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ABSTRACT

In the present work we have studied the dominant physical processes responsible for the
production of the optogalvanic signal in the spectra of Xenon. A locally fabricated dye
laser system pumped by a Nd:YAG laser system was used for the optogalvanic
spectroscopy. A commercial hollow cathode was used to populate the 5p°6s states of
Xenon through collision. We have investigated the effects on the optogalvanic signal by
scanning a dye laser across the Xenon transitions in this hollow cathode lamp. Time-
resolved spectra are recorded at a fixed wavelength of the dye laser resonantly tuned to
an optically allowed single photon transition. We kept the dye laser energy fixed for a
particular transition. The temporal evolutions of the signals are recorded on a storage
oscilloscope. Two transitions from the metastable state 6s[3/2],, and one transition from
the 65[3/2]; state corresponding to AJ = AK = 0, + 1 dipole selection rules, have been
selected to investigate the dominant physical processes responsible for the optogalvanic
signals. The change in the signal amplitude as a function of the discharge current has
been registered. In addition the electron collisional ionization rate parameter ratios have
been determined for the transitions corresponding to the dipole selection rules, AJ = -1
AK=0,4/=14K=0and AJ = AK =0 as 23, 1.2 and 12.4 respectively. The effective
lifetimes of the upper levels involved in the previously mentioned transitions are also
calculated as 0.33 us, 0.28 s and 0.06 us respectively. Lengthening of the effective

lifetime is also explained in the light of the various mechanisms involve in the discharge.
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CHAPTER |

Introduction

1.1 Spectroscopy

1.1.1 Overview

Spectroscopy deals with properties of matter through its interaction with its different
frequency components of electromagnetic spectrum. It is basically an experimental
technique that uses the interaction of energy with a sample to perform analysis. It consists
of two words, one is the Latin word “spectron” means “ghost” and other is the Greek
word “scope” means “to see”.

The earliest reference to optical spectroscopy that we have in modern times appears to be
the phenomenon of colours in Isaac Newton's Optics, in which he describes his famous
experiments with prisms, and the shaft of sunlight coming through the hole in his window
shutter. There was much philosophical conjecture at the time, but in 1802 the British
scientist William Wollaston discovered the existence of dark lines in the solar spectrum.
Thirteen years later, Jospeh von Fraunhofer repeated Wollaston's work, and hypothesized
that the dark lines were caused by an absence of certain wavelengths of light [1]. It was
not until 1859, however, when German physicist Gustav Kirchhoff was able to
successfully purify substances, and conclusively show that each pure substance produces
a unique light spectrum. Kirchhoff went on to develop a technique for determining the
chemical composition of matter using spectroscopic analysis that he, along with Robert
Bunsen, used to determine the chemical make up of the sun.

The end of the nineteenth, and beginning of the twentieth centuries was marked by
significant efforts to quantify and explain the origin of spectral phenomena. Beginning
with the simplest atom, hydrogen, scientists including Johann Balmer and Johannes
Rydberg developed equations to explain the atom's frequency spectrum. It was not until
Niels Bohr developed his famous mode] in 1913 that the energy levels of the hydrogen

spectrum could accurately be calculated. However, Bohr's model failed miserably when
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applied to other elements that had more than one electron. It took the development of
quantum mechanics by Werner Heisenberg and Erwin Schrodinger in 1925 to universally
explain the spectra of most elements.

From the discovery of unique atomic spectra developed modern spectroscopy. The three
main varieties of spectroscopy in use today are absorption, emission, and scattering
Spectroscopy. Absorption spectroscopy measures the wavelengths of light that a
substance absorbs to give information about its structure. Emission spectroscopy
measures the amount of light of a certain wavelength that a substance emits. Lastly,
scattering spectroscopy is similar to emission spectroscopy but detects and analyses all of

the wavelengths that a substance reflects upon excitation [2].

1.1.2 Applications of Spectroscopy

Spectroscopy is a useful tool for analyzing the composition of an unknown substance. It
is used to determine identity, quantity, structure, and the environment of atoms,
molecules, and the ions. It involves the investigation of interaction of light with matter; a
spectrum shows how this interaction varies with the frequency of the light.

The primary applications of spectroscopy are the following:

% Spectroscopy is used to unfold the spectra of complex atoms and highly complex
series, to determine their transition probabilities, hyperfine structures and isotopic
shifts.

< It is useful to develop the theories of many-body as well as understanding of
recombination and scattering processes from the complex spectra of atoms.

* Another important application of spectroscopy is to find the interactions between
atoms, molecules, photons and lons, to determine intensities and widths of
spectral lines.

% Spectroscopy is also used to identify the atoms, their structures and the
environment of the atoms and molecules.

% The modern spectroscopy underlines the mechanism of some lasers, the accurate
measurement of frequencies, the cooling of atoms to sub-micro-Kelvin

temperatures, and also radio and optical Astronomy.
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1.2 Spectra of Rare Gases

The rare gases belong to the group of atoms which have a closed shell in the ground state
configuration, resulting in a 'S ground state. This configuration makes the rare gases
spectra qualitatively different from the alkali and alkali earth elements. The separation
between the ground state and the ionization potential is about 4 eV for alkali and ~12 to
24 eV for rare gases. The rare gases (except He) have an ms’mp® closed shell
configuration therefore singly excited state consists of an electron outside the ionic core
which has a double fine structure splitting 2P3/2 and 2P1/2. Consequently, there are two
distinct sets of singly excited series converging to two ionization limits mp’ °P3, and mp’
2P]/2, where m stands for 2, 3, 4, and 5 for Neon, Argon, Krypton, and Xenon
respectively.

Alkali atoms can be easily excited to the first excited state by a single photon of energy
~2 eV, while for the excitation from the ground state of rare gases, one needs photons of
energy ~8 to 20 eV. This makes the optical excitation of rare gases extremely difficult
unless one uses the multiphoton processes. A way to avoid this difficulty in rare gases is
to use discharge, in which metastable levels are populated through collisions. The photo
excitation from these metastable levels can proceed as that of the alkali atoms. This

excitation process for the rare gases forms the core of the present studies.

1.2.1 Coupling Schemes for the Rare Gases

The way in which the angular momenta are coupled in an atom has important bearing on
the structure of the spectra. For the atoms of smaller atomic numbers, the predominant
coupling is the LS coupling. In LS coupling scheme the electrostatic interaction between
electrons are stronger than the magnetic interaction (spin orbit). The orbital angular
momenta /; (where i = 1 to n) of the electrons are coupled to form the total angular

momentum L:

L=)] 1.1

i
i=l

The spin angular momentum s; of each electron coupled to form the total angular

momentum S;
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S=is, 1.2

i=]
The total angular momentum J is given by:

J=|L+5| 1.3

The state in LS coupling scheme is designated by */L, where 2S+1 is the multiplicity of
the state.
In heavy atoms the magnetic interaction is stronger than the electrostatic interaction
between the electrons resulting in each electron’s spin coupling to its orbital angular
momenta namely:

Ji =l £s)| 1.4

Each; are then coupled to form J, the total angular momentum:
J=>j 1.5

This coupling is called jj coupling scheme. The states with given values of j;7, and J are
denoted by means of (j;,),.

Apart from the above mentioned frequently used coupling schemes (LS and J7), the other
popular coupling scheme is the intermediate scheme or J7 coupling scheme [3,4]. The
energy levels of most of the elements when the optical electron is on average at a greater
distance from the electrons of the atomic core are characterized by this scheme. In this
scheme the orbital angular momentum / of the excited electron couples with the total

angular momentum j. of the core to give the resultant angular momentum K:

K=

Je £ 1.6

The angular momentum X is then by weakly coupled with the spin angular momentum s

of the Rydberg electron to give the angular momentum J:
J=|K 4] i

In j/ coupling scheme the states are denoted as nl[K],.
The rare gases (except He) are most conveniently described by this intermediate coupling
scheme. Since there are two states of the ionic core corresponding to two different values

of the angular momentum j,, therefore, there are two distinct sets of the excited states
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depending on j.. These sets are generally denoted by nl/K] (for j, = 3/2) and nl [K], (for
== 112},

1.3 Rydberg Atoms

“Once the Bohr’s Theory was formulated it was apparent that Rydberg atoms should
have bizarre properties.” Thomas F. Gallagher, Rydberg atoms

The Rydberg atoms due to their unusual properties and possible practical applications
have become a topic of immense interest in the field of spectroscopy [5,6].The study of
these atoms have provided much deeper insights in the understanding of the atomic
structure and have stimulated new theoretical calculations. This is the reason that an
enormous data on Rydberg atoms covering a large number of atomic species from
Helium to Uranium exists.

