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PREFACE

Electrical gas discharges have been the subject of numerous
investigations from the last century due to their growing
interest in technological and fundamental applications.
Absorption of electromagnetic radiation by a gas discharge result
into a change in electrical impedance due to a significant
perturbations in the steady state population of excited levels
and the degree of ionization. This change in impedance produced
by resonant absorption of radiation is known as optogalvanic COG)

effect. where as that is produced by injecting electrons in to
the discharge by photoelectric emission is usually known as
photoemission optogalvanic (FOG) effect. With the development of

lasers and sophisticated electronic equipment. these effects have
established their importance in analytical and spectroscopic
measurements. The present thesis deals with the work carried out
by the author in the field optogalvanic effect during the past
few years at the Department of Physics in Cochin University of
Science| and "Fechnology. The results and the observation are
summarized in nine chapters and the references to the literature
is made at the end of each chapter.

In the first chapter a general introduction to the subject
with a comprehensive review of the 0G effect is presented.
Details of rf and dc discharge- configurations of experimental
schemes and some important applications to spectroscopy are



included in this chapter Various features and advantageous over
other spectroscopic methods are also given. A brief description
of the physical mechanism involved and different models of the 0G
effect. using rate equation approach for important excitation and
de—excitation processes are discussed in the second chapter. The
third chapter consists of a detailed description of the
experimental technique employed in the present study. The
details of the different discharges used. with continuous gas
flow and sealed discharge cell configuration are presented here.
Description of the laser system used for optical excitation.
details of the instruments utilized for the experiment and the
experimental layout are also presented in this chapter

The details of the O6 spectrum of molecular nitrogen
3:; transition)corresponding to the first positive system CB3ng—A

using ring dye laser has been described in chapter four. Details
of the 0G resonances for a large number of rotational lines in
the 17179 - 17376 cm‘1 spectral region of the (10.6), C11.7) and
(18.8) bands recorded under high resolution optogalvanic
spectroscopy are also included in this chapter.

The selective excitation of energy level population in a
discharge using lasers of high spectral intensity will produce
noticeable modifications in the plasma characteristics. Chapter
five presents the simultaneous investigation of O6 effect and the
laser modified emission characteristics under resonant laser

excitation corresponding to 155-» Epe and 1s5—+ 2p4 transitions
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of neon in a hollow cathode discharge at 5888 3 and 5945 3.
Results obtained from spectral profile studies by using high

resolution optogalvanic spectroscopy of certain selected
transitions of neon and nitrogen molecule are included in the
sixth chapter. Spatial dependence study of the O6 effect in neon
glow discharge is also presented.

Chapter seven describes the P06 effect under pulsed and cw
laser excitation. Two photon absorption. laser power and voltage
dependence of the P06 effect in a Ne/Mo hollow cathode. and the
monitoring of discharge instability by POG signal are described
in this chapter.

The eighth chapter includes the investigations on non—linear

dynamics of the plasma in hollow cathode discharges. With the
discharge current as the control parameter the bifurcations
structure and the period doubling route to chaos in the plasma
dynamics are described in this chapter

The concluding chapter gives the summary of the
investigations presented in the preceding chapters.

Part of the investigations presented in this thesis has been
presented/published/communicated in the form of following papers

in Symposia/Journals.

1 Observation of two-photon induced photoemission optogalvanic
effect. P R Sasi Kumar. G Padmaja. A V Ravikumar. VPN Nampoori
and CPG Vallabhan. Pramana. J.Phys. 36 C1991) 423.
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CMAPUER 1

OPTOGALVANIC EFFECT AND ITS APPLICATIONS-AN OVERVIEW

1.1 INTRODUCTION

The passage of electricity through gases usually produces a
great variety of lumdnous phenomena which are typical for
different kinds of the electrical discharges. Conversely.
electrical phenomena can be generated in gases by absorption of
light. Optogalvanic COG) effect is such a phenomenon in which
impedance of a gas discharge changes due to the absorption of
radiation by atoms. molecules, ions etc. of the gaseous sample
or the electrode material present in the discharge. Early
experiments on this effect usually involved two discharge tubes;
one tube was used as a source of excitation which perturbs the
population of species present in the second tube by’ exciting
atoms from a lower to a higher energy state. Penning in 1928 [1]
observed a change in the breakdown voltage when a discharge tube

was irradiated with light emitted from an identical discharge.
Joshi and co-workers [2] have also observed change in the
threshold potential of an electrical discharge in presence of
light; which they termed as light effect. Variation of voltage
across He-Ne laser tube has been observed when it begins to lase
[3] and ir: gas lasers this is much pronounced under certain
operating conditions of the discharge.

Although the O6 effect has been observed and used for a



lumber of applications over the years. the usefulness of this
effect for spectroscopic and analytical studies was realized only
after the development of tunable dye lasers. With the use of
tunable laser systems it is possible to study this effect under
much better and refined conditions and this has stimulated an
increased interest in the studies of fundamental as well as of
applied nature. Green and co-workers in 1976 [4]. using a dye
laser source. have demonstrated the sensitivity of the method in
determining sodium contamination by detecting sodium atoms in a
lithium hollow cathode lamp.

Absorption of photons by atomic or molecular species will
significantly affect the relative population of various levels in
the discharge. This results a change in ion generation rate.
which in turn. causes a change in impedance of the discharge
requiring a different voltage to sustain it. The 06 signal can
correspond to an increase or decrease in the discharge current
depending on the kinetics of the levels whose populations are
perturbed by the laser. If the laser excite atoms from a level
with a small probability of ionization to a level with a large
probability of ionization. the discharge current will increase
and the discharge voltage will decrease. Alternatively if the
laser excites atoms from a level with a large probability of
ionization to a level with a small probability of ionization the
discharge current will decrease and the discharge voltage will
increase. The latter situation often arises when the lower level



has a high probability of‘ collisional ionization, and upper level
is a short lived resonance level ['5].

The importance of 0G effect in spectroscopy and spectro
chemical analysis was first demonstrated by Green [4] The use of
O6 effect for plasma diagnostics or for laser plasma interaction
is possible only if we have a detailed information on various
processes in the discharge under investigation. However, for many
spectroscopic applications. any ionized gas can be considered to
be a black box whose impedance and electrical output is
specifically controlled by the input of a monochromatic light. In
general. the small change in the discharge voltage AV can be
considered as proportional to the change in local population of
the excited states. AN as generated by the absorption ofi
radi ati on thr ough [63

AI/=foI1AN1 (1.1)
where

011 = 0V/BN1. i = 1.2. (1.8)
This concept is based on the variation in density for each
excited state within the discharge volume. Zelewski et al [7]
have also shown that the relative variation of the plasma
impedance for weak 06 signal depends on the relative optical
absorption and the temperature.

Laser optogalvanic spectrum is recorded by monitoring the

3



change in voltage across the discharge tube as a function of
wavelength of the probe laser beam. An experiment involving OG
effect compliment the usual experiment in atomic or molecular
spectroscopy, where the spectra are recorded using a spectrograph

on a photographic film or with monochromator and photo detectors.

Line width observed in 0G spectrum is that of the dye laser which
is considerably smaller than those obtained with usual methods.
With a single mode ring dye laser and by making use of Doppler
free techniques. resolution up to of a few MHZ can be easily
obtained. OG detection is distinguished from other spectroscopic
methods by the presence of a sustained discharge with an electron
gas at a relatively high temperature. Because of this high
temperature in the discharge. there are significant atomic and
molecular populations in excited states and hence transitions
between the excited levels in atoms or molecules can be detected.

Refractory elements. which have very high melting point. can be
conveniently studied with this technique.

Several types of electrical gas discharges are currently
used for O6 spectroscopy COGS). Some of them are low pressure
positive columns. hollow cathodes. and plane diode type
discharges [8]. The properties and mechanism of these discharges
are thoroughly discussed in many standard books on ionized gases
[9-12]. An electrical discharge can be produced by applying a
high voltage between two electrodes within the cell which is
filled with a gas at pressures of a few torr Under the



influence of the electric field. this gas will get ionized and
most of the discharge properties are characterized by various
excitation and de-excitation processes of the species present in
the discharge. The simple experimental setup for observing OG
effect consists of an electrical discharge produced in a gas
cell. provided with two electrodes between which a stable dc
voltage is applied[4J. A ballast resistance is used to limit 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 cw lasers can
be used for exciting the discharge medium.

The advantages of O6 effect over other spectroscopic methods

are that the voltage signal can be directly used for
spectroscopic or analytic measurements eliminating the need to
monitor irradiating source optically as in absorption or emission
spectroscopy. Since no optical measurement is required in
monitoring the signal. the problems associated with the
collection efficiency. scattered light etc.. do not limit the
sensitivity. From an experimental point of view. the method is
simple and convenient; the discharge medium acts as the sample
and a pair of electrodes with a coupling capacitor are sufficient
for detection.

Main source for noise in the experiments are statistical

5



fluctuations of electrons arising from plasma instabilities. if
the cell is not operated in a range of current corresponding to a
stable discharge region[i3]. If the discharge remains stable. the
noise can be minimized to the level of shot noise determined by
the current flow through the resistance which is in series udth
the cell. For OGS studies the selection of gases. electrode
material. cell configuration. applied voltage. pressure etc. must
be such that the random fluctuations of the electrical output
leading to noise is minimum.

Sflgnificant progress has already been made in understanding
the 0G effect both qualitatively and quantitatively. The aim of
many .investigations made with different experimental and
discharge conditions has been to understand the mechanisms which
regulate the CG signal production. Laser optogalvanic
spectroscopy is particularly a powerful technique for providing
spectroscopic information unobtainable from conventional
spectroscopic methods. The optogalvanic studies. to date. have
been carriedout using visible laser radiation. The O6 detection
provides valuable tool for studies in the ultra violet and
infrared region of the spectrum as well. UV photons have energies

of the same order of magnitude as the ionization potential of
many atoms/molecules and the O6 effect refers to a perturbation
in the ionization states and hence OGS in the UV region is quite
practicable[14]. Laser optogalvanic signals in molecular
discharges produced by IR laser excitation have been reported for



several molecules [15-16]. Current interests of O6 effect are
mostly for a wide variety of spectroscopic and analytical
applications with particular interest in high resolution studies
due to its high sensitivity and selectivity[17}.

1.2 GAS DISCHARGES - EXCITATION METHODS

Two type of schemes commonly used for producing discharges

are by direct current Cdc) and radio frequency Crf)
excitation[8). In dc OG technique. an electrical discharge
produced by a stable dc voltage is irradiated with a laser beam.
A resistance. which limits the current in the circuit. is
connected in series with the cell Cfig 1.1). The gas pressure
and the discharge current are adjusted to get a nunimum noise
level and the output is taken via a coupling capacitor which
blocks the dc component. Plane diode type or positive column
discharges are commonly used for gaseous samples and hollow
cathodes are used for solids. including refractory metals. More
details of the discharge cells and about the experimental aspects
are discussed in chapter 3.

Detection of optical resonant absorption in gases with radio
frequency excitation. in an electrodeless cylindrical discharge
tube was first demonstrated by Staciulescu et al [18]. Another
simple scheme for observing optogalvanic effects in the rf
discharge has also been reported by Suzuki[19J is as shown in fig
1.8. In this method. the discharge is produced by applying an rf
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field having an output power of 2 50 watts. to two electrodes
separated by 5 to 10 cm of a glass tube of length 2 40 cm and
diameter 10-30 mm. The electrodes are copper plates with a width
of 1 cm which are wound around the tube. A pickup coil around
the tube and the capacitor forms a tank circuit which is adjusted
to be resonant with the applied rf field. Signal picked up by
the coil are rectified and passed through an amplifier tuned to
the modulation frequency. The output is monitored by an
oscilloscope and measured with a lock in amplifier. The discharge
condition and the magnitude of the signal depends on the gas
pressure. tube diameter. electrode spacing. rf power. laser power
and molecular species. The best combination of these parameters
which gives maximum signal is different for each molecules.

In rf electrodeless discharges. the entire plasma is
approximately neutral and diffusion controlled which often
resembles the positive column of an equivalent dc discharge
wdthout the complications of the cathode and anode regions
observed as in dc glow discharge. In contrast to dc discharges.
the use of high frequency electrodeless discharges for OGS has
certain advantages viz., Ca) much lower discharge power level
nunimizes broadening due to the collision of electrons and the
line shift of spectral lines, Cb) spatially homogeneous plasma
Cc) high electron temperature allows the excitation of a number
of levels and Cd) a complete elimination of the noise caused by
the cathode sputtering. High frequency detection technique is



readily adaptable for the studies of unstable molecules which
are reactive to metal electrodes in the discharge tube. A
simple theory of the O6 effect in low pressure rf discharges of
Ar and Cesium has given by Bulyshev [80].

The rf detection appears to be suitable for Rydberg state
spectroscopy [81]. high resolution spectroscopy[22.33] etc. and
using these methods optogalvanic detection of negative ions of
molecules [84] Ar metastables [85]. frequency stabilization [26].
measurements of predissociation rates of .3 state of HCO [87] etc.
have been reported. Investigations on 0G effect in microwave
discharges have also been reported in the literature[28.8Ql

1.3 06 EFFECT IN FLAME

In contrast to electrically sustained discharges. flame is a
chemically sustained plasma and the laser induced galvanic
studies can also be adopted to flame. OGS in flames. also known
as laser enhanced ionization (LEI) spectroscopy. has become a
most promising tool for the quantitative method for the trace
analysis of elements[5.30—33J. The common atom reservoirs for
analytical atomic spectrometry are atmospheric pressure flames.
furnaces and electrical plasmas. Such environments promote some
level of ionization of atomic and molecular species. depending on
the ionization potential of the species. Enhanced ionization
rate due to the thermal collisions of laser excited and other
species constitute the basis of the 0G effect in flames or in

[0



laser enhanced ionization.

In LEI method. samples to be analyzed are aspirated into the
flame. where they are vaporized and decomposed to atomic form
(fig 1.3) The flame commonly used in atomic absorption
spectrometry utilizes a pneumatic nebulizer for introducing the
solution into the flame-gas mdxture. The acetylene flame wdth
either air or nitrous oxide- as oxidant seems to be the most
practical in terms of good atomization. In most cases. the air
acetylene flame which burns at a temperature of about 3800 K is
used. Many refractory elements in the form of oxides require

2'"; BurnerSample A
D -_’SignaL

Fig 1.3 Optogalvanic effect in flame CL—pulsed dye
laser. D—gated detection system and A—current amplifier).
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hotter nitrous oxide flame C3000 K) to achieve efficient
atomization. Use of a tunable dye laser for the resonant
excitation of the element of interest results in a significant
perturbation of the population of energy levels. The enhanced
rate of collisional ionization of the resulting excited atoms
relative to those in the ground state is the basis of the laser
enhanced ionization technique. To detect the occurrence of the
LEI. a voltage is applied across the flame and the resulting
current is monitored. LEI signal appears as change in this
current. and is thus most easily detected by using pulsed or
amplitude modulated cw lasers with synchronous detection. Even
with no bias voltage, enhanced ionization always occurs in flames
when the species are optically excited. It is only to collect the
free charge carriers created by LEI that an external electric
field is necessary. In general. the signal is caused by the
moticw: of electrons and ions from the laser irradiation zone
towards the biased electrodes. Due to the difference between ion

and electron mobilities there is a build up of net positive space
charge sheath in an electrical field distribution which resembles
that of negative Langmuir probe. The alignment of the laser beam
close to the cathode within the cathode sheath greatly increases
the collection efficiency of charged species. Theoretical and
experimental developments of LEI in flame are studied in some
details by many workers [30—34L Numerous elements have been

investigated by LEI spectroscopy using single and multistep laser

12



excitation. The limit of detection is in the range of 1-10-3
ng/ml [30]. Besides the trace element analysis. the 0G effect in
flame is also suitable for diagnostics of combustion phenomena
and spectroscopy of molecules and radicals.

The applicability of multi photon optogalvanic techniques to
probe the hydrogen plasma is reported by Ausschnitt [35]. Report
on the use of O6 effect for dark space diagnostics of a hollow
cathode discharge [36], investigations of cathodic region of neon
discharge [37] and space charge effects [38]. analysis of
Townsend discharge [39]. measurement of electric field. absolute

metastable density and temperature in the cathodic region of a
glow discharge [40,41] etc. are also available in literature.

1.4 APPLICATION TO ATOMIC AND MOLECULAR SPECTROSCOPY

Experimental simplicity is one of the most attractive
aspects of optogalvanic spectroscopy. Optogalvanic detection
provides a convenient means of observing an optical transition
without requiring any conventional optical detectors [48—45].

Laser induced galvanic study of electrical discharges,
flames and plasmas have provided a wealth of information on
spectral properties of atomic and molecular species. Unlike
emission or absorption spectroscopy. which require the use of
optical detectors, optogalvanic spectroscopy is based on the
detection of variations in electrical impedance caused by
resonant absorption of laser by atoms or molecules. In the latter

13



case the discharge itself acts as both spectroscopic sample and
detector of the perturbed atoms/molecules in the medium.
Generally. the impedance variations are controlled by various
ionization processes in the discharge. For most of the
spectroscopic applications. however. a detailed knowledge of the
laser plasma interaction mechanism is not necessary. Laser
induced OGS is particularly a powerful technique for providing
spectroscopic informations which are unobtainable using other
spectroscopic techniques such as laser induced fluorescence.
absorption etc. and is widely used for Doppler free spectroscopy
[46]. level crossing OGS [47—49]. two photon spectroscopy
[50-56]. Rydberg spectroscopy [S7—5Ql. penning ionization
spectroscopy [60,61] etc.

Many refractory elements are best studied in hollow cathode
discharge Chcd). where ions or electrons colliding with the
cathode remove atoms from the cathode by sputtering. making the
sputtered atoms accessible to gas phase optical spectroscopy.
Since these materials are part of the discharge. OGS provides the
most straight forward technique for studying them. Due to a
relatively high temperature in the plasma. there are significant
atomic and molecular populations in levels far from the ground
state. Hence OG effect can be used to detect transitions petween

excited levels in atoms/molecules and the spectra of ions. free
radicals etc. of refractory elements. OGS investigations using
multistep laser excitation with dye laser has been demonstrated

14



as another technique for studying highly excited atomic levels.
OGS provides an important alternative to absorption or

fluorescence studies for the determination of spectroscopic data
such as relative oscillator strength. electron temperature.
isotope and hyperfine structure measurements. determination of
transition energies [68]. measurements of line broadening and
line shifts. determdnation of Lande g factor [633 etc. Use of 0G
effect in various other fields like for the study of Zeeman
effect [64]. autoinization spectrum of Kr [65]. frequency
stabilization [6B—70]. intracavity atomic absorption measurements

[71]. the detection of photons [72]. etc. have also been
reported.

It is only recently that laser optogalvanic spectroscopy has
been applied to study molecular species. Feldmann [73] extended
this technique to molecular species; although the signals were
weaker by several orders of magnitude as compared with those of
atoms. At present OGS has been successfully used to record the
spectra of molecules in the visible and IR [74—78] region.
Webster et al [153 have studied the LOG signal of molecules in
the IR wavelength region by using tunable diode laser Results

of investigations of simple diatomic molecules like I2 [79—85J.
N2 [19,73] and of many complex molecules are also available in
the literature. CGS technique has been applied to the detect
positive molecular ions [86]. negative ions £84.87]. and for the
measurement of photo detachment [15] phenomena. Several lines
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belonging to the va band of NH3 at 9.5pm and the v3 band of N08
at B.8pm have been studied by Webster [15] and found that
absorption spectrum is directly comparable with LOG spectrum.
Sflngh et al [88] have studied low pressure dc discharges of
ammonia from excitation of ground as well as excited vibrational

states with a line tunable coé laser and have estimated the
vibrational and rotational temperature of the discharge.

Even though OGS overcomes most of the limitations in the
conventional studies of gaseous media. it does have limitations
of its own. The technique has. inherently. very high
sensitivity. although attaining this sensitivity may require some
effort to produce an electrically quiet discharge. The pressure
and current necessary to operate the discharge in a stable regime
may perturb the atomic or molecular energy levels of interest.
although this generally does not appear to be a significant
effect in moderate resolution spectroscopy.

1.5 OSCILLATOR STRENGTH MEASUREMENTS

Zelewski et al [7] have observed that for certain
transitions in a neon hollow cathode discharge. magnitude of the
impedance change is proportional to the product of the
wavelength. degeneracy of the initial level and the oscillator
strength. Keller et al [89] have also demonstrated that. laser
induced impedance changes could be used for the determination of
oscillator strength and electron temperature of an electrical
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discharge. These authors measured the laser induced impedance
change for some transitions of neon and uranium for which the
magnitude of the impedance change depends only upon the
properties of the initial level i. such that

———i G A f [A] C1.3)

where A211 is the laser induced impedance change at Kij. Iij is
the laser intensity which is a normalizing factor in these
measurement. f is the oscillator strength of the transition and1J
[A] is the concentration of the level 1. given by.

._{A1 a giexp { -——— C1.4)k T

where gi is the degeneracy of the state 1. Then.

AZIJ _ E1—~—— G A 3 f exp -——— (1.5)ij i ijIij h T
Thus. log[A2iJ/Ixgf] verses EE plot will be a straight line from
which oscillator strength and the temperature of the discharge
can be evaluated. However in the case of calcium. Bechor et al
[90] have observed a large inaccuracy in measuring the oscillator
strength by this method. Major uncertainties in the measurement
of oscillator strength are due to the following reasons.
1) The 0G effect has a strong spatial dependence.
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2) The interaction of laser beam with plasma is a complex process
and is usual1)r non—linear with respect to parameters such as
number density. electron density. the temperature etc.

1.6 WAVELENGTH CALIBRATION

In laser spectroscopy. as in classical spectroscopic
methods. it is often necessary to have a source of accurately
reproducible reference wave numbers. The desirable
characteristics of a reference spectrum are; it should be easily
and conveniently’ observable. lines of the spectrum should be
highly reproducible and the source should have a good spectral
distribution of useful reference lines. A number of sources have

been proposed and used for laser wavelength calibration. The most
widely used source for this purpose is the absorption spectrum of
molecular iodine. It has good spectral coverage and easy to use.
but its accuracy is limited by the unresolved hyperfine structure
and asymmetric Doppler brodended lines.

King et al [91] have shown that OG effect provides a simple
and accurate technique to measure laser profile and for direct
wavelength calibration of spectral lines. The technique is
equally successful for cw and pulsed lasers. Calibration spectrum
is recorded with a portion of the reflected laser beam. using a
beam spli tter . whi ch pr ovi des si mul taneous measurement of the

laser wavelength and the spectra derived from the experiment.
Thus the laser wavelength in any spectral region can be
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calibrated by utilizing an appropriate discharge lamp. OG effect
in hollow cathode discharge (hcd) lamps has been extensively used

in spectroscopy for calibrating dye laser wavelength [14.91—100l.
Most of the commercially available hcd lamps. which contain
selected cathode material and filled with a buffer gas like neon
or argon. are suitable for this.

Transitions associated with rare gases are often used for
wavelength calibration because of their high intensity.
Investigations of 06 spectrum of neon and argon in a wide
spectral region. which is useful to calibrate both cw and pulsed
lasers. have been reported. The use of transitions in uranium
and thorium discharges have been proposed as being well suited
for this purpose because of their narrow line width and the
availability of a large number of lines in the IR. visible and UV
spectral range. Many lines covering a broad spectral region are
easily observable in most of the commercially available hcd
lamps. The accuracy in the wavelength measurement of lines using

these lamps is limited only by Doppler broadening and the line
shifts due to collision process.

