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PREFACE

Since tﬁe laser was first demonstrated in 1960,
it has played an increasingly important role in the progress of
diverse fields 1like Chemical Physics, Material Science,
Spectroscopy, Display Devices, Communication, Medicine etc.
Right from the begining, laser device with its highly
directional, intense and monochromatic ouput beam offered the
spectroscopist a tool which has the excitation capabilities
that could not be achieved with any of the conventional 1light
sou;ces. Subsequent advances in laser technology have been
instrumental in the development of a large number of new
spectroscopic techniques and in the discovery of wvarious

phenomena relating to light-matter interactions.

Broadly, laser based research has two
directions, wviz., (1) development of laser sources with
continuous and pulsed optical output, and (2) use of laser to
study light induced phenomena. The former aspect stresses on
various pumping mechanisms, selection of proper laser media,

design of laser cavity, optimisation of laser efficiency etc.
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while the latter direction of research deals with the study of
phenomena like photochemical reactions, fluorescence and

phosphorescence, non-linear optics, photoionisation etc.

Nitrogen laser is one of the laser sources which
can be fabricated without much difficulty. N2 laser finds
important applications in Spectroscopy, Solid State Physics,

Chemical Physics and Biomedical Engineering. As the levels of

laser based research are raised in terms of quality and
quantity, the demand on the laser characteristics such as
power, pulse width, stability and repetition rate have become
more precise. The present thesis reports the work carried out
by the author on the design, fabrication and parametric studies

of a high-power nitrogen laser system and its use to study the

fluorescence characteristics of certain doped phosphor samples.

Phosphors have direct applications in various optical devices
and hence considerable importance is attached to a detailed

study of phosphor materials. N; laser operating at 337.1 nm is

an effective source of UV excitation to study fluorescence
characteristics of phosphors. The investigations outlined

above are presented in seven chapters and one appendix.
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As a general introduction, the first chapter
consists of two parts. In part A, a historical survey on the
various designs of nitrogen lasers are briefly outlined
followed by an overview of the theoretical analysis of 1laser
action in nitrogen gas. It is known that very fast excitation
of nitrogen molecules 1is a pre-requisite for population
inversion. This is accomplished by a fast electrical discharge
which dictates a very low impedance pulse circuit. A Blumlein
circuit with transverse excitation is ideal for this, since
with a moderate voltage it is possible to excite the gas at
high pressures. Necessary theory of the Blumlein circuit which
is incorporated with the nitrogen laser system is also
presented in this chapter. Part B contains the general
description of the phenomenon of luminescence. The different
factors affecting the luminescence efficiency along with an
outline of the necessary theory are also included 1in this

section.

The second chapter contains the details of the

design and fabrication of the nitrogen laser system. The laser

constitutes mainly of plasma tube, spark gap, Blumlein
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capacitors, high voltage power supply, trigger circuit and gas
flow system. Calculations show that inorder to have the inter
electrode gap to be wuniformly filled with plasma, it is
advisable to use a cylindrical cathode and plane anode. Hence
a cylindrical cathode and plane anode had been selected for
electrode configuration to give wuniform and reproducible
discharge. A free-running type spark gap and a triggered spark
gap with trigger circuits are developed for the laser. The
system has low inductance, long life and high current carrying
capacity. A 30 kV switched mode power supply is used as the
pumping source and double side copper clad fibre glass epoxy
laminates are used as high voltage capacitors. A modified gas
flow system is designed so as to obtain a uniform gas flow

throughout the discharge region.

The parametric studies of the laser system are
given in the third chapter. At a charging voltage of 9.3 kV
and an optimum pressure of 90 torr, the laser gives an output
power of 700 kW with FWHM of 3 ns which is remarkably high for
an N2 laser system. The dependence of output power on

parameters such as gas pressure, voltage and repetition rate
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are studied on both the single and double-Blumlein c¢ircuits.
This has been done for the laser with both free-running and
triggered spark gap. It is found that the laser with
free-running type spark gap has higher efficiency while the
stability in repetition rate as well as pulse intensity is
found to be better for the triggered mode. The laser with
free-running type spark gap at a charging voltage of 6.18 kV
gave maximum efficiency of 0.51%, which is the second highest
value reported so far. The dependence of the pulse width on
spark gap distance and pressure are also described. Variation
of efficiency with voltage and E/P ratios are also included in
this chapter. Studies on the divergence of the beam as well as
the variation of the power density distribution over the cross
section of the discharge cell are also included in this

chapter.

It has been shown that higher output power and
conversion efficiency can be achieved by mixing certain other
gases to the nitrogen gas in the discharge tube. It is
important to investigate the role played by these impurity

gases in enhancing the power output efficiency of the N2 laser
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because there are at present a number of conflicting theories
which try to explain the function of these gases. The
additives used for the present study are 1,2-dichloroethane,
carbon tetrachloride and thionyl chloride. A proposed model
of the effect of these additives on the efficiency of rvl2 laser

is given in the fourth chapter.

The fifth chapter deals with the studies on
fluorescence emission of SrS phosphor doped with cerium and
europium under M2 laser excitation. The method of preparation
of the phosphor samples are also discussed in this chapter
For SrS:Ce, two bands at 408 nm and 450 nm are observed. A
band with line structure in the region 350-430 nm and a new

broad band at 460 nm are observed for SrS:Eu phosphors. The

probable energy level diagrams are also given.

Crystal field splitting analysis is adopted for
explaining the observed emission in SrS:Sm, SrS:Dy and SrS:Er
phosphors, results of which are includgd in chapter six. The
proposed model and the energy levgl "scheme of luminescence

centres are also discussed in this chapter.
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General conclusions are given in chapter seven.
Future scope of work in this field of research 1is also

discussed in this chapter.

An appendix is given as an addendum to the
present work. This chapter deals with the application of rare
earths in optical devices especially for TV. The preparation
of the primary colour phosphors and their fluorescence spectra
using Nz laser as an excitation source are briefly given in

this chapter.
A list of references is cited at the end of each chapter.
Most of the work presented in this thesis has been
published/accepted for publication in the form of the following

research papers.
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CHAPTER 1

GENERAL INTRODUCTION

Abstract

PART A: Inorder to make the thesis self contained, the basic

theory of gas lasers are briefly described with special
reference to NE laser. It is concluded that a fast excitation
of the nitrogen molecule 1is a prerequisite for population
inversion which requires a fast electrical discharge. IR hg
andri laser transitions are also mentioned. A review on the
advances in the fabrication of NE lasers, since 1963, with
special emphasis on laser transition at 337.1 nm 1is also
included in this chapter along with some of the important
applications.

PART B: The field of luminescence is so vast and old making
it difficult to give an exhaustive review, but a general
introduction to the subject is presented, which gives a brief
description of the basic phenomenon, the mechanism involved and
energy transfer which help one to understand the Physics behind

the fluorescence emission is given. This 1is followed by a

comprehensive report on luminescence in phosphors.



PART A: NITROGEN LASER

Nitrogen laser technology 1is growing very
rapidly even after three decades since the discovery of the
first laser. This is one of the laser sources which can be
fabricated without much difficulty and efforts are still going
on to improve its efficiency, power and stability. This
chapter surveys the basic concept of gas lasers and the

nitrogen laser technology in detail.

1.01. Basic concept of gas lasers

The number of gas laser systems in use today,
differing in active media and methods of pumping, zruns into
hundreds. They range from the powerful industrial carbon
dioxide units to the helium-neon lasers of modest powers. They
can be operated continuously or on a pulsed basis with output
frequencies ranging from the ultraviolet to the infrared. The
various types of gas lasers will fall 1into the following

categories : (1) neutral atom gas lasers, (2) ion gas



lasers, (3) molecular lasers, and (4) pulsed lasers.

Normally, the active medium of a gas laser is a
mixture of more than one type of gases, one of which contains
atoms or molecules forming the active centres while other
gaseous components serve to produce population inversion
between the lasing levels of the active centres. One such
possible mixture, for instance, is helium and neon (with neon
atoms as active centres) at proper pressure as in the case of

He-Ne laser.

Although different excitation mechanisms have
been employed for pumping, most gas lasers are excited by means
of an electric discharge inside the laser cavity. Electrons in
the discharge are accelerated by the electric field between a
pair of electrodes. As the electrons collide with the atoms,
ions or molecules of the active medium, they induce transitions
to higher energy states. With sufficient pumping power, a
population inversion is created between the wupper and lower
levels. Characteristics of electrical discharges are influenced
by a variety of parameters like type of the gas, gas pressure,

discharge current etc. The maximum supply voltage should be
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sufficient to cause initial breakdown of the medium between the
electrodes in the laser cavity. For stable operation, the
voltage across the discharge 1is wusually about half the
open-circuit voltage. Alternatively, a separate high voltage

surge injection source may be used to initiate the discharge.

The principal gas lasers available are the
helium-neon, argon ion, carbon-dioxide and nitrogen lasers, all
of which have been extensively studied and are being widely

used for various applications.

A typical gas laser cavity is shown in Fig.1.1.
The pumping source is normally an electric discharge. The
discharge is along the axis of the cavity. Uniform excitation
of a larger volume of gas enabling higher powers to be obtained
is possible with a discharge transverse to the optic axis of
the laser (Fig.1.2). The transverse discharge configuration is

best suited for pulsed lasers.

The end windows of the laser cavity can be
mounted at the Brewster angle at either end of the tube so that

external mirrors may be used for optical feed back. Spherical



mirrors are generally used rather than plane mirrors since the
former provide more stablity to the resonator. The cavity
walls of atomic and molecular lasers are normally boro silicate

glass which at high powers may be water cooled.

Eventhough Nitrogen 1lasers (UV) with high
intensity pulsed outputs at 337.1 nm have been studied by

several workers, the design has not yet been w terms
—
of efficiency.The design and fabrication of a discharge-excited

| - ——— e ®*

N2 laser ([peak powers in excess of 700 kW and duration of 3

ns (FWHM)] are described in the second chapter.

1.02. Spectroscopic description of N2 laser

1.02.1. Introduction

The N2 laser operating at 337.1 nm is a typical
U light source, which can easily produce short optical pulses
withﬂ high peak power and therefore 1is suitable to pump dye
lasers and can be used for photo-chemistry applications.
Lasing in the N2 first positive bands (503-1042 nm) was first

reported by Mathias and Parker [1] in 1963 and later that vyear



Heard [2] observed 1lasing in the second positive bands

(281.4-497.6 nm). Since then considerable research and
developmental activity have ‘been reported on N2 lasers.
Different aspects of Nz lasers have been investigated. viz;

power output, pulse width, dependence on power input and gas
flow conditions, 1lasing frequencies and their spectral
examination under different experimental conditions,
mechanisms for population inversion etc. Excitation of the gas

medium is achieved either using electrical discharge or intense

electron beams. At/&ge;gqt,: mt?%\ w)/ai__,t pt{lsfg ‘pulsed N laitiri
[3,4] are available. Nz lasers operating at atmospheric

pressures (TEA lasers) [5,6] have also been made.

It has been noted that addition of a small
quantity of other gases like SE‘G, BF3 etc. increases the power

output [7,8] to a very great extent.
1.02.2. Spectroscopy of nitrogen molecule

Molecular nitrogen has been observed to lase on
the following identified transitions : ( C3H —_—> Baﬂ ),
u g
3 3 1 1 -
(BHg——)AZ: ), (anl — a's ), (w’AU—-—>a’n),
g g

u



(a‘ng — X z;) [9-11] and ( wanu—-a Baﬂg) {12,131 and
oscillations observed between 540 and 807 nm are not vyet
assigned [12,14]. Though 1lasing has been reported 1in the
above systems for a number of bands, the (0,0) band of (C—>B)

transition has been found to lase much efficiently. Therefore

in normal parlance an Nz laser means lasing at 337.1 nm,.

The three lowest lying triplet electronic states

. 3 3 .
of molecular nitrogen are A32+ , Bl and CTI . The first
u g u

positive system lies in the region 503-1042 nm and results from
R Sl
3 3 sy s
the B[] —— AZ+ transition, where as the second positive
g u
system lies in the region 281.4 - 497.6 nm and results from the

3 3
’n — BN transition. A’F' is a metastable state having
u g u

a life time of about 2 seconds while the life times of the Bal'l
g

3

and CII states are of the order of 10 us and 40 ns
u

respectively [15,16]. Potential energy diagram of N2 (Fig.1.3)

is helpful in describing the various laser tramsitions. It 1is

now a fairly well known fact that the excitation of the upper

laser level in Nz can be brought about easily by electron impact.

The equilibrium internuclear separations in the

three electronic states are in the order
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In accordance with the Frank-Condon principle, the vertical
transitions from the ground state to the excited electronic
states would be more probable and could be brought about easily
by electron impact {17,18]. The electron impact excitation
cross-sections to the different vibrational levels of the three

low lying triplet excited states corresponding to the incident

electron energy of 16 eV are given in Table 1 [ref:19].

A comparison of the relative excitation cross

. 3 . .
sections of B[l and Cal'l states at incident electron energy of
u

g
35 eV has been made by Willett [20]. Calculations of
Cartwright [19]) indicate that the total excitation

cross-sections for the three triplet states are maximum near

incident electron energy of 16 eV. It is evident from Table 1.1

that the excitation rates of levels with v’ = 0,1 in Cal"I state
U

. , . 3 . , . 3+

with v’ = 2,3,4 in BTl state and with v > 4 in AY

g u

state would be significantly larger in comparison to the rates

of other vibronic levels.

1.02.3. Ultraviolet laser transition in nitrogen

Laser action in nitrogen at pressures of the

10



Table. 1.1.Electron excitation cross-sections (Qv'o in units
of I'Iaz where ao is the Bohr radius) at incident
electron energy of 16 eV from the v" = 0 level
of. the )(12; state of N2 molecule to different
vibrational 1levels (v') of the excited triplet

states [Ref.19].

v o A% Q. s"'ng o &
0 0.003 0.033 0.450
1 0.014 0.085 0.332
2 0.039 0.122 0.139
3 0.079 0.133 0.126
4 0.128 0.133 0.013
5 0.175 0.090 —_

order of 40 torr was first observed by Heard ([2] at 337.1 nm,
which corresponding to the (0,0) band of the second positive
system ( Cal'lu _ Barlg). Lasing action also occurs at 357.7nm
(0,1 band) and at 315.9 nm (1,0 band) with less intensities as
compared to that at 337.1 nm. The laser band width of these
transitions is typically of the order of 0.1 nm and involves

many rotational transitions.

11



The life time of the upper laser 1level being
smaller (40 ns) than that of the lower 1level (10 us), the
lasing stops automatically in a duration less than or equal to
the life time of the upper level. This type of lasers are
known as ’'self-terminating lasers’ and the population inversion
can be achieved by applying a short rise-time, high voltage
pulse excitation, in which the rise- time of the current pulse
is less than the life time of the upper level. Although the
electron excitation cross-section of the Bang state 1is five
times higher than that of CE’Hu state, the excitation cross-—
section of v = 0 in CE’Hu state is ten times that of v = 0 in
Bal'lg state; and a population inversion is possible between the
two states during the rise time of the discharge current
pulse. The relative emission probabilities (estimated from the
electron excitation cross-sections and Frank-Condon factors for
the second positive band system) for the three laser
transitions have been found to be considerably 1large in
comparison with other bands (Table.1.2). It has been observed
that the gain is so high that the lasing has been observed even
without cavity mirrors.

1.02.4. Infrared laser transition in nitrogen

Information on the infrared (IR) laser is

12



. 3
Table 1.2. Electron excitation cross-sections (Qv'o) for CI'Ihl
state, Frank-Condon factors (q ) and relative
v,V

emission probabilities for vibronic bands of the

C31'1 —_> Bal'l system [Ref.15].
u g

Relative emission Observed laser

robabilities transitions

Band Qv L 0 qv ’ v" p
nm

QV‘O qv‘v" ( )
0,0 0.450 0.449 0.202 337.1
0,1 0.329 0.148 357.7
0,2 0.147 0.066 —_
1,0 0.332 0.390 0.129 315.9
i,1 0.019 0.006 ———
1,2 0.204 0.068 -
2,0 0.139 0.135 0.019 —_
2,1 0.332 0.046 —_
2,2 0.033 0.005 -
limited as compared to the ultraviolet (UV) laser. Lasing in

the IR re"gion has been obtained in the axial [1,21-24] and
transverse [25-27] mode of excitation. Pulsed laser emission

of IR (750 nm - 1230 nm) bands due to the BBI'I — A32+
[} u

13



transition was first reported by Mathias and Parker (1] in
1963. Willett [20] 1lists laser oscillations in 11 bands
arising from the first four levels ( v’ = 0-4 )of Bal'lg to the
first four levels ( V" = 0-4 ) of ASZ:; . The laser action is
pulsed with a pulse width between 10 and 100 ns with the
bandwidth of the laser transition varying from 2 to 10 nm for
different vibronic bands. The peak laser power output of these
transitions is less than that of the UV transitions and the
mirrors are required for laser cavity inorder to 1increase the

gain. The optimum operating conditions for IR and UV lasers

are also different.