In an atom when the valence electron is excited, from the ionic core, to an orbit with
large principal quantum number », a Rydberg atom is formed. The excited electron sees
the nucleus and the core electrons as a point charge e*. This configuration of the atom
can be treated by simple Hydrogen like model and the energy levels of such an atom can
be calculated by the Rydberg—Ritz formula. The Rydberg energy levels are different from
the hydrogenic levels. This discrepancy which is more for low # values, from the
hydrogenic behavior provides information about the properties of the atomic core and its
interaction with the Rydberg electron. A Rydberg electron spends most of its time far

from the ionic core where the effective potential is essentially coulombic given by

eZ

V., =—-—— 1.8
(r »

Wherer >r,, r, is the radius of the region around the nucleus which limits the core

wavefunction. For the low angular momentum orbits i.e. penetrating orbits, the Rydberg
electron experiences the unshielded nuclear charge (non-coulombic interaction), and is
more tightly bound which lowers the energy levels from the hydrogenic values. The
higher angular momentum ¢ states though exhibit very little core penetration, actually
cause core polarization. This is the result of the electric field of the electron at the ionic

core, which distorts the polarizable core leading to a negative energy shift. The
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magnitude of the energy shift due to the core polarization is smaller than the shift caused

by the core penetration. This depression in the energies of Rydberg levels is the measure

of the quantum defect 42 . The value of u decreases with increasing ¢ and increases with

atomic number Z for a given £ value. For the hydrogen atom, the value of 4 is zero. The

effect of core polarization and core penetration is very well studied and is described by

the Multichannel Quantum Defect Theory (MQDT).

1.3.1

Properties of Rydberg Atoms

Some interesting properties of these states are listed below:

o,
4.0

0,
00

\/
A X4

The energy levels of the Rydberg atoms with principal quantum %’ and orbital
angular momentum ‘¢’ are represented by the formula,
R

E,, :IP—“2
(n—u,)

1.9

Where R is the Rydberg Constant, z, is the quantum defect of the level and it
depends on the angular momentum ‘/’ of the excited electron. It describes the

measure of the core penetration.

The binding energies of Rydberg atoms are very low. It requires very small

. . " 1
amount of energy to be ionized. It is proportional to —=s
n

Their size is enormous on the atomic scale and is directly proportional ton?,

i.e.,<r>=ayn® where q, is the Bohr radius.
Their geometrical cross-section is very large, o, = (m02n4) .
Highly excited Rydberg atoms possess relatively long lifetime, ie., 7, is

proportional ton’.
The energy separation AE between adjacent levels is given for large » values as,

g, =28 1.10
n

AE=FE

n+l
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1.3.2 Excitation of Rydberg States

There are different mechanisms used for the excitation of Rydberg states. These include
electron transfer [7], electron bombardment [8] and photoabsorption techniques [9]. The
absorption spectroscopy of Rydberg atoms, with classical light sources, remained
restricted to the excitation of few low lying levels, particularly those accessible by
electric dipole transitions from the ground state. The selective excitation of Rydberg
atoms have to wait till the advent of tunable laser sources.

The tuneability and high spectral density over the entire optical spectrum of dye lasers
have opened new vistas in Rydberg state spectroscopy. The number of high lying atomic
states accessible to experiments has been considerably increased due to the inclusion of
different excitation schemes like multicolor and multiphoton excitation. For those atoms
which have low ionization potentials, e.g. alkalis, one step excitation from the ground
state is possible (with/without frequency doubling the dye laser output). Whereas, for
elements with high ionization potentials, e.g. noble gases, one step excitation requires
VUV photons. The difficulty can be overcome by populating the low lying metastable
states in a discharge and from there the tunable optical excitation can be used to populate

the Rydberg states [10,11].

1.3.3 Detection of Rydberg Atoms

There are different techniques for the detection of Rydberg atoms, which are given
below:
** Field Ionization
This is a very important mechanism for the selective detection of Rydberg atoms.

By applying a certain external field (E,car) to the highly excited Rydberg states,

the ionization potential can be lowered and the field ionization may occur.
Different field values ionize different states, which can readily be detected. The

electric field required to ionize valence electron increases approximately as the

square of the binding energy of the atom. This can be expressed by £, = L‘,
n
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% Fluorescence Detection
This technique is noticeable for detecting Rydberg states, which have large
collisional cross-sections and long radiative lifetimes. The collisional decay at the
required particle densities therefore become more probable than the radiative
decay rates of these high lying states.

%+ Collisional Ionization in a Space Charge Limited Diode
This is an efficient technique to study the highly excited atomic states [12,13].The
space charge surrounding the cathode gets modified when an electron is created in

its vicinity-giving rise to a current pulse.

% Optogalvanic Technique
This detection method has very attractive characteristics namely, simplicity and
high sensitivity. We have employed this detection technique to study the time
resolved spectra of Xenon. A detail discussion on optogalvanic detection

mechanisms is given in article (2.2).

1.4 Excitation Schemes

When an atom absorbs energy and promoted from its lower level to an upper level this
phenomenon is called excitation. There are different types of excitation schemes used in
the laser spectroscopy that is, single-step/single-photon excitation, multi-step photo
excitation and multi-photon excitation, which depends upon the photon energy available
and the parity of the involved states. Here in our work we used the single-step/single-

photon excitation scheme and is briefly described below.

1.4.1 Single-Step/Single-Photon Excitation
In a single-step photoexcitation, the outermost electron of an atom undergoes a transition

from some initial discrete state lz’ > of energy E; to another discrete state ‘ f > of higher
energy E by absorbing a photon of a particular energy “%v > following the relation:

Ef—Ei=hvif 1.11
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Here £ is the Planck’s constant and Vv, is the frequency of the absorbed photon.

Similarly, when an electron jumps from higher energy state to a lower energy state, a
photon of energy equal to the energy difference of the two states is emitted. A simple

explanation of single-step excitation is shown in figure (1.1).

E, 17

hy

E I}

Fig: 1.1 Single-step/Single-photon excitation.

The single-step photoexcitation process obeys the electric dipole transition selection rules
{Al=+1,AS=0,and AJ=0, + 1(0<4 0), where [ is the orbital angular momentum, J is
the total angular momentum and S is the multiplicity of the concerned states. The
transition probability per unit time for single-step photoexcitation, using the electric
dipole approximation [14], is expressed as

_ ifi p(a)if)

= 1.12
3R 4,

’2

[ flerfi
Here p(w,)is the radiation density per unit interval of the angular frequency. The

transition probability depends on the electric dipole matrix element l( f ‘er’i>[2. The parity

between the initial and the final state must change in order to have this term to be non-
zero. In a single-electron atom excitation this requires that the angular momentum must

change by + 1.

1.5 Lay Out of the Thesis

Chapter two presents briefly the theoretical aspects of laser spectroscopy, optogalvanic

spectroscopy, and the rate equation model. Chapter three describes the experimental
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setup. Chapter four concludes the results and discussions of the time-resolved

optogalvanic spectra of Xenon.

10



CHAPTER 2

Theoretical Aspects

2.1 Laser Spectroscopy

Before 1960, scientists were using broad band background conventional sources for the
spectroscopic analysis. These sources were providing wide energy bands for atomic
transitions. A major part of this energy would be absorbed by the medium as kinetic
energy which would cause to raise the temperature. Therefore these conventional
methods failed to obtain high resolution spectrum. The first laser, in 1960, was produced
by Theodore Maiman of Hughes Research Laboratories using a Ruby laser and a flash
lamp as a pumping source. The invention of laser has proved very useful in spectroscopy
and is being extensively used these days to obtain high resolution spectra [15]. Helium-
Neon laser, a continuous-wave gas laser emitting infra red light at 1.15 um was
developed by Javan 1961 [16] of Bell Laboratories. Later on Johnson [17] and Nassau
[18] made the first Neodymium laser at the same laboratory. In order to improve the
control, operation and reliability of lasers, many special cavity arrangements, feed back
schemes and other devices were also developed [19].
A laser consists of following three main parts:

%* A gain medium that can amplify light that passes through it.

“* An energy pump source to create a population inversion in the gain medium.

* Two mirrors which form a resonator cavity.
The advantages of laser over the conventional sources are due to its directionality,
monochromaticity, coherence and brightness. Laser light due to its high intensity, narrow
line width of the spectral lines and phase coherence, immediately stimulated new interest
in atomic and molecular spectroscopy. Intense laser light has opened the field of non-
linear optics, the formalism of which was developed by Bloembergen [20]. Frequency
mixing processes such as second harmonic generation were discovered and exploited to

generate coherent light at new wavelengths deep in the ultra-violet and far infrared. Other

11
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non-linear optical effects studied include the stimulated Raman effect, four-wave mixing
and other stimulated processes induced by the high intensities of laser light (large number
of photons per mode). Multi-photon absorption in atoms was used to ionize and detect
trace quantities, and multi-photon absorption in molecules was used to produce large
quantities of highly excited state species.

New results in laser spectroscopy continue to advance the field. The developments of
atom traps, combined with laser slowing of atomic beams due to photon recoil, called
laser cooling, has led to techniques for highly localized confinement of isolated atoms.
These species, trapped in space, can then be studied free of the usual external
perturbations, providing spectroscopic data of extremely high resolution for fundamental

studies and applications.

2.2 Optogalvanic Spectroscopy

When a self-sustained gaseous discharge is illuminated by radiation resonant with an
atomic or molecular transition of the element within it, a change in its electrical
properties occurs. This change observed as an increase or decrease in the conductivity of
the discharge and is known as “the optogalvanic effect” (OGE).

The OGE was first described by Penning in 1928 [21], who noted a variation in the
impedance of a neon discharge when it was irradiated by an emission from an adjacent
Neon discharge. Similar observations were later made on Hg and He discharges by Kenty
in 1950 [22] and Meissner and Miller in 1953 [23]. In all cases the pumping effect of the
radiation on the metastable levels, which are critically involved in the ion-electron
production mechanism inside the discharge, made it possible to observe this phenomenon
by using incoherent light sources. Extensive and practical applications of the OGE had to
wait for the introduction of tunable dye lasers.

The actual development of the OGE as a useful spectroscopic tool began with the work of
Green, Keller, and Luther [24]. They irradiated a discharge using a tunable dye laser and
demonstrated that high-sensitivity spectra of the species present in the discharge could be
obtained. The electronic excitation of the atoms in the discharge allowed for the

observation of transitions starting from the metastable or excited states, while the use of a

12
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hollow-cathode discharge made it possible to perform spectroscopy on a gas-phase
sample of refractory elements produced by cathodic sputtering.

The OG technique can be considered as an alternative to absorption or fluorescence
techniques. The experimentally observed perturbation of the discharge characteristics
induced by laser radiation (even at high saturation level) is usually sufficiently small so
that OGE can be considered directly proportional to the number of photons absorbed
[25].

2.2.1 Advantages of Optogalvanic Spectroscopy

OG spectroscopy gets importance the absorption and fluorescence studies of the
spectroscopic data. Absorption spectroscopy is limited to the sample that has sufficient
optical density to absorb a detectable amount of the incoming radiation. Fluorescence
spectroscopy can often be used to study weakly absorbing sample, but this technique also
has a few limitations. The sample may fluoresce at a wavelength beyond the range of a
particular detector (such as in the vacuum ultraviolet). It may fluorescence thought many
“decay channels”, only one of which may be convenient to monitor. The excited states
may decay primarily through non-radiative processes etc.

OG spectroscopy is less expensive and involves the use of fewer electronics than the
usual optical detection techniques. With regards to signal to noise, ratio, the current noise
in the discharge can be reduced practically to the short noise i.e., when the discharge

operates in the correct regime.

2.2.2 Applications of the Optogalvanic Spectroscopy
The OGE has many applications some of which are given below:

% The easy detection and high sensitivity of Laser OGE has offered a variety of
applications for laser spectroscopy. This effect is very efficient in the detection of
trace elements.

% The OG technique has been applied extensively in the study of Rydberg states.
These can be reached by exciting the radiative transitions starting from the

metastable states, which are well populated in the discharge. This is particularly
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2. Theoretical Aspects 2.3 Rate Equation Model

true for the noble gases and for the alkaline-earth atoms.

%t The OGE has been used, for the wavelength calibration and the frequency
stabilization of pulsed or cw dye lasers in any spectral region. It can also be used
for the determination of the dye laser bandwidth.

% The OGE can be used to determine the relative oscillator strengths of different
levels and the electron temperature of the discharge.

% The OGE can be employed to detect the transition between electronically excited
levels in the atoms, molecules, free radicals and refractory elements.

* The isotopic splitting can also be observed with the OG spectroscopy.

<+ The OGE can be used very successfully as a tool for learning about the discharge
mechanisms. A very useful data on the structure of the cathode fall was obtained
with this technique. Detection through OGE produces a better signal-to-noise
ratio, in the cathode fall region as compared to any other fluorescence or
absorption methods.

< The OGE can be used to study the kinetics of the fast reaction.

% The OGE is very efficient for the investigation of the autoionization levels.

%* The OGE can be used as a diagnostic tool for the study of low energy plasmas.

* The OGE technique can be used effectively in the investigation of hyperfine

structure of the atoms.

2.3 Rate Equation Model

OGE in the rare gases has been widely studied and different models have proposed to
account for this effect [26,25,27]. These models characterize the response of the
discharge, when the steady state population distribution of the levels, is perturbed by a
laser resonant to a transition between these levels, A simple phenomenological model
based on the multiplication of an electron in the plasma can be constructed to describe the
OG signal and its time dependent behaviour [27]. In DC discharge plasma, an electron
emitted from the cathode and traveling towards anode can generate electrons in the
medium by excitation and ionization mechanisms. The resulting ions move towards
cathode and in this process more electrons are librated in the medium. An avalanche is

thus initiated by the inclusion of a single electron in the discharge.
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Stewart Constructed a rate equation model for the OGE in the positive column of the
neon glow discharge [28]. This model includes the ground state atom and electron
collisional coupling processes. It was demonstrated that the electron transfer plays a
dominant role in determining the magnitude and sign of the OGE. Han [29] presented a
theoretical model, which quantitatively characterizes the dominant physical processes
responsible for the OG signal in the discharge plasma. This model, with only five
parameters, reproduces the experimentally obtained time-resolved OG signals.
The present work quantitatively characterizes the dominant physical processes
contribution to the OG signal in the discharge plasma. When the laser is tuned to a Xenon
transition, the observed OG signal intensity as a function of time, S(?), is the sum of
signals originating from all the energy states involved;

S(t):S,.(z‘)+Sk(t)+ZSj(t) 2.1
Where S; and Sy are the contribution from the lower state 7 and the upper state & associated
with the laser excitation, respectively. In addition to i and k states which are directly
involved in the optical excitation, contribution to the OGE, signal may also arise as a
result of transition from state & to an intermediate state J- If there is only one lower state i
to which the state £ can decay, then equation (2.1) is reduced to only two terms. A
simplified two-level energy diagram is shown in figure (2.1) to illustrate the dynamics
considered in the present model.
By laser excitation, the number of atoms in either state is mainly determined by three

processes;

% Electron collisional excitation
% Radiative depopulation

% Electron collisional ionization
The electron collisional excitation from the ground state “S, to 7 and k states depends on
the discharge current / and the corresponding scale factors P; and P;. These factors
involve all the electron collisional processes that contribute to the steady-state

populations of these states. The radiative depopulation is governed by populations (V; and
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Fig: 2.1: Energy diagram showing transitions and dynamics involved in the OG signals.

Ny) and the effective decay rates (I'iand I) for each state. The observed OG signal comes
from the electron collisional ionization.

