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SYNOPSIS

Pulsed CO-. lasers pumped by a self-sﬁstained discharge
have become very important and practical tools for materials
processing. A high mean power pulsed CO-. laser overcomes the
instantaneous power intensity 1limitations inherent in CW
operation which restricts perforgance, especially in metal
machining. Design requirements» include : simplicity  of
construction, reliability , high efficiency, low operating
voltage , uniformity of the output beam, and the ability to
vary the output paraﬁeters over a wide range. A major aim of
this dissertation -is to provide a fundamental physical
understanding and data that will enable effective design.

The diséhargé parameters (i.e operating value of E/N,
mean electron energy,ionisation and attachment coefficients,
etc.), the plasma-chemical processes and CO> dissociation
effects, the output pulse profile and intensity control are
studied herein in order to maximise efficiency and optimise
laser performance to the requirements of the workpiece.

The comprehensive computer simulations of the electron
energy. distribution function, discharge plasma parameters,
plasma-chemical phenomena occuring in the discharge, and
laser kinetic processes produce an exploratory tool that can
provide essential data for devéloping a CO. laser capable of
processing a wide range of engineering materials.

Experimental work is conducted to confirm the theoretical

analysis of the discharge operating parameters.
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CHAPTER ONE

INTRODUCTION

1.1 GENERAL:

Since laser action was first successfully demonstrated
using a crystal of ruby as the active gain mediqm, solid
state and gas systemé have been developed to the point where
1asérs are now practical and economical tools for several
industrial applications. New possibilities for improving
materials processing . ( heat treatment,' cutting, welding,
depéSition of special_coatings, etc.) are enabled by the use
of high power laseré. For laser machining, power intensities
in the range 10® - 10*% w/iué are required to generate the
necessary non-conduction 1limited heating. Below 10° w/mZ
the surface ‘temperature rise. is insufficient to cause
significant surface damage; the incident energy is absdrbed
in a very thin surface layer (= 10® m) resulting in heat
treatment. Power intensities above 10*® w/m= produceAhighly
aﬁsofbént pléémé; ﬁence energy absorption by the material is
significantly reduced.

Lﬁser systems.. capable of machining applications include
both so0lid state and gas lasers. The two most commonly used
lasers for materials processing are the Nd2*:YAG and the CO:
lasers. The fundamental advantage of solid state lasers is
judged to be the combination of their high energy-generation
parameiers (up to 10 J per pulse, with an average generated
power of up to 700 watts) and their ability to operate in

various regimes - from ultrashort (picosecond length) pulses



to continuous operation (CW) -along with high power and
reliability, [Prokhorov, 1.1]. However, an important drawback
in solid state lasers is their low efficiency; a factor that
limits mean power and hence applications, [Patel, 1.2].

CW CO- lasers are capable of operation in the multi-
kilowatt range of output powers and exhibit high efficiency
( up to 30 % ), [ Wilson and Hawkes, 1.3]. However, power
‘intensities generated at the workpiece are below the damage
thresholds of many engineering materials. This,together with
thermal degradation of the optical system and_the very high
‘reflectivitiéé exﬁibited .by metals at the relatively long
wavelength of the CO> laser, limit the industrial
applications of the CW CO- lasers.

COnseqhentiy, tﬁe CO=> laser can be designed to overcome
these 1limitations by operating in a pulsed mode [ Chatwih
et al, 1.4]. High output pulse intensities can be generated
with plateau powers (10 to 150 kW) and pulse durations
controlled and matched to the processing requirements of
matérials by appropriate seléction of: the input electrical
pumping pulse, gas composition and pressure, and design
parameters of the optical resonator. The relatively low mean
output powers (2-5 kW) minimise thermal degradation of the
optical system. Furthefmore,high pulse repetition frequencies
(= 10 kHz) permit continuous machining because a steadily
evaporating liquid phase ,at the workpiece, can be sustained
{Vedenov et al, 1.5)]. In addition, the interpulse period is
sufficient to prevent the development'of a plasma plume on

and above the workpiece surface.



1.2 QUALITATIVE REQUIREMENTS FOR A STABLE PULSED CO2

LASER FOR MATERIALS PROCESSING:

Extensive utilization of laser technology in industry is
'frequently inhibited by the failure of present day lasers to
‘meet the rigorous requirements of industrial processes.
Different'industrialvprocesses impose different requirements
on the laser parameters, particularly the stability of the
output power. For the majority of industrial applications
the permissible variation in the laser output power P is in
the range 6P £ (3-5)x10-2 P. The most rigorous demands are
, impdsed by the processes of finishing cutting - and thermal
hardening where the permissible variation in the beam
divergence is within -10"* to 10~° rad- for an unevenness of
the cutting edge of less thaﬁ 0.1 mm. For present-day COz
lasers, the beam divergence lies in the range 1-10 mrad. The
prdcess of welding also imposes strict conditions on the
stability of the spatial location of the beam axis ; a
fluctuation of the beam axis in the range -10-2 to 10-%- is
required for a beam axis displacement on the workpiece of
less than 0.1 mm [Golubev and Lebedev, 1.6].

Fluctuations in the laser emission characteristics can
Ibe caused by an instabilify of the characteristics of the
active medium. The properties of the active medium are
determined by the average small signal gain,by the saturation
parameter, and by its homogeneity ‘throughout the 1laser
cavity,[Sato and Miura, 1.7].

Inhomogeneities of the temperature hence density and

composition of the active medium can arise due to



instabilities of the current in the discharge cavity and of
the flow velocity. Furthermore, instability of the chemical
composition of the actiQe medium accompanied by variations
in the output power can appear for a number of reasons.Since
the overwhelming majority of present-day lasers operate with
partial (0.1-1 %) continuous replenishment of the active
mixture, an instability in the feed of fresh gas components
will result in instability.A more serious cause of the power
instability arises from a change in the chemical composition
of the mixture due to chemical reactions taking place in the
discharge, this results in changes in the CO. concentrations,
gas temperature, rate of relaxation of the upper laser level
, etc. It is because of plasma-chemical processes that the
active medium: gain falls with fime; even with continuous
gas-mixture replenishment rates of 0.1-1 % which are
reésonable from the technical and cost points of view, the

output power can £fall by 10-20 % with time.

1.3 CHARACTERISTICS OF THE ELECTRIC DISCHARGE COz LASER:

With the increasing realization of the potential of the
CO. laser, within the broad field of industrial materiéls
processing, there has been a continuing effort to improve
its operating power and efficiency. To increase the average
power and pulse power it is necessary to increase the gas
pressure. However, when the pressure is increased, the glow
discharge deteriorates and constriction occurs [ Mesyats and
Korolev, 1.8]. This leads to a lowering of the output pulse

energy and to a consequent reduction in the average laser



power. High pulse repetition frequencies (>102 Hz) cause the
same problem [Arutyunyan et al, 1.9]. The main cause of the
discharge constriction is considered to be due to local
temperature gradients which result in an inhomogengous gas
density in the discharge that leads to an inhqmogeneous flow
of discharge current. '

In the discharge cavity the flowing gas mixture, which
usually includes ¢€O0:,Nz:,and He, is converted into a weakly
ionised glow discharge plasmé. The mechan;smﬂpf pumpfhg the
CO, molecules to the upbef'lééer'level (06°1),égnsisfs of
exéiting N2 and CO2 molecﬁies by dnelastic. coiiiéibhs‘w;fh
the electrons and the transfe: of vibrational energy £rom
Na2(v=1) to CO= . The near coincidence beﬁween‘ the Na(v=1)
level and the €O2(00°1) level ( see figure 1.1) results in a
véry efficiéﬂt’energy transfer ﬁrd;esé [.Patei}>i;zj; -

Several,factors influence the performance of the pulsed

CO2 laser. including the operating voltége, capacitance, gas

mixture, pressure :an@es for homogeneous discharge, the . .

technique used td excite the gas and the éhanges in the
chemical composition of the gas mixture. An important
characteristic of the discharge is the parameter (E/N)
which governs the electron energy distribution function
(EEDF). Knowledge of the (EEDF) is nécessary to obtain a
more comprehensive understanding of the discharge kinetic
processes and to make possible quantitative‘predictions of
laser performance. The (EEDF) determines the excitation
rates and efficiencies of the vibrational levels of CO- and

N-.It also determines other discharge plasma parameters ,e.g



ionisation and attachment coefficients, electron mean energy
and drift velocity. In the operation of the CO, laser one
important factor is the ratio CO-/(CO:+N=) which influences
the formation of an arc-free discharge [Lavrentyuk et al,
1.10]. A stable discharge is, therefore,important to provide
a homogeneous excitation of the active mixture. Several
techniques have been used to improve discharge stability,
e.g UV pre-ionisation with non-conventional electrodes
[Biswas et al, 1.11], X-ray pre-ionisation [Krishnaswamy and
Alcock, 1.12 ] , PIE {( photoinitiated , impulse-enhanced ,
electrically excited ) process [ Nath et al, 1.13] , high
frequency cdrona discharges [ Akiyama et al, 1.14] ,
semiconductor pre-ionisation system [ Stark and Crocker,
1.15 ], Pre-;onisation by a-particles [ Glushchenké and
Lavrentyuk, 1.16]; and the addition of easily ionisable‘
substances to the laser gas mixture [ Aliev et al, 1.17].
The main objective of all these techniques is to provide the
minimum sufficient electron density (10¢-10°®) necessary to
obtain a homogeneous discharge [Yamabe et al, 1.18]. One of
the major factors influencing this, is the oxygen content in
the gas mixture. It is known that 'electrons strongly attach
to 0> molecules,hence the electron density becomes less than
is necessary for a homogeneous arc-free discharge. 1In
addition, changes in the chemical composition of the active
gas mixture due to plasma-chemical reactions produce several
species which have a deleterious effect on the discharge
stability, and on the laser output power. Pace and Lacombe

[1.19] have shown that the accumulated oxygen produced by



electron impact dissociation of carbon dioxide leads to the
formation of large:cbncentrations of negétive ions (0~,CO0>—,
CO.~). Nitrogen oxides (NO, ) are also known to easily form
negative ions. Discharge instabilities,then, tend to develop
due to the imbalance between chafged particle production and
loss pfocesses in the discharge [Bgverly,l.ZO]. Furthermore,
species such as. CO,Hz,and H20 have significant effects on
the population and relaxation processes of the excited
states of CO> [Smith et al,1.21] and therefore significantly‘

affect the laser kinetic¢ parameters [Siemsen, 1.22].

1.4 SCOPE OF THE PRESENT WORK:.

This work:is part of a continuing programme in the design
and development of a high power, high P.R.F, CO: laser for
materials processing applicatibns. Tﬁe following paragraphs
summarise the scope of the work herein :

(1) Théoretical simulation of the gas discharge is described
in.Chapter 2. The Boltzmann transport equation is solved
to determine the electron eneréy distribution function
(EEDF). The operating characteristics of the discharge,
the fractional power tranéferred to the various molecular
energy levels and the transport parameters are predicted.
The‘ presence of CO in the discharge, its effect on the
(EEDF) and tfansport parameters are examined.

(2) Theoretical simulation of the discharge plasma chemistry
is considered in Chaptér 3. Emphasis is directed toward
identification of the most'important chemical reactions

occuring in the discharge. The dissociation of CO. is



(3)

(4)

(5)

examined and 1ts control by gas additives - are
investigated. l

In Chapter 4 an 'eight-energy level' kinetic  model is
developed to simulate the perfqrmance of the CO: laser
with the presence of CO in the discharge. This model
givés profound insight into_ the kinetic processes
occuring in the laser cavity and their relationships to
the many interdependent design parameters.

Experimental investigation of the gas dischérge
operation 1is presentéd in Chapter 5 . The operating
characteristics of the glow discharge in several gas
mixtures are determined; these results verified the
predictiéns ffom the (EEDF) simulation. The effects of
CO addition to the gas mixture on the operating
characteristics of the discharge are investigated.
General conclusions and recommendations for further

work are given in Chapter 6.
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CHAPTER TWO

THEORETICAL ANALYSIS OF THE GAS DISCHARGE PARAMETERS

2.1 INTRODUCTION

Optimal oﬁeration of CO> Lasers requires a thorough
understanding of the gas discharge plasma kinetics: this
necessitates a detailed knowledge of the electron energy
distribution function (EEDF) . The electron energy
distribution determines the fractional power transferred to
the various molecular eﬁergy levels ,it also detefmines the
various transport parameters which in turn control the
development of the gas discharge. Thus, this knowledge is
essential fof laégr performance simulation and the
optimisation of output power and efficiency.

Several studies have been carried out to determine swarm
parameters in CO: mixtures which usually contain C€O02,N=, and
He as their main constituents. The electron energy
distribution in the discharge is described by the Boltzmann
transport equation. Thus the swarm parameters may Dbe
calculated directly from a set of collision cross- sections
by numerical solution of this equation. Extensive
investigations have been undertaken over the past fifteen
vyears and a number of investigators{Lowke et al [2.1],Sakai
et al [2.2], Lakshminarasimha et al [2.3] , Kucukarpaci and
Lucas f2.4] , Braglia et al [2.5]),Rockwood and Green [2.6])
have used numerical methods to predict swarm parameters in

laser gas mixtures in order to estimate the populations of
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the laser energy levels. Experimental determination of some
of tﬁese swarm parameters has been carried out by others
( siérra et al [2.7],Hasegawa et al [2.8],Davies [2.9],
Haydon and McIntosh [2.10],Wedding [2.11),Braglia et al
[2.12]).

In this chapﬁer a theoretical model is developed to
study the gas discharge parameters. It considers the
influence of the electron energy distribution function on
the transport parameters and the discharge development. The
EEDF is determined by‘solving Boltzmann's transport equation
for gas mixtures containing Cdz ,Nz‘,and He. This model is a
modification of that first developed by Smith et al [2.13]
to calculate e;ectron vibrational excitation rates for CO-
gas mixtures . The. basic features of the model are that it
includes the effects of superelastic collisions on the EEDF.
These effects were neglected in the work of Khahra [2.14].
It also includes the ionisation and electron attachment
processes for CO- and N..The following transport parameters:
average electron energy,electron drift velocity, ionisation
and attachment coefficients are evaluated. The guantity of
energy transferred through various  ,excitation paths by
collisions of electrons with molecules, and excitation
efficiencies for different vibrational 1levels in the gas
mixtures are also determined. The conditions that maximize
the rate at which energy is transferred into vibrational
excitation of the upper laser level are investigated. The
operating characteristics of the gas discharge are

predicted,and finally the effects of the addition of carbon
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monoxide to the gas mixture on the distribution function
and transport parameters are examined.This allows a profound
understanding of the detailed mechanisms occuring within
the CO. laser discharge,it provides the necessary data for
both : 'simulation of the effects of dissociation , and

prediction of the laser output pulse by solution of the

molecular rate equations.

15



2.2 NOMENCLATURE

cs

CSa

e

Qi
Q%3

attachment coefficient in gas discharge (cm—?2).

ionisafion crdss section (cmz),

attachment cross section (cm2).

diffusion coefficient (cm2/sec).

electric field (volt/cm). -

rate of energy transfer from e}ectrié field to
electrons (eV/cm3.sec).

electron charge (1.602 x 102 (C).

excitation efficiency.

eléctron energy distribution function (ev-1/2)

Boltzmann constant =1.30826x10~23 (J/°K).

mass of a molecule (gram)..

electron.mass-(gram).

total molecular nuﬁber density (cm—3).

species in the gas mixture.

electron density in the discharge (cm—3).

gas pressure (Torr).

vibrational excitation power delivered to level j
(eV.cma/sec).

ionisation cross section (cm2).

inelastic collision cross section for
the jth level of n species in the mixture (cm2).

superelastic c¢ollision c¢ross section for the jth
level of n species in the mixture /I<m2).

momentum transfer cross section of species n (cm?2).

temperature (°K).
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al

Uy

X7y

Va

time (sec).

average electron energy (ev).

electron energy (ev).

energy loss of the jth inelastic process in species n

(ev).

electron velocity (cm/sec).

vibrational excitation rate for the jth excited state
of species n (cm®/sec).

electron drift velocity (cm/sec).

electron energy (ev).

ionisation coefficient (cm~?*).

electron mobilty (cm?®/sec.volt).

fraction of molecules of species n in the jth
excited state.

fraction of molecules number density of species n.
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2.3 ELEMENTARY PROCESSES IN CO> LASERS:

2.3.1 The CO2 molecule:

The carbon dioxide molecule can be represented by a
linear arrangement of two oxygen atoms and a carbon atom
with the carbon atom in the middle. This is shown in figure
(2.1). It can vibrate in three different modes, namely, the
symmetric mode (y1),the bending mode (y2),and the asymmetric
mode(y3) .When discharge conditions are suitable for CO- laser
action the principal energy levels are: 667.3 cm~*(0.083 eV),
1285.5 cm~*(0.16 eV) , 1388.3 cm~*(0.17 evV) and 2349.3 cm—?*
(0.29 eV).These are normally designated as 01%0,02°0,10°0 and
00°1 respecti§ely (see Appendix 2.I). The lower laser leveis
02°0 and 10°0 are in strong Fermi resonance and are almost
completely mixed, [Levine, 2.15]. Elementary processes in CO=
lasers and the basic principles underlying 1aser}action are

described in Appendix 2.I.

2.3.2 Population Inversion In CO: Lasers:

Population inversion can be achieved by direct
electronic excitation of molecules in the gas discharge. It
mayl also be achieved by resonant transfer of energy between
molecules in the gas systemn. |

For a carbon dioxide laser , the important interaction
between electrons and molecules are the inelastic
collisions whereby energy is transferfed from energgtic
electrons to both the CO- and N> molecules . In the resonant

transfer process,the selective excitation of the upper laser
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level(00°1) from the ground state by vibrationally excited
N»(V=1) occurs at a very rapid rate(1.9 x 10‘ Torr—*.sec~?)
because of near coincidence between this level and C0:(00°1).
This resonance transfer produces a mixed state of Nz (v=1)
and CO-(00°1).By comparing the relaxation rate of this mixed
state (110 Torr~*.sec~*) with that of the upper laser level
in a pure CO> discharge (367 Torr‘i.sec‘l), it is seen that
N> serves two purposes , firstly,it helps in the excitation
of the upper laser level, and secondly,it increases the
effective 1lifetime of CO>(00°1). Cheo [2.15] has shown that
the addition of a few Torr.of N> pressure increases the
effective 1lifetime of the wupper 1laser level by almost a
factor of two.

The addition of Helium causes an increase in ﬁhe
averagé electron energy, because helium has none of the
inelastic vibrational losses that are present in N- and CO-.
This Jeads to a decrease in direct pumping of the lower
laser level and an increase in the excitation of N2 , hence
an increase in the population of the upper laser level. It
has been shown [Levine , 2.15] that efficient relaxation of
the lower laser 1level occurs by collision with helium while

the upper laser level lifetime is left unaffected.
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2.3.3 Excitation Cross Section and Relaxation Rate

chnstantsf

Measurements of roﬁational and vibrational excitation
cross sections of carbon dioxide and nitrogen by inelastic
collisions of electrons at low energies (0-3 eV) have been
reviewed by Phelps [2.16]. Hake and Phelps [2.17] have shown
that there exists a set of four resonances for the
vibrational excitation of CO- molecules by electrons at
0.08,0.3,0.6, and 0.9 eV. The 0.3,0.6,and 0.9 eV energy loss
procésses are associated with the three -levels of
asymmetric mdde,' and 0.08 eV is associated with the lowest
bending mode as shown in figure (2.2). For N= the total
excitation cross - section has been investigated by Schulze
[2.18] who showed that it reaches a maximum value ( 3 X10-3*S
cﬁz) at an electron energy of = 2.3 eV (see figqure (2.3))..

A comprehensive compilation of cross-section data has
been made by Kieffer [2.19] for CO, ,CO,N: ,and He. Kieffer
lists cross-section data for other gases. Table (2.1) lists
the energy thresholds of 8 vibrational levels, dissociative
attachment and ionisation process of €Oz molecules; 8
vibrational levels and ionisation process of Nz.

Vibrational relaxation in different gas mixtures of CO=
lasers has been extensively investigated by several
workers. Relaxation via collisions are vital in achieving a
population inversion in the gas system. A comprehensive
survey of relaxation data for important processes in a CO-:
laser system has been made by Taylor and Bitterman [2.20].

Appendix 2.II shows different relaxation processes in CO-:.
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2.4 THE BASIS OF THE MATHEMATICAL MODEL:

The mathematical connection between the microscopic
behavior of electrons as described by electron-neutral
particle scattering c¢ross - sections and the macroscopic
behavior of an electron swarm is given through the Boltzmann

transport equation which may be written as

YE/Bt - (EE/M) Vv £ = (DE/dt)corzimson  .eenen. (2.1)

A detailed analysis of the equation is given by Smith
and Thomson [2.21]. For <conditions similar to- those
encountered in CO. lasers the Boltzmann equation is reduced
to .
(1/3)(E/N)zd/du{(udf(U)/dU)/§5nQ“m(U)} + 2md/du{u(%(8xQ%m (1)
/Ma)£(u)} + (2mknT/e)d/du{uz(Z(86nQ% (U)/Ma))df(u)/du}

+ 3 {(u+un ) £(U+tU3n ) O Q™ 5 (U+U,s) -uf(u) 8,0, (1)}

=

)
n
+ §l 67 3{(u-uyn) £(U-U3n)6aQ"-5 (U-Uyn)~uf(u)8,0"-5 (u) }=0

M

{ see Appendix 2.IV for details ).

The electron energy distribution function £(u) in
equation (2.2) 1is normalized such that the fraction of
electrons between energy u and u+du is given by u?*/72 f£(u)du.
Hence

[Juz fwaw=1 (2.3)
°The first term on the left hand side in equatiop (2.2)
contributes to the energy of the electrons gained from the

applied electric field. The second and third terms interpret

the elastic collisions of electrons with molecules,while the
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fourth term represents the energy lost by electrons to the
molecules in an inelastic <c¢ollision process. The final
term contributes to the energy of electrons gained from
excited molecules in a superelastic collision process.
Having obtained the electron energy distribution function
(EEDF),this can then be used to calculate various transport
coefficients (drift velocity , 'average energy, diffusion
coefficient and mobility) ".The effective electron
vibrational excitation rate for the jth excited state of
species n is given by: ‘
X7y=(2e/m) */2(Uan/Uan) JUE(U)Q™4(u)du ceeeen(2.4)
In addition, the mobilié; (n),diffusion coefficient (D),

and drift velocity (Va) are given respectively by:

n= (-1/3)(2e/m)1/2f(u/§6nQ“m(u))(df/du)du ...... (2.5)
D=(1/3) (ZE/H\)"‘/Z‘F( (uf(u) )/(§5nQnm(U) ))du ceeeas(2.6)
Va=pE i i i e es e e saans (2.7)

while the average electron energy is given by:
T=(2/3) fus/2£(u)du e (2.8)
'The'Bollzmann transport equation (2.2) can be written in
terms .of the number density na(u) of electrons with energy
in the range u to u+du as:
Ne{u) = N u*/2£(u)
and the electron energy,e, is specified in electron volts
by USE i e e (2.10)
Using equations (2.9) and (2.10), and partitioning the
electron energy axis into K cells of width & , the number
density of electrons with energy between (k-1)Aez=e and

kODeze is defined as nax.The Boltzmann equation is converted
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to a set of K-coupled ordinary differential equations which
can be represented by the following finite difference
approximation:

Ax—-1 Nax-21 *+ brerNayxer— (ak""bk)nek

+ g % Nn (Rjn,k-o-mjn Na k+min —'Rjn,k nak)
4
+ X § Nn 6”5 (R'4n.x-mdn Na x-—m3n — R'sn,k Nax)=0 (2.11)
4
where

ax=(2Ne2/3m) (E/N)2 (1/V*/N) (1/ D)2 (% + 1 AE) +
(V*5/2 AE) (3KT - £* + (2kT/Be)e*y)

by=(2Ne2/3m) (E/N)2(1/V*/N)(1/De)2(e* - } De) +
(V*5/2 D) (e -~ 3KT + (2KkT/ODe)e*y)

V*k=2mN(Ze*k/m)?/2§ [6n Q”m(E*%)/Mn]

VI/N = (2875 /M)2/2E Ba QPm(E)

V(e) (.'2&:/m)’~'/2 is the electron velocity

Rin(e) = Q"5(e) V(e)

R'sn(g) = ((e+e7an)/e) Q7 (e+e7an) V(e) = QLa(e) V(e)
In equation (2.11) :
Msn is the nearest integer to £"sn/AE ,
ax is the rate at which electrons in the kth energy
cell are advanced to the (k+1l)th cell,
b is the rate for electron demotion from the kth
cell to the (k-1)th energy cell,
Ryn.x+man 1S the rate for electrons in the (k+min) cell
being degraded to the kth cell by transferring
some of their translational energy to molecular

excitation in an inelastic collision,

23



R'yn,x-m3n 1S the rate for electrons in the (k?mjn)
cell being promoted to the kth cell by gaining
energy from a molecule in a superelastic
collision.

The total number density of electrons in the energy
range K &g 1is conserved by seﬁting ax=0 ,and in the lowest
range Aeg,by setting b.=0,and by sétting equal to zero rates
Rin for‘which k+myn > K and k-my, < 1.

Equation (2.11) may be written in matrix form as:

g Ci Nea =0 e e ceee e ..(2.12).
by setting nax =1 ,the_electron number density normalization
is fixed érbitrarily and equation (2.12) is then solved by
back substitution.

Electron vibrational excitation rates X»; for excited
sfate j of species n are calculated from:

X=y = (e*:n/ezn)(2e/m)*’z(l/Nez)g(e*x)nek Qy(e*x) Oe

these excitation rates are summed over the vibratiohal
states j' of a particular mode to give effective excitation
rates Xn for the modes: |
Xn = ? D (2.14)
The transport coefficients defined by equations (2.5) to
(2.8) are calculated from:

Va =[{%(ak -~ Dx) Nax A€e}/{E z Dex}] +evn.. ..(2.15)

=(1/3)(2/m)*72 (N/Neo) i (Sl’znax)/(i Nn Q%m(Ex))

N Va/E i e i e e (2.17)

=
1]
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TJ=(2/3Ne2) ﬁ €x Nex NE
where:

Neo = % Nex iS5 the total electron number density,

Ax =(2Ne2/3m)(E/N)2(1/V*/N)(1/Ae)2(e* + 1Ae) (2.19)

b =(2Ne2/3m) (E/N)2(1/V*"/N)(1/Ae)2(e*x - §ne) (2.20)

A computer programme has been developed to solve the
Boltzmann transport equation (2;25. The main interest in
the solﬁtion is to obtain information regarding the
excitation efficiencies of CO- and N, vibrational levels for
various values "of E/N and various mixtures. The average
electron energy, the ionisation and attachment coefficients
for corresponding conditions were also determined. The cross
section data: for CO. ,N= ,He, and CO collated by Kieffer
[2719] were used.

The model is a modification of that given by Smith et al

[2.13],the major improvements being:

(i) the power delivered by each electron to vibrational
level j of species n is determined by :

Py=(2e/m) 2726 Usn [ UE(W)Q™y(u)du. ... (2.21)
which represents the orate at which electrons exchange
energy . with  molecules.It strongly depends on the
vibrational excitation rate for that level which is defined
by equation (2.4).

Equation (2.21) can be written in terms of the solution
tobthe distribution function as:

Pj = 6n S*jn an
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For particular mode of. species n , the power transferred
by electrons td molecules ‘is:
P = % On £7an XMy
where the summation is made over all vibrational levels of
that mode.
The rate of energy transfer from the electric field to
the electrons is:
B = (2e/m)*/2((E/N)2/3) [[u(d£(u)/du) /3 6n Q7 (u)ldu
T eee.(2.22)
which can be written in terms of the solution to-the
distribution functioh as:
E = z @ = Dx) Dax be
Hence the fractional power transfer to the jth vibrational
level of species n is:
 Fy = (Py/E) Neo N et (2.23)
(ii) the CO: is an electronegative gas, hence, the
electron attachment coefficient (a) should be derived' as
well as the ionisation coefficients for CO. and N2 (Cco=,
Q=) - TheseAparameters are important for understanding the
discharge development. The attachment coefficient can be
represented by:

a = (2e/m)*2(N/Va) [ Qs u £(u) QU .eeennnn.. (2.24)
which can be written in t;rms of the solution to the
distribution function as:

a = (2e/m)*/*(N/Va)% CSasw(Ux)*/*(Rax/% Nax) ....(2.25)

The ionisation coefficient is defined in a way’analdgous

to the attachment coefficient and can be written as:

a = (Ze/m)”2(N/V;)icsk(uk)“z(nak/z‘:‘nek) ..... (2.26)
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2.5 PREDICTED ELECTRON TRANSPORT PARAMETERS AND

r

OPERATING CHARACTERISTICS OF THE DISCHARGE ;

RESULTS AND DISCUSSION :

2.5.1 Electron energy distribution:

The Boltzmann equation (2.2) has been solved numerically
over a range of E/N values typicél of those for efficient
pumping of carbon dioxide lasers in a number of gas mixtures
which are of  special importance for high—ﬁower CO- lasers.
Values of‘E/N between 2 - 9 x 10-%*S volt.cm2 are considered
because the experimental values of E/N for the gas mixtures
under consideration ,lie within this range. Calculated
electron enefgy distributions are shown in graphs (2.1 to
2.5) for different gas mixtures. The graphs demonstrate
the influence of different discharge parameters on the
distribution function . The ‘EEDF is strongly affected by
changing either the parameter E/N or the gas mixture.Graph
(2.1) shows that as the E/N wvalue of the discharge
increases, the high energy part of the distribution
function and the average electron energy both incréase.
This is simply because of the increasing applied electric
field, hence the electrons gain more energy from the
field. In mixtures with less helium (graph 2.2) or with more
nitrogen content(graphs 2.3 and 2.4),this effect is reduced.

The effects of varying the gas mixture on the electron
energy distribution function are shown in graphs(2.5 and
2.6). With more helium in the mixture, the high energy part

of the distribution function increases since helium has
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none of the inelastic vibrational losses that are preSent
in Coz_and N-. On the other hand, as the proportion of
nitrogen in the gas mixture increases so too does the
inelastic vibrational 1losses since nitrogen has 1large
vibrational -excitation cross sections. This prevents the
electrons from reaching higher energies, therefore the high
energy part of the distribution function decreases. |

The effect of superelastic collisions (i.e collisions of
electrons with excited molecules) on the distribution
function is shown in graphs(2.7 to 2.9). In these collisions
,a certain fraction of the energy previously 1lost by
electrons in collisions with neutral molecules is returned
to the elect}ons.'Therefore the electric field is not the
only energy source for the electrons. It can be seen from
graph (2.7) that by including superelastic.collisions;the
high energy part of the distribution function slightly
increases as some electrons gain energy from excited
molecules in the discharge. When E/N increases,. as shown by
comparing graphs (2.8) and (2.9), the effect of superelastic
collisions on the EEDF decreases. This is mainly due to the
decreasing population of the vibrationally excited N» and CO-:
molecules in the discharge as their vibrational excitation
cross sections decrease rapidly with increasing electron
energy. At E/N =2x10-*® volt.cm2 the percentage increase in
the electron energy is =3.5%,whereas at E/N=4x10"*°c volt.cm?2
the increase is =1.1%. For values of E/N25x10-*°¢ volt.cm2 the
increase in the electron energy is less than 0.5 % . It is,

o

therefore , assumed that for values of E/N22x10~*° vyolt.cm2
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superelastic. collisions can safely be neglected as their
effects are insignificant compared with that of other
inelastic collisions. The same assumption has been made by
Lowke et al [2.1] and Khahra [2.14] throughout their work.
However, at lower values of E/N superelastic collisions are
extremely important [Belousova,2.22],due to large population
of the CO-> (10°0 and 01%*0) levels.

2.5.2 Average electron energy:

Graph (2.10) shows that the average electron energy in
the discharge increases with the increase in the helium
content in the gas mixture for a particular CO-. : N. ratio.
This is because helium has none of the inelastic wvibrational
losses that ére present in N> and CO.. In addition, since no
electronic excitation of helium occurs pelow 19.7 eV,
electrons in the discharge can reach higher energies. This
effect 1is siﬁilar to that of increasing the E/N value for
the discharge as discussed in 2.5.1 ,where the high energy
part of the distribution function and the average electron
energy both increase. Thus,the discharge will operate at a
lower .value of E/N with more helium content in the mixture.

The average electron energy in the discharge decreases
with the addition of N» to the gas mixture,as shown in graph
(2.11). It also decreases with increasing proportion of CO=
in the gas mixture as shown in graph (2.12). This effect is
greater with N-. than with CO. as the vibrational excitation
cross sections for N.(V=1-8) are larger than that for CO-
( 00°1 , 10°0 , and 01*0) level over the range of electron

energies considered ( see figqures 2.2 and 2.3 ), hence an
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increasing content of N in the mixture leads to an
increasing number of éne:getic electrons being taken out of
the discharge and thus decreases the average electron
energy,[Khahra ,2.1471. A similar effect is indicated by
reducing the E/N value for the discharge as discussed in
2.5.1. Thus,the discharge will operate at a higher value of
E/N with more N: in the mixture.

The present values of the average electron energy show
good agreement with those of Khahra[2.14],though they are
few per cent lower, particularly at higher values of E/N due
to different cross section data used invthe calculations.

2.5.3 Excitation efficiencies:

Graph (.2.13 ) shows the input power per molecule
delivered into the upper laser level C0:(00°1) and the first
eight vibrational levels of N2(V=1-8) for a 1:1:8 mixture
The input power delivered to both the upper laser level and
vibrational levels of nitrogen increases with increasing E/N.
However, the power fed to vibrational levels of nitrogen
falls off more rapidly than that of the upper laser level.
The reason is that the excitation rate for Nz(V=1-8),as
predicted by equation (2.13) falls off with increasing E/N
(i.e. increasing average electron energy) more rapidly than
in €O, ,as shown in graph (2.14). The total excitation
effeciency is the sum of the contributions from both N= and
CO-> ,this 1is shown in graph (2.20). There is good agreement
with the results reported by Lowke et al [2.1]. For a 1:1:8
mixture at E/N= 3 x 10-%*°® volt.cm?2,Lowke et al and Khahra

[2.14] obtained excitation efficiencies of 44% and 35%
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respectively, compared with 42.8% in the present work. The
discrepency is due to the different cross sections used,in
addition, Khahra used c¢ross sections for only the first
four vibrational levels of N.. The effect of increasing the
helium content of the gas mixture on the excitation
efficiency of C02(00°1) and N-(v=1-~8) 1levels is shown in
graphs (2.15) and (2.16) respectively. Increasing the.
proportion of helium 1leads to an increase in the average
electron energy,thus electron energies sufficient to excite
the C02(00°1) and N2(v=1-8) occur at a lower E/N for mixture
with high helium content than for a mixture with less
helium(as discussed in 2.5.2 ,graph 2.10). On the other
hand, the increaée in helium content doesn't alter the
total excitation efficiency of N2 and CO: ,as shown in graph
(2.17). This is in agreement with the results of Lowke et al
[2.1], and . Khahra ([2.14]. The effect of increasing the
nitrogen content in the gas mixture on the excitation
effeciency of C€02(00°1) is .shown in graph (2.18). As the
nitrogen proportion increases ,the excitation effeciency of
CO=2(00°1) decreases due to the decrease in the average
electron energy which means decreasing excitation cross
sections for C€O-{(00°1). Whereas,the effect of varying the
proportion of nitrogen in the gas mixture on the excitation
effeciency of N2(v=1-8) is indicated in graph (2.19). The
excitation efficiency increases with increasing amount of
nitrogen. This is simply due to the presence of more
nitrogen in the mixture which has a higher excitation cross

section. The combined excitation efficiency of Nx(v=1-8) +

31



C0-(00°1) levelé is increased with the addition of nitrogen

to the mixture, as shown in graﬁh(Z,ZO). The reason is that
more energy is coupled into the excitation of N.(v=1-8)
levels, hence less energy is being wasted in the excitation
of bending and stretching modes of CO-.

2.5.4 Ionisation and attachment coefficients:

Graphs (2.21) shows the ionisation and attachment rates
for a 1:1:8 gas mixture at different values of E/N . The
ionisation rate for carbon dioxide is about two orders of
magnitude greater than that of nitrogen since the
ionisation threshold for CO2(13.3 eV) is lower than that for
N2(15.5 eV) and ionisation cross-sections for CO. are larger,
[KucuKarpaci And Lucas ,2.4]. The attachment rate represents
the process:

CO. + e — CO + O~
as nitrogen does not form negative ions. The ionisation and
attachment rates increase with increasing E/N as a result of
increasing electron energy, but at higher values of E/N the
attachment rate levels off , as shown in the graph, because
the attachment cross sections pass a maximum with
increasing electron energy. Graphs (2.22 to 2.25) show the
specific ionisation and attachment coefficients ( a/N , a/N)
at different values of.E/N,and for several gas nmixtures .
The agreement between these results,the theoretical results
of Lowke et al [2.1], and experimental results of Haydon and
McIntosh [2.10] is very good . It should be noted that the
experimental data gives lower values than the calculated

results of both Lowke et al and the present work.This is due
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to the fact that theoretical investigations of the electron
swarm parameters, made using Boltzmann's energy equation and
the measured collision cross-section values under estimate
ﬁhe magnitude of the drift velocity and hence over
estimate the values of the ionisation coefficient. Graph
(2.26) shows the electron drift velocty at different values
of E/N. The drift velocity increases almoét linearly with
increasing E/N as the electrons gain more energy from the
applied electric field. The agreement between the present
'resu;ts and those of Lakshminarasimha et al [2.3] is
.excellent. On the other hand, the agreement between these
theoretical predictions and the experimental results of
Sierra et al [2.7] is fair. The divergence between the two
approaches increases at higher values of E/N. This can be
explained as following: the drift velocity of electromns in
molecular gases 1is very roughly a linear function of E/N,
and as E/N increases the mean swarm energy changes rapidly,
the main source of energy loss transfers from vibrational
to electronic excitational collisions. At higher values of
E/N ,ioniSation ocurrs, the newly-formed electrons start at
the bottom of the energy distribution. The distribution is
modified by the increasingly 1large proportion of fast
electrons,hence the observed drift velocity increases
faster than expected. It can be seen from graphs ( 2.22 and
2.23 ') that wvariation in the percentage of helium in the
gas mixture has more influence on the values of a/N than do
variations in the proportion of N-. This is primarily

because the helium plays-a dominant role in determining the
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electron energy distribution function and hence the average
electron energy. As the percentage of helium is increased so
.too does the value of a/N,whereas the value of a/N
decreases with increasing amount of N> in the mixture. -

The specific attachment coefficient (a/N) is plotted
against E/N for different gas mixtures in graphs (2.24 and
2.25). There is good agreement betﬁeen present results ,the
theoretical results of Lowke et al [2.1] and expefimental
values of Alger and Rees[2.23]. The graph shows that the a/N
curve passes a maximum as E/N rises. This seems to indicate
that at higher values of E/N (see graph 2.1) an increasing
number of electrons have energies which are too high to
allow an attachment to take place. The quasi-steady
operating value of E/N for the gas discharge can be
adéquately predicted by a simple balance of\ electron
production and attachment rates[Denes and Lowke 2.24]. The
intersection of the curves representing the calculated
dependences of a/N and a/N on E/N presented in graph (2.27)
effectively give the quasiA— steady operating value of E/N
for the ~gas mixture shown. However,discharges which operate
at a characteristic quasi- steady value of E/N arelfound to
be attachment dominated, [Nighan and Wiegand,2.25]. Table
( 2.2 ) lists predicted values of specific ionisation and
attachment coefficients , and electron drift velocity at
different values 6f E/N for several gas mixtures.While Table
(2.3) lists predicted quasi-steady operating values of E/N
for these gas mixtures,graphs (2.28) and (2.29) are included

as examples of how to obtain the operating values of E/N.
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2.6 EFFECTS OF THE ADDITION OF CO :

In a CO: laser discharge ,carbon monoxide is formed due
to the dissociation of carbon dioxide. Vibrational
excitation cross sections for CO are comparable to that of
Nz ,hence for electron energies corresponding to typical CO-
laser discharges ,CO is expected to be a vibrational energy
reservoir and an alternative pumping channel for the upper
laser level.

As mentioned earlier , for efficient operation of
the gas discharge _the distribution of electron energy
should be such that it is most favorable for excitation of
N> (V=1-8) and <C0-(00°1) but not ¢€0:(01*0). The effects of
carbon monoxide on excitation and relaxation processes of
different energy levels in the gas system have been
investigated by various workers. Smith et al [2.26] have
investigated the effects of addition of several
gases.Belousova et al[2.22] have studied the vibrational
excitation and energy balance in a CO electrical
discharge;Effects of CO on the discharge stability have
been examined by Nagai et al [2.27]. Ono and Teii [2.28]
have étudied both theoretically and experimentally thé
influence of CO on the electron temperature and negative
ion formation in CO- mixture gas discharges. Recehtly,
Wedding [2.11] has investigated various electron transport
parameters in a (CO> : N> : He : CO) gas mixture. ‘It has
usually been seen that a small amount of CO is effective
for the deactivation of the 1lower laser level (Appendix

2.II) and for excitation to the upper laser level (Appendix
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2.III).Furthermore,the carbon monoxide affects the discharge
through detachment processes such as:

CO + OO —> (O, + e

CO + COa~ ——> 2C02 + e
which release more low energy electrons and reduce negative
ion densities in the discharge (to be discussed in chapter 3)
hence the discharge can run at a lower value of E/N ,
[smith et al,2.26]. The effects of addition of CO to the gas
mixture on the electron energy distribution .function and
transport parameters are reported in the following sections.

The calculations have been made using the first eight

vibrational - excitation 1levels of CO which have a near
resonance energy transfer with the COz(oon) levels ,

[ Braglia et al, 2.5].

2.6.1 Electron energy distribution function and average

electron energy :

Graph (2.30 ) shows the effects of added CO on the
electron energy distribution function in a 1:1:8 gas
mixturé. It clearly indicates that €O addition decreases
both the high energy part of the distribution function and
the average electron energy due to large cross sections for
vibrational excitation of CO molecules. Thus,the increasing
relative concentration of CO prevents electrons from
reaching energies dgreater than about 2 eV and only a smali
number of electrons are able to exceed this value. The
decreasing electron energy reduces vibrational excitation

of nitrogen (see figqure 2.3 where the cross section curve

36



has a maximum at about 2.3 eV). On the other hand,the CO
vibrational excitation cross section is broader and has a
maximum at abbut 0.5 eV lower in eﬁergy than Nx(see
Appendix 2.IXII) ,hence the initial decrease in the electron
energy caused by the addition of small concentration of CO
(i.e = 3% ) produces more CO(v=1l) molecules in the
discharge which are available for trahsferring their
vibrational energy to CO= molecules . This , partially
compensates for the decrease in vibrational excitation of N-.
Further addition of CO to the gas mixture largely reduces
the average electron energy as shown in graph (2.31) , thus
reduces the vibrational excitation of both CO and Na.

Graph(2.32) shoﬁs.the effects of added CO,as a substitute
for N;,on the distribution funétion and the average electron
energy. The high energy part of the distribution function
and the average electron energy are reduced with added
CO. It can be seen that when the proportion of CO is about
30% of that of N;,the éffect is relatively small since the
vibrational excitation cross section for CO and N: are
comparable in the electron energy range of 1.9-2.4 eV (seé
figures 2.3 and A2.III.1). When the CO fraction becomes
equal .to or greater than that of N.,,the decrease in the
average electron energy is relatively 1large.

Graph ( 2.33 ) shows the effects of added CO , as a
substitue for C€O- ,on the distribution function and the
average electron energy. As the proportion of CO in the gas
mixture increases, the high energy part of the distribution

function and the average electron energy are reduced due to
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large 'cross sections for vibrational excitation of CO. By
compafing graphs (2.32) and (2.33) ,it can be seen that the
decrease in the high energy part of the distribution
function and the average electron energy is greater when CO
is added as a substitute for CO. than as a substitute for Nz
(because the vibrational excitation cross sections for Na
are larger than that for CO-:. Thus,'as the carbon dioxide is
replaced by CO which has large cross sections,this together
with large cross sections for N both 'greatly reduce the
electron energy in the discharge as shown in graphv(2.33).
It also reduces thelvibrétional excitation of Nx(v=1-8)

It is therefore essential to control the proportion of added

CO to the gasAmixtufe in order to obtain consistent results.

2.6.2 Excitation efficiencies:

Graph (2.34) shows the effect of CO addition on the
vibrational excitation rates for a 1:1:8 gas mixture. The
éddition of 2% CO to the gas mixture reduces the excitation
rates for Nz(v=1-8) as a result of the decreasing electron
energy .in the gas discharge, since vibrational excitation
cross sections for Nx(v=1-8) £fall off rapidly with
decreasing electron energy as shown in figure (2.3). Whereas
the effect on the vibfational excitation rate for CO>(00°1)
level is relatively small as the cross sections for this
level fall off slowly with decreasing electron energy as
shown in figure (2.2).

The net power input to vibrational excitation of Nz(vzl-s)

,C0(v=1-8) and CO-(00°1) levels are shown in graph (2.35).
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The power delivered to N. and CO. molecules are slightly
decreased with addition of 2% €O due to decreasing
excitation rates. The power delivered to CO mblecules
produces a further pumping channel of the CO=-(00°1) level
through resonant energy transfer process (see Appéndix
2.III). In addition, this leads to less energy wasted in the
excitation of bending and stretchihg modes of CO-. |

| The effects of added CO on the excitation efficieqcy

for N2o(v=1-8) and CO-(00°1) levels are shown in graphs( 2.36
and 2.37). It can be seen that the maximum vibrational
excitation of N.(v=1-8) with CO addition occurs at a higher
value of E/N than that for a mixture without CO due to the
decrease in the average electron energy. Graph (2.38) shows
the excitatién efficiency for CO(v=1-8) and graph (2.39)
shpws the total excitation efficiency for the mixture (i.e
N> (v=1-8) + CO02(00°1) + CO(v=1-8) ). The behaviour shown is
similar to that in the work of Braglia et al[2.5],though
they include the excitation of the first ten vibrational

levels of CO in their calculations.

2.6.3 Tonisation and attachment coefficients:

Graphs (2.40) and (2.41) show the ionisation and
attachment rates for a 1:1:8 gas mixture with 2% added CO at
different values of E/N. The ionisatioﬁ rate for CO is
greater than that of N> because it has lower ionisation
threshold (14.0 eV). Whefeas attachment rate for CO is less
than that for carbon dioxide since the attachment threshold

for ¢€0(9.2 eV) 1is greater than that for C02(3.85 eV) and
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attachment cross-sections for CO are smaller, [Kieffer,2.19].
The behavioﬁr shown in these graphs is similar to that
reported by Nighan and Wiegand [2.25].

The effects of CO addition to the gas mixture on the
specific ionisation and attachment coefficients are shown
in graphs (2.42 and 2.43).It can be seen that the ionisation
and attachment coefficients are larger in the ternary mixture
than in the quaternary mixture. This is because the addition
of CO to the gas mixture reduces the average electron energy
and the high energy part of the distribution function,hence
the ionisation and attachment rates are reduced. This trend

is in agreement with the results of Braglia et al[2.12].

2.7 CONCLUSIONS:

(1) For values of E/N > 2x10-*° volt.cm2 , superelastic
collisions can be neglected as their effects on the EEDF

are insignificant compared with other inelastic processes.

(2) The efféct.of increasing the proportion of He in the gas
mixture is to increase the electron energy for a given
E/N (graph 2.10). Thus, the E/N for maximum efficiency
(graph 2.17) and the operating value of E/N for self-
sustained discharge(graph 2.28)are both reduced.

(3) The predicted laser excitation efficiency increases as
the ratio of N> to CO. is increased(graph 2.19),because
then power is fed into N> vibrational levels instead of
being 1lost in the excitation of bending and stretching

modes of CO..
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(4)

(5)

(6)

Increasing the proportion of He in the mixture increases
the ionisation and attachment coefficients as a result
of increasing electron energy (graphs 2.22 and 2.24).

Increasing the ratio of N. to CO- reduces the electron
energy for a given value of E/N (graph 2.11). Thus, the
E/N for maximum efficiency , ( graph 2.20 ), and the
operating value of E/N for the discharge ( graph 2.29 ),
are both increased, while the ionisation and attachment

coefficients are both reduced , (graphs 2.23 and 2.25).

Addition of CO to the gas mixture reduces the electron

energy for a given E/N ( graph 2.32). Thus, the E/N for
maximum efficiency and the operating value of E/N are
both increased. Whereas, the ionisation and attachment

coefficients are both reduced (graphs 2.42 and 2.43).
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EXCITATION GROSS SECTION o OF COy (10°!¢ ¢cml)
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FIGURE (2.2)
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TABLE (2.1)

ENERGY THRESHOLDS FOR CO> AND N2 (*)

Process / Level Threshold (eV)
CO2 N2
Vibrational Excitation:
v=1 0.083 0.290
v=2 0.167 0.590
v=3 ' ' 0.252 0.880
=4 ’ 0.291 1.170
=5 ‘ 0.339 1.470
=6 0.422 1.760
=7 0.505 2.060
=8 2.500 2.350
Ionisation 13.300 15.500
Attachment : 3.850

(*) Reference: Kieffer [2.19]
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TABLE (2.2)

PREDICTED VALUES OF (a/N) , (a/N) AND (Va)
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{continued on next page)

50



(Table 2.2 cont.)

SPECIFIC ATTACHMENT COEFFICIENT (a/N)
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(continued on next page)

51



(Table 2.2 cont.)

ELECTRON DRIFT VELOCITY (Va)
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SPECIFIC ATTACHMENT COEFFICIENT (a/N)
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ELECTRON DRIFT VELOCITY (Va)
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(continued on next page)
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ELECTRON DRIFT VELOCITY (V.)
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SPECIFIC IONISATION COEFFICIENT (a/N)
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SPECIFIC IONISATION COEFFICIENT (a/N)
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TABLE (2.3)

PREDICTED QUASI-STEADY OPERATING VALUES OF E/N

Gas Mixture E/N x10-*¢ (volt.cm2)
1:1:0 8.6269
1:1:1 | 6.3216
1:1:2 5.1362
1:1:4 3.9048
1:1:6 . 3.2509
1:1:8 2.8423
1:2:0 8.4119
1:2:1 6.7464
1:2:2 5.7279
1:2:4 ' 4.5307
1:2:6 3.8389
1:2:8 3.3681
1:3:0 8.2972
>1:3:1 6.9925
1:3:2 6.1096
1:3:4 4.9815
1:3:6 4.2835
1:3:8 3.7891
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CHAPTER THREE

THEORETICAL ANALYSIS OF PLASMA CHEMiSTRY

3.1 Introduction:

The interaction between a flux of electrons and the
particles of the gaseous fluid leads to a transfer of energy
which 1is responsible for the creation of a plasma . In a
laser cavity containing primary species CO>,N:z,He,H=, and CO
. low energy electrons interact with these species to form
éecondary species. Chemically active speciesrare; usually,
separated into three categories:

(1) species carying electrical charges (electrons,ions),

(2) excited molecules,

(3) neutral fragments of molecules (atoms, radicals) .

The modification of the molecular structure caused by
means of changes in the internal energy preceeds the
chemical reaction which often depends on an electron
exchange. Chemical reactions involving electrons and ions
rapidly become very complex,since ions polarize molecules
and create molecular agregates (i.e clusters). On the other
hand decomposition reactions 1lead to the formation of
radicals and atoms from molecules.Furthermore, positive and
negative ions can react with the’ electrons,or between
themselves.Table (3.1) gives a 1list of different species
within the plasma,[ Smith and Thomson, 3.1],while Table(3.2)
shows how 1long the 1list of -elementary reactions can

be,[Pace and Lacombe, 3.2].
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The operating conditions for the CC0O> discharge are
determined by a self-consistent balance of charged-particle
production and loss, ~the 1laser performance is very
sensitive to the relative nuﬁber densities of the secondary
species within the plasma. Hence serious attention has been
paid by several workers to the plasma reaction kinetics to
obtain detailed insight into the effects of the various
processes and to permit pefformance optimisation.
Theroretically, Nighan et.al [3.3] predicted that negativé
ion densities play a significant role in the stability of
molecular gas discharge lasers.  Weigand and Nighan [3.4]
have shown that in a CO= laser the dominant ion species is
CO~ and its concentration may be greater than that of
electrons, leading to plasma instability. Nighan and Weigand
[3.5] have investigated the influence of negative ion
processes on steady state properties in molecular gas
discharges. They have shown that the existence of CO.,CO,Nz,
or 0= molecules in the plasmo can significantly influence
the formation of negative 3ions. The 1loss of electrons by
dissociative attachment,to form negative ions, will elevate
the e}ectron temperatufe to influence the excitation
efficiency of the upper 1laser level. Pace and Lacomb{[3.2]
and Shields et al [3.6] have studied the negative ion
processes occuring in a pulsed TEA CO-. laser plasma. They
have shown that the addition of small amount of H- and CO,
to keep the oxygen concentration below 2 per cent, helps in
reducing the CO-. dissociation.Tannen et al{3.7] have carried

out experimental investigations of species composition in a
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low pressure CO> discharge 1laser.They have shown that
presence of NO and NO» ,which easily form negétive ions,can
affect the performance of the laser, and NO* is the dominant
positive ion. This is in agreement with Smith and Shields
[3.8] who studied the positive ions in CO-: laser»discharges
over the ranges(2-20 Torr). Recently,Ono and Teii [3.9] have
studied both theoretically and experimentally the formation
of negative ions and their effect on the electron
temperature in CO-: gas - mixture discharge plasmas , at
pressures of 5-100 Torr. They found that the densities of
dominant negative ions CO-~ and O»— increase with ihcreasing
pressﬁre ,whilé that of O~ decreases as the pressure
increases, and all negative  ion densities increase with
increasing electron density. They also found , that with
increasing amounts of CO, the electron temperature decreases
as a result of the electron detachment processes involving
CO molecules.

This chapter deals with theoretical analysis of plasma
chemical phenomena occuring in CO: laser discharges.Emphasis
is directed toward identification of principal reaction
types of importance in such discharges.The time evolution of
charged and neutral species in the discharge are predicted'
by a model of plasma chemical phenomena which considers over
300 reactions of the type indicated in Table (3.2)and
follows the development of nearly 40 neutral and charged
species. The model solves iteratively coupled rate equations
describing the interaction Kkinetics for these species. The

build-up of gaseous dissociation products of the CO>-N>-He
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mixture and the effects of additive gases are investigated.

It was decided to investigate the development of the
significant neutral and charged species during and up to 5
subsequent pulses as : at the maximum gas flow rate in the
laser device constructed , this is the number of pulses
experienced by a packet of gas as it preceedes through the
discharge region . This computation requires about 6 hrs on
the ICL 3980 to simulate the development of neutral and
negative ion species , whereas it requires about 14 hrs to
simulate the development of neutral , negative ion and
positive ion‘ species . Whilst it would be interesting to
demonstrate the build-up of the dissociation products with
and without gas additives during several thousand pulses ,

currently it is computationally unattainable.
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NOMENCLATURE

applied electric field (volt/cm)

electron energy distribution function (ev—-*/2)

rate coefficient for two initial pérticle
reactions atbh —> i+% (cm®.sec™?)

rate coefficient for three initial particle
reactions a+b+c‘———>-i+x (cm® .sec™ 1)

electron number density (cm—3)

positive .ion number density (cm~3)

negative ion number density (cm—3)

number density of species i (cm—3)

cross section for reaction i —a> j (cm?)

rate of production of species i from external

source (cm~2.sec™ 1)

electron temperature (eV)

time (sec)

electron enerqgy (ev)

electron drift velocity (cm/sec)

frequency of loss of species i by processes other

than reactions (sec™*)

electron energy exchange collision frequency (sec—?)
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3.3 PLASMA KINETIC PROCESSES:

3.3.1 Molecular dissociation:

The major problem arising with sealed rather than
constant - gas - replacement lasers is associated with the
dissociation of the CO: in the electrical discharge,which is
typically 0.1-0.3 % per pulse. The dissociation of CO- is,
mainly, by electron impact collisions,.i.e :

e + CO= _EL_, e + O + CO
with a rate coefficient k.=1x10"° cm®/sec ,[ Shields et al,
3.6].00;, also , dissociates by the dissociative attachment
reaction: -

e + CO> —Ei;r CoO + O~ e ie e (3.2)
with a rate coefficient k==5x10"%** cm®/sec.

This loss of CO=> is not in itself a major problem, but
the dissociation product 0> ( formed by several subsequent
reactions- Table 3.2) rapidly attaches to the preionisation
electrons during the preionisation to main discharge delay
period and also to the main discharge electrons; leading to
discharge instability and arcing,[Smith and Norris ,3.10].
The oxXygen released by this process also combines with the.
nitrogen to produce the various oxides ; leading to serious
degradation of thé laser operation ,[Tannen et al,3.7].

Since N- is dissociated at a considerably slower rate
than C€02. in a typical glow discharge,its dissociation is
considered in general negligible , [Engel A. Von , 3.11]}.

The oxygen dissociates by the reaction:

k ,
e + 0> —2 > 0+ 0+ e {(3.3)

117



with a rate coefficient ks=1.9x10"*2 cm®/sec ,[{Ono and Teii,
3.9],whereas the dissociation rate of hydrdéen is about
four orders greater than that of CO. , ku2=4%x10"° cm®/sec ,
[ Shields et al ,3.6 ] , and that of CO is equal to 3x10-*%

cm®/sec ,[Smith and Thomson ,3.1].

3.3.2 Electron-Molecule ionisation and attachment:

In a weakly ionised discharge, ionisation commonly
proceeds by way of the single-step process[Nighan and
Wiegand ,3.5], i.e. by e;ectron impact collision such as:

e+coz£—>-coz*+2e .
which has a rate coefficient ka=5.1x10"?% cm3/sec.

The electron impact ionisation of 0> has a similar
rate constant to that for CO.. However,in such conditions
when less than 1% 0. is produced in the discharge,the direct
production of O>" by ionisation is not comparable with the
charge exchange process:

CO2* + Oz —> 02" + CO2
which has a rate coefficient of 1x10-*° cm3®/sec ,[Smith and
Thomson ,3.1].

Eléectron impact ionisation of CO produces CO* ,but this
ion is rapidly removed by the charge exchange reaction:

CO* + CO; — COx* + CO , ceeieeene...(3.6)
which has a rate coefficient of 1.1x10"° cm®/sec,[Smith and
Thomson ,3.1].

Nitrogen has the lowest ionisation rate amongst the
three gases (CO> ,N> ,CO),[Nighan and Wiegand ,3.5]. Figure

{3.1) shows ionisation rate coefficients for some common
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molecular species. The ionisation rate coefficients for the
species indicated all have strong dependence on the
electron temperature.

The attachment process takes place when an electron
collides with a neutral gas atom or molecule and becomes
attached to form a negative ion. This process depends on the
eﬁergy of the electron and the. nature of the gas. An
electronegative gas(such as CO, ,CO and O- ) is an electron
attaching gas in which 1long-lived negative ions are
produced.Depending on the electron energy,the energy change
6f the system (i.e. fhe mdlecule and the colliding electron)
must be balanced by either enission of a quantum or the
molecule 1is dissociated ,[ Engel A. Von ,3.11] . These two
attachment processes are:

(1) radiative attachment, when an electron collides with
a neutral molecule to form an excited ’negative ion which
itself emits a photon hy on de-excitation to become a stable
negative ion. For CO- molecule this is as follows:

€ + COz —> CO02"a>x —m> CO->" + hy ceessenen (3.7)°

(2) dissociative attachment,when an excited negative ion
dissociates such as:

@ + COz —> COz ase ——> CO + 0O~  ..eevuun. (3.8)

The CO.~ ion formed by electron attachment to a CO-:
molecule in vibrationally excited state of the bending mode
(0120) is 1likely te be more stable than the one formed by
attachment to a linear molecule. Krishna Kumar and Venkatas-
ubramanian [3.12] ﬁaye shown that CO.~ ions with a lifetime

greater than 30 psec were detected experimentally and could
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significantally affect the ion chemistry of the discharge.
Furthermore,Llewellyn-Jones [3.13] has shown that attachment
can occur by the three-body process in which an excited ion
is stabilised in collision with a slow neutral molecule
which carries off excess energy,this can be represented as:
e + CO2 —m> CO02"wx S R R R (3.9)
COz2"asx + COz —» CO-=2" + CO2 (fast)  ....... (3.10)
Dissociative attachment processes for different species
such as C0.,C0,02,H-,and some oxides of nitrogen,with their
rate coefficients are given by Shields et al [3.6] . The
energy dependence of the rate coefficients for some species
are shown in figure (3.2),[Nighan and Wiegand ,3.5]. It
indicates that while certain of the attachment rate
coefficients have strong dependence on the electron
temperature,others do not. This is because of some oxides of
nitrogen , have 1low energy thresholds for dissociative

attachment, and 1large values of attachment cross sections.

3.3.3 Recombination Processes:

The particle species of molecules, atoms, positive and
negative ions produced by reactions corresponding to the
processes explained in previous sections are involved in a
host of recombination reactions, which can be classified as
follows:

(1) Neutral recombination,

(2) Electron-ion recombination, and

(3) Ion-ion recombination
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Neutral recombination processes are relatively slow,e.g
the reactioﬁé:

CO+0+M = COs M (3.11)

6 + 0+ H 2 00 e M (3.12)
have rate coefficients k1=2%10"3¢ cm®/sec and k»=3x10"3>
cn®/sec,[Ono and Teii ,3.9}. Much faster processes are those
of dissociative recombination involving molecular positive
ions. When the ion 1is approached by én electron,fesonant
capture giving an intermediate excited state,which breaks
up and the recombination energy appears as kinetic energy
of the systen, suéh as: | | ‘

0% + @ ——> 02; ——> O (fast) + O (fast) ee.-(3.13)

Dissociative recombination rates 2 10-7 cm®/sec are |
commonly encountered. Much of the data for dissociative
recombination is due to Biondi and his co-workers,[3.14].
Rate coefficients for N.* and CO>* recombination have been
reported by Maier and Fessenden[3.15]. Recently,data for
dissociative recombination of CO* is reported by Mitchell
and Hus[3.16]. Since no large variation in values of rate
constants for different species was found,a mean value of
the recombination coefficient (k=2x10"-7 cm3®/sec) is commonly
assumed. Positive ion-negative ion recombination is another
fast process,which occurs widely for both atomic and
molecular ions. As for electron-ion recombination processes,

similar rate coefficients have be=zn reported by several

workers[smith and Thomson ,3.1],[Nighan and Wiegand ,3.5].
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Three;body recombination processes such as:
0~ + O* + N ——> Oz + N2 e, (3.14)
O + 0 + O — 2 O
are 1in general slow with rate coefficients in the range

1-2x10-2°% cm®/sec, [Smith and Thomson ,3.1].

3.3.4 Detachment and Clustering Processes:

Negative ions produced by attachment processes can be
destroyed by collisions with atomic and moleculaf species.
Typical processes are:

(1) associative detachment reactions such as:

0" + CO —> CO=z + € . .i.iieieannnan (3.16)

0" + 0 — 02 + € it (3.17)
(2) collisional detachment reactions such as:

NO- + M — NO +M+ e . ....ieeieenn (3.18)

02" 4+ Nz —> Oz + N2+ e = ...... ceeeo(3.19)

Rate coefficients for different detachment processes
have been reported by several workers|[ Nighan and Wiegand
,3.5),[0no and Teii ,3.9],[Smith and Norris ,3.10].

At relatively high pressure , clustering of 0~ with CO-
molecules becomes faster than detachment reactions, [Shields
et al ,3.6] ,thus the three body clustering reaction:

0" + CO= + M —————r~CO§‘ + M
can very rapidly convert the negative oxygen ion to more
stable CO>~ ion. This ion was found to be dominant and play
a central role in the negative ion chemistry of CO. gas
discharge plasmas,[Ono and Teii ,3.9].0ther negative ion

clustering processes are shown in Table(3.2).
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3.4 THE BASIS OF THE MATHEMATICAL MODEL:

3.4.1 Chemical Reactions:

Within a plasma the chemicél reactions which may
take place,can be classified as: |
- Neutral molecule reactions,
- Reactions involving electrons.and/or negative ions,
- Reactions involving positive. ions.
Detailed classification of these reactions with examples are

given in Table(3.3).

3.4.2 Rate Equations and Rate Coefficients:

The time rates of change of the number densities of the
various chemical species are described by a set of
differential equations. For a species (i),the rate equation
for the number density ni (cm~2),may be written as , [Roberts
,3.171):

dni/dt = Sa - Vi Da + Z Na Do Kaw.sy - 3 DuNe Kic.g

+ §hcn, N Ne Keawve, sy - 2& Nc Na Ni Kecai g ....{3.21)

The first term from the right hand side represents the
rate of production of species i from external source (i.e
the inflow rate for gas-flow lasers). The second term
accounts for 1loss of species i by processes other than
reactions (i.e loss due to gas outflow rate). The third and
fourth terms contribute for two initial particle reactiong ,
such as (atbh —>» 1i+%¥ ),while the fifth and sixth terms
contribute for three initial particle reactions,such as

(atb+c —> i+Y). .
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The - effects of reactions involving collisions between
molecules and the cavity walls are neglected in equation
(3.21) . This has been shown [ Ono and Teii , 3.9 ] to be a
good approximation in large volume collision - dominated
uniform plasma.

The source term Si and the loss term (vi ni) in equation
(3.21) will be zero for all ﬁrimary species for a sealed-off
1aser,whéreas for a gas-flow laser,Si is given by:

Sy = Ra(dN/At) un Ceeeseaes e (3.22)
and the loss. frequency yi is:

Y1 = N2 {AN/At)oue e eieeeen (3.23)
where: |

Ra is the fraction of primary species,

(dAN/dt)in - is the inflow rate in (cm—3/sec) of primary

species,

(AN/dt)our is the outflow rate in (cm—3/sec) of both

primary and secondary species.

For reactions in which electrons are initial particles, the
corresponding rate coefficients are dependent on the
effective électron temperature. The rate coefficient can be
expressea as:

k=(2e/m.)1/2 f u f(u) Qiy du.  ..... e (3.24)
and the electrg; temperature is éiven by equation (2.8 -in
Chapter 2).

The electron temperature is coupled to the electron

density,[Smith and Thomson ,3.1],by the following equation:

d{3 ne k To/2)/dt = Na E Va - Da Vu K Ta ....... (3.25)
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If the positive ions are dealt with collectivly,the
charge neutrality equaﬁion is:

n* = § n{~ + na c et e e et ecete e (3.26)
where the summation is over all negative ions; whereas if
positive ions are dealt with individually, then the initial
density of a positive ion nys*,0f the neutral particle i, is
assumed proportional to the number density of the neutral
particle and its rate of ionisation. The chgrge neutrality
condition gives: .

ni* = nNe ku ni./ W sesscsasnca veceeeaeal(3.27)
where w is the normalisation factor:

W = % Ki na ceesccscscanennn ceeeeaa(3.28)
and the summation is over neutral particles.

For the laser cavity containing the primary species COz,.
N , CO , H> , and He ,the variation with time of the number
densities of the chemical species is described by a set of
over 30 coupled differential‘equations involving over 300
reactions.Each primary, and each secondary species is
deécribed by an equation similar to equation(3.21).

A data base is created by utilizing a computer progran
[Roberts ,3.18] to contain all known rate information on
chemical reactions. within a given chemical system. The daté
base is designed to store three types of information:

(i) constant rate coefficients,

(ii) tables of rate coefficient versus the chemical

name of a particle which does not change during
the chemical reaction,e.g:

CO + O+ He —/8 > COz + He @ ........... (3.29)
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{iii) tables of rate coefficients versus effective
electron temperature.

In a plasma of a given initial chemical content, all
posrible chemical reactions which may take place(as
classified in 3.4.1) and for which rate information is
stored in the data base, are generated by a computer
program [Roberts ,3.19],which may.be run to consider only
neutral particle reactions, or neutral particle and
negative ion reactions, or all possible reactions(i.e
neutral partiéle, negative ion, and positivev ion
reactions). Tﬁese chemical reactions with their rate
coefficients are required for a further program [ Roberts
,3.18) which is utilized to solve the differential
equations numerically by stepwise integration using three
alternative methods, Runge-Kutta method, a modified Hamming
predictor-corrector method, and Gear's method which is
based on a routine from the NAG library([3.20]. The Hamming
and Gear methods have the advantage of an automatic
adjustment to the time step in order to keep the local
error within a given bound.

The electrical excitation for the model is provided in
the form of a rectangular current pulse for time t=0 to t=10
usec. The electron density and average energy are obtained
from the predictions in Chapter 2.This being assumed to most
closly approximate the actual pumping pulse . The gas
temperature is assumed to be 300 °K and unchanged by the
discharge. This has been shown to be good approximation for

a pre-ionized TEA CO. laser,[Shields et al ,3.6].
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3.5 NUMERICAL RESULTS AND DISCUSSION:

3.5.1 Negative ion predictions:

3.5.1.1 Formation of negative ions:

Graph (3.1) corresponds to thé first current pulse where
the -gaseous decomposition products have not had a chance to
accumulate significantly. It shows the computed development
of the main negative ion species in a 1:1:8 mixture at 120
Torr during the discharge pulse.The main peak is found to
" be COs~— with other peaks ihvolving CO4~,02",0".These results
show that the principal source of negative ions in typical
CO= laser gas mixtures is 0O~ produced by dissociative
attachment of electrons to CO.. This ion, then, very rapidly
reacts with CO> molecules in a three body clustering process
to form COs~ and subsequently 0.~ and CO.,~ by reactions 34
and 40 in Table (3.2). It can be seen from graph (3.1) that
0~ reaches an approximate equilibrium value after about 30
nanosec.This is due to the loss of this ion.by two and three
body processes and by associative detachment processes.
Graph (- 3.1 ),also , shows that CO-~ reaches a maximum after
about 3 nsec with a population of about 2.4x10** cm~ which
gives a negative ion to electron concentration n-/n. of
about 0.35. This is caused by the loss of this ion by three
body recombination with positive ions [Shields et al ,3.6],
and by negative ion-molecule reaction (i.e reaction 34 in

Table 3.2).
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Graph ( 3.2 ) shows the development of the main negative
ion concentrations @ with time during and immediately
subsequent to the discharge pulse. it can be seen that in
the afterglow the total negative ion population decays by
both recombination and detachment processés, but individual
peaks may continue to increase in magnitude for.a short
time. This is because the ion-molecule processes produce the
species faster than the ion-loss mechanisms can remove them.

The net increase in the 1loss of electrons due to
attachment (i.e as negative ion concentrations increase)
leads: to a corresponding increase in the electron
temperature so that ionisation can compensate for the
additional losses. It can be seen from figure(3.2) that
electron attachment rates for C€O. ,02,and CO have strong
electron temperature dependence, a condition necessary for
dissociative attachment instability, [Beverly ,3.26]. The
increase in negative ion density and the decrease in the
electron density. result in a decrease in the plasma
conductivity. If thé current density is constant; the local
electric field is further increased which increases the
attachment rates. A convective instability then ensues from
the temporal amplification of the imbalance between charged
particle production and loss processes.This results in local
contractions  of charged particles throughout the discharge
which cause striations that finally develop into

concentrated arcs.
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3.5.1.2 Effects of gas impurities:

The exact plasma chemistry reactions involved depend on
the purity of thé gas mixture.Impurities such as 0> and H:0,
ih particular,are unavoidable in 1large devices and are
introduced into the system as a result of the use of
technical grade gases,through containment vessel outgassing,
or from air leaks in the flow ducting (in the laser system
built , this was found to be about 1 mbar/hour). Graph (3.3)
shows the development with time of the main negative ion
species in a 1:1:8 gas mixture at 120 Torr with an assumed
iﬁpurit& level of 500 ppm of water vapour which is a tYpical
contaminant in commercial CO- laser mixtures. The H~ ion is
mainly formed by dissociative attachment of Hz20 ( reaction
4 in Table 3.2) , and then OH™ is formed by two body
processes (reactions 30 and 35). The total negative ion
population is significantly increased by the addition of
1-5 % of H20 , where H~ becomes the dominant ion as shown in
graph ( 3.4 ).
Water vapour is known as a very fast collisional reiaxant
of the upper laser level with a rate constant of 4.2 x 10
Torr—*.sec~* [Levine ,3.21]. Although H:0 is very effective
in relaxing the 01*0 laser level and improvements in
performance with H-0 additive has been reported with the
sealed-off CO., lasers [ Williams and sSmith ,3.22] , the
concentration of H.0 must be extremely small compared
with other constituents and must be carefully controlled in
order to obtéin consistent results. Shields et al {3.6] have

verified the assumption that H.O 1leads to the discharge
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arcing by passing the laser gases through a water-saturated
alumina column before entering the laser. It has'been found
that for an arc-free discharge ,the H20 -content -should be
less than 1000 to 10000 ppm ; quantities above this level
lead to arcing because of increasing electron attachmént and
negative ion effects [{sSmith et al ,3.23].

The oxygen rapidly attaches to the prejionisation electrons
during the preionisation to main discharge delay time. The
initial electron density needed to ensure uniformity of
main pulsed <discharge is about 10% electrons/cm® [Smith et
al 3.23]. In mixtures with moderate CO-> content (10-20%) and
with very efficient preionisation the established electron
density is about 107 -10°® electrons/cm® [ Smith and Norris ,
3.10],s0 it is only too easy for this to be reduced to =10°
and be insufficient to sustain the main discharge. Moreover,
the main discharge electrons attach to O moleculeé rapidly
since its electron attachment rate is an order of magnitude
higher than that .of carbon dioxide (figure 3.2 ). As a
resuit, the three-body attachment process(reaction 6 in
Table 3.2) becomes significant in directly creating 0-—, and
later 'in the pulse CO.~ is dominant , being formed by
reaction 40. This is shown in graph ( 3.5 ) for a 1:1:8 gas
mixture at 120 Torr with 2% added O-.. The total negative ion
population is significantly increased, leading to discharge
arcing. This trend is in agreement with the results of Pace
and Lacombe[3.2] who have found that for a 1.5 : 1.5 : 7 gas
mixture,discharge arcing had started to occur when the O-:

concentration reached about 2 percent , which was predicted
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by their plasma model as a result of an order of magnitude
increase in the negative ion concentration with addition of
2 percent oxygen.Furthermore , this additional electron loss
mechanism caused by the presenée of 0. in the discharge
slightly increases the E/N value of the discharge , which in
turn affects the laser excitation rates and hence the output
power . Smith et al [3.24] have found that with increasing
ambunts of added oxygen there is a slow decrease in the

output power.

3.5.1.3 Effects of gas pressure:

Graphs (3.6 to 3.8) show the temporal evolution of the
dominant negative ion concentrations ,i.e COs~,C0.~,0=— and
0~ as a function of pressure in a 1:1:8 gas mixture at three
instants in times during the discharge pulse. At time t=300
nsec, graph (3.6) shows that the densities of CO.~,C0.-, and
0=~ increase with increasing pressure,whereas the density of
0~ decreases as the pressure increases. This trend continues -
to occur at time t=3 usec as shown in graph (3.7). At the
end of the discharge pulse ,i.e at time t=10 usec, the
negative ion concentrations are shown by graph (3.8). It can
be seen that the density of 0=~ tends to decrease with
1ncreasing’ pressure together with that of 0~ ,while the
densities of CO~ and CO,.~ continue to increase with
increasing pressure. This can be explained as follows :
dissociative attachment of electrons to CO. produce O~ which

is then very rapidly consumed in a clustering reaction with
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CO- molecules to form COs~ ( reaction 39 in Table 3.2). At
higher pressure this reaction becomes fast, [Shields et al ,
3.6], with the result that O~ concentration decreases, while
that of CO>~ increases with increasing pressure.

Early in the pulse at time t=300 nsec, the concentration
of 0>~ and CO.~ increases with increasing pressure as a
result of reactions 34 and 40.But later in the pulse reaction
40 which forms CO.~ consumes more O-~ than reaction 34 can
produce,hence, CO.~ density becomes greater than that of 0>~
(graph 3.1). Moreover,later in the pulse the concentration
of oxygen atoms (5eing formed by dissociation processes
reactions 20 and 21 ) increases which, in turn, produces
further mechanisms that destroy 0=~ (e.g reactions 13,31,and
32). With increasing pressure; there are more CO- molecules
in the discharge,hence,more O atoms as shown in graph (3.9).
This increases the concentration of CO.~ and decreases that

of 0-- as shown in graph (3.8).

3.5.1.4. Effects of gas composition:

Discharge stability - depends strongly on the gas
composition which affects the electron temperature , hence
the rate coefficients for ionisation and attachment
processes . Graph (3.10) shows the development with time of
the main negative ion species in a gas mixture with
increasing helium content. Helium is found to be essential
to stop the discharge‘developing in the arc mode [ Smith et
al ,3.24]. It can be seen from the graph that increasing

helium content reduces negative ion concentrations. This can
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‘be  interpreted as follows : addition of helium to the gas
mixture results in an increése in the average electron
energy and an increase in fhe, highr energy tail of the
electron energy distribution function (as discussed in
chapter 2). The increasing electroh energy together with the
increasing number of high energyv electrdns both reduce
dissociative attachment processes , which means a smaller O~
concentration ,as shown in graph (3.10), hence less negative
ion population in the discharge since 0~ represents the
. principal source of negative ion production in CO- laser gas
mixtures. In addition ,there are more of the COmparatively
high energy (= 7 eV) electrons which cause the dissociation
of CO-. The dissociation product <C€O produces a further
mechanism to destroy negative ions in the gas discharge
(e.g reaction 8 in Table 3.2 ). The net effect is such that
the plasma conductivity increases,hence the discharge
stability also increases .

The effect of increasing the propqrtion of N: in the‘gas
mixture , on the development of negative ion species , is
demonstrated in graphs(3.11 and 3.12).Although nitrogen does
not form negative ions, oxides of nitrégen , sSpecially NO-
and N:0 are known to strongly attach electrons with
attachment rates one to two orders of magnitude greater
than carbon dioxide[Nighan and Wiegand ,3.5],[Rapp and
Briglia ,3.25]. The low dissociation rate of nitrogea by
direct electron impact leads to the assumption that
different nitrogen oxides are mainly produced through the

following mechanism: direct ionisation of nitrogen produces
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N-* ,which is followed by the  dissociative recombination
process:

N* + e —> N + N
which has a rate coefficient = 2.8 x 107 cm®/sec . The
resulting nitrogen atoms are then involved in a host of
reactions to produce different neutral and charged species
(see Table 3.3). Graph (3.11) shows that as the nitrogen
content increases so too does the concentration of NO.~ and
NOs~ , as a result of increasing concentration of secondary
by-products NO. and N0 in the discharge. On the other hand
graph (3.12) shows ‘that the concentration of the main
negative ion species fall off slowly with more nitrogen in
the gas mixture. This is because that increasing proportion
of nitrogen reduces the aQerage electron enerqgy (as
discussed in chapter 2),which in turn significantly reduces
viohisation rates for the main gas constituents, whereas the
effect on attachment rates is relatively low, particularly
for such species as NO- and NxO (see figure 3.2). The net
effect seems to be a slight decrease in the plasma
conductivity, hence the E/N value necessary to sustain the
discharge increases (see graph 2.28) ,which in turn affects
the wvibrational excitation rates, hence the output power.
This trend is in agreement with the results of Smith et al
[3.24] who found that the output power significantly
decreases with the addition of less than 0.5 percent NO> or
N=O0 and these species encourage the discharge transition to

arcing.
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3.5.1.5 Effects of gas additives:

In a sealed-off CO- laser , dissociation products are
found together with a small amouﬁt of Hz whichAis disorbed
from the laser walls and electrodes. The chemical reaction
products of many discharge pulses may build up considerable
concentrations of these species , which lead ﬁo changes in
the operating characteristics of the discharge. Both CO and
H- are known to be desirable additive gases in CO. lasers .
This is because these gases

(i) rapidly depopulate the CO- (0120) level,
(ii) reduce CO: dissociation rate,
(iii) combine with oxygen molecules formed by the
discﬁarge, thus reform CO- ,
In addition , CO feduces negative ion population , thus
increases discharge stability.

To examine the effects of these gases on the development
of negative ion species in the gas discharge , they are
selectively added in different amounts to ﬁhe gas mixtures.
Graph (3.13) shows the effect of added CO on the main
negative ion concentrations at time t=10 pusec in a 1:1:8
~gas mixture at 120 Torr. The concentration of all negative
ions decreases with increasing amount of added CO. This is
explained by the detachment processes of negative ions by CO
molecules as followsﬁ |

COa~ + CO —> 2 CO2 + €@ = it sesnsocns (3.31%)

o~ + Cd —> CO-> S - (3.32)
These detachment processes reduce the electron temperature;

as they release more low energy electrons. This in turn ,
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reduces attachment rates for the main molecular species as
shown in figure (3.2),therefore 1less negative ions are
formed in the gas - discharge. Graph (3.14) shows the
variation with added €O of the electron temperature for a
1:1:8 gas mixture. As the proportion of CO increases, the
electron temperature decreases due to the effects of
detachment processes. This is in agreement with the
experimental results of Ono and Teii [3.9]. However, if
carbon monoxide is present in small proportion the CO.~ ions
are relatively stable and the electrons do not detach from
the cluster in collisions with gas moiecules. This is shown
in‘ graph (3.13) wheré_the effect of small amounts (1-3%)of
added €O on the dominant ion,CO>~,is relatively small. It
has been shown that ([Smith et al ,3.24] the negative ion
population is small compared with the electron popplation
only when the carbon monoxide concentration is the same or
greater than the carbon dioxide concentration. On the other
hand, with increasing Vamount of added CO ,the decrease in
the electron energy is relatively 1large and so is the
decrease in excitation efficiency of N. (as discussed in
chapter ‘2). Moreover, with continued increase of CO
concentration, the low level vibrational energy is
transferred to higher levels in €O by V-V !'ladder
climbing',[Basov ,3.27],where it is dissipated, primarily,
by spontaneous radiation. This results in less energy
transfer to the CO-. (00°1) level from excited CO molecules.

Thus, the output power is reduced.
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The effect of added hydrogen on the main negative ion
concentrations is shown in graph (3.15). Apart from the
decrease in the concentration of COx-,C0.~,0-" and O~ with
addition of H. , the increasing concentration of OH- and H-
is detrimental due to the negative ion build-up which causes
discharge instability. Moreover,the dissociation of hydrogen
produces H atoms ( reaction 22 in Table 3.2) which, together
with H., will react with other dissociation products such as
0‘ and OH to form considerable amounts of water vapour,
which rapidly depopulates the upper laser 1ev§1 furthermore,
it causes discharge arcing. It can be seen from graph (3.15)
that when H: is added in considerable amounts ( 2 2% ) the
concentration of H- and OH- slightly decrease. This can be
explained aé follows: with increasing amounts of added H=
the concentration of dissociation products H and OH increases
because of the large dissociation rate of H. ( see section
3.3.1). The negative ions H- and OH~ are then involved in
several associative vdetachment prbcesses with H and OH and
other dissociation products (reactions 16-19 in Table 3.2)
to form water vapour. For the operational envelope of this
laser thé predicted dissociation of H. is about 0.7 % per
pulse so after about 150-450 pulses the H:0 concentration
will be 1-3 %. However,if less than 1 % hydrogen is added to
the gas mixture this will not cause a large increase in the
negative ion population,thus an increase in output power can
be obtained without arcing ( taking advantage of (i) - (iii)
page 135).. This 1is in agreement with the experimental

results of Smith et al [ 2.23 ].
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3.5.2 Positive ion predictions:

3.5.2.1 Formation of positive ions:

The concentration of the neutral species in the cathode
region of ‘the diséharge depends mainly on the composition
of the gas mixture and on the reactions that occur in the
positive column. Ions are produced in the cathode fall and
negative glow regions by electron impact with neutral
species. While moving towards the cathode under the
influence of the cathode fall field,these ions collide with
the intervening neutral species. These collisions serve to
limit the energy that can be attained by the ions from the
cathode fall field. In addition,under the strong field
conditions encountered near the cathode,charge exchange is
the main process in limiting the velocity of the ions in
the field direction. However,the development of chargé
species in the positive column and the resulting plasma
reaction kinetics are important since the positive column
provides the stable lasetr excitation medium.

Graph ( 3.16 ) shows the computed development of the
main positive ion species in a 1:1:8 gas mixture at 200 Torr
during the discharge pulse . The main peaks are found to be
CO->* and O.*.0Other peaks involving N-*,NO* and CO*. CO-=* and
N=* are formed by electron impact ionisation of CO. and N2
molecules.The ionisation rate coefficient for CO- is greater
than that for N» ( see figure 3.1 ) , hence more CO:* ions

are created in the discharge . Moreover , the formation of
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this ion increases during the pulse, faster than N>*, due to
its high rate coefficient ; later in the pulse the CO."* peak
begins to decrease as shown in graph (3.16). This is due
to the fact that dissociationn of CO-, into €O and O also
'occur by electron impact and the concentration of molecular_
oxygen increases during the pulse. Thus,the charge exchange
process

COz2* + Oz — CO> + 02"
becomes increasingly effective with more CO-* being consumed.
This also explains the increase in the 62* ’ és time
progresses, due to the increased abundance of 0> produced
by ¢€0O> dissociation. It should be noted that direct
ionisation of 0. by electron impact is not comparable with
the charge exchange process (see 3.3.2).

The gradual increase in the CO* is similarly explained by
the increased CO concentration produced in the discharge by
dissociation of CO.. However,this ion is rapidly removed by
the charge exchange reaction

CO* + CO2 —> CO=x* + CO = i iiieenesens (3.34)
Since "this 1loss rate is much faster than the corresponding
ionisation rate producing CO* ,its concentration is very low
(few ppm)v as shown in graph (3.16). This is in agreement
with the experimental results of sSmith and Shields[3.8] who
were unable to observe CO*.

Direct ionisation of NO by electron impact accounts for
the production of NO* , because its ionisation potential
(9.25 eV) is low compared with CO- (13.3 eV). This gives NO

an ionisation rate constant in a typical laser system nearly
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an order of magnitude greater than that of C0> {[Smith et al

,3.24)(see figure 3.1).However,the charge exchange processes

CO2* + NO 2 NO* + CO2 e (3.35)
Xa -
02* 4 NO —= NO* + Oz temeunnnn. (3.36)

which have rate coefficients ki = 1x10-2° cm3/sec and
k2=7%x10"*° cm3/sec are also important in producing NO*. This
also explains the decrease in the CO»* as shown in graph
(3.16).

Graph (3.17) shows the development of the main positive
ions during and subsequent to the discharge pulse. It can be
seen that 1in the afterglow the population of all positive
ions rapidly decay by both electron / positive - ion
recombination and nagative-ion / positive-ion recombination.
These recombination processes are in'general fast, and being
dissociative processes ( see Table 3.3 ) , add further
complexity to the evolution of subsequent pulses due to the
presence of, not only the dissociation products 0 and CO ,
but also the oxides of nitrogen and other neutral species
_such as 0> ,COs and CO. . Moreover , the dissociative
recombination of CO*:

e+ COr —>» C + O
which has rate coefficient =2x10-7 cm®/sec produces carbon
deposits much faster than the neutral dissociation of CO

e + CO — C + O e e i e (3.38)

which has rate coefficient =3x10-** c¢m®/sec.
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3.5.2.2 Effects of gas pressure:

"Graph (3.18) shows the variation with pressure of the
main positive 1ion concentrations at time t=10 usec in a
1:1:8 gas mixture. The concentration of CO>* increases with
increasing pressure due to the presence of more CO=
molecules in the gas mixture. The concentration of N2* is
almost unchanged with increasing pressure. This seems to
indicate that the ion 1loss rate is almost equal to the
production rate énd this can be explained as follows: with
increasing pressure, there are more N. molecules in the
discharge,hence, more N-* being formed by direct electron
impact ionisation. But this ion is rapidly removed from the
discharge by recombination processes such as:
No* + ¢ ——>= N + N ..ﬂ.........(3.39)
which has a rate coefficient =2.8x10"7 cm®/sec. Moreover,N2*
is lost by several binary positive - ion molecule reactions

with different species such as 0,CO and O- (see Table 3.3c¢).

These reactions have rate coefficients in the range 10-%° -

10-*¢ cm®/sec. With increasing pressure , there are more of
such species in the discharge ,hence ,the net effect is such
that the production rate for N>* is almost equal to the loss
rate ,so the'ion population is unaffected by increasing
gas pressure.

It can be seen from graph (3.18) that the concentration
of NO* increases with increasing pressure because of the
increasing amount of NO produced in the gas discharge, so

the charge exchange processes:
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CO2* + NO —> NO* + CO=2 = ittt innnns (3.40)

Oz2* + NO —— NO* + O
produce more NO* . The coﬁcentration of 02" increases with
increasing pressure as shown in graph (3.18) due to the
charge exchange process:

COz* + 0 —>» 0> + CO2  eeeenes ceee.(3.42)

' since there are more CO-* ions in the gas discharge and this

process 1is much faster than direct ionisation of oxygen.

3.5.2.3 Effects of gas composition:

Graph (3.19) shows the variation of the main positive
ion densities with helium content in the gas mixture at time
t=10 psec. As helium content increases, the concentration of
all main positive ions' increase. This is mainly because the
addition of helium increases the electron energy and the
high energy tail of the electron energy distribution
function ( as discussed in chapter 2 ) . Thus , the ion
production rates for the main gas constituents are increased
(see figure 3.1). |

The effect of varying nitrogen proportion in the gas
mixture on the development of positive ion species is shown
in graph (3.20).With increasing nitrogen content the density
of CO->* decreases because of the decreasing ion production
rate for CO- as a result of the decreasing electron energy
Thus, with 1less CO-* in the discharge the density of 02"

decreases Dbecause,as discussed in 3.3.2,this ion is mainly
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produced by the charge exchange brocess with CO>*. On the
other hand,as nitrogen content in'the\gas mixture increases
so too does the concentration of N»* and thence NO* due to
the presence of more nitrogen molecuies in the discharge,
hence more NO.The increasing density of NO* also.explains the
decrease in O-* population since NO* is also produced by the
charge exchange process involving NO and 0x*. It can be seen
from figure (3.1) that NO 'has the largest ionisation rate
amongst other gases in the mixture and the decrease in the
electron energy caused by addition of N. does not have large
effect on this rate. Thus,the concentration of NO* increases
-due to the effects of these two production channels. The
increased presence of NO* emphasizes the importance of
minority species such as NO-= and NO in the plasma, since
these species also easily form negati&e ions,so their
presence can affect the entire energy balance in the
discharge [ Tannen et al ,3.7]. Due to its low ionisation
potential,Smith et al[3.24] suggested that NO may increase
the preionisation ,so the E/N value necessary to sustain the
discharge is reduced with addition of about 0.2%  of
NO. Moreover, they observed an increase in the output power

with small amounts of added NO.
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3.5.2.4 Effects of gas additives:

Graph (3.21) shows the development with time of the
main positive ion spebies in a 1:1:8 gas mixture with 2%
added 0>. The total positive ion population is significantly
increased and 0.* becomes the dominant ion.This ion is formed
by direct électron impact ionisation and charge éxchange
processes with CO2:*. The charge exchange process consumes
more CO=* with the presence of more O- in the gas mixture,
hence the population of CO-* is less than that in a mixture
without added 0. . The gradual iﬁcrease of NO* shown in the
graph is mainly beéause of the charge exchahge process

O=2" + NO —> NO™ + 02 = o iietriteennns (3.43)
which can be understood as due to more NO molecules being
produced in the discharge as time progresses, so charge
exchange with 0-* becomes more favorable.Since NO* undergoes
no ion - molecule reactions in the discharge { Smith and
Shields ,3.8 ] it will be lost by -electron and negative ion
recombiﬁation processes.

As discussed in (3.5.1.2),the presence of 0. in the gas
mixture has a dramatic_ effect on the negative ion
population in the discharge (graph 3.5) due to its large
attachment rate, while its ionisation rate is similar to
that of CO->. Charge neutrality requires that the positive
ion concentration balance the cumulative electron and
negative ion densities. Therefore, when the negative ion
density approaches the electron density, the corresponding
rise in positive 3ion concentration results.in an increase

in recombination losses and the electron temperature rises
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so that f the ionisation rate can compensate for the
additional- losses. For this reason, the E/N value necessary
to sustain the discharge increases with addition of Oz to’
the gas mixture. This is in agreement with the experimental
results of smith et al[3.24] and Nagai et al [3.28].

The effect of added CO on the development of the main
positive ions is shown in graph (3.22). As CO content in the
gas mixture increases , the concentration of positive ion
species decreases due to the decrease in the ionisation
rétes for the main gas conStituents cauéed by the decrease
in the electron energy ( as discussed in chapter 2 ) . The
initial increase in COx* observed in the graph is mainly
because the sharp increase in CO* population due to the
availability of more CO molecules ,which is then removed by
the charge exchange process:

CO* + COz —> CO*+ CO = .i.ceiee. ce..(3.44)
With increasing CO content (up to about 40 % of that of COz)‘

the decrease in CO-* population is caused by the decreasing

ionisation rates.In addition, the dissociative recombination

process:

e + CO* —» C+ O e e (3.45)
.which produces more carbon deposits in the discharge .
However, when the CO content is greater than 40 % of that of
CO=>,the population of CO* again incyeases with increasing CO.
This is thought to be as a result of the high content of CO
molecules in the discharge , the ion production mechanism

produces more CO* than the loss mechanisms can remove.
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3.5.3 Neutral species predictions:

3.5.3.1 Development of neutral species:

Graph (3.23) shows the development of the dissociation
products in a 1:1:8 gas mixture at 120 Torr. The density of
Cd and O= increases during the pulse as a result of the
dissociation processes: . |

€ + COz —m> CO + 0+ € = L iiieeenncans (3.46) .

€ + COz —» CO + 0° i iieeaenanen (3.47)
The resulting oxygen atoms ‘are rapidly converted to
molecular oxygen by three-body collision processes, thus O-=
concentration increases as more O atoms are produced.
Discharge stability depends strongly on the gas composition,
especially the amount of oxygen produced by dissociation of
Cbz . The Oxygen has a harmful effect on the discharge as
discussed in prévious sections.As higher output power can be
obtained with increasing gas pressure it is essential to
have a stringent oxygen control for a stable discharge. The
large attachment rate for O- which exhibits a strong E/N
dependence (see figure 3.2) reduces the discharge impedance.
This introduces moving striations in the positive c¢olumn
which finally develop into arcing.

The atomic nitrogen is mainly produced by the mechanism
shown in (3.5.1.4) due to the small dissociation rate of N=.
This species is the main source of the various nitrogen
oxides, NO,, which accumulate in the discharge - as shown in
graph (3;24)— and have considerable effects on the discharge

stability as discussed in sections ( 3.5.1 and 3.5.2 ).
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Graph (3.25) shows the development of the dissociation
products species during the pulse and a 90 usec afterglow
period.The concentfatibn 6f 0> continues to accumulate in the
afterglow as a result of different recombination processes .
The development of the dissociation pfoducts during 5
subsequent pulses with an interpulse gap of 90 nsec is shown

in graph (2.26).In the present calculations,the dissociation

of CO- is about 0.21% per pulse.

3.5.3.2 Effects of gas pressure:

The effects of varying gas pressure on the development
of different neutral species are shown in graph (3.27). With
increasing pressure the éoncentration of the main
dissociation products CO and O-. increases due to the presence
of more carbon dioxide molecules in the gas discharge. This
is in agreement with the experimental results of Willis et
al [3.29] who show that the amount of carbon monoxide
formed per pulse increases with increasing gas pressure up
to 400 Tdrr, above which the decrease in CO yield is
attributed to a reduced decomposition rate at 1low E/N
which obtain at the higher pressures.

It can be seen from graph (3.27) that the concentration
of nitrogen oxides increases with increasing pressure due to
the presence of more nitrogen atoms and molecules in the gas

discharge, together with more oxygen , as shown in the graph.
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3.5.3.3 Effects of gas composition:

Graph (3.28) shows the effects of increasing the amount
of hélium in the gas mixture. The concentration of CO and O-
produced in the discharge increases with increasing helium
content. This is due to the fact that the addition of helium
raises the average electron energy in the discharge and
increases the high energy taill of the electron energy
diétribution function (as discussed in chapter 2) so there
are more of the cdmparatively high energy (= 7 eV) electrons
which cause the dissociation of CO-. It caﬁ be seen from the
graph that with increasing amount of helium in the gas
mixture, the concentration oi NO increases due to the
availability of more oxygen atoms and molecules in the
discharge produced by CO- dissociation , whereas that of NO-=
decreases because the production mechanisms of NO consume
more NO- molecules by the following reactions: |

NO2 + O —> NO + O = it iieiennnes (3.48)

NOs + N —» NO + NO | e ce...(3.49)

The effect of increasing nitrogen content in the gas
mixture is shown in graph (3.29). The concentration of CO
and O- decreases as the nitrogen content increases. This is
because the addition of N2 reduces both the average electron
energy and the high energy part of the electron energy
distribution function (as discussed in chapter 2),thus the
dissociation of carbon dioxide is reduced.On the other hand,
the concentration of NO and NO. increases with the amount of
N> in the gas mixture because of the presence of more

nitrogen atoms in the discharge as shown in the graph.
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3.5.3.4 Effects of gas additives:

Graph (3.30) shows the effects of added carbon monoxide
on the development of different neutral species in a 1:1:8
gas mixture at 120 Torr. The concentration of the species O
and O> decreases with increasing CO content in the gas
mixture. This is because of the decrease in the
dissociation'rate of CO= due to thé decrense in the electron
energy caused by the addition of CO. It can be seen from the
graph that the oxygen concentration does not significantly
decrease for higher initial CO contents.For low CO contents,
more CO- is decomposed until an equilibrium is estabiished.
Wheroas for high initial co contents , the dissociation
eqnilibrium is reduced so less CO- is decomposed to establish
an equilibrium. This is in agreement with the results of
Pnce and Lacombe [3.2] and Shields et al [3.6].

Graph(3.30) also shows that as the CO content increases,
the concentration of nitrogen oxides NO and NO- decreases as
there is less oxygen in the discharge. In addition , a high
-content of CO in the 1laser gas mixture diminishes the
degradation rate of the gas due to 'self-regeneration'
reactions such as:

CO + N2O —/> CO> + N2 i iitieecanes (3.50)

CO + NOp —> CO= + NO ... ieenn ...(3.51)

The addition of CO also reduces the density of other
neutral species such as 0s and CO. as shown in graph (3.30).

The decrease in the density of different neutral species
reduces the population of negative ion species in the

discharge. This,with the decrease in the dissociation rate
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~of CO, ,increase both discharge stability and operation life
for the laser. Basov et al [3.27] have shown that when CO is
added to the gas mixture the laser gas degrades more slowly
and subsequently operating times are increased.

Graph (3.31) shows the variation with added hydrogen of
different neutral species concentrations in a 1:1:8 gas
mixture at 120 Torr. The dissociation of CO= is reduced with
fhe addition of H.. Thus,the concentrations of CO and 0. are
decreased as shown in the graph . Moreover , several
- recombination processes also reduce the densities of CO and
0=. This can be explained as follows: the reactions

H+ Oz —> OH + 0O i iieieeeennnsse (3.52)

H + O —> OH + H L iieiieens ve++(3.53)

OH + CO — CO= + H = ittt eenans (3.54)
hence, in effect‘, CO and O: are recombined to form CO-
and the hydrogen atoms are available to repeat the cycle.

It can also be seen from graph (3.31),that with addition
of hydrogen, the concentrations of different neutral species
in the discharge are decreased. On the other hand, with
increasing amount of added H-= , the concentration of water
vapour in the discharge increases as shown in graph (3.31)

This species, once present in considerable amounts ( i.e
>10000 ppm),promotes discharge arcing.In addition,it rapidly
depopulates the upper laser level, thus reducing the output
power. These harmful actions of water vapour have been

observed by Nagai et al [3.28] and sSmith et al [3.23].

However , Williams and Smith [3.22] have shown that the
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presence of small amounts of H-0 control the carbon dioxide
dissociation equilibrium by forming OH radicals which react

with CO molecules to form CO-.

3.6 CONCLUSIONS:

(1) Under the operating conditions of a CO. laser discharge,
the important kinetic procesé is electron attachment
since the formation of negative ions elevates the
electron temperature in the discharge.This will affect
the excitation pfocesses of CO0>(00°1) and N=(v=1-8)

levels and strongly influences the discharge operation.

(2) In a CO2:Nz:He gas mixture,the dominant negative ion
is predicted to be CO>~ and the total negative ion
population density,under operational conditions ,is
predicted to be less than the electron density
depending on the gas mixture . Whereas,the dominant
positive ion is CO>* .

(3) The addition of 0> to the gas mixture significantly
increaseé the negative and positive ion populations,
0=~ and O-* are the dominant ions.

(4) The presence of more than 1% H-0 significantly
increases the negative ion population.

(5) Increasing gas pressure leads to an increase in the
population of COa~ , CO.~ , CO=* , 02~ and NO~ and a
decrease in that of O~

(6) The discharge instability increases and arcing énsues
under conditions when the negative ion population

has been significantly increased.
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“(7) The presence of carbon monoxide reduces the electron
temperature and the negative ion population due to
detachment processes involving CO molecules with
C0s~ and O~ .

(8) The addition of more than 1% H- increases the negative
ion population due to the formation of water vapour
;hence the formation of OH- énd H-™

(9) .The negative ion population decreases with increasing
helium content in the gas mixture,whereas increasing
‘nitrogen content increases the concentration of
different nitrogen oxides. Thus , the negative ion
population increases asAthese species easily form
negative ions.

(10) The dissociation of CO-> is predicted to be about 0.21%
per pulse . The amount of CO and O produced by CO-x
dissociation is greater in helium rich mixtures
than in nitrogen rich mixtures.

(11) With increasing gas pressure,the amount of CO and O=
formed per pulse increases . The concentration of
nitrogen oxides also increases with pressure.

(12) The dissociation of CO- and subsequent formation of
O> can effectively be controlled by the addition of
CO and Hz, because CO reacts with OH radicals to
form carbon didxide. However, the amount of added H:
should be < 1% in order to control the formation of
water vapour due to dissociation of H. which 1is

predicted to be about 0.7% per pulse.
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TABLE (3.1)

LIST OF SPECIES WITHIN THE PLASMA (*)

Species Species
number Species number Species
1 ¢ 31 03
2 CO; 32 - N3
3 - Ny~ 33 NO*
4 He 34 o
S H; 35 N*
6 CO 36 Cco;
7 (0] 37 He*
8’ (0 38 T co”
9 NO, 39 c*
10 0; 40 OH"
1 ’ N,O 41 N,0°
12 NO 42 H3:
13 N 43 H3
14 H a4 HO3
15 ' H;0 45 He3
16 " NO, 46 N,OH"
17 HO, 47 H,0"
18 OH 48 ~ H0"
19 0,('a,) 49 O:'N,
20 o~ S0 NO”-NO
21 Oz 51 NO*:H,0
22 NOj3 52 03-N;0
23 (o] 53 O:-H,0
24 H~ 54 H;O"-OH
25 NO~™ . 55 Nj3
26 N,O~™ 56 NOJZ
27 OH~™ 57 o:
28 NOj3 58 NO3z-H,O
29 CO5 59 CO3-H,;0
30 CcOos 60 037-H,0

(*) Ref. {3.11
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TABLE (3.2)

ELECTRON ATTACHMENT AND DETACHMENT ,NEGATIVE-ION-

MOLECULE REACTIONS,NEUTRAL DISSOCIATION AND

RECOMBINATION PROCESSES (*)

Number Reaction - Rate Constaat (300 K)
Dissociation Attachment
1. ¢+CO; —*CO+0™ . Sx 107 e s
2. ¢+CO—+C+0" 3x 107 em® -5t
3. e+0,—*0+0"" C 33X 10 e st
4. c+H,0 —+H +OH $x 1072 e - 57!
S.e+Hy —H +H 1X 1073 em® st
Three-Body Attachment
6. c+O3 +M—+07+M 2% 107 e 5™ (r=0,)
1% 10730 em® <57t (= Ny)
3% 10 am® -7 (M = CO,)
2x 107 ‘-s 1 = He)
1. c+O+M—+0"+M 1x 107 emé -5t (4=0,)
. 1x 10> em ot - “‘W-N,)
Associative Detachment
8.0 +CO—+C0, +¢ 1x 1070 e® -7t
9.0 +0—+0, +¢ ' 2% 107 em® <5
10. 0" +0,(ag)—+03 +¢ 1x 107 cmd - 57t
L. 0" +H, —* H;0 +¢ 8x 1070 cmd -5t
12. CO3 +CO —+2C0; +¢ $x 107" eu’ 57!
13. 0 +0O—+0; +¢ 3% 1071 e o5t
14. 07 +05 (tag)—+20; +¢ 2x 1070 an® -5t
1S. 03 + H—+HO, +¢ 1% 107 cm® s
16. HeH—rHy +e 1x107° el -5}
17. K +0y; — HO, +¢ 1x 107 cm? -7
18. OH +0 — 1O, +¢ 2x 107" em?® -57!
19. OH" + H—*H,0 +¢ 1107 e -s7!
Neutral Dissociation
20. ¢ +CO; —*CO+0 +e¢ 05x 107 em® - 57!
21.e+0;, —+0+0+e¢ 1x107 au® st
22 c+Hy—+H+H+e © 44X 107 em® s
23 e+ H,0—H+OH +¢ 2x107 em® -5t
Neutral Recombination
24. 0+CO+M —+COy + M 2x 107 em® -5t |
25. 0+O+M—+0, +M 3% 10723 em® - 57
26. 040, + M ——0y +M SX 107 em® <57t
27. 0+0; —*+ 0, +0, 9% 107" e -5~
28. HeH+3 —+Hy + A 8.4x 107 cm® -5
Negative-Jon-Molecule Two-Body Reactions
29. 0"+ 0, (*a)—+ 03 +0 1107 cm® * 57"
30. 0O"+H, — Ot +H 3x107 " am® o5
31. 03+0—0,+0" 1x 107" om?® -7
32. 03 +0; —+ 0, +05 4x 107" an’ -5
33. 03 + U —+H "+ Oy 2% 107 em® 5™
34, CO3 +0 03 +CO4 g8x 107" em? - 57!
35. CO3 +H{ — O~ +COy 2x 107" ’ T
6. COZ+0—C0;+0, 2x 107 ’ -5
37. CO; + 03 —+ 05 +CO3 + 0, 1x 107 ’ T

(( CONTINUED ON NEXT PAGE ))
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TABLE _(_22_) Cont.

.38. COq +H —+(0j +OH 2x 107 e 57!
Negative-Jon-Molecule Three-Body Reactions
39. 07+CO; +M—+CO3+M - 9% 10 em® -5 (4 =CO,)

2x 107 ¥ e -5t (= H,)
3x 1078 em® 5™ (r=0,)
40. 03 +CO, + M —+CO; + M 1% 1072 em® « 5! (i = CO,)
: 1x 107 em® +s™! (4= 0,)
$X 10 em® -5t ¢r=0,)

Neutral Two-Body Reactions®

41. 0+0H—* 0, +H 33x 107 g -5t
42. H, +O—H +OH 1% 107 em® 5™
43. H+0; —+ O +OH 12X 107! cm® -5t
44. H¥OH—H, +O 35x 1077 em® 57!
4S. Hy +OH —+ H,0 + H 65x 107" cm® -5t
46. H,0+H —+ H, +OH 2x 107% cm® -5t
47. H,0+0 —* OH + OH 5x 107 em® -5t
48, OH+OH —+H,0+0 24% 107 em® -57?
49. H+HO; —+ OH + OH 1L7x 107" em® -5t
S0. OH + OH —*+ H + HO, 1X 107 % cm? -5t
Sl. H+HO; —+Hy + 0y 1.3x 107 em® -s7?
$2. Hy +0; —* H + HO, 7x 1053 cm® -5~
$3. H,0; + O —* H,0 + HO, 8x 107 cm’ -5t
S4. 1,0 + HO; —+H,0, + OH 6x 10 cm® 57!
55. Hy0;, + H—*H, + HO, $x 107 cm® -57"
S6. Hy + HO3 —+H,0, +H 3x 107 em® <57t
$7. 10, +CO —* CO, + OH 15X 1007 em® -s7!
$8. 0 +CO —*CO; +hv 2x 107 cm? -s7!
59. OH+CO—+CO; +H 1.5x 107" em® - 57!
60. O +{O; —* OH + 0, 9x 107" em? - 57!

2For a mean clectron encrgy of 1 eV.
Rates with a known temperature dependance have been quoted at 300 K.

(*) Ret. [3.2]
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TABLE (3.3) (*)

3.3 A Reactions Involving Electrons as Initial Particles

Reaction k* (em’ sec™?)
O+c=O0"+hr 1.3(-15)
Oy +¢c=+O3+hy 2.0(-19)
NO; +¢~NO3 +hv 1.0(-17)
Oy +c=+O5 +h» 1.(~17)
O3+¢-0"+0, 3.0(-12)
O3 +¢-+03;+0 3.8(~22)
O+ec+0;+0"+0, 1.0(~31)
O+4c+Ny~O"+N, 1.0(-31)
O;+¢+0-037+0 1.89(— 30)
NO, +c+0;+NOT+0; 3.0(—28)
NOs+c+Ny-+NOF +N;3 8.0(-28)
0;+¢+N:-O;+N; l.O(—Jl)
O +e~+0+0 2.2(=7)
N +e=N+N 2.8(-7)
NO*+c-+N+O 5.0(-7)
O*+e+M-0+M 1.0(-26)
O +e+M-+0;+M 1.0(~26)
Ny +e+M-=N;+M 1.0(-26)
NO” +e+M-=N+O+M 1.0(=27)
NO“+c+M-+NO+M 1.0(-26)
O"+¢-O+h» 3.5(-12)
O3 +c-+Oy+h» 1.0(-~12)
NI+e-=Ny+hy 1.0(-12)
NO*+c-+NO+h» 1.0(-12)
N*+c+M=N+M 1.0(~26)
N +e-N+hy 3.5(-12)
CO;+¢-+CO+0 6.0(-8)
NO™-NO +¢-+NO+NO 1.72(-6)
NO*-H;0+¢c-+NO+H,0 1.0(-6)
NO;+Hc+e-+NO37 +He 2.0(-11)°
COy+¢~+CO+0~ 5.0(~13)
CO+c¢~C+0~ 3.0(-14)
O4+¢-+0+0" 3.0(~12)
NyO+e=N;+0™ 2.0(—~10)
NO+c-N+0O~ 1.0(-12)

NO;+¢~+NO+0O~ 1.0(-11)

* & is cxpressed in em® sec™? for three initial particle reactions.
Numbers in parcntheses denote the power of 10,
© This is = saturated threc-body process, expressed in cm? sec™",

(( CONTINUED ON NEXT PAGE ))
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3.3 B Binary Negative-lon Molecule Reactions

Reaction AE (eV) k {cm®sec™")
H +H-H;+e 38 1.3(-9)°
H™+NO;~NO; +H 2.9(-9)
~ O"+NO;-NO;+0 1.1(-9)
03 +NO,;+NO37+0, 1.9(-9)
O~ +NO;~ 03 +NO . 1.0(- 10)
O " +0,;-+05+h» 1.0(-17)
O"+0=03+¢ 3.6 1.9(~10)
0" +0;+03+¢ 5.0(-15)
O"+N-NO+e 5 2.6(-10)
O~ +H;~H;0+¢ 3.6 6.0{-10)
O"+NO-~NO;+¢ 1.4 2.6(—10)
O +CO~+CO;z+¢ 4.0 6.5(—10)
O~ +Ny+N;O+¢ 0.2 2.0(~-19)
0" +0,+05+0 5.3(-10)
O~ +N;O0-NO~™+NO >13.5 2.0(-10)
-+N,0™+0 2.0(-12)
H™+0;+HO;+¢ 0.3 1.5(-9)
03 +0;-20;+¢ 5.8(-19)
07+0-+05+¢ 0.6 3.0(-10)
O74+N;=0O;+Ny+¢ 1.1(~-19)
O +N-=NO;+¢ 4.1 4.0(-10)
+NO+O+e¢ 1.0 4.0(—-10)
07+0-+0,+0" 1.0(-11)
07+0;,-+05+0, 3.5(-10)
O7+NO-NO;+0 ‘<1.0(-12)
07 +NO; = 0;+NOy 5.0(-19)
O7+N;0-+05+N; ~0.1(~10)
OH"+0-+HO,;+¢ 0.9 2.0(-10)
OH™+NO,;-+NO;+OH 1.0{-9)
OH +H-H;0+¢ 3.2 1.0(-9)
OH +N-HNO+¢ 24 <1.0(-11)
CN"+H-HCN+¢ 1.6 ~8.0(~10)
NO™+0,;-+07+NO 9.0{~10)
NH2 +NO; -+ NO7 +NH, 1.0(-9)
O3 +NO;» 03 +NO3 5.0(-10)
O3 +C0;+-CO5+0, 4.0(-10)
O;+NO-NO35+0 1.0(-11)
-NO3;+0; «1.0(-11)
0;+0-0;+0;, 1.0(-10)
CO;+0-+0;+CO, 0.8(~10)
CO5;+NO-NO; +CO, 9.0(~12)
NO;+0;-NO; +0, 1.8(-11)
NOj;+NO-NO;+NO, <LO(-12)
NOj7 +NO;-~NOj; +NO 4.0(~12)
NO7 +NO;~NO,; +NOjy 5.0(-10)
O +NO-NO; +0, 2.5(-10)

0:+C0,~CO:+0, 4.3(-10)

(( CONTINUED ON NEXT PAGE ))
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3.3 8B (confinued)

Reaction - AE(eV) k (em®sec”")
CO +NO-NO5;+CO, 4.8(—11)
0:+0-05+0;, ‘4.0{—10)
-oo-"‘ZOz <4.0(- xo)
CO:+0-CO;+0, : 1.5(-10)
~03+CO, <1.5(—-10)
N30'+03»0§+Ng l.o("'g)
07 +0,('4)+ 02 +¢ +0, 1.9(-9)
0™+0,('4)» 03 +0 1.%(~9)
0~ +0,('a)= O +¢ 1.0(—10)
O™ +0,('a)~ O+ hv+0~ 2.6(—4)
QO35 +CO-2C0,+¢ 5.0(~13)
O3 +N;~NO7+NO - . <5.0(—14)
O§+N03~NO;+O, 7. "ll)
03 +NO,; - NOj; +0, » 2.0(—11)
CO3;+NO;+NOy+CO, 1.0{-10)

“ Numbers in parcntheses denote the power of 10.
3.3 C Binary Positive Ion-Molecule Reactions

Reaction AE (eV) k (cm’ sec”Y)
He*+Ny+N*+N+He 0.3 1.7(-9)*
-+ N3+He 9.0 1.5(-9)
He*+CO-C*+O+He 22 1.7(-9)
He*+NO-N*+O+He 3.6 1.8(—-9)
He*+0;+ 0" +0+He 5.9 2.3(-9)
He*+CO;+»0"+CO+He 4.5 1.2(~9)
-+CO*+0+He 4.1 1.2(~9)
C*+0,+CO*+0 3.27 1.0(-9)
C*+C0,~C0O*+CO 2.96 1.9(-9)
C*+N;0-+NO*+CN 5.54 9.1(—-10)
N*+H;-+NH*+H 7.0(—~10)
N*+N-+N3+hv 3.0(-17)
N*+CO-CO*+N 0.53 5.0(—-10)
N*+NO-+NO*+N 5.30 8.0(-10)
-+N3+0 3.0(—12)
~0"+N, 1.0(-12)
N*+0,-037+N 2.47 4.5(-10)
-NO*+0 6.70 $.0(-10)
-0"+NO 1.0(—12)
N*+CO,-CO; +N 0.75 1.3(-9)
-NO*+CO 6.40 1.8(-11)
N*+0-N+0O" 1.0(-12)
~NO°® +hs 1.0(-17)
N"“NZO"NO."‘N’ 5.5(—10)
0" +H,~OH* +H 0.30 2.0(-9)

(( CONTINUED ON NEXT PAGE ))
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3.3 C  (confinued)

Reaction AE (eV) k (cm sec™')

O +N;~NO"+N 1.10 2.4(-12)

O*+NO-NO"+0 4.36 2.4(-11)

0°+0,;-+03;+0 1.50 2.0(-11)
0°+C0O;~+03+0 1.50 1.1(~9)

O +N;0-+N,0*+0 . 0.7 4.0(~10)

~03+N; 5.0 2.0{-11)
H: +H;-H3+H 2.1(-9)
H;+0;-HO;+H 6.9(—9)
Hes +Ny» N3 +2He 6.7 1.3(-9)
NI+H,~N;H +H 1.9(-9)

NI +N-N*"+N, 1.04 1.0(-12)

N3 +O-+NO"+N 3.05 2.5(—-10)

-+ 0% +N, 1.97 1.0(-12)

N3 +CO=+CO"+N, 1.6 7.0(-11)

N3 +0;-+07+N, 3.5 1.1(—~10)

~NO*+NO 4.5 1.(~17)

NI +NO-NO*+N, 6.3 4.9(-10)

N3 +CO;-+CO7+N, 1.7 9.0(-10)

N3 +N;O«NO*+Ny+N 1.8 4.0(-10)

-+N,0°+N, 2.6 5.0(-10)

O3 +N-NO*+0 4.0 1.8(~10)

07 +NO-NO*+0, 2.8 8.0(-10)

03 +N;-NO*+NO : 1.0(—-16)
CO*+H,;-+COH" +H 2.0(-9)

CO*+0,;-+0;+CO 1.94 2.0(-10)
CO* +C0,;+CO3+CO 0.22 1.1(~9)
H;"’Nz-’N;H"" H; l.o("9)
CO3+H;-+COH”+H 1.4(-9)

CO3+0,-+03+CO, 1.72 1.0(-10)

CH:+H,~-CHs+H 2.3(~-10)

 N;O*+H,-N,OH"+H 4.0(-10)
H,0" +H,0-+H,0*+0OH 1.0(-9)

O;’-N,+O;-O.’+N; _ *>S5(-11)

0:+N;0- 0;-N;O+0: 2.5(" lO)

03-N;0+H,;0-+03-H,0+N,0 =1.0(-10)
O +H;0-+03-H,0+0, 1.2(~9)

03-H0+H;0-+H;0°+OH+0, 3(~10)
-oﬂ’o.'oH‘l‘OI I("9)
Hei +NO-NO"+2He 1.3(-9)
Hey +0,- 03 +2He 1.1(-9)
Hes +CO-CO” +2He 1.4(-9)

O +0~03+hv 1.0(~17)

O +NO-0O3;+N 3.0(~12)

O*+N-NO" +hv 1.0(-18)

03 +NO;~NO"+0, 1.0(-11)

“ Numbers in parentheses denote the powc‘r of 10.

(( CONTINUED ON NEXT PAGE ))
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3.3D Theree-Molecule Reactions

Rcaction k (em*sec™")
Hc® +2He - Hes +He 8.72(-32)°
N7 +2N;-+ N7 +N, 1.2(~29)
CO; +2C0,~C,0; +CO; 3.0(—-28)
O™ +20,-05+0; 8.6(—-31)
O~ +2C0O,~CO~ +CO, 8.0(-29)
07 +2C0,;~+CC,+CO; . 9.0(-130)
O7+CO;+0,;-+C I +0, 2.0(~-29)
H’+2H;"H;+H1 3.2("29)
N’+2N;-’N;+Nz l.8(-29)
O~ +CO;+He-~COj+He 1.5(—-28)
N3 +Ny+He-+NJ+He 1.%-29)
N*+N;+He-+Nj3+He 8.6(—30)
03+0;+He-+07+He 3.1(—~29)
O +N3;+He~»N;O*+He 5.4(—29)
NO™ +2NO-+NO*-NO+NO 5.0(—-30)
034+20;,+0:+0; 2.8(-30)
074+20,;+07+0, 3.0(-31)
O +0"+N-+0O3+N 2.0(-25)
O"+O'+N;-o 01+N1 2.0("25)
0~ +0%+0,;-+20, 2.0{—-25)
O™ +0°+0-+0,+0 2.0(—-25)
0 +0"+M* =0, +M 2.0(-25)
O~ +03;+M=0;+M 2.0(-25)
07+0; +M=20,;+M 2.0{—25)
O~ +N; +M-+N,O0+M 2.0(-25)
O;+N;+M~O;+N¢+M 2.«-25)
O™ +NO*+M~NO,; +M 2.0(-25)
O7+NO*+M- 0, +NO+M 2.0(—25)
O +0+M-+07+M 1.0(—29)
O*+N+M~NO*+M 1.0(~29)
O"+NO+M-+NO; +M 1.0(—-29)
O +N+M-+NO;+M 1.0(—29)
0;+03+N1-NO;+NO; 5.8(“42)
0+O +01—'01+o; 3.0("‘33)
0+0+0-+0,;+0 3.0(-33)
O+0+Ny3=0;+N,; 3.0(-33)
0+0;+0;+0,+0, 5.5(—34)
O0+0,;+N;+0O3+N; 5.5(-34)
0+0;+0-+0;+0 5.5(~34)
N+O+M-=NO+M 1.1(-32)
O+N;+M-N,O+M 1.4(-45)
O+NO+0,;-+NO+0;, 1.0(-31)
O+N0+N2-‘N03+Nz 1.0(-31)
N+N+M-N;+M 5.0(-33)
N+NO+M-N,O+M 3.6(—-36)
NO+0;+NO~NO,;+NO, 1.6(—46)
N*+0+M-NO"+M 1.0(-29)

({ CONTINUED ON NEXT PAGE ))
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3.3D

(continued)

Reaction k (cm®sec™")
N +N+M~Nj+M 1.0(-29)
NO® +H,0+M~NO"-H,0+M 2.0(~28)
NO*+NO+M-NO*:NO+M ’ 4.0(-30)
NOj +H;0+M-NO;-H,0+M 1.0(-28)
0™ +C0,;+0,;-+C0O;+0, 3.1(-28)
CO; +H;0+M~CO;5-H,O0+M 1.0(-28)
03 +H;0 +M-03-H,0+M 2.2(~28)
H+O;+M-HO,+M 3.7(-32)
O0+2NO-~NO;+NO 1.5(-31)
O+NO+He~NO;+He 6.7(-32)
0+0;+C0O0-0,;+CO 6.7(-34)
0+2C0-C0,;+CO . 3.2(~32)
O+CO+N;y;»CO;+N,;. 2.2(-36)
0+CO+C0,;-2CO; 6.2(-136)
H+H+M-H,+M 8.4(-133)

* Numbers ia parentheses denote the power of 10,
# Symbol M represents spectator particle for encrgy/ tion.

3.3 E Rates with Temperature Dependence Known Explicitly

A.
E/R*  (ecm®mole™? Temperature
Reaction n* CK) sec™t) range (°K)
N+N+N;=N3+N; 0 -500 3.0(14)* 200-600
O+N+Ny+NO+N, -05 0 6.4(16) 200-400
NO+NO+0;-+NO,; +NO, 0 =530 1.2(9) 273-660
NO; +NO+0,-+NO,; +NO, 0 -400 2.9(7) 300-500
O+NO+0,;-+NO,;+0, 0 -940 1.1(15) 200-500
0,+H+He~HO, +He 0 -500 1.5(15) 300-2000
0+CO+M =CO+M(CO) 0 2184 2.4(15) 250-500
O0+0+M-0,+M(Ar) (4] 900 1.9(13) 1904000
: Sce Eq. (6.12).

Humbers in parentheses denote the power of 10.
¢ Symbol M represents spectator particke (or encrgy/momentum conservation.

3.3 F Binary Positive-Ton-Negative-Ion Reactions

Reaction k (em® sec™")
0" +0°-0+0 . 2.0(-7)
0;40°=0,+0 2.0(-7)
NO;+0°=NO,+0 2.0(-7)
0;+0°~0,+0 2.0(-7)
0~ +0;-0+0, 2.0(-7)
03;+0;-+0,+0; 2.0(-7)

(( CONTINUED ON NEXT PAGE ))
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3.3 F (continued)

Reaction k (cm®sec™")
NO; +03~NO,+0, 2.{(~-7)
O; +O;-O,+O; 2.0(-7)
O"+N3-+0O+N, 20(~7)
0;+N;-OO,+N; 2.0(~7)
035 +NO3 - 0;+NO, 2.0(-7)
07 +NO" = 0,;+NO 2.0(-7)
O~ +NO*-+0+NO 2.0(-7)
NO7+NO*-+NO,+NO 2.0(~7)
03 +NO" =0, +NO 2.0(-7)
NOj3 +NO* = NO,+N+O 1.(~-7)
07 +NO*-NO -0, +NO+NO 1.0{(-7)
03 +NO*-NO -+ O3 +NO+NO 1.0(-7)
NO3 +NO*-NO-=NO; +NO+NO 1.0(-7)
NOj3 +NO*-NO-+NO, +NO+NO 1.0(-=7)
037 +NO*-H;0+ 0, +NO+H,0 1.0(-7)
035 +NO*-H;0-+0; +NO+H,0 1.0(~7)
NO3Z +NO*-H;0 -+ NO; +NO+H,0 1.0(-7)
Oz +NO* =+ 0O +N+0 1.{-17)
NO3J+NO*-H;0-+NO; +NO+H,;0 1.0(~7)
03;+03-+0,+0+0 1.0(-7)
05+03~0,+0+0 1.0(-7)
NO;+03-+NO;+0+0 1.{-7)
NO3;+03-+NO;+0+0 1.0(-7).
NOj3 +NO*-+NO;+NO 20(-7)
OF+N3~O3+N+N 1.0(-7)
NOZ+N3+NO;+N+N L.K-7)
O3 +N3=+O3+N+N 1.0(-7)
NOI+NO*-+NO; +N+0O 1.0{-7)
03 +NO*=+0;+N+0O 1.0(-7)
N*+0~=N+O 2.0(-7)
07 +03-0,+0,('A) 1.0(-8)
NO3-H;0+NO™+NO,;+H,0+NO 1.0(=17)
NO3-H,0°03 +NO,; +H;0+0, 1.0(~7)

NO3-H,0 +NO*-H,0 - NO, +2H,0+NO 1.0(=-7)
NO3-H;0+NO*-NO - NO, + H,0+2NO 1.(-7)

* The numbers in parentheses denote the power of 10.

3.3 G Binary Neutral Molecule Collisions
Reaction & (cm®’sec™")
N+O-<NO+he 2.0(-17)°
O+NO-~NO, +hs» 6.2(-17)
N+N-Ny+ho 1.0(-17)
O+N3;=NO+N 3.2(—-65)

(( CONTINUED ON NEXT PAGE ))
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3.3 G - (confinued)

Reaction k (cm? sec™?)
O+NO-O,;+N 6.7(-41)
O+NO;-+-NO+0, 4.5(~12)
O+N;0-+NO+NO 8.1(-31)
0+N10"'01+N3 2.7(-31)
0+0;+0,;+0, 9.4(-15)
N+O;-NO+0O 8.6(-17)
N+NO-N;+0 2.2(~11)
N+NO;-+N;+0, 1.5(~11)
N+NO;+NO+NO 3.0(~-12)
N+NO;-+N,0+0 1.5(-13)
NO+0;-+NO,;+0,; 1.3(-14)
NOg+O;-0 N03+°z 7.0("‘ 17)
.0;+0;(*4)+0+0,+0, 1.9(~15)
0, ('4)+M*~0,+M 1.0(-19)
0:('4)+N-NO+O 3.0(-12)
H+0;+0H+O0 3.0(~22)
O+H;~OH+H >9.0(-18)
O+HO;+OH+0, 9.0(-12)
OH+CO-+CO;+H 1.8(~13)
O+0OH-+0O,;+H 3.6(—-11)
H;+OH-+H,0+H 7.0(~15)
OH+OH-H,0+0 2.4(-13)
H+OH-+H,;+0 3.1(=-17)

“ Symbol M represents spectator particle for encrgy/momentum conscrvation.

(*) REF. (3.1 1]
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SPECIES DENSITY (Cm™)
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SPECIES DENSITY (Cm™)
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SPECIES DENSITY (Cm™>) "
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CHAPTER FOUR

THEORETICAL INVESTIGATION

OF A HIGH PRF CO. LASER_KINETICS

4.1 INTRODUCTION:

A multi-kilowatt, transverse discharge, high pulse
repetition frequency (P.r.f),’COz laser is currently under
development, being prompted by an increasing demand for
the expansion of materials processing app}ications . The
system will be operable at prf's variable up to 10 kHz ,
giving an output suitable for a broad range of process
requirements.A kinetic model has been developed'that assists
in understanding the relatibnship between the laser output
characteristics to the many interdependent design parameters.
This model represents an extension of the 'six energy level’
model reported by Chatwin and Scott [4.1] and subsequently
developed by Byabagambi et al [4.2]. The extension 1is to
allow for the presence of CO in the laser cavity. CO may be
introduced intentionally or produced by dissociation of CO-.
Electrons excite the CO molecules into their first excited
state , v=1. The resulting CO will then be available to
transfer energy in Vibration-vVibration collisions to both N:
and CO-> since the quantum hvVecoz = h¥nz ® h¥eco. Moreover, CO
is effective for the deactivation of the lower laser level.
Figure (4.1) shows schematically the set of processes that
results in the 'eight energy level' model which.is necessary

to describe the CO-> : N> : He : CO system.
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4.2 NOMENCLATURE :

Co

Cv

IP.

I

kKa

Kis

K51

Kai~

K71

K75

Effective area of the smallest cavity mirror for
reflection (cm2).

speed of light (2.997927x10*° cm/sec).

Specific heat at constant pressure (J/kg.°K).

Specific heat at constant volume (J/kg.°K).

Energy (J).

Fraction of input power coupled into excitation.

Gain-(cm‘l).

Degeneracy of energy level i .

Fraction of photons spontaneously radiated into
a small angular aperture.

Laser cavity hight (cm).

Electrical input power (watt/cm=>).

Photon density (cm—3).

Boltzmann constant (1.38026x10-%> J/°K).

EQuilibrium constant between level 0220 and 012%0.

Transfer rate constant betweén levels 1 and 5
(sec—?).

Transfer rate constant between levels 5 and 1
(sec™?).

Transfer rate constant between levels 1 and 7
(sec™?).

Transfer rate cénstant between levels 7 and 1
(sec™?*).

Transfer rate constant between levels 7 and 5

(sec™ ).
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Kiaz

K2131

KZZB‘L

KSZO

Kgp

Re

To

Transfer rate constant between levels 1 and 32
(sec™?*).

Transfer rate constant between levels 21 and 31
(sec—1).

Transfer rate constant between levels 22 and 31
(sec™*).

Transfer rate constant between levels 32 and 0
(sec™1).

Spontaneous emission rate (sec~?* ).

Laser cavity length (cm).

Mass of gas mixture (kg).

Mixture gas mass flow rate (kg/sec).

Population density of excited states (cm—2).

Gas pressure (Torr).

Power density (watt/m3).

Front mirror reflectivity;

Gas temperature (°K).

Photon decay time (sec).

Average electron energy (J).

Rate of direct excitation of CO. (sec—?).
Rate of direét de-éxcitatiop of CO. (sec™?*).
Rate of direct excitation of N. (sec™?).

Rate of direct de-excitation of N> (sec™?).
Rate of direct excitation of CO (sec—?).
Rate of direct de-excitation of CO (sec—?).
Wavelength of the output power (cm).

Absorption cross-section (cm2).
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4.3 THE BASIS OF THE MATHEMATICAL MODEL :

4.3.1 General:

As diatomic molecﬁles,Nz and CO each have one vibrational
mode. CO> is a linear triatomic molecule and has three
vibrational modes; a symmetric stretch mode, an asymmetric
‘stretch mode, and a doubly degénerate bending mode. The
energy content of any mode is called the vibrational mode
energy of that mode,E. ,and is given , per unit volume , by

Ev =[Nhy/{exp(hv/kT)-1}] = ..ici.iie.. (4.1)
The vibrational temperature of the mode ,T. ,is equal to the
ambient gas temperature,T,when the gas is at equilibrium.
Figure (4.1) shows schematically the physical processes
considered by the model. The dashed 1lines refer to the
excitation of the vibrational modes resulting from inelastic
electron-molecule collisions. The dotted lines represent the
relaxation of vibrationally excited molecules to the ground
state . The chain lines refer to the de-excitation processes
of the vibrational modes. The continuous lines represent
vibrational energy exchange between modes. The wavy 1line
represents the laser action , the stimulated emission and
absorption of radiation which takes place between particular
rotational levels of the asymmetric, CO-(00°1) and symmetric
,C02(10°0), states. The intensity of this emission depends
upoh the degree .of population inversion between these states,
"as well as being affected by spontaneous emission and cavity

losses.
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4.3.

the

(1)

2 Assumptions :

The kinetic rate equations can be derived by introducing
following approximations:

In .each vibrational mode group designation, local
Boltzmann equilibrium is assumed. This allows the use
of the‘Boltzmann equation for the evaluation of beth
vibrational‘end rotational energy level molecular

populations.

(ii) Stimulated emission ocurrs only for transitions in

the 00°1 —> 10°0 band (i.e P20 ).

(iii) The cavity dimensions and flow velocities are such

that boundary laver development and diffusion

processes can be neglected.

(iv) Direct excitation and de-excitation of the lower laser

4.3.

the

levels have been neglected because, from theoretical
calculations,these have been found to be very small
(chapter 2). In addition, the experimental resulsts of
Siemsen et al [4.3] show that the populations of the
lower laser 1level are always small compared to the
upper laser level populations in CO.:N::He discharges.

3 Stimulated emission :

In a laser cavity with two mirrors (one at each end) ,

light emitted spontaneously at various points in the

laser medium normal to the end mirrors and within the

resonant mode of the cavity is amplified through stimulated

emission. The rate of <change of photon population density

within the laser cavity can be written as:

de/dt = -Ip/To + Ing + niKBpG ............ (4.2)
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where To is the photon decay time which is defined as the
average time a photon remains inside the laser cavity before
being lost through the laser output window. The photon decay
time is related to the cavity length and the reflectivity of
the output mirror and can be written as:

To= —2L/c-1n(Rp) .................. (4.3)
where Ry is the front mirror reflectivity. The back mirror
is fully reflecting. The third term on the right hand side
in equation (4.2) represents the spontaneous emission where
the rate constant (Ka.p) is the inverse radiative lifetime of
the 1lasing transition and the quantity (G) indicates the
fraction of photons being spontaneously radiated into a
small angular aperture defined by the resonator. Assuming
monochromatic radiation,Byabagambi [4.5] gives the following
expression for G:

G = AN2/A i i e (4.4)
where )\ is the wavelength of the output radiation and A is
the reflectivity area of the smallest cavity mirror. This
term is important for initiating stimulated emission but
becomes insignificant once stimulated emission takes off.

4.3.4 Kinetic Rate Equations :

Expressions may be derived describing the time rate of
change of the populations of the vibrational states due to
the processes described in section (4.3.1). These five
equations together "with the equations for the cavity
radaition field intensity and the gas-kinetic temperature
are the seven coupled differential ordinary equations which

comprise the model , i.e
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dn,/dt= ano “an + Ksills - Kishai- Kapha

- K132{n1_ (n1/n32)en32}

- Igcg + Kyany = KioNa ool i i i i e (4 .5)
dn./dt= Kaphi+ IoCg - Kzizi{Nza - (N21/Ns1)aNsz}
- Kzza‘l.{nzz" (nzz/naz)gnsz} ............ (4.6)

dns/dt= {2Kz2i131/(1+ka)}{nz21- (N21/N>1)eNa1}

+ {2Kz2231/{(1+Ke) }{N22- (N22/N3i1)enas}

4+ Kiaz{Ni - (Nz22/Naz)eNa=z}

- K;zo{nsz- (naz/no)eno} ........... (4.7)
dns/dt=3n4— an - Ks:_ns + K15n1+ K'75n7 ....(4.8)
dn, /dt=Hahe - P=N7 - Ksino+ Kisna - Kssho ....(4.9)

de/dt= Ipcg - Ip/To + Knpn’,G ............ (4 -10)

dT./dt=(2/mc.)dQ/dt - {(2mcp/mC+)(Ta-T+)} ..(4.11)

Rate constants (K) are given 'in Appendix (4.I).

4.3.5 Electrical Excitation :

Direct excitation of CO=-, N>, and CO ground state
molecules occurs by electron impact through inelastic
collision processes. The excitation rates a ,Y¥ ,and n. are
vcalculated by considering the fraction of the power input,F,
coupled into excitation of CO-(00°1),N.(v=1l),and CO(v=1)

levels respectively. These rates can be written as follows:

206



a = Fcoz IP /E001 No e e e e et et e e e (4-12)
¥ = Fuz IP /Ever e e (4.13)
u = Fco IP /Ev-1 Ne et e i e s e s e (4.14)

The values 0f Feoz,Fnz and Feo Were obtained from the
predictions in chapter 2. The reverse process can also take
place,where excitéd molecules lose energy to the electrons
and the electrons gain an equal amount of kinetic energy.The
rates of these processes depend upon the electron enerqgy

distribution in the discharge and can be written as follows:

1

= a exp(E+/U) i e e e (4.15)
B8 = ¥ exp(E+/U) e e et ean (4.16)
H== HiexXp(E+/U) R ERRER R (4.17)

where Ei is the energy of level i and U is the average
electron energy in the discharge. Values of U were obtained
from the predictions in chapter 2.

4.3.6 Gain :

The relationship between small signal gain and
population inversion has been derived by many authors ( e.g
Reid and Ssiemsen{4.6],Siemsen et al[4.3],Brimacombe and Reid
[4.7])], and Sato and Miura[4.8] ). The gaih (g) is related to
the population inversion density by:

g=0{nu - (gu/ga)na} ..., (4.18)
where n, and n, are the poéulation densities of the upper
and lower laser levels,gu. and g, are the level degeneracies,
o is the absorption coefficient.Referring to figﬁre (4.1),it
has been shown by Chatwin [4.4] that the population of the
lower laser level may be partitioned such that:

Nioo= 0.408 Noa
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The energy level degeneracies ,gu and g, , may be droped by
neglecting the unit change in rotational quantum number,
hence equation (4.34) can be written as:

g =0 (n1 - 0.408 n21) = ciiiiieiieiiae, (4.20)
The small signal gain in CO> laser systems depends strongly
upon the pressure-broadened widths of the translational
rotational lines in the 10 yum band.The absorption coefficient
(o) is that of high pressure (P>10 Torr) collision-broadening
where the intensity distribution function describing the
line shape is Lorentzian. Hoffman’{4.9] gives an approximate
value of 0=718/nT (cm?®) which does not take into account the
substantial line broadening effects of helium. Measurements
of the pressure-broadened 1linewidth in TE CO. discharges
made by Brimacombe and Reid [4.10] show that these effects
are very important where collisions with He are dominant in
the discharge. Chatwin [ 4.4 ] gives an expression for the
absorption coefficient which is extended herein to include
the effects of carbon monoxide ( see Appéndix 4.IT ). Thus,
the following expression is used:

0 = 692.5/T [ Neoz + 1.063 nNy= + 1.484 Nye + 1.1238 nNcol

4.4 INITIAL AND BOUNDARY CONDITIONS :

A unique solution to equations(4.5 to 4.11) exists for
each set of initial and boundary conditiohs. This system of
seven,first-order ordinary differential equations is solved
numerically using Merson's version of the Runge-Kutta
method [4.11] for two successive 10 pnsec electrical input

pulses with an interpulse gap of 90 psec giving a p.r.f of
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10 kHz. The current and voltage profiles of these input
pulses, as shown in figure (4.2), are based on experimental
measurements. The following initial and boundary conditions
are sufficient to solve the rate equations:

(i) in thermodynamic equilibrium ,thebpopulation densities
ny and ny of the two vibrational energy levels E.
and E5 can be written as:

Ni/ny= (gs/9gs) exp{-(Eis- E4)/kT}  ...... (4.22)

(ii) at low pressure,the total population density per unit
volume can be evaluated according to the equation
of state for an ideal gas,i.e
ne =P/KT it i et (4.23)

(iii) the initial gas temperature is taken as ambient and
at cavity entrance the temperature is constant due
to a continuous flow of the gas, i.e
dT./dt=0 = e ceeees (4.24)

{iv) the initial value of the photon kdensity is taken as
that due to spontaneous emission and is given by:

Ip=n2 G Leee.... e enese e (4.25) .

4.5 DEFINITION OF LASER PULSE PARAMETERS:

Figqure ( 4.3 ) shows the laser pulse parameters used
in the analysis of the output power. These are as follows:
(i) Delay Time:
This is defined as the difference in time between
the start of the current input pulse and the start
of the laser output pulse. It is assumed that the

laser output pulse starts when the output poweris
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7.0 w/cc . This value was chosen because when
multiplied by the cavity volume it gives the
minimum power necessary for material processing
applications [Khahra, 4.12].
(ii) Pulse Duration:
This is the time taken , after the delay time ,
for the pulse power to fall to 7.0 w/cc.
(iii) Dimensionless Spike Power:
This indicates the maximum power of each pulse ,
méde dimensionless by dividing it by the maximum
input power.
(iv) Dimensionless Flat Pulse Power:
This is the mean £flat pulse power, made
dimensionless by dividing it by the maximum
inpﬁt power.
(v) Bfficiency:
The useful efficiency (?,ua) for each pulse is
based on.the pulse duration, i.e, when the power
output is high enough for material processing.
Whereas , the overall efficiency (lo.) is taken

over the period of 120 usec.
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4.6 THEORETICAL INVESTIGATION:

The following cases are considered herein:

(i) gas mixtures without éarbon monoxide addition,

(ii) gas mixtures with CO addition as a substitute for

| helium, and

(iii) gas mixtures with CO addition as a substitute for

nitrogen.

Tables (4.1),(4.2) and (4.3) detail ﬁhe precise mixtures
investigated where CO was added in amounts up to 100% of the
CO-. content. The peak power was held constant at 230 w/cc
since this value is experimentally achievable for all the
gas mixtures considered. It was decided to do a detailed
analysis using the 1:3:4 mixture. This mixture gave greatly
improved laser parameters for the second pulse and

therefore subsequent pulses [Bybagambi , 4.5].

4.7 RESULTS AND DISCUSSION ; CASE ONE - GAS MIXTURES

WITH NO CARBON MONOXTDE ADDITION:

4.7.1 Effects of Helium :

It can be seen from Table (4.1) that addition of helium
results in a decreased average electron energy. In addition,
helium enrichment up to a partial pressure of 81 Torr of the
mixture increases the CO- and N. excitation efficiencies ,
hence increasing the direct excitation and de-excitation
rates. Moreover , helium reduces the stimulated emission
cross-section due to collision line broadening ,this can be
inferred from equation (4.21) where the helium term has the

dominant coefficient.
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4.7.1.1 Excitation of the upper laser level (na.)

The increase in the direct excitation rate caused by
the addition of helium results in an increased population:
Ainversion gradient which when combined with the increased
delay time results in large upper laser level populations as
shown by the spikes in graphs (4.1) to (4.3). When direct
excitation starts the net rate of resonant energy transfer
is insignificant , however , once 'the upper laser 1level
céllapses , the ﬁet rate becomes substantial. This explains
the oscillatory nature of graphs (4.1) to (4.3) and that of
the output which is greater for helium rich mixtures as
shown in graphs (4.13) to (4.15). |

After direct excitation cut off, the population of the
upper laser level falls off more steadily for mixtures with
high helium contents due to the fast depopulation of this

level directly to the 01*0 level by helium (see figure 4.1).

4.7.1.2 Excitation of the upper nitrogen level (ns) :

The improvement in excitation efficiency produced by
helium addition results in a greater direct excitation
rate.This gives an increased population inversion which when
combined with the increased delay time results in an
increased upper nitrogen population as shown in graph
(4.4). When direct excitation is cut off, the upper nitrogen
level decays exponentially via its resonant interaction with

carbon dioxide.
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4.7.1.3 Effects of Stimulated Emission on Delay Time and

Spike Power:

Stimﬁlated emission 1is a function of population
inversion and stimulated emission cross-section.With
increasing helium the increasing population inversion
gradient and the decreasing croSs-section both result in
reduced gain as shown in graphs (4.7) to (4.9) . This
reduction in stimulated emission which is combined with an
increased direct excitation rate significantly increases the
time required for stimulated emission to overcome direct
excitation. Hence,the delay time increases as shown in graph
(4.16). However , the second pulse delay time is smaller due
to residual gain and power left by the previous excitation
pulse. Secause of its useful effect on subsequent pulses, a
high value of interpulse gain is of interest. Increasing
helium content of the gas mixture reduces the gain after
direct excitation, hence reduces the effect of residual
gain on subsequent pulseé.

For helium rich mixtures in which the gain is reduced
the population of the upper 1laser 1level has more time
(greater delay time) to increase to large values before being
overwhelmed by stimulated emission , therefore a large spike
develops, see graph (4.13). Hence, the dimensionless maximum
power increases in the same manner as the delay time curve ,

see graph (4.17).
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4.7.1.4 Gas Mixture Temperature:

One of the important effects of helium is to reduce the
gas temperature due to its high thermal capacity(mc,,) so the
depletion rate of the upper laser level population by
collisions is decreased. Another important role played by
helium is to increase the relaxation rate of the 1ower_
laser vlevel_through CO.~-He collisions, this yields a larger
population inversion and therefore more energy can be dumped
in the gas mixture. Therefore increasing amounts of helium
decrease the maximum mixture temperature, see graph (4.18).

It can be seen from graphs (4.10) to (4.12) that the
maximum temperature is well below 600°K , which is the

maximum allowed in the laser cavity [ DeMaria , 4.13 ].

4.7.1.5 Pulse Duration and Mean Power:

Graphs (4.13) to (4.15) show the output power for two
successive electrical pumping pulses. Because the time taken
to establish a significant population inversion is shorter
than the cavity field intensity build-up time, the initial
output occurs in the form of a narrow spike which increases
in mixtures with high helium content and the output pulse
shows a highly oscillatory behaviour which is not useful for
machining applications. The pulse duration is determined by
the relaxation times of the excited molecules.With high
pressures and increased helium content these times become
shorter, thus the pulse 1length decreases. However, the
initial increase in the pulse duration shown by graph (4.19)

is due to the effect of the 1long power pulse tail in
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mixtures with low helium content, see graph (4.13).This
effect can be explained as follows: when a small amount of‘
helium is added to the gas mixture; the wasted power in the
long tail is released sooner within the main output pulse so
that no more energy is left in the pulse tail for increasing
He to have a positive effect. Graph (4.20) shows that the
mean power for the second pulse increases with increasing
helium, while that of the first pulse tends to decrease ,
especially for nitrogen rich mixtures where, as can be seen
from graphs (4.14) and (4.15), the delay time increases with

no significant change in the pulse tail profile.

4.7.1.6 Efficiencies:

Graphs (4.21) and (4.22) show the variation with helium
content of efficiencies.The increase in efficiency is caused
by several factors:

(i) increasing helium content , up to a certain value as
shown in Table (4.1) , results in an increased excitation
efficiency of the upper CO-. and N- levels, hence more of the
input electrical energy is effectively absorbed so the
output .power is improved.

(ii) the reduction in the gas mixture temperature helps to
empty the lower léser level and therefore maintain the
population inversion. Hence improves the efficiency.

(iii) helium atoms cause a rapid depopulation of the lower
laser level by collisional relaxation process ( as discussed
in chapter 2).This increases the population inversion and

hence increases efficiency.
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However, graph (4.21) shows that the efficiency tends to
decrease after a certain value of added helium. This is
mainly due to the decrease in the excitation efficiencies
(as shown in Table 4.1 ) and the increase in the relaxation
rate Kis=. As the helium content becomes significant, the
amount of excited molecules deactivated to the 32 level (see
figure 4.1) increases significantly and therefore leads to a
decrease in efficiency. Graph (4.22) shows that the useful
efficiency for the second pulse is increased, especially for
mixtures with high amounts of nitrogen. This is because the
upper nitrogen 1level is left populated from the previous
pulse and because of a finite positive gain and output power

at the beginning of the second pulse.

4.7.2 Effects of Nitrogen:

As the total pressure of CO- and N was held constant at
27 Torr, therefore as the partial pressure of nitrogen was
increased the partial pressure of carbon dioxide was
correspondingly decreased. Thus, the population inversion is
small due to the small population of the upper and lower
laser levels. As shown in chapter 2, the nitrogen electron
excitation cross-~sections are larger than those of CO-. Tﬁus,
with increasing N> content more nitrogen molecules are
excited to their upper vibrational 1level , hence more
energy is transferred to the CO. (00°1) 1level through the
resonant transfer process. This leads to a more efficient

coupling of the electrical energy into the discharge.
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4.7.2.1 Excitation of the Upper Laser Level (n,):

Graphs (4.1) to (4.3) show that as the nitrogen content
increases the population of the upper laser level decreases
due to the decreased ground level population and decreased
excitation rate constants. For reduced population of the
upper laser level resonant energy transfer is decreased andA
therefore the oscillations in the output pulse are reduced
as shown in graphs (4.13) to (4.15).

After direct excitation cut off, the population of the
upper laser level falls off more slowly in mixtures with
more nitrogen due to the continuous supply of energy from

the Nz(v=1) level as shown in graph (4.3).

4.7.2.2 Excitation of the Upper Nitrogen Level (n.):

For increased nitrogen the population of the upper N:
level increases Qery rapidly as shown in graphs (4.5) and
(4.6). This is because of the increased ground 1level
population and increased excitation efficiency.

After direct excitation cut off, the population of the
N= (v=1) 1level falls off to a value determined by both the
CO> (00°1) level population and pressure ratio of CO-» and N-.
Thus, increasing the nitrogen content relative to CO-> leaves
more N> molecules trapped in the upper level (v=1) which are
.not used for exciting CO- molecules within the duration of
the pulse. The final population at excitation cut off is ,
therefore , greater for mixtures with more nitrogen as shown

by comparison of graphs (4.5) and {(4.6).
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4.7.2.3 Effects of Stimulated Emission on Delay Time and

Spike Power:

Due to the reduction of CO- partial pressure as nitrogen
content increases, the population of the lower laser level
is decreased. This allows a very rapid population inversion,
hence .a rapid build-up of stimulated emission which gives é
reduced delay time and spike hight as shown in graphs (4.16)
and (4.17). It can be seen from graphs (4.5) and (4.6) that
increasing Nz produces a long tail in the output pulse so
there is sufficient power and gain at the start of the
second pulse to reduce the spike hight and delay time.

buring the interpulse period , the continuous supply of
vibrational energy from the N-(v=1) level to the upper laser
level produces almost a constant gain, especially for high
nitrogen content. This is shown in graph (4.9).

4.7.2.4 Gas Mixture Temperature:

Because thermal properties of nitrogen are not very much
different from those of carbon dioxide and as the total
pressure of these gases was held constant, an increase in
the nitrdgen content has no significant effect on the

temperature as shown in graph (4.18).'

4.7.2.5 Pulse Duration and Mean Power:

Graph (4.19) shows that increased nitrogen leads to a
longer pulse duration and the difference between the pulse
duration of the first and second pulses increases with
increasing nitrogen.This is due to the 'spreading effect' of

nitrogen on the output pulse profile where the energy is
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released over a longer period. Thus, at the start of the
second pulse, the residual energy is sufficient to increase
the pulse durétion. Moreover , this results in a decreased
mean power as nitrogen content increases, see graph (4.20).

4.7.2.6 Bfficiencies:

Graph (4.21) shows that increasing nitrogen improves the
laser efficiency due to.the increased excitation efficiency.
While graph (4.22) indicates the useful effect of increasing
nitrogen on the efficiency of the second pulse siﬁce

7

increased N> leaves more energy in the output pulse tail.

4.7.3 Effects of Cavity Length:

4.7.3.1 Pulse delay time, peak and mean power:

Increased cavity length means that on average the
residence time of a photon within the resonator is
increased,hence, a fast build-up of the photon flux occurs.
This reduces the delay time and the maximum power as shown
in graphs (4.23) and (4.24). In addition,with the increased
cavity length the energy 1left in the first pulse tail
increases and therfore decreases the delay time and peak
power for the second pulse. This effect is observed up to é
cavity length of 300 cm whereafter the pulse delay time and
peak power remain constant.The pulse energy is released over
a longer time period, hence it increases the pulse length as
shown in graph (4.25)'and leads to a decreasing mean pulse

power as shown in graph (4.26).
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4.7.3.2 Efficiencies:

Since the energy output per pulse is increased as the
cavity length increases,both overall and useful efficiencies

are increased as shown in graphs (4.27) and (4.28).

4.7.4 Effects of Front Mirror Reflectivity:

Graphs (4.29) to (4.34) indicate that increasing the
front mirror reflectivity reduces delay time and spike
height, increases pulse duration and efficiency. These
effects are similar to those of increasing the cavity
length (i.e increasing photon residence time). If the output
mirror reflection is too high the intensity of radiation on
the internal face of the output mirror would be so great as
to damage the mirror surface, a compromised value of 0.85 is

recommended.

4.8 RESULTS AND DISCUSSION ; CASE TWO - GAS MIXTURES

WITH CO ADDITION AS A SUBSTITUTE FOR HELIUM:

It .can be seen from Table (4.2) that the addition of CO
‘'reduces the average electron energy and this reduction
becomes considerable .as the CO content increases owing to
large cross-sections for CO (as discussed in chapter 2).This
has more effect on the N> excitation efficiency than on that
of CO> as shown in the Table. The CO excitation efficiency
increases with increased CO due to the presence of more CO

molecules and the decreased average electron energy.
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4.8.1 Excitation of the Upper Laser Level (n,):

Since the excitation efficiency of the upper.laser level
is slightly reduced with the addition of CO and as the Coz_
partial pressure is held constant , no significant change in
the upper 1laser level population is observed . See graphs
(4.35) to (4.37). After direct excitation cut off, the upper
laser level is replenished by a coqtinuous supply of energy
from both N>(v=1) and CO (v=1]) through resonant energy
transfer processes (see figure 4.1).Increasing CO means that
more resonant energy is transferred. This 1leads to a
relatively constant value of the upper 1laser level
population as shown in graph (4.35) .

4.8.2 Excitation of the Upper Nitrogen Level (ns):

The decrease in the N: excitation efficienéy produced by
CO addition considerably decreases the N. direct excitation
rate. This results in a decreased upper nitrogen level
population as shown in graphs (4.38) to (4.40).

After direct excitation cessation, the exponential decay
of the upper nitrogen 1level was observed -to be almost
unaffected by the addition of CO sinqe the rate of energy
transfer from €O (v=1) to N, is relatively small (K-s=490
sec~*.Torr-* at 300°K, [sSmith and Thomson, A4.1.2]).

4.8.3 Excitation of the upper CO level (n-):

The upper CO level is poﬁulated very rapidly due to the
increased ground level population and increased excitation
efficiency.This is shown in graphs (4.41) to (4.43) . After
direct excitation cut off, the upper CO level decays

exponentially via its resonant interaction with CO-.
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4.8.4 Effects of Stimulated Emission on Delay Time and

Spike Power:

The dominant features of CO addition to the gas mixture
are:

(i) effective relaxation ofvthe COz (01?0) level where

the rate constant for CO is about 8 times that of
He (see Appendix A.Z;II)f

(ii) effective relaxation of the lower laser level,

where CO has a comparable rate constant to He.

" (iii) reduction in stimulated emission cross-section,
see equation (4.21) where CO has a significant
coefficient. |

(iv) resonance transfer of energy from CO (v=1) level to

Cco= (00°1).

When CO is added in amounts up to 50% of éoz , the CO.
vibrational population 1is increased due to (iv) and the
feduction in stimulated emission cross-section is
relatively small as the coefficient applied to He 1is not
substantially greater than that for CO. This, combined with
(i) and (ii) allows é rapid population inversion and gives
an ihcreased gain as shown in graphs (4.44) to (4.46). The
resulting stimulated emission is very rapid to build up and
quickly overturns direct excitation giving a reduced delay
time, see graphs (4.47 to 4.49). The main effect of CO shows
up on the second pulse where it produces a long output tail
so that at the start of the second pulse there is enough
power and gain to reduce the delay time and spike height.

These results are shown in graphs (4.50) and (4.51).
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With a considerable amount of added CO (CO:C0O= =1:1),the
decrease in direct excitation rates of N> and CO- and the
decrease in helium content both give_é reduced population
inversion. Hence,the resulting gain is slightly reduced, see
graph (4.44).Reduced stimulated emission increases the delay
time, especially for the first pulse,whereas the increase in
the second pulse delay time is smaller due to the interpulse

gain, see graph (4.50)

4.8.5 Gas Mixture Temperature:

One of the beneficial effects of CO is that electrons
below 1 eV can excite the vibrational levels of CO whilst
they are ineffective in exciting N..Hence the addition of CO
makes the coupling of the electrical energy into the
discharge mbre efficient. It also reduces the low energy
electron pumping of the lower CO> levels.These effects are
greater than that due to the reduction in the heat capacity
(mcy) caused by CO substitution for Hé. This reduces the gas
temperature as shown in graphs (4.52) to .(4.55) . The
vibrational energy left in CO is not instantly transformed
into heat but remains in the gas for a long time [Basov et
al , 4.14] . After direct excitation cut off, the stored
energy in CO dissipates by collisional heating during the

interpulse period. This is shown in graph (4.52)
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4.8.6 Pulse Duration and Mean Power:

Graph (4.56) shows that increased CO leads to a longer
pulse duration due Eo the effect of CO on the output pulse
profile where energy is released over a longer time period.
This means that at the start of the second pulse , there is
sufficient residual energy to suppress the gain switched
- spike, hence decreasing delay time and further increasing
pulse length. In additioh , as the CO content increases the
corresponding decrease in helium content increases the pulse
duration due to the decrease 1in the relaxation rate of the
upper laser level.The mean power increases as the CO content
is increased up to 50% of CO-> as illustrated in graph (4.57)
With a continued incréase in the CO content the mean power
decreases , especially for hélium rich mixtures due to the
decreasing excitation efficiencies for CO- and N, . However,
for a low helium mixture the mean power continues to increase
with increasing CO ,graph (4.57), due to ihe increased pulse

power and duration, as shown in graphs (4.47) and (4.56)

4.8.7 Efficiencies:
Due to the improvement in the excitation efficiencies,

CO improves the laser efficiency. Graphs (4.58) and (4.59)
show this improvement in both the overall efficiency and the
useful efficiency. The beneficial effect on the efficiency
of the second pulse shown in graph (4.59) is due to the
energy left in the pulse tail. However, in a helium rich gas
mixture both efficiencies drop off when a considerable
amount of CO is added ( CO: CO- =1:1). This is due to the

decreased mean power as can be seen from grpah (4.57)
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4.9 RESULTS AND DISCUSSION ; CASE THREE - GAS MIXTURES

WITH CO ADDITION AS A SUBSTITUTE FOR NITROGEN :

It can be seen from Table (4.3) that when CO is added in
amounts up to 50 % of the nitrogen content the average
electron energy decreases and the excitation efficiency of
CO. increases while -that.of N> decreases. When CO replaces
all the N- in the gas mixture the operating value of E/N of
the discharge and the average electron energy both slightly
increase. The excitation efficiency of CO- decréases whereas

that of CO increases due to the increased CO content.

4.9.1 Excitation of the Upper Laser Level (n.):

Since the excitatign efficiency of the upper laser level
is increased with the addition of CO the population of the
upper laser level increases as shown in graphs (4.60) and
(4.61). However , when CO replaces all the nitrogen ( graph
4.60 ) or substitutes for 50 % of the N> (graph 4.61) the
population of the upper laser level decreases due to the
decrease in the excitation efficiency of CO-.

Afﬁer direct excitation cut off , the upper laser level
is replenished by a continuous supply of energy from both
the N> (v=1) and €O (v=1) levels through resonant energy
transfer processes.However,the transfer rate between CO(v=1)
and CO-, is less than that between N> (v=1) and CO- ( see
Appendix A4.I ) therefore the energy supply during the

interpulse period is reduced when CO replaces all the N-.
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4.9.2 Excitation of the Upper Nitrogen Level (ns):

Graphs (4.62) and (4.63) show that the population of the
upper nitrogen level decreases with the addition of CO due
to the two-fold effect of decreased ground level population

and decreased rate constant for direct excitation of N-.

4.9.3 Excitation of the Upper CO level (n-):

The population of the upper CO level increases with the
increasing CO content aé shown in graphs (4.64) and (4.65)
due to the inqreased ground level population and increased
excitation efficiency.'After direct excitation cut off, the
upper CO level decays exponentially via 1its resonant
interaction with carbon dioxide. It can be seen from graphs
(4.64) and (4.65) that this decay is relatively slow as
compared with that of the upper nitrogen level ( see graphs
4.62 and 4.63 ). This is due to the fact that the transfer
rate between N-(v=1l) and CO-> is more rapid than that between

CO (v=1) and CO- (see Appendix A4.I).

4.9.4 Effects of Stimulated Emission on Pulse Delay Time

and Spike Power:

Due to the effects of added CO (discussed in 4.8.4) an
increase in the CO content up to 50% of the initial nitrogen
content increases the population of the upper laser level
and allows a rapid population inversion. This gives an
increased gain as shown in graphs (4.66) and (4.67). The
resulting stimulated emission rapidly build up and

overturns direct excitation , giving a reduced delay time.
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This is shown in graphs (4.68) and (4.69). This effect shows
up on the-second pulse, where CO produces a long output tail
so at the start of the second pulse there is sufficient
power and gain to reduce the delay time,see graph (4.70).

with increasing amounts of added CO, the decrease in the
direct excitation rate of CO. decreases the population
inversion . This , together with the reduction in stimulated
emission cross section ( see equation 4.21) reduces the gain
as shown in graph (4.66).Reduced stimulated emission greatly
increases the time required for stimulated emission to
~overcome direct excitation , this results in a greater delay
time. Graph (4.70) shows this clearly.The second pulse delay
time is smaller because of the residual gain and power left
by the previous pulse.

It can be seen from grpahs (4.68) and (4.69) that when
CO is substituted for 50 % of the nitrogen,very large spikes
develop. This is because of the great population invefsion
magnitude left when the upper laser level collapses due to
stimulated emission action.However , when CO is substituted.
for all the nitrogen , the resulting stimulated emission is
relatiﬁely small. Heﬁce, as shown in graph (4.68), a smaller
spike is developed and the output pulse profile is highly
oscillatory with a reduced mean power. This is due to both
the de-stablising effect of resonant energy transfer between
CO (v=1) to CO. and the reduced direct excitation rate for

CO=.
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4.9.5 Gas Mixture Temperature:

For the same total pressure of N, and CO and a given
input energy , an increase in the CO content relative to the
N2 hardly affects the maximum temperature because the
thermal properties of CO are not much different from those
of N.. This is shown in graphs (4.72) and (4.73).

4.9.6 Pulse Duration and Mean Power:

Graph (4.74) shows the pulse duration variation with CO.
It can be seen that increased CO initially leads to a higher
pulse length for both the first and second pulses. This is
due to the effect of CO on the output pulse profile as the
energy is released over a longer time period , see graph
(4.69). With increasing amounts of added CO,the pulse length
decreases due to the increased delay time ( as already
discussed in section 4.9.4).

When CO is substituted for Nz ,the increase in the pulse
duration is smaller than that when CO is substituted £for He
(see graphs 4.56 and 4.74 ). This is due to the fact that He
has more influence on the relaxation times of the excited
molecules than nitrogen.The mean power for the nitrogen rich
mixture shows an initial increase due to the increase in the
excitation efficiencies for CO-. and CO, see Table (4.3).This
is shown in graph (4.75). With increasing amounts of added
CO , the mean power decreases due to the spreading effect of
CO on the output pulse profile and the decreased excitation
efficiency of CO. and N.. Graph (4.75) shows the significant
decrease in the mean power when CO réplacés all the N=. This

is in full agreement with the results of Basov et al [4.14].
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4.9.7 EBfficiencies:

Graphs (4.76) and (4.77) show the improvement in both
the overall efficiency and the usefuliefficiency with the
addition of small amounts of CO due to the improvement in the
excitation efficiency of CO>=. However, with increasing CO,
both efficiencies decrease due to the decreased population

of CO-(00°1) and the increased relaxation rate Kaiasx.

4.10 CONCLUSIONS :

This chapter is aimed at identifying optimum parameters
for controlling laser output characteristics for materials
processing applications. The simulations were carried out to
investigate the effects of CO on the laser output pulses
Previous chapters show that CO has significant effects on
both the electron energy distribution function and the
negative - ion processes in the discharge. Moreover, the
experimental results of Siemsen et al [4.3] show that the
experimental gain is substantially lower than the theoretical
predictions due to dissociation which becomes significant at
high discharge currents.The present results show that CO has
a substantial effect on the laser output and some of these
effects could be used for improving the laser output.

These results lead to the following conclusions:

(1) Increasing helium in the gas mixture reduces the gas
temperature and gives high powers over small time
periods. Maximum powers and delay times are high.This is
unsuitable for materials processing because of excessive

plasma production.
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(2)

(3)

(4)

(5)

(6)

(7)

Increasing He reduces the gain after direct excitation
cut off , this ireduces the beneficial effect of the
residual gain on subsequent pulses.

Helium enrichment, up to a certain limit, improves the

reduces the laser efficiency due to decreased excitation
efficiencies and an increased relaxation rate of the
upper laser level.

Increasing nitrogen produces a long output pulse tail.

This suppresses the gain switched spike for_the second

pulse , hence decreasing delay time and maximum power.
Moreover, increasing Nz improves the laser efficiency
due to improvement in the excitation efficiency.
Increasing the cavity length,up to 300 cm, decreases the
delay time and maximum power , increases the laser
efficiency due to increased pulse length and energy left
in the pulse tail.

The effects of increasing the front mirror reflectivity
are similar to those of increasing the cavit? length
However, due to physical problems of overheating and
mifror damage a value of 0.85 has been chosen.

When €O is substituted for helium (up to 50% of CO:),the
delay time decreases and the output pulse has a long
tail. This increases the pulse duration and the mean
power. With increasing CO in helium rich mixtures ,the
delay time increases due to the decreased population
inversion. Thus the mean power is decreased. Whereas in

mixtures with 1low helium content the mean power
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increases with increasing CO due to the increased pulse
duration and pulse power.

(8) CO substitution for helium improves the laser efficiency
fue to its effects on the output pulse profile . The
improvement increases in mixtures with low initial He
content due to the beneficial effects of CO on the gas
temperature and relaxation rates of the excited levels.

(9) When CO is substituted for up to 50 % of the N2, the
delay time is reduced , especially for the second pulse
due to the energy left in the previous pulse tail. The
resulting maximum power increases due to great magnitude
of population inversion left when stimulated emission
overturns direct excitation . The laser efficiency
increases due to increased excitation efficiency.

(10) When CO is substituted for all of the N., the output
pulse has high oscillation and the mean power is greatly
reduced due to the de~stablising effect of resonant
energy transfer between CO (v=1) and CO=. This, together
Qith the decrease in both the overall efficiency and
useful efficiency clearly make this mixture unattractive
for a high power CO- laser.

" (11) In general the second pulse is enhanced due to residual
gain from the prévious pulse.

(12) The following mixture is recommended if all arguments
of temperature and second pulse profile are taken
account of:

Pecoz ' Pnz ¢ Pue Peco Torr

13.5 : 20.25 : 81 : 6.75
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B C
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(1) PULSE ENERGY (PE) =INTEGRATE BETWEEN B AND D .
(ii) TOTAL OUTPUT ENERGY (TOE) =INTEGRATE BETWEEN B AND E .

(iii) FLAT PULSE POWER (FPP) =INTEGRATE BETWEEN C AND D AND

(iv)

(v)

DIVIDE BY TIME (C-D)

USEFUL EFFICIENCY , 7 (PE/IE) x 100 % .

OVERALL EFFICIENCY , ?ov (TOE/IE) x 100 % .

PULSE PARAMETERS

FIGURE (4.3)
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POPULATION OF UPPER LASER LEVEL VERSUS TIME
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POPULATION OF UPPER LASER LEVEL (N,) IN MOL/CC
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POPULATION OF UPPER LASER LEVEL VERSUS TIME
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POPULATION OF UPPER NITROGEN LEVEL VERSUS TIME
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POPULATION OF UPPER NITROGENvLEVEL(NS) IN MOL/CC
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GAIN IN cM~'
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TEMPERATURE OF LASER GASES, K

TEMPERATURE OF LASER GASES VERSUS TIME
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TEMPERATURE OF LASER GASES, K
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LASER OUTPUT POWER IN WATTS/CC
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Pulse delay time ( usec )
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Dimensionless Maximum Power
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Pulse Duration ( usec )
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Average Power (WwW/cCc)
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"Effective Efficiency
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Pulse delay time ( usec )
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Pulse delay time ( usec )
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Pulse Duration ( usec )
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LASER OUTPUT POWER IN WATTS/CC
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LASER OUTPUT POWER IN WATTS/CC
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TEMPERATURE OF LASER GASES, K
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TEMPERATURE OF LASER GASES, K
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TEMPERATURE OF LASER GASES VERSUS TIME
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Maximum Gas Temperature, °K

MAXIMUM GAS TEMPERATURE VERSUS CO CONTENT
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Average Power (\W/cCc)
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Overall EFFICIENCY ( % )

OVERALL EFFICIENCY VERSUS CO CONTENT
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Effective Efficiency
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POPULATION OF UPPER LASER LEVEL (N,) IN MOL/CC
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POPULATION OF UPPER NITROGEN LEVEL VERSUS TIME
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POPULATION OF UPPER NITROGEN LEVEL VERSUS TIME
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IN MOL/CC

POPULATION OF UPPER CO LEVEL (V=1)

POPULATION OF UPPER CO LEVEL VERSUS TIME
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IN MOL/CC
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GAIN VERSUS TIME
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LASER OUTPUT POWER IN WATTS/CC
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LASER OUTPUT POWER IN WATTS/CC
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Pulse delay time ( ﬁsec )

PULSE DELAY TIME VERSUS CO CONTENT
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Dimensionless Maximum Power

MAXIMUM POWER VERSUS CO CONTENT
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TEMPERATURE OF LASER GASES VERSUS TIME
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TEMPERATURE OF LASER GASES, K
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Pulse Duration ( upsec )

PULSE DURATION VERSUS CO CONTENT
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Average Power (wy/cc)

AVERAGE POWER VERSUS CO CONTENT
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OVERALL EFFICIENCY VERSUS CO CONTENT
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Effective Efficiency

EFFECTIVE EFFICIENCY VERSUS CO CONTENT
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CHAPTER FIVE

EXPERIMENTAL INVESTIGATION OF THE GAS DISCHARGE OPERATION

5.1 INTRODUCTION :

Since the invention of the CO. laser , there has been a
fenewed interest in electrical discharges. The population
inversion between the vibrationa; states of CO- can be
produced by _electrons generated’ by a self-sustained
electrical discharge in a CO>- N>- He gas mixture.To achieve
a high power and efficient laser,the following conditions
are to be sétisfied, [ DeMaria , 5.1]:

(i) the gas temperature should remain below about 600° K,
since otherwise the lower laser level is filled and
the population inversion destroyed.

(ii) the electron energy should be around 1 eV in order
to obtain high excitation efficiency for the
CO>(00°1) and Nx{(v=1-8) levels.

To produce a high power laser, a considerable electrical
energy should be introduced into the discharge, whilst
satisfying conditions i and ii. An effective configuration
which achieves this is to combine the electrical discharge
with gas flow in a transverse-discharge configuration. This
configuratioh has many advantages over the conventional
cylindrical-discharge arrangement, [Freiberg and clark, 5.2].
Since the cas-flow paths are substantially ,shorter in the
discharge , more uniform gas flow can be maintained and hot
gases can be efficiently extracted from the volume of the

active medium. To satisfy condition (ii),the electron energy
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should be around 1 eV , it is also necessary to maintain a
stable glow discharge, however, when the gas pressure or the
discharge current are increased ,the glow discharge becomes
unstable and collapses into arclike filaments or streamers
[Yamabi et al , 5.3]. The instability of the glow discharge
is accompanied by a substantial drop in the electron energy,
well below the required 1 eV ) which results in the
destruction of the population invefsion and lasing.

One of the main reasons for discharge instability is
believed to be thermal effects . The main mechanism seems to
be the following : a local uneven heating decreases the gas
density which increases the electron energy , electron
density , and electrical conductivity . Hence , the 1local
current density increases and so does the Ohmic heating ,
which further raises the temperature , thus causing
instability , [ Nighan and Wiegand ,5.4] . Since discharge
instability is caused by uneven heating of the gas , it is
normal to assume that if the Ohmic heating could be made
more uniform by the gas flow configuration , the glow-to-arc
transition of the discharge could be postponed.

The CO> laser device currently under construction mainly
comprises of the following sections ,{shown in figure 5.1)
- Power Supply ,
- Pulse Forming Network ,
- Triggering Circuit ,
- Electrode Cavity ,
- Gas recirculating_system , and

- Resonator
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The first three sections have been designed and built by
McDonald [5.5] following the work of Khahra [5.6] and Spall
[5.7]. The electrode cavity and the gas recirculating system
have been designed and built by Chatwin [ 5.8 ] , who also
designed the resonator. Figure (5.2) shows a 3D view of the
laser system.

The time for which a stable discharge can be sustained
before arcing occurs is affected by many factors including
electrode profile, material and surface finish , gas mixture
and gas pressure, dissