands are almost same in the absence

of breakdown at low and high voltage cases. However at

breakdown the intensity distribution of the spectrum gets

podified.
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It is observed that, once the breakdown wss
initiated the discharge plasma turbulence sustains for a
long time without resuming the original state of the plasma

and the discharge current alsoc remains enhsanced.

As the applied vqltage is increased the threshold
laser intensity for which break down initiates decreases.
Fig.4.13. shows the dependence of threshold break down laser

intensity on the spplied voltage.

The dependence of P0G signal on the pressure in
the discharge cell was alsoc looked into. There exists an
optinum pressure below which we get sharp POG signals
(fig.4.3). As the pressure is increased above the optimum
pressure a second peak is found to grow in strength and
width with a delay of a few micro seconds with respect to
the first peak (figs 4.14,4.15,and 4.18). As the pressure
is increased, the population density of ions and elecirons
in the plasma medium will also increase. Hence the triggered
interaction of the bunch of photoelectrons with the plasma
medium will sustain for a longer duration through collisions
and secondary electron emissions, leaving more perturbed
ions and electrons.At higher laser intensity the second pesak
is found to increase in strength sand width due to an
enhancement in the above process.(fig.4.16).As the 1laser

intensity is further increased ripple 1like structures sare
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observed in the second peak (fig.4.17.). This can be
attributed to the onset of discharge oscillations arising
out of the abundance of the perturbed ions and electrons in
the discharge plasma. At this condition an increase in
pressure causes instability in the POG signal (fig.4.18) and
a strong nonlinear effect sets in. Similar instabilities

(fig.18.) are observed for higher laser intensities also.

A ringing effect on POG signal (fig.4.20) is
observed in the present studies.A similar ringing effect was
observed by Mitchell et a8l (11] while studying the POG
effect by using steel and Si electrodes.As a result of
photoenission, the ion sheath near the cathode contracts
slightly, becasuse of the increase in the 1local charge
density increase, as the avalanche developed.As the cathode
sheath contracts, bulk electrons diffuse behind the ®moving
sheath edge. But near the anode,the plasma potential first
decreases below the anode potential, to =allow excess
negative charges to escape. This results in a rapid electron
flux to the anode. However, too much charge is extracted and
the plasma potential subsequentally increases sabove the
initial value to constrain further electron 1loss. This
overshoot in the plasma may be partially responsible for the

observed ringing.

We have observed that the smplitude of ringing gets
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enhanced on increasing the discharge current (fig.21.). At
higher current, the nonlinearity in the discharge plasmsa
causes complex plasma oscillations to set off. Details of
such discharge plasms instabilities are given 1in chapter

VII.

{b) keeping the target electrode as anode ( reverse biased

condition )

The polarity of biasing of the target electrodes are
reversed from the earlier observations. Except this all
other experimental conditions are kept the same as for the
forward biased condition. Now, the copper target was given =
positive polarity ( reverse biased condition ). In the
absence of discharge plasma,signal was not obtained in the
case of reverse biased condition, contrary to s sharp signsal
observed in the forward bias case (fig.22.). In forward
biased condition as the pulse repetition rate is increased
the signal becomes very prominent and for high 1laser
intensity the width of the signal increases (fig.4.23.)

showing the thermal contribution in electron emission.

In presence of discharge, electrons in the discharge

plasma will be moved to the target electrode { which is

reverse biased ),while the positive ions will be clouded at
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the opposite electrode,the cathode. The trace of POG signal
in the reverse biased condition is shown in fig.4.24. In the
forward biased condition the signal trace has a prominent
single pesak only, while in the reverse biased condition the
trace has three peaks: one almost same as that of the
prominent peak observed in the forward biased condition and
another peaks with higher amplitude with &8 delay of few
micro seconds adjascent to the prominent pesk.However, as the
applied voltage 1is increased two peaks were observed
(fig.4.25.).A satisfactory model was proposed by Mitchell et
al {12]) and Debontride et 81 {13] for forward biased case.
However, in the reverse biased case this model is inadequate
due to the presence of multiple peaks in the signal. Pesaks
with larger FWHM and delay indicate that in the reverse
biased case the perturbed ions and electrons left in the
discharge plasma get transported for a longer time and the
perturbation prolongs. In the reverse biased condition, the
presence of space charde effect due to electron clouds in
the vicinity of the target electrode and positive ions
present in the dischargde plasma will denerate sambipolar
diffusion. The multiple peak structure can be attributed to

the signal due to such ambipolar diffusion.

Fig.4.26.shows the variation of POG signal as a function of

laser intensity at variocus reverse bias voltages across the

discharge «cell. When we change the polarity of the
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electrodes, the direction of the drift of electrons and
positive ions in the discharge plasma will also change with
respect to the laser beam. Log-log plot of signal strength
versus laser intensity again gives a slope of "2 indicating
that the two-photon process taking place 3in reverse bias
case also (fig.4.27.). In fig.4.28. dependence of forward
and reverse biased signal strengths on laser intensity is
given. From fig.4.28. it can be observed that in the reverse
biased condition, POG signal shows a saturation at higher
laser intensity. But, within that rangde of lgser
intensity,no such saturation is observed in the forward
biased case. In lower laser intensity level, initial wvalues
of POG signals are almost the same for both reverse bias and
forward bias voltages. But, st still higher laser power, at
a given discharge voltage, signal strength in the case of
reverse bias is found to be larger than that in the case of
forward bias.Above a certain laser power,signal strength
saturates in the reverse bias, unlike in the forward biased
condition. In this region, the signal strength in the
forward biased case becomes larger than that in the case of
reverse biased condition. But, the point of cross over at
which signal strength in the case of forward bias over that
of reverse biass, gets shifted to lower laser power region at
higher voltages. The observation shows that under reverse
bias case, signal gets saturated due to space charge effect,

while in forward bias case such space chargde effect may be
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negligible.

4.2. Study of quantum efficiency of POG effect both under

forward biased and reverse biased conditions.

The quantum efficiency (Q) of photoemission is & measure
of the emission of photoelectrons per irradiance of photons.

It is defined as {11}

Re
Q = —_— (4.4)

ph

where Ne and Nph are respectively the number of
photoelectrons ejected out and the number of photons

incident on the target.

It
Ne = _— (4.5)

where I is the electron current and t is the current

pulse duration.

Laser Pulse Energy

Nph = (4.8)
hy

Fig.4.28. shows the variation of oversall quantun
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efficiency Q as a function of laser intensity and applied
voltage in the forward bissed condition. The quantun
efficiency is comparatively low because of the involvement
of the two photon process which has & much lower probability
in the present case.However, as the laser intensity is
increased enhancement in the value of Q@ 1is noticed. This
apparently is an indication of the probable role played by
thermionic electron released by rapid heating of the target
surface by the intense laser pulses. An increase in the
applied voltage also enhances the electron density (due to
collisional ionization )} and thus overall quantum efficiency
in POG effect increases with field. Also enhancement in the
value of Q due to the applied voltage across the cell can be
sccounted fo:, as the dependence of photoelectric efficiency

n on electric field E [11] given by

eEp
n = A 2hv - ¢ - —————— (4.7)
o

4drne

where A depends on the cathode materiasl parameter,¢ is the
work function and 3 is the enhancement factor,which is

related to the roughness of the cathode surface.
Fig.4.30. shows the variastion of the overall

quantum efficiency Q as a function of 1laser intensity and

the applied field in the reverse biased condition.For

79



—13 )

Quantum Efficiency (X 10

o
(@]

wm
=
T

B
o
i

(O8]
()
T

~
o
I

101

i 1 { 1 i 1

1 1 1 i

!
0-8 1-0

Laser Power (Watts)

I
0-0 02 04 06

Fig.4.30. Variation of overall quantum efficiency under

biased condition. (a) - 600 V, (b) - 700 v, (c¢) - 800 V.

80

reverse



forward biased condition ( fig.4.28.) one can see that @
shows an enhancement with laser intensity sand applied
voltage and a tendency of ssaturation at higher laser
intensity,whereas in the reverse biased condition @ tends to
decrease above an optimum laser power. This decrease in @
may be attributed to the saturation of POG signal in the
reverse biased case.Above the saturation level, Ne does not
increase eventhough Nph increases,resulting into a8 drop in
the value of Q. The existence of this optimum laser
intensity 1is more predominant at higher discharge
voltage.Occurrence of saturation effect makes it possible to
write an empirical relationship between signal strength (S)
and laser intensity (I} in the reverse bias as

a I2

S = (4.8)
1 0+ I/IS

where Isis the saturation laser intensity.

At lower laser intensity I« Is,one can approximate S as

2 3

I = al® - bl (4.8)
where a/IS = b.

In general a and b coefficients depend on the discharge

voltage.The second term in equation (4.8) causes saturation
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effect in the POG signals in the 1reverse bias case as

observed in fig.4.6.

The plot of @ versus laser intensity for
various voltages show a quadratic behavior. From equation

(4.8) and (4.8) one can write

Q - K,I - K I (4.10)

Above equation describes the dependence of @ on I
empirically, indicating that the quantum efficiency in the
reverse bias case is a nonlinear function of laser
intensity. The presence of space charge effect which opposes
the generation of secondary electrons lead to this
nonlinearity. Equation (4.10) shows that @ will have an

optimum value

Q. - —_— (4.11)

with the corresponding laser intensity ( critical )

K
I - - (4.12)
¢ 2K,

Equation (4.11) and (4.12) show that the heights of the
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humps in fig.4.8. depend on discharge voltages implicitly

and K.,.

through Kl 2

4.3. POG effect with copper target electrode using 1064 nm

pulsed laser radiation.

Irradiation of the target with 1064 nm radiation =also
gives POG signals. In 1084 nm radiation induced
photoemission also we observe an enhancement in POG signal
with laser intensity sand discharge voltage as shown in
fig.4.31. Here, we expect a four photon process, similar to
the two photon induced POG signal from copper using 532 nm
radiation, since the energy corresponding to 1064 nm

radiation is only 1.168 eV.

According to the generalized Fowler-Dubridge theory, the

component
Ig = % [-—g;—] aci-Ry*e(r, )t
2 4hy - ¢
T(r,t) F[__k'r(r,t) (4.13)

has to contribute the photoemission current and obviocusly,
the log-log plot of signal strength versus 1laser intensity
should give a slope of 4. But,the log-log plot of signsal

strength versus laser intensity gives a slope of ~2 only
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(fig.4.32.). That is we observe a near quadratic dependence

of signal strength as
S = bl (4.14)>

That is the photoemission from copper using 1064 nm
radiation is alsoc mostly due to two photon process similar

to the observation with 532 nm.

Yen et al {12] showed that the current density for an

n-photon photoemission can be written as
J = K[(l-R)IO]n (4.15)

where R is the reflectivity, Iois the incident laser
intensity and K is a constant.¥When infrared radiations are

used as pump beam, thermally assisted photoemission process

is also possible.

The mispatch of workfunction and photon energy using 1064
nm laser radiation implies that the resulting process 1s =&
thermally assisted two-photon POG effect. Thermionic process
due to heating of sample by laser pulse does indeed csause
electron emission from the target complimenting the
multiphoton excitation eventually constituting the POG

signal [13]). Heating of the target by intense 1laser pulses
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Fig.4.33. Schematic representation of (&) two photon emission
with 332 nm radistion and (b)) thermally sassisted multiphoton.

enission withi1064 nm laser radiation.
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produce electrons with energies above the Fermi 1level,so
that emission from the tail of Fermi distribution can take
place (fig.4.33.), with the absorption of fewer <than four
photons. This masks the fine details of the photoelectric
effect. Thermionic current is entirely governed by the
temperature of the cathode surface, which depends on the
absorbed laser power. Heating of the copper cathode surface
disturbs the equilibrium between electron and the lattice
and this should effect strongly the thermionic emission
because of the low specific heat of the degenerate electron
gas. The laser power dependence of POG effect therefore

deviates from a simple power law.
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Chapter VY

POG STUDIES WITH GOLD AND PLATINUM AS

TARGET ELECTRODES IN NITROGEN DISCHARGE

Introduction

POG studies of gold and platinum as target electrodes are
included in this chapter. The fundamental (10684 nm) and frequency
doubled (532 nm) radistions from Nd:YAG laser have been used to

generate POG effect in our observations.

Some studies of photoelectric emission from gold target
electrode had been carried out by earlier workers . But such
studies of platinum is &available very 1little in 1literature.
Hetals of good electric and thermal conductivity could be
pronising high current photoelectron sources and hence to
investigate POG phenomena, gold and platinum were chosen as

target electrodes in our studies.

8.1. POG Studies with gold as target electrode

The very same experimental set-up as described in the

previous chapter used for POG studies with copper was used for
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jold target also. Pure thin gold foil of thickness 0.5 =m was
;andwiched to inside of one of the discharde cell caps. WNitrogen
{as is fed through a needle valve and a pressure of 180 p¢ bar was
paintained in the discharge cell. Nitrogen was continucusly floun
through the cell using a rotary vacuum pump. Gold has
sworkfunction of 4.68 eV {1]. Hence when 1064 nm radiations are
jirradiated a five photon photoemission and with 532 nm radiations

a three photon photoemission can be expected in the case of gold.

Logothetis et. al. {2] observed a +three photon induced
photoemission from gold film using radiations from a Q-switched
Ruby laser. But for higher intensities the photoemission signal
was found to depend strongly on laser intensity and it was
explained as due to thermionic emission resulting from heating of
petal surface. Alsc they observed a two photon absorption with

frequency doubled Ruby laser.

Farkas et. al. [3] observed mutiphoton induced photoemission
from gold surface. They suggested that at relatively 1low
intensities, thermal electron current is comparatively high, but
at high enough intensity range multiphoton photocelectron current
is much higher than the thermionic one giving pure photoelectron

enission.

Charalambidis et a8l. {4] generated small divergent high

electron current from gold target using KrF laser. They
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rnined a threshold laser intensity below which the single
on photoemission dominates on any laser induced thermionic
ision process. The 4.88 eV workfunction of gold is smaller
1 the 5 eV photon energy of RrF laser, but they observed a
:ar photoelectric effect only up to a certain level of laser
ansity and above that the slope_is found to increase. Lompre
al. [5] observed a five photon induced photoelectric emission

n gold using 30 p sec Nd:YAG laser.

In the present study both 532 nm and 1084 nm pulsed 1laser
iations were used in the POG observations. Fig. 5.1 shows the
endence of POG signal amplitude on laser intensity. As laser
ensity is increased above & certain value, for all applied
tages across the discharge cell,the signal amplitude is found
shoots up sharply. With 532 nm laser pulses one can expect =&
ee photon induced photoemission from gold. The log-log plot of
g. 5.2) POG signal amplitude against laser intensity shows =&
pe of nearly 2 up to a threshold 1laser intensity and safter
t the slope increases to nearly 5§ for s8ll applied voltages
icating the number of photons taking part in the photoemission
cess.With the applied voltage also the POG signal samplitude

reases.

Many workers observed similar phenomena described above with
ferent target electrodes in the sabsence of discharge. For

mple Teich et. al.{8] with Na as target electrode using Gals
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laser observed a linear dependence for lower 1laser intensities
and & two photon induced photoemission after a threshold laser
intensity. This is the first reported work on multiphoton
photoemission. Na has & workfunction of 1.85 eV and GaAs laser
radiation has a photon energy of 1.48 eV and consequently a two
photon induced photoelectron emission was expected even at 1lower
laser intensities. Teich et. al. explsined this as a result of
photoelectric emission from the tail of the Fermi level for lower
laser intensities and at higher laser intensity 1level pure
double quantum photoexission occurs. Charalambidis et. al. (4]
also observed an increase in slope at a higher 1laser intensity
using KrF laser. They observed 8 1linear dependence up to s
certain level of laser intensity and after that an enhancement in
electron current is observed. This is salso attributed to the
thermionic contribution at higher intensities. Yen et. al. {[7]
also observed an increase in the slope rather than a decrease at
higher laser intensities. But a proper reason for this phenomensa

was not given in this work.

The observed 1increase in the slope at higher laser
intensities (£fig.5.2) cannot be attributed to thermal
contributions at higher laser intensities. If at =all there is
thermal contribution,the slope has to decrease as emission from
an extended Fermi tail can take place due to heating of the

target electrode and hence a decrease in slope is to be observed.
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In our observation the emission of electrons with the
sbsorption of less number of photons at lower intensity can be
due to the reduction of the image potential by the presence of
discharge plasma and hence the larger number of charged
particles. So instead of observing three photon process, two
photon induced photoelectron emission can take place. But at
sufficiently higher 1laser intensity nonlinear phenomena 1like
second harmonic generation {8-11] in the direction of the laser
penetration may take place so as to enhance the value of slope to

five as observed.

In the reverse bias case also a similar observation was made
(fig. 5.3) though with comparatively lesser POG signsl amplitude.
Fig. 5.4 shows the log-log plot of POG signal strength verses
laser intensity in the reverse biassed case. Here also the slope
is nearly 2 up to a particular laser intensity and after that the

slope increases steeply and reaches nearly 5.

The quantum efficiency {12] of gold for 532 nm laser pulse
irradiation is calculated both for forward and reverse biased
conditions. The aependence of quantum efficiency on laser
intensity is shown in figures §.5. and 5.68. for reverse and
fornard biased conditions. In both cases the quantum efficiency
considerably increases above a threshold 1laser intensity. No
saturation as observed in the case of copper is seen in the case

of gold.i.e. for high laser intensities greater photo electron
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rent can be generated from gold.

When 1064 nm radiations were used, similar results as that
sn 532 nm radiations used were obtained. Fig. 5.7. shows the
pendence of POG signal smplitude on laser intensity using 1064

laser radiations. Fig 5.8. shows the log-log plot of signal
plitude against 1laser intensity indicating the number of
otons taking place in POG process. With 10684 nm laser
diations (photon energy ~ 1.18 eV) one can expect s five photon
iduced photoemission. But due to heating of the target with
ifrared radiations ewmission from the tail of the Fermi level can

ske place [13] giving a same result as that with 532 nm laser

adiastions.

2. POG studies with platinum as target electrode.

Instead of gold, a platinum foil of thickness 0.6 mx was
sandwiched in the inside of one of the caps of the discharge

cell. In the present case also POG studies were carried out in

nitrogen discharge.

Platinum is 8 very good conductor with a workfunction of 5.32
e¥ {14]. In the present studies platinum showed almost the sanme

observation as that with gold as target electrode.
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Only few photoemission studies had been carried out
with platinum. J.F.Ready {15} had observed photoemission from

platinum using a spinning prism Q-switched Ruby laser.

¥ith frequency doubled 532 nm (photon energy ~ 2.32 eV) one
can expect & three photon induced photcocemission and using the
Nd:YAG fundamental, 1064 nm (photon energy ~ 1.18 eV) one can
expect & five photon induced photoemission from platinum

slectrode.

The same phenomena shown by gold as described in the earlier
section is found to be repeated in the case of platinum slso. The
dependence of POG signal amplitude on laser intensity for 532 mm
laser pulses are shown in fig 5.8. for different applied
discharge voltages. As the laser intensity increases POG signsal
asplitude also increases,but after a threshold of laser intensity
the POG signal strength sharply shoots up and reaches several
tens of volts. Compared to the POG signal with gold sas target
electrode the POG signal strength for platinum is relatively
high. The log - 1log plot of signsl samplitude versus 1laser
intensity ( fig.5.10.) gives a slope of nearly 2 up to a level of
laser intensity and above that the slope goes beyond 5. With the
applied voltage alsoc there is an increase in POG signal
snplitude. For photoelectric emission studies such a phenomens

wvas observed by many {4,6,7], as mentioned earlier.
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The probable explanation that can be given as described in
the observation with gold 1is that the presence of ions and
electrons in the discharge plasma may lower the image potential
and thereby reducing the effective workfunction of platinum and
hence the observation of a slope of nearly 2 in the 1lower range
of laser intensity. As the laser intensity increases there can be
second harmonic generation [8-11] in the direction of propagation
of the laser pulses and a hence a higher number of photons were

sbsorbed for electron emission.

For reverse bias case the POG signal amplitude is
comparatively low (fig.5.11), but log - log plot (fig.5.12) of
POG signal amplitude with laser intensity gives salmost &8 same
preasurement of the number of photons taking place in the POG

process &s in the forward bias case.

With 10684 nm,the fundamental emission from Nd:YAG
laser,also showed almost the same POG observation as with 532 nm
laser pulses. Fig 5.13. shows the dependence of POG signal
spplitude on laser intensity with 10684 nm 1laser pulses Ffor
different applied voltages. With the applied voltage as well sas
with the laser intensity POG signal samplitude increasses. But
after a threshold of laser intensity the POG signal amplitude
sharply grows. The log - log plot of POG signal amplitude versus
laser intensity is given in fig.5.14. For the 1lower range,below

the threshold laser intensity, the plots have a slope of nearly 2
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and above the threshold the slope is nearly 5, same as that for
532 nm laser pulses. With 1064 nm (photon energy of ~ 1.16 eV ),
one can expect a five photon induced photoemission from platinum.
The present observation can be due to the heating of the target
electrode by infrared laser pulses and electron emission from the

tail of the Fermi level can take place {13].

The dependence of POG signal amplitude on discharge voltage
has also been noted with platinum. The observation has been made
for forward biased and reverse biased conditions with 532 nm and
1064 nm laser pulses (figs.5.15.-5.18.). In all cases & linear
dependence is observed. However in the forward biased condition
P0G signal amplitude is relatively high to the POG signal in
reverse biassed condition for both 532 nm and 1084 nm. Which
indicates the nonavailability of larger number of photoelectrons
for transportation in the discharge plasma due to capturing of

thes by the target electrode in the reverse biased condition.

The dependence of quantum efficiency ([12] of platinum on
laser intensity is shown in figures $.18. and §.20. for forward
biased and reverse biased cases. For both cases an increase in
quantum efficiency is observed with laser intensity. In both
cases the quantum efficiency is relatively higher than that for

gold.
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PART 11

STUDIES ON DISCHARGE INSTABILITIES



Chapter VI

CHAOTIC BEHAVIOUR OF GASEOUS DISCHARGE

Introduction

The previous chapter of the thesis described the perturbation
of discharge plasmsa due to injected electrons through
photoemission from one of the electrodes. While carrying out the

studies, it was observed that the discharge plasma shows

instabilities under certain discharge conditions. It was decided

to investigate such instabilities in detail using certain

nonlinear signal processing technigue. Such studies will give us

deeper understanding on the nonlinearities involved in the plasma

dynamics. The present and next chapter of the thesis deals with

some of the studies carried out in this direction.

Phenomenga which have no c¢clear relation between cause and

effect sare said to possess random element. Randomness is

fundamental so that gathering more information does not reduce

randomness. Randomness generated in this way has come to be

called chaos {1]). ¥Which can be thought of as order wWithout

periodicity. A chaotic system has a very sensitive dependence on

initial conditions. Chaos emerges from the theory of dynamical

systems. A dynamical system consists of two parts; (i) the motion
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of a state (the essential information about a system) and (ii) a
dynamic state (rule that describes how the state evolves with

time.

Experimental study of chaos has at least a two fold mission,
to verify the theoretical understanding gained from model studies
and bring about new physics by challenging the existing theory

with unexpected findings.

B6.1. Instabilities in discharge plasma

The phenomena of order &nd chaos occurring in nonlinear
dissipative systems have been the subject of intense research in
recent years [2]. This provides a better understanding of many
physical systems. This has totally changed the way of analyzing
the dynamics of a number of interesting fields like optics (3],
hydrodynamic flow systems (43, optical bistability {51,
electrical circuits [6] etc. These studies have demonstrated

transition from order to chaos through various routes to chaocs.

Discharge plasma is & typical nonlinear dynamical system with
a8 large number of degrees of freedom, and it 1is sa8n interesting
nedium to test the universal characteristics of chaos. Much of

the interest in gaseous discharges and plasma derive from their
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otential spplications in the development of laser devices,
ontrolled fusion etc., where the problems of instabilities and
urbulence are very important. The study of chaotic behaviour in
as discharges also enables one to understand the reproducibility
f the plasma conditions in laboratory plasma experiments, and

heir sensitive dependence on initial conditions.

Moving striations in gas discharges and electrical
scillations {7] have been detected in dischargde plasmas under
srious experimental conditions. Even +though this oscillatory
henomena in de¢ discharges have a long history, no quantitative
T even & unique’qualitative explanation has been given ([8].
hough an exact description of the mechanism responsible for »thse
ppearance of oscillatory behaviocur still lacking, it is expected
hat the chaotic behavior is generated from macroscopic
roperties of the discharge. These oscillatory behsviour of the
ischarge is a kind of self generated oscillation bLecause the
lasma system is not driven by any external periodic forces. The
undamental frequency of self oscillation varies with the change
n the control parameters like discharge current and there is no
efined frequency of oscillation in these undriven chsaotic

ystems.
The voltage oscillastions sare closely related to moving

triations in which the voltage and intensity of noving

triations are always erratic and regular in the same way {8].
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This shows that these two types of oscillations sare different
panifestations of same phenomenon which are entirely due to
stomic process taking place in the discharge. The oscillations
can be observed by monitoring the voltage, current or light
enitted from the plasma. The characteristics of oscillastions
depend on the nature of the gas, the total pressure, cell
geometry, nature of electrodes, the external circuit parameters
etc. The discharge voltage sand intensity of plasma emission
behaviour in an electrical discharge show striations, periodic or
chasotic behavior depending on the discharge current. Reports on
such nonlinear effects 1leading to chaotic dynamics in laser
systems {9,10}, moving striations in positive column dischargde
{11}, self sustained oscillations in the hollow cathode
discharges using optogalvanic effect {12] etc. are available in
discharge. Many experimental results on various universal routes
to chaos such as period doubling {13}, quasiperiodic routes {14],
intermittency {13] etc. in steady state plasma have also been

reported.

8.2. Oscillations in a dc discharge

Cheung et. al. {13] described s qualitative representation of
oscillatory phenomenon in dc discharge. When an anode is biased
positively with respect to the cathode, energetic electrons are
ejected from the cathode. The electrons periodically ionize the

background neutral gas sand create a plasna between the
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electrodes. The generation of primary electrons from the cathode
and the production of plasma are strongly coupled. The primary
electrons ionize the gas and sustain the plasma while the plasma
reduces to negsative spacechargde and facilitates electron
emission. By varying the plasma discharge parameters one can
control this coupling or the feedback process and the resulting
plasma dynamics can be made unstable. This occurs when the plasma
potential is negative with respect to the sanocde where the

potential is unstable and current oscillations occur.

The rate of plasma formation (determined by the rate of
neutral ionisations by primary electrons and the plasma decay

time) can be written as

=n, R <o Vp > - (86.1)

where n, and Rh are the density of the plasma electrons and
the neutral atoms respectively, n, and Vp are the density and
velocity of the primary electrons, sigma is the ionisation cross
section and v is the plésna decay time. Once a discharge is
np Vp increases rapidly
and the entire voltage is confined in a narrow potential sheath

initiated the primary electron flux Jp =

that exists between the plasma snd the electrodes. The width of

the sheath structure is typically of the order of tens of Debye

-2

length XD. In the steady state primary electron flux Jp o KD
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and the efficiency of primary electrons depends on how fast
plasma ions can drift to form a potential sheath. An approximate
rate equation for the primary electron emission
dnD
= o np (ud/ L) (6.2)
dt
where o is constant, u, is the ion drift speed and L ° is the
effective plasma radius. The above equation slong with the
sngular discharge repetition frequency were well studied and have

been shown to display chaotic behavior [12]. To maintsin & stable

sheath, the plasma ions have to enter the sheath from the

side with a minimum of drift speed u, Z c,» the 1ion

speed. The ratioc of the ion flux to primary electron flux is

plasma

acoustic

_ 1/2 e .
%/ Jp = (n./ mi) where n./ n is the electron to ion mass
ratio. The maximum ion flux generated through ionisation is
spproximately given by
J. .
h = ﬂn orL = -—-I—‘-
Jp ion im (6.3)
where lm is the mean free path. This ion flux must be 1large

encugh to neutralize the negative space

charge due

electrons and sustained sheath. As s result if L /1m 2

both the discharde current and the sheath are destabilised.
destabilising process

develops through the
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negative space charge and the depression of the plasma potential
to negative values forming a virtual cathode in the plasma. As a
result, the effective energy of a primary electron is no longer sa
constant, but depends on the spatial and temporal evolution of
the plasma potential. This in turn affect the mean free path lm
snd the particle flux Ji/Jp. In this unstable state inherent shot
to shot noise fluctuations of éh/n < 0.1 X, which =nake only a
negligible change in the initiasl discharge condition, csasuse a

considerable change in the plasma and lead to chaotic behaviocur

6.3. Characterization of chaos

The dynamics of a system will reflect on the time dependence
of certain easily measurable quantities. The temporal development
of such quantities is known as the time series. Time series
analysis can give greater insight into the dynamies of the
system. Similar analyses have been carried out in different
systems involving nonlinearities. In the following section we
describe some of the methods used in time series analysis so as

to study the dynamics of & nonlinear systenm.

B. 4. Fast Fourier Transform (FFT)

FFT is an salgorithm to compute discrete .Fourier transform
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from time series, and is one of the first technigues usually
employed in the identification of deterministic chaos. Discrete
Fourier transform is one of the usual methods used to determine
the kind of evolution produced by & dynamical system by studying
8 time dependent signal {X(t}},the time series. This will help us
to find out various frequencies present in the system under
consideration and enable to identify the general nature of the
system. Deterministic chaos has a Fourier spectrum (fig.6.1)
where a few dominant frequencies are superimposed on a broad band
noise floor. FFT technigue is useful when the number of data (n)
is large with small At. The importance of FFT increases as the

nomber of data incresses {4].

FFT is usually wvalid only for 1linear systems. Any
Fourier decomposition of a given dynamical process would imply
the existence of a fundamental frequency, and other frequencies
could be commensurate to this fundamental frequency. But a
nonlinear process can arise from two or more incommensurate
fundamental frequencies in the system, and this will not bs

revealed by &8 Fourier decomposition. Hence some nonlinear

analysis is to be adopted.

B8. 5. Nonlinear analysis

Dissipative dynamical systems are characterized by the

attraction of all trasjectories passing through certain domain of
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phase-space towards a geometrical object called attractor [16].

There are four types of attractors. The simplest among them
is the point attractor. It describes a8 solution which is
independent of time - i.e. & steady state. This is essentially a

fixed point in the phase-space.

The limit cycle is the second type of attractor, and is
basically characterized by its amplitude and period.. Its Fourier
spectrum contains only a single fundamental fregquency and
possibly a certain number of harmonics. The sclution to the flow
can always be expressed as a Fourier series and if the state of
the system is known at a given time, one can predict its state at

all later times.

A third type of attractor is the torus, T (r 2= 2) which
corresponds to a quasiperiodic regime with r independent
fundamental <frequencies. Here alsc the Fourier spectrum is
composed of a set of 1lines, whose frequencies sare a linear

combination of fundamental frequencies.

The attractor of &8 system exhibiting chaos are quite
different. They are called strange attractors {17]. To understand
the strange behaviour of such attractors, it is necessary to
discuss some of the general features exhibited by salmost all

chaotic systems {18]}.
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The strange attractors have the following properties:
(i) phase trajectories are attracted towards it

(ii) pairs of neighbouring trajectories diverge on it
(iii) trajectories are sensitive to initial conditions

(iv) 1its dimension D is s noninteger (i.e.fractal)

Precisely we have two types of systems namely regular systems
characterized by simple attractors (equilibrium point, 1limit
cycle or torus) with integer dimension and chaotic systems
characterized by strange attractors which have noninteger
dimension. To classify them Fourier analysis is not an sadegusate
technique as the method does not distinguish between chaos

involving sm&ll number of degrees of freedom and white noise.

A quantitative characterization can be done using certain
characteristics of attractors in phase-space. Two of such
sign@ficant properties of chaotic systenms are correlation
dimension, (related to the Hausdorff dimension) of the attractor

snd Kolmogorov entropy.

6.8. Correlation dimension D2
Trajectories of certain dissipative dynamical systems exhibiting

chaotic behaviour shrinks towards an attractor whose dimension is

less than the dimension of phase-space and is strange in
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character [19,20]. Strange attractors can be characterized by
their characteristic dimensions. Some of the important dimensions
which are commonly used to describe nonlinear systems are fractal

dimension, information dimension and correlation dimension.

It is seen that fractal dimension (D Y is difficult to

[o]
evaluate for higher dimensionsal systens. Evaluation of
correlation dimension (Dz) is nore accurate for higher

dimensional systems with as small as five hundred data points

{21].

Correlation dimension is a probsbilistic type of dimension.

It can be calculated in terms of correlation integrsal.

N > >
C(s) = Lt . z: N efs - X - x.g] (6.4)

where 8(x) 1is the Heaviside function &and € (£) 1is the
standard correlation function in 4 dimensional space. ©(x) =
for x < 0 and unity for = > 0. N~ is a normalization factor and
QX{- le represents the Eucledian norm of (X - Xj). Above
equation gives the number of vector difference which are 1less
than €. This also can be considered as the number of vector tips

. . . . a .
which lie in & hyperbox whose volume is € in the phase space and
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1 this sense we can interpret the above equation as a

‘obability measure. The Cd(s) behaves as a8 power of £ for small

[213.
cey v & (8.5)
p, = Lt in C (&) (6.8)
g » o© in &
£ 9 O n

is a significant quantity to characterize strangeness of the

tractor.

7. Generalized entropy

.olmogorov entropy (K) provides a quantitative measure to
.assify regular and chaotic systems, and is defined to be the
an rate of crestion qf information {22]. K quantifies how
iactic the system is or it will help us to study the information
ow in the system using isentropic curves. To evsluste K,
nsider a dynamical system with F degrees of freedom. Suppose
at the F dimensional space is partitioned into boxes of size P
d there is an attractor in the phase-space. The trajectory ;(t)

assumed to be in the basin of the attraction. The state of the
stem is now measured at intervals of time 7. Let P(ii,iz,
"“ia) be the joint probability that ; (t = ) is in box i1, ;

-’

= 2t) is in box iz, and X (t = dv) is in 1 the Kolmogorov .

d’
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entropy K is then

K Lt Lt Lt

£ 0 T +0 4+ m® d i...1i

K is 8 nonzero constant for a chaotic systen.

6. 8. Kolmogorov second entropy (Kz)

Grassberger and Procaccia {23] defined 8 new quantity, viz,
Kolmogorov second entropy Kz, which can be extracted easily from
an experimental signal. Kz is an invariant measure of the system

and

gl

20

N

=K

el

is infinite for random system

™

# 0 for chaotic systém and

L

. = 0 for ordered systen.

For typical cases K2 is close to K. Kz is the member of the set

of generalized entropy which is defined as

- 1 1 - q,. .
Kq = - Lt Lt Lt - e — 1 In ¥ = PU(i,...ip»
£ 9 0T » 04 4+ ® d ?l.‘...ld
(6.8)

q c&n take any resal value between -o to +o and P (i‘...id) is
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the joint probability that the trajectory visit the boxes i’ to
i,.The first order entropy K, = ngi Kq is the mwmetric entropy
which is a measure of the internal information production of the
system during its temporal evolution. On putting P = p exp (@ -

1) 1n P in equsation (6.8.), we obtain

1 . . . <
K’: @:!Kt’o TLgo dL:‘Sm - i b i P(lg“']‘a) in P(lx' . .ld) (6.8)

a3

g}; K, the Kolmogorov entropy. Kq can be defined in terms of

correlation integral as {24)

_ -1 q
K, =l o alk o ( gr In Gy (&) ) (6.10)

Kz gives the lower bound for the Kolmogorov entropy. It can
be defined in terms of correlation integral as in the case of Dz.
Kz is singled out from Kq due to its ease of calculation from &

time series.

From equation (8.8.) for 9 = 2 and for any value of d and let

e be fixed. The equation for C: {23}
2 _ 2
Cd(e) = I Pi (8.11)

where Pi is the probability to visit the ith box sand sum i
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runs over all the boxes in phase-space which contain a piece of

attractor. This quantity C:(s) can be easily c¢alculated from

8
given time series. But Cd(s) scales like C(e&}) ~ sDz hence
C.(e) ~ P2 (-d 7 K,) (6.12)
d ’ a -+ o exp 2 '
£ 9 O
Then
C ~ 802 exp ( - (d+1) 7 K)
a+1 P 2
(6.13)
- 1 Cd(s)

and Kz,d(s) = Lt p- in ¢ m )]

E4Q

T+0

If we plot log Cd(s) versus log € we will get 8 series of

lines with a linear part of slope D2 4 and vwhich

from each other by 8 factor of exp (- dr Kz d), then the

are separated

second Kolmogorov entropy Kz is

Kz ) dL&co g’,d () (6.15)
£ 9% O

B8.8. Lyapunov exponents

Lyapunov exponent 13is &8 wmeasure of sensitivity to initial
conditions {[10}]. Lyapunov exponent of given trajectory

characterize the mean exponential 1rate of divergence of

trajectories surrounding it. A positive Lyapunov exponent may be



aken as a definition of chaos, where as a negative or 2zero
yapunov exponent is a signature of gquasiperiodicity. A system of
limension greater than one has a spectrum of Lyapunov exponents,
me for each dimension. If one of these Lyspunov exponent is
»os8itive, the system is chaotic. But for quasiperiodic motion sll

the Lyapunov exponents are negative or zero.

To compute Lyspunov exponent for a general one dimensional

rapping X"u = f(Xn) on an interval of reml time, we must Kknow &

snall change in the initisl seed X  affects X since

X = £7(X )

A small change in X by £, results in change in X by

£ =& f"(xo) (8.18)
From chain rule of derivatives we have

fz(Xo) = ¥ (Xt) f(Xo) and in genersl

n -
(X)) =, 0, £(X) (6.17)

That is from (6.16)

n 1

e = B, 0, £(X)
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= fe | expin x> (6.18)

where
1 n - 1
X, T 0 T ‘f(xé)l
1 n - 1
= = ; Z, log [f(le
The limit
n 4

- - 1
x -nL& w0 Xn - nLi 0)( ¢

M

> o log If(Xj}I (6.18)
defines the Lyspunov characteristic exponent of the map. From
(6.17) if x > 0 we have exponential sensitivity to initial
conditions, that is chaos. If x < 0 the iterates of the map are
not very sensitive to the value of Xo, and we have a regular
(orderly) behaviocur. A computation of the Lyapunov characteristic

exponent therefore tells us whether we have chaotic or regular

behaviour.
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Chapter VII
CHARACTERIZATION OF DISCHARGE INSTABILITIES

Introduction

The investigation of nonlinear physical system exhibiting
deterministically chaotic behaviocur is attracting much attention.
One of the interesting nonlinear systems in the context of
experimental investigations is gaseocus plasmas. The interest in
gaseous plasmas derives from their practical applications
(e.g.,a8s medium for lasers), their potential applications (e.g.,
controlled fusion), or the study of their intrinsic properties,
ranging from complex plasma structures up to complicated wave
propagation phenomena. Discharge plasma possess a large number of
degrees of freedom and is an interesting medium to test some of
the universal characteristics of chaos. One o¢f the methods to
study the dynamics of nonlinear systems is by time series
analysis of any measurable quantity relevant to the system. For
example, in the case of discharge plasma one c¢can monitor the

discharge current toc get & time series.

We have designed & discharge cell (multi electrode)to study
the angular distribution of photoelectrons and hence to study the

spatial variation of POG signals as they swarm through discharge



edium. In our observations, as we have changed the discharge
urrent for different electrodes, different series of discharge
nstabilities were seen, with different frequencies. Details of

he experimental set-up are given in the following section.

7.1.Experimental set-up

The schematic of tﬁe discharge cell fabricated and the
:xperimental set-up are given in fig.7.1. The cell is a sphericsal
glass tube provided with gas inlet and outlet ports. Desired gsas
(in the present case nitrogen) can be fed through a needle valve
and the cell is operated as a continuous flow discharge cell by
connecting the outlet to a rotsry vacuum pump. Apart from the
specifications for the discharge cell all other set-up for the
experiment are the same as that used for POG studies described in

chapter 111.

To extract the relevant time series from the discharge current
was monitored using the digitsl storage oscilloscope interfaced
tc a computer through its RS 232 port. Data were stored in the
oscilloscope and digitized data was directly fed to the computer
and saved. The digitisation of the data was carried out at
suitable time interval. Fig.7.2. show some of the typical time

series obtained from the present studies.
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Fig.7.3 Fourier spectrs of the time series 7.2e.
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7.2.FFT and phase plot

Discrete Fourier transform is one of the usual methods used
to determine the kind of evolution produced by & dynamical system
by studying & time dependent signal {X{(t}}, the time series. This
will help us to find out various frequencies present 1in the
system under consideration and enable to identify the genersl
nature of the system. FFT is an aldorithm to compute discrete
Fourier transform from time series. The computed Fourier spectrs
of a typical time series (fig.7.2e)is given in fig.7.3.Their

phase plot is alsc given in Figures 7.4.

7.3. Evaluation of D2 and K2 from time series - GP algorithm
Grassberger-Procaccia algorithm [1,2] is an efficient method

to evaluate D2 and Kz from an experimental data obtained s&s =

time series

> >

> >
X = (X (tl),X(tz), ....... ) CQ NI

-

where X(ti) is the voltade or temperature or density
distribution or any fluctuation measured at the instant'ti'. We
usually take the time interval between two consecutive readings
at constant time intervsls 7, and this series 1is rearrsanged in

the following matrix form:
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XCry XOL+7y Lo e X{t +m - i7)

o+ XOL427TY o e e X{t+m7)

X(t+d-i7)y X(t+dr} X{t+m+d-27)

This forms a matrix of "m° columns and "d° rows and is called

~ -

a delayed matrix [3]. The matrix (7.1) can be considered as n

vectors { columns } defined in a d-dimensional phase-space and m

2 d.The matrix can be represented by the following:

_’

(. = (Xt 3y, X(eo47) oL, X(ti+d—ir) (7.25
where ti: t+(i-13r, i rums from 1 to m. Eqguation (7.2}

represents various vectors (columns} and using these vectors, ocne

can evaluate the correlation integral

By counting the number of points whose distance is less than
& pre-assigned value &£, where £ varies from small to large values

(7 0 to 7 1.

Cd(s) is calculated using (6.4) for various € and for esch
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particular dimension d of the constructed phase-space. The plot
of log Cd(e) versus log(e) for each d (Figl5) will have u 1linear

region with & slope ¥

in Cd(s)
3 = (7.4)
in(e)

The slope » of the linear part of iog Cd(s) - log(e) for each
dimension d is evaluated. The plot of » versus d (Fig.7.6)
saturates to a finite value as d increases, and the saturated

value of » is the second order dimension or correlation dimension

DZ'
The Kolmogorov second entropy KZ can be measured using
the correlation integral by evaluating the ratioc of spatial

separation between the curves in (Fig.7.5) for dimensions d and

C. (&)
{d+1). The mean value of - S over the linear range of £ is
C (&)
calculated for each d+1 dimension and we write
1 Cd(s)
Kz d = Lt - in < ) (7.5)

T20

Kz,dis plotted against dimension d, and the curve will
saturate as shown in fig.7.7. The saturated value of Kz 4 85 d -~»

o is the second Kolmogorov entropy,

152



Lty K3 g * E; (7.8)

We can classify the system by comparing the values of Dz and
Kz. D2 gives the ﬁ{ninun number of parameters that one requires
to characterize a dissipative nonequillibrium system in its
asymptotic state. As no limiting process is not involved in time,
these are known as static parameters. But for Kz one takes 1limit
of * » 0 or the time interval between the consecutive readings is
also subjected to a limiting process. Kz is considered as a
dynamic parameter and can be considered as the rate at which

information about the system is lost in course of time and hence

it informs how chasotic & system is.

Log(R) versus log(C(R))plot is given in fig.7.8. for the time
series depicted in fig. 7.2e. Kz and D2 we reevaluated from the
observed time series. It is found that Dz 1.2 (fig.7.8) with a
very small Kz value (fig.7.10), (TK2 ¥ 08.3). Under the present

experimental set-up D2 and chorresponding to different discharge

conditions did not differ much from the above values.

7.4.Evaluation of Lyapunov exponents from time series

For the nonlinear time series analysis it is of great
interest to measure the Lyapunov characteristic exponents which,

if positive, are the most striking evidence for chaos. Nany
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people {4-6] have devised different techniques and algorithmes for

the computation of Lyspunov exponents.

Practically it is not eassy to tap maximum information from
the time series - & univariate messurement equidistant in time,
like { xt},t = 1,....... ,T. There may be defects in the data
like contamination with noise or too few data etc. A univariate
measurement is always & projection from the phase-space of the
system where the system 1is deterministic to one dimensional
interval of values. Hence, to reveal the properties of dynamics,
a new state space has to be constructed in which the mapping from
one point of the trajectory to the successive one 1is unique.
Another difficulty is the lack of knowledge about the dynamics,
which is contained only implicitly in the trajectory. One can use
an algorithm which directly exploits the definition of the
Lyapunov exponent in the state space to gvercome such

difficulties.

Here we take an algorithm to calculate maximal Lyapunov
exponent proposed by Holger Kantz {7). The basic idea of this
method is that the distance between two trajectories typically
increases with & rate given by the maximal Lyapunov exponent. One
looks for a point of the time series which 1is closest to its
first point. This 1is considered &as the beginning of a
neighbouring trajectory, given by the consecutive delay vectors.

Then computing the distasnce between these two trajectories in
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time. When the distance exceeds some threshold, for this point of
the time series & new trajectory is searched for, when distance
is as small as possible under the constraint that the new
difference vector points more or less into the same direction as
the old one. The logarithms of the stretching factors of the
difference vectors are averaged in time to yield the maximal

Lyapunov exponent.

One should be more precise in the evaluation of maximsal

Lyapunov exponents as the rate of increasse in the neighbouring

trajectories given by the maximal Lyaspunov exponents is
asymptotic. Becnuse the exponential divergence of the
trajectories sets in only after some transient time, since an

arbitrary difference vector has to turn into the most unstsable
direction. Also the divergence rate of trajectories naturally
fluctuates along the trajectory, with the fluctuation given by
the spectrum of effective Lyapunov exponents. The maximal

effective exponent (A_) can be defined as

Ix(tsr)y - x_(t+7)]

£

A (D ) (7.7

i
Ly o
bt
o}
~l|v~‘

[ ad

=

~

wﬁ(t) is the local eigen vector associated with the maximal

Lyapunov exponent xmax' The value for kr(t) depennds on  the



structure in tangent space and thus is position dependent. It is
spproximately the same for &sll trajectories inside a small
neighbourhood. By definition the average of 2 _(t) 1is salong the
trajectory is the Lyapunov exponent. Let us take an sarbitrary
point of the time series in an m - dimensional delay coordinates,

b

X, = {(x e All delay vectors of the series falling

t
into the £-neighbourhood Ut of X, will be considered sas the
beginning of neighbouring trajectories, which are simply given by
the points of the time series. If we measured the distance
between neighbouring trajectories in their true phase space, we
would see exactly the fluctustion of the divergence rate
described by the distribution of effective Lyspunov exponents.
From a time series, we could realize this situation by measuring
the distance in the embedding space. But apart from the fact that
we have to fix the dimension in which we search for neighbours.
We do not want to distinguish any particular embedding dimension.
Therefore we define the distance between a reference trajectory
X

t and & neighbour xi after the relative time v by

dist (x,,x.,7) = P S (7.8)

i.e. the modulus of the difference of the Tth scalar component of

the two trajectories. These distances are projections of the
difference vectors in the true phase space onto s one dimensional
subspace spanned by the cobservable. Therefore they are modulated

with cos¢, where ¢ is the sngle between the eigen vector



corresponding to xmax and the local direction of the subspace on
which the observable lives. Like the effective Lyapunov exponent,
the angle ¢ depends on the position in phase space and thus is
nearly the same for all neighbours X5 € Ut of a given reference
trajectory Xy if the distance in phase space 1is sufficiently

small.

In order to measure the maximal Lyapunov exponent we fix "t’,
and search for all neighbours xiinside an £ neighbourhood Ut and
compute the average of distances between all neighbouring
trajectories and the reference trajectory X, as & function of .
T is the relative time referring to the time index of the
starting point. To get 1rid of the fluctuations we take the
logarithm of these aversge distances, which yields the local
effective Lyapunov ekponent plus a fluctuation given by the angle
¢. Row this can be averaged in "t  over the full 1length of the
time series. The local mngles are averaged ocut and the effective
exponents are averaged to the true Lyapunov exponent. Using &
sophisticated algorithm for searching neighbours, this can be

done very fast and is given by

= dist(x,x,7) (7.9
1 | UtlieUt

Initially the difference vectors in the phase space sare

pointing in any direction, therefore the distance behaves like
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Fig.7.11 Plot of 5(7) versus v for the time series 7.2e.
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dist =z &, exp (xit) (7.10)
i

where Ki are the effective Lyapunov exponents in the stable and
unstable directions. For &an intermediate range of 7, 3(7)
increases linesrly with the slope X which is the estimate of the
maximal Lyspunov exponent. This is the scaling range, where on
the one hand 7 is larde enough such that nearly &all distance
vectors point into the unstable direction and on the other hand
the corresponding distances dist(r) are smaller than the size of
the attractor. When they approach the size of the attractor, S(7)
asymptotically tends towards & constant, since the distance

cannot grow more.

If the data are noisy,the typical distance between two nearby
trajectories is of the order of the noise level. If we choose &
smaller than the noise amplitude and if we find neighbours for
this value, S5(7) jumps from & value smaller than lne to a value
given by the noise level at = = 1. If this wvalue 1is not too
large, one can still find a scaling range and the exponents thus

found is not affected by the noise.

The numericsl value for the maximal Lyapunov exponent is the
slope of the curve S(7) in the scaling region. Lyapunov exponent
was calculated for some of the selected data. A typical plot of S
(t) versus 7 1is given in fig.7.11. The slope of which is (0.08

+0.023). This small value of the Lyapunov exponent shows that the



dynamics is not in the chaotic regime. This alsc supports the

conclusions drawn from K2 and D2 values.

The programme written to calculate the Lyapunov exponent is

given in the sappendix.
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Chapter VIIX

GENERAL CONCLUSIONS

Laser matter interaction has been & subject of intensive
investigations by various workers using different techniqgues.
Such studies give valuable contributions to the fields of both
basic and sapplied sciences. One of such studies known as
photoemission optogalvanic effect, is a novel technigue which is
found to be a asuccessful tool in the surface characterization
of target electrodes and plasma disgnostics. The first part of
the thesis deals with an investigation on POG effect using

various target electrodes like copper, gold and platinum.

¥With copper target it is found that using 532 nm laser pulses
denerate a two photon induced POG process. POG effect was
studied keeping the target electrode as cathode (forward biased
condition) as well as anode (reverse biased condition). In both
cases the process of transportation of electrons, 1ions and the
rate of production of secondéry electrons are found to differ sas
indicated by the shape of the signals.The dependence of pressure
in the discharge cell and laser intensity on POG effect have also
been investigated. Above a threshold value of this pressure POG
signal shows certain instabilities. High laser intensities s&lso

produce ringing effect and instabilities in the signals. Results



f the studies with 1064 nm laser radiations show the possibility

f thermally assisted photoemission process.

The quantum efficiency calculations showed that in the
‘everse biased condition there is a saturation after a threshold
'alue of laser intensity while in the forward biased case no such
saturation is observed in the limit of laser power employed in

;he present studies.

POG studies were alsc carried out using gold and platinum
alectrodes. The gquantum efficiency calculation proves that even
in the reverse biassed condition, electron emission process does

not get saturated with the present setup.

Chapters VI & VII which form the second part of +the thesis
deal with the studies on nonlinear dynamics of discharge plasma.
Plasma characterization using various techniques like evaluation
of FFT, D,, K, and Lyapunov exponents show that under the present
conditions, chaos has not entered in the plasma dynamics. At

least one can infer a tendency of onset of chaos.

As POG is an effective technique for surface characterization
and contamination monitoring of surfaces, the present setup can
be modified to suit such purpose and will be a good analytical
tool. Detailed nodelling of signal shapes and plasna

instabilities will have a very good future scope of studies. It
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is possible to generate well developed chaotic dynamics in the

plasma by careful choice of the experimental parameters. The

possibility of electron injection to control the dynamics of the

plasma will form an interesting field of future studies.
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APPENDIX I

{BN+3

uses dosy

Type

list = array(0..56000] of double;

var

dist.STau,vman2 s arrvayl(0..100] of doubles
crit? : arrayf{a..100] OF integer;
dsp : list;

7,71 tboclear:

UT Jenteman , Tau,EmDim, 0T au rainteger;
Ledebag.d,v,cntl,cl,vmin,clma tinteger:y

tapd  tmpdO,nimec (minepseptmp,.tmpdl (ki,vl :doubles

Flni,Fln2,.,FIn3 :Text;
MySzefl :longints
F11 tetringf 307

Label Lpl,.Lp2:

Ty - 2
e e et e 3

Begin {main’

Writeln( Computation of Lyapunov exponent..

If ParamStr{l) = °° then

begin
Write( Enter file name of the ASCII data file : )3
Feadln{fFll)}
Assign(flnl  Fl1);

ernd else Assigni{fFinl,ParamStr{l)};

Reset{flinl);

If ParamStr{Z) = ' then

begin
Write{( Enter file name for cutput file : ")
Readln{Fili);
fesign(fin2,F11);

end else Assigni{Fln2,ParamStr{2));

nme =0y

min = O3

ezefl 1= O3

While not ((Eof{finl)) or (szefl >= {(sizeof(dsp)))) do

begin
read{flnl,dsplis=zefll);
readln(flni);
if (abs(dep{szefll) * nmc) then nmc 1= abs{depliszefll):
if ((abs({dsplszefll) > min) and {abs{deplszefl]) < nmc}} then
min 1= abe(dspliszefll):
srefl := gzeflely

ends

close(flnl);

reset(flnl);

N :=Szefl:

Writeln('M = ~ M)
For i:= 0 to M dao
begin
deplfil:= ({(deplil/nmc))s {nmc in place of max ¥
ernd

Write( Enter value for epeilon(min is’ ,{(nmc-min)/nmc, )} )3
FReadlin{tmpd)

if tmpd = O then tmpd := (nomc-min)/nmc;

bhrite{ 'Enter value for embeding dimension:’ )
Feadln{EmDim) 3

if EmDiw = O then EmDim 2= 1;

Hrite{ Enter Tau value (max 100) 31°)3
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Readln{OTau):
if {({(O0Tau < 1) or (0Tau > 100)) then 0OTau
Assign{(fln3, 'dist.dat’ };
Rewrite(fln3l);
Lp2: eps 1= tmpd:
Tt 1= False;
Writeln( 'Window Size = ' ,Eps);
Ut :1=1;
For i:= O to OTau do
begin
dist{i]
STauf{i}
cnt2fi}
ends
Cntl
Lpl: For 1
begin
dist{i] = 0.0
vman2{il:= 03
ends;
Tauw 1= 03
tmpdO 3= O3
i 3= 2%
Repeat
Jje:= Cnti+isEmDim;
k. 1= J+EmDim;
v 1= Cntli+EmDim;
1 = abs{dspikl-dspivl);
vl = abs(dspljl-depiCnrntil);:
If (( k1l <= eps } and{vl <= eps}} then
begin
T = Trues
Tau 3= O3
Repext
tmpd0 = QO3
tmpdl = O3
if ({(enti+(i+0Tau)kEmDim) >= N) then T:= False:
for j := i to 1i+0Tauw do
begin
k 1= Cnti+3ikEmDim;
tmpdO = tmpdO+sgri(abs(sqr(dsplkl)-sqr(dsplcntil)));
tmpdl := tmpdi+eqrt(abs{sqri{dsplik+EaDim])-sqr{dsplcntlil}}};
ends .
if {tmpdl < tmpdd) then i := i+l else T := False;
Until (7T = False}
if tmpdO < tmpdl then T := Trueg
k 1= Cntl+iXEmDimy
tmpd0 := sgrt(abs{sqr(dsplkl)—=sqr(dsplfcntil}));
While T = True do
begin
1if ({(crnti+(i+Tau)¥EmDim} >= N} then T:= Falses
E o= cnti+TaukEmDim;
v 1=k +iXEmDim;
tmpd = abs(dspi{v]l-dspikl):
{ if tmpd >= 1 then T:= False
If (abs{tmpd) > eps) then T
if T = True then
begin
dist{Taul = dist{Taul+tmpd;
vmanZ2{Taul 1= vman2{Taul+iy

h
N
(o)

o)
Q2
.

-
2

ad can

Il“ it
O
[

~
et
4k g

= 0 ta OTau do

=False;’
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Tl := True;s
end;
Tau := Tau+lj;

If ((Tau) »>= OTau) then T := false;
If {({Tau) »= QGTau) then I :=I+¢03Tau;
end:
end;

1 3= i+l
Until ({({N-1XEmDim)} < OTaw})3{ or (vmax2{D] > 0)Y)3:}
if {({TL = False) and {(vamaA2{0] = ©)) then
begin

tmpd 1= eps+eps/100;

goto 1p2;
ends;
1€ vmax2{03 > O then
begin

Write{ Start at ~,Cntl)y

Writeln(’ to give ',Tau,’ points "):i1}
For j := 0 to OTau do if ((distl{jl <> 0O) and (vmax2[3] <> (dist{il)))
en
begin
dist{il := abs(dist{3jl):
Writeln{(fin3,  ',3:4,° ‘almf(disti{ i/ (vaan2{31)Y) ) s
8Taufi] = STaulil+ln(dist{il/ (vmax2033)):
Writeln{ Seriec average for Tau (" ,3j:8,'} is ‘' ,Ln{distiil/ (vmax2[j2
1) 33
cent2f3i] = cnt2fil+s;
end;
ends:
Cntl := Cnti+l;
If {(Cntt < 130) then goto Lpl;
write('Coputation over 150 points on trajectory gives ')
crnitl =03
e 3= w3
1 =0y
Rewrite{fln2);
For j:= 9 to 9Tau do
begin
if cnt2{33 <> O then STaul3jl := STaulil/cnt2{3i];
If STaulil <> O then
begin
Write(fin2,.3:4," ~,8Taulil.,” ‘)3
if 3 > O then
begin
i 2= 1i+13
min := ({(Stauljl - Staulcntlil)/{(ij-cntl));
nme 1= nmoHming
Writeln(fln2,min);
erd else
Writeln(fin2)y
cntl = 33
end:
end;
Writeln(#07, Mean Lamda ‘' ,mc/i)g
Writeln(fln2,’ ‘.nmc,’ ' .nmc/i)3:)
close (fln2):
close (flnX);
erd.
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