A +e = A +2e 2.2
Where 4"and 4" are excited metastable and ionization states respectively.
The shape and the intensity of the OG signal depends on N; Io; and Niloy, where [ is the
discharge current and o; and o, are the electron collisional ionization rate parameters.
They are proportional to the electron collisional ionization cross section of i and  states

respectively.
2.3.1 Rate Equations

The rate equations describe a simple balance between the rate of change of total

population of the levels involve and total number of laser photons.
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The rate laws of the atoms population in 7 and k states are;

%=IP,.+N,(F,“.—N, [T +10,) 2.3
dN
C=IP,-N,(T, +Ic,) 2.4
dt
Where, I is the total decay rate including radiative decay. At the steady state with
condition, % = % =0, so equations (2.3) and (2.4) can be simplified to;
N = P, + m, Ty 25
L'+ 1o,
N,=—%¢ 2.6
ry + 1o,

By laser excitation AN of the atoms is promoted from 7 to k state. At this instant (z = 0),

the population of both the states are

N,(0)=N, - AN 2.7
N,(0)=N, + AN 2.8
Equations (2.7) & (2.8) are the initial conditions for the general solution of the rate
equations.
The OG signal of equation (2.1), arising from the change of the discharge current due to
the electron collision ionization, can now be related to the change of population after

optical excitation by
AS(t) = AS,(£)+ AS, (£) = AN, (1)l + AN, (t)Io, 2.9
Therefore, the general solution of equations (2.3) and (2.4) take the form:
S(t)=ae O 4 o= 2.10

Where a and c are the amplitude whereas b and d are the decay rates for the two states

involved in a transition;
lo L,
I+1o,-T, -Io,

2.10a

a=Ilo, +
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b=T, +Io, 2.10b

fe, L,
I''+lo,-T, -Io,

2.10c

-c=1Io, +

d=T, +]Io, 2.10d

2.3.2 Instrumental Time Constant

The effect of instrumental response is crucial in determining the fast time region of the
OG signal [27], which cannot be neglected if full understanding of the OG signal is
desired. The fast time region details include the steepness of the rising edge, temporal
position of the peak maximum and the peak intensity. The instrumental response
becomes less significant as the OG signal evolves in the time domain. Including 7,

equation (2.10) becomes:

—t ~t
S(E)=—2—|e? o7 |4+ —C | _¢v 2.11
1-b7 1-dr

Here the parameters a, b, ¢ and d have the same definitions as those in equation (2.10)

and 7 is the instrumental time constant of the signal.

2.3.3 Effect of Discharge Current

In a gas discharge at a certain pressure and applied field, the collisional ionization
regulates the current in the medium and for a given discharge parameters, a steady state
current flows through the discharge. When the discharge is irradiated by a frequency,
which corresponds to certain atomic, or molecular transitions of the gaseous species, a
change in the steady state population of two or more states occur. As collisional
ionization rates of different states are different, therefore change in the state population
causes a change in the ionization balance of the discharge thereby causing a change in the
steady state current of the discharge. In the present theoretical model, while solving the
differential equations (2.3) and (2.4), we assume that the discharge current is constant.
This should be a good approximation, because the relative change in the discharge

current is very small [29]. It is predicted that with a certain discharge current change the
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2. Theoretical Aspects 2.3 Rate Equation Model

decay rates for the upper and lower states should be linearly related to the discharge

current as given by equations.
b=T, +Io,
and d=T,+Io,

Where as b and d are the decay rates for the two states involved in a particular transition.
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CHAPTER 3

Experimental Setup

3.1 Introduction

The experimental setup to study the required optogalvanic spectra of Xenon is shown in
figure (3.1). It consists of a dye laser pumped by a Nd-YAG laser system (Quanta Ray,
GCR 11) and commercial hollow cathode lamps (Photron, Australia). The laser beam
obtained from a dye laser was further divided into three parts by using beam splitters in
its path. One part of the dye laser beam was directed to one of inert gas filled hollow
cathode lamp through 1 mm diameter aperture. The second part was directed to other
hollow cathode lamp, which produces well-distributed spectral lines, accurately known
and listed in the M.LT. Tables (1982), which have been used for the wavelength
calibration. The third part was passed through a 2 mm thick solid etalon. These hollow
cathode lamps were operated through a regulated DC power supply capable of delivering
200 7 and 20 mA when a 10 k<2 load resistor was inserted in series with the hollow
cathode lamp and a DC power supply. Time-resolved signals at constant laser energy
were registered on a storage oscilloscope, the time-integrated signals at various current
values ranging from 2 mA to 6 mA and the etalon rings were simultaneously recorded
using the Boxcar Averagers (SR-25 0) and the data were stored on a PC through a General
Purpose Interface Bus (GPIB) for subsequent analysis. While doing this experiment we

made, use of different instruments, a brief introduction of each of which is given below.

3.2 Nd: YAG Laser (Pumping Source)

A pulsed laser system, Quanta-Ray GCR-11 was used to optically pump the dye lasers,
which consists of an Nd: YAG laser, Harmonic Generator (HG) and Dichroic Mirrors
(DHS). The HG generates the second and third harmonics while DHS is used to separate

the second and third harmonics, 532 nm and 355 nm respectively.
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Fig: 3.1: Schematic diagram of the experimental setup.

1. Nd: YAG Laser System 2. Harmonic Generator 3. Harmonic Separator

4. Dye Laser Cell 5. Beam Splitter 6. Reflector

7. Hollow cathode (Xenon) 8. Hollow cathode (Neon) 9. Oscilloscope

10. Spherical lens 11. Etalon 12. Photodiode

13. Photodiode for triggering ~ 14. Boxcar Averager (SR-250) 15.Computer interface (SR-245)
16. PC or recorder 17. Dump (1064 nm) 18. Dump (532 nm)

The neodymium-doped yttrium aluminum garnet (Nd: YAG) is most widely used solid
state laser, in which the active medium is triply ionized neodymium (Nd*) hosted by
YAG, which is optically pumped by flash lamps. The Nd: YAG is a four level laser

system as shown in figure below.
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Fig: 3.2: Energy levels in Nd: YAG laser.

The flash lamps emit a broad spectrum of light, but the neodymium ions absorb most
strongly at a limited range of wavelengths around 0.7 to 0.8 um. The absorbing photons
in this range raises the neodymium ions from the ground state to the higher energy state,
from where they decay to the *F3, state, releasing their excess energy to the crystalline
lattice. This state has comparatively long lifetime, about 230 us, hence this state will be
populated heavily. In this state they are stimulated to emit 1064 nm laser transition
dropping to a I,1)» laser level. The “I;; is an unstable state, consequently the ions will
rapidly return to the “Iy, ground state, producing a population inversion between the ‘Fy,
and ‘I, 12 states and thus the lasing. The neodymium laser can be arranged in series, in an
oscillator-amplifier configuration to obtain more pulsed power than is available from a
single laser oscillator. A Q-switch is used to reduce the pulse duration and to raise its

peak power.
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3. Experimental Setup 3.3 Dye Lasers

Harmonic Generator (HG) doubles or triples the fundamental frequency 1064 nm and
generates the second or third harmonic with wavelengths 532 nm and 355 nm by using a
non-linear crystal with higher conversion efficiency called Potassium Dideuterium
Phosphate (KD*P) crystal. In our laser system pulse duration is from 7-6 ns, and pulse
energy of second harmonic is equal to 135 mJ, where as the third harmonic pulse energy

equals to 60 m.J.

3.3 Dye Lasers

Dye lasers are classified as liquid lasers and are the most interesting type of lasers due to
their significant properties. Dyes are organic, dissolvable in solvents like ethanol,
methanol or water. The resultant solution follows dye’s color.

Organic dye lasers were discovered in 1966 by Sorokin and Lankard [30] and Schéfer
[31]. The first excitation of dye lasers was performed using pulsed ruby laser. This work
was quickly followed by the successful demonstration of laser action using flash lamp
pumping [32]. Dye laser action using the second harmonic of Nd: YAG laser was
demonstrated in the same time period [33]. Flash lamp pumped dye lasers have been used
to yield high energy pulses in the microsecond regime at a low pulsed repetition
frequency (prf). Pulsed dye lasers are known to yield coherent tunable radiation at high
average powers. An important feature of the laser dye as a liquid gain medium is its
ability to flow at linear speeds, suitable for the necessary cooling. Flash lamp pumped
dye lasers operating at a prf in the 850 Hz range have been reported to yield up to 1.2 kW
in five second bursts [34]. A very important development was the introduction of the cw
dye laser by Peterson [35]. This breakthrough provided the necessary infrastructure for
the subsequent development of the femtosecond laser. The first narrow linewidth tunable
laser oscillator was introduced by Hénsch in 1972 [36]. This telescopic Littrow grating
configuration greatly enhanced intracavity dispersion by expanding the beam that
illuminated the diffraction grating and line-width of about 0.003 »nm (at A ~ 600 nm) was
achieved. Further narrowing in the line-width was achieved using an intracavity etalon
[37]. About the same time Myers [38] and Stokes [39] reported the line-width less than
0.1 nm using a single prism in the cavity (for the beam expansion). Hanna [40] reported

the line-widths in the range of 0.003 nm to 0.007 nm by improving the single prism cavity
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design. Using a grazing incidence angle, an alternate way of illuminating the grating was
achieved by Shoshan [40] and Littman [41]. In this type of cavity, a line-width of the
order of 0.003 nm at A ~ 600 nm was achieved.

However, there are two disadvantages in the use of single prism cavities as these
employed the prism at a high angle of incidence, which causes significant optical power
loses. Moreover, in the case of an open cavity the output is coupled with a high
component of amplified spontaneous emission and the closed cavity leads to reduce
efficiency. These shortcomings were tried to be overcome using multiple prism cavities.
The generalized dispersion theory for multiple-prism arrays was introduced in 1982 by
Duarte and Piper [42]. This theory is applicable to line-width narrowing and pulse
compression. Tunable narrow line-width solid state dye lasers were demonstrated by
Duarte in 1994 [43]. Work on crystalline laser dye gain media has also been the focus of
recent research [44,45]. A significant advantage of solid-state gain media is that, once
synthesis is perfected, its production costs are relatively low. The future of organic dye
lasers is very bright. A wide range of industrial applications could benefit from the
generation of cost effective tunable laser radiation in the visible region. Liquid, high
average power dye lasers could make a significant contribution to the field, due to the
discovery of new or modified highly stable water soluble dyes.

The selection of the dye and its concentration in the specific solvent depends on the
wavelength required for the excitation scheme of the experiment. In the present work, we
have recorded the optogalvanic spectra both integrated and time-resolved, produced by

scanning the wavelength across the inert gases transitions.

3.3.1 Resonant Cavity

We have used the Hanna type dye lasers cavity in our experiments, as shown in figure
(3.3). A holographic grating having 2400 /ines/mm was coupled to a stepper motor. In a
single step, motor covers approximately 0.095 cn™/(0.002 nm) at 400 nm. In this cavity, a
cylindrical lens focuses the pump laser into a horizontal line inside the dye cell, near its
front surface. Due to the high gain of the laser dyes, a fluorescence spot from both sides
of the dye cell is produced. On one side of the dye cell a 100% reflecting mirror reflects

the fluorescence back into the cell. As a result we get a bright fluorescence on the other
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side of the cell which then hits the prism at the grazing incidence. The prism then
expands the fluorescence so that it covers the maximum grooves of diffraction grating for
better resolution and narrow laser line-width. The diffraction grating reflects the
fluorescence into cell through the prism. The mirror and the grating define the cavity of

the laser. The wavelength tuning was achieved by rotating the grating by a computer

controlled stepping motor.

Pumping Laser

= - Cylindrical

: LT Output Dye Laser
g V4
)
G
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2 Dye Cell
=

90° Prism
Diffraction Grating

Fig: 3.3: A Hanna type dye laser.

3.3.2 Molecular Transitions and Spectra

The energy level diagram for a typical molecule is shown in figure (3.4). The ground
states of most of the molecules are singlet, so that the absorption of light produces excited
singlet states. Spontaneous emission then results in fluorescence. However, it is possible
through a process called intersystem crossing for molecules to switch into their excited
triplet states. Spontaneous emission from a triplet state occurs very slowly, by
comparison with the fluorescent transitions, and is called phosphorescence. Molecular
fluorescence is responsible for the dye laser emission. The range of the fluorescence
wavelengths limits the wavelength of the laser emission. To choose a particular

wavelength, we pick a dye with its fluorescence emission spectrum around the desired
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laser wavelength. We must also choose a dye with a long-lived first excited singlet state,
so that a population inversion is easy to build up. The dye should also be easily excited

by the available light sources.
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Fig: 3.4: Energy level diagram for molecular transitions.

3.4 Hollow Cathode Lamp

Hollow cathode lamp is a type of discharge lamp that produces narrow emission from
atomic species. They are used to study the laser optogalvanic effects. It gets its name
from the cup-shaped cathode, which is made from the refractory elements such as U, Sr,
Ba, Cu, Fe, and Al etc. On the upper side of the cup- shaped cathode just a few mm away,
there is a metallic ring known as anode. The operational current lies in the range of 5-10
mA. In order to get the maximum signal, the current favoring the optimum conditions is
applied.

For our experiment we have used commercial hollow cathode lamps (Photron, Australia)
filled with Xenon gas at a pressure of about 1 rorr. Operating current for this hollow
cathode lamp is 2 mA to 6 mA. In figure (3.5) geometrical construction of hollow cathode

lamp is shown.

3.4.1. Limitations of Hollow Cathode Lamp

* The main limitation of a hollow cathode lamp is that only one element can be
analyzed at a time and we need changing the lamp for the analysis of the other

element.
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% Another problem, which is faced with the hollow cathode lamp, is the problem of
self-absorption. This problem arises due to the diffusion of metal atoms of the
cathode in the sample being analyzed. This problem can be avoided by running
the lamp at a low current value.

< When the lamp remains in use for a sufficiently long time, the metal atoms
deposit on the walls of the lamp. The deposition of metal atoms on the lamp
window reduces the lamp intensity. This can be avoided by separating the cathode

and the window regions of the lamp.

Cathode Anode Xenon Gas
\

Fig: 3.5: Xenon filled hollow cathode lamp.

3.5 Fabry-Perot Etalon
In 1889 Charles Fabry and Alfred Perot designed a device called “Fabry-Perot Etalon”,

which brought about a significant improvement in Michelson Interferometer. It works in
a similar way as a resonant cavity in laser.

Etalon is used as a standard of length calibrated in terms of the wavelength of spectral
lines. This instrument is shown in figure (3.6), is used to produce circular, sharply
defined interference fringes from the light from an extended source. The rings on the
screen are images of those points on the source producing light going in suitable
directions between the lenses. In etalon the central cavity is usually made of two glass
plates, with their inner surfaces coated with partially transparent films of high reflectivity.
These plates are held apart by an optically worked spacer made of silica to which they
pressed by springs.
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Fig: 3.6: A Fabry-Perot Etalon.

3.6 Photodiode

Photodiodes are doped semiconductors, which are used as photovoltaic or
photoconductive devices. When the pn-junction of the diode is irradiated, the photo
voltage is generated across the diode; with in a restricted range it is proportional to the
absorbed radiation. Diode used as photoconductive elements change their internal
resistance upon irradiation and therefore can be used as photo resistors in combination
with an external voltage source. In the present experiment the laser pulse through a

photodiode triggered both the oscilloscope and the Boxcar Averager System.

3.7 Data Acquisition System

The laser optogalvanic technique possesses a high signal to noise ratio. The best method
to recover a signal from accompanying noise depends very much on the nature of the
signal in question and the required representation of the result. There are some techniques
to improve the signal to noise ratio and to transform the signal to a desired format. Some
instruments are developed which can help to optimize the measuring procedure, which

are explained below:

3.7.1 Boxcar Averager
We used the Boxcar averager to acquire and analyze the recovered fast analog signals.
We used the SR-250 boxcar (Stanford Research Systems) which is a versatile, high

speed, and designed to recover fast repetitive fast analog signals. It consists of a gate
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generator, a fast gated integrator, and the exponential averaging circuitry. The gate
generator can be triggered internally or externally and provides an adjustable delay from
a few nanoseconds to 100 milliseconds. The SR-250 is a complete, single channel gated
integrator and box car averager with gate widths from 2 ns to 15 us. The boxcar averager
uses an analog electronics, supported by digital control, to monitor one discrete point in
time on a repetitive signal. It builds up an average of that point over many cycles before
recording it as a value; it may then move to a different value and repeat the same process.
In this way it can step across a waveform which is a complete averaged representation of
the input signal. In our case the gate generator is triggered externally by the Nd-YAG
laser. Using an oscilloscope (triggered externally from the same source) and the front
panel of the potentiometer the gate position is adjusted to sample only the peak of the
signal. The fast gated integrator amplifies and integrates the input signal during the time
when gate is open. In SR-250 we can average from 1 to 10,000 samples. Average of
many noisy signals converges to the mean value of the signal as the random noise

averages almost to zero.

3.7.2 Oscilloscope

An oscilloscope is used for producing a visual image of one or more rapidly varying
electrical quantities. A four channel oscilloscope (Tektronix TDS-2024) was used to view
the signal shape and to measure voltage of the pulse generated due to ionization in HCL.
It was also triggered externally with the help of a photodiode by shining a small portion
of laser light it. It was also used to trigger the gate at the maximum point of signal and to

optimize the signal

3.7.3 PC Recorder

A PC connected to Boxcar Averager through GPIB Card was used for storing and
processing the information received in a prescribed and acceptable form according to
asset of instruction. An IBM PC-486 was used to run the dye laser motor (stepper motor)
which moves/rotates the grating in regular steps, and to record the signal from the

second/ionizing dye laser, Xenon discharge cell (HCL), and from the photodiode implied
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to show the diffraction signals formed by the etalon. The data was stored after each

experimental run for further analysis.
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CHAPTER 4

Results and Discussions

Summary

In this chapter, we study the dominant physical processes responsible for the
production of the optogalvanic signal in the spectra of Xenon. Time-resolved
spectra are obtained at a fixed wavelength of the dye laser resonantly tuned to an
optically allowed transition. The temporal evolutions of the signals are registered
on a storage oscilloscope. Two transitions from the 6s[3/2], matastable and one
from 6s[3/2]; state corresponding to A7 = AK = 0, + 1 dipole selection rules, have
been selected to investigate the dominant physical processes responsible for the
optogalvanic signals. The change in the signal amplitude as a function of the
discharge current has been registered. In addition the electron collisional
ionization rate parameter ratios have been determined for the transitions
corresponding to the dipole selection rules, AJ=-1 AK=0, AJ=1 AK =0 and
AJ=AK =0 as 23, 1.2 and 12.4 respectively. The effective lifetimes of the upper
levels involved in the previously mentioned transitions are also calculated as 0.33

4s, 0.28 us and 0.06 us respectively.

4.1 Introduction

In a gas discharge, at a certain pressure and applied field, the collisional ionization
regulates the current in the medium and for a given discharge parameters, a steady state
current flows through the discharge. Such a steady state can be disturbed by a resonant
radiation that results in a change of population distribution of energy levels. Since the
collisional ionization rates of different levels are different, so a change in level population
causes a change in the ionization balance of the discharge. The atom’s long lived
metastable levels, by colliding with high energy electrons or by means of metastable-

metastable collisions, play a very important role in the ionization processes.
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4. Results and Discussions 4.2 Energy Levels

In the theoretical model, that is rate equation model, discussed in chapter 2, it was
predicted that with in a certain range of discharge current the decay rates for the upper
and lower levels should be linearly related to the discharge current. On the basis of this
prediction, in the present chapter, we identify which dominant physical phenomenon is
responsible for the optogalvanic signal in the spectra of Xenon. The experimental setups,

to study the time-resolved optogalvanic spectra have been described in chapter 3.

4.2 Energy Levels

The ground state electronic configuration of rare gases, excluding helium, is mp® 'S,
where m = 2, 3, 4 and 5 for Neon, Argon, Krypton and Xenon respectively. The excited
levels of these gases are best described by the /K coupling scheme [3,4]. According to
this scheme, the first group of the excited levels above the ground state has a mp’ (m + 1)s
configuration. This results in four energy levels namely, mp5 (m+1)s [3/2]5, mp’(m+1)s
[3/2],. mp’ (m+1)s’ [1/2]9 and mp’ (m—+1)s’ [1/2];. Two of these levels mp’ (m+1)s [3/2];
and mp’(m-+1)s’ [1/2], are metastable levels. One, the mp’(m+1)s [3/2];, is semi-
metastable, while the mp’(m+1)s’ [1/2]; is short lived and is termed as resonance level.
The metastable levels, as they are not connected to the ground state by means of electric
dipole transition (AJ = 0, +1; excluding 0-0), have radiative lifetimes of the order of
seconds, whereas, for the other two levels this time is of the order of ns. Similarly, the
second group of excited levels come from the mp’(m + I )p configuration. This results in
10 energy levels.

Under this scheme the first excited state for Xenon 5p’6s gives rise to four levels namely
6s[3/2]2, 65[3/2];, 65[1/2']p and 6s[1/2'];. Here prime refers to the terms generated from
the 5p° °P, parent ion level. The 6s/3/2], and 6s[1/2'], levels are metastable, with
radiative life times, 149.5 s and 0.078 s [46], while the other two levels 5p56s[3/2] ; and
5p56s[1/2'] 1 have radiative life times of the order of few seconds. The second group of
excited states arises from the 5p’6p configuration that reveals ten energy levels
designated by 6p[3/2']s, 6p[3/27;, 6p[1/2']; 6p[1/20, 6p[5/2]3, 6p[5/2]s 6p[3/2]s,
6p[3/2];, 6p[1/2]; and 6p[1/2],.
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4.2.1 Time-Resolved Optogalvanic Spectroscopy

4.2 Energy Levels

The time-resolved optogalvanic spectrum has been obtained at a fixed dye laser

wavelength tuned in resonance with a dipole allowed electronic transition. The time-

resolved signals are taken directly from the oscilloscope. In order to understand the

collisional ionization of the excited states of Xenon atoms in gas discharge plasma, we

selected three cases of Xenon transitions. A schematic energy level diagram and relevant

transitions are shown in figure (4.1). The solid lines in the figure represent the one-

photon excitation that gives rise to the optogalvanic signal whereas the dotted lines

represent possible decay paths within the framework of the j.K coupling scheme.

4J=1
4K =0
4J=-1
4K =0

}
h

[3/2]2 Aﬁ:l: g

[3/2], - —— aa
g |00 S [ S |
S <+ Pl N Rk
\Q ||: wn [ N T
| cn v o) R
L NEEY F |1 S

[1/21; Y Y LY
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[3/2], e* ~ Y

[3/2]2 A 4 4 Y

Fig: 4.1 Partial energy level diagram for Xenon transitions.
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The laser optogalvanic signal can be either positive or negative, composed of a fast rising

peak followed by an exponential decay to the signal with an opposite sign, which then
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4. Results and Discussions 4.2 Energy Levels

returns to the base line. We have used a least square program to fit the observed time-

resolved signals to the equation

t t
S()= ——|eM e [+—|e* g 4.1
1-bt 1-dt

and determined the amplitudes and decay rates of the previously mentioned transitions.

This expression reproduces the experimentally obtained time-resolved optogalvanic
signal with only five parameters.

A typical time resolved optogalvanic signal curve is shown in figure (4.2). Two de-
convoluted exponential components of equation (4.1) are also shown in figure (4.2), each
representing decays of Xenon population in one of the energy state involved in optical
excitation. We first fitted the exponential decays to obtain the initial values of the decay
rates before fitting the complete curve. At the end, the instrumental response time was

also added in the fitting procedure.

Discharge Current 2 mA
Experimental

0.08
Theoretical (Eq 4.1)

0.06

Fitting of Eist Part of Eq 4.1
0.04

Fitting of Second Part of Eq 4.1
0.02

Optogalvanic Signal (V)

0.00

-0.02

1

Time (us)

Fig: 4.2 Observed and fitted optogalvanic signal at 2 m4 discharge current of two de-
convoluted signals represent the positive and negative exponential components of

equation (4.1).
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4.3 Experimental Results

Here we present the results we have obtained, these can be classified into:
 AJ=-14K=0
 AJ=14K=0
% AJ=4K=0

4.3.1 Case-1 (4 J=-1, 4K =0)

We have chosen the 5p’6s[3/2], — 5p° 6p[3/2]; transition to study the collisional
lonization of the excited state in the Xenon discharge plasma. The wavelength required
for this transition is 469.22 nm, it was achieved by using the dye C-460 dissolved in
methanol. Figure (4.3) shows the observed time-resolved optogalvanic signal, the fitted

curve is also shown with solid line. This particular data was taken at a current of 2 mA4.

0.08
0.06 Experimental
S
E 1 .
S 004 Theoretical Eq 4.1
w
Q
c
[
> 002-
@
o
o
a
© 0004
-0.02 4
T . T T T T T T T —
5 0 5 10 15 20 25
Time (us)

Fig: 4.3 Time-resolved optogalvanic signals of Xenon at 469.22 nm following the AJ = -
I, 4K = 0 selection rules. (a) Dotted line, which passes through the observed data points
is the least square fit to equation (4.1). The signal was recorded at 2 md discharge

current.

By changing the discharge current from 2 md to 6 md, a set of time-resolved

optogalvanic signals is compiled to study the effect of the discharge current. We have
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selected this current range because if the current is less than the optimized value the
discharge was not stable. The upper limit of the current was set because signal above that
value were found to be saturated. These traces are shown in figure (4.4). The
optogalvanic signals consist of fast rising peaks followed by decay to the negative side
and then signal getting back to the base line level. Each spectrum shows a least square fit
of the theoretical model (Eq. 2.11) to the observed data of the time-resolved signal. The
laser energy at each trace was kept constant. The decay rates depend on the discharge
current of the lamp i.e. higher current produces faster decay (see table 4.1) and smaller
peak amplitudes. With the increase of the discharge current the probability of ionization
of the upper level 6p[3/2]; increases. Because of the large ionization cross-section of the
upper level an increase in its population results in higher ionization rates. This is because
it causes both an increase in the number density of atoms in the upper level and a change
in the electron distribution function [48]. Thus the current will increase with the
corresponding voltage decrease across the discharge to maintain the steady state

condition. As a result, the optogalvanic signal will decrease in magnitude.

5mA
5.5 mA

6 mA 4 mA
3.5mA
/ / 3 mA
[ I's / 7 /
k/—ﬁ_’_‘ L4 7 ’// 7 //2.5 mA

/T//ZmA

g

4.5 mA

Optogalvanic Signals (a.u.)

T T T T T T T T T T 1
0 5 10 15 20 25

Time (us)

Fig: 4.4 Set of time-resolved optogalvanic signals registered at different discharge

currents.

The variation of signal amplitude as a function of discharge current is shown in figure

(4.5). From the plot it is evident that the variation of the signal amplitude as a function of
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current obeys an exponential law as expected with the diffusive motion of electrons in the

discharge plasma.

0.085 —-
0.080 -
0.075
0.070

0.065 —

Amplitude (V)

0.060 —

0.055

0.050 . . . . . . ! . .
2 3 4 5 6

Discharge Current (mA)

Fig: 4.5 Plot of the optogalvanic signal amplitude vs discharge current. The signal

decreases with the increase of the discharge current.

The decay rates using theoretical rate equation model are defined by
b=T,+Io, 4.2
and d=T,+1Io, 4.3

Here b and d are the decay rates, o, and o; the electron collisional ionization rate
parameters and 7} and I the effective decay rates of the upper and lower levels
respectively.
The decay rates plots verses discharge current are shown in figure (4.6). It is noticed that
within a certain discharge current range, the b and d values are linearly related to the
discharge current as it is predicted in the theoretical model. The observed data points are
represented by the following parameters obtained by a linear regression fitting:
b=3.06+0.2371 4.4
d=0.01+0.017 4.5
Here b and d are in (us™) and the discharge current / in mA. The experimental values of b
and d are comparable with the theoretical predications of equations (2.10b) and (2.10d).

However it is difficult to compare the experimental values of @ and ¢ because these two

37



4. Results and Discussions 4.3 Experimental Results

parameters are highly correlated with each other so the fit does not yield unique values

for @ and c. This correlation does not affect the » and d values.

Decay Rates (us”)

-5 T T T Y T v T T L

2 3 4 5 6
Discharge Current (mA)

Fig: 4.6 Plot of the decay rates vs the discharge current. Solid lines are the least square

fits to equations (4.2) and (4.3).

The values of these constants are given in Table 4.1. The amplitude of the positive peaks
are also shown in this table. After comparing the theoretical decay rates (Eq: 4.2 & Eq:
4.3) and observed decay rates (Eq: 4.4 & Eq: 4.5), some important conclusions have been

drawn.

4.3.1a Lengthening of the Effective Life Time of the Upper Level

The effective decay rate of the upper level 7} = 3.06 us™ gives the effective lifetime of
this state to be 7 = 0.33 us. The radiative lifetime of the 6p[3/2]; level is 28.7 ns [48].
The possible mechanism for this lengthening is attributed to radiation trapping. The
radiation trapping can be explained as follows: when atoms are excited the by resonance
radiation the resulting fluorescence from the volume occupied by the atoms may be
delayed due to subsequent re-absorption and emission of the original fluorescent quanta.
In the present case the upper level 5p56p[3/2] 1 1s optically connected to the resonance

levels 5p56s[3/2] ;and 5p° 65[1/2']; as well to the metastable levels 6s[3/2], and 3s[1/2',.
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The radiation trapping occurs during the de-excitation of these resonance levels in the
discharge tube. This process is unique because the resonant radiation turns out to be
trapped in the discharge tube. The emitted photon is absorbed by another atom so that the
effective lifetime of the excitation within the system greatly exceeds the radiative lifetime
of a level. Metastable state population plays an important role in the ion production in a
discharge tube. Through collisions and tube wall losses its population is depleted.
Stewart, Mcknight and Hamad [28] calculated the tube wall losses, metastable densities,
branching ratio and escape factor g. They used the expression for the escape factor given
by Fujimoto [49];
1-kyr
5 0.86+kyr

In this expression kyr is the optical thickness at the line center and 7 is the cylindrical
radius. Due to limitations of our theoretical model and little information available about
the commercial hollow cathode lamp we cannot relate imprisonment factor to our
extracted values of the effective lifetimes. On the basis of the previous work we may
speculate that the lengthening of the effective lifetime of the upper level is due to

radiation trapping.

4.3.1b Effective Electron Collisional Ionization Rate Parameter

The extracted electron collisional ionization rate parameters for the upper and lower
levels are o; = 0.23 mA™ us” and o; = 0.01 md™ us”! respectively. The effective electron
collisional ionization rate parameter of the upper level is larger than that of the lower
level. The ratio of these two parameters (oy/c;) is 23, which is proportional to the total
ionization cross-sections. However, the determination of the absolute magnitude of the
cross-sections requires more experimental information. Since the upper level 5p’6p[3/2];
has a larger ionization rate parameter therefore its population is increased because the
ionization depends strongly on the population distribution of various levels. On the basis
of the ratio of the electron collisional ionization rate parameters (o0}/0;) extracted in the
present work, it is concluded that the electron collisional ionization is the dominant
physical process contributing to the generation of the optogalvanic signal in the Xenon

hollow cathode discharge.
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4.3.2Case-2(4J=1,4K=0)

The transition 5p°6s[3/2]; — 5p°6p[3/2], at 473.54 nm obeying the above mentioned
selection rule is chosen to study the time-resolved optogalvanic signal. This wavelength
was achieved by using the C-460 dye dissolved in methanol. One of the trace, recorded
at 3.5 mA is shown in figure (4.7), this figure also shows the result of the least squares fit
to equation (4.1). In figure (4.8) we have shown the various traces recorded at different
current values ranging from 2 mA to 5.5 mA. The dye laser energy is kept constant in all
these traces. As observed earlier, each optogalvanic signal comprises first a fast rising
peak followed by an exponential decay of signal with opposite sign and in the end
converging back to the base line. The signal intensity decreases with current and is
plotted in figure (4.10).

The importance of collisions in the discharge plasma can be understood by comparing
the collisional rates with the radiative rates. When the collisional rates dominate the
radiative rates, the excess population of the 5p°6p[3/2], level is transferred to the other
Sp’6p configuration-based levels and consequently the atoms will quickly decay back to
the 5p’6s configuration-based levels. The high collisional rates then quickly mix the
population in the 5p°6s levels achieving a steady state value and the optogalvanic signal
disappears. Since we have observed the optogalvanic signals on the microsecond time-
scale, therefore the effective lifetime of the 5p’6p[3/2], must be of the order of
microseconds.

In this case the decay rates are also linearly related to the discharge current as has been
observed in case-1. The results of fitting b and d to equation (4.2 and 4.3) over the range
of the discharge current (2 mA4 to 5.5 mA) are plotted in figure (4.9). This figure clearly

shows that the effective collision decay rate d-parameter follows a linear dependence.

40



4. Results and Discussions 4.3 Experimental Results

0.16 -
0.14
0.12 -
s ]
= 0.0
(3]
[ |
2 0.08
(D -
o
'  0.06 .
g ] Theoretical
% 0.04 Experimantal
a i
§ o002 _
0.00 -
-0.02 |
-0.04 . ; . r . . , . : . - .
-20 -10 0 10 20 30 40
Time (us)

Fig: 4.7 Time-resolved optogalvanic signals of Xenon at 473.54 nm corresponding to AJ

=1, 4K = 0 selection rules. The signal was registered at 3.5 m4 discharge current.
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Fig: 4.8 Set of time-resolved optogalvanic signals compiled at different discharge

currents ranging from 2 mA to 5.5 mA.

The data points in the linear regression are represented by the following relations.
b=3.58+0.061 4.6
d=0.28 +(-0.05) 1 4.7
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Comparing these equations with Eq: (4.2 & 4.3), the effective decay rates of both the
levels following the laser excitation are 7} = 3.58 us™ for the upper level and 7; = 0.28

us™ for the lower level.

6 b

5] \

4+ ] - ] -}
J (] L] =
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Fig: 4.9 Plot of decay rates vs discharge current for Xenon 473.54 nm. The solid lines,
which pass through the observed data points, are the least square fits to equations (4.2)
and (4.3).
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Fig: 4.10 Plot of the signal amplitude vs discharge current for Xenon 473.54 nm. The
signal decreases with the increase of the discharge current.
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The effective lifetime for the upper level is 0.28 us, which is longer than the radiative
lifetime, which is 28 ns [48]. The corresponding collisional ionization rate parameters are
or = 0.06 md” us’ and o; = -0.05 mA” us”, respectively. The ratio of these two
parameters (o /0;) is 1.2. It shows that in this case again the electron collision ionization
is the dominant physical process responsible for the production of the optogalvanic
signal. In table (4.2) the fitted parameters and the amplitudes at different discharge

currents are presented.

4.3.3 Case-3 (4 J=4K=0)

For this case we have chosen the 5p56s[3/2] 2 — 5p’6p[3/2]; transition at 452.6 nm. We
recorded the Optogalvanic signal at different discharge currents, while in each case laser
energy is kept constant. In figure (4.11) one of the trace recorded at 2 mA4 is shown along
with the fitted curve. All the recorded traces in the current range 2.5 m4 to 6 mA are
shown in figure (4.12). This figure (4.12) shows that with increasing discharge current
the signal intensity almost remain constant. A possible explanation for this is that the
population is again distributed to the levels where ionization probability is high. The
change of metastable concentration as a function of discharge current is plotted in figure
(4.14).

The decay rates are also linearly related to the discharge current. From the plot of decay
rates vs discharge current (Fig 4.13), we conclude that the effective lifetime of the
5p56p[3/2] 2 level is 0.06 us, which is longer than its radiative lifetime, 28 ns [48]. The
extracted collisional rate parameters for the upper and lower levels are oy = 1.74 mA™ us”
and o; = 0.14 mA™” us™ respectively. The ratio of these parameters (o}/0;) is equal to 12.4,
which reveals again that the electron collisional ionization, responsible for the
optogalvanic signal. In table (4.3) the fitted parameters and amplitudes at different

discharge currents are presented.
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Fig: 4.11 Time-resolved optogalvanic signals of Xenon at 452.6 nm corresponding to

AJ = AK = 0 selection rules. The signal was registered at 2 mA discharge current.
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Fig: 4.12 Set of time-resolved optogalvanic signals compiled at different discharge

currents ranging from 2.5 m4 to 6 mA.
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Fig: 4.13 Plot of decay rates vs discharge current for Xenon 452.6 nm. The solid lines,

which pass through the observed data points, are the least square fits to equations (4.2)

and (4.3).
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Fig: 4.14 Plot of the signal amplitude vs discharge current for Xenon 452.6 nm. Here the

signal is constant with the increase in discharge current.
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Table 4.

1

Tables

Data for time-resolved OG signals of Xenon at 469.22 nm for different discharge

currents.

Fitted Parameters

/ Amplitude
mA ~ -
DA e [ e [dw) | e o
+ 0.005 +0.005 +0.005 + 0.005 + 0.005 -
2 0.416 3.625 0.014 0.034 0.545 0.085
25 0.196 3.691 -0.018 0.058 0271 0.080
3 0.197 3.679 -0.016 0.047 0.272 0.076
3.5 0.193 3.680 -0.018 0.057 0.271 0.072
4 0.169 3.974 0.017 0.058 0.259 0.068
45 0.153 4117 -0.017 0.057 0.242 0.064
5 0.148 4278 -0.016 0.055 0.233 0.060
5.5 0.141 4376 -0.015 0.051 0.228 0.057
6 0.144 4371 -0.015 0.050 0.228 0.054
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Table 4.2

Tables

Data for time-resolved OG signals of Xenon at 473.54 nm for different discharge

currents.

Fitted Parameters

I Amplitude
mA - -
"D Tam Tew e [d@) | rom) i
+£0.005 |+0005 | +0.005 |<0.005 +0.005 +0.
2 0310 3.087 -0.020 0.044 0.250 0.154
3 0.355 3.575 -0.022 0.048 0.278 0.152
3.5 0.359 3.644 -0.025 0.059 0.274 0.146
4 0.335 3.773 -0.024 0.058 0.264 0.142
45 0316 3.860 -0.023 0.053 0.258 0.138
5 0316 3.081 -0.021 0.049 0.249 0.134
5.5 0.310 3.987 -0.020 0.044 0.250 0.132
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Table 4.3

Tables

Data for time-resolved OG signals of Xenon at 452.6 nm for different discharge currents.

Fitted Parameters

1 Amplitude
(mA) - - ")
a() | b | ) d (us™) 7 (us) +0.005

+0.005 |£0005 | £0.005 |<+0.005 +0.005 e
2.5 0.553 20.834 -0.001 -0.535 0318 0.096
3 0.164 20.578 -0.017 0.043 0.078 0.094
3.5 1.557 21.989 -0.018 0.053 0.504 0.106
4 0.158 20.304 0241 0.116 0.056 0.094
45 1.187 22.14 -0.135 0.135 0.424 0.094
5 1.404 26.340 -0.023 0.178 0.439 0.098
5.5 1.440 27.799 -0.020 0.147 0.414 0.102
6 1.457 28.548 -0.020 0.159 0.425 0.100
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Table 4.4

Results

Tables

Change
Collisional Cross Effective | Maximum in
Wavelength | Selection Section mA”! s’ owo; | Lifetime | Amplitude | Amplitude
(nm) Rule o o 7 (us) (2] with
Current
AJ=-1
469.22 AK =0 0.23 0.01 23 0.33 0.085 Decreases
Al=1
473.54 AK =0 0.06 -0.05 1.2 0.28 0.154 Decreases
AI=0
452.6 AK =0 1.74 0.14 12.4 0.06 0.106 Constant
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Conclusion

We have studied the time-resolved optogalvanic spectra in the heaviest inert gas i.c.
Xenon. A commercial Xenon filled hollow cathode lamp at a pressure of about 1 mbar
was used for this purpose. We have been able to assess the dominant physical processes
responsible for the optogalvanic signal on the basis of a detailed experimental study of
the time-resolved optogalvanic spectra in the Xenon discharge plasma. We have chosen
following three transitions

5p’6s[3/2], = 5p°6p[3/2]; 1 =469.22 nm

5p’°6s[3/2]; = 5p°6p[3/2]; 1=473.54 nm

Sp°6s[3/2], — SpP6p[3/2]; A =452.6 nm.

Each of them follow different sets of optical dipole selection rule i.e. A7=-1 AK =0, AJ=
1 AK=0and AJ= AK = 0.

First we have scan our dye laser in the region 450.0 to 480.0 nm to record these
transitions by continuously rotating the grating of the dye laser system using a stepper
motor. Time-resolved study was carried out by adjusting the wavelength at the resonance
value of the transitions described above. Line shapes of the observed optogalvanic signal
have been discussed thoroughly as a function of the discharge current. By using the least
square fitting we have found the effective lifetimes of the upper three levels. The values
of these lifetimes are also found to be larger than their radiative lifetimes. This is
attributed to the radiation trapping in the discharge. The collisional ionization rate
parameters of these levels have also been extracted.

Our future task is to study the time-resolved optogalvanic spectra of all possible
transitions connecting the 5p’6s to 5p°6p levels. This will help us to the study in detail
the role of the two metastable states in the collisional ionization mechanism for different
upper states and also a better comparison between the metastable states and other states

can be given.
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