A semiquantitative explanation for IR laser
transitions can be given on the same lines as that for the UV
transitions. However, there 1is one significant difference
between the excitation mechanism of the upper laser levels in
the two cases. It is possible to neglect the population build
up in the Canu state due to the downward transitions from the
various excited electroqic states in comparison to that from
the electron excitation of molecules from the ground state;

while this is not the case with the population build up in the

3 . . e ey s
BTl state. For the sake of simplicity, it is assumed here that
g

14



. 3
Table.1.3.Electron excitation cross-sections (Qvo) for Brg
state, Frank-Condon factors (g ) and relative
viv©

emission probabilities for vibronic bands of the

BSH —_ A32+ system [ref.15].
9 u

vyt Qv'o q, s Relative emission Observed laser

probabilities transitions
Qv'o Qyryn (nm)

0,0 0.033 0.338 0.011 1043.9-1053.8

0,1 0.325 0.011 1230.6-1235

0,2 0.190 0.006 1498.3

1,0 0.085 0.406 0.035 883.6-891.1

1,1 0.002 0.0002 —_——

1,2 0.103 0.009 1193.3

2,0 0.122 0.197 0.024 771.4-775.5

2,1 0.212 0.026 865.6-872.5

2,2 0.113 0.014 ———

3,0 0.133 0.050 0.007 -———

3,1 0.299 0.040 757.4-762.7

3,2 0.039 0.005 —-———

3,3 0.162 0.022 959.9

4,0 0.133 0.007 0.001 -

4,1 0.132 “0.018 -

4,2 0.274 0.036 748.5-750.4
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the population inversion between the Bal'lg and Aaz:vibrational
levels is brought about mainly due to the electron impact
excitation from the ground state. A perusal of Table.1.1 shows
that under this assumption, the condition of  population
inversion wll exist only between a number of pairs of
vibrational 1levels involving v = 0,1,2,3,4 in the two
electronic states. Table 1.3 lists relative emission
probabilities involving v = 0,1,2,3,4 in BSH state and

g

. 3
v=0,1,2 in A% state.
u

In the observed laser transitions (Table 1.3) it
can be seen that (0,2) and (1,2) transitions do occur though
their emission probability is 1low, whereas (2,2) and (4%,1)
transitions have not been observed,though they are predicted to
be more probable. One should however, bear in mind the
assumption of neglecting the population increase of the upper

3

laser level due to the radiative transitions from the ci
u

state while making the above semiquantitative comparison.
Kaslin et al.[28] observed that the efficiency

of IR N2 laser also increases considerably on cooling the laser

tube to liquid nitrogen temperature. Gleason et al.[25]
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reported the peak laser output as 0.5 kW, whereas Hocker [29]
was able to extend this limit to 4 kW. In the latter work,
laser action was observed at six vibronic bands in the
wavelength region 750-1054 nm, with maximum intensity 1in the
range 871-894 nm. This laser has also been used to pump

tunable dye lasers in 915-1040 nm range.
1.02.5. Laser action in N;

The negative group of bands during a discharge
through nitrogen gas arises due to the electronic transitions
of singly ionized nitrogen molecule (BZZ:—> XZZ;) with
the most intense band (0,1) at 427.8 nm. Laser action at this
wavelength has been observed under both electron beam
excitation and electric discharge excitation. These
excitations are, however, not caused directly by electron
impact. The electron energy is taken up by a rare gas molecule
which gets ionized and transfers its energy to the nitrogen
molecule; which gets ionized subsequently leading to laser
emission. The mechanism of excitation 1is known as energy
througk} charge transfer and its successful operation requires

high pressures, so that collisional transfer rates may be fast
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enough to compete with spontaneous de-excitation rates. These
laser systems are important because of their efficiency and

potential use of giant pulse.

Collins et al. [30,31) were the first to report
laser action at 427.8 nm having a line-width less than 0.3 nm.
They used a mixture of He and M2 at a pressure of 7 atm. which
was excited by electron beam from a fast pulsed electron gun.
Ishchenko et al.[32] and Laudenslager et al.[33] reported
lasing in self-sustained discharges where the high pressure gas
mixture is preionized by a high voltage pulse passed through
the glass walls. This design is, however, not suitable for
high pulse repetition frequencies (PRF). Rothe and Tan [34]
described the UV preionization technique using an array of
spark along each side of the electrode gap to achieve a PRF of
2 Hz. They reported a power output of 0.5 MW at 427.8 nm with
a pulse width of 6 ns in a gas mixture of He and N2 at 3 atm.
Laser emission from N; was obtained with a
nitrogen concentration of 0.05%, but at higher concentrations
(2-10%), strong lasing was observed at 337.1 nm due to Nz'

1.03. Theory of nitrogen laser

For 1laser action, one wusually requires a
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metastable upper level and a fast decaying lower level. The
radiative life time of the C-state is 40 ns, that of B-state is
10us and that of A-state is 2 sec.[35-37]. Hence a continuous
laser action between C and B states is impossible in a nitrogen
molecule. But if we can pump the C-level in a time 1less than

that its life time, due to a transient population inversion

pulsed laser action is possible.

A simple {:heory based on the assumtion of direct
electron impact excitation of N2 was first proposed by Gerry
(38] to understand the characteristics of N2 lasers. The rate
equations involving the population densities of the upper and
lower levels were established and solved with the approximation
that the laser power density was saturated. The solutions were
quantitatively in agreement with the observed results of
Leonard [39]. This theory was later extended by Ali et al.,[40]
to include the effect of the collisional mixing of the laser
levels by electron impact and <collisional ionization from the
upper laser level, whose contributions are significant at
electron densities greater than 6x10“/cm3 and an electron
temperature of 4 eV,

For the above formulations, an wultraviolet N
2
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laser is considered as a three level laser :

X'e* ( ground state level 1 )
g
BSH ( lower laser level 2)
9
and Caﬂ ( upper laser level 3)
u
Let Nt' Nz and Na denotes Lho population

densities of the ground state, the lower (i) and the upper (J)
laser levels respectively. xij be the rate of collisional
excitation by electron impact from level i to j where i<]j, in
the rate of collisional de-excitation from j to i, ‘r:: the

rate of the radiative decay and RL_.denot.es the rate of induced
n
emission. Then the rate equations governing the population

densities of these levels can be written as:

-1 -1

N /dt = X N + X N - (Y +Y +7247tyn
3 13 1 23 2 31 52 31 32 3
i
- R N -N (g7 G ) 1  eurunun.. X
32[ 3 2 ( g3/ gz) ] (1 1)
dN /dt = X N + (T +Y )N = (T '+Y +X )N
2 12 [ 32 52 3 21 24 23 2
i
R N =N (9/79) 1 wurnunnnn. i
+ R, L A A (ga/gz) ] (1.2)
aN / dt = - (X +X )N + (T 4+¥Y )N
i 12 13 4 21 21 2
+ T+ Y N .. .
( 31 31) 3 (1 3)
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where g2 and g3 are the statistical weights. The induced
emission and absorption rates are neglected along with the rate
of the collisional de-excitation from the laser levels to the
ground state. Remembering that T >> T oz (3 — 1 1is a spin

forbidden transition ) and t > T ( =t = 40 ns while
21 32 82

T21= 10 us), the sum of equations (1.1) and (1.2) is=s expressed
as

d/dt (N +N ) = X N i (1.4)
3 2 13 1

( x13> )(12 being taken as propotional to F.C.factors), which on
integration yields

N + N = X Nt  LLiiiiia... (1.5)
3 2 13 1

Using equations (1.4) and (1.5),equation (1.1) is rewritten as

dN / dt =X N + (X Nt -N) X -3 N ... (1.6)
3 13 1 13 1 3 23 3

.—1
where = T + Y
B ( 32 32 )

The solution of equation (1.6) is

2 ~1 2 -1 -at
N = (N X o Y + T N X
3 (1 13 / ) a2 32 ) ( 1 13 /) (Yaz+ Taz) ©
+ N X X t o, L .
( L X % / ) (1.7)
where o = + X
B 23

For small time intervals one can write equation (1.7) by

. ot 2
expanding e upto terms in t , as

1 -1 2
N = N Xt - — N X Y +
3 1 13 2 1 13 ( 82 Ta2 )t »e-(1.8)
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Equations (1.5) and (1.8) yield

1 -1 2
N = — N X (Y + T ) 2 (1.9)
2 2 1 13 32 32
Thus to obtain a population inversion (ie. Na > N2 ),
1
t < i e (1.10)

This means that the population inversion can only

take place during a time of the order shorter than the

3 -1
radiative life time of the CIIl state as long as Y < T__.
u 32 32
14 ~3
When the electron density Ne is greater than 6x10 cm |, Ysz
._-(M

-1

will be greater than Taz , as a result of which the inversion
duration becomes still less. Therefore, it 1is necessary to
have a fast excitation of nitrogen molecules because inversion

will cease to exist after 10-20 ns.

1.03.1.Electrical characteristics of nitrogen laser

The engineering of high peak power nitrogen
lasers center principally on the problem of achieving
excitation of the gas in a few nano seconds. This can be
achieved by using very low impedance pulse circuits. Usually,

nitrogen gas flowing through the laser cavity is excited by a
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Blumlein circuit. The pulse-forming net work consists of two
parallel-plate transmission lines located at both sides of the
laser cavity. A spark gap is used to short circuit the end of
one line. Both sides are charged to a high voltage by a
D.C.power supply. When one of the transmission lines is short
circuited at its end, by the spark gap, a transient voltage
occurs across the laser cavity, creating a powerful discharge
between the electrodes. It is generally assumed that after the
spark gap is fired, a travelling wave occurs in one of the
transmission lines initiating the gas discharge and generating
a second travelling wave in the other line. The superposition
of these two travelling waves causes a complex voltage wave

form across the electrodes that sustains the discharge.

If the electric field in the laser cavity at the
time when the discharge is fully developed is E ( 1in other
words, E is approximately the peak electric field 1in the
cavity), and P is the laser cavity pressure in torr. The mean
free path (A) of the electrons at 16 eV in N2 as a function of
the pressure is X = (o N)-1 , Where o is the total Cross
section and N is the number of molecules per unit volume and

per torr. Godard [41] found the value of A = 0.064 cm for one
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torr., The maximum field E, required for an electron to acquire
an energy of 16 eV in one mean free path at a pressure of one
torr is E = 16/A. This gives E/P (electric field per wunit
pressure of gas), a value of 250 V/cm.torr approximately. As
the rise time of the voltage across the laser cavity |is
increased one must lower the pressure in the cavity to achieve
the optimum condition. It may be noted tt;at most of the
cross-sections given by Cartwright [19] are a bit higher than
the observed values. Therefore we can expect that the actual

(E/P) values may be slightly higher,

Inorder to obtain a higher output and small
power variation from pulse to pulse it is advantageous that the
discharge starts reproducibly at one end of the cavity. This
goal can be achieved more efficiently by a tapered electrode

gap [15].

1.03.2. Blumlein circuit
The 1lack of knowledge of the electrical

behaviour of the system 1leads to the construction of

low-efficiency systems. The main problem of the constructors
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is the putting of sufficiently large electrical energy into the
laser tube for a short time duration. Theoretical analysis and
experimental data published up to date show that there 1is a
complete dependence between the pulse laser performance and the

electrical and geometrical characteristics of the circuit.

Fig.1.4 represent the basic circuits for a
Blumlein circuit. The equivalent electrical circuit of 'a
Blumlein type Nz laser is shown in Fig.1.5. A spark gap is
used as the ignition system, while the capacitors are usually
flat-plate ones also playing the 1role of the transmission
lines. Ri,L1 and Rz'Lz are the resistance and inductance of
the spark gap switch and laser discharge channel, respectively.
These quantities are strongly time dependent only for a short
time before the breakdown, while they remaln nearly constant
during the main discharge where the laser output occurs. Just
before the ignition system breaks down, the full charging
voltage U0 is applied across it, while at the same time the

voltage across the laser cavity is nearly zero.

When the laser cavity is ineffective (in

practice, this can be achieved by setting the gas pressure high
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Fig.1.5, Equivalent electrical circuit of a

Blumlein N2 laser.
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enough), so that no breakdown occurs, then only a part of the
circuit oscillates (part I of the circuit in fig 1.5). After
the firing in the ignition system, the equation governing the

performance of this circuit are governed by the relationships:

U = L disat + 4 R ...l (1.11)
1 1 1 1 1

i = - C dus/sat L ii e (1.12)
1 1 1
By combining these equations, we have
2 2

L C d U /4t + RC dQu/d4dt + U =0 ....(1.13)

1 01 1 11 1 1
The general solution for this differential equation is

U (t) =K e ™ cos wt + K, e Sin wt  ....(1.14)
The initial conditions (U(0) = Uo and U’(0) = 0] reduce this
relationship so that final form is given by,

-a

U (t) = U e cos wt i iaeee., (1.15)

Part I of the circult of fig.1.4 oscillates with angular

frequency w and damping constant a, where

a = R/Z2L i i i e e, (1.16)
1 1

2
w = \/ 1/L C - RZ 7 a2 (1.17)
1 1 1 1

From the above relationships R1 and L can be estimated if we
1

know the measured quantities w and a from the experimental
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data. Similarly, the voltage across the laser cavity
oscillates and is given by the form,

U (&) = U (1 - e cos wt) ...... (1.18)
0n the other hand, when the laser cavity is effective (by
adjusting the gas pressure), the performance of the entire
electrical circuit is more complex and 1is realized in two
stages: (a) the stage before the breakdown in the laser cavity
and (b) the stage after the breakdown in the cavity.

During the first stage, the laser channel is
ineffective, so that after the firing in the 1ignition system,
only part I of the circuit shown in Fig.1.5 begins to
oscillate according to the above description. Thus the voltage
across the laser electrodes increases following the rise of the
waveform of relation (1.18). Then, as the discharge in the
tube deve.lops, producing a highly conducting plasma, the
voltage stops increasing, reaching a peak value Vg (actual
starting voltage) and falling rapidly while the optical output

occurs.
During the second stage, the laser cavity becomes
effective, and so the entire laser system as shown in Fig.1.5

oscillates. The equations governing the performance of all the

system are given by the relationships:
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U =U +L disat + R I ... (1.19)
1 2 2 2 2 2

U =L diszdt + RI  Loiieceeenn (1.20)
1 1 1 1

i o= - (1i+ 1)  iieee e (1.21)
1 2

By combining these equations we have the differential

squation for the voltage across the capacitor C1 :

(2) (1)
aU“)+[3U(8)+yU + & U + U =0 (1.22)
1 1 1 1 1
where,
a=LLCC
121 2
B-LCRC + LCRZC ... (1.23)..
112 2 2 211
¥y =LC + (L +L)C +RCRC
1 1 1 2 2 11 2 2
6-

RC + (R+ R ) C
11 1 2 2
Similarly, the differential equation of the voltage
across the capacitor Cz has the same form as eqgn.(1.22) with
the same coefficients, and so we have;
aU? 45U P 45U U =0 .(1.29)
2 2 2 2 2
The solution of the similar eqns. (1.22) and (1.24),
bearing in mind the initial conditions, has the form:
-at t
Ut) =A e 't coswt + B e 2 cos @t ....(1.25)
where A + B = U .
o
Equation (1.25) describes a superposition of two

oscillations. Conclusively, we can say that the two voltages

U1 and Uz oscillate according to relationship (1.25) as a
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superposition of two oscillations. The angular frequencies wi
and w2 as well as damping constants a1 and a2 are the same for
the voltages U1 and U2 because these quantities depend on the
coefficients of differential equations (1.22) and (1.24), which
are the same for both equations. Thus we can say that the
sntire system oscillates with these angular frequencies and
damping constants too. After an adequate time this complex

oscillation decays fully, and the system is ready to repeat the

performance for the next pulse,

The stability or instability of the laser pulses
depends on the conditions of pressure and pulse repetition
rate {42,43]. These conditions have been depicted in the area
defined by the pressure - versus - time interval between two
successive pulses, namely, the inverse of the repetition rate.
In this area, three regions are distinguished as: Region I,
where the pulses are stable; region I1II, where the pulses are
unstable with high energy; and region I11I, where no breakdown
occurs in the laser tube. The boundaries of these three
regions are not distinct. Persephonis [43] reported these

three regions as depicted in Fig. 1.6 for the double-Blumlein

circuit (applied voltage: 10 kV).
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Fig.1.7 Longitudinally excited N2 laser.

31



1.04, Longitudinally excited Nz lasers

In longitudinally excited N2 lasers, the laser
emission is in the direction of the electric field. There are
gseveral versions of axial excitation of 1low pressure type
(~ pressure less than 760 torr) and high pressure type lasers
( ~ high pressure at and above 760 torr ) which , although
differing in the details of design and electrical circuitary,
works in the following basic principle : Generally, a capacitor
is charged to a high voltage and then discharged via a spark
gap (switch) through the flowing N2 gas in a glass/quartz tube.
The excited molecules emit radiation at different frequencies
corresponding to differnt bands, some of which 1lase under
appropriate conditions [2,33-59]. A typical experimental set
up is shown in Fig.1.7. It has been found that cooling axially
excited N2 lasers to 1liquid - air temperature, gave a
substantial increase in 1laser output in comparison with
that obtained at room temperature. Usually, very high voltages
are required to operate this type of lasers. The efficiencies
of an axially excited N2 laser 1is 1low (0.06%) [59], witjh
energy conversion efficiency of 0.35% ([56]. For high output

power, one needs long discharge tubes which in turn require
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enormously high voltages for excitation, which makes the design
difficult and uneconomical. More over, uniform distribution of
discharge in the cavity may not be possible by axial

excitation.

1.05. Transversely excited Nz lasers

In the majority of TE N2 lasers [68-152], a
Blumlein circuit is employed as an efficient discharge circuit
for providing fast rising discharge. The required current rise
is of the order of 1012 A/s and places severe restrictions on
the inductance and resistance ( impedance) of the entire
discharge circuit. The rate of rise of voltage on the pulse
forming line is a function of the switch inductance and the
effective capacitances of the energy storage and pulse forming
line . To achieve this, the inductance of these elements is
minimised [63,71]. Decreasing the impedance of the pulse
forming line increases the current and electron density for a
fixed electric field. This results in an increase in the
excitation rate and a larger population density of the upper
laser level leading to higher power. Fig.1.4 represent basic

circuits for a Blumlein circuit. The overall maximum
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efficiency (41] as detremined by dividing the average optical
power by the electrical input was 1% and the efficiency defined
interms of the optical energy per pulse divided by the stored
electrical energy [72] was about 0.085%. Uniformity in the

discharge region can be maintained in the case of TE lasers.

1.06. Travelling wave excitation in Nz lasers

Inorder to make the discharge uniform and the
high extraction efficiency , a method has been developed in
which the electrical discharge starts at one end of the laser
tube and moves towards other end with a velocity nearly equal
to the velocity of light [83]. This makes it possible for the
stimulated light intensity from different segments of the las:er
tube to be added in only one direction along the cavity axis,
leading to a significant difference in the laser output.This
method of excitation is known as the travelling wave excitation
and Shipman [83] was able to obtain a 2.5 MW peak laser power
output with a pulse width of 4 ns. The most elegant and easy
way to achieve this is by making a slight wedge between the
electrodes where by the electrical discharge starts from the

end where the electrodes are closer ([86]. For effective
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travelling wave excitation, the discharge rise time should be

smaller than the light propagation time.

1.07. Electron beam and proton beam excitation techniques

In electron beam excitation, larger volumes can
be excited by using high energy electron beam generators and
the efficiency of laser systems can also be improved. When the
electron beam is propagating in the same direction as the laser
beam, the excitation is called 1longitudinal beam excitation,
While the electron beam propagates perpendicular to the axis of
the laser tube, the latter called transverse electron beam
excitation., Dreyfus and Hodgson [155,156] were the first to
report a nitrogen laser excited by a 4 GW longitudinal electron
beam. The efficiency of electron-beam power to laser power and

energy conversion efficiency were 0.15% and 0.03% respectively.

Golden et al.[157,158] were the first to
demonstrate laser action in Ar—N2 mixtures using a current and
space charge-neutralized proton beam as a pump source. The
proton beam produced from a reflex tetrode (energy 0.5 J and

450 KeV) was incident transversely on the mylar window gas cell
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containing the Ar—N2 (95% 1 5%) mixture at a total pressure

ranging from 1 to 1.5 atm.

1,08. Some applications of Nz laser

A number of N2 lasers are now commercially
available with a range of power, energy and pulse width. Some
of the commercial models in use are : Molectron UV 100 [159],
Photochemical Research Associates (PRA) LN 103 [160], EG & G
(161], Lambda Physik M 1000 ({162], and Central Electronic
Ltd.(CEL) NL 103 [163]. It is possible to choose a specific
model that will meet the requirements of the desired
application. However, some workers still prefer to build their

own N2 laser.

Due to the high peak power and short pulse
duration, N2 laser has been found to be an ideal pump source
for dye lasers [164-170], dye laser oscillator-amplifiers [171]
and distributed feed back dye lasers (DFDL) [172]. N2 lasers
are useful in the study of 1laser-induced fluorescence [173],
time resolved fluorescence [174,136] and 1life time studies

(175-179] of excited states of a number of molecules in vapour

and liquid phase. In addition to these , N2 lasers have been

36



employed in various fields 1like chemical reactions ([180] ,
plasma diagnostics [181-183], remote sensing [184,185], wultra
high speed cinematography [146], optical ranging, optical fiber
measurements (186], sub-nanosecond interferometry and
holography ([187-190], fluorescence [191], medical treatment
for dermatomycosis [190]), laser triggering of spark gaps (LTSG)
[124] excitation of rare earth 1ions in single crystals
(193] etc.

A dual channel N2 laser giving two pulses separated
by 15 ns has been used in studying the excited states of
molecules [194]. The first pulse excites the molecules (sample
under study) and the second pumps a dye laser which is used to
probe the excited state of the sample. Microplasma has been
generated by high power N2 lasers (181] and plasma density
fluctuations have been investigated by obtaining interference
patterns with a sub-nanosecond TEA N2 laser. Interferometric
studies of plasma of dimension less than 1 mm [182] have been

carried out.

The nitrogen laser is also used as a frequency
mixing component in parametric experiments [101]. The high

power density of N2 laser is well suited for Raman scattering
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from gases and vapours [195] and for the study of atmospheric

pollutants by remote sensing [185,196,197].
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PART B: LUMINESCENCE IN PHOSPHORS

Luminescence 1is exhibited by almost all
substances possessing selective absorption, and under the
proper choice of chemical and physical conditions it can be

excited in all forms of matter.

1.09. Basic concept of luminescence

In solids and liquids, the excited molecules are
apt to lose a part of the absorbed energy in the form of heat
to the surrounding molecules and hence the frequency of the
emitted light will be less than that of the exciting light. In
fact, Stoke’s law states that the fluorescent light always has
a greater wavelength than the exciting 1light. If it |is
recalled that the light absorption occurs when molecules are
excited from the ground to excited states, we may well enquire
into the fate of the energy so absorbed. Then it leads to an
insight into an entirely different realm of spectroscopic

phenomena. viz., the fluorescence and phosphorescence emission.
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The theory of fluorescence analysis uses the concepts of the
light absorption and fluorescence spectra of the substances

studied.
1.10. Types of luminescence

Depending on the duration of emission, one can
distiguish two types of luminescence phenomena:
(i) fluorescence, which ceases abruptly when the excitation
source is removed, and (ii) phosphorescence, which persists
for a certain time after the removal of the excitation source,.

A typical pattern of these spectra are shown in Fig.1.8.[198].

At room temperature, virtually all molecules
remain in the ground (non-excited) state (level So). After the
absorption of a light gquantum, a molecule get excited (levels
S: and S:). This state of a molecule, when the spin of two
non-paired electrons are antiparallel, is called the singlet
state, Fluorescence is the emission of light during S: ———->S0
electron transition, in a very short time of the order of
10-9 sec, If the spin of the electrons within the excited

molecules are parallel, then these molecules are said to be in
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the triplet state (T level). Phosphorescence 1is the light
emission during. T —> S transition, the life time of the
(=]

3
excited state is being fairly long ( ~ 10 sec).

Delayed fluorescence is observed when a molecule
in the state T is thermally excited to the upper state before

reverting to the ground state S . Thus results from two
(=]

inter system crossings, first from the singlet to the triplet,

then from the triplet to singlet.

The various types of luminescence can be
classified according to the means by which energy 1is supplied

to excite the luminescent molecule.

(a) Photoluminescence - the form of luminescence when molecules
are excited by interaction with photons of electromagnetic
radiation,

(b) Chemiluminescence - the process in which the excitation
energy is obtained from the chemical energy of reaction.

(c) Bioluminescence-the electromagnetic energy is released by
organisms,

(d) Triboluminescence (in Greek tribo = to rub) - produced as a
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release of energy when certain crystals, such as sugar, are
broken. The energy stored on crystal formation is released in

the breaking of the crystal.

(e) Cathodoluminescence- resulting from a release of energy
produced by exposure to cathode rays.

(f) Thermoluminescence - occurs when a material existing 1in
high vibrational energy levels emits energy at a temperature
below red heat, after being exposed to small amounts of thermal
energy.

(9) Radioluminescence -~ excitation by means of high energy
particles 1like protons, o and {3 particles and fission
fragments.

() Electroluminescence - the excitation produced by the
application of an electric field.

(1) Roentgenoluminescence - the process of excitation with the
help of ordinary X - rays and its intensity increases with

rising voltage,

)
.
P
.

1.11. Fluorescence and emission processes

The fluorescence normally observed in solutions °

is called Stoke’s fluorescence. This is the reemission of less
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snergetic photons, which have a longer wavelength (lower

frequency) than the absorbed photons.

Anti Stoke’'s fluorescence, has also been
C

observed in dilute gases at high temperatures. If thermal

energy is added to an excited state or a compound has many
highly populated vibrational energy levels, emission at shorter
wavelengths than those of absorption occurs.

Resonance fluorescence is the reemission of
photons possessing the same energy as the absorbed photon. It
occurs in gases and crystals. Any fluorescent molecule has two
characteristic spectra:(i) the excitation spectrum (the
relative efficiency of different wavelengths of exciting
radiation to cause fluorescence), and (ii) the emission spectfum
{the relative 1intensity of radiation emitted at various

wavelengths) .

1.12. Models of luminescence

1.12.1. Configuration co-ordinate model

This is a scheme introduced by Von Hippel in

1936 to give qualitative description of optical processes in
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luminescent centres. Later this scheme was applied to many
problems of luminescence. The confiquration coordinate model
is illustrated in Fig.1.9.[199]. The ordinate is the total
energy of the system for ground and excited states of the

centre including both ionic and electronic terms. The abscissa

is a configuration co-ordinate which specifies the
configuration of the ions around the centre. The equilibrium
position of the ground state occurs at A. When the centre

absorbs light, it is raised to the excited state at B obeying
Franck Condon principle. After the centre has reached the
excited state, the 1ions of the system adjust to a new
equilibrium C. The energy difference between B and C is given
off as lattice vibrations. Having reached the new equilibrium
positvion C, the center may return to the ground state at D by
emission of a quantum of luminescent light. Relaxation from D
to A is by means of enerqy dissipation through lattice
vibrations. Obviously the energy of the emitted photon is
smaller than that of the absorbed photon. The amount of this
shift in energy of photon (Stoke’s shift) arising in a given
system depends on the interaction of the centre with the
neighbouring ions. 1In addition to the Stoke’s shift, these

curves account for the sudden decrease in luminescence
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efficiency at very high temperatures.

1.12.2. Band theory model

The application of gquantum mechanics to the
luminescent phenomena resulted in the development of the ba;md
theory model for electrons 1in a periodic potential and
theoretical basis for excitation in crystals. When atoms are
arranged in an orderly way and in close proximity to each other
to form a crystal, the energy states for the electron in atoms
are disturbed by mutual interaction. As a result, the discrete
electronic states are broadened into bands of allowed energy,
separated by forbidden bands. The upper most completely filled
band is called the valence band and the next allowed band is

called the conduction band.
1.13. Kinetics of luminescence
We usually distinguish two kinds of luminescence

processes, that with kinetics of the first order (monomolecular

mechanism) and that having second order kinetics (bio-molecular

mechanism).
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1.13.1. First order kinetics

The number of excited electrons

decreases according to a constant probability law:

dn - A dt e (1.26)

n
vhich gives n = n e ™ and since the luminescence intensity
[+

dn
I-

dt

5o,

One of the major characteristics of excited states is
their 1ife time, ie; the average stay of ion in a given excited

state.

1.13.2. Second order kinetics

The probability for recombination is propotional

to the number of available centres
dn

—_— = - an dt
n
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ind s0 'n’ decreases hyperbolically with time,

n - P - S (1.29)

the luminescence decay then being given by

dn 2

I = S+ U « O (1.30)
dt
thus,
I= ._In____.z ........... (1.31)
(1 + at)

1/2
where a = (I a)
(o4
The decay thus becomes more rapid as the excitation

intensity is increased.
1.14. Quantum efficlency

Every molecule possesses a characteristic
property that is described by a number called the gquantum
yleld, or quantum efficiency, ¢ . This is the ratio of the

total energy per quantum of enrgy absorbed.

number of quanta emitted

number of quanta absorbed
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The higher the value of ¢, the greater the
fluorescence of a compound. Normally, the fluorescence quantum

yleld ¢, is considerably less than 1.

The radiant energy efficiency (n) is defined as
the ratio of the emitted fluorescent power to the power
absorbed by the phosphor from the exciting radiation (expressed
in watts). The luminous efficiency is the ratio of the emitted

luminous flux in lumens to the absorbed power in watts.

Let us assume that the phosphor is excited by

monochromatic radiation of wavelength A and that the absorbed
(o]

power Pa . If the fluorescence is emitted over a wide range of
wavelengths,
the total power involved P = s PK a .. ... (1.32)
where,
PK ~ the emitted power of wavelength A\

The integration being taken over the whole range of

wavelengths.

The radiant efficiency is then given by,
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n =L . JB A e (1.33)

P P
a a

The energy of one quantum is hy = hC/\, where h is the
Planck’s constant and C is the velocity of 1light. So the

quantum efficiency is,

The lumen efficiency L can be of great practical

Importance ,

where, Y)\ denotes the sensitivity of the eye as a
function of wavelength and K is the maximum value of the
m
luminous flux per watt of radiant power.

ie; 673 1m/W (at 555 nm).

1.15. Life time of the excited state

The fluorescence 1life time of most organic

molecule is in the nanosecond region. The fluorescence life

time T refers to the mean life time of the excited state. The
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probability of finding a given molecule that has been excited
-7
still in the excited state after time t is e . The general

squation relating the fluorescence intensity I and the 1life

time T 1is,

/
I = I e T L. (1.36)

o
where, I - the fluorescence intensity at time t
I - the maximum fluorescence intensity during the
(o
excitation

t - the time after removing source of excitation,

and, T - the average life time of the excited state.

1.16. Relation between fluorescence and concentration

The basic equation defining the relationship of
fluorescence to concentration is,
F o= ¢I1 (1- ey .. (1.36)
where, ¢ - the quantum efficiency
Io- the incident radiant power
£ - the molar absorptivity

b - the path length of the cell

C - the molar concentration
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There are three ma jor factors other than
concentration that affect the fluorescence intensity. They are
the quantum efficiency ¢, the intensity of incident radiation

I and the molar absorptivity of the compound g.
0

As per Beer’'s law in spectrophotometry,
F = K¢I°sbc ......... (1.37)
Thus a plot of fluorescence versus concentration is linear
at low concentrations and reach a maximum at higher
concentrations. At higher concentration, gquenching becomes so
great that the fluorescence intensity decreases. The quenching

is due to enhancement in nonradiative de-excitation as

concentration is increased.

1.17. Action of temperature

Fluorescence spectra undergo drastic changes
with change of temperature. When the temperature is raised,
vibrational and rotational energies increase on account of
thermal agitation and a general broadening of the emission
spectrum takes place. But the effect of large decreases in

temperature approximating that of liquified gases is to break
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up the broad bands into individual vibrational bands due to the
reduction of thermal agitation and the simplification of the
modes of vibration and rotation of the molecules. The emission
lines at these low temperatures, therefore, arise from one or
at most a few low-lying levels. The spectra arising from
higher levels vanish because of the disappearance of the
population of the atom in these levels and hence
low-temperature conditions become favourable for the existence

of metastable states.

1.18. Phosphors

The word ’phosphor’ is a Greek word meaning
'light bearer’ and is usually applied to inorganic luminescence
solids which are prepared by a suitable heat treatment.
Luminescence of oxygen-dominated lattices has been observed for
many years in naturally occuring phosphates, silicates,
carborates and other minerals. It was not until the advent of
the fluorescent 1lamp in the middle of 1930°'s that any
significant amount of technical effort was expended in studying
and developing these phosphors. The basis of the fluorescent

lamp is the efficient conversion of electrical energy into
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itraviolet radiation in the 1low pressure mercury vapour
iischarge, followed by the efficient conversion of ultraviolet
to visible radiation by a phosphor. Most of the early classical
wrk on phosphors was concerned with sulphides. These had been
developed to a high state of perfection before serious attempts
vere made to synthesize the oxygen containing materials which

now form the basis of the fluorescent lamp industry.

Phosphors have achived ever increasing
importance in optical technology since 1938. Mercury discharge
lamps are well known for the excellent 1light yield (30-75
lumens/watt). Low pressure mercury discharge lamps produce a
large amount of short wave ultraviolet radiation. It is an
obvious step to transform the spectrum of these 1lamps by
phosphors from uv to light of a colour of emission that would
both be transmitted by glass envelopes and suit the peak

sensitivity of the human eye (540 nm).

1.18.1, Classes of phosphors

Phosphors may be divided broadly into two

classes, according to the distiction between the types of
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' memical bonding of the matrix lattice: sulphide phosphors with
ninly covalent bonding, and oxygen-dominated phosphors of a
wre lonic in character. Although the distinction belween the
two classes is by no means rigid, there are differences in
behaviour which can be theoretically explained. Sulphide
thosphors behave as photoconductors under the influence of an
electric field and suitable source of radiation, whereas oxygen
dominated phosphors are more nearly insulators under these
conditions. The mechanism of the process in sulphide phosphors
is based on the familiar energy band model and applied

successfully to modern semiconductor materials.

Phosphors containing oxygen, such as silicates,
phosphates and borates are mainly ionic in character and have
properties more closely associated with the activator centre
than with the host lattice. 1In these phosphors, it is assumed
that excited electrons remain within the field of the activator
centre and consequently 1little or no photoconduction is

observed.

1.18.2. Activators

Phosphors as mentioned earlier are generally
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inrganic solids which are able to convert absorbed energy into
visible 1light. Most phosphors require the presence of a small
qantity of a specific activator which is incorporated in the
rystal matrix during heat treatment to induce luminescence
wien suitably excited. The emission spectra of most phosphors
consists of broad structureless bands,the position of which may
vary with a given activator over a range of wavelengths. For
example, manganese in divalent state gives green colour in Zinc
Silicate while red in Cadmium Borate. This variation indicat?s
that the radiative processes 1in the activator centre are
affected by the matrix environment. The valency state of the
activator is also an important factor in determining both

sxcitation and emission characteristics of phosphors.

1.18.3. Rare earth activated phosphors

Rare earth elements are widely used as
activators in sulphide phosphors. Let us consider the
possible optical process that may occur in a crystal containing
rare earth ions. Fig,1.10. [200] shows part of a crystal M |in
which two kinds of foreign ions or ionic groups (centres) are

incorporated. One centre of each type is shown, marked A (as
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energy transfer

Fig.1.10, Diagramatic representation of luminescence,
excs excitation (absorption or radiation)
em 3 emigsion.
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ctivator) and S (as sensitizer). The host lattice does not
dsorb incident radiation. The activator A can absorb
radlation  ( ech). This excitation is followed by emission
(emA ) and or by the dissipation of heat. The activator can
ilso be excited via the sensitizer S. In this case S absorbs
the radiation ( excs) and then transfers excitation energy to

A, Emission and:-or heat dissipation from S are also possible.

Research on the phosphors has considerably

advanced so as to help us in understanding luminescence

phenomenon.The properties of phosphors can be studied on
simple model compounds [201]. The host lattice may be, for
instance , a compound of the ions La9+, Y3+ or Lu3+ . The
latter ions donot absorb ultraviolet radiation. Rare earth

3
fons, for example Eu or Tb3+ , are now substituted for a
small proportion of the host lattice 1ions. These rare earth
lons occupy in the host lattice at the crystallographic sites
3+ 9+ 9+ :
ofla , ¥ or Lu in a virtually random distribution. It is

possible in this way to make phosphors whose chemical

constitution is well defined.
1.19. Energy level diagram of rare earth ions

The characteristic properties of the rare earth
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ims are attributable to the presence of the ion of a
teep-lying 4f shell which 1is not entirely filled. The

tlectrons of this shell are screened by the outer electron

Table 1.4. Rare earth elements and some of their

spectroscopic properties.

Atomic Element Electron Ground term
number configuration RE>'
RE3+
57 Lanthanum 4fo (5525p6) 1So
58 Cerium af' (ss%sp®) 3
2 2_ o ] 572
59 Praseodymium 4f (58 Sp ) H4
60 Neodymium 4£9 (5325p6) “Ip/2
61 Promethium| 4f* (ss%sp®) 514
62 Samarium 4f5 (5525p6) 6H
. 2_ ¢ 7 572
63 ~Europium 4f" (53 5p ) Fo
64 Gadolinium 4f7 (SszSpd) 8S
/2
65 Terbium 4fa (SSZSpd) 7F
G
°
66 Dysprosium 4f (SSZSpd) 6H
0 2 & 15/2
67 Holmium 4f (53 5p ) I
8
68 Erbium af' (ss?sp°) 4I15 ,
/
69 Thul ium 4f12(5525p6) 3H
13 2_ o 2 ¢
70 Ytterbium 4f (53 Sp ) F
72/2
71 Lutecium af'* (59%5p°%) 's
o
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sells, and as a result they give rise to a number of discrete
mergy levels. Since the presence of the crystal lattice
scarcely affects the positions of these levels, there 1is a
close resemblance between the energy level diagram of the free

jon and that of the incorporated ion.

Table 1.4 shows the rare earth elements and some

of their spectroscopic properties. The energy level diagram
3+ 3+

for REE ions is shown in fig. 1.11. [199]. The Ce ion has

2
only one 4f electron which gives rise to two levels ( F?/z and

zF:!/z ). As the number of electrons increases, there |is in
general a rapid increase in the number of possible states.

In addition to the discrete 4f levels, there are
other levels present. These levels depend strongly on the
lattice in which the RE ion is incorporated. They fall into
two groups. In the first group, one of the 4f electrons is
raised to the higher 5d level: 4f" ———> 4f ' sd. The 5d
orbit lies at the surface of the ion and is therefore strongly
influenced by the lattice. 1In the second group one of the
electrons of the surrounding anion of the lattice jumps into

the 4f orbit of the central RE ion. This is called a charge

transfer transition.
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1,20. Energy transfer

The first requirement for a luminescent material
{s that it emits radiation. It is trival that this 1leads to
the requirement that exciting radiation must be absorbed. It
is seen that 4f-4f transitions of RE are not very stable for
absorption or radiation, because they are strongly forbidden.
Excitation may occur efficiently in either the charge transfer
state or the 4fn_" 5d state. An example of the first case is

3+

Gdzos : Eu {202]. Short wave uv radiation 1is strongly

absorbed by the E:ua+ ion exciting it into 1its charge-transfer
state. The ion then relaxes to the 5D0 level from which
luminescence occurs. An example of the second case is YT<:.O4=Tb3+

Tbs* which can be excited efficiently by UV radiation into thé'

if 5d state [203].

Fig. 1.12 shows the mechanism by which the energy
transfer occurs [200]. We start with the sysytem S (excited)
+ A (ground state) and end up with the system S (ground state)
+ A (excited). This is only possible, if one of the levels of A

lies at the same height as the 1luminescent level of S
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Fig.1.12, Energy transfer from S to A. Transfer
occurs to level 4, followed by radiation-
less decay to level 2 from which emission
occurs.
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iensonance condition). Further we need an interaction between

sand A.

Transfer can be brought about in the first place
by the Coulomb interaction between all charged particles of S
mdA. If S and A are so far apart that their charge clouds do
wt overlap, this form of energy transfer 1is the only one
pssible, If these do overlap, however another process is
pssible by exchange interaction between the electrons of S and
. In this process, electrons are exchanged between S and A,

in the former the electrons remain with their respective ions.

As described earlier RE® ions retain their
characteristic free ion levels in a crystal 1lattice due to
screening of £ electrons by those in outer shells. However,
their spectra are rich in fine structure due to ion-lattice
interaction, The nature of this interaction depends on the
jons and the symmet._r'y of crystal field. sSplitting of free 1ion
terms in crystal fields are some times called Stark splitting

[199]. Details of Stark splitting are given chapter 6.
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CHAPTER 2

DESIGN AND FABRICATION OF A HIGH-POWER NITROGEN LASER

Abstract

The design and fabrication of a high-power N;
laser with a modified electrode structure and gas flow
urangement are described in this chapter. Several novel
features are introduced in the design of both the plasma tube
md the spark gap. A cylindrical cathode and plane anode has
been used as electrodes for the plasma tube inorder to obtain
wmiform and reproducible discharge,. The gas supply 1in the
plasma tube is designed so as to obtain a wuniform gas flow
throughout the discharge region. Two types of spark gaps
(free-running and trigggered) with assocliated electronic

circuits are also described in this chapter.
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A0 Introduction

An outline of several designs for attaining high
itput power from nitrogen 1lasers has been given 1in the
revious chapter. Many important applications of nitrogen
wer require a reliable and compact laser unit that could be
wd in the laboratory. Most of the systems described 1in the
revious chapter are bulky and their commercial production with

guarantee on their reliable performance is too expensive to

swithin the reach of the user. A number of investigators
ave, therefore, directed their attention towards the
tbrication of low cost, compact and reliable 1laser units

perating at 337.1 nm,

In this chapter, results obtained from the present
tudly of a low-inductance pulsed nitrogen laser are reported.
he nitrogen laser fabricated is of transverse discharge type,
imilar to those described by Basting et al [1],and Godard [2],
owever it differs in several important respects. The laser
avity [3,4] and spark gap switch [5] are designed in such a

idy that their bhysical sizes were kept minimum to 1lower the
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iductance. The salient features of the present design of the

Nz laser are :

1) mdified electrode configuration so as to give uniform and
reproducible discharge,

(2) tapered structure of the discharge tube suitable to produce
stable laser pulses of short duration,

(3) gas flow arrangement to obtain uniform pressure in the
discharge tube, and

(4) low inductance triggered-pressurised spark gap switch

suitable for high current and fast discharge.

We observed significantly improved discharge
miformity and suppression of arcs over a wide pressure range,
good reproducibility of both spatial profile and intensity of
the laser output and 1increase in the range of permissible

operating pressures.

The performance of a nitrogen laser depends on
several parameters 1like applied voltage, 1length of active
medium, storage capacity of the transmission lines, the

inductance of the cavity and spark gap during discharge,
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ptimum electrode spacing, wuniformity in the electrical
discharge and gas flow, cooling of the laser cavity and spark
@p, gas flow rate, electric field to pressure (E/P) ratios in

the cavity and density of pre-ionization.

For maximum power output, the applied voltage
should be maximum, but there is an optimum value for the length
of the cavity and capacity of the transmission 1lines. The
cavity and spark gap switch are designed in such a way that
there is minimum mechanical joints, soldering points, and bends
inorder to minimize the inductance. Care is also taken to use

thick sheets as conducting leads.

2.20 Details of the laser fabrication

The discharge circuit followed in the present
design is a conventional flat-plate Blumlein. It consits of a

combination of a laser discharge channel, a spark gap, and a

flat plate transmission 1line. Fig.2.1. shows a schematic
diagram of the experimental set up used in this work. The
laser cavity is located at the centre. The spark gap |is
toldered on to one side of the transmission lines. Fig. 2.2
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Fige2.,2., Laser cavity with spark gap and transmission lines.
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Fig.2.3. Cross-sectional view of the laser
discharge channel.

a- cathode, b-anode, c¢-gas manifold,
g4 and g,= gas inlet and outlet,

f-cooling fin, p-perspex top and

bottom, s-copper sheet as connecting
leads,
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wd Fig. 2.3 show the details of the cross-sectional views of
¢ laser discharge channel. A detailed description of the
arious constituents of the laser system is given 1in the

“llowlng sections.

.2i. Laser cavity

The major engineering considerations in the
#sign of the laser cavity is that the materials used for this
arpose should withstand the effects of heating, wultraviolet
ndiation , high voltage and high peak current levels, while
uintaining the vacuum inside the cavity. The laser cavity |is
ude of two rectangular aluminium bars (60x5x1.6)cm separated
1.2 cm thick perspex walls at the top and bottom. The two
tluminium electrodes are 54 cm in effective length and form
mprt of the cavity of the plasma tube 80 as to reduce the
lsductance. The cavity 1is held together by brass screws
treaded into the perspex and sealed vacuum tight with teflon

wpe and a sulitable adhesive (Araldite).

Theoretical analysis had shown that 1inorder to

hve the interelectrode gap uniformly filled with plasma, it is

93



Fig.2,4. Electrodes: Cylindrical cathode and plane anode,

Fig.2.5. Perspex windows.
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visable to use a cylindrical cathode and plane anode [6].
'mce, a combination of cylindrical cathode and plane anode has
#en used as electrodes to obtain wuniform and reproducible
{ischarge. The cathode structure is of cylindrical aluminium
tlsctrode of 0.5 cm thick and 54 cm long and was machined with
the help of a concave cutter. Anode dimensions are of the same
wlues with flat tip milled in the aluminium bar (Fig.2.4).
The cylindrical profile provides an intense electric field at
the cathode surface to enhance the field emission and initiate

uny electron avalanches over the cathode surface.

The separation between the electrodes is 11.2 mm
it the rear side and 12.3 mm at the front side (output side)
fresumably, this type of tapered structure of the discharge
tubse results in the electrical excitation occuring first at the
rear end and progressing towards the output end of the laser
cavity, This travelling wave excitation can result in
producing comparitively short laser pulses. Cooling fins on
the outer parts of the electrodes which were black painted

smsured effective heat dissipation.

Dielectric plates joining the electrodes were
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Fig.2.6. Dimensions of the laser cavity.

(a1l dimensions in mm),
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e of perspex of size (66x4.80x%x1,20) cm which has a high
twrmal conductivity. The high thermal conductivity of the
mrspex enabled heat to be removed not only from the discharge
me adjacent to the electrodes, but also from the whole
fischarge volume, a considerable part of which 1is in contact

iith the perspex insulator.

The optical cavity of the laser employs two
vindows thgt are mounted on the ends. At either end,
trmination flanges are provided for holding the mirror and
ilndow ( Fig.2.5) respectively. A partially reflecting mirror
f 80 ¥ reflectivity and a quartz window were used at the rear

nd the output end of the laser respectively.

The mirrors in their respective mountings are
teld against the ‘O’ rings in the flanges by means of square
plates screwed on the flanges by four screws,. The same four
icrews provide slight alignment capability of the mirrors. It
is important that both these mirrors are adjusted to be
prallel to each other and perpendicular to the optical axis of
the discharge tube. The alignment can be done with a He-Ne

iiser by slightly varying the compression on the '0O’-rings
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Fig.2.7. Side view of the laser cavity. (size371x4.8x6,5)cm,

Fig.2.8. Front view of the laser cavity.
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The cross section of the discharge channel

W(4x 2.20) cm, 1t can be evacuated upto 10°% torr using a
ntary vacuum pump. The cavity has a demountable top to allow
clear}ing of electrodes. The plasma tube is provided with two
ns port nozzles at either end for gas inlet and evacuvation.
tetalled cavity dimensions are as shown in Fig.2.6. The
isgembled laser cavity of the type shown in Fig.2.7 and Fig.2.8
have given satisfgctory performance for many hundreds of hours

of operation.

1,22. Gas flow

The nature of gas flow in the 1laser cavity |is
very important, particularly during the operation at high
repetition rates. Too many ions or a non-uniform distribution
of ions results in non-uniform discharge. Too many ions
reduces the breakdown voltage in the gas. In both cases, the

result is the reduction in the efficiency of laser device.
It is necessary that the residual 1onizat16n

remaining due to the previous pulsed discharge should be

distributed uniformly and with sufficient number density
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throughout the gas flow inorder to seed the next discharge [7].
To achieye this aim, the aluminium bars are drilled axially to
form the gas chamber of 0.5 cm diameter. Inorder to maintain a
iniform gas flow , 60 holes of different diameters ranging from
imm to 3 mm with 1 cm spacing are drilled on the 1inside
surface of the electrodes (Fig.2.4) and these holes opens Into
the gas chamber., Sufficiently uniform gas flow can be achieved
with these holes distributed along each electrode and located
so that these holes are not opposite to each other. Nitrogen
gas is supplied through an inlet manifold fixed behind the
slectrode, The gas flows across the tube and is collected by

an exhaust manifold in the other electrode.

The gas line consist of rubber tubings, needle
valves and vacuum manometer. The nitrogen gas wused i3 of
commercial grade and the rubber tubes are used to connect the
different parts of the laser system for the flow of the gas.
The inlet from the gas cylinder is connected to a T-joint, one
arm of which is used to pressurize the spark gap and the other
arm contains a needle valve which will control the pressure in
the cavity. The outlet from the needle valve also has a

T-joint. One arm connecting a vacuum manometer and the other
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isading to the inlet to the cavity.

The outlet from the cavity is connected by means
f a rubber hose pipe to a nozzle for connection to the rotary
ncuwum pump. The spark gap pressure is controlled by the
¢ylinder regulator as well as by the needle valve, The
needle valve controls the pressure 1level in the cavity and can

be directly noted on the vacuum manometer.

1.23, Spark gap

In a laser cavity, the electrical energy 1is
stored by a high voltage/low inductance condenser of a few
ranofarads. A triggering switch 1is used to transfer this
energy into the discharge tube to excite the 1laser medium
within a few nanoseconds. Thus the spark gap serves as a very
fast switch which short circuits one of the capacitors capable
of delivering several kilo amperes of current. Controlling
large amount of currents for a very short duration of time with
low switching inductance and low jitter has been examined by a

good number of workers.
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A variety of switches have been used to trigger
the electronic circuit for excitation of the discharge. Some
of them are simple air spark gap (spark-plug) [ 8 - 13 ] ’
pressurised spark gap [14-17], water spark gap [18], thyratron
Mtching [11,19-23]), and laser-triggered spark gap [24,25].
thyratron switching gives uniform discharge with better pulse
to pulse reproducibilty [20,23]. However, due to their slow
witching speed, thyratron-based switches have only limited
ipplications. The other limitations for thyratron switches are
higher inductance because of larger physical size, high cost
and limited availabilty of indigenous components [26]. Apart
from their simplicity and cost-effectiveness, spark gaps are
the best means of switching high levels of stored energy with

low loss and low inductance,

Inorder to have fast switching the total
inductance in the discharge path must be very small [27]. The
Inductance generally increases with the number of mechanical
contacts and decreases when operated under a gas pressure in
the range of a few atmospheres. The intense sparking within
the spark gap produces heat, thereby raising the temperature of

the electrodes and the gas. The materials wused should
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mrefore be able to withstand the high current and high
witage as well as the high temperature. These considerations

iose some constraints on the materials that can be wused for

the fabrication of switching elements.

In the present work, a free-running type and a
triggered spark gap switch were developed , details of which

are given in the following sections.
3.23.1. Free-running type spark gap

The free-running type spark gap 1is a two
electrode system. The spark gap dimensions were as shown in
Fig.2.9. The electrodes were aluminium rods of 1 cm diameter
and was machined in an aluminium block of outer diameter 6.2 cm
and inner diameter 4.2 cm. The top and bottom electrodes are
screwed on the copper strips and soldered to the top and bott.-om
of the copper clad sheet. The spark occurs between the

protruding tips in the two electrodes.

The spark gap was made air-tight by means of 'O’

rings provided between the electrodes. 1t was pressurized by
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¥ans of nitrogen gas entering from an inlet in the bottom
tlectrode and the pressure inside can be controlled by means of
tneedle valve. This works on 1-12 atmospheres of pressure and
the gap can be adjusted with range 0-10 mm. Cooling fins were

provided for heat dissipation.
1.23.2. Triggered spark gap switch

In the triggered spark gap switch, hylam sheet
was used as the insulator inorder to withstand higher
temperatures. The electrodes were aluminium rods of 1 cm
dlameter. One of the electrodes that can move easily through
the insulator is sealed off by two 'O’-rings, so as to ensure
its axial movement. The trigger electrode 1is introduced
through a hole coaxial to the cathode machined in an aluminium
block. It is insulated from the electrode by a ceramic tube.
Heat is removed by the fairly large surface area of the metal
part in contact with the gas. Cooling fins are provided to
enhance the efficiency of heat dissipation. Since no
appreciable increase in temperature occurs during the
operation, the pressure seals can withstand a pressure upto 12

atmospheres (1.2 MPa) , and material deterioration is very low.
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Fig.2.12. Trigger circuit assembly, free-running

and triggered spark gap switches.
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fy sliding the electrodes through the O-ring seal, the
slectrode gap can be adjusted between 0 and 10 mm. Also the
slectrodes can be easlily removed and cleaned because the

internal assembly is removable (Fig.2.10.).

The design of the trigger circuit is as shown in
Fig.2.11., The circuit consists of ¢two ICs (NE 555) which
generate pulses of 5 us duration with rise time of 1less than
{us. The voltage pulse is fed to the gate of an SCR wired in
the primary of a pulse transformer ( an automobile 1ignition
coil was used for this purpose) . The capacitor C 1is charged
to about 450 V. The SCR is fired through the primary of the
pulse transformer. The output of the secondary is a transient
voltage of about 4 kV. This high voltage pulse is fed to the
trigger pin of the spark gap. The pulse repetition frequency
can be set between 0.1 Hz and 1 kHz. Provision for manual
triggering is also included in the circuit. The circuit has
safety provisions against current reversals and surge voltagés.
The photograph of the trigger circuit assembly, free-running

spark gap switch and triggered spark switch were shown in

Fig.2.12,
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.4, Energy storage capacitor

A double side copper clad glass opoxy shoeot was
wed a8 the energy element/transmission line giving half the
inpedance of the single line. It has the additional advantage
that the outer conductors are at ground potential, thus
reducing electromagnetic interferences caused by the high
witage transient on the inner conductors and in the cavity.

his feature also increases the safety of operation.

The transmission line consisted of double-sided
copper clad fiber glass epoxy laminates (grade CFG 6/2DS,
swpplied by M/s.Formica India Ltd.) of dimensions (127 x62)cm
vith thickness 1.6 mm which are charged to high voltage and can
be discharged into plasma tube via a spark gap switch. The
relative permittivity (£) of epoxy sheet 1is 4.7 and it can

sustaln voltage of about 15 kV across it. A single Blumlein

tircuit 1s shown in Fig.2.13.

Copper is etched from a 3 cm margin around the
sdges on both the top and bottom sides of the board to avoid

flash over. An additional 10 cm wide copper is etched from the
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liddle of the two sheets to separate the capacitors across
vilch the cavity is placed. Copper strips are soldered at the
ddges of these separated portions and screwed on to the
aluminium side plates of the laser cavity as shown in
fig.2.13. The two parts were connected by an induction coil or
high resistance ( 5K, 10W) to provide a charging path to the
capacitor on the other side. The spark gap is located at one
ond of the sheet., The two electrodes of the spark gap are in
glectrical contact with the top and bottom copper c¢lading of
the epoxy sheet. The high voltage cable from the power supply
s connected to the inner conductors on the opposite side from
the spark gap while the outer two surfaces of the sheets are

connected together and maintained at the ground potential.

The maximum applied voltage of 12 kV was limited
in the experiments which is well below the breakdown potential
of the epoxy 8heet. The principal failure one usually
encounters is the electrical breakdown of the epoxy dielectric
resulting in a pin hole puncture. Punctures can be repaired by
removing copper from a S5mm circular area surrounding the
puncture and sealing the hole with Araldite. It has been found

that the double side copper clad sheets deteriorate with use,
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lomake it more falilure-resistant and facilitate the operation
wen during humid weather, the sheets were carefully polished,
With the edges well rounded to prevent corona discharge and the
mtire length of the edges were covered with Araldite. The
wpacitor plates are firmly and rigidly held together inorder
to maintain a uniform,spacing and to prevent mechanical flexing

of the plates during the charging and discharging cycles of the

capacitor.

The characteristic impedance (2), the
capacitance (C), and propagation delay time (1) of a double

parallel plate transmission line is given by [1],

zZ = z2o0sy/ 26771 (ohms) .....(2.1)
C = 1,11 L 2/ 2 S (PF) ..... (2.2)
and T = 20 &% ¢ (sec) ..... (2.3)

where,
Zo - the characteristic impedance of free space (377 ohm),
§ - the thickness of the dielectric,

L - the width of the transmission line,

! - the length of the transmission line,
£ - the dielectric constant of the material,
C - the velocity of light (c = 3x1010 cm/sec. ),
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For the typical 1laser system, the sheet has
5+0.16cm, L = 54 cm, L = §7 cm, £ = 4.7; so that the
characteristic values were 2 = 0.26 ohm, C = 15.98 nF and
1= 8.14 ns. Thus the line has a propagation delay time of
1,46 ns/m and can store sufficiently high electrical energy.
for example, at 12 kV input voltage, the system can store an

electrical energy (CVz/ 2) of 1.15 J.
2.25. High voltage power supply

A switched mode power supply working as a
capacitor charging unit was used in the present work [ Hartley
Measurements Ltd; (HML) Series 411-2230, UK ]. It is capable of
delivering a charging rate of 200 J/S. It has very accurate
control of charging voltage coupled with 1low internal stored
snergy and high efficiency. It provides a constant rate of
snergy transfer to the 1load. Operation control includes
separate power and charge controls, trigger, single shot an:d
high voltage output adjustments. It is extensively protected
wgainst flash-over, short-circuit and voltage reversal

transients which may occur in capacitor discharge circuits.

114



1.26. Blectromagne@lc shielding of the laser

The high voltage discharges associated with the
operation of the laser generate a large amount of R.F. noises
wilch cause disturbances in oscilloscopes and other detection
instruments kept in the near vicinity. To overcome this
problem, the whole laser assembly including the power supply,
transmission lines, laser cavity and spark gap was enclosed in
shields made of mild steel sheets and were separately earthed.
This eliminated the electromagnetic interferences considerably.
2.27. Operation of the laser

After checking the power supply connections and
the gas lines, the following steps were followed for operating
the laser system, The rotary pump 1is switched "ON", and
observed the vacuum manometer reading. It has finally reached
near about 760 torr. The two stage pressure regulator of the
nitrogen gas cylinder is opened and the pressure inside the
spark gap is adjusted to about 1-2 Kg/cm?. The needle valve
connected to the spark gap is closed. Open the needle valve
connected to the cavity so that the pressure inside the cavity
is adjusted to about 90 torr. (This pressure has been found
to give maximum power output in the system). The power supply

is switched "ON". Slowly rotated the wvariac knob till the
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wltmeter reads 9.3 kV (Maximum power at this volpage). At
tiis stage, the UV laser ouput can be seen as a bright blue
flirescence on a white piece of paper. The beam profile is
roughly rectangular. The pulse repetition rate can be
controlled manually. To switch "OFF" the laser, following
steps 1s to be carried out in order. Reduce the DC operating
witage to zero, switched off the power supply, cut-off the
aitrogen gas supply, and switched off the rotary pump. Care is
taken to open the air inlet valve of the vacuum pump so as to

woid oil to enter the vacuum lines.

The cost of the materials wused in the
fabrication of the laser works out to about Rs.20,000/-. The
nitrogen laser constructed according to the present design has
been found to operate satisfactorily for uninterrupted
operations (Fig.2.14). The laser is continuously operated upto
st period of four hours. The out power, when focussed was found
to be more than sufficient to pump all of the commonly used
vieible wavelength laser dyes. The laser has been used as an
excitation source to study the fluorescence of certain doped
phosphors, detalls of which are given in later chapters, The

performance evaluation of the laser is given in chapter 3.
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CHAPTER 3

PARAMETRIC STUDIES OF NITROGEN LASER

Abstract

The output power of the nitrogen laser depends
m various parameters like cavity pressure, applied voltage,
pulse repetition rate and other geometrical factors in the
design, These parameters are studied on both the single and
double-Blumlein circuits using free-running and triggered spark
gap. It is found that the stability in repetition rate as well
as pulse intensity is better for the triggered spark gap. The
laser with free-running type spark gap at a charging voltage of
6,18 kV gave maximum efficiency of 0.51% , which is the second
highest value reported so far. The dependence of the pulse
vwidth on spark gap distance and pressure are also described.
Variation of efficiency with voltage and E/P ratios are also
included in this chapter. The divergence of the beam as well
as the variation of the power density distribution over the

cross section of the discharge cell are also studied.
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i.i. Introduction

A throrough knowledge of the optical as well as
electrical characteristics of a laser is essential if one is to
build a system with maximum possible efficiency and good 1long
term stability. Many researchers have reported [1-3] that
travelling wave excitation of the gas is the ideal method for

attaining maximum efficiency.

As explained earlier, in a travelling wave
excited laser, the discharge starts at one end of the lasér
cavity and propagates towards the other end with a velocity
nearly equal to the velocity of light [4]. Hence spontaneously
emitted photons in the direction of laser axis sees maximum
inversion and gets amplified to sufficient power 1levels in a
single pass-which is the main principle behind the superradiant
wde of operation of the nitrogen laser. High power buildup is

possible by this method because the gain for c’n — Baﬂ
u

g
transition is quite high owing to the short life time (about 20

18, in effect) of the upper laser level. With a view to

uderstand the nature and characteristics of the N lasers
2
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ussing a Blumlein circuit, two different transmission lines and

spark gaps were built and their performance were studied.

3.1.1, Blumlein circuit and E/P requirements

Blumlein circuit is simply a high voltage pulse
generator (Fig.1.4) where the enerqgy storage capacitors have
the same value (ie; C1 = Cz). Just before the spark gap is
fired, the full charging voltage V0 appears across the spark
gap, while the voltage across the laser tube remains =zero.
When the spark gap fires, the LC circuit consisting of the
capacitance Cz and spark gap inductance Ls (plus the stray

-1/2
. At this

inductance) begins to oscillate at W = (Ls Cz)
instant the voltage across the laser tube also starts
oscillating at the same frequency and the voltage rises to a
maximum value of ZVO due to the reflection of the voltage wave
at the laser channel. In actual operating conditions, this
voltage will not reach 2V° because the Nz gas will breakdown at
a lower voltage , near Vo. For practical purposes, the peak

value of Vo can be taken as the breakdown voltage and can be

used for the calculation of the instantaneous electric field E
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wing the relation,

21/2 v
E = 4] (Volbl/ecm.) ....(3.1)
d
wiere d is the electrode separation in cm. In the present

design, the average value for 4 = 1.18 cm.

Once the discharge 1is struck between the
slectrodes, the voltage falls off rapidly due to the
development of a highly conducting plasma. The electrons in
the nitrogen discharge may be assumed to be in a steady state
with the instantaneous electric field, Since the maximum
output power of nitrogen lasers occur with E/P ratios in the
range 60-135 volts/cm.torr (Table.3.2), the laser plasma can be

described in terms of an electron temperture given by [5],

o
aVv., = N sfg(r,v)o(v)anvB av ...... (3.2)
d gas ] i
o
where, a - Townsend ionization coefficient

Vd - the drift velocity
N - ground state gas density
gas
g (To,v) - normalized Maxwell-Boltzmann distribution

ai(v) ~ velocity dependent ionization cross section for

the nitrogen molecule.
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For nitrogen lasers with E/P in the range 20 to

{50 V/cm.torr; Fltzsimmons et al.[5] had shown that,

v, o= 2.9 x 10° (E/P) cm/s e (3.3)
a/p = 1.4 x 102 (E/P) 7 (torr.cm)™'...(3.4)
and, KT = 0.11 (e/p) % v L (3.5)

The effective electron temperature calculated
using egn. (3.5) enables one to predict the observed rates of
jonization in nitrogen, which would be. very much nearer to the
excltation rates of the Csl'lu and Bgl'lg states, as these states

lie very close to the ionization limit.
3.1.2. The pulse forming net works

Two typical transmission lines were made that
can be used with the same laser cavity. For the first type of
the transmission lines, conventional Blumlein circuit
configuartion (C‘ =z Cz) has been employed, while in the
second type, two double sided copper clad sheets are used, one
sbove and the other below the cavity, so as to double the

storage capacity. The length and width of the line was 57 cm
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and 54 cm respectively for the two cases.

The transmission lines were made as described in

chapter 2,. The capacitance,

characteristic impedance and

propagation delay time calculated using egns. (2.1), (2.2) and

(2.3), for the two circuits are given in Table 3.1.

Table 3.1 Nitrogen

laser characteristics

{

5 Laser Characteristics Single Double

; Blumlein Blumlein

I

Iﬂmrmﬂeristic impedance 0.52 0.26

_ Z (ohm)

| Capacitance C (nF) 7.99 15.98

!anagation delay time 8.14 8.14

| T (ns)

- Pulse width 2.5 3

| (FWHM) (ns)

 Stored energy at 9.3 kV (mJ) 345.5 691

émnput energy/pulse at 0.084 0.21

1 9.3 kV (mJ) (at 13.7 pps) (at 8.8 pps)

1Peakpower output 335 700
at 9.3 kV

Efficiency - _Egm_ () 0.2 0.31

stored
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The lines and the spark gap were soldered to the

liser one after the other and the various parameters were

tudied. The dependence of output power on parameters such as

werating pressure, voltage and repetition rate were studied on

bth the single and double-Blumlein circuits.

Table 3.2 Nitrogen laser discharge parameters
mission Applied| Electric |[Optimum Opt imum Electron
ine volltage| field E pressure E/P temp.

Vo(kV) (volt/cm. )| P(torr) (volt/cm.torr) KTe(eV)

e Free 6.3 7550 80 94 .4 4.2
dein | runn-—~ 7.8 9348 120 77.9 3.6
ait | ing 9.3 11146 110 101.3 4.4
10.5 12584 120 104.9 4.6

Free 3.9 4674 80 58.4 2.8

le runn- 6.18 7407 90 82.3 3.7
siein | ing 9.3 11146 90 123.8 5.2
alt | Trigge~ 7 8389 70 119.8 5.06
red 9 10786 80 134.8 5.56
11 13183 100 131.8 5.46
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The laser plasma can be described in terms of an
tlectron temperature given by egn. (3.5). The maximum output
pwer of nitrogen laser occur with E/P ratios 1in the range

§0-135 V/cm.torr (Table 3.2).

The electron density in the discharge plasma
increases rapidly when E/P is greater than about 100 V/cm.torr.
As the discharge begins to load the electrical circuit, the
voltage across the plasma tube falls suddenly to a very low
value with the emergence of optical output when E/P passes
through a value of about 80 V/cm. torr (Te = 4 eV) (5,61]. The
electrical power to the laser is a maximum when the impedance
of the discharge is equal to the impedance of the driving
electrical circuit. The inductance of the plasma discharge
changes with the change in the pressure in the plasma tube. It
has been observed that the optimum E/P value also changes with
pressure. Influence of these parameters gives rise to the
varlation of pulse energy as a function of plasma tube
pressure. A change in the applied voltage changes E/P ratio so

that the maximum point shifts to a new value.
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1.2. Methods of measurement

In the present work, a pulse repetition rate of
{0 pps has been chosen. The important parameters measured in
the present work are the pulse width, the pulse energy, the
peak power, efficiency, laser beam size and beam divergence.
The methods and the experimental procedures adopted are

given below.

3.2.1 Pulse width

The pulse width was measured using photodiodes
(HP-2-4207 Hewlett Packard) which have a rise time of less than
i ns, and have wide dynamic range ( 1% linearity over 100 dB).
The photodiode circuit is shown in Fig.3.1. The whole
circultry including the photodiode and the load resistor were
soldered onto a printed circuit board and enclosed in an
aluminium housing with a window to pass the laser emission. A
reverse bias of 15 V is applied to the photodiodes and the
outputs are terminated in 50 ohm load for fast response and

ninimum pulse distortion. The mounts are earthed and the
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Fig.3.1 Photodiode circuit.
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Fig.3.2., Pulse width measurement using

photodiode,
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wtput signal was taken out using a shielded cable from the BNC

termination on the rear side of the housing.

The experimental setup used to measure the pulse

vwidth is shown in Fig.3.2.

Nitrogen laser

beam is saplitted

Table.3.3. Pulse width (FWHM) for various pressures and

voltages,
Pressure Vol tage FWHM
(torr) (kV) (ns)
7 3.8
50 9.3 3.8
I N 3.6
___________ e S ]
7 3.6
70 9.3 3.4
0 |32
7 3.6
90 9.3 3
R S ¢ SN SRS 3
7 3.4
110 9.3 3
11 3
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Fig.3.3. Nitrogen laser pulse shape.
Sweep speed : 5 ns/div and

gain : 0.5 V/div.
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ising a beam splitter made of plane quartz plate. One part of
the pulse falls on the photodiode through a scatterer. The
wtput of the photodiode (signal) is given to the 466 DM 44
lektronix storage oscilloscope. The other pulse, reflected
from the quartz plate falls on another photodiode. The output
of the photodiode is given to the oscilloscope for triggereing.

The pulse width (FWHM) was measured as a
function of pressure and voltage (Table 3.3). The pulse width
at FWHM was 3 ns for the double-Blumlein circuit as shown in
Fig.3.3.(9.3 kV; 90 torr) The average width of the pulses at
the base is about 8 ns, which corresponds closely to the
propagation delay time of the storage line (Tt = 8.24 ns). The
result agrees with those reported by Mehendale and Bhawalkar
(4] who also obtained a value of about the same as that of the
propagation delay time of the transmission 1line. Since the
propagation delay time of the storage line is smaller than that

vhich is possible with the conventional designs, the laser gave

slightly short duartion pulses.

1.2,2. Pulse energy and peak power output

The average power of the laser was measured
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ising a Scientech model 38-0101 volume absorbing 1 inch disk
calorimeter (thermopile) and displayed by a laser powermeter
(Scientech model 362). The experimental set up 1s shown in
fig.3.4. The energy per pulse was obtained by dividing the
average power by repetition rate from which the peak power was
obtained by dividing the energy/pulse by the pulse width at
FWHM. As the pulse width variation with pressure was not
appreciable, we have used the pulse width at 90 torr for the
calculation of peak power output. For the double-Blumlein
circuit, the output energy/pulse at 9.3 kV was 0.2imJ at a
rep. rate of 8.8 Hz and the peak output power obtained was

700 kW.

3.2.3. Divergence and beam size

The laser beam cross section is rectangular with
dimensions of (1.7 x 0.8) cm outside the exit window (Fig.3.5).
Due to the particular configuration of the laser cavity, two
values of divergence appeared in a plane containing the
electrodes and in a perpendicular plane. The half-angle

divergence is measured in the following way. The beam width
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pirallel to a particular plane is taken at different points.
If the widths of the two pints are h1 and hz and the distance
between them 1is d, the half angle divergence €6 can be
calculated as,

(h - h ) /2
e = 2 1 radian.

d

same procedure is used to measure the divergence for both the
planes. The horizontal divergence of the beam at half angle is
24 mrad while the vertical divergence 1is 3.5 mrad at half

angle.

3.2.4. Efficiency

The overall efficiency was calculated i)y
dividing the optical output energy per pulse by the stored
electrical energy (CV2/2). For the double-Blumlein circuit,
the overall maximum conversion efficiency obtained was 0.51 X
at a charging voltage of 6.2 kV, which is remarkably high for
an N2 laser as compared to the earlier reports. The high power
and better conversion efficiency obtained using the present

dsesign is attributed to the low inductance of the system, It
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niy be noted that the highest value (1%) reported so far for

laser action in nitrogen is by Godard ([2].

3.3, Experimental observations

3.3.1. Dependence of laser pulse energy on the spark gap

pressure

The pressure in the s8spark gap affects the
inductance of the discharge circuit. It is observed that the
higher the pressure in the spark gap, the lower will be the
Inductance. The optimum output power obtained is at around 2
atmospheres of pressure. The variation of pulse energy with
the spark gap pressure at a plasma tube pressure of 80 torr

(10.6 kPa) for different voltages is shown in Fig.3.6.

3.3.2. Variation of pulse width with spark gap distance

As shown in Fig.3.7; the variation of pulse

width with spark gap distance is not appreciable. 1Ishikawa et

al.[8) have reported that changing the electrode spacing may
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influence the readings as it affects the discharge inductance
of the spark gap. No experimental data have been reported on
the power increase and reduction of the pulse width of N2

lasers with decreasing the gap of the spark gap switches,

although the behaviour has been predicted [9,10].

3.3.3. Variation of pulse width with cavity pressure

As described earlier in Table 3.3, pulse width
(FWHM) for various pressures is shown in Fig.3.8 . The result
shows that the pulse width slightly decreases as the pressure

is increased.

3.3.4, Variation of laser power with spark gap distance

As seen in Fig. 3.9, laser output power
decreases with increasing the spark gap distance. Ths may be
due to the reduction of the residual inductance of the gap

switch.
3.3.5. Variation of output peak power with the pressure

The dependence of the output peak power with
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nitrogen pressure for different charging voltages is shown in
fig. 3.10 for single Blumlein circuit (free running spark gap)
ind for the double-Blumlein circuit (free-running spark gap)
(Fig.3.11). The readings were taken in the pressure range of
10 to 200 torr when the transmission 1lines were charged to
3,9-10.5 kV. With the free-running spark gap, lasing }s
obtained for a wide range of plasma tube pressures from 10 torr
to 180 torr. The .firing voltage of the spark gap 1s adjusted

by changing the electrode spacing.

In the case of double-Blumlein circuit
(triggered-spark gap), lasing is obtained when the plasma tube
pressure in the range 40-180 torr (Fig.3.12). Above 180 torr,
streaming and arcing in the discharge region ultimately stops
the lasing . The typical curves for 6kV, 9kV, 12 kV and 14kV
are given in Fig.3.12. By using a triggered spark gap switch,

the experimental conditions could be set more accurately.
As seen from the three figures, for a fixed

voltage, the energy per pulse and hence the output power

»hmreases with pressure, reaches a maximum and then decreases
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vith further increase in pressure. The present results are in

good agreement with the previous observations by many authors,
It was observed thét the optimum laser output was obtained when
the E/P values are in the range 60-135 V/cm.torr. The 1initial
increase in the laser power with increasing pressure is due to
the fact that the number of molecules available for inversion
keeps on increasing as the pressure is increased, with electron
temperature of the plasma remaining fairly high. At high N;
pressures, the electron temp. T° is low, hence both the rate of
jonization and excitation fall reducing the output power due to
onset of arcing, while at low pressures though the electron
temp. is high, the number of molecules available for laser

action is small and hence the output power decreases.

3.3.6. Variation of output power with voltage

Fig.3.13 and Fig.3.14 shows the change in output
peak power with volbage at different N2 pressures for the
single and double-Blumlein circuits (free-running) and Fig.3.15
for the double-Blumlein circuit (triggered spark gap)

respectively. It is seen that the variation in output power
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is not linear with voltage. The rate of increase of power with

charging voltage is rapid at higher pressures.

The variation of output peak power with the
applied voltage at corresponding optimum pressure shows a
non-linearity in the graph, unlike the results reported by many
workers [ 3,4,7,11-13] except Ritcher et al.[14]. Following
Ritcher and co-workers, the non-linearity can be explained on

the basis of the voltage dependence of electron temperature.

The absolute value of output power is

propotional to No t

wp oC ®, (j,tp) N e (3.6)
where, No oC a'(To) Ne ......... (3.7)

Here N0 is the electron density, o is the sum of
the electron excitation cross section to the upper and lower
laser levels, and ¢+ (I,tp) is the value of the output peak
photon density. The above equation shows that W increases

P

linearly with N.. It means that the output power Iincreases as
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the voltage applied to the storage capacitor increases. The
dependence of T. with voltage shows a saturation at higher
discharge voltage. The deviation from non-linearity originates
from the voltage dependence of T° and therefore also cr(To)

waich in turn depends on the charging voltage.

3.3.7 Variation of power with repetition rate

The dependence -of output power with the pulse
repetition frequency for the three different conditions are
shown in Fig.3.16, Fig.3.17 and Fig.3.18. The variation of
average power with repetition rate for the two configurations

are shown in Fig.3.19 and Fig. 3.20 respectively.

In all the cases, the pulse energy is
drastically reduced with an increase in the pulse repetition
frequency. It may be due to the change in the 1initial
pre-ionization conditions prevailing in the plasma tube before
each pulse.[15]. After the gas pressure in the plasma tube |is
adjusted in the range of tens of torrs, a high wvoltage

applied across the electrodes of the plasma tube by the firing
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of the spark gap. The voltage increases till a discharge
develops in the plasma tube producing a highly conducting
plasma. The actual firing voltage depends upon the pressure
and the initial ion density in the plasma tube [16,17). For a
constant pressure, the higher the actual firing voltage, the
higher the optical output. It can be shown that there 1is a
reduction in the firing voltage as the repetition rate
increases, The ions remaining in the plasma tube after a pulse
play the pre-ionization role for the next pulse. Thus by
Increasing the time interval between two successive pulses,
that is,by decreasing the pulse repetition rate,the initial ion
density (pre-ionization) for each pulse is reduced. The lower
the initial ion density, the higher the actual starting voltage
and consequently the higher the power of the laser beam. An
increase in the gas flow rate enhances the rate of removal of
the remaining ions from the discharge area resulting into
increase in the power output. Therefore inorder to obtain

high repetition rates, one may increase the gas flow rate.

3.3.8. Variation of overall efficiency with the voltage and
E/P ratios

The net electrical to optical efficiency is one
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of the most important parameters in a laser. 1t determines the
pptimum operating conditions for the maximum 1life of the
system, The overall efficiency obtained under different plasma
tube pressure conditions but with the same voltage is
calculated. The values are plotted against the corresponding

vwltages as shown in Fig.3.21. and 3.22.

The E/P ratio is plotted against the voltage
(Fig.3.23 and 3.24). It is found that the overall efficiency
is higher when a free—runﬂing spark gap is used instead of a
triggered spark gap. It is also observed that the optimum E/P

value increases with voltage.

The maximum efficiency obtained is 0.51% at a
charging voltage of 6.18 kV. To the author’s knowledge, this
value appears to be the second highest one reported so far for
the transverse electric nitrogen lasers. It may be noted that
the highest efficiency (1%) reported so far for 1laser action
in nitrogen is by Godard [2]). Other typical values reported
are 0,039 X by Bergmann [18). 0.05 % by Mehendale and Bhawalkar

(4], 0.065X by Sam [19], 0.025% by Fitzsimmons et al.[5] and
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0.3%-0.4% by Schwab et al. [20].

3.3.9 Variation of the power density over the cross section of

the laser electrodes

The interelectrode separation in a transversely
excited (TE) N2 laser is much smaller in comparison with that
in an axially excited laser, and very little studies of the non
uniform population inversion in the 1laser channel have been
made. In the case of nitrogen laser applications, the
distribution of the output power over the cross section of the
beam is very important [21]. Many authors have reported that
the intensity distribution in the NE laser beam along the
interelectrode gap was found to be asymetric [22,23]. This
asymetry in the intensity distribution has been interpreted in
terms of strips parallel to the electrode 1length in the
interelectrode region with differnt degrees of population
inversion. The population inversion in each strip has been
agsumed to be the same. This nonuniformity of population
inversion can be discussed with the help of 1ionizing wave

fronts propagating between the two electrodes. This was
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first suggested by Loeb [24] to account for the formation of

luninous pulses in electrical breakdown.

The laser operated using the double-Blumlein
circuit was charged by 9.3 kV (pressure:90 torr) and triggered
by the spark gap switch. The intensity distribution along the
horizontal and vertical direction in the laser beam cross
section was measured by an HP-2-4207 Hewlett Packard photodiode
and a 466 DM44 Tektronix storage oscilloscope. The photodiode
was fixed in a travelling microscope, at one metre away from
the laser output window and could be moved horizontally as
well as vertically. The laser beam was attenuated by inserting
a 1 cm thick transparent perspex plate before falling on the
photodiode. As seen in Fig.3.25, the position of the intensity

maximum is shifted towards the edges of the electrodes.

The peak intensity is at the centre of discharge
cavity at midway between the cathode-anode separation. The
position of the peak shifts from above the middle line of the
cross section near the cathode to lower side near the anode,

thus gives rise to a helical type pattern for peak position.
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This non uniformity is due to the off centoring of the poak
intensity of the emission cross section of the beam profile.
This is clear from the Iintensity contour as given in

Fig.3.26.and 3.27 respectively.
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CHAPTER 4

EFFECT OF ADDITIVES ON Nz LASER PERFORMANCE

Abstract

The effect of additives on N2 laser performance
ws studied by many workers and briefly reviewed as an
troduction of this chapter. The additive gases selected for
e present study are oxygen, argon, 1,2-dichloroethane, carbon
wtrachloride and thionyl chloride. A maximum increase of 468

ws observed for the organic additive SOCI{
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1. Introduction

The technology of N2 laser has undergone many
wdifications to obtain higher output powers. A large part of
the effort in this direction has been towards modifying the
slectrode design and electrical circuitry. It is an
experimental fact that even with the extremely selective
ixcitation provided in the N2 system, inorder to achieve high
pwer output and conversion efficiency, we have to add certain
other gases to the N2 system. The effect of the presence of an
additional gas in the laser plasma cavity on the position and
pulse width of the laser transitions in the UV and IR regions
have been studied by several workers [1-33]. TABLE 6 lists the
sffect of certain additive gases on the power output of a high
power N2 laser. The results obtained by various authors dor_xot

agree in certain cases.
It is interesting to investigate the role played

by the additive gases in enhancing the power output efficiency

of the Nz laser, beacause there are at present a number of
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Table.1., The effect of additives on laser performance.

|
"tfNe, | AdAitive gas pout Referencen
1(a) Ar decrease Mehendale et.al(1976)
decrease Mau-Song Chou et al(1981)
(b) He increane Kurnit et al. (197%)
increase Mehendale et al.(1976)
nil Mau-Song Chou et al.(1981)
(c) Ne nil Mau-Song Chou et al,.(1981)
a) (C2H5)8N increase Kurnit et al. (1975)
no increase Mehendale et al.(1976)
{b) (C3H7)8N no increase Mehendale et al.(1976)
(c) (C4H°)8N no increase Mehendale et al.(1976)
3 C3 H8 increase Tetsuya Mitani (1981)
{ CCle2 increase Tetsuya Mitani (1981)
5 C4H10 increase Tetsuya Mitani (1981)
6 CF4 decrease Collier et al.(1978)
7 F2 increase Armadillo et al.(1982)
increase Shin Sumida et al.(1979)
8 NF; increase Rothem et al.(1979)
9 BF3 increase Mehendale et al.(1982)
10, SFo increase Levatter et al.(1974)
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wnflicting theories which try to explain the function of these
@ses, The most widely used additive has been SFG. The output
pwer at 337.1 nm shows a significant change in the presence of
S%. The exact mechanism of the appearance of additional laser
transitions and changes in the laser pulse width are not very
wll understood so far. It is reported that fluorine containing

compounds are cumbersome in handling and that they corrode the

electrodes.

There are different opinions regarding the role
" of SFo ( and other molecules) in increasing the output power.
Some authors feel that the increase in power 1is due to the
increase in the pumping rate of the C-state (v =0) {23], and
to deactivation of A and B states of Nz [5,11] and others feel
that SE‘G or its discharge products lead to a modification of
the electron energy distribution that improve C-state
population and deactivation process 1is not important [15].
¥ang [24]) feels that an increase of output power by the
addition of a small amount of SF‘<s is due to the 1increase in

breakdown time and breakdown voltage.
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Both SFo and le-‘4 have also been thought to be
involved in the quenching of the v = 1 level of the Bang state,
leading to the lasing of the (0,1) band and its higher sequence
number .The lengthening of the (0,1) pulse appears to be due to
prolonged population inversion resulting from ‘continued
quenching of the v = 1 level when a 300 ns electrical pulse was
wsed [(3]. Possibly, v = 2 and v = 3 levels are also quenched

leading to the appearance of the (1,2) and (1,3) levels in the

laser spectrum.

One of the possible ways to induce additional
population inversion between the lasing levels is by quenching
the lower lasing level through collisional excitation transfer
to an additive. This method is especially useful in the case
of the nitrogen lower lasing level (Baﬂg) which has a larger
life time (8 us) than that of the upper lasing level (Caﬂu) (40
ns), thereby causitig a bottle neck for population inversion to
be maintained for durations larger than 20 ns. The penning
lonization mechanism, which has been utilized in metal vapor
lasers to produce the ions in an excited state, can well be

suited to depopulate the lower laser level and create a larger
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3
poppulation inversion, The energy level of N2 (B Hg) is
wfficiently high (7.35 eV) compared to the ionization

potential (IP) of some of the organic compounds [25].
1.2, Experimental set up

The gas supply to the laser cavity was modified
as shown in Fig.4.1. The partial as well as the total pressure
can be read on the manometer. Needle valves were used to
control the partial pressures of N2 and the additive. The
laser was operated using the triggered spark gap switch.
Keeping the Nz pressure at a fixed value, the pressure of the
additive was varied (1,2 and 4 torr) and the variation in the
average power was measured using a Scientech calorimeter. The
nitrogen pressure was varied in steps of 10 upto 170 torr. The
repetition rate was fixed at 10 Hz. . The pulse shape |is
recorded on a 100 MHz Tektronix storage oscilloscope using
HP-2-4207 photodiode of rise time ~ 0.3 ns. The additives
selected for the present study are oxygen, argon,

i,2-dichloroethane, carbon tetrachloride and thionyl chloride.

The applied voltage was kept constant at 9.3 kV.
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i3, Variation of power on adding additives
1.3.1. Power variation with Oz and Ar

Oxygen and Argon didnot show any appreciable
sffect on laser performance in the discharge system.
Introduction of Ar and 0z suppresses the lasing action as
reported by Bergmann et al.(34]. However, Arutyunyan and
Galechyan [20) have observed the highest output energy with the
iddition of 5%, 15%, and 25X oxygen to Nz gas at total pressure

of 70,50 and 30 torr respectively.

1,3,2. Power variation with 1,2-Dichloroethane (CHzCl-CHZCI)

The effect of addition of 1,2-dichloroethane to
N2 was studied over a range of N2 pressures, keeping the
applied voltage constant at 9.3 kV. The variation of output
power with pressure of added 1,2 - dichloroethane (1,2 and 4
torr) is shown in Fig.4.2 for different pressures of N2 and

also that of N2 alone. At higher pressures, the increase was

less. There was no observable change in the pulse duration
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for a pressure of 90 torr with 4 torr of 1,2-dichloroethane,

the laser energy is increased by 25%

1.3.3. Power variation with Carbon Tetrachloride (CC14)

The variation of output energy for different
pressures of CCl4 (2 and 4 torr) was measured and plotted as
shown in Fig.4.3. A maximum increase of 30% was observed for 4
torr of CCl‘. No appreciable change in the pulse width was

observed.

1.3.4, Power variation with Thionyl Chloride (SOClz)

A maximum increase of 40% was observed at 90
torr of Nz and 4 torr of SOClz (Fig.4.4). The decrease in power
output is notable at higher Nz pressures. No variation in pulse

width was obtained.
The present studies show that the additive gases

enhances the emission intensity (except for Ar and O ) without
2

affecting the pulse width. Unlike in the case of some of the
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prlier studies [34), we observe that there is an optimum
partial pressure of the additive gas at which the maximum power
smhancement is obtained. The molecules of the additive gases
¢t dissociated in the plasma discharge so as to enhance the
number of species in the discharge medium. This (on colliding
with Nz at lower laser level), brings about the faster
deexcitation of N2 to the ground state, there by enhancing the
laser power. However, at higher number densities of the
"dopants', various species formed with nitrogen (like
(N,NO,NS,CO etc.) bring down the number of active centres (Nz
molecules) in the medium resulting into the decrease in the

output power of Nz laser,
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CHAPTER 5

FLUORESCENCE IN SrS:Ce AND SrS:Eu PHOSPHORS

Abstract

The method of preparation of SrS phosphors
doped with rare earths are given in this chapter. Nitrogen
94+ 2+

laser induced fluorescence emission spectra of Ce and Eu
prosphors in the visible region are recorded and discussed.
ereM} a prominent peak at 408 nm and a shoulder at 450 nm

e observed. A band with line structure in the region 350-430

mand a new broad band at 460 nm are observed for Eu.z+ ion.
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.1.Introduction

Alkaline earth sulphide phosphors activated by
rare earth elements are of considerable practical importance
ifter the discovery of infrared stimulation and sensitized
liminescence {1,2]. Fluorescence emission characteristics of
prosphors such as CaS, SrS and BaS have been done using
conventional UV excitation sources [3-7]. Amongst the series
of alkaline earth sulphide phosphors, SrS is the least studied.
This chapter deals with the results obtained from the study of
the fluorescence emission of SrS phosphors doped with Ce and Eu

using N2 laser as a source of excitation.

5.2, Sample preparation

The samples were prepared with the use of
procedures that, to a large extent, have been worked else where
[(8,9]. High purity SrSO4 (Reidel ,Germany) was used as the base
material. A number of samples with varying dopant

concentrations were prepared by doping the base material with
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Fig.5.1. The sample cell.
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the required amounts of rare earth oxide (99.99% purity from
IRE, India) and carbon (reducing agent) in the presence of
sodium thiosulphate as flux. The mixture was fired at 950o C
for about one hour. Efficient phosphors were obtained by
uenching the fired samples to room temperature. The powder
thus obtained was converted into pellets of 10 mm radius and 3

m thickness.

5.3. Sample cell

The pelletised samples under study are mounted
inside a cell. The sample holder and the cell assembly are
shown in Fig.5.1. The metallic cell has four quartz windows at
right angles to each other. The sample holder consists of two
flat round copper discs which can be tightened with the sample
in between , using brass screws. The cell can be evacuated by
connecting it to a vacuum pump through a side tube. The cell
can be used for the fluorescence measurements at LNT and RT.

It can be evacuated to a pressure of 2x10—5torr.
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Fig.5.2 Schematic diagram of the apparatus used for
recording the fluorescence spectra.




4. Experimental set up

The schematic diagram of tho experimental set up
{s shown in Fig.5.2. The phosphors were excited using the
pulsed N2 laser. The N2 laser beam i3 focussed on to the
umple and fluorescence emission is collected in a direction
perpendicular to that of the laser beam, and focussed on to the
slit of a 0.5 m Jarrel Ash monochromator. The diffracted
light is detected by a EMI 9683 KQB photomultiplier tube (PMT)
having an S-20 cathode attached directly in front of the exit
slit. The photocurrent produced in it is amplified using a
low-noise high gain preamplifier and recorded on a strip chart

recorder (Omnigraphic) (Fig.5.3).

5.5. SrS:Ce phosphors

Luminescence properties of cerium activated
sulphides were studied by many workers [10, 11]. In the
present study, cerium was introduced into SrS in the form of
cerium oxide. All the measurements were carried out at room

temperature.
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Fig.5.3. Experimental set up for recording
the fluorescence spectrum,
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Two types of SrSiCe phosphors were prepared

(12]. In type I, the concentration of flux was varied from 2%

to 50% by wt. and the cerium concentration was kept constant at
2% by wt. In type II, the flux concentration was kept constant
at 35% by wt., while cerium concentration was varied from 0.1%

to 1.4% by wt.

In the case of undoped SrS sample, only a broad
band at 520 nm was observed (Fig.5.4). Fig.5.5 shows that the
emission spectra of the SrS:Ce phosphors for various flux
concentrations. The fluorescence emission intensity increases
with the flux concentrations upto 40% by wt. (sample 5 of
Fig.5.5) and then decreases for higher flux concentrations,
The decrease 1in intensity 1is due to the concentration
quenching. Furﬁher it was observed that, with increasing fiux,
a shoulder is developed at higher wavelength side of the main

band.

The number of luminescent centres increases with
the increase of cerium concentrations resulting into the

increase in f%ug¥p§c9nce emission showing maximum intensity for
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Fig.5.4 Fluorescence emission spectrum of
undoped SrS sample.
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Fig.5.5.Fluorescence emission spectra of SrS:Ce
((Type I) phosphors with different flux
concentrations (in wt.%): (1) 2%, (2)

10%, (3)25%, (4)35%, (5)40% and (6)50%
with Ce at 2%.
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the sample 5 (Ce:1%) as shown in Fig.5.6. Usual concentration
qenching of the fluorescence emission is observed at higher
concentrations. The emission spectra consist of a prominent
peak at 408 nm and a shoulder at 450 nm. These two bands are
wll developed as the concentration 1{s decreaned. A more
resolved spectrum of Ce:0.1% is shown in Fig.5.7.
No perceptible shift in peak wavelength with the change of

activator concentration was detected.

The two luminescence bands observed can
be ascribed to transitions from the lowest 1level of the 5d
2 2
configuration, to the 1levels F and F of the 4f
5,2 ?7/2
configuration of the cerium ion. It is seen that there are no
observed crystalline field splittings in the emission spectra.
The SrS has a NaCl type of structure and if we assume that the
3+

rare earth is located in a substitutional site, then the Ce

will experience a cubic field potential [10].
According to Freed [13], a pair of excited

3
states measured in Ce+ salts in the form of chloride and

ethylsulphate single crystals, can be assigned to the terms of
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Fig.5.6 Fluorescence emission spectra of SrsSiCe
(Type II) phosphors with different Ce
concentrations (in wt.%): (1) 0.1%,

(2)0.2%, (3)0.4%, (4)0.8%, (5)1% and
(6) 1.4%.
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Fig.5.7 Fluorescence emission spectrum of
Srs:Ce (Ce:0.1%).
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Fig.5.8 Energy level diagram of Ce3+.
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) and 2D . It can be seen that the separation between
172 5/2

‘he 2D and zD level is not large compared to a reasonable
/2 5/2

plnt crystal field splitting of these two levels. The best

pproximation to the true picture appears to be one in which

the upper levels are so smeared out and mixed that one need

mly talk about one broad excited state [10]. With this

3+,
wnclusion, we can represent the levels of Ce ' in SrS as shown

in Fig.5.8.
1,6, SrS:Eu phosphors

In recent years, it has become apparent that in
tertain hosts, E:l.l2+ exhibits fluorescence emission spectrum
tharacterized by sharp lines. The presence of such sharp 1line
spectra has caused detailed experimental measurements and
theoretical analysis by various workers. The luminescence
properties of Eu2+ activated alkaline earth phosphors (e.g Ca,
Sr and Ba) have been studied and it was found that the emissiodn

7?7 6
spectrum constitutes of a 4f ( P) -4f7(85) line spectrum in the

near ultraviolet region [(14-19]}.
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Prizibram [20] claimed that in the divalent
suropium halides, the fluorescent emission consists of a blue
band and sharp lines in the red region. This was 1in contrast
with the results of Gobrecht [21] who attributed the blue band
to Ew’’ and red lines to Eu3+. Freed and Katcoff [(22] had
results essentially in agreement with Przibram with their work
on EuClz. On the other hand , Brauer [23] reported that the
emisssion from Eu2+ and !E:us,+ falls in the same wavelength
region., According to Brauer, Eu as a trace, is divalent in the
alkaline earth sulphides and trivalent in the alkaline earth
oxides. Jaffe and Banks [25)] have also reported similar
results. Keller [25)] had shown that Euﬂ can be be converted
into Eu3+ and vice versa by changing the conditions of firing.
Further more, under certain conditions, samples can be obtained
vhich have measurable amounts of both divalent and trivalent
europium. .

Thus the 1investigation on Eu phosphors is
surprisingly rare, and a few publications are not always in
agreement with each other. Our investigations were intended to

clarify the reported contradictions and to interpret the

2
optical spectra of Eu’’ in the SrS:Eu phosphor system,
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Fig.5.9 Fluorescence emisgsion spectra of SrSzEu2+

phosphors for different Eu concentrations
(in wt.%)s (1)0.1%, (2)0.4%, and (3)0,.8%,
Inset shows the fluorescence emission
spectrum of undoped Srs,
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| probable energy level scheme is also given from the

bserved spectra [26].

Europium was introduced into Srs in the form of
wropium oxide . The fluorescence emission spectra of SrS:Eub
ire shown in Fig.5.9. Spectra reveal several narrow lines
wiich are superimposed on the broad band emission peaking at
30 nm and a broad band at 460 nm. The 460 nm band 1is not
tbserved using conventional UV excitation sources. The band
intensity at 380 nm gets enhanced at the cost of 460 nm. The
160 nm band disappears completely at 0.8 % of Eu concentration.
There is no perceptible shift in peak wavelength of both the
bands with the change of activator concentrations. In the case
of undoped SrS sample, only a braad band at 520 nm is observed
(inset of Fig.5.9). The sample doesnot show any characteristic
fluorescence emission in the red region. This indicates that

Eu goes into the SrS lattice as E:t.l2+

The phosphors exhibit a broad band resulting
from the 5d——4f transition as well as sharp 1line emission

which has been assigned to 4f (GP, )—>4f (aS ) transitions
i 7/2
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Fig.5.10 schematic configuration coordinate:
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placed as indicated in the text.
Stark splitting is not shown,
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ere i = 3/2, 5/2 and 7/2). As in the case of fluorite type
wystals doped with divalent europium [27] , the bread band 1in
the optical spectra of alkaline earth sulphides is due to the
ransition from the 4f7 (857/2) ground state to the states |in
m94£6 5d configuration of the Eu?+ ion. The presence of both
d——>4f and 4f——4f transition indicates the proximity of the

?7 6
lowest excited 54 and 4f ( P7/2) levels ([(17,28].

A schematic configuration coordinate diagram of
Ef+1n which the lowest excited 54 and 457(6P8 levels are
included is shown in Fig.5.10. The diagram is similar to that
proposed by Blasse [29] except that 6Pi level was fixed lower
than that of af® 5d. Our observations show that GPi should 1lie
thove 4f6 5d. The change in relative position of the 5d and
dﬂlevels is due to the difference in host lattice. Strong
‘d—>4f band emission occurs when the 5d level is
significantly lower than 6!’_’/2 level while the 4f——4f line
emission appears when the reverse is true. Both 5d-——4f and
{f—>4f transition occurs when the energy 1levels are close
together as in the present case. Thus the broad band at 460 nm

s attributed to the 5d-——4f transition, while the band with
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line structure

the

region 350-430

nm corresponds

%——+B$hq transitions. This implies that 5d 1level 1lies at
{

- o
thoul 1706 um’ lower than Lhe

The wavelengths and assignments of the
fluorescence emission in the 350-430 nm

Table 5.1. -‘Inorder to identify the

various

[Hig.5.1

region

rise to the six lines occuring in the dP,—-—éas

of the spectrum has been carried out,.

lines can be attributed ¢to transitions

7?72

from

sublevels

an

various

1.(1)]).

are given

It is found that the six

Table 5.1. Wavelength and assignments of GP levels of E:u.z+

Group Wavelength Wavenumber (v cﬁd)
(nm) Observed | Calculated
427.3 23403 23445
6 8
P -—> S 420.0
2,2 2,2 23810 23810
404.9 24697 24660
399.6 25025 25025
¢ 8
P —> S
5,2 2,2 380.3 26295 26295
> —Ps 375.1
9/2 2 /2 . 26660 26660
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o] o] 8
levels of GP ’ P and P to S . The present
/2 5/2 8/2 ?/2

s s
inalyses show that P and P split into triplet and
7/2 5/2
juoblet, respectively, due to the crystal field interactions
wile °p and °s donot show any splitting. The relevant
3/2 7/2

snergy level diagram is shown in Fig.5.11(b).

In conclusion, we have observed a new broad band
(5¢——>4f) as well as sharp 1line emissions (4f—>4f) of
divalent europium doped in SrS phosphors, The energy level

scheme for these transitions in E:uz+ ion is also presented.
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CHAPTER 6

(RYSTAL FIELD ANALYSIS OF SrS:Sm, SrS:Dy AND SrS:Er PHOSPHORS

ABSTRACT

The fluorescence emission spectrum of SrsS:Sm,
151Dy and SrS:Er has been recorded using nitrogen laser
excitation and analyzed in detail using a parametrized model.

The splitting pattern of the energy levels in SrS lattice s

svaluated using crystal field theory.
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6.1. Effect of crystal field on the spectra of ions

When an atom in a proper ionized state |is
located in a crystal, it is subjected to various inhomogeneous
electric fields produced by the ligands. This results either
in the splitting of energy levels, or modification of energy
levels which are essentially brought about due to peturbation
caused by the interaction between ligands and impurity 1ions.
Interaction of the doped ions with host lattice also modifies
the lattice energy. Introduction of dopants will change
luminescence characteristics of phosphors due to the change in
the distribution of self activated centres and some times due
to the appearance of new centres. The problem of the influence
of the surrounding ion on the energy levels of the central ion
in a crystal field was first studied by Bethe {1]. He assumed
the point charge crystal field model and used a group
theoretical method to predict the multiplicities of the various

degenerate levels from a knowledge of the symmetry of the

environment of the ion.
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f.2. Theoretical calculation

According to Lea et al.[2] for the 4f states of
the rare earth ions, within the manifold of angular momentum J
composed of f-electron wave functions,the most general operator
sguivalent potential with cubic point symmetry may be written
as:

O 4 O 4
H =B (O +50 )+B (0O -210 ) ce..(6.1)
4 4 4 S S S

where,
4 2 2 2
= 35 Jz - [30F (J+1)-25]) Jz - 6J(J+1) + 3J (J+1)

1/2 (J: + 34

QOO Aob AOO
[ ]

(o] 4
- 231 30 - 105 [3(J+1)-7) J
V4
2 2 2
+[105 J°(J+1)%- 5257 (J+1) + 298] J° -
Zz
3 3
- 537 (J+1)° + 2037 (3+1)%- 60J(I+1)

o = 1/4 [ 11 J: - J(J+1) - 38 ] (J4 + J4)
+

+ 1/4 ( J: + 3 ) 111 3% - 3 (3+1) -38]
- z

with x,y,z axes chosen along the <100>, <010> and <001)
direction. The coefficients B4 and Bc are factors which
determine the scale of the crystal field splittings. They are

4 (<]
linear functions of <r > and <r >, the mean fourth and sixth
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powers of the radii of the orbital corresponding to magnetic
electron, and thus depend on the detailed nature of the
magnetic ion wave functions. Since these are very difficult to
calculate quantitativliey, it 1s customary to regard the
coefficients B4 and Bo as parameters to be determined

empirically.

For the numerical <calculation of the eigen
values, for each J-manifold the (2J+1) x (2J+1) matrix |is
written down wusing the operator equivalent matrix element
tabulated by Stevens [3]. These tables contain factors common
to all the matrix elements,viz., F(4) and F(6), and these are
separated out in the present calculation in order to keep the
eigen values in the same numerical range for all ratios of the

fourth and sixth degree terms. Then the Hamiltonian can be

written as,

o b
9% = B4 F(4) _4__ + B F(6) __36__ .. (6.2)
F(4) F(6)
where,
4 4

04 [ 0‘ + 5 04 1 and

0 =0 -210)

s s s
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In order to cover all possible valuon of Lho raltio bhelween
the fourth and sixth degree terms, we put
B‘ F(8) =W x i (6.3)
Bo F(6) =W ( 1- Ixt )  ...0e.s (6.4)

where x is a dimensionless parameter which can have values

between -1 and +1 and W is a scale factor. It follows that,
B X F(6
4__ = e (6.5)
B 1-1xl| F(4)
6

so that B /B = 0 for x =0,while B /B = + o0 for x = + 1.
4 (] 4 (] - -

Rewriting equation (6.2), we have

A - wolx  _Ce_ + (1-1x1) s ] ..... (6.6)
F(4) F(6)

The term expressed in the square bracket represents a
matrix whose eigenvectors correspond to the most general
combination of fourth and sixth degree crystal fields, and
whose eigen values are related to the crystal field energy
levels by a scale factor W defined by eqn. (6.3) and (6.4).
The diagonalization of the matrix was performed and for each J

manifold x was allowed to take values 0, +0.2, +0.4, +0.6,

+0.8, +1.0,
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One can find the sign of the scale factor W and
that of the parameter x directly from the signs of B4 and Ba as

follows:

(1) From eqn.(6.4), from which the sign of W is determined by
the sign of Bo since (1-Ix|) is always positive for -1 < x. < +1
(i1) From eqn,.(6.5) which shows the sign of x is determined by
the sign of B4/Bo ; 8since F(6) and F(4) are both positive for
all J’'s. The sign of B4 and Bo can be found out from the point
charge crystal field model for the geometrical coordination
factors A4 and AG. There are three types of cublic
corresponding to 4,6, or 8 equidistant charges Ze. For each of
these, the point charge model gives the parameters as shown in
Table 6.1. Here R is the distance of the coordinating charges

Table.6.1. Point charge model parameters [Ref. 2 ].

Type of coordination B =a <% 3 B =aA <r6>}'
4 4 G 6
Tetrahedral (4) -7/36 ze'/R° <x>p | +1/18 26 /R’ <>y
Octahedral (6) +7/16 Zez/R5 <r4>[3 +3/64 Zez/R7 <r6>y
2,5, 4 2, 7 6
Cubic (8) -7/18 Ze /R <r >f3 +1/9 Ze /R <r D>y
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Table 6.2. Values of multiplicative factors of 3 and y [Ref.2 ]

Rare earth B x 104 y x 10°° By
ion

ce’’ 63.492 0 o
pr’ -7.3462 60.994 ~12.044
Na' -2.9111 -37.988 7.6632
pme 4.0755 60.781 6.7052
sm 26,012 0 o
B 0 0 0
ca 0 0 0
o 1.2244 -1.1212 -109.20
Dy ~0.59200 1.0350 -57.200
Hoo ' -0.33300 -1.2937 25.740
Er 0.44400 2.0699 21.450
T 1.6325 -5.6061 ~29.120
b -17.316 148,00 -11.700

Ze from the magnetic ions, e is the charge on the electron, r
is the radius of the 1ion, (3 and y are the Steevens
multiplicative factors. The numerical values of 3 and y for
R€+ are given in Table 6.2, The calculated values of <> in

units of Bohr radi using 4f wave functions are given below.
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Table.6.3. Calculated values of (rn> [ref.3 ].

Rare earth ion. (r?> (r‘) <r6>
ce’ 1.200 3.455 21.226
pr’ 1.086 2.822 15.726
Na 1.001 2.401 12.396
sm ' 0.883 1.897 8.775
Eu’ 0.938 2.273 11.670
ca>’ 0.785 1.515 6.281
Dy ' 0.726 1.322 5.102
Er’ 0.666 1.126 3.978
Yoo 0.613 0.960 3.104

The scale and pattern of the crystal field
splittings are determined from the coefficients B4 and Bo given
by ,

B, = A, aHp o BO-AG(r6>y ....... ( 6.7 )
where <r‘> and <r6> are the mean fourth and sixth powers of the
radii of the 4f electrons of the impurity ion, # and y are the
Stevens'’s multipllcativ& constants (4 ]. The geometrical
coordination factors Ai and A6 are given by the point charge

crystal field model.
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6.3 Fluorescence in SrS:5Sm, SrS:Dy and SrS:Er phosphors

6.3.1. Introduction

In continuation of the work presented in the
chapter 5, here the method of preparation and the results ?n
§rS phosphors doped with Sm,Dy and Er are presented in this
gection. The rare earth element samarium i3 wused as the

luminescent activator to get the emission in the green and red
region, Dysprosium is found to emit in the blue, green and red
regions while Erbium is covering ultraviolet and the visible
regions. Most emission bands of these three phosphor system
show well resolved 1line structure. The probable level
transitions giving rise to the various emissions are analysed

on the basis of the crystal field theory.

6.3.2. Phosphor preparation and experimental set up

The details of the method are given in chapter 5.
In these samples, the activators were added in the prefired

mixture as their oxides. The preparation and the experimental
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set up used for recording the fluorescence emission spectrum at

room temperature are the same as described previously.
6.3.3. SrS:Sm Phosphors

The luminescence spectra of samarium activated
sulphides usually include a contribution from Sma+ ions,
because these readily enter the lattice,where as the activation
by &£+ is not complete even under reducing the synthes}s
conditions(5]. In [6], the emission from divalent samarium in

SrS was not observed. In an earlier investigation of infrared

stimulable phosphors, Keller et al (7] had studied the
properties of SrSi1Sm phosphors. These phosphors have great
sensitivity, storageability and rapid time response. It is

assumed that 4f electrons of rare earth ion are responsible for
the optical properties of these phosphors and that while bounq’
, they are subStitutionally shielded from the dielectric
sffects of the SrS matrix [6]. The 1luminescence of Sma+ has
been investigated in various host lattices such as CaS:iSm

(Pillai and Vallabhan [8]), SrSt Sm 1is the least studied

gxcept for some preliminary investigations reported by
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famashita and Asano {9] and Allsalu et al.[10].

The Sma+ emission in SrS consists of three
groups of bands which are well resolved into discrete lines in
the region 550-675 nm (Fig.6.1) [11-13]) . The broad band at
520 nm is obgserved in the case of undoped sample also. (inset
of Fig.6.1) and hence arises due to the host lattice vacancies.
M the Sm concentration increases, we observed appreciable
decrease in intensity of the 520 nm band due to the wusual
concentration quenching as well as the transfer of energy to
samarium ions. There 1is no perceptible shift in peak
wavelength of the 520 nm band with the change of activator

concentrations.

The three groups of intense lines are attributed

to the well known transitions 4G _—_ H , G ——H
5/2 5/2 5/2 ?/2

4 ]
and G =~ H { 9,14 ). The occurence of the sub levels
8/2 /2

{s due to the splitting of the free ion term of sm' under the
influence of Lhe ligands of tLhe murrounding tonm which has not

been studied qualitatively by earlier workers in SrSiSm. In the

present case, since SrS crystallises in NaCl structure [15], an
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Table. 6.4.

emission bands in SrsS:Sm phosphor.

Wavelength and assignments of fluorescence

-1
Group Level Wavelength Wavenumber (v cm )
transitions (nm) Observed | Calculated
r r
8——— 7 556.1 17982 17982
r‘7--——-)1-‘7 559.7 17867 17867
‘ r
G ——> H r8———é 8 566.9 17640 17643
3/2 3/2 r r
7—> 8 $70.5 17528 17528
r r
88— 7 596.3 16770 16740
r?———9r7 601.5 16625 16625
re———ére 603.5 16570 16600
‘s H Fr—ls 606.6 16485 16485
5/2 ?2/2 r r
8—> 6 605.1 16525 16525
I-.7--——->r6 609.7 16401 16410
r I @
8—— 8 643.6 15538 15538
r r @
7— 8 648.3 15425 15423
r r
8w 6 649.8 15389 15389
4 r r
G 1 7—> 6 653.9 15293 15274
5/2 or2 r r @
8—— 8 657.0 15221 15267
(2)
r‘7—-----)1-.8 662.2 15101 15152
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impurity ion (Sm3+) occupying a Sr2+ site will experience a
cwbic field with octahedral co-ordination. in 8such an
environment, the free ion term with J = §/2 and J = 7/2 will
sgplit into two and three sub levels respectively [2]. Thus
the emission due to 4G ——->GH transition will consist of
5/2 5/2
4

a 4 a
four lines and those due to ¢] — Ig/z and a — IIp

3/2 5/2 /2

will comprise of six lines each, The wavelengths and term

sssignments of the fluorescence emission bands were given 1in

Table 6.4.
Considering the separations between the four
lines observed due to 4G —~)°H transition in the
5/2 5/2

wavelength region 550-575 nm, it can be seen that both the
ubper and lower levels are Stark-splitted into doublets of

-1 -1
separations 115 cm and 339 cm respectively.

Fine structure analysis of fluorescence spectra

4 ] 4 ]
corresponding to G ——>H and G ——>H transitions
5/2 ?/2 5/2 0/2

in the wavelength region 595-675 nm can be analysed by the

3+

method suggested by Zhong et al [16]. For Sm , Steeven’s

multiplicative constants have the values as 3 = 25.012 x 107
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Fig.6.2
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The splitting pattgrn of the H7 and H9 5
manifold of the sm’* ion in the égs latticé.

E is in cm=1l and x is a dimensionless para-
meter defined in the text. The broken lines
indicate the values of x used to evaluate the
scale factor W (in cm~1) required for the

experimental determination of crystal field
parameters,
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md ¥y = 0. The geometrical coordination factors Ak and A6 are

gdven by the point charge crystal field model. Freeman et al

[3) gave the respective values of <r‘> and <r6> for Sn?* ion
s 1.897 a:' and 8.775 a: ( aH is the Bohr radius)
respectively.

In order to identify the various sub levels
giving rise to the six 1lines occuring {in the ‘(35/2——>6H_’/2

level, an analysis of the spectrum has been carried out. It is
found that these 8ix 1lines can be grouped 1into two sets
corresponding to two Stark levels of ‘Gs/z with separation of
115 cﬁd. From the separations between the lines it has been
found that "H_’/2 split into three sublevels with intervals as
75 cm.-1 and 140 cm_1 (Fig.6.3). The splitting pattern of the
ﬂ%/z level of the Sma+ ion in a cubic field is given by Lea et
al. [2 ] and is shown in Fig.6.2A. An exact fit with the above
pattern occurs for the scale factor W = 6.08 cm—1 and x = 0.97.
Using the equations (6.3), (6.4) and (6.7 ), the crystal field

parameters calculated are B4 = 0.098; Bo = 2.38 x 10—5; A <r4>-
4

39.3 cm .
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For the ‘0 ———édn tranmitlion, the upper
/2 0/2

B
-1
level Stark splitting is also found to be 115 cm . Analysis
shown that the GHp/z level has been splitted into three

-1 -1
sublevels with relative spacings of 122 cm and 149 cm

(Flg.6.3). The splitting pattern of de/z level of Smg+ ion s
shown in Fig.6.2B, For this group, the best fit 1is obtained
vhon W = 5.11 cm ‘and x = 0.62 giving B,= 0.053; B_-1.51 x 1074
md A <r'> = 21.12 om’.

The charge compensation of Sm' in the lattice

is accomplished by the creation of cation vacancies which may

perturb the site symmetry. However, the agreement between
theoretical calculations and observed values (Table 6.4)
suggests that the site symmetry is cubic 1in character. The

model suggests that sm>’ occupies in SrS substitutionally. It

is observed that the energy level splitting depends on the host

lattices. For example, value of A4 (r‘) obtained by earlier

report for the 4G ———édﬂ transition in Cas:Sm |is 237.84
5/2 ?/2

cﬂi (8].

6.3.4. SrS:Dy Phosphors

The fluorescence emission spectrum of SrS:Dy |is
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shown in Fig.6.4. It consists of three emission bands, viz;

‘ 6 4 6 4 6
— — and F —> H [14]).
E‘o/z Htsxz ! E‘9/2 H13/2 0/2 11,2

The most intense band occuring at 582.2 nm band originates from

‘F ———édﬂ transition.
13/2

o/2
An important feature of the spectrum is that the
maximum intensity occurs for a transition for which the lower
level is not the ground state of the ion. Such effect has been
4 o 3+
observed for G —H transition in the Dy ion
/2 19/2

previously [17] and is explained as due to the hyper sensitive

nature of this transition.

1t is observed that one or two transitions of
each lanthanide is extremely sensitive to the environment.
They exhibit a normal intensity, for example, in aquo ions but
have a marked increase 1in intensity relative +to all other
observed transitions in certain environment. These are termed
as hypersensitive transitions. This has been explained as due
to the effect of the polarization of the 1ligand by the f£
electrons of the Ln.z+ which extends the sphere of influence of

the f-electrons. So long as there is no centre of inversion,
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the induced dipoles can interact

dipole moment.
and the result is that a

transition becomes allowed [17].

This,

normally

and yield a

then interacts with the radiative

forbidden

non

electric

In the present case,it can be

speculated that such an effect is taking place in the case

Df+ ion in SrS lattice also.

consists of five lines.

Table 6.5

The emission due

transition in SrS:Dy3+.

The wavelengths and

F

o/2

The wavelength and assignments of ¢

term

transition

assignments

—%

©/2 13/2

Transition Wavelength Wavenumber (v cnri)
(nm) Observed Calculated

‘ r_w

F =— 7 562.4 17781 17781

0,2
4 r @

Fo —> 8 567.6 17618 17555

/2
‘r > 6 572.8

02 . 17458 17442
¢ r @

E}/z-—-) 8 582.2 17176 17216
‘ r_@
Fo/z-—--) 7 585.3 17085 17161
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of the bands were given in Table 6.5. Analysis shown that

GH level has been splitted into five sub levels with
18/2

relative spacings as shown in Fig.6.6. The splitting pattern
<>156Hm/z level of Dy§+ ion is shown in Fig.6.5. For this
group, the best fit is obtained when W = 2,26 cm-1 and x = 0.25
lving B = 9.4 x 1072, B, = 9.9 x 1077, A, <r*> - 158.78 cmt

nd A <x®> = 95.65 cm .
6.3.5. SrS:Er Phosphors

The fluorescence emission spectrum of SrS:Er
phosphor is found to have essentially six emission bands
covering the ultraviolet and visible regions (Fig.6.7). The
vavelengths and the probable energy 1level transitions giving
rise to the emission bands are given 1in Table 6.6. The
mission band occuring at 550 nm 1is found to have maximum
intensity. A comparison of the experimentally observed
mission 1line splitting of the 550 nm band with energy
spplitting calculated on the basis of the point charge crystal

9
field model shows that Er ' ion can occupy Srz+ substitutional

tites.,
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Table 6.6. Wavelength and assignments of fluorescence
emission bands in SrS:Er phosphors.
Band Wavelength Wavenumber Level transition
‘ -1
A (nm) v (cm )
i 4 4
| . 7352 G 1
i 365.6 273 11/2 15/2
| 4 4
| 398.9 25069 G _— 1
‘ o/2 15/2
| 4 4
459 21786 F —_— 1
3/2 15/2
2 4
513.4 19478 1
11/2 15/2
4 4
550 18182 S —> 1
/2 15/2
4_ 4
625.9 15977 F —_— 1
/2 15/2
3
In the present case, where an Er’ ion is

situation

introduced into a Srs lattice, we are encountering a
in which a lanthanide ion is placed in a cubic crystal field of

octahedral co-ordination, A detailed study [2] reveals that in

such a crystal field the ground state 425/2 of the Er8+ ion
will split into five sub levels, viz., r‘6, r8“),r7, Fea) and
de. The upper level of this transition doesnot split since

h“ ion is in a cubic crystal field (18].
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Fig.6.8 The splitting pattgrn of the 4115/2
manifold of the Er’t ion in the
srS lattice.
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4

Table 6.7.The transitions involved in S

/2

emission band of SrS:Er phosphor

I
15/2

Line Transition Wavelength Wavenumber | Ground level
No. A (nm) v(cnf‘) splitting
r
1 S —> b6 540.5 18501 18501
3/2
| )
2 S — 8 543.6 18396 18411
3/2
3 Sg/z———9r7 547.8 18255 18240
¢
a s —lg? 553 18083 18129
a/2
¢
5 sa/z-—-erag’ 556.1 17982 18098

The groups of lines were analysed and from
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snergy level separations of the lines in the group, the crystal
field parameters were calculated employing the method suggested

by Lea et al.[2) and later used by Bryant et al.[13].

The splitting pattern of the 4115/2 manifold of
the Er’’ ion in the SrS lattice is shown in Fig.6.8 . This
corresponds to the ground level splitting pattern of E:rs’+ ion
in a cubic crystal field and also shows that it splits into
five sub levels. The values of 3 and ¥y for an Er’’ don is
0.444 x 10-‘ and 2.0699 x 10-6 respectively. Freeman and
Watson {3 ] gave the value of <r4> and <r6> for the 4Af
glectrons of E:r8+ ion as 1.126 A; and 3,978 A; respectively

where AH is the Bohr radius. The probable energy level diagram

is shown in Fig.6.9.

The energy level separation of the 1lines were
compared with the splitting pattern shown in Fig. 6.8 . The
best £it with the observed energy 1level splitting occur when
x= 0,7 and W = 1.8 cm_i. Substituting the values of W and x

4
and calculating A4 <r > and Ad <r6> from the expression for B
4

and Bo' the values obtained are:
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A < - 473 cm T  and

A <> - 10.6 cm .

Thus the energy levels of RE3+ in Srs lattice
has been discussed by taking into account of crystal field

sffect. Relevant parameters and splitting patterns of energy

levels were also evaluated,
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CHAPTER 7

GENERAL CONCLUSIONS

The work presented in this thesis is the design,
fabrication and parametric studies of a high power nitrogen
laser system and its use to study the fluorescence

characteristics of certain doped phosphors.

NITROGEN LASER : We observed significantly improved discharge

uniformity and suppression of arcs over a wide pressure range,

improved reproducibility of both spatial distribution and

intensity of +the laser output and increase in permissible
operating pressures.

In general, the following conclusions were made from the
present studies :

(1) In order to obtain uniform and reproducible discharge,it is
advisable to use the'combination of cylindrical cathode and
plane gnode, as reported in the present work.

(2) sufficiently uniform gas flow is achieved with the holes
distributed along each electrode and located in such a way
that they do not face each other,

{3) In order to achieve a shorter rise time, the inductance of
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the cavity and spark gap are minimized by reducing their
physical sizes.

(4) For effective heat dissipation black painted fins are
provided for cooling the laser cavity and spark gap.

(5) The double-Blumlein circuit has been found to give higher
output peak power and better efficiency than the
single-Blumlein circuit.

(6) The maximum peak power obtained for the double-Blumlein
circuit was 700 kW at a charging voltage of 9.3 kV and the
maximum efficiency obtained was 0.51%. The pulse width at
FWHM was 3 ns.

(7) For obtaining better stability in repetition rate,

triggered spark gap switch may be used.

(8) The additive gases CHZCI-CHZCI, CCl4 and SOCl2 enhances

the emission intensity appreciably.

In conclusion, N2 laser laser with transverse
discharge geometry shows promise as a simple and ideal source
for fluoresqence analysis. It is compact, less divergent, and
powerful. 1Its voltage requirements are comparable to those

used with low pressure N2 lasers. The N2 laser described  here
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has been operating for several months in this laboratory giving
satisfactory performance. With further parametric

optimization, the performance can be improved.

FLUORESCENCE IN PHOSPHORS : The detailed preparation and

fluorescence emission analysis of SrS phosphors doped with Ce,
Eu , Sm, Dy and Er were discussed with accompanying enerqgy
level diagrams for each rare earth ions in SrS lattice. The
fluorescence emission from Sm,Dy and Er were analysed in detail
using a parametrized model. The crystal field parameters were
calculated and the splitting pattern of the energy levels in

SrS lattice were evaluated.

FUTURE SCOPE:

We believe on the basis of the parametric
studies, that it should be possible by using preionization
together with higher voltages and shaping the electrodes to
achieve atmospheric or higher pressure operation with pure NE
or possibly with a mixture of NE and a buffer gas suitable for
collisional quenching of the lower levels. The recent trend to

N2 laser fabrication is towards making compact and reliable
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lasers. Studies on the coherence properties of the 1laser
radiation and the effects of additives enabled a better
understanding of the laser action in N;. N; laser has wvaried
applications which make this system equally popular among the
scientists working in physical and life sciences.

The fluorescence measurements at low temperature
is to be carried out, since UV excited fluorescence at low
temperature will give more informations about the crystalline
effects on the rare earth ions. It is certain that continued
progress in the device field will yield major changes in the
techniques of display devices necessitating the development and

characterisation of different phosphor materials.
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APPENDIX

APPLICATION OF PHOSPHORS IN OPTICAL DEVICES

A.1. Introduction

In recent years, there has been a growth of
interest on luminescent materials based on the rare earths,
either as host lattice constituents or activators [1]. Rare
earth phosphors have found important commercial applications in
such field as lasers, colour television and 1lighting. Rare
earth phosphors have also been useful in theoretical studies of
luminescence mechanisms. The red emitting europium-activated
phosphors have been of particular commercial interest since the
introduction of Yttrium Vanadate in 1964 as an efficient
cathode-ray phosphor (2]. From 1964 to the present, europium
activated phosphors have been adopted as the standard red
primary in colour television picture tubes. These phosphors
include : (Y Eu)VO4 ’ (Y,Eu,Bi)VO4 ’ (Y,Eu)2 OZS, (Y,Eu)2 03,
(Gd,Eu)ZO3 ,and (Gd,Y,Eu)zoa. Certain primary colour phosphors

which are suitable for TV screen are briefly discusssed here.
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Fig. 1A. Fluorescenc§+ emission spectrum

of Yzozs:Eu .
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A.2. Trivalent Europium activated Yttrium Oxysulphide

(L,os : Eu’’) - Red phosphor

Trivalent europium activated Yttrium Oxysulphide

(YéO;S :Eu?+), one of the rare earth oxysulphide group of

phosphors, 1is of great interest due to its potential
application in colour television picture tubes as red
component. It has better luminous efficiency and brightness

and high resistance to acid treatment during the coating
process when compared with other red phosphors for colour
television picture tubes such as: Zn.3 (PO4)2:Mn?+,(Zn Cd)s:Aq,
Y (VO4)3:Eua+ and Y203=E:u3+.

Preparation of YZOZS : Eu.a+ is carried out by
flux method. This involves mixing of appropriate gquantities of
AR grade VYttrium Oxide, Europium Oxide, Sul fur, Sodium
Carbonate and Potassium Phosphate and firing the temperature
range of 1000—1100°C for 1-3 hours. Flux in this case will be
sodium polysulphide. After the firing, excess flux was removed
by washing with demineralised water and the traces of unfeacted

Y'ZO3 by dilute HCl. The powder thus obtained was converted

into pellets of 10 mm radius and 3 mm thickness. The phosphors
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Fig. 2A Fluorescence emisgion gpectrum of

calcium tungstate.
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were excited using the nitrogen laser as described previously.
As shown in Fig.1A, line emission spectrum is obtained in the
orange-red region which corresponds to the D — F ,

5D -——+7F and 5D -——97F transitions.
o 2 o 3
A.3. Calcium Tungstate - Blue phosphor

In calcium tungstate crystal phosphor which has
the structure and composition of the mineral ’scheelite’,
luminescence without external activators is due to the complex
tungstate ions WOE- in the lattice [3]. The tungstate ion is
coordinated by four oxygen having predominantly a covalent
bond. The calcium is coordinated by six oxygen 1ions having

predominantly an ionic bond.

A mixture of calcium carbonate and tungstic acid
in a suitable mole ratio is ground into a slurry with the
addition of suitable quantity of water. The yellow slurry 1is
ground thoroughly and dried, in an air oven at about 110°C so
that the resultant mass is nearly white as possible. This 1is
due to the formation of tungsten dihydrate H2W4H20 or W032H20

which is white in colour. The powdered mass is subsequently
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Fig.3A Fluorescence emission gpectrum of
zinc silicate.
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o
heated in air at a temperature in the vicinity of 800-1000 C
for about 2 hours. The resulting mass 1is finaly ground and
pelletised. As shown in Fig.2A, a broad band peaking at 480 nm

was observed.

A.4.Zinc Silicate - Green phosphor

Zinc Silicate matrix is known to be rhombohedral
in its structure. The configurational coordinate diagram for
Zn.ZSO4 : Mn has been worked out by various workers. The
emission transition is attributed to a spin reversal of one of
the 3d electrons of the an+ ion. The mode of vibration is a
radial one for the four oxygen ions surrounding. the manganese
ion. Depending on the interaction between the Nk3+ ion and the
host lattice the luminescence peak centred at 520 nm (Fig.3A4),
the mechanism being explained by a configqurational coordinate

scheme.
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