As an aid to wavelength calibration, Keller et al [99] have
studied the relative intensity of the laser induced voltage
change with the intensity of the corresponding emission line of
neon over a wide wavelength region. In a Uranium hcd at constant

current the ratio of the voltage change to the laser intensity
for cw laser excitation is given by
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AV E
——£J a RiJf1Jgiexp{--—£—} (1.6)I h T
AViJ is the observed voltage change when the laser wavelength Alj
amwesponds to the £1 —+ EJ transition, fij is the oscillator
strength of this transition. 31 degeneracy of the initial Cith)
state. E1 is the energy of this state and I is the laser
intensity. The intensity of the emission line is given by

8. f E
F31 u -§i——%i gJexp{P-4-} (1.7)J AlJ kbT

In this case the initial state is the jth level. For a small

wavelength region Aij does not change appreciably and EJ=E1+hv1J.
Thus these equations can be rewritten for comparison over a small
wavelength region as

AV E
-—iJ a f1Jgiexp{s-—£- (1.8)I h T
and

E:FJ1 a f1Jg1exp{--———} (1.9)hbT

where the factor k‘3 and exp C-hu/kbT) have been incorporated in
the proportionality constant. Inspection of eqns (1.8) and (1.9)
indicates that there should be a correspondence between the laser
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induced voltage and the intensity of the emission line. This
correspondence indicates that OG effect is useful for wavelength
calibration.

Effect of photoelectric emission on (X3 effect is another
emerging area of light—matter interaction. Photoelectric
emission is troublesome especially in the ultraviolet region
where the photon energy exceeds the work function of the cathode
material. As the photon energy approaches the work function. the
entire surface can contribute to photoelectric emission and there
is a large increase in the 06 signal Hence. when this method is
used for wavelength calibration in the UV spectral region.
photoelectric emission from the cathode will mask the 06 signal.
This is especially true for pulsed excitation where it can be a
serious problem even in the visible region. Construction of the
discharge tube- with a clear optical path through the cathode
would be very useful at shorter wavelength. Dovichi et al [100]
have constructed a tubular hollow cathode discharge tube such
that the laser light can pass through the centre of the discharge
without striking the cathode surface. The use of this tubular hcd
eliminates interferences from photo emission and permits
wavelength calibration of pulsed lasers at shorter wavelengths.
Babin et al [101] have also developed a convenient iron hcd for
measuring the reference wavelength in the 810-300 nm region which

is suitable to use for high resolution measurements.
Recently. a fully automatic wavelength calibrator has been
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developed to calibrate the dye laser system (102). In this system
when a target wavelength is put into the keyboard. the computer
scans the laser wavelength and takes OG signal of the hcd lamp
which is installed in the dye laser system. Then the wavelength
of the laser is tuned to the target comparing with the reference
06 line. In this system the reproducibility in the absolute
wavelength calibration over a spectral range from 220-740 nm is
better than : 1cm’1

1.7 SPECTRAL PROFILE OF THE 06 SIGNAL

Spectral profile of a transition in a gas discharge has a
finite width and the characteristic shape is determined by the
conditions existing in the source. Different processes that
affect spectral profile are due to natural broadening, Doppler
broadening and the broadening as a result of interaction of
absorbing or emitting atoms with the neighboring particles.

Doppler broadening is caused as a result of random
distribution of transition frequencies due to the random thermal
motion of atoms in the discharge medium (103). The shape and
width of the spectral lines radiated from a discharge lamp is
Doppler broadened. The Doppler width can be reduced by cooling
and operating the discharge at low currents. In laser
spectroscopy. there are several techniques to eliminate this.
Intermodul ated optogal vani c spec tr oscopy. pol ar 1 zati on
intermodul ated exci tati on . optogal vani c doubl e resonance
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spectroscopy etc. are the commonly used methods for this purpose.
Interaction between atoms, molecules. ions or electrons will

perturb the state of radiative atom and will cause line
broadening. line- shift or distortions in the» spectral profile
which can also be investigated by 06S E104}. Due to a small line
width and the tunability of the lasers along with a high
selectivity of OGS. measurement up to a few MHz could be easily
attained I105].

The use of O6 effect for spectral profile investigation has
been discussed by many authors. For instance. Bechor et al [90]
have compared 0G and absorption line profiles and have observed
that. for low discharge currents. the line profile obtained by
both methods are simdlar. The measurements of temperature from
the Doppler width of the 06 line profile have also been reported
[6.106J. The Doppler width Au depends only on the temperature TD

and the atomic weight M according to the formula.

8 1/2 21/
AvD = -E—C2R toga) v0CT/M) (1.10)

where R is the gas constant and c is the velocity of light. The
fraction of the incident light of frequency u that passes through
an absorbing region of the discharge of length l is given by
[107]

I(v) = Ioexp {-R(v)C> C1.11)
where ICv) and I are the transmitted light intensities with and0

without absorption respectively and h(v) is the absorption
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coefficient as a function of frequency. The integral of the
absorption coefficient is expressed as [108]

2X 5jucwdu =- —9 -324»: c1.12)8n 31

where A0 is the wavelength of the transition. 31 and 52 are the
statistical weights of the lower and the upper states
respectively. N is the atom density at the lower level and A is
the Einstein coefficient. When the Doppler broadening is
dominant. the absorption coefficient at the line centre is given
by

h(v) = h exp {— [2 Cu-v0)Clog8)1/2/AvDJ2} (1.13)

where v and h are the frequency and the maximum absorption0 0
coefficient at the line centre. Integrating eqn (1 12) one
obtains

2A 1/8 3it ——°—— 1°38 —a NA (1.14)o 4nAvD n 31

Thus. from the 0G spectral profile. the temperature T is obtained
directly from the Doppler width and the atomic density of the
lower level N is obtained from the maximum absorption
coefficient.
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1.8 HGH RESOLUTION 0G SPECTROSCOPY

Random thermal motion of atoms or molecules in a discharge
causes their resonance frequencies. as seen by a stationary
observer. to be shifted by the Doppler effect. Since the sample
as a whole consists of atoms and molecules moving in all
different directions with a large range of velocities. the
additive effect of this individual shift is to broaden the
spectral lines. This Doppler broadening is often the factor that
limits the resolution obtainable in a standard spectroscopic
experiment. Several techniques have been developed tx> overcome
this limitation and to obtain a much better resolution. The
Doppler free saturation spectroscopy and two photon spectroscopy

have recently been combined with optogalvanic detection to
increase the range of applications of these methods to high
resolution spectroscopy.

Doppler free intermodulated optogalvanic spectroscopy
(IMOGSD. similar to saturation spectroscopy. is first described
by Lawler I109]. In this method. radiation from a single mode
laser is split in to two beams of roughly equal intensity. and

both beams mechanically chopped at two different frequencies f1
and fa are passed through the discharge from opposite directions
(fig 1.4). If the laser is tuned to the centre of a transition.
both beams will interact with the same group of atoms. having
zero velocity’ component along the beams. and thus avoids the
Doppler shift. In this case. non—linearity caused by these two
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gabeams saturate the same group of atoms to produce Doppler free

_;-jisignals modulated at frequencies Cf1+f‘aD and (f1-fa) in addition

to the Doppler broadened signals at fl and fa.
Comparison of intermodulated optogalvanic spectroscopy and

Doppler free saturated absorption spectroscopy indicates that
IMOGS is more sensitive than the saturation absorption
spectroscopy. This method is an extremely simple technique and is
most useful when low noise detectors or high quality optical
components are unavailable. Doppler free 114065 is widely used
for isotope shift measurements. hyperfine structure studies and a
large number of atomi c and mol ecul ar spectr oscopi c
investigations. Bevereni et al [110] have demonstrated that
Doppler free intermodulated optogalvanic detection could be
applied to Zee-man spectroscopy of volatile and non-volatile
elements in hcd without loss of accuracy or resolution for
magnetic fields larger than 180 Gauss.

When the gas pressure in the discharge cell is of the order
of 0.1 torr or greater. the recorded Doppler free spectra show
sharp peaks on the top of broad pedestal. These pedestals are
attributed to velocity changing collisions which tend to
redistribute the population of the ground or metastable level
atoms over the original Maxwellian distribution and thus reducing
the velocity selection of‘ the saturating beams consequently
resulting into the Doppler broadened spectrum. This problem can
be eliminated by the method of polarization intermodulated
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excitation CPOLINEX) developed by Hansch [111]. In POLINEX. the

polarization of one or both of the beam is modulated rather than
the intensity of the beam as in IMOGS. In this way. by
modulating the polarization rather than the intensity. the
detected Doppler free‘ signal arises front light induced atomdc
orientation, and the atoms which suffered a velocity’ changing
collision will no longer contribute to signal if their
orientation are destroyed. POLINEX can take advantage of the
rules for the absorption of the polarized light to yield
information on the angular momenta of the participating energy
levels.

Another interesting technique for state selective atomic and
molecular spectroscopy proposed by Vidal [112.113J is by making
use- of optogalvanic double- resonance COGDRD. In this method.
discharge is irradiated by two tunable lasers operating at
frequencies mi and we. The two laser beams. modulated at
frequencies f1 and fa respectively. are passed into the discharge
tube from opposite directions. The laser—induced change in the
discharge current is detected by a lock—in amplifier at a

frequency Cf1— £23 or Cf1+ F2). The principle of the method is
explained in fig 1.5. Laser 1 is tuned to a transition wab and
induces an intensity dependent change in the population densities
of levels a and b. Depending on the ionization rates of levels a
and b. this gives rise to a modulation of the plasma discharge

current detectable at modulation frequency fl Eumdlarly. laser
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3 is able to generate a detectable signal at modulation frequency
f if it is tuned to some other transitions of the system under2.

investigation. If‘, however. both lasers simultaneously pump
transitions that have one state in common. one can generate
laser-induced changes of the plasma discharge current that are
proportional to the product of the two laser intensities involved

and that can be detected at a frequency Cf1- fa) or Cf1+ fa).
In the OGDR experiment. frequency mi of laser 1 is tuned to

a particular transition frequency (nab. An OG signal at frequency
Cf1— fa) or Cf1+ fa) can be detected by scanning the laser 2 if
laser 3 coincides with a transition that has state a or b in
common. One, therefore. has a state—selective version of 06S.

1.9 ISOTOPEZ ANALYSIS

Since for low laser intensities. 0G effect is proportional
to the density of the absorbing species. it was suggested by
Keller at al [89] that. isotopic analysis of elements could be
performed by laser induced optogalvanic spectroscopy in hollow
cathode plasma-. Due to the presence of Doppler broadening and
hyperfine structure. the accurate measurement of isotope shift by
classical method is very difficult. However. using Doppler free
methods such as IMOGS I109]. POLINEIX OGS [111] etc. . the optical

isotope shift with an accuracy of a few MHz could be measured.
Hollow cathodes are extensively used for isotope analysis. since
they are characterized by narrow spectral line with electron
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temperature 2 3500 K and hence any element including refractory
material can be investigated. Details of the dependence of the 06
signal strength on isotope concentration in uranium hcd was first
reported by Pianorasa et al [114].

The transition energy for atoms of different isotopes from a
level of energy E’ to a lower level of energy E" will be

Eg- E3 = hug and Ek- E5 = hufi (1.15)

where a and B denotes heavier and lighter isotopes respectively.

Then hfiv - va) corresponds to optical isotope shift which can beI?

measured by scanning the laser wavelength over the transition.
The determination of the ratio aN / 3N of any two isotopic

pairs a and (3 of an element by 06S consists of measuring the
densities “N. HN of these two isotopes. that being in two given
isotope shifted energy levels, which absorb the incident laser
photons. This absorption can. in principle. produce positive and
negative 06 signals. where. the sign depends on the particular
level being excited and hence on the configuration to which it
belongs. For a given isotope pair. whose energy difference is
due to the isotope-shift term belong to the same configuration.
It follows that in most cases for a given isotope pair. the O6
signals wdll have the same sign.

The 0G signal SCv) for a transition at a fTequency v is
related to the absorbed laser intensity AICD3 by
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SC») = CDAICU) C1.16)
where D is the geometrical cross section of the laser beam and C
is a proportionality factor which is constant for a given
transition. for all isotopes. In the case of a homogeneous
absorbing layer of length 3 illuminated by a laser-beam of
intensity I which is sufficiently low so as to avoid saturation.
equation 1.16 becomes

50») -= CDI{1 — expt-hCv)tJ) C1.17)

where K») is the frequency dependent absorption profile of the
transition. For small absorptions 120.»)! << 1. eqn.C1.17) can be
written as

SC») = CDIkCv)£ (1.18)
The explicit hCv)£ dependence of 5(1)) can be used to relate SCI»)

to the atom density in the lower level of the transition by using
the re). ati on .

3 .V (1.19)Ihcvbdv = 8”“)

where [J] = 8J+1; J and J’ are the statistical weights of the
lower and upper l evel s . respecti vel y, A i s the E1 nstei n

31



tmansition probability and N is the isotope population in the
lower level. In a hcd. the significant line broadening effect is
the Doppler broadening due to thermal motion of the atoms.
Atomic absorption line shapes are then well approximated by a
Gaussian profile and eqnC1.19) can be rewritten as

1/81 nIRC»-Dd» = 5 [log 3] RoAvD (1.20)
where ho. the absorption coefficient at the line center is given
by 8 1/2_ Ao[J']A log 2"° -  "' “-3”
and AvD. the Doppler width of the transition CFWHM). is given by

12 1/2
A» = §;lfZ§£9_ [ T ] c1_g3)D X0 77
with xo in Angstroms. T in kelvins and H .in amu. Thus from
equations (1.17). (1.18) and (1.31). one obtains the relationship
between the 06 signal at the line center So and the density of
the absorbing atoms N as

4n[J]AvD " 1/2 1 50
N = ———————  [— log[1-  (1.23)X30,” log 2 T CD12
for strong absorption and
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4n[J}AvD n 1/8 soN = [ ] (1.243x°[J_}A log 2 CD12

for weak absorption.

Eqns. (1.23) and (1.84) are valid for isotopes having zero
nuclear angular momentum. In the case of odd isotopes for which
the nonzero nuclear angular momentum produces hyperfine splitting
of the atomic transitions, then the relation between the
integrated 06 signal and the density of the atoms can be written
as I114).

N = -??—§£££L——J3Cv)du c1 35)Ao[J'}ACIDl

Studies on uranium isotopes [114] indicates that the
concentration and the measured OG signal at the line centre for
different isotopes. for weak absorption. satisfies the relation

234 234———E 2 5° C1 28)
238” 23350

The Theoretical detection limit attainable for even isotopes is
of the order of 106 atoms/cm3 [114]. Isotope splitting of
transitions in U. Mo. Ne etc have been reported by many
researchers by employing OGS techniques [25.8Q,114-117]
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1.10 HYPERFINE STRUCTURE ANALYSIS

Hyperfine structure of atom arises mainly as a result of the
interaction of magnetic moment of a nucleus with the electric

field produced by the valence electrons. Wave number TF of the F
component of an atomic level is given by the expression [1183

_ g r3ccc+13 —4ICI+1)JCJ+1)JTr ' 76* A2 + B 8IC8I+1)JC2J+1) C1‘373

where

c = FCF+1) -ICI+1D —JCJ+1) c1.ae)
and

F = I+J. I+J-1.. [I-J] (1.29)
To is the wave number of the level if there were no hyperfine
interactions and I is nuclear spin. The splitting constants A
and B due to magnetic and electric interactions are respectively
given by

p H co)A =__£_l___ c1.3o)
IJ

andB = eQVCO) C1.31)
where pl is the magnetic dipole moment of the nucleus. HJCO) is
the magnetic field produced by the electrons at the nucleus. Q is
the nuclear quadrapole moment and VCOD is the average of the
field gradient at the nucleus. According to the equation (1.87).
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the magnetic and the electric interaction between the nucleus and
the orbital electron splits a fine structure multiplet level of
quantum number J into a multiplet of hyperfine structure levels.
The number of levels is equal to the number of possible
orientations of I and J ie. 8I+1 if J 2 I and 2J+1 if I Z J.

The small magnitude of the hyperfine splitting and the large
Doppler width of the spectral lines makes accurate measurements
very difficult. Development of high resolution laser
spectroscopy have resulted into a variety of interesting and
powerful technique to measure hyperfine splitting. For accurate
uwasurement of hfs. the Doppler free methods have to be used.
However. for heavier elements the Doppler broadening at room
temperature is in the range of 600-900 MHz while the hyperfine
splittings are in the range of a few GHz, so that Doppler limdted
techniques are sufficient I119].

The sensitivity of OGS technique is quite high as compared
with other methods and it can be used for the study of most of
the elements in the periodic table. In this method. atom are
sputtered from the cathode of a hollow cathode lamp. filled wdth
an appropriate buffer gas at a suitable pressure. The sputtering
technique eliminates the need to have a high temperature cell or
a heat pipe oven and is readily applicable even for refractory
metals. Another advantage is that highly excited state or singly
ionized atoms can be produced in sufficient density" so that
spectroscopy in these species can be easily carried out without
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the need of multistep excitation. Results of the hfs
interactions using OGS applied to sputtered atoms in hollow
cathode lamps for a large number of elements are available in the
literature (116. 119-183].

1.11 PHOTOEMISSION OPTOGALVANIC EFFECT

The change in impedance of a gas discharge can also be
generated by injecting electrons into the discharge via
photoelectric effect which is known as photoemission optogalvanic
(POG) effect. In this non—resonant process the photon energy
required is greater than the work function of the cathode
material. The photoelectrons will further interact with the
discharge species and the current in the circuit will be the
resultant of the original plasma current and that produced by the
interaction of photoelectrons with the plasma. The essential
difference between the 0G and POG effect is that the former is

due to the resonant absorption of radiation where as the latter
is by the non-resonant absorption processes. The POG effect has
numerous practical applications in real time monitoring of metal
or semiconductor surfaces (1241. surface characterization I125].
diagnostics of electrode surfaces in a discharge lamp I126). etc.
More about the effect is described in chapter 7

Studies of the 0G effect in ionized gases are at present
largely developed in connection with various applications in
physics and chemistry. Pc-ssi bili ti es of this powerful

35



spectroscopic tool have opened wide range of research areas in
for atomic and molecular spectroscopy; high resolution. Rydberg.
multi photon spectroscopy. isotope and hyperfine structure
analysis; diagnostics of electrical discharges. flames and
plasmas; analytical chemistry; wavelength calibration; laser
frequency stabilization etc.
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CIHMPIHEIR 3

THEORY OF OPTOGALVANIC EFFECT

2.1 GENERAL FEATURES OF A GAS DISCHARGE

Electrical discharge is an electrically energized matter in
gaseous state. In general. it consists of three components;
neutral atoms or molecules. charged particles (in the form of
posi ti ve i ons . nega ti ve i ons and el ec tr ons) and photons
permeating the plasma-filled space. The atoms or molecules can
be either in their ground state or in excited states.

A distinct feature of the discharge is the presence of a
bright luminous region extending all along the tube. General
features of a glow discharge in which the distribution of glow
intensity. potential. longitudinal field. electronic and ionic
current densities. charge densities and space charge [1] with
respect to distance from the cathode are shown in fig 3.1. If
the inter electrode separation is sufficiently large. an
electrically neutral plasma region with fairly weak field is
formed between the cathode and the anode. This homogeneous
electro neutral region is generally known as positive column.
Sometimes positive column has a periodic layer structure called
striations. The formation of striations is not inevitable or
they may not be resolvable. In such cases positive column emits
light uniformly up to the anode region- In contrast to the
cathode layer. whose existence is vital for the glow discharge
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the positive column is not an essential part for a discharge. The
discharge in each gas has a characteristic set of colours
exhibiting its spectrum. and most of the properties being
sensitive to specific conditions.

2.2 EXCITATION AND DECAY PROCESSES IN DISCHARGES

Ionization of atoms and molecules by electron-impact is the
most prominent mechanism of charge generation in the bulk of a
gas discharge. The rate of this process. with electron density n

[{%}] = yin (3.1)i

is characterized by the ionization rate 71. which is the number
of ionization events performed by an electron per second. If the
temperature CT) of a gas discharge is substantially lower than
that required for ionization indicated by the ionization
potentialCs). then

r1 = N 8 cice + 8hbT)exp[-  caa)b

where 3 = C8hbT/nmD1/2 is the average velocity. N is the number

of atoms per unit volume and C1 is the ionization cross section.
The atoms of a weakly ionized gas are mostly ionized from the
ground state. If the gas is highly ionized. many excited atoms.
molecules and ions may be involved and step wise ionization will
be dominant. Atoms are first excited by electron impact and then
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ionized by subsequent collisions. Long lived metastables and
excited particles play an important role in this processes for
which ionization cross sections are rather high.

Some of the important excitation and ionization processes
are given below.

electron—impact excitation A + e_-—+ A” + e

electron—impact ionization A + e--—+ A+ + 2e_

electron—impact ionization of excited states A! + e_—+ A+ + Be
excited state-excited state collisions A*+ A‘ —+ A+ + A + e“

penning ionization A” + B —» A + 3* + e"

charge transfer A+ + B —+ A + B+

photo ionization A + hv —+ A+ + e

associative ionization A**+ A —+ A; + e_
Here A.B are ground state atoms A” is the excited or metastable
state and A+, B+ are the positive ions.

Some of the important decay processes in the discharges are
1) Radiative and non-radiative decay

2) Recombination and dissociation by various collision effects
(electron ion. ion—ion dissociation etc.)

3) Formation and the decay of negative ions Ccalled attachment
and detachment processes) and

4) diffusion losses (low! pressure gas discharges are usually
affected by electron losses due to the diffusion towards walls)
These losses are irreversible and the electrons go into the metal
or attach to the dielectric where they recombine with ions. The
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mean electron life time with respect to the diffusional loss is

Td = A2/D. where D is the diffusion loss coefficient and A is the
characteristic diffusion length. For a cylinder of radius r and

3+c n/nan)length 3. C1/A32-—C2.4/r)

The steady state of an electrical discharge results from the
stabilization of numerous excitation and de—excitation processes,
involving various species of atoms molecules or ions present in
the discharge. Then. the plasma is composed of free electrons
and neutrals or ionized elements with energies spread over all
the possible states. The density of the neutral particles is much
higher than that of the charged particles and the plasma produced
is known as weakly ionized or low temperature plasma. When a
steady state condition is achieved. the population density is
stationary and the plasma represents an internal constant
impedance fixed by the experimental conditions. OG effect
essentially represents the perturbation in the population
distribution. and hence the impedance of the discharge. as a
result of interaction between electromagnetic radiation and the
species present in the discharge.

2.3 0G EFFECT

Illumination of a glow discharge with electromagnetic
radiation perturbs the steady state of population distribution.
In general the collisinal ionization rates from different levels
are unequal. so that the ionization conditions in the discharge
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are altered and another equilibrium corresponding to a different
current—voltage point is created in presence of the
electromagnetic radiation. An important feature of the O6 effect
is that the change in impedance. and hence the voltage across the
discharge can be an increase or decrease so that both positive
and negative 06 signals are generally observed.

There are two significant mechanisms proposed for the origin
of the laser induced optogalvanic COG) effect in electrical gas
discharges; viz.
1) laser excitation of atoms to higher electronic states leading
to a modification in the ionization rate and hence the electrical
impedance of the discharge and 83 Laser excitation that perturbs
the equilibrium between the electron temperature and the atomic
excitation temperature.

The basis of the increased electron temperature mechanism is
that an equilibrium is established between thermal electrons and
the atomic excitation. such that. the electron temperature and
the electronic excitation temperature are equal - at least to the
first approximation. This equilibrium come out as a result of
many elastic and superelastic collisions between atoms and the
electrons. The laser irradiation creates a small perturbation to
this processes. The importance of electron temperature to
generate laser induced impedance changes has been reported by
many workersta-5]. It is generally assumed that both mechanisms
do occur simultaneously and the contribution of each mechanisms
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depends on the levels involved in the transitions and the
experimental conditions.

Spatial and temporal measurements using cw and pulsed lasers
have played an important role in elucidating discharge
mechanisms. energy storage or transfer pathways. In the case of
cw irradiation. excited species can be continuously produced so
that there is a steady state concentration of potential
reactants. The dynamical features of the 0G effect can be
studied by using pulsed dye lasers. The decay time of the signal
is typically of the order cfi‘ a few micro seconds. when the
pulsed lasers are employed. either the pulse widths or the
excited state life time become key parameter, and if the laser
pulse is shorter than the life time of the state that determines
the time dependence of the potential reactants. In most cases.
the upper level of the transition does not participate in the O6
effect as the radiative life time of the upper level is too short
to alter the ionization rate in the discharge. In principle,
time resolved profile of CG signal under resonant pulsed laser
excitation contains informations on high lying levels. long lived
states. population inversion and on the dynamics of various
reaction channels for ionization processes. Experimental and
theoretical investigations on O6 effect under pulsed laser
excitation in a variety of discharges have been discussed by many
workers[6-9].

The improved understanding of this effect in a variety of
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scharges has made it an important tool for quantitative
g'_d1 agnosti cs of el ectri cal di schar ges , fl ames and pl asmas. Most

the theoreti cal model s of thi s effect were devel oped onl y by
iconsidering a certain transi ti ons in a particular type of
discharge where the effect is produced and is based on the

F

V

jfspecific experimental conditions assumed to be existing. The

Edifficulty in developing a more general model is due to a large
‘number of parameters that characterize the discharge system. A
81 mp1 1 fi ed theor y of optogal vani c effect based on the
multiplication of electrons within the plasma has been reported
by Erez et a1 [6]. The modeling reported by Lawler [10] in terms
of the perturbed steady state rate equations. including the
dynamic impedance to describe the 0G effect in a He positive
column discharge is in good agreement with the experimental
results. This approach is especially useful in cases where many
of the collision cross section are not known. Daughty et al [11]
and Stewart et al [13] extended this approach to explain
transitions in neon over a wide range of discharge conditions.
The theory of Pepper[13]. Meada et al [4] and Veleantinili et al
[14] in terms of the electron temperature and the density
variations have explained the observed sign changes and the
magnitude of the signal in metal vapour—rare gas discharges.
Considering a three level atom model interacting with two intense
amp1itude~modulated laser beams. Tewari et al [15] have reported

the theory of the resonant optogal vanic effects in optical double
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resonance spectroscopy. Experimental and theoretical
investigation of 0G effect in HgAr discharge [18] and the
population monitoring in the B—X system of HgBr are also
available in the literature [17].

2.4 GENERAL MODEL OF THE 06 EFFECT

A general model. proposed by Erez et al[6] has been
successfully applied by many researchers [8,9]. Using this model
the- relative- magnitude. sign and temporal behavior of the 06
signal and its dependence on current or pressure can be predicted
qualitatively for both cw and pulsed laser excitation. Consider
a dc discharge cell. in which an electron excites or ionizes some
of the atoms on its way to the anode and there by generating more
electrons. The positive ions travel towards the cathode and may
undergo several processes including production of secondary
electrons so that a large number of electrons are generated by
the avalanche caused by the multiplication. If the multiplication
factor. a is less than unity. current decays and if. it is
greater than unity. current will increase. In an O6 experiment.
the laser beam interacts with the discharge species and in the
steady state conditions,

da== "—°‘ Al/+2 ai AN =-o ca.3>av N owl V N 11 1 ' 1.321
where V is the voltage across the tube AV is magnitude of the
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OG signal. N are the various atomic or ionic populations and AN1 i
are their deviations from the steady state. Thus from equation
(3.33

AV = -32:11 ANi (2.4)
i

-1where (9 = [%3] ca. 5)Ni

and a1 = 3%] (8.6)
i N1.V

3 is always positive since a voltage increase enhances the
ionization probability. Similarly a > 0. for all i. In general.i

at increases with the energy of the state i AN1 obeys the
dynamical equations.

d(AN1)—-———— = AN - (N —N ) I (2.7)at 2711 J E 1 J"1.1 11J J
a1JC=aJ1) are the optical cross section for the respective
transitions and IIJ is the appropriate light intensity. Consider
a two level system in which the absorption of a monochromatic
laser beam at the resonance frequency corresponding to the
transition 1 —+ 2. and since there are many levels J. they can be
treated collectively. with a characteristic energy‘ relaxation

times T1. which characterize the steady state after illumination.
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We can write time dependence of ANi as

dCAN1D AN1=—~—-CN —N )0 1 cae)C“ 11 1 2 1a 12
acme) maj=—-(N -N30 1 (2.9)on re 2 1 21 21

These equations can be used to explain the behavior of‘ the 0G
signal AV for various modes of the laser illumdnations.

FUNCTIONAL FORM OF‘ THE 06 SIGNAL

CASE I CW LASER EXCITATION:

In this case ‘K310 = 0 so that
“'1 '= ‘C"1"”23 "12 112 T1

and AN2 = CN1—Na) 018 I12 re

Thus AV = - r; 012 I18 Caafa-a1T1DCN1-Na) ca.1o3

Here 1 is the lower level CN1 > Na and aa > a1). Hence AV is
negative unless a1T1 > aafé. 06 signal is thus negative except
for excitation from metastable levels. where the positive signal
may be expected. Sunce the relaxation times of metastable levels
are quite sensitive to changes in the plasma. a positive signal
may change sign with increasing current [17] due to a decrease in

relaxation time (71) caused by enhanced collision with electrons.
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Moreover, in the small signal limit the amplitude of the 06

signal will be proportional to CN1—Na) and the time profile of
the AV is nearly same as that of‘ the laser intensity.
CASE II PULSED LASER EXCITATION:

Consider the laser pulse width to be short as compared to
the time scale in the processes with in the plasma. During the
pulse. the only relevant dynamics are those connected with the
illumination.

dCAN1) dCAN2)= (N -N )0 I = - —--——dt 2 1 18 18 dt
After the termination of the laser pulse

dCAN1) = — AN1 dCANa) = - AN2cit T1 dt Ta
Also. -AN1Ct=O) = ANaCt=O) = 0'12CN1-N2)J'I13Ct) dt = OCN1*-Na)
Thus

AV = - (3 QCN1-N2)Ca3exp[-t/Ta] — alexpf-1/T11) (22.11)

The temporal behavior of‘ the signal can be deduced from the

equation (2.11) for AV The factor (3 QCN1-N2) is positive and
does not affect the shape.

Erez et al [6] studied the 0G signal in Argon and Neon at
various pressure and current conditions and have found to be in
agreement with this theory. Extension of this theory to model
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the pulsed OG effect in neon by considering four relevant energy
levels to investigate the transient effects such as fast
relaxation of levels. population density and the population
inversion has also been reported [7]. However application of
this simplified theory will not explain the observed 06 phenomena
completely.

2.5 RATE EQUATION FORMALISH OF 06 EFFECT IN NEON POSITIVE COLUMN

DISCHARGE

A generalized model of the 0G effect includes the
interaction of photons with atomic system in a discharge
perturbed by" an external optical source such as laser. The
interaction of photons with the atomic species in the plasma
affects the population and increase or decrease in impedance of
the discharge depends on the resultant redistribution of
population.

The principal features of the 0G effect can be described by
using rate equations of the atomic system. Most of the works on
the theory of O6 effect is to formulate the rate equations that
describes the dominant processes in a discharge medium and to
calculate the laser induced perturbation by solving these
equations. Description of the main features involved in resonant
laser irradiation in a neon positive column discharge have been
reported by l(ane[19.I-30] and Daughtytiil. Due to the complex
grocesses present in 0G phenomenon involving a large number of
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atoms in different states. these authors have assumed a
simplified energy level diagram. However Sasso et al [81] have
developed a more general model in which all the states are
considered separately in spite of the previous works.

The lowest excited levels in neon are 1s Ci=8.3.4and 5) ofi

the 8p53s configuration Cin Paschen's notations). The 155 and 1s3

are true metastable levels where as .158 and 154 are radiatively
coupl ed to the gr ound state. The next excl ted state
configurations are ten Eipj levels which are all radiati vely
coupled to 'the lsi levels. In this model. the separate
contribution of four isi levels and the collisional mixing
between the upper 2pJ levels with the neighboring levels were
also included. The relevant energy level diagram of neon

including the ground state. four 131. ten 8pJ. Ci=8.3.4.5. J = 1
to 10 in Paschen notation) levels and the continuum with their

principal excitation and de-excitation mechanisms that contribute

to 06 signal production are shown in fig 2.2.
In a neon discharge. ion-electron pairs are produced by

single step and the multistep processes. The most important
multistep process involves the long lived. low lying metastable
levels of He. The electron—impact excitation of the radiative

154 and isa levels of neon are followed by the emission of VUV
photons at 743.7 and 735.9 K respectively. Along with
single-step electron collision, two step and multistep collisions
are the dominant ionization processes of neon atoms in the
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positive column. In two step ionization process the lsi levels
are populated by the processes

Ne C1So) + e-—+ Ne Clsi) + e- (process 1)
and they are ionized through the collisions

Ne Clsi) + e—-+ Ne+ + e_ Ci = 2.3.4.5) (process 2)
In the multistep processes the ionization occurs through the

highly excited 8pJ levels.
Ne Clsi) + e*—+ Ne C3pJ) + e“ (J = 1 to 10) (process 3)
Ne C2pJ) + e_-+ Ne+ + 2e_ (process 4)
For both two step and multi-step ionization processes the role

played by the metastable isi of neon atoms is essential.
Irradiation of a positive column discharge by laser light

that is resonant with the 1s —+ apj transitions results into3.5

depletion of the population of metastable 1s3.5 and reduces the
rate of reaction C2) and C3). correspondingly the electron
density gets depleted so that the current in the circuit
decreases. However when the laser excites a transition from

radiative 153.4 levels. the metastable density is increased by
the spontaneous decay from the upper Bpj laser excited level down
to the 1s5'3 levels. In this case. both the ionization
probability and the magnitude of the discharge current are
increased. This description does not take into other competitive
effects that contribute to the 0G phenomenon. At high current

and at high laser intensity. where a large Bpj population is
produced. the ionization reaction (4) from the laser—excited
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level can be more efficient than the reaction C2) from the laser

depleted level. This mechanism produces an increase of current
in the circuit.

Considering various prominent processes in the discharge.
the rate equation for 1s levels are1 5 5i = 5 _ _ p c
T Gihlgn + %AJiPj + N6 Exjisj N631 Ex; [5 + si:l$in3:1 j=2 3:2_1:¢i Jul. 5 em

— Tsi Esj - (.0151 — orFL[$m - Tn Pn]6Ci=m)J:

1 = 2.3.4.5 c2.1a3

Here. Sm and P“ are the populations of the lsm and apn levels
perturbed by the laser.

The rate equations that describes the evolution of Bpj
populations aredP a 8 1—i—n s”s+——’_n+GPNn+N K5Pan 1 1 5 g 1; 1i=2 1=1

1:1

gm 10 P 5 C
+ or [Sm — ThPn]6Cj=m) — NPJ EKJJ — PJ Z/av” — p Pjn1=1 1=a

_1= 1. 2. .10 ca.1:-33
and the rate equation for the electron density will be
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dn 5 P 10 C T 3: 5 5 8—;7=n 251514-ZpPJ +oI.I.udn+§ ZSJSJ,-+TZS1i=2 _j=1 _1=a y=a 1:-=2
J==J'

2

- D EELEJ n — a n8 (2.14)Cl 1‘ 1‘

Various rate constants used in the above equations are
listed below.

5 — is level populationi i
F3 — 2pJ level population

63 — rate coefficient for the metastble or radiative lsi level’s
population produced by the excitation of process C1)

N8 — ground state atom density
n — electron density

AJ1 — radiative transition rate for j —+ i transition
KEJ — rate constant for population transfer between isi level
produced by collision of ground state neon atoms for the transfer
from i to the J level.

sf — rate constant for collisions with electrons for the
production of direct ionization (process 8)
SP -— rate- constant for collision with electrons producing Nei

Capj) excited state atoms.
T — rate constant for collision between two excited Neclsi) atoms
a — the absorption cross section for laser excited transition

FL— Photon flux of the laser beam
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gm gn —- statistical weight of the laser excited ism and apn
levels respectively

wi — loss rate of lsi levels
at — dependence of the dissociative recombination coefficient of
the electrons

aT - Townsend coefficient

ad — electron drift velocity34
Da[§%—] —-The ambipolar diffusion loss rate for electrons.

For the unperturbed discharge the electron density are
consistent with the direct relationship to the discharge current

i = anhoeravd (8.15)
where e is the electron charge. r is the radius of the discharge
plasma and 2h is the Tbnks— Langmuir constant that relates the0

average and axial electron concentration. When the laser

radiation is resonant with a 151 —> Epj neon transitions the
overall is‘ and apj level populations and consequently the
electron density are modified. The 06 signal can be considered
as a perturbation in the discharge current given by the relation

Bud. _ 3 _
Al _ aho"°’ [udgnglaser on+ -35- AECn)laser on vdfinglaser off]

C3.16)

The modification AE in the electric field within the discharge is
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derived by considering that in the experimental arrangement a
constant voltage power supply feeds the discharge tube with
length 1 and a ballast resistor Z in series with the discharge.
Thus

LAE + ZAIZ = O CE-3.17)
and

2h nrav [CnD —Cn) J. 0 d laser on laser offAt = 2 2 (8.18)1 + 8h r eC0o /BE)-——Cn)0 d 1 laser on
This relation represents general description of the 0G effect in
positive column of neon discharge. This model of CG effect is
based on the steady state rate equations describing the

population of four is levels. ten apj levels and the electroni
density which confirms the key role played by the metastables.
electron impact ionization and the collisional mixing between the
excited states in the discharge.

Spatial dependence of the 06 signal in the cathode region of
a neon glow discharge shows that secondary electron emdssion from

the cathode surface is dominant as compared to the direct current
variation induced by the neon multistep ionization [28]. The
bombardment of the cathode surface by metastables VUV photons and

ions also plays dominant roles in sustaining the discharge and
producing the 0G signal. Mechanism of CG effect in the
obstructed glow’ discharge [23]. neon Townsend discharge [24].
hollow cathode discharget3] etc. are available in the literature.
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The primary importance of CG effect is for spectroscopic
applications which relays on the measurement of impedance change

of a discharge as a function of wavelength corresponding to an
absorption. For most of the spectroscopical applications, a
detailed knowledge of the mechanism of laser matter interaction
is not required. However. to increase the sensitivity of
detection and for the diagnostics of gas discharge. plasma and
flame a theoretical understanding of the process is very
essential. Since the process involving laser plasma interaction
is very complex. a general model of this effect is not
practicable. Even though. from the sensitive nature of the
detection and by considering prominent excitation and
de-excitation processes in the discharge. quantitative evaluation
of various physical quantities can be accurately made.
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EXPERIMENTAL DETAILS OF OPTOGALVANIC SPECTROSCOPY

3.1 INTRODUCTION

Optogalvanic spectroscopy COGS) is one of the versatile
techniques for elucidating the energy levels of atoms and
molecules. Besides the experimental simplicity. the high signal
to noise ratio has made it a very useful method for spectroscopic
investigationlll. As described in chapter 2. OG signal arises
when impedance of a low pressure gas discharge changes in
response to the absorption of radiation by atomic or molecular
species present in the discharge. The resulting increase or
decrease in ionization gives a measurable change in voltage
across the discharge tube [2]. This voltage change is observed
in all kind of discharges; like hollow cathodes. positive column.
arc. microwave discharges. as well as in flames and plasmas.
Generally. electrical impedance variation is controlled by
collisional ionizations. involving optically modified states as
well as the transport properties within the plasma. The plasma
itself acts as a sensitive non—optical detector of the
perturbation of states produced by the absorption of photons.

In general. the experimental aspects for observing OG effect
consists of 1) highly stable electrical discharge medium with
suitable electrodes. 8) optical excitation of‘ various species in
the discharge medium using tunable pulsed or cw laser and
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3) detection of the resulting 06 signal The interaction of
radiation with the discharge will produce change in voltage which
can be measured using appropriate detection systems. The
experimental simplicity along with the remarkable sensitivity is
the most important aspect of the OGS that makes it a versatile
tool for many spectroscopic applications.

The choice of discharge cells for dc optogalvanic studies
depend on the nature of experimental requirements and samples.
In general. a discharge cell consists of two electrodes filled
with gas at a few torrs of pressure. A stable dc voltage is
applied to the electrodes in order to sustain the discharge. In
principle. most of the metals in the periodic table can be used
as the electrode material and any of the atomic or molecular gas
can be used as the gaseous medium. Properties of both electrodes
and gases have considerable influence in generating the CG
effect. The discharge environment provides a relatively high
effective electron temperature which is potentially important
factor in generating the 06 signal. The existence of the
significant amount of excited state populations in the discharge
enables one to observe transitions between excited states in this
method.

Spatial and temporal measurements using both cw and pulsed
lasers have played an important role in elucidating discharge
mechanisms. energy storage and transfer pathways. The dynamical

features of the 0G effect can be studied using pulsed dye lasers
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[3,4]. Important features of the O6 effect is its positive or
negative characteristics and the spatial dependence Cie. the
dependence of the 06 signal on the position where the laser beam
interacts within the plasma) due to space wise distribution of
the species in the discharge medium. Hence for most of the
applications. the configuration of the cell must be such that the
interaction of laser bean: with the- plasma should result in a
maximum voltage change.

The cells commonly used for OGS are hollow cathodes.
positive column and diode type glow discharges [5]. Both sealed
types and continuous flow gas cells are employed. In general.
most of the commercially available hollow cathodes are sealed
type. provided with cylindrical hollow cathode and a ring anode
filled with a rare gas at a suitable pressure. Even though.
experiment is possible» using this cells only’ for a fixed gas
pressure at which the cell is sealed. the discharge noise due to
pressure variations is negligible and are particularly useful for
high resolution spectroscopic studies. Continuous-flow type
cells are best suited for the study of gases and for the study of
the dynamics of interaction of laser beam with the discharge. In
this case. even though. there are some problems due to the
presence of noise induced by random pressure fluctuations. a wide

range of pressure can be employed. The cells wdth de-mountable
electrodes are convenient to change or clean the electrodes. so
that the problems associated with de—gasing effects on the
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electrode surfaces can be m.inimized and hence even reactive gases
can be investigated. The design criteria and performance of
de-mountable hollow cathodes for high resolution spectroscopy of
refractory elements [6,7]. wavelength calibration [8,9] etc. have
been reported by various workers Discharge cell for laser
induced OGS with a fully adjustable electrode position suitable
for the study of molecular gases using both cw and pulsed laser
excitation has been developed [10,11]. Discharges with plane
electrodes and positive column or other types with suitable
electrode configuration having minimum noise are also commonly
utilized for various spectroscopic and analytic measurements
[12-18]. The 0G effect has also been observed in commercially
available indicator lamp [19]. which is in general consist of two
electrodes separated by a few mm of distance and filled with neon

gas at a low pressure.
The commercial hollow cathode discharge Chcd) lamps are

inexpensive and are readily available. However. their use is
limited since the hollow cathode cup design is not appropriate
and the buffer gas cannot be changed. See-through cylindrical
hollow cathodes have to be used in order to get a well defined
location of the probing laser beam. The design of a hollow
cathode for high resolution spectroscopy must be optimized for a
given element and transition.

Since the spectroscopic measurements are performed in a
discharge environment. much care is necessary to reduce the
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perturbations. The line broadening due to Cbppler effects and
collision between charged and neutral particles caused by‘ the
electric field are the causes of such perturbations. The major
difficulties that arise during OG studies are due to the presence
of random discharge noise as a result of fluctuations in current
caused by the variations in gas pressure or applied voltage and
the sputtering from the electrodes. The noise can be minimized
by maintaining the gas pressure at a steady level and by using a
highly regulated power supply. The noise due to sputtering from
the cathode surface or arcing between the electrodes can be
minimized by using clean and polished surfaces. Configuration of
the discharge cell and the operating conditions will also
considerably affect the discharge noise. The spatial dependence
of the signal on discharge parameters can also lead to
difficulties in signal detections. However. this is advantageous
in certain plasma diagnostic studies.

3.2 DISCHARGE CELLS

3.2.1 Continuous gas flow positive column discharge cell
In certain cases, sealed cells are not suitable for

prolonged use where de-gasing effects will upset the same
experimental conditions. So it is better to use continuous gas
flow de-mountable cells. This type of cells are best suited for
molecular gases that react with electrode material in which case.
the cell can be cleaned if necessary. A cell with adjustable
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electrode position with respect to the probe laser beam would not
only be advantageous in optimizing the generated signal, but
would also allow the study of fundamental discharge mechanisms
which produce signal of a particular polarity or its time
evolution.

Fig 3.1 shows details of the de-mountable continuous gas
flow discharge cell fabricated in our laboratory. It has been
used for high resolution spectroscopic study of nitrogen gas. The
electrodes, made up of stainless steel, are cylindrical in shape.
placed at both ends of a Borosil glass tube having an inner
diameter 6mm and length Bcm. Glass windows are provided at both

ends on the other side of the cylindrical hollow electrodes.
Nozzles made of stainless steel for gas inlet/outlet and for
connecting pressure gauge are also provided. The couplings which
are not in direct contact with the discharge are made with brass
and all the joints are vacuum tightened by "O“ rings. The inner
surface of the electrodes are well polished and there is no sharp
edges so that the arcing is eliminated. The separation between
the electrodes is altered by choosing glass tube of appropriate
length. A constant gas pressure is maintained by using needle
and diaphragm valves which are provided at the inlet and the
outlet sections of the cell

The cleaned cell is first evacuated with a vacuum pump and
then flushed by passing experimental gas. A digital pirani gauge
is used for monitoring pressure (Vacuum Techniques Model VT
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DPC-11) The inlet and the outlet valves are adjusted to
maintain a steady gas flow so that the gas pressure inside the
cell remains constant. A well regulated dc high voltage is
applied through a ballast resistance. The discharge is then run
for a long time at a slightly higher current than the actual
current at which the experiment is performed, so that the
presence of impurities in the cell is minimized. The discharge
noise is then monitored and the pressure of the gas is adjusted
such that it is minimum. It is observed that for cell wdth
electrode separation of 5 cm nitrogen gas at about 0.1 to 5 torr
and the discharge current below 5mA, discharge noise is about
8mV.

3.2.2 Continuous gas flow discharge cell for photoemdssion study
For photoemission optogalvanlc effect studies. we have used

another continuous gas flow discharge cell with tungsten
electrodes with an inter electrode separation of 1cm Cfig 3.8).
These electrodes are placed in a glass tube of inner diameter 1cm
and length 15 cm with optical windows on both ends. Two side
tubes of 0.6 cm inner diameter are also provided for the inlet of

the experimental gas CN2. N02 and Ar) and for outlet of the gas
as shown in the fig 3.2.
3.2.3 Hollow cathode discharge lamp

Hollow cathode discharge Chcd) lamp consists of a ring
shaped anode and a hollow cylindrical cathode filled with a
buffer gas taken at about a few torrs [80] Most of the
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commercially available light sources are of this type and they
serve as a convenient source of radiation with narrow spectral
lines for most of the solid elements in the periodic table. The
wide range of applicability of such a source lies in the fact
that the emitting metal atoms are produced not by thermal
evaporation as in most other sources but by the process of ion
bombardment. When a discharge is struck in a hcd lamp, positive
ions of the carrier gas are accelerated towards the hollow
cathode and bombard the inner surface with sufficient energy to
eject atoms of the cathode material A certain number of metal
atoms then diffuse away from the cathode surface into the central
region of the bore where they may become excited by electron
impact. The hcd is suitable not only as a source for emission
lines of atoms but also as a reservoir of atoms for carrying out
experiments on atomic resonance absorption and fluorescence.

In thermal methods. the temperature needed to produce plasma

with a suitably high electron density varies greatly from element
to element and in the case of refractory metals a temperature in
the range of 2000K to 3000K are required. The absorption line.
of any’ element in a vapor. produced by sputtering in a gas
discharge are narrow and the broadening is predominantly by
Doppler effect, wdth width closely corresponding to that at the
ambient temperature of the gas C30OK). Sputtering methods permdt
studies to be carried out in metastable atoms and ions. since
they" can be produced with sufficiently high density in the
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discharge and the plasma sample to be investigated is more
localized than that in other discharge configurations. The
density remains very stable over a long period of time and can be
adjusted irm a well controlled manner by altering the discharge
current.

In a low pressure gas discharge. the cathode is continuously
bombarded by the energetic ions which have been accelerated in
the high field of the cathode dark space and by fast neutral
atoms produced by charge exchange. The bombarding ions and fast

neutrals possess a wide range of kinetic energies. The species
ejected during sputtering of a metastable target consists
predominantly of ground state neutral atoms and a certain small
fractions may also be in the form of excited atoms. ions and
small clusters of atoms. The sputtered atoms rapidly lose their
high kinetic energy of ejection by elastic collisions with rare
gas atoms and become thermalized. Many of the atoms diffuse back

to the cathodey while a small number of them escape towards the
wall of the u:ells. As the sputtered atoms pass through the
negative glow region some may get excited or ionized by electron
impact or by collision with metastable atoms or ions present in
the discharge. In this way, it is possible to accumulate neutral
atoms. metastables and charged ions in a reasonably high density
suitable for carrying out atomic absorption and fluorescence
experiments.

Fig 3.3 shows the schematic diagram of the commercial hollow
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cathode discharge lamp. The hcd we used are commercially
available Ne/Nd and Ne/Mo lamps Ccathodean UK) which consist of a

bulb having a glass window into which a hollow cylindrical
cathode and a ring shaped anode have been inserted. The
atmosphere within the bulb consists of neon gas at a pressure of
10 Torr. The construction has been designed to increase the
negative glow there by achieving a high spectral intensity. With
a suitable voltage applied between the electrodes of the hcd
lamp. a glow discharge occurs. Electrons pass from the interior
of the cathode to the surface of the hollow cathode region
towards the anode. This causes ionization of the gas within the
lamp through non-elastic collision with the gas atoms. Positive
gas ions are accelerated by the electric field and collide with
the cathode surface. The kinetic energy of the ion causes
material to be sputtered from the cathode surface in the form of
single atoms which are at the lowest energy or ground state.
Simultaneously, electrons accelerated by the electric field
towards the anode collide with ground state metallic atoms so
that they are excited to higher energy states. The excited atoms
de-excite to the lower state emitting spectral line
characteristic to the element. In addition to this, radiation
due to the transitions corresponding to the buffer gas atoms in
the lamp are also obtained. Intensity. stability, noise and
spectral profile etc. are strongly influenced by the nature of
the gas. pressure. the element used for the cathode and its
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surface state. the electrode construction. discharge current and
the applied vol tage.

3.2.4 Glow discharge indicator lamp

O6 effect in commercially available indicator glow discharge
lamp Filled with neon and argon gases has been reported [19,81].
While the 0G resonances of these discharges are of some
spectroscopic interest. the primary motivation for the
investigation lies in the use of these lamps as calibration
devices for tunable dye lasers. These lamps. in general. consist
of two electrodes very close to each other. filled with rare
gases at a reduced pressure and usually operated at very low
voltages showing the characteristic glow of the fill gas. We
have used an indicator lamp having ring shaped anode and a disk
cathode Cof diameter 1cm) with an inter electrode separation of
about 2.5 mm in which neon gas is filled as the discharge medium
(fig 3.4).
3.2.5 High voltage power supply

One of the serious problem that limit the sensitivity in 0G
experiment is the presence of large discharge noise due to random
fluctuations in the pressure or current- This can arise as a
result of variations in gas pressure or the applied voltage.
presence of impurities. sputtering from the cathode etc. Hence
it is essential to maintain the discharge with a ndnimum noise
using an extremely stable and ripple free voltage source. The
voltage source used is a stable well regulated high voltage power
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supply having very low ripple factor C2mV peak to peak). and the
output controllable from 100V to 28OOV up to a maximum current of

5mA (Thorn EMI PMBBBD [223 The unit is provided with a switch

controlling the output in 200 V steps from 100 — 2300 V and a
five turn potentiometer for fine voltage control giving range of
O - 500V.

3.3 OPTICAL EXCITATION SYSTEMS

3.3.1 The cw laser source

I) Argon ion laser
The cw laser used is 21 12 Watt argon ion laser CSpectra

Musics 1713 capable of providing discrete lines of wavelength
514.5. 496.5. 488. 476.5 nm etc or a multiline output containing
all the lasing wavelengths [23]. The discrete lines can be
obtained by tuning the prism which is placed in the cavity. The
output has a gaussian profile and has a frequency stability 60
MHZ/QC and a stability of i 0.5% when used in the light control
mode. The laser is also provided with power meter to
continuously monitor the output power

II) Single mode ring dye laser

For tunable laser output. which is very important for OGS.
radiation from Spectra Physics 380D ring dye laser [24] pumped by

above argon ion laser is used Cfig 3.5). The ring dye laser has
a travelling wave. ring resonator with tunable high power, single
frequency radiation. The ring resonator consists of a pump
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nurror. which focuses the pump laser beam into the dye jet and
has four additional mirrors which constitute the cavity. In the
cavity. the beam travels in a pattern of figure eight. A
unidirectional device which introduces a directional anisotropy
into cavity is used to select a particular propagation direction.
The output power is concentrated it: a nearly single frequency
beam with a narrow line width. Because the emission gain curve
of the lasing dye extends over several nanometers. simultaneous
lasing can occur at a large number of cavity mode frequencies.
Single frequency selection is achieved by using a tnrefringent
filter with a fine etalon CFSR = 900 G HZD and an electrically
tunable single frequency etalon CFSR == 75 GHZD. The spectral
range of these three selection elements are such that loss is
introduced for all other cavity modes except the particular one
where lasing is desired.

Tb scan the output frequency. the cavity modes with a
spacing of about 200 MHz are tuned by changing the length of the

laser resonator using two galvoplates. The index of refractior
of the plate is higher than that of air. there by changing the
effective cavity length. By scanning the inter etalon separatior
at the same rate as the dual galvoplates scan the cavity mode
frequency. the output frequency of the single frequency dye laser
can be scanned.

Stabilock system is used to achieve narrow line width and tc
avoid mode hops during scanning. The dye laser frequency is
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Fig 3.5 Block diagram of the ring dy 1e aser

stabilized by locking it to a fringe of an external reference
interferrometer CFSR = 0.5 GHz). Frequency deviations are
detected by an error signal fed back to the PZT maintained mirror

Ma and the galvoplates. when the laser try to hop the mode.
another 10 GHz interferometer circuitry takes up and returns the
laser frequency to the correct fringe and then the frequency
control hands over to the 0.5GHz interferometer.

The tunable range of this laser with Rh6G dye is from ~
S70—6OO nm having line width of a few MHz and the output
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power/wavelength are extremely stable. The continuous tunability
over a wide spectral region. narrow line width and the stability
of this laser system has made it very suitable for high
resolution spectroscopy.

3.3.2. The pulsed dye laser
Pulsed dye laser source used in the present studies is

Quanta Ray PDL 2 dye laser system in which Rh 6G is taken as the
lasing medium. It is pumped by the second harmonic output at
532nm of a Q-switched Nd:YAG laser (Quanta Ray DCR 11) [85.86].

This dye laser provide a continuous wavelength output from
540-580 nm peaking at ~564nm. Wavelength tuning is performed by a

stepper motor attached to the grating element with a minimum
speed of 0.04nm/step. The wavelength reading is obtained from
the factory calibrated readout provided on the dye laser
assembly.

3.4 DETECTION SYSTEMS

I) Nhvemeter

The Burleigh WA-20 VI wave meter is used for the measurement

of‘ the wavelength or frequency of the cw laser Using this
instrument measurement with an accuracy of 0.01 cm_1 can be made.

It consists of a scanning Michelson interferometer coupled to a
fringe counting system. The wavelength or the frequency
determination is made by counting number of fringes of the input
laser beam simultaneously that of the reference He-Ne laser for
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which the wavelength is accurately known [87]

In a typical experimental setup. a small portion of the
laser to be measured is coupled into the wavemeter by a beam
splitter. The alignment of‘ the laser to the wavemeter is
facilitated by the tracer He—Ne laser beam from inside of the
wavemeter . Conti nuous automati c moni tor i ng of the l aser
wavelength can be performed while the laser is tuned. If the
indicating wavelength is incorrect. the display will not update
and will show some error message on the wavemeter Only a very
low power CO.1mW) of the sample laser beam through the 8mm input

aperture is required for accurate wavelength measurements and
this can be tapped from the main beam with only negligible loss.
II) Spectrum analyzer

Spectrum analyzer CSpectra Physics 470) [28] is a mode
degenerate spherical mirror Fabry-Perot interferometer used as a
scanni ng spectrum anal yzer for hi gh resol uti on opti cal
spectroscopy. Its operating range is 550—6‘30nm and the
separation between the adjacent transmission maxima (free
spectral range) is 2 G Hz. A free spectral range will be scanned
in the time required to change the mirror separation by 1/4
wavelength. Using Spectra Physics 476 scanning interferometer
drive [29]. the spectral dispersion. position of the displayed
spectra. repetition rate and amplitude can be varied over a
continuous range. Since the free spectral range of‘ the spectrum
analyzer is known to be 2 GHz. the repetitive feature of the
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display can be used to calibrate the observed spectrum which is
very important in high resolution spectroscopy.
III) Laser energy meters

The laser energy/power that is used in the experiments is
measured by using laser power meters Cscientech model 362 and
EEC-38:6 model 4BO—1A) [(30,31). Usually the measurements are taken

in the main beam path before or after the experimental data has
been recorded.

IV) Monochromator

A monochromator system essentially contains. an entrance
slit. :1 collimator a dispersive element C in the present case a
grating). a second mirror or lens to focus the dispersed light
and an exit slit. The height and width of the slits are
generally variable. Jarrell-Ash (Model No. 5) is a 0.5m grating
monochromator having a maximum resolution of 0.08nm. This
instrument provides smooth scanning motion in eight speeds
ranging from O.2nm/min to 50nm/min. The output from the
Jarrell—Ash monochromator is detected by an EMI model 9683 KCB

photo multiplier tube that can directly mounted at the exit face
of the monchromator. Model 9683 is a head on type PMT having

S-20 cathode and performs well in the 300-800nm region.
V) Modulation

Modulation of the incident laser beam is essential for the
detection of the 0G signal. For cw source. mechanical choppers
B686 192 and Stanford SR 540 [38,33] are used to square wave
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modulate the intensity of optical signals. The modulation
frequency output is provided as reference to lock-in amplifier.
VI) Oscilloscope

It: monitor the signal 80 MHZ analog oscilloscopes CL&T.
Aplab) and 300 MHz digital storage oscilloscope Clwatsu DS-B681)

are used. The digital storage oscilloscope has signal averaging
and data storing facilities which can also be used to obtain
hardcopy of signal shapes using plotter/printer [34]
VII) Lock-in amplifier

Lock-in amplifiers are used to detect and measure very small
AC signals accurately. It uses a technique known as phase
sensitive detection in which signal at frequencies other than the
reference frequency are rejected and do not affect the
measurement. Typically in an experiment. the sample is excited
at a fixed frequency C this reference signal is a square wave
from the mechanical chopper) and the lock-in detects the response
from the experiment at the reference frequency. Only the signal
at the reference frequency will be processed and a voltage
proportional to the rms signal amplitude is obtained as the
output. For the present measurements we have used two lock-in
amplifiers. EG&G 5808 [35] which is computer interfaced with RS
232 and SR 850 [36] which has disk drive facility for data
storage.
3.5 GENERAL EXPERIMENTAL SET UP

General scheme of experimental setup Cfig 3.6) consists of
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Fig 3.6 Schematic experimental setup for
°Pt°931Vah1C Spectroscopy using cw laser

the measurement of gal vanic effect produced 1 n the el ectri cal
di schar ge by the absor pti on of 1 aser Commer c1 a1 hol 1 ow
cathodes . neon 1 ndi cator 1 amp and home made conti nuous gas fl ow

cells wi th N2 gas or tungsten e1 ectrodes/N8. N02 and Ar gas
discharges are used as the di scharge medi um. A current limi ti ng
resi stance and a mi 1 1 1 ammeter are connected 1 n seri es wi th the

cel 1 and the di schar ge i s mai ntai ned by appl yi ng a stabl e dc
vol tage. The discharge condition is adjusted by varyi ng gas
pressure . appl 1 ed vol tage etc . so as to get a mi ni mum e1 ectri cal

discharge noi se. Radi ati on from the pul sed dye 1 aser or
intensity modulated cw laser is passed into the cell. For 06
studies laser beam is passed without falling on the electrodes so
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that the photoelectric emission is completely eliminated whih
for photoemission optogalvanic measurements the beam is allowm

to fall on the cathode surface. The AC signal is measured wiu
CRO, lock—in etc. by blocking the dc voltage with a capacitor
Measurement were carried out by monitoring laser wavelength
laser power. gas pressure. discharge current. spatial positim
where the laser beam is interacted within the discharge etc
Specific details about the experimental aspects are discussed M
the subsequent chapters.
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CMAPUER 4

HIGH RESOLUTION OPTOGALVANIC SPECTRUM OF NITROGEN

4.1 INTRODUCTION

Spectroscopically one of the most studied diatomic system 1
molecular nitrogen. As the principal constituent of air
nitrogen molecules play a significant role in the atmospheri
phenomena. Nitrogen spectra are produced in a variety o
laboratory discharges and afterglows. No satisfactory explanatio
has yet been advanced to account for all the spectroscopi
features of nitrogen molecule. It is only recently that man
complexities regarding certain transitions of this molecule hav
been deduced theoretically. The nature of energy level an

electronic structure of Na molecule is now better known. Ther
remains. however. numerous details to be worked out. especiall
for the exited states. Experimental data on life time
intensities and identification of various branches in th
electronic spectra are yet to be obtained accurately. Variou
aspects of the spectrum of nitrogen molecule based on
comprehensive review of the literature has been given by Lofthu
[1].

Deactivation of electronically excited molecules play a ver‘
important role in the emission of light and the observation of
band system in the emission spectrum depends on thu
characteristics of the discharge and the sources used fol
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exciting the medium. Bands of the first and second positive
system of N nmlecule can be easily observed in the positive2

column of discharge tubes containing nitrogen gas at low
pressure of a few torr.

There are large number of band systems attributed to the
neutral nitrogen molecule. The energy level scheme Cfig 4.1) and
details of the main systems are summarized by Pearse [2] and
Lofthus [1]. In each systems. there are several bands so that
the rotational structure is too complex. The first positive

system CBBH6 —— A323) is one of the most prominent band. that
readily appears in most type of N2 discharges. notably in the
positive column and it consists of numerous multiple band heads
extending from infrared to blue region. Because of its high
intensity. this system was the first. to be studied by early
investigators and has been the subject of many detailed
investigations. The rotational structure and the nature of the
transitions involved in this band system was first reported by
Naude [3] by analyzing C5.2) and (6.3) bands. In a very extensive
and detailed work. Raux et al [4] measured the position of a
large number of bands and have made an accurate rotational
analysis of many of them using FTIR spectroscopic technique.

4.2 EXCITATION IN NITROGEN DISCHARGE

The excitation mechanisms in a molecular gas discharge is
very complex. due to the presence of a large number of radiative,
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non-radiative and collision processes involving electrons.
neutral atoms. ions etc. In nitrogen. electron impact ionization
of metastables Cparticularly the first excited level which is a

metastable state CABEED whose life time is about two milli
seconds) plays a very important role in maintaining the
discharge. The metastable particles are created and destroyed in
the discharge in a variety of‘ collisions and the principal
processes in the molecular nitrogen discharge are due to the
interactions involving electrons. These are 1) Direct excitation
from the ground state. 2.) ionization from the ground state or
excited states and 3) de-excitation of particles. Both single
step and multistep collisions are involved in these processes.

The importance of a particular mechanism depends on the
corresponding cross section and on the energy distribution
function of electrons in the discharge. The number of transitions
from state i into state J that occurs per unit volume pg!‘ unit
time can be written as,

dN1{-—-- nN1<o1Jv) C4.1)dt i->_j _ 3— nN1J'a1J f d v (4.2)
where n and N are the density of the electrons and atoms

respectively. orij is the cross section for this transition and f
is the distribution function normalized to unity. "Due
effectiveness of such interaction is measured by the quantity
(or 1)). usually called the rate coefficient. The electron1J
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distribution function may often be considered to be Maxwellian.
For most of the molecular gas discharges the effects of
excitation from the vibrational and rotational levels of
molecules by slow electrons must also be taken into account ir
order to understand the exact electron distribution. Other
processes like collision between heavy particles. de—excitatior
from various levels due to both radiative and non—radiative deca)

etc. are also important in maintaining the discharge. More
details of these processes have been discussed in the literature
[5].

4.3 SPECTROSCOPY OF DIATOMC MOLECULE

4.3.1 Band structue

Spectral details and analysis of the spectra of diatomn
molecules are described in many text books on spectroscopy [6]
This section presents an outline of the spectra of a diatomh
molecule. The total energy of a diatomic molecule is the sum 0
three components. viz electronic. vibrational and rotationa
energy and is given by (in cm_13 [6]

T = Te + GCu) + FCJ) C4.3)
The vibrational C6) and rotational CF) term values of th
molecule in different electronic states are given by

5 = co cu+13 — co x Cu+1/832 + (4.43E 9 E
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and

F = BuJCJ+1) — D0J2CJ+1)2+ (4.53

where co and to x are vibrational constants. B and D aree e e u v
rotational constants u is the vibrational quantum number and J
is the rotational quantum number. The wave number of‘ a spectral
line corresponding to a transition between two electronic states
is gi ven by

v = TI _TII

= c1':__—2';3 + cs'— 6”) + cr'—r") (4.6)

where sing1e—prlmed letters refer to the upper state and the
double-primed letters refer to the lower state. For a
rotationless state CF’=F"’-=0) the transition between different
vibrational levels of the two participating electronic state is
given by

v = ve + [w;Cu+1/2) — wéx'eCv+1/232 J
— [w"Cu"+1/2) + w"x"co'-+1/23.3 J c4.7:oQ E 9

The rotational structure of‘ a vibrational band in the electronic
spectrum is given by

v = pa + F"CJ') — F"CJ") c4.e)
Here for a specific vibrational transition vO= 229 + :20 is called
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the band origin. F'CJ’) and F"CJ”) are the rotational terms 0
the upper and lower state respectively.

The selection rule for J is AJ = J'—J" = -1. O. or
corresponding to P. Q and R branches respectively. Rotationa
lines in these branches are given by

PCJ) = v + F’CJ-1) — F”CJ)0 0 v
QCJ) = v + F'C.D - I-""CJ) (4.9)0 u u
RCJD = u + J’CJ+1) — F”CJ)0 u u
Graphical representation of these branches Cie .7 verses v) is
called Fortrat diagram. and can be seen that for most cases owing
to quadratic dependence of J. the branches forms a band head.
4.3.2 Combination relations

Combination relations or combination differences are
commonly used to evaluate the rotational constants from thu
observed rotational lines. This procedure yields more accurate
rotational constants for electronic bands that could be evaluate:

by comparing the empirical formula or by fitting a polynomial oi
J to the observed band lines.

Combination differences AEFLCJD and A FECJD for upper anc2

lower states respectively can be obtained from P and R branches
as

RCJD - PCJD = F;CJ+1D - FLCJ-13 = A FLCJ3 C4.10)2
and
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RIJ - 1) - P(J+1) = F3CJ+1) - F3CJ-1) = AEFJCJD (4.11)

substituting for F0 from equations (4.5) and (4.9) in these
expressions we get

A F CJD= C4B -6D )CJ+1/2) - 8D CJ+1/233 C4.18)8 0 u 0 0
Note that AZFCJD corresponds to separation between Jth and
CJ+2)th rotational levels. Using 0 branch one can get following
combination relations.

RIJD - QCJD = QCJ+1D - P(J+1) F;CJ+1) - FLCJD
= A F’(J)

U1 c4.13>
EIJD — QCJ+1) = a<J> — PCJ+1) = r;cJ+1) — r3cJ)

= A1F3(J) c4.14)

Here AIFIJD is the separation of successive rotational levels.
Above combination relations may be directly obtained from the
energy level diagram. The agreement of the observed combination
differences in the same class provides an excellent check on the
correctness of the analysis of a band. Details of the analysis of
the bands using combination differences and the evaluation of the

rotational constants are given by Herzberg [6].
4.3.3 Molecular quantu numbers

Spectra of each molecule exhibit numerous band systems
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corresponding to transition between various molecular states.
For a given value of the orbital angular momentum L, the quantum
number A. which is the component of the electronic orbital
angular momentum along the molecular axis can take values

A = 0.1. .L C4-16)
Thus in the molecule for each value of L there are L+1 distinct

states with different energy. Corresponding to A = 0.1.8.3.
etc. the molecular state are designated as Z.fl.A.§ etc.
respectively. The precession of the orbital angular momentum L
can take place about the internuclear axis with constant
component MLh. where Hi = L. L—1.. -L. H.A.§ states are
doubly degenerate since Hi can have two values +A and —A; E state
are non degenerate.

The spin of the individual electron form the resultant S.
The corresponding quantum number 5 being integral or half
integral according to the total number of electrons in the
molecule is even or odd. The precession of 3 about the field
direction is given by

Z = 3.3-1.. -S C4.17)
The total angular momentum about the internuclear axis is
obtained by adding A and 2 ie.
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D = |A+Zl C4.18)
If A is not equal to zero. there are 2S+1 different values of A+Z

for a given value of A. Thus an electronic term (T9) with a given
A # 0 split into a multiplet term given by

7' = T + AAZ C4.19)
where To is the term value in the absence of A - 2 interaction
and A is called the coupling constant which is a measure of the
strength of such interaction.
4.3.4 Selection rules

The quantum numbers and the symmetry properties of various
levels of a nmdecule affect the spectra through the selection
rules that hold for them. The selection rule for the quantum
number J of the total angular momentum is
AJ = O.i1

while symmetry selection rules are
+ ++ -, + # +, — # 

ie. positive term combine only with negative and vice versa and
for identical nuclei symmetric terms combine only with symmetric
and anti-symmetric only with anti-symmetric. ie..
5 ++ s. a +4 a. s # a
In the case of a molecule with nuclei of equal charge the
selection rule that even electronic states combine only with odd
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ie.

gt-+'u,g:¢g,u:r1u
For the Hunds case Ca) and Cb) the selection rule for A is that
AA = O.i1 and that for the resultant spin AS = 0. More details
about the molecular quantum numbers and their selection rules are
extensively described by Herzberg [63

4.4 B3fig —— A32; TRANSITION IN NITROGEN MOLECULE

The first positive system of nitrogen molecule corresponds

ho BBH -—— A32; transition and consists of numerous multiple
headed bands degraded to shorter wavelength extending from 478 to

2531 nm. Spectral details of various bands of this system have
been investigated by many workers (1-43 Bands in this system3 3 + 3 .
consist of three subsystems namely HOCFID —— A Eu, HILFBD

A325 and 3H2CFé) -—— A323. These transitions composed of 27
branches of which each sub—band has nine branches Cthree main and

six satellites) [6].
For lower J values the 3U state is of Hund‘s case Ca) and

goes to case Cb) for higher J values. In the case Ca), 3n falls

into three substates 3H2, 3H1 and 3H0 corresponding to D = |A+Z|

= 2.1 and 0 respectively. 3H0. 3n! and 3H2 corresponds to F1. F2
and F components of 3H state. The minimum values of J in these3

three substates are respectively 2. 1 and O. and each level is

subjected to A—doubling. For 3H2 state A doubling is very small.
but increases in proportion to J2CJ+1)a while BU it is not so1 I
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small and increases with JCJ+1) and for ‘H0 A-doubling is
maximum. but is found to be approximately independent of J [6]
These differences are a convenient criterion of whether a state1? '3?
is normal or inverted; if it is normal 3n is above 'HI and ‘HI2

above 3H0 and vice versa. From the A—type doubling it was
confirmed that 3h state is normal. The rotational levels in 32

state have three components viz. F F and F3 corresponding to1' 2
J=K+1. K and K~1 respectively. where K is the rotational quantum

number defined in Hunds case Ca) and the spin S being 1 Energy

level diagram of the BBU6 —— A32; band [7] is shown in the fig
4.2.

4.5 OPTOGALVANIC STUDY IN N2 DISCHARGE

OG effect has proved to be a very effective tool for the
study of energy levels and the mechanism of excitation in

nblecules (8.9). Application of 06S to N2 molecule was first
reported by recording the vibrational spectra of the first

3
positive system CB Hg-——A3f;) system in the 570-610 nm spectral
region [10]. Even though the- spectrunu was noisy. most of the
vibrational bands were well developed and both positive and
negative signals were generated. At low pressures (below one
torr) and at high discharge voltages (above SOOVD. the first

positive system completely disappears and the Ledbetter Ccfifiu —

12;) system was observed. Ullas et al [113 have also studied the
emission as well as cw and pulsed laser excited OG spectrum in a
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slightly wider spectral region from 540—615nm in a hollow cathc

discharge.

State selective double resonance OGS has also been report
I + ,1——a[18] in which C16.0) and C17.0) band of the b’ Eu 2; syst

were identified by pumping from (0.0) band of the cznu — a”!
system in NB. This new method is particularly suitable
identify dense spectra originating from transitions betwe
excited states in radiating plasmas where the existing metr
have only a limited sensitivity because of the perturbi
spontaneous emission. Optogalvanic detection of rotational lir

in co.o) band of the X22; — 32:; transition of molecul
nitrogen ions CN;) [13]. pressure broadening and shift

82F transition by N1/2-— I/2,3/2 perturbing gas [1thallium 62F 2
etc. have also been reported.

The use of rf discharge to detect Rydberg band CBIZE-——a”t

of the Na molecule was first reported by Suzuki [15]. and th
further extended this method to .investigate the» well resolv
rotational spectra of Ledbetter and Rydberg bands by using hi
resolution spectroscopic methods [16] Laser OG effect
molecules will give strong signals corresponding to electroni
vibrational or rotational transitions. with a single mode las
and by using high resolution spectroscopic methods such as IMOG

OGDR etc. well resolved spectra of the molecules with
resolution corresponding to the line width of the laser can
achieved. The present chapter deals with the recording a
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analysis of the O6 spectrum of N8 molecule carried out in our
1 aborator y.

4. 5. 1 EXPERIMENTAL DETAILS

Since the spectral structure of molecule is complex having
very dense and weak spectral lines in the 0G spectrum, it is
essential to operate the discharge at a low electrical noise
level so as to get noise free 06 spectrum. The experimental
setup employed to record the O6 spectrum is shown in the fig 4.3.
A positive column discharge was maintained in a home made cell
(fig 3.1) having stainless steel electrodes fixed at both ends of
a glass tube provided with windows. The separation between the
electrodes was about 5‘ cm and the inner diameter of the tube was

about 6 mm. The cell was first cleaned and then evacuated by
using a vacuum pump. Nitrogen gas is then continuously flowed
through a needle valve and maintained a constant pressure by
adjusting the valves provided at inlet and pumping side of the
discharge cell. The discharge is produced by applying a steady
dc voltage from a highly regulated power supply (Thorn EMI PM 88
B) across the electrodes. A ballast resistance of ESOKD to limit

the discharge current and a milli ammeter are connected in series
with the cell. The gas pressure and the current are so adjusted
to get a minimum noise level C-2 mV). The discharge noise is
considerably minimized by running the discharge at high current
for a long time. A capacitor CO.1pF') blocks the dc voltage and
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Fig 4.3 Experimental setup for Doppler lindted high
resolution optogalvanic spectroscopy in nitrogen positive
column discharge
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the discharge noise or the signal is displayed on the screen of
an oscilloscope.

Radiation from a single mode ring dye laser CSpectra Physics

380D) operating in the Rh8G dye lasing region pumped by an argon
ion laser was mechanically chopped and axially passed into the
discharge column. The beam is allowed to interact without
falling on the electrodes so that the background noise due to
photoelectric emission is completely eliminated. Since the beam
is passed axially into the discharge. the observed signal is the
resultant of contributions from all parts of the interacting
region of discharge with the laser beam. The broad band spectrum
is recorded by scanning the dye laser and is detected using a
lock—in amplifier CEG-82G 5208) which was connected to a chart

reorder or interfaced with a computer for data acquisition. The
dye laser intensity profile variation was eliminated by
normalizing the signal amplitude with a photo diode output of the
dye laser The wavelength was measured using a commercial wave
meter CBurligh WA 20V/I).

In high resolution experiments the spectra were recorded by
scanning the dye laser in steps of‘ 30 GHz using single mode
scanning electronics. (Spectra Physics 388 8: 481B). The single
mode nature and wavelength calibration of the laser is checked by
a spectrum analyzer Cspectra Physics 470) with free spectral
range of 2 GHz. The peak position of the signal is measured

1within an accuracy of 0.06cm— The inaccuracy in determining
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the wavelength of a transition was predominantly due to th
Doppler broadening of the spectral line and the frequency jitte
of the dye laser

4.5.2 LOW RESOLUTION SPECTRUM

Fig 4.4 shows a typical low resolution spectrum recorded i
the 570-600nm spectral region of the first positive system of N
molecule at a discharge current of 3.75 mA and a pressure of
mBar. As compared with the earlier studies £10.11] this has
very good signal to noise ratio. This is due tc~ the specia
configuration of the discharge cell that is used in thi
experiment, and also the beam is allowed to interact uniforml
within the positive column region without falling on th
electrodes so that the noise due to photoelectric emission fro
the cathode surface is completely eliminated. Moreover in thi
configuration the 0G signal is the resultant of the contributio
from all region of the plasma and hence there is run spatia
dependence. The vibrational bands were identified by comparin

it with the standard N2 spectrum [8] viz C8,4). C9.5). (10.6)
C11.7) and (12.8) vibrational bands corresponding to Au =
sequence of the first positive system.

It was observed that intensity of various bands in the 0
Spectrum strongly depends on the gas pressure and the discharge
current. Fig 4.5 shows the intensity of these bands for
different discharge conditions. All the bands were found to be
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Fig 4.4 Low resolution OG spectrum of N2 in the spectral
region from 570 to 600nm with discharge current =- 3.75 mA.
gas pressure -= 1 mBar and laser power = 300 mW

well developed at a gas pressure of 1 mBar and a discharge
current of‘ 4.8 mA while at 0.75 mBar only (8.4). C11.7) and
(12.8) bands were found to be sensitive to 0G phenomena. As the
current is reduced. the intensity of all these bands were also
found to decrease. and at a pressure below 0.5 mBar the all bands
in this region of the first positive system disappeared
completely. The results show that the intensity of individual
bands varies in different manner with the discharge current. For
example in the range of discharge current studied. the (11.7)
band was found to be easily excitable exhibiting a large 06
signal while the (10.6) band has the least intensity. In
general. OG signal strength decreases with the decrease in
pressure and current.
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Fig 4 5 Details of the intensity of vibrational
bands with pressure and current.

These variations in intensity of bands with the change in
pressure and current can be understood from the collision
mechanisms in the discharge system. Population of Na molecule in

the A32; states with the decrease in gas pressure will reduce the
06 signal. Another factor that affect the molecular excitation
is the electronic temperature of‘ the gas which strongly depends
on the current. Thus the magnitude of the signal will reduce
when the discharge current is decreased due to the reduction in
el ectron temper atur e.

4. 5.3 MAGNITUDE OF THE 06 SIGNAL

For cw laser excitation. by considering a two level rate
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equation formalism. it was shown by Erez [16] et al that. the
magnitude of the O6 signal, is given by the expression,

AV = —cons£(a2T2—a1T1)(N1—N2) C4.20)

where ai is related to the ionization rate in which a2 ) af. T1
is the life time and H3 is the population of the level i Ci=1.8).
Thus. the change in voltage can be either an increase or decrease
depending on the life time of levels involved in the transitions.
According to the equation C4 30). for laser excitation from a
level with long life time. the 0G signal is usually positive. In

the case of N the lower level (ABEL) is a metastable state with2|
a life time of approximately 1 9 msec and that of the upper state

CB3H3) is of the order of a few micro seconds [1] Hence for all
transitions the change in voltage across the discharge cell will
be positive as observed here.

4.5.4 HIGH RESOLUTION O6 SPECTRUM OF THE 11-7 BAND

High resolution spectrum is recorded by scanning the single
mode ring dye laser in steps of 30 GHz/ 2 min. Eflscharge was
maintained at a current of 8.8 C: 0.1) mA with nitrogen gas at a
pressure of O.8mBar and the laser beam with 225 Ct 15) mw was

axially passed through the cell. Typical 30 GHZ spectra and a
part of the O6 spectrum showing the intensity of the 06 signal
corresponding to various rotational lines are shown in fig 4.6.
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Fig 4.7 shows the digitized spectrum of He first positive system
over a spectral region from 17179 to 17375 cm_1 which is obtained

from about four hundred such 30 GHZ overlapping spectra. About
648 rotational lines have been observed and 432 of these have
been identified and assigned as members of the C11,7) band of the

B3ng —— A32; system. Few transitions belonging to the (12.8) and
C10.6) band system are also observed in this region. The
identification of the 0G resonances with the rotational
transitions and the signal voltage are listed in the table 4.1.
The correctness of the J number assignment of rotational line is
tested by a number of combination relations. The rotational

constant B0 is calculated from the expression Cneglecting the
centrifugal distortion constant).

F CJ+1) - F CJ-1) = 43 CJ+1/8) (4.21)0 u u
and from the combination relations,

RCJ-1) — F(J+1) = F3CJ+1) - F3CJ—1D (4.28)
and

RCJD — PTJD = F;CJ+1) — F;CJ—1) (4.23)

respectively. The values of B0 obtained from these combination
1

differences are 1.41cm—1 and 1.313cm~ for 33mg and A32; states
respectively which are in agreement with the published results
[4.6J.
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The BBHS state of N2 corresponds to Hunds caseC a) [8] and
the mul ti plet. structure from equation C19) CT? = To + AAE. where
A is the coupling constant, A and 2 corresponds to angular
momentum and spin angular momentum components along the molecular

axis.). In the case of 3n multiplets,

3 _
TGC H0) — ToT Csh D = T + A C4.24)e I
T C3D D = T + BAe 2 0
The coupling constant. A of the 1'} state can be evaluated by

plotting R (J) - R11CJ) as a function of J (fig 4.8) and81

extrapolating to J = 0. Value of A thus evaluated is 40.8 cm_1.
while the reported val ue of which is 41.5 cm"1 [4] The effect of

A-doubling on the rotational levels of the 3H0. 3H1 and 3H2
states was evaluated from the combination defect [6] viz.

RCJ) - ac.» = QCJ+1) — PCJ+1D + 5 c4.25>
and

RCJ) — QCJ+1D = QCJ) — PCJ+1) + .5 (4.25)
so that

5/2 = (Bi — B:f)JcJ+1> = q_7CJ+1D (4.27)

where Bf). Bi are rotational constants corresponding to A-doubling

components of B3n state and q = Bfi—Bj is the A-doubling
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coefficient. Fig 4.9 shows the plot of 3/8 as a function of
JCJ+1). The triplet separation of the E state viz.. FIBCKD and
F 3CKD. which is a measure of the separation of Fick) and FéCK)2

levels from the FBCKJ level [18,19] (J = K+1. K and K-1
corresponding to FA, F2 and F3 components respectively) obtained
from the data are indicated in figure 4.10.

4.5.5 HIGH RESOLUTION OG SPECTRUM OF THE 12-B BAND

48 transitions belonging to (12-8) band are also identified

in this spectral region. These transitions belong to F32, Fla.
0 and R13 branches corresponding to 3fl0CF1)-—+ 32; subsystems.13

The identification of these branches is shown in the fig 4.11
and the assignment is given in the table 4.1. It is noted that
these transitions were theoretically predicted but were not
experimentally observed in the work reported by Raux et a1 [4].

Optogalvanic spectrum of nitrogen molecule in a home made
positive column discharge has been studied using cw laser The
special configuration of the cell that is used in the experiment
generates the 06 signal with a very good signal to noise ratio
and is suitable for high resolution study. OG resonances for

rotational lines of (11.7). (12.8) and C10.6D bands of N3 first
positive system has been identified using Doppler limited high
resolution OGS. A large number of rotational lines theoretically
predicted but not experimentally observed so far were obtained by
this method. The method can be extended to other wavelength
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region and can also be obtained with better resolution and
accuracy by adopting Doppler free techniques.
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Table 4.1

Identification of 0G resonances with the rotational

transitions of (11.73. c12.9) and c10.93 band of Na: B3n8-— A32:
system in the spectral region of 17179 to 17375 cm‘1 c@ c10.9>
band. # (12.8) band)

Wave number J—value OG signal
cm—1 assignment mV

17179.95 P13C08) 0.07917190.22 0.00917190.42 0.915
17191.55 Q13C2O) 0.200
17192.74 P1ac223,c53c27) 0 152
17192.95 P12C26).

@R31C4D 0.19517192.99 0.012
17193.19 013c19>.P1ac21> 0.045
17193.70 013c29> 0.231
17193.79 Placao) 0.045
17194.04 P18C28) 0.210
1n9412 g3m7> 00a)
17194 53 P12C19).Q13C8QD 0.095
17194.93 P13C07) 0.041
17195.00 Q13C3O).P1aC89) 0.152
17195.11 @011c293 0.091
17195.20 Q13C16) 0.020
17195.49 P12c19) 0.152
17195.09 P1aC3O) 0.390
17199.49 Q13C15) 0.479
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CMAPUER 5

SIMULTANEOUS INVESTIGATIONS ON LASER-INDUCED FLUORESCENCE

AND OPTOGALVANIC EFFECT IN NEON DISCHARGE

5.1 INTRODUCTION

Even though. in recent years 06 effect has been widely used
as a powerful technique for several spectroscopic and analytical
applications [1,2]. a detailed understanding of the processes
governing OG mechanism is restricted only to a very few cases.
Quantitative understanding of this effect in a variety of
discharges and experimental conditions has improved the
potentiality of this detection technique and made it an important
tool for the diagnostics of the plasma. The effect. as described
in earlier chapters. is produced when a gas discharge is
irradiated wdth light which is resonant with one of the
transitions in atoms. molecules or ions present in the discharge.
Most of the theoretical models of 06 phenomenon reported in the
literature are designed for a particular type of discharge and
for the specific conditions existing therein [3,5]. The main
difficulty in developing a more general model is the existence of
a large number of different processes that characterize the
discharge system.

The interaction of a laser beam with discharge is a complex
process and depends on the balance between all excitations and
de-excitations of various species present in the medium.
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Optogalvanic effect is basically a change in electrical
properties of a gas discharge due to modifications in the
population of states caused by the absorption of radiation. It
gives information on changes in the population distribution as a
result of selective laser excitation.

The interaction of laser with discharge will generate
variations in the temperature. population etc. and the
combination of 0G spectroscopy with other techniques such as
absorption. photoacoustics. fluorescence etc. can be utilized to
get more detailed information: regarding various processes in the
discharge that result into 06 effect. The simultaneous
investigations of 06 effect and absorption can be used to get
line shape of spectral lines which reveal the collision process
in the discharge while the monitoring of 0G effect with
photoacoustic effect can be utilized to study the non~radiative
decay path in the discharge. Fluorescence emission is another
phenomenon which represents a well established technique for
obtaining informations on radiative de—excitation path between
various energy levels. Variations in emission characteristics is
another important consequence generated by interaction of laser
beam with the discharge medium. This occurs as a result of
modifications in the population of states; resulting in both
increase and decrease in emission intensities of certain lines as

compared to that without irradiating the discharge. Hence.
simultaneous investigations of O6 effect and emission
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characteristics provide a sensitive method to study the
population of states in a discharge and the various factors which
influences in generating the CG effect. Simultaneous monitoring
of 0G effect and other effects like photo acoustic effect [6-Bl.
and optical absorption [9] have been reported to gather
information about the laser—discharge interaction iru a positive
column discharge. However. only limited studies on simultaneous
monitoring of O6 and fluorescence phenomena have been carried out

[10,11]. De Marinus et al [12] have studied the spatial
dependence of the fluorescence intensity in a neon negative glow
discharge and Dreez et al [13] have studied the change in
temperature by monitoring the emission intensity before and after
laser illumination of uranium transitions in) a hollow cathode

discharge. The present chapter deals with the studies on
simultaneous monitoring of O6 effect for 1s5—+ ape and 135-» 2p4
transitions of neon and the laser induced emission spectrum.

5.3 EXPERIMENTAL DETAILS

A frequency stabilized ring dye laser (Spectra Physics-380D)
pumped by argon ion laser (Spectra Physics — 171) was used as
the excitation source. Wavelength of the laser was exactly tuned
on the line centre of the neon transition (at 5882 K and 5945 3

corresponding to lsa —+ ape and iss —+ 8p‘ transitions of neon
respectively) where the 06 signal amplitude is a maximum. The
wavelength of the laser was fixed wdth an accuracy of t0.O1cm_1
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Fig 5.1 Experimental setup.

of the transition. A commercial Ne/Mo hollow cathode lamp with
a gas pressure of 10 Torr Ccathodean UK) was used as the
discharge source and the laser beam was focused into it. The
cell is operated with glow discharge region in the
voltage-current characteristics. A 0.5a: monochromator CJarrell
Ash) was used for recording the emission spectrum of the
discharge with and without laser excitation for various discharge
currents up to SmA. The PMT output was processed by a iock—in

amplifier and a computer was used for data acquisition. Since the
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range of current used for the operation of the discharge was very
low. molybdenum (Mo) atomic lines were not observed in the
emission spectrum. The neon transitions within the scanning
range of the monochromator were identified in all cases. The 06
signal corresponding to an increase in the discharge impedance
during laser excitation. was measured using an oscilloscope. A
schematic of the experimental setup is shown in fig 5.1.

\ CN+)

2pl
=1

§CN6)
56
7I
D10

AJ1 lsi
i=2CN2)

3CN3)
4CN4)
scwaa

1
1 SOCNOD

Fig 2.2 Sumplified energy level scheme showing
the coupling between levels included in the rate
equation analysis.
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5. 3 ENERGY LEVEL DIAGRAM OF NEON

The first excited state configuration of neon C3p53s) has

four components denoted as 1s1Ci=2.3.4 and 5). Two of these viz.
1s and 1s are metastable states with a long life time [14.15J3 5
while isa and 1s‘ states have strong radiative coupling with the
ground state (150). The decay rate of the 1s5 and 1s3 levels due
to diffusion to the walls are substantially smaller than the
decay rate of the is‘ and lsa states as a result of the escape of
the trapped radiation. The next excited state configuration is

8;:-53p giving rise to ten states represented as 8pJ (J = 1 to 10)
which are also coupled radiatively to the 1st states. We have
used a simplified energy level diagram in which the ground state.

four 1 si 1 evel s and the i oni zed state are consi der ed
independently while only the prominent effects from ape state due
to radiative processes are included Cfig 5.2).

5.4 LASER EXCITATION OF is —b Zpa TRANSITION (5882 2)5

a) Laser induced fluorescence spectrum

Laser excitation corresponding to iss--> ape transition of
neon will perturb the population density of ape state and the
monitoring of fluorescence from 2pJ to 151 levels will give
information on the upper state population. The discharge tube
and the monochromator were adjusted as so to minimize the effect
of scattered laser beam at 5882 R in the spectrum. The emission
and the laser induced fluorescence spectrum of the neon hollow
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cathode at a discharge current of 5mA by laser excitation of iss
—-9 ape transition in neon are shown in fig 5. 3. This shows that
laser absorption produces a noticeable change in the emission
characteristics of the discharge. These changes are mainly due

to modifications in the population of Bpa state and non-radiative

decay from ape state to 2pJ (J all 2) state and also depends on the
coupling of these levels to the ground state. Measurements of

variation in emission intensity of ape —> 151 (i = 2,3,4 and 5)
transitions as a function of the discharge current (fig
5.4a.b.c.d) show that in presence of laser beam. the emission
intensities are non—linear functions of current while in the
absence of laser excitation they have a linear dependence. The
enhancement in the intensity of‘ these transitions during laser

excitation indicates that the population of the ape state
increases considerably. The emission intensity of 2p1—v lsa also
shows slight increase (fig 5.4e) under laser irradiation due to

collisional excitation of atoms from ape to 2131 level. The
emission intensity for transitions 8p3 --9 1s4. 2p4 —-9 154 and 8p‘

—-9 iss (fig 5.4 f.g.h) shows a slight increase during laser
excitation while in the case of Bps —o 1s3 and Bps —-> iss (fig
5.4i.J) transitions it is approximately equal with and without
laser excitation. It has been established that such collisional
excitation or de-excitation cross section between two levels with

energy difference AE varies as expC—AI-3/Rb'l') [11). This implies

that atoms in ape level can de-excite to nearby sub levels
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Cj=3.4.B) while such collisional de-excitations to Bpj levels
with J = 6.7.8.9.1O will be less probable. It should be noted

that population of 135 level will decrease due to absorption of

laser light and hence the apj manifolds arising through electron
collision from 1s level viz.

Ne C155) + e- —+ Ne Capj) + e

will dindnish. In presence of laser irradiation for 2pB—+ 1s4.
2p6—+ lss. 2p8—+ 1s4. 2p8-+ iss. and 2pQ—+ iss transitions Cfig
5.4 k.l.m.n.o) decrease in intensity is observed. where a
reduction in the population of 8p manifolds due to above processJ

is large as compared to collissional de-excitation from ape to
these states. This decrease in intensity under laser excitation

is predominant in the case of ape —+ 1s4 and 8p9—+ 1s5
transitions (fig 5.4m.o). However such decrease in population

density" in 2pJ levels Cj = 1.3.4.5) will be compensated by
non-radiative transitions from ape state. This fact is in
support of the observations that the emission intensity for

transitions from 2pJ levels (J = 1.3.4.5) do not have any
decrease under laser excitation. An exception is observed in the

case of 8p7—+ 133. 2p7—+ 1s4 and 2p7~+ 135 transitions where
there is an enhancement in intensity at higher current (fig
5.4p.q.r). Observed emission lines along with their transitions
and the change in intensity under laser excitation are given in
table 5.1.
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b) Optogalvanic signal of 1s5——+ Zpa transition in neon
In the absence of any external source of excitation. the

primary pathway for ionization goes directly through the
metastable levels. The radiative relaxation paths cfl‘ a state
diminish the probability for their involvement in ionization. It
is well known that the nature of 06 signal is determined mainly
by the metastable concentrations. In general. the impedance of a
neon discharge increases with resonant excitation of transitions

starting from 1s3 and iss levels due to the depletion of these
metastables and consequently the electron density and the

impedance decreases in the case of transitions from 1:2 and 154
states which may decay radiatively to the ground state (15.16).

0 1 2 3 4 5fi I I I I
mA

:;—o.1 
E\./3 .2-0.2 —

52
m0 o
O -0.3 

-0.4 —

Fig 5.5 06 signal variation with Current
for 1s5 —+ ape transition
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OG spectra of Ne is well known and available in the literature

[2]. Excitation at 5888 3 corresponds to lss -4 ape and
transition in which the lower state (155) is a nwtastable and
hence the 06 signal of this transition corresponds to an increase
in the discharge impedance or an equivalent decrease in current
in the circuit. The observed 06 signal for this transition as a
function of the discharge current is shown in the fig 5.5.

5.5 LASER EXCITATION OF is —+ 2p‘ TRANSITION (5945 2)5

a) laser induced fluorescence spectrum
The emission and the laser induced fluorescence spectrum of

neon discharge in the wavelength range from 5800 to 6700 3 at a
discharge current of 5 mA are shown in fig 5.6. The emission
intensity for both conditions varies linearly with the discharge
current for all the observed transitions within this spectral
region. The transitions having considerable change 1!) emission
intensities during laser—on and laser—off conditions are shown in

the fig 5.7. Laser excitation at 5945 3 Clss —+ 8p4) modifies
the emission characteristics of transitions from 2p4 —+ lsi Ci =
2,4 and 5) which is obviously due to a large increase in the

population of 3p‘ (fig 5.7a.b.c). For Bpa —+ 1s4, Eps —+ 1s3 and
2p?-—+ ls transitions also the same behaviour is observed (fig4

5.7 d.e,f) while for ape -4 1s and apg —+ iss the emission40

intensity during laser excitation is less than that of the
unperturbed discharge (fig 5.7 g.h) For other transitions.
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Fig 8.7 Dependence of the emission intensity for 8pJ—+ 131
as function of discharge current Cn - without laser.
A — with laser at 5945 K)

intensities under both the conditions are more or less the same.
while for a few transitions change in emission intensity is
observed only at higher currents. In this case also for
transitions starting from states close to 2p4 the emission
intensity increases while for those are not close to 3p4 shows a
decrease in emission intensity (table 5.1). This indicates that.
for both cases. processes like the collisional mixing between the

2p states and electron impact excitation of isl states alters the
population of 3p states resulting into the variation in the
emission intensity during laser excitation. These changes for
2p -—+ 1s j # 4. are mainly arising from the modifications inJ 1 '
the population of these states due to non—radiative decay from

the 2p‘ states and the collisional mixing between various 8pJ
states.
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Table 5.1. Change in emission intensities under laser excitation
at 588.2nm and 594.5 nm with a discharge current of 5mA

(I -I)/I #
Waveilufingth Transi ti on L

1s -9 ap 3 1s —+ 2p "5 8 5 4
585. 2 8131 -9 1s2 O. 179 ~ 0
see. a ape —» 135 9. as o. 239594. 5 2p‘ -9 1s5 0. O9 32. 0
597. 5 Eps -9 1sB O. 18 0. 17
603.0 Zpa -9 154 3.33 ~ 0
607. 4 2p3 -9 1s4 -0. O3 1 . 50
609.6 2p4 -9 1'54 0.03 5.06
614. 3 Bps -9 1.55 -0. 13 0. 0'7
616. 3 Bpa -9 153 5. '79 ~ 0
681 . 7 25:7 -9 1s5 0.55 O. 02
626. 6 Bps -9 153 0. O4 1 . 09
B30. 4 ape —-9 154 -O. 30 -0.116
633. 4 ape -9 1.55 -0. 10 O. 06
638. 3 2p,7 -9 134 0- 18 0. 21
B40. 2 Bpg -9 1 $5 -0. 29 -O. 53
550. 6 ape -9 154 -0.18 -0. 39
653. 2 8p? -9 133 0.14 -0. O4
659. 9 ape -9 153 5. 85 ~ 0667. 8 8p‘ -9 1s2 6.12

’ IL and I are emission intensities with and without laser
3 irradiation.10 pm and * 5 pm - slit width of the monochromator used for

recording the spectrum
9 Intensity includes scattered radiation from the exciting laser

at these wavelengths.
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Fig 5.8 06 signal variation with Curfent
for 155 -+ 2p4 transition

b) optogalvanic signal of 155-—+ 2p‘ transition in neon
Transition at 5945 2 corresponds to 135-—+ 2p4 in which 155

is a metatstable state and hence the O6 effect at this wavelength
will cause an increase in the discharge impedance or will be an
equivalent decrease in current in the circuit. Fig 5.8 shows the
variation of the 06 signal as a function of the discharge
current.

5.8 POPULATION DENSITY IN THE DISCHARGE

A rate equation approach. by considering the prominent
excitation and de-excitation processes. can be used to deternune
the perturbations in the population of states by resonant laser
excitation and is useful to explain qualitatively some important
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processes in the discharge that lead to optogalvanic effect. A
number of papers based on the rate equation formalism have been
published. for certain transitions in neon positive column
discharges [11.18.14.15.17). In these models. terms corresponding
to multistep ionization. various collisional excitation and decay
processes were included to give a correct description of the
experimental findings. Van Velhuizen et al [18] have used. the
rate- equation approach to explain the observed 06 signal for
certain transitions in a neon hollow cathode discharge Chcd)
lamp. In this section we make use of the rate equation approach

to explain the O6 effect for is -+ ape transition.5

The excitation and decay processes along with their rate
constants are shown in the energy level diagram Cfig 5.2).
Various rate constants included in the model are as follows.
1. Durect excitation

NeC1So) + e" -—+ Ne” + e
This represents the excitation of the ground state atoms by
direct electron impact with a rate constant am. The rate
constant is a strong function of E/No where E is the field and NO
is the density of the ground state atoms.
2. Direct ionization
Ne” + e— -4 Ne+ + 2e

This is the ionization by collision of excited atoms and
electrons with a rate constant rm. This process depends on both
the direct electron impact ionization of metastables/excited
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state and the indirect processes involving electron excitation of
higher levels followed by radiative decay to the lower excited
state.

3. Spontaneous emission on allowed radiative transitions with a
rate coefficients AiJ'
4. Stimulated absorption of is ——> ape transition with a rate5

coefficient BI. where I is the intensity of the laser radiation
5. The diffusion to the wall with a reciprocal life time 1.
Loss process of the main metastable atom is by diffusion to the
tube walls. The loss rate is calculated from the relations [19].

D 21 =fiE‘.[a—'4] 03.1)
where om = 7.6x1o13tm’1csec)"1J 7°73 cs.a>

and N0 and T are the ground state atom density and the
temperature respectively. The gas temperature is assumed to be

2 and 154 atoms were
taken from ref. Sasso et al [11] and Doughty et at [14]
00 K throughout. The wall loss of the 1s

respectively.

The population of rape is denoted by N6 and that of lsi
states are denoted as N1 (i=2 to 5). The steady state populations
of the ape and 131 levels can be obtained from the rate
equations.
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dN° N E N 31 N 95 N cs 3-——— = N - - A + - -— .3dt °'e o“ 737 5" 6i 5 [5 ge 6]i=2dN5 gs? '=  ‘  +  +  g: N6’  "‘
dN4

E: = a4NOn - y47N4n + /I64N6 - 1'4N4 (5.5)

dN3:€-- 5  "  +  "‘  (5.
dN2

-‘T - ot2Non — r27NBn + ABaN6 - 12142 (5.7)

Contribution of‘ terms due to metastable-metastable collision are

neglected in these calculations.

The electron density n. in the discharge with Cnon) and
without Cno 3 laser excitation were calculated from the relationIf
[11] dn (5. 8)L = Bhoem-av

where 4‘. is the tube current. r is the radius of‘ the discharge

plasma and Bho is the 'I'ongs~Langmuir constant. which is for a
cylindrical cell. varies from 0.48 to 1 depending on the mean

free path. In our calculations aho is approximately taken as one
[20]. The drift velocity v for different discharge conditionsd

were evaluated from the reported data [21].
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The change in the discharge current due to the perturbations
in the electron density by laser excitations is given by.

(5.9)At - enrev And

C5.10)

Fig 5.9 shows the variation of the change in the electron density
during laser excitationas a function of the discharge current.

at 5882 X.

The steady" state equations CdNm/dt - O) are solved for
1aser—off and laser-on conditions and Nm are calculated for both

The values of various rate constants used in theconditions.

calculations are listed in the table 5.8.

mA
0.0

-0.1 

I-0.2

dn(x10'2)

-0.3 

-0.4

Fig 8.9 Change in electron density with Current
during laser excitation at 5882 X3
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Table 5.3

a3 2 as = 1x10_11 cma/sec I15)
aa 2 a4 = 5x10-13 cma/sec

as = 1x1O—1a cma/sec
- 8x10-B cma/sec767

7 - - 7 8 7 = Bx1O_gcm3/sec27 737 47 57
A62 = 2. 32>c1o7 sec'1

A63 - 1.4ex1o7 sec-1

A64 = O.56x107 sec—1

A65 = 1.15x1o7 sec”

13 =- 'r5= 350 sec—1 [191
12 -= 1.65x1O6 sec” :91
14 I 1x105 sec_1 I14)
B! = 1.44ex1o5sec'1

N0 = 3.218x1O17 atoms/cms
r = 0.25 cm

5.7 MECHANISM OF 06 EFFECT

Calculations show that. laser excitation of 1s5 -+ Bpa
transition. increases the population of the upper level at least
by a factor of ten (fig 5.10a). This can also be seen from the
experimental observations Cfig 5.4a) in which the laser induced
emission intensity enhances 5-8 times depending on the discharge
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current. Laser irradiation causes an increase in the 158. 1s3
and 1s4 states which is due to the radiative decay from various

J states (fig 5.10). lsa and is‘ levels are radiatively coupled
to the ground state C1So) and are supposed to have least
31:

contribution to the 06 effect. The changes for metastable
population are much higher than that of isa and 1s‘ states. In
the absence of laser excitation. the population of the 1s3 and
1s5 metastables in the discharge vary slightly with the current.
Laser excitation causes considerable decrease in the iss density.
which was maximum at the low current. In the positive column
discharges under laser excitation of the same transition. Kane
[15] observed that the population of 15 is si nificantly5 9
depleted and for all other 15‘ levels the population is
increased.

These observations indicate that the major factor that
influences the generation of the 06 signal is the modifications
in the ionization processes as a result of the perturbations in
the populations of states. The laser excitations at the above
wavelength C A = 5882 3) results an in increase in the population

of Zpa. 252 and 1s4 levels while it decreases in the case of iss
state.

In the case of is -—+ Bpa laser excitation. contributions to
06 effect due to Isa. is and apa states. which are radiatively4

coupled to the lower states, are negligible where as the role of
is and 1s3 5 metastables are prominent. Even though. the ape
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state population increases considerably. strong radiative
coupling of this state to 151 levels and non radiative decay to
8p C_1:-£2) levels will enhance the laser induced fluorescenceJ

phenomenon and reduce its contribution to ionization. In the

range of current studied. the change in the isa state density is
almost independent of current and will support the ionization
processes. ‘mus. overall depletion in the metastable: will
reduce the ionization and hence increases the impedance of the

discharge during laser excitation of 1s5——> Zpa transition in
neon is expected.

It is noted from the calculations that the density of ape
state vary linearly during laser excitation (fig 5.10). while

that for all ape -—-9 isi transitions in the presence of‘ laser
irradiation the emission intensities are actually non-linear
function of the discharge current as shown by experimental
observations (fig 3.4). This observation necessitates the
modi fi cati on of the rate equati ons . and requi res the
consideration of all the 8p states separately along with the
inclusion of all the laser perturbed collisions. radiative and
non-radi ati ve processes [11 1 .

The observations described above clearly indicate that the
maj or factors whi ch 1 nfl uences the O6 si gnal are the
modifications in the ionization processes as a result of the
perturbations in the populations of states. As shown in fig 5.7
and fig 5.8 the current dependence of 06 signal corresponding to
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5882 X and 5945 X excitations differ widely. This indicates that
apart from the metastable nature of the lower level. there exists
other processes which will affect magnitude of the 06 signal.
One such process is due to the change in ionization rate as a

result of collisional mixing between apj states followed by laser
irradiation which is different for these two transitions.

Modifications in the emission characteristics of a neon

hollow cathode discharge due to resonant absorption of iss-—+ ape

and 1s5-—+ 2p‘ transitions are investigated. In both cases. the
emission properties are found to be altered significantly as a
result of changes in the population of 3p states by radiative and
non-radiative processes. The qualitative analysis of a set of
simplified rate equations of states indicate that the 0G effect

for iss-—+ ape transition in neon hollow cathode is generated as
a result of decrease in the ionization due to the depletion of
metastable states. Electron impact ionization. population mixing

between 2p states and their decay path to 151 states
significantly affect the magnitude of the 06 signal.
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CMAPUER B

SPECTRAL PROFILE OF OPTOGALVANIC SIGNAL

6.1 INTRODUCTION

The spectral profile of any atomic or molecular transition is
associated with a finite spread of energy levels involved in the
transitions. Three different processes that contribute to the
finite width of a spectral line are natural broadening. Doppler
broadening and interaction with neighboring particles caused by
external effects like pressure broadening [1,2]. Line shape may
be studied experimentally either by emission or absorption
methods using instruments having negligible instrumental line
width. The resultant shape of a spectral line depends on various
line broadening processes and the magnitude of broadening is
measured in terms of full width at half maximum.

The width and shape of spectral lines are of interest since
they can provide information about temperature. density and
composition existing in the source. Further, a detailed
calculation of interactions involving radiation and atoms require
an accurate knowledge of the spectral profile. Broadening in
electrical discharges is mainly associated with temperature and
ccdlision effects which are commonly known as Doppler and
pressure broadening respectively.
6.2 DOPPLER BROADENING

Doppler broadening arises as a result of Doppler effect
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which is the apparent shift in wavelength of signal from a source
moving towards or away from an observer. Due to Doppler effect.
the resonance frequency of the atom is shifted such that co 
w'C1t v/c3 where co’ is the resonant frequency‘ and v is the
velocity’ of atoms in the- direction towards or away' from the
direction of the electromagnetic field. Sdnce the atoms are in
random thermal motion with a Maxwellian velocity distribution the

Doppler broadened line profile will have a Gaussian shape [8]
v1z..

I/2 , 2
gCo.\) =- Ti—[’°: 2] exp[-4Log2C2—-—3—2-,3 J canD CAwbp
where on‘ is the resonant frequency. The width of a Doppler
broadened spectral line is given by the expression.

21:7 "2
Aw =2—‘c—"—[i’zog2] (6.8)D H
where H is the atomic or molecular weight. The Doppler width can

be considerably minimized by operating the discharges at very low

current or by cooling the source to very low temperature.

6.3 PRESSURE BROADENING

In discharges. the atoms are subjected to interactions with
the neighbouring atoms. ions or electrons which will perturb the
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states of the radiating atom and lead to the broadening of
spectral line (3). Sflnce the line width is a function of the
density of the perturbing species. this is generally known as
pressure broadening. According K0 the theory of impact
approximation. the interaction with the nearest perturbing
particles at a distance r from the atom leads to a frequency
shift given by

Av =—" (6.33
71

where n is a whole number and Cu is a constant which depends on
the excited level involved and also on the perturbing species.
The case n = 3 gives rise to stark effect of energy levels which
hold good for hydrogen and hydrogenic ions while n = 5 lead to
quadratic stark effect which holds good for non hydrogenic
systems. n = 2 applies to the case of resonance dipo1e—dipo1e
interactions and the long-range attractive Van der Waal
dipo1e—dipole interaction is described by n = 6. The first two
interactions are important for highly ionized gases where as in
the case of low current discharges the resonance and the Van der
Waal interactions are the most significant for line broadening.
The spectral distribution corresponding to pressure broadening is
Lorentzian [3] with FWHM given by

Aw!/2 = 7 + I/Tc C6.4)
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where f/TC is the mean number of collisions per unit time and 7
is the radiative decay rate.

6.4 OG SPECTRAL PROFILE

In recent years. high resolution laser spectroscopic study in
electrical discharges. especially" in negative glow discharges
have attracted considerable interest. In particular. 06 effect
has been greatly' used for a large number of high resolution
spectral studies of both atomic and molecular species. The
change in electrical behavior of gas discharges as a result of
resonant absorption by atoms in a particular state is a complex
process. that depends on the microscopic processes like optical
absorption and the macroscopic effect of changes in the plasma
current. 06 line profile for transitions in calcium. lithium.
sodium [41, neon [5]. etc. were reported. Bechor et al [6] have
compared the line profile obtained from absorption and 06 methods
and showed that both techniques yield the same result for certain
conditions of the plasma. At low currents the profile for both
methods were identical where as at higher currents some profile
were distorted and sign reversal were also observed. Since the
local plasma parameters and the geometry of the plasma are
current dependent. these distortions are due to the summation of
individual local line profile along the optical path which is
also a complex function of current. As an alternative to
conventional methods. collision processes in discharges can be
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investigated using laser optogalvanic spectroscopy [7-9].
The signal to noise ratio of the 06 signal is better than

that of the absorption method so that it is possible to record
profile in situations where the peak absorption is very small.
Moreover. in a discharge. the atoms are in excited state so that
higher energy levels of the atom can be easily studied. Another
advantage of the method is that scattered/background radiation or
the apparatus profile will not affect the line width and
measurements up to the line width of the dye laser can be
achieved without much difficulty. When the 0G effect is linear
with the laser intensity. so that no saturation or custortion
occurs in the profile. OG detection can be used as quantitative
method for line profile spectroscopy such as the determination of
line broadening effects [7,8]. This method has also been used
for the accurate measurement of gas temperature in cathode fall
region of neon discharge [5.1OJ. the determination of isotope
concentration ‘[113. collision cross section [8] and shift of
spectral line [7].

We have studied the 06 spectral profile of certain
transitions in a sealed neon hollow cathode as well as in a glow
discharge and in a continuous gas flow nitrogen positive column
discharge. The experimental setup employed is same as in fig 4.3.
The wavelength of the single mode ring dye laser is tuned through
the absorption profile with a speed of 15GHz/min and the 06
signal is recorded using a lock-in amplifier. Fig 6.1 shows the
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OG spectral profile for 152 —> ape. ape —> 4d4 and apg -9 4d‘
transitions of neon at 5658A. 5820A and 5764A respectively.
These are from higher energy states of neon with following

configurations viz. ape and Bpg belonging to 2p53p configuration.
lsa in 2pS3s and 4d‘ in 8pS4d configurations. Note that the
ground state configuration is maasaape In the case of 8pg—>
4d‘ transition both positive and negative voltage changes are
observed (fig 6.1c) in 06 signal.

When the ballast resistance in the circuit is increased the
06 signal amplitude increases but the FWHM was always same for
all resistances at constant current and laser power. which
indicates that there is no influence of ballast resistance in
broadening of 0G profile Cfig 6.2). The spectral profile for

1212(6) rotational transition of C1E.‘.8) band of the first positive
system of nitrogen molecule at 17388. 7cm_1 is also recorded.

It is observed that the FWHM Cr in cm_1) depends linearly on

the discharge current (41) according to the relation

7 = yo + at (6.5)
where on is the slope of the 7-4. plot. The behavior of this
equation indicates that an enhancement in the discharge current
produces an an increase in FWHM. The experimental data and the

least square linear fit for isa ——> ape. 2p8—> 4d4 and ape--—> 4d4
transitions of neon are shown in the fig 6.3. The pressure of
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Fig 6.4 Variation of FWHM with
current for R (6) transition of12 3

a c1a.e) band in the B3l1‘—A 2;
system of N2.
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the gas in the hollow cathode lamp was about 10 Torr which
corresponds to a concentrationCN) of 3.218>dO17 atoms/cm3 at room

temperature. 'D1e the collision broadening coefficient is given by
on/N.

In low pressure and low current discharges. the width is
determined mainly by Doppler and pressure broadened mechanisms.

Assuming the Doppler effect is the dominant line broadening
process. the temperature (T) can be evaluated from the line width
of the measured 06 signal profile using the relation [12] as

A» = 2%c 357- log 2)”? ca.e)
Here Av is the FWHM in Hz and v is the frequency at the line
centre. M is the atomic or molecular weight and R is the gas
constant.

According to the theory of impact approximation, the various
interactions present in the discharge (with the neighboring
atoms. excited states. ions. electrons etc.) will perturb the
states of the radiating atoms. which will result into broadening
of line according to

(3 - 201.2 C6.7)
where (3 is the broadening coefficient in angular frequency uni ts.
or is the collision cross section and v = C16hT/1-rm)!/2 is the
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average velocity of the absorbing atom of mass m. The average
temperature calculated at 5mA was about BOOK with corresponding v

is 1.O31x1O5cm/sec. The value of broadening coefficient and
collision cross sections evaluated are listed in the table 6.1.

In the case of Na for R12CB) transition of (12.8) band in the
first positive system at 173ee.7cm'1 at 3 torr (N =
9.B5x101Bmo1ecules/cmsat room temperature). the value of slope r

1/mA (fig 6.4). At 5mA. the average temperature isis 0.0068 cm

about BOOK and v is 1.096x105cm/sec. The broadening coefficient
and collision cross sections evaluated from this data are also
listed in the table 6.1.

TABLE 6.1

broadening cross
transition wavelength coefficient section

Ccm-1/atoms cm—3) Ccma)

isa -» ape B858 c2) 17.34mo'31 15.99x1o‘15
Ne ape —» 4:34 5320 9.a3x1o'31 e.5ax1o'15

Bpg —. 4.54 5754 7 74x1o'21 7.14x1o'15
N2 c1a.e>.R1go> 17388. 7cm'1 7. o5>c1o'2° 6. O6x10~14

8.5 DISTORTION IN THE 06 LINE PROFILE

We have observed distortions in the line shape while
studying the 0G signal in a discharge of neon indicator lamp. A
well developed dip at the line centre was observed as shown in
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Fig 6. 5

Distorted OG profile of‘ 1s5-+ apa
transition of neon in indicator
lamp glow discharge. a) 0.6mA.
b) 0.55 mA. c) 0.4mA. d) O.3mA
and e) O.85mA (laser power 300mW).

b#
0.1 crfi

fig 6.5. The line shape of a transition as stated earlier.
depends on the perturbation due to neutral and the charged
particle collisions. The dip reflects the non-linear properties
of the gaseous medium. which in general consists of information
associated with the interaction of‘ atoms with the laser and the

neighboring atoms. Two distinct collision processes that
influence the line profile are thermal velocity changing
collisions CVCC) and quenching collisions (QC) I13-15). The VCC

leads to a broad background superimposed on the narrow
homogeneously broadened resonance line. where as QC causes a
decrease in the life time of levels. These collision processes
also depend on the discharge conditions like current. pressure
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etc. ‘A detailed study of reasons for the occurrence of this
distortion has not been carried out do to the experimental
constraints.

6.6 SPATIAL DEPENDENCE OF TH 06 EFFECT

Two important features of the O6 effect are
positive/negative behavior of the signal and the spatial
dependence of the signal. The spatial dependence implies that
amplitude and sign of the signal depend on the region within the
discharge where the laser beam interacts with the plasma.
Positive as well as negative signal were also reported depending
on the position of the irradiating beam with in the discharge at
various discharge currents {S}.

In’ this work the spatial dependence of the 0G effect is
studied in a neon indicator lamp. with glow discharge formed in
between a disc shaped cathode and a ring anode placed at a
separation of about 2.5mm using 5882 3 (corresponding to resonant

absorption of 1s -—+ ape transition of neon) radiation from a5

ring dye laser. The cell is mounted on a micro positioner and
the 06 signal amplitude is measured for different spatial
positions of the discharge glow in steps of 0.01mm at different
discharge currents using a lock in amplifier. The 0G signal is
found to have a small amplitude for very close to the cathode
Cfig 6.6). As the position of irradiation is varied towards the
anode. the signal becomes a positive maximum. This is the
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negative glow region where there is an abundance of neon species.
As the distance from the cathode is further increased. the signal
become a negative maximum and then return to zero.

According to equation (2.10). magnitude of the O6 signal
depends on the lower state population and the sign depends on
their average life time. Hence. the spatial dependence of the 06
signal measures the density of species present at various region
wdth in the discharge. Very close to the cathode. the electrons
emitted from its surface have a small velocities and will
recombine with ions to produce neon atoms. When the position of
irradiation is slowly changed towards the anode side. the signal
reaches a positive maximum. This corresponds to the region where
the density of neon species is maximum and also the velocity of
electrons in this region does not affect the life time
appreciably. The life time of 155 metastables mainly influenced
by collision between positive ions. metastables and the excited
states. The collision processes make the effective life time to

decrease there by causing the iss state to loose its metastable
character progressively and a condition is reached where the 06
signal is negative [5]. With the increase in current the
magnitude of the signal decreases due to the depletion of
metastable population as a result of electron impact excitation.

The maximum positive signal obtained for different current
at the same spatial position of irradiation indicates that the
density of iss state is maximum in this region which does not
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change considerably with the discharge current (fig 6.8).
However the .increase .in current shifts the region of maximum
negative 06 signal towards the cathode.

In conclusion the broadening of spectral lines for certain
transitions have- been studied by‘ high resolution optogalvanic
line profile spectroscopy. Positive/negative signals with
distorted profile were recorded. The spatial dependence of the

06 signal which gives the spacewise distribution of iss state in
a neon discharge is also investigated.
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CMAPHER 7

LASER INDUCED PHOTOEMISSION OPTOGALVANIC EFFECT

7.1 INTRODUCTION

In recent years there has been growing interest in the study
of photoelectric (PE) effect due to its importance in both
fundamental and applied fields. In PE effect. the electrons in
the solid are first optically excited into state of higher energy
and then they move to the surface with or without scattering and
subsequently escape from the surface. The practical applications
of this effect were recognized at the beginning of this century
and exploited by" means of photocells. photo multipliers etc.
which lead to an increase in experimental and theoretical
interest. 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. [1]. An important aspect of PE effect is
its surface sensitivity. ie. features of the emitted electrons
(viz velocity, density spectral features etc.) are related to the
properties of solid as defined by the outermost layers of atoms
in the emitter. Hence. PE process is intrinsically influenced by
surface conditions and external parameters such as photon energy.
angle/region of incidence. applied voltage etc. As compared with
other methods. laser driven photoelectron emission can produce
intense. short duration beam with very high current density [8].
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7.2 PHOTOELECTRIC EFFECT

Photoelectric effect consists in the liberation of electrons
when a monochromatic radiation falls on the surface of a solid.

If the energy hm of a photon exceeds the work function C¢D of
the material. electrons of mass In will leave from the surface
with an energy

mva = hm - ¢ c7.1>
NI“

Thus, the photoelectric effect wdll be observed if. the frequency
of radiation

m 2 g C7.B)
In presence of intense laser source. density of photon is so high
that an electron could be eject by absorbing simultaneously two
or more photons. The law of PE effect for N photon absorption is
then

émva = Nhw — ¢ c7.3)
and the PE effect can be observed if the conditionw 2 ¢/Nb c7.4)
is satisfied. This gives the threshold frequency wth = ¢/Nh.
The photoelectric effect therefore depends on both frequency and
intensity of radiation. This N photon process is generally known
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as multi photon photoelectric effect and for N=2 it is known as
two photon photoelectric effect. Quantum theory of two photon PE
effect has been described in many text books [3.4].

7.3 PHOTOEMISSION OPTOGALVANIC EFFECT

Study of PE effect in presence of discharge has importance
in understanding various characteristics of the discharge plasma.
The photoelectrons emitted from the cathode may excite or ionize
some of the atoms on their way to the anode and produce more
secondary electrons by collision. The energy absorbed by the
species present in the discharge alters the charge density in the
plasma and produces a measurable impedance change. Then. the
total current under laser irradiation will be resultant of the
original plasma current without laser irradiation and that caused
by the interaction of photoelectrons emitted from the cathode
surface with the plasma medium. The accelerating electric field
effectively convert the low energy photoelectrons into those with
sufficient energy to produce ionization in the plasma. The
amplification of photoelectron burst by the plasma observed as
optogalvanic signal is extremely sensitive to the discharge
conditions. Thus. the optogalvanic effect produced by injecting
electrons into the discharge via photoelectron emission from the
cathode surface by laser irradiation is usually known as
photoemdssion optogalvanic CPOG) effect [5].

There are a few differences between 0G and P06 effects. 06
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process is due to resonant absorption of light energy by atoms.
ions or molecules of the gaseous medium or the electrode material
present in the discharge which occurs only at resonant wavelength
and can produce an increase or decrease in current depending on
the life time of levels involved in the transitions [6,7]. POG
effect is a non-resonant process where the impedance change
occurs as a result of interaction of the photoelectrons emdtted
from the cathode surface with the discharge medium. Here. the
essential condition is that the energy of radiation is required
to be greater than the photoelectric threshold. Usually the
interaction of photoelectrons with plasma will produce more
secondary electrons which will increase the current in the
circuit so that if we measure the signal across the resistance.
voltage change across the resistance will be an increase (which
we call as positive POG signal). However. negative change can
also be generated under certain conditions of the discharge when
the electron-ion recombination is a predominant process.
Observation of P06 effect caused by single photon absorption
under various discharge conditions and its application for plasma
surface characterization [5]. real time monitoring of metal or
semiconductor surfaces [8J. diagnostics of electrodes in a
discharge lamp [9] etc. have been reported.

7.4 PHOTOCURRENT UNDER PULSED LASER EXCITATION

The electron emission from solid targets irradiated by high

186



power laser pulses are due to either photoelectric effect or
thermionic emission produced by laser induced temperature rise.
For sufficiently strong electromagnetic fields. these
photoemission effect may originate either by single or by multi
photon process. Observation of multiphoton photoemission has
more recently been observed by the use of high power. ultra short
laser pulses. These lasers can produce sufficiently high
irradiation necessary for the multi photon emission and because
of very short duration. photoelectron emission processes are very
much pronounced than the thermionic electron emission. Multi
photon emission from tungsten by pulsed laser excitation has been
experimentally observed by Yen et al [10].

According to generalized Fowler-Dubridge theory [11] the
total electron current density is composed of partial currents
given by

J(r.t) = S JN(r.t) (7.5)
N=O

The quantity J0 is due to thermionic emission and J” is N photon
photoemission photocurrent density given by

N= e _ N Nhv-¢JNCI‘. t.)   R) PN(r. ‘)1-ZCI‘.  C7.

Here e is the electron charge. R is the surface reflectivity. A
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is the theoretical Richardson coefficient C180A/cm2K2D. 12 is th

frequency. ¢ is the work function, Rb is the Boltzman constant.
is the incident laser intensity. 1‘ is the absolute temperature o

the surface and a” is a sample dependent constant. The functio
FC:-0 is called Fowler function and is given by [10]

E c—:)"‘”e”"‘/me for x s 0too = ”"' (7.7)112 x2 m.+I -mx 25 + 2 —  9 /m. for X Z 0
m=1

Equation 7.6 indicates an important feature of the two photo:
absorption; the probability of absorption and hence th
photocurrent is proportional to the square of the incident ligh‘
intensity.

7.5 TWO PHOTON PHOTOEIIIISSION OPTOGALVANIC EFFECT

7. 5.1 Experimental set up

The output radiation from a pulsed dye laser (Quanta Ray PD!

2) pumped by the second harmonic of a Q switched Nd:YAG lasei

(Quanta Ray DCR-113 was used as the excitation source. Th:
discharge was maintained in a glass tube having an inner diamete:
of ~ 1 cm and length ~ 15 cm and is provided with tungste:
electrodes at a separation of about ~ 1 cm (fig 3. 2). Provision
for continuous flow of gas into the cell at rotary vacuum ha:
also been provided. The discharge was produced by dc excitatiol
by applying a stable dc voltage. A ballast resistance i:
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Fig 7.1 Schematic diagram of the experimental set up for
pulsed POG effect. (1 Nd YAG laser. 2 Second harmonic
generator.3 Dye laser. 4 Power meter. 5 Beam splitter.
6 Lens. 7 Discharge cell. 8 Gas inlet. 9 Gas outlet
10 CROD

connected in series with the cell to limit the current in the

circuit. Gases like N2. N0? and Ar at a few torrs of pressure
have been used in the discharge cell and the discharge conditions
are adjusted so as to get a minimum discharge noise. Pulsed dye
laser was focused in to the cathode using a lens. The POG signal
obtained with a ~ 10 nsec pulse at 564nm radiation from the dye
laser is taken out via a capacitor (0.1 pF) and the signal
strength is measured using a CRO. The amplitude of the signal
was measured by varying the laser energy. discharge current and
the gas pressure. The strength of the signal strongly depends on
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the laser power and the discharge conditions. Fig 7.1 shows the
experimental setup employed to observe the P06 signal.

7.5.2 Two photon POG effect

It has been reported that both emission-lindted and
space-charge limited signals are observed in the P06 effect [5].
At higher pulse energies. transition from emission-limited to
space-charge limited current occurs so that a greater portion of
the» photoemdssion current is space charge limited. The work
function of the electrode material (tungsten) is 4.3 eV [12]
which approximately coincides with twice the photon energy of the
laser at 564nm.Least square fitting of the experimental
observation show that the signal amplitude (S) can be represented
as a quadratic function of the laser energy E as

s = a.E + bE2 c7.e3
Where a and b are fitting coefficients which are sensitive to the
discharge conditions.

Fig 7.8a shows the variation of P06 signal with laser power
at a gas pressure of 7 torr. The least square fitting of the
experimental data confirms that the strength of the P06 signal
can be fitted into a quadratic function of pulse energy according
to equation (7.8). Log-log plot of the signal strength verses
laser energy has a slope 8. which clearly indicate the two photon
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Fig 7.33 log-109 Plot C’? P05
POG signal verses laser
pulse energy for NE at

signal verses laser
pulse enerQY for7 Torr. N2 at? Torr.

CTP) absorption Cfig 7.8bD. when the gas pressure is 5 torr.
again the signal have a quadratic dependence with a slope about
1.5. indicating the presence of one photon COP) as well as two
photon process (fig 7.3) The TP is obvious from the work function
matching condition. which is by simultaneously absorbing two
photons at 564nm radiation and the presence of one photon process
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is due to 06 signal arises from the excitation of gas molecules.
Laser induced impedance changes also be generated by
thermionic processes due to instantaneous heating of the target
in presence of laser pulse.
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gas 17.8mA
(D
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Fig 7.3a
P06 signal verses
laser pulse energy
for N2 at 5 Torr.

Fig 7 3b
log-log plot of P06
Signal verses laser
pulse energy for
H8 at 5 Torr.



In the case with for Ar and N08 gases in the cell also. 0
and TP process are observed (fig 7.4). Hoverer the contrlbutio
due to OP is larger in these cases. A threshold laser energy 1
required for generating TP absorption below which. the change i
impedance is due to the direct absorption of radiation of th
species present in the discharge. This change can be positive o
negative depending on the life time of levels involved in th

transition [7]. It is noted that Na. NOE and Ar gases hav
absorption at this wavelength [13—15] which will give rise to 0
signal corresponding to the absorption of these transitions
These results indicates that in addition to the property of th
cathode material, nature of the experimental gas and th
discharge conditions considerably influences the P06 signal.
detailed study on the dependence of P06 signal on discharg
current and gas pressure under pulsed laser excitation has bee
presented in a previous work [16].

1.2 r
U

N:9 nV08 ' ' ArFig 7.4 3 ° /POG signal verses laser 9 * ,’ N0;
pulse energy for NaC15mAD. 3 ,1’
NOaC1‘3.4mA) and ArC15.5mA) 8°‘ " 1/L ,

0-004 5 ‘ .: are an;
LASER PULSE ENERGY (ml)
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7.6 P06 EFFECT UNDER CV LASER EXCITATION

7.6.1 Introduction

The POG effect can also be generated by cw laser excitatio
where the time profile of the signal will follow that of‘ th
modulating beam. This section presents results of studies 0
voltage and laser power dependence of PE and P06 effect
generated in a Neodymium hollow cathode using cw lase
excitation. A highly stable dc voltage CThorn EIMI). is applie
to a commercial hollow cathode in which Nd is taken as th
cathode material and neon gas as the buffer gas CCathodeon UK)
The discharge is operated in negative glow region of th«
discharge. A resistance of 66 K0 and a milli ammeter ar:

HCD

CHOPPER

"-HVR 7‘
.._l__cno -|}J @

C

Fig 7.5 Schematic diagram of the experimental
set up for cw POG effect.
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connected in series with the cell Cfig 7.5). Radiation from an
argon ion laser. with multiline mirror is mechanically chopped
and is allowed to fall on to the cathode. The discharge was very
stable with a noise level less than 3 mV. When the laser beam is

not falling on the cathode there is no signal. confirming that no
resonant OG effect by the plasma medium itself. The strength of
the PE signal generated after two averages is measured using a
storage oscilloscope Clwatsu) as a function of the applied
voltage and the laser power. The current is both photon emission
limited as well as field emission limited and the field at which
the current becomes photon emission limited also depends on the
laser power. The- signal voltage across the resistance under
following processes have been investigated separately;

1) PE effect before striking the discharge
2) P06 effect and

3) Negative POG signal; region of discharge instability

7.8.2 PE effect

The quantum yield of a photo electric emitter depends upon
three basic processes - viz. photo excitation. transport of
electrons to the emitter surface and the escape over the surface
barrier - and is given by [17]

hw-E

Ythw — E) = CJh£C-E')Chw — E - E')dE' (7.9)
0
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where NE-E’) represents the energy distribution of electrons and
E is the barrier energy of the cathode. Y depends on both
frequency’ and power of the radiation. According to equation
C7.9). if the field is increased the barrier height will decrease
and hence the yield and the strength of the photo current will
increase. The photo current (I) and the quantum yield (Y) are
related by

I = -Eg C7 10)
where P is the absorbed light power and hw is the photon energy
in electron volts. Thus

hw—E

I = AChw.P)JhiC-£’)Chw - E - E’)dE' C7.11)
0

where A is a constant depends on the photon energy hm and the
laser power P. The mechanism responsible for the field
dependent-barrier lowering depends on processes like the image
force lowering and the field penetration through the electrodes.
as given by

E = ECV) = so — Kl/1/2 c7.123
where V is the applied voltage and K is the barrier—1owering
constant in units of eV/V1/2 This phenomenon of
barrier-lowering is same as Schotty' effect [18]. Thus from
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equations (7.11) and (7.12) the voltage dependence of the photo
current can be written as

hm-E0+KV1/2

I = AJfiic—E'3chw — 50+ xv’/2
- E")dE’ C7.13)

0

Functional form of the photocurrent for various electron energy
distributions applicable to many cases has been described by
Powel [17]. For example. the electron energy distribution from
metal at 0°C with the step corresponding to the Fermi energy can
be described by a step function and a linear ramp distribution
should be expected to apply to many semiconductors. The emission
from Fermi tail in metals and degenerate semiconductors can be
expressed by an exponential distribution. The energy distribution
of electrons can be expressed in the form

Nl,C—E’) or expCE'/ hbfl’) C‘/.14)

where T is the temperature. Hence the functional form of‘ the
photo current is obtained from the equations (7.13) and (7.14)
as.

2 hw—£0+xv”2 hm-E0+Kv”2
I or AChbT) [exp{ —-—j--———} +  - I] (7.15)hbT hbf

1/2
for Ch¢.>—E0+KV )/lab?" large enough. this expression reduced to
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”2>/n T) c7.1e)I = Ackbrzbexp {Chm — £0 + xv b

According to this equation the strength of the photocurrent
depends on the photon energy, applied voltage. work function of
the cathode material and the temperature. The increase in
voltage will modify the surface work function according to
equation (7.12) and will show an increase in the photocurrent.
The parameter K also depends on the dielectric constant of the
medium and the inter electrode separation I17). Taking the
logarithm of equation (7.16) can be seen that a plot of log I
verses V1/2 will be a straight line with a slope K/hbT.

The work function of the cathode (Nd) material is 2.Q‘3eV

[19] and the energy of the laser radiation used lies in the range
of 2.4eV to 8.6eV. Even though there is a mismatch between the
photon energy and the work function. even at the minimum voltage.

the PE signal is observed. The work function of a material
depends on the state of the surface viz. its contamination.
roughness. temperature etc. [8]. Thus. due to Schotty affected
fi eld el ectr on em ssi on and Schotty affected thermi oni c
processes. a less photon energy threshold is sufficient to
generate the PE! effect. Surface enhanced ionization. in which
the interaction of radiation with positive ions of the metal
surface can also lower the work function sufficiently to allow
efficient generation of photoelectron by the photon flux. In
this mechanism initially a positive ion layer is formed on the
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metal surface and subsequently photoemission occur from the
modified surface. Both processes take place during the laser
irradiation and after the adsorbed molecule has been excited its

effective ionization potential is lower than the surface work
function. Multiphoton ionization enhanced by the metal surface
due to the amplification of the electromagnetic field by the
surface can also reduce the effective surface work function [20].

Before striking the discharge the PE signal increases Cfig
7.6a) with voltage and it becomes maximum at a laser power of
about 89!, above which it begins to decrease. There is no
dependence of the PE signal on the chopping frequency at low

5° F 2.ow 25 '
20 r5‘ 1.5»: ’>‘ 174.svE40 E,: _' 15 § §9 9en V’ ‘° ’ 154.5vE 0.5w 5 fi20 5 ' 4.5V.. ....n.._._LL.i..u 1 J I ' J900 125 150 175 200 8.0 0.5 1.0 1.5 2.0 2.5VOLTAGE (V) LASER POWER (W)

Fig 7. Ba Fig 7- 6b
voltage dependence laser power dependence
of the pg s1gna1_ of the PE signal.
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frequency indicating the absence of thermionic process. At
higher laser powers non-linearities in laser—target interactions
reduces the PE effect Cfig 7.6b). The laser powerCP) dependence

of the PE signal CAVPE=IRJ can be fitted into a quadratic
equation.AV 5 aP — bP2 (7.17)r:

The coefficients a and b depend on the discharge voltage and also
the temperature near the irradiated region on the cathode. It is
observed that a and b increase udth the voltage. From the slope

/2 plot (fig 7.7) the value of the barrierof the log I verses V1
lowering constant K evaluated is 0.019. In this calculations we
have assumed an average temperature of 300K. The value of K
obtained from the exponential fitting (fig 7.8) of the
experimental values was 0.018 which is in close agreement with

the former. This indicates that ECVD < E0. so that. the voltage

3.0 '7 7 ' 0.5»!Fig .
log PE signal
verses V1/2 plot. LOG PES

L0 + 1 4 I n I - L4’
.sh,o ‘L5 1231/112.5 13.0 13.5
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Q
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Exponential curve fit for
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(55 PE signal amplitude with V1/2

applied between the electrodes reduces the barrier energy of the
cathode surface according to the equation (7.18).

7.6.3 Quantum efficiency

The effective quantum efficiency (Ye). which is the ratio
between the number of photo electrons Cn) and the number of
absorbed photons (ND. can be written as

ya = n/N no _-'19. c7.1e>
The number of photoelectrons generated is given by n = It/e where
t is the time and I is the photocurrent. At low voltages the
electron generation is predomdnant1y' by photoemdssion limited
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while as the voltage increases both photoemission and space
charge effects take part in the process. The calculated value of

Yé is in the range of 10’? to 10-6 electrons per photon depending
on the experimental conditions Cfig 7.9) which is comparable with
that obtained by Ivri et al[2J using pulsed laser excitation.

7.6.4 POG effect

The magnitude of the P06 signal strongly depends on the
escape depth of the photo electrons through the surface of the
cathode and also on the plasma characteristics. The dependence
of signal on the discharge voltage and the laser power are shown
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in fig 7.10. Another noticeable observation is that after
striking the discharge if the tube current is reduced. the P06
signal is found to increase reaching a maximum value at the point
where the discharge is turned off (fig 7.11).

The electrons emitted from the cathode on its way to the
anode are multiplied producing a large number of secondary
electrons. Thus. if the multiplication factor. given by

AVroactCV) = AV (7.19)n:

is greater than one. current increases and the P06 signal CAI/Poo)
will be greater than that of the PE signal CAVPED. In general.
the QB in the plasma is larger than that in the vacuum [53 due to
the collisionally produced secondary electrons as a result of
ionizing collisions with neon atoms on their way from cathode to
anode. The dependence of the multiplication factor on the laser
power and the voltage are shown in the fig 7.12. In presence of
discharge under certain conditions also log I verses V1/2 plot
(fig 7.13) is a straight line. In this case photocurrent can be
obtained from equation (7.16) by replacing K as the effective

barrier lowering constant as Kd. where

Kd=ouK (7.80)
As the laser power is increased the value of Kd increases showing
an intensity dependence. In presence of discharge the quantum
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efficiency is approximately at times to that without discharge
condi ti ons .

7.7 INVESTIGATION OF DISCHARGE INSTABILITY USING P06 EFFECT

It has been shown that under certain discharge conditions
plasma becomes unstable showing complex nature [18]. The
application of P06 effect to investigate such instabilities in a
gas discharge is described in this section. Near the
instability. the P06 signal is negative and shows growth and
decay of about a few minutes. 06 effect can be positive or
negative depending on the life time of levels involved in the
transition. where as in POG effect. since the photo electron
emission will produce more secondary electrons by collision with
atoms as the electrons move from cathode to anode will produce an
increase in the current. However. we have observed an increase

as well as decrease in the P06 signal depending on the discharge
conditions. The region where the P06 signal decreases show some
kind of instabilities and the amplitude of the signal has some
noticeable changes even if all the experimental parameters were
kept constant. Here a number of peculiar properties such as self
sustaining oscillations. irregularity in the discharge noise etc.
are also generated in the discharge and have observed that this
can easily be investigated by monitoring the P06 effect. The
discharge noise pattern, amplitude and phase of the P06 signal
are measured using a 800 MHz digital storage scope Clwatzu) and
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lock-in amplifier respectively CEG8zG 5208). Another lock-in (SR
850) is used to record the P06’ signal at the instability point of
the discharge.

In presence of discharge. as the electrons move from cathode
to anode they are multiplied producing a large number of
secondary electrons. Thus if electron multiplication factor is
greater than one. current will increase and if it is less than
one current will decrease in the circuit. Fig 7 14 shows the
variation of the POG signal as a function of current. After
striking discharge the applied voltage is reduced to the minimum
value and then increases so that the signal decreases
considerably. but still have a positive value. Increase in
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Fig 7.14 Variation of the P06 signal
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current results in a sign reversal. The phase of the signal also
changes and at the maximum negative POG signal there is a phase
shift of 130° Cfig 7.15). In this region photoelectrons
generated interact with the discharge such that instead of
producing more secondary electrons their number is reduced. ie.
the electron multiplication factor becomes less than one.
Further increase in voltage suddenly reverses the phase and the
sign of the signal also get changed to positive. This region at
which sudden sign and phase change of the P06 signal takes place.

was found to move towards the lower current range after prolonged
running of the discharge or if the discharge is irradiated with
higher laser power. This is due to modifications in the discharge
characteristics by thermal effects. Further increase in current
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indicates that the sign of the signal is always positive with a
maximum at about 5mA.

Without laser excitation. self sustaining oscillations in
the discharge have been observed when the CRO is terminated with

500 resistance. Details of such oscillations are given in chapter
8. This type of oscillations in voltage. current and emission
intensity in the discharge have been reported earlier and were
identified as quasi periodic or period doubling route to chaos
[21] which has a strong dependence on the discharge
characteristics [22]. Variation in the frequency (inverse of the
adjacent time interval) of this self sustaining oscillations is
shown in fig 7 16. The frequency of oscillations decreases with

-P l

FREQUENCY (KHZ)

K)
I

O 1 I 4 I J: J2 4 6
CURRENT

Fig 7.18 Variation of the frequency of oscillations
with discharge current
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current and as the current approaches the instability region of
the discharge where POG signal is negative maximum. the
oscillations suddenly becomes zero. Again at about 5mA another
oscillating state begins at about 550Hz as in the fig 7.16. This
phenomenon in the dynandcs of the plasma has been reported
recently and has been identified as backward Hopf bifurcations in
the bifurcation diagram in which oscillating state corresponds to
a stable limit cycle and the non—oscillating state as stable fix
point [23].

Fig 7.17 shows the time profile of the strength discharge
noise at the instability region. This is obtained by recording
the CRO pattern of the noise without irradiation near the
instability. When the discharge current I is below 16. the
voltage across the resistance grows Cie. discharge noise) while

when I is slightly above IC the voltage across the resistance
decreases as shown in the fig 7.17. It was not possible to fix

current at I = Ic where this instability signal is maximum.
There are following points to be noted. 1) the amplitude of the

negative signal (for I > Ic) is greater than that of the positive
signal (for I ( IC). 2). Decrease of ballast resistance broadens
the functional form and also decreases the amplitude of the
instability signal.

Finally we have investigated this instability by monitoring

the P06 signal near the Ic. When the applied voltage is close to
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is slightly above the instability).
B) R=66K.discharge current 8.38mA (discharge voltage is
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the unstable region of the discharge. the P06 signal grows and
decays as shown in the fig 7.18 within a time scale of about ten
minutes. This occurs till a stable condition is reached and
within this period a number of oscillations are generated.
Another noticeable observations was that the growth rate of P06
signal was controllable by adjusting laser power which indicates
the possibility of controlling this instability by adjusting an
external parameters like laser power. The instability shows a
strong dependence of the initial conditions such as the voltage
and the laser power. The factors that cause the discharge
instability are related to the processes that control the density
of electrons C their production. removal and spatial distribution

etc.). Depending upon the closeness of the set current to IC the
oscillations have one to three peaks. The large time scale of the
signal suggests that the in stability is mainly created by
thermal processes.

Following observations were made at the instability region.
1) The functional form of the instability signal is positive when

I < Ic and negative for I > Ic. where I is the discharge current
and IC is the current where the instability occurs.
8) The state changes from a stable oscillating state to a stable
non-oscillating state.
3) The POG signal is negative ie. the interaction of photo
electrons with the discharge reduces the current in the circuit
so that a phase shift of 180° occurs for POG signal around the
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instability region.
4) Near the peak of the negative signal the P06 signal is very
unstable.
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Fig 7.18 Variation of P06 signal with time
near the instability Claser power one watt).

213



7.8 OBSERVATION OF PULSATING POG SIGNAL

Moving striations. ionization waves, oscillations etc. are
very interesting features of dc electrical discharges which are
observed over a wide range of discharge parameters. These
phznomena are not only a function of discharge current but also
population of excited states and are manifestations of periodic
changes in electron density caused by the production and removal
of electrons. Instability leading to striations is generated due
to repeated ionization processes [18].

Change in the number of electrons due to collision of
excited state atoms with the electrons is believed to be one of
the important mechanism of the O6 effect. The contribution from
multiphoton ionization wdll trigger the excitation wave and the
change in the degree of ionization, either transient or
oscillatory phenomena results into a change in impedance of the
discharge plasma as a whole that causes the transient 06 signal.
Observation of laser induced striation in a hydrogen discharge
plasma [84] as a result of direct photoionization of hydrogen
atoms caused by the transient excitation of striations. Suggested
that striations can be excited by optogalvanic method. Tochigi
et al [25] have reported damped OG oscillations at about 5 KHz in
a neon hollow cathode on illumination by a pulsed dye laser at

the resonant frequency of neon 2p8—+ 155. The current and
positicw: dependence of illumination of the damped oscillation
have lead these authors to conclude that the ionization caused by
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the laser pulse inside that positive column region of the
discharge lead to oscillations.

The experimental set up employed to observe the pulsation of

the POG signal is same as in fig 7.5. The discharge current is
decreased up to the minimum value required to sustain the
discharge. The pulsation is observed only at this value of
current which is of course due to certain instabilities created
at this point. For all other discharge conditions. POG signal
follows the chopping frequency. however at this instability
region this pulsation decays as shown in fig 7.19. Since the P06
signal indicates the number of electrons flowing in the circuit.
the damping of the signal at this critical currents show that the
number of electrons in the discharge also oscillate in the same
manner and hence can be observed as pulsation in the plasma
impedance. The pulsation phenomenon was found to be extremely
sensitive to discharge current.

Optogalvanic effect generated by injecting photoelectrons
into the discharge via photoelectric emission using pulsed and cw
laser have been described. Studies on two photon absorption.
voltage and laser power dependence and discharge instabilities
were presented.
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CHAOTIC BEHAVIOUR IN HOLLOW CATHODE DISCHARGE

B. 1 I NTRODUCTI ON

The phenomena of order and chaos occurring in non—linear
dissipative systems have been the subject of intense research in
recent years [1]. Universal characteristics of chaos have been
observed both in numerical simulations and in experimental
situations in various fields like optics [2,3]. hydrodynamic flow
systems [4], optical bistability [5]. electrical circuits [6]
etc. These studies have demonstrated transitions from order to

chaos through various routes to chaos. Plasma is a typical
non-linear dynamical system with a large number of degrees of
freedom and it is an interesting medium to test these universal
characteristics of chaos. Although. it was known theoretically
that the plasma could exhibit deterministic chaos. it was only
recently that the experimental observation of such behavior in
gaseous plasma has been reported [7]. Much of the interest in
gaseous discharges and plasma derive from their potential
applications in the development of laser devices. controlled
fusion etc. . where the problems of instabilities and turbulence
are very important. The study of chaotic behavior in gas
discharges also enables one to understand the reproducibility of
the plasma conditions in laboratory plasma experiments and their
sensitive dependence on initial conditions.
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Moving striations in gas discharges and electrical
oscillations [8] have been detected in discharge plasmas under
various experimental conditions. Even though this oscillatory
phenomena in dc discharges have a long history. no quantitative
nor even a unique qualitative explanation has been given [9].
Though an exact description of the mechanism responsible for the
appearance of oscillatory behavior is still lacking, it is
expected that the chaotic behaviour is generated from macroscopic
properties of the discharge. These oscillatory behaviour of the
discharge is a kind of self generated oscillation because the
plasma system is not driven by any external periodic forces.
The fundamental frequency of self oscillations varies with the
change in the control parameters. like discharge current and
there is no defined frequency of oscillation in these undriven
chaotic systems.

It is reported that the voltage oscillations are closely
related to moving striations in which the voltage and intensity
of moving striations are always erratic and regular in the same
way [9]. This shows that these two types of oscillations are
different manifestations of the same phenomenon which is entirely
due to atomic processes taking place in the discharge. The
oscillations can be observed by monitoring the voltage. current
or light emitted from the plasma. The characteristics of
oscillations depend on the nature of the gas. total pressure.
cell geometry. nature of electrodes. the external circuit
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parameters etc. The discharge voltage and the intensity of
plasma emission behaviour in an electrical discharge show
striations. periodic or chaotic behaviour depending on the
discharge current. Reports on such non-linear effects leading to
chaotic dynamics in laser systems £10.11]. moving striations in
positive column discharge [12]. self sustained oscillations in
the hollow cathode discharges using optogalvanic effect [13] etc.
are available in literature. Many experimental results on
various universal routes to chaos such as period doubling
[14—16J. quasi periodic routes [17,18]. interndttency [19] etc in
steady state plasma have also been reported.

8.2 OSCILLATIONS IN A DC DISCHARGE

A qualitative description of oscillatory phenomenon in dc
discharge has been presented by Cheung et al [13]. When an anode

is biased positively with respect to the cathode. energetic
electrons are ejected from the cathode. The electrons
periodically ionize the back ground neutral gas and create a
plasma. between the- electrodes. The two processes. viz.. 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
negative space charge and facilitates electron emission. By
varying the plasma discharge parameters. one can control this
coupling or the feedback process and the resulting plasma
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dynamics can be made unstable. This occurs when the plasma
potential is negative with respect to the anode where the
potential is unstable and current oscillations occur

The rate of plasma formation (determined by the rate of
neutral ionization by primary electrons and the plasma decay
time) can be written as.

dno no—‘-? = np~n<OUp) "‘ ?—° C 8. 1 3d t

where no and Nn are the density of the plasma electrons and
neutral atoms respectively. np and up are the density and the
velocity of the primary electron. 0 is the ionization cross
section and 1* is the plasma decay time. Once a discharge is

initiated the primary electron flux. JP -= npvp increases rapidly
and the entire voltage is confined in a narrow potential sheath
that exists between the plasma and the electrodes. The width of
the sheath structure is typically of the order of tens of Deby

length AD. In the steady state. primary electron flux Jp or X62
and the efficiency of primary electron emission depends on how
fast plasma ions can drift to form a stable potential sheath. An
approximate rate equation for the primary-electron emission is

O—— = an (u L’) ca.a)dt 9 ‘K
where a is a constant. ud is the ion drift speed and L’ is the
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effective plasma radius. Above equations along with the angular
discharge repetition frequency were well studied and have been
shown to display chaotic behavior [13]. Tb unintain a stable
sheath. the plasma ions have to enter the sheath from the plasma

side with a ndnimum of drift speed of ud Z c ;the ion acoustic5

speed The ratio of the ion flux to primary electron flux is
J./J = Cm /m.)l/2; where m /m. is the electron to ion masst p e L e 1
ratio. The maximum ion flux generated through ionization is

approximately given by CJ£/Jpbio = N%0L' = L‘/Em; where lm isn

the mean free path. This ion flux: must be large enough to
neutralize the negative space charge due to primary electron. and

sustain the sheath. As a result if L’/lm 2 (me/mi)!/2. both the
discharge current and the sheath are destabilized. This
destabilizing process develops through the accumulation of
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 the primary electron is no longer
a constant but depends on the spatial and temporal evolution of

the plasma potential. This in turn affect the mean free path lm

and the particle flux Ji/JP. In this unstable state, inherent
shot to shot noise fluctuations of 6n/n S 0.1% which make only a
negligible changes in the initial discharge conditions. cause a
considerable changes in the plasma and lead to chaotic behaviour.

8.3 BIFURCATION

In order to describe the complex behaviour of plasma
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instability. we take a standard model the non—linear forced
oscillator which is known to exhibit chaotic behaviour[4J. The
equation for the forced non-linear oscillator (which is also
known as Van der Pol equation) is.

2EL?-cc-o33£+e=o ce.33dt dt
where 9 .is the amplitude of oscillation and 5 is a control
parameter. Whenever the solution of a system of equations
changes qualitatively at a particular value of the control
parameter. a bifurcation is said to be taken place. A point in
parameter space where such an event occurs is defined as the
bifurcation point. From a tdfurcation point emerges solution
branches. which are either stable or unstable. The
representation of any characteristic property of the solutions as
a function of the bifurcation parameter constitutes a bifurcation
diagram Cfig 8.1).

Hopf bifurcation

For all values. positive or negative of the bifurcation
parameter 3 the origin 0 = 6 = 0 is always a singular point.
The origin is stahde - called a fixed point Can attractor) — for
5 < 0 but becomes unstable for 5 > O and is replaced by another
attractor. called the limit cycle. A change in the nature of the

stable solution thus occurs. for the critical parameter value ac
224



In Hopf bifurcation. a fixed point gives rise to a limit
cycle as the critical parameter is crossed. The limit cycle is
created with a zero amplitude at the bifurcation point. and the
system is in a state of marginal stability. The amplitude of the
limit cycle increases as the control parameter is increased
beyond the bifurcation point. The bifurcation that gives rise at

3 = £c= O is called as super critical or normal.

Subcritical Hopf bifurcation
As traversing along the 2 .axis from right to left Cie.

decreasing 5). an unstable fixed point gives rise txa a stable
fixed point and an unstable limit cycle. This is the inverse of
the normal bifurcation and is called inverse bifurcation or

subcritical Hopf bifurcation. In the interval Ce;.eC) two stable
solutions coexist; one is stationary C an attracting fixed point)
and the other is oscillatory Ca limit cycle). The solutions are
not simultaneously observable in the same system and it is the
initial condition which determines the actual state. In the case
of subcritical Hopf bifurcation the stable limit cycle start with
a finite amplitude.

Another characteristics of subcrtical Hopf bifurcation is
that if we vary the parameter s successively in one direction and
then reversed. a hysteresis phenomenon is observed. In other
words when we increase the bifurcation parameter the transition

from the fixed point to the limit cycle takes place at 2: = ac
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while the inverse transition. obtained by diminishing 5 occurs at

3; instead of at .9 = cc (5; ace). Thus. the absence of marginal
stability. a non zero oscillation amplitude at transition. and
hysteresis are properties of a subcrtical bifurcation that are
qualitatively different from those of normal Hopf bifurcation.
Sub critical Hopf bifurcation is also known as backward Hopf
bifurcation. In this chapter. we describe the details of Hop!‘
bifurcation observed in hollow cathode discharge.

8. 4 OBSERVATION OF HOPF BIFURCATION IN HOLLOW CATHODE DISCHARGE

Experimental

Schematic diagram of the experimental set up is shown in fig
8.8. A commercial hollow cathode lamp Ccathodean UK) which
contains Nd cathode and neon buffer gas is operated at low
current. The discharge was excited by applying a stable ripple
free dc voltage using a highly regulated power supply (Thorn EZMI.

PMBBBD. The discharge current is limited using a resistance
which is in series with the power supply. The output signal.
across the resistance was monitored using a 200 MHz digital
storage oscilloscope Clwatzu. DS-B621) with BO 0 termination
through a blocking capacitor. Thus when we talk of signal it is
the ac signal and in the non-oscillating state the output is
zero.

To strike the discharge in the hollow cathode. a higher
current is momentarily applied. The current is then decreased to
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a lower value at which the discharge is sustained and stable.
The dc current. which is the control parameter. in the plasma
dynamics is slowly increased by varying the applied voltage.
Variation of the current through the lamp was measured from the
voltage drop across the ballast resistance and displayed on the
screen of a storage oscilloscope after conveniently de-coupling
the dc component by a capacitor. The non-linear element in the
circuit is the lamp operating in the glow region excited by a
steady ripple free continuously adjustable dc voltage. By
monitoring the temporal evolution of the signal different
distinct states can be observed and recognized under various
experimental conditions. The time it takes to reach a stable
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state strongly depends on the set control parameter Cinput
current).

When the current is gradually increased in presence of the
discharge it was found that pure sinusoidal oscillations starts

with a finite amplitude at the threshold current i 8 11 As the
current is further increased. at 1 = 12 oscillations stops
abruptly corresponding to dc state which is continued till i =

13. Above is oscillations with complex wave form (having more
than one frequencyD starts again with finite amplitude till 1 =

14 and after that the oscillations stop and it goes to dc state.
We were not able to go beyond i4 ~ 5mA due to the limitations of
the power supply. Various state in the dynamics of the plasma
are designated as follows.

state I 1 S i non-oscillating state
state II 1 S i S oscillating state — stable 5.86 — 2.27 KHz1 18
state III 1 S i S 13 non—oscillating state
state IV 135 i S i oscillating state — metastable 526 - 434 Hz4

state V 1 > 14 non-oscillating state
where 11 = 0.83 mA. 12 = 2.46 mA. 13 = 4.2 mA. 14 = 4.96mA

Fig 8.3 above these regions in the bifurcation diagram in
which amplitude of oscillations as a function of discharge
current in the dynamics of the plasma is given. CRO traces of the
discharge oscillations at various states are shown in fig 8.4.
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Fig 8.3 Bifurcation diagram of the plasma dynamics with
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Fig 8.5 Variation of frequency with discharge current

Even though observation of an intermediate oscillating state in
the bifurcation has been reported recently [30] it is quite
interesting to obserwe a non-oscillating intermediate state in
the plasma dynamics as the discharge current is varied.
Cscillations in the state II start at 0.83 mA with a frequency
of 5.26 KHz and the frequency of oscillation in this state
decreases with current to 2.87 KHz at 2.46 mA. For state IV also

the frequency decreases with current Cfig 8.5) from 526 Hz (at

4.2mA) to 434 Hz at (at i4 = 4.96 mA>.
The oscillating state II is found to be very stable ie. the

oscillation amplitude remains constant with time if we fix the
current between i and i . When the discharge current is in the1 2
vicinity of 1 =14. the state IV decays to nonoscillating state V.
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Fig 8.6 Relaxation from the oscillating
state IV to the non—osci1lating state V

The relaxation of the state from IV to V is fast when 1 is close

to 14 while it is slow when 1 is near to 13. Fig 8.6 shows the
variations of the amplitude of oscillation as a function of time
in the left edge of the second oscillating regime. This
indicates that the state IV is a metastable state. Values of

critical currents 11. 12. 13 and 14 depends on aging and time
duration of the discharge operated.

When we go in the reverse direction. by decreasing the
discharge current. the critical currents are found to be shifted
to lower values demonstrating the existence of hysteresis (fig
8.7). This hysteresis is an indication of subcritical Hopf
bifurcation in which dc state is a fixed point and oscillating
state is a limdt cycle. In the reverse direction the frequency of
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oscillation is less than that in the forward direction of i (fig
8.8). From the presence of two oscillating state CII and IV) and
three non oscillating states (I, III and V D we can think of a
series of subcritical Hopf‘ bifurcations in the dynamics of the
discharge plasma with windows of non-oscillating state in between
them. The observation of "windows" may be due to the presence of

noise in the discharge system. A quantitative analysis is not

U1
f
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(..rJ 43

2 I I I _L _J_ ]1 2
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Fig 8.8 Hysteresis in the frequency
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possible because most of the understanding about the processes in
hollow cathode is qualitative in nature. However. a general
mechanism that leads to chaotic behaviour in discharge and
modeling of the plasma dynamics showing the windows in the
bifurcation diagram have been discussed in a few papers [4.20].

Fig 8.9 shows the bifurcation diagram and the frequency of
oscillations obtained in a Ne/Mo hollow cathode discharge. In
this case also hysteresis property is observed. The presence of
quasi periodic oscillations in the bifurcation phenomena and its
hysteresis (region A to B in fig 8.9a) are the noticeable
observation as compared to that in Nd hollow cathode discharge.

8.5 PERIOD DOUBLING ROUTE TO CHAOS

We have also observed period doubling route in the plasma
dynamics. when the discharge current is varied keeping all the
parameter constant. the system bifurcates to a period doubling
state and the temporal evolution is very different from the
periodic oscillation. Above 0.5 mA just a stationary dc value is
observed. Then a self generated oscillation appears which is
superimposed to the dc level. By lowering the current in the
circuit it is possible to see a very clear period doubling
sequence as displayed in the fig 8.10. It can be seen that the
temporal evolution of the signal displays chaotic oscillation and
the power spectrum shows a substantial increase of band
broadening. The power spectra of the signal can be obtained by
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fast fourier transform algorithm. The power spectrum and the
phase space plot analysis obtained from the manual digitization
of the CRO traces of the oscillatory pattern have also been used
to confirm the existence of the period doubling route to chaos.

By measuring the ratio of the difference of the observed

current Ii (6). 21 = 1.8.3 signifies the various bifurcation
states where the successive bifurcation occurs. Universal
scaling factor C00 which gives the scale change of the
differences between the neighboring values of the dynamical
variable before and after a bifurcation can be obtained as
follows [6.11].

6 -= 3-—2 can
a = -—-—— (8.5)
With in the limitations of the experimental accuracy (to tune the
discharge current exactly at the bifurcation point) the measured
value for 6 is 4 and for a it is 2.5‘ which compares with the
numerical results (theoretical values for 6 = 4.6696 and CI -
3.503 [11]. The favorable comparison with the theoretical result
demonstrate that this region. the Fiegenbaum scenario of the
route to chaos is relevant.

238



In summery. non-linear properties in the dynamics of Ne/Nd
and Ne-Mo hollow cathode discharges with discharge current as the

control parameter is studied. The existence of the
non-oscillating .state windows in the bifurcation diagram. the
amplitude and the frequency of oscillations. hysteresis. period
doubling route to chaos.etc. are investigated.
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CMMPHER 9

GENERAL CONCLUSIONS

The properties and behavior of gas discharges have been the
subject of numerous investigations due to their growing interest
in both fundamental and technological applications. It is widely
used in gas lasers. radiation sources for generating light and
for many spectrochemical applications. The characteristics of a
gas discharge depend on various parameters like the electrode
material. properties of gas. cell configuration. discharge
condition and so on. Various techniques like emission or
absorption spectroscopy. Langmuir probe. optogalvanic effect.
etc. have been employed to characterize the discharge. Of these,
the optogalvanic effect is unique and has several advantageous
over other techniques. Here one essentially measures the change
in discharge impedance as a result of absorption of radiation.
Sflnce the measurements are in terms of voltage change. all the
spectroscopic and analytical studies can be made without any
optical detection technique. so that the sensitivity is
considerably high.

The spectroscopic investigations in gas discharges by laser
induced optogalvanic effect and non~linear properties in the
dynamics of the discharge plasma such as instability and various
possible routes to chaos have been described in the present
thesis. The discussion and results obtained from the present
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investigations were included in the previous chapters. This
chapter gives the general conclusions derived from the present
studies.

The work presented in the chapters can be broadly divided as
follows.

CI) Optogalvanic study in nitrogen and neon discharges
(II) Photoemission optogalvanic studies in Ne-Nd hollow cathode

under cw laser excitation and two photon POG effect under

pulsed laser excitation.
(III) Experimental study of non-linear properties in the

dynamics of the hollow cathode discharge.

The optogalvanic studies were carried out in two ways; a) by
resonant absorption of radiation usually known as optogalvanic
effect and b) non-resonant absorption of radiation by the
electrode material known as photoemission optogalvanic effect.
In the first case. the wavelength of the radiation is required to
be» resonant to a transition related to any’ of the discharge
species for generating the signal. where as in the later case. it
is generated by injecting photoelectrons into the discharge via
photoelectron emission from the cathode. Even though the
experimental procedure for these studies are simple and
convenient. the presence of discharge noise as a result of random
variations in current and gas pressure is a serious problem that
limit the sensitivity of detection. However. this can be
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ndnimized considerably by choosing a suitable cell configuration
and operating the discharge in a stable region of the discharge
using a highly regulated power supply and by maintaining a
constant gas pressure in the cell.

Home made cells wdth positive column and glow discharges as

well as commercial hollow cathodes and indicator glow lamps were
used in the present studies. Continuous gas flow cells with
de-mountable electrodes are found to be suitable for the
spectroscopic study of molecular gases.

The first positive system CBBDJ-— A325) of nitrogen molecule
has been studied by using Doppler limited high resolution OGS.
Due to a good sensitivity of the method. 06 resonances for a
large number of rotational lines belonging to C10.B). (11.7) and
(12.8) bands of this system have been observed. The studies show
that the method can be extend to investigate other band system by
varying the discharge conditions such as gas pressure or current
and a far better line accuracy and resolution can be obtained by
adopting Doppler free methods.

Sfimultaneous investigations of 0G effect carried out for 135
—+ Bpa and lss —+ 2p4 transition in neon and the fluorescence
properties under resonant absorption of laser gives some very
interesting results. These are very useful techniques to
investigate the population distribution and hence the
modifications in the electrical and emission properties of the
discharge. Monitoring of these effects can also be used to
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elucidate the mechanism of the optogalvanic effect.
As an alternative to conventional spectroscopic methods. the

spectral profile of transitions belonging to highly excited state
can be easily investigated by 06 spectroscopy. The line spectral
profile measurement has been carried out using 06 effect and the
line broadening coefficient. collision cross section. temperature
etc have been evaluated for certain transitions in neon
discharge. The spatial dependence of the 06 signal has been
found to give very interesting information on population
distribution of species in the discharge.

The interaction of radiation with discharge medium by
non-resonant process can be investigated by photoemission
optogalvanic effect. This is useful for the study of
photoelectric properties of the cathode material in presence of
discharge as well as the physical processes involved in the
interaction of photoelectrons with the plasma. The non-linear
properties of the gas discharges such as multi photon absorption.
discharge instability etc. have been studied here in detail by
monitoring POG effect.

The order and chaos in dissipative system has been the
subject of intense research due to their numerous potential
applications. The gas discharge is a typical non-linear
dynamical system with a large number of degrees of freedom. The
non-linear behavior in gas discharges enables one to understand
the chaotic behavior in the dynamics of a plasma discharge and
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their sensitive dependence on the initial conditions. Here the
existence of these non-linear properties that lead to various
routes to chaos such as period doubling. Hopf bifurcation etc.
are investigated by monitoring the discharge current as the
control parameter.

In summary the various properties of gas discharges
investigated by laser induced OG effect. POG effect and the
current oscillations have revealed some of the interesting
spectroscopic features and yielded .information useful on
non-linear behaviour in the dynamics of the gas discharges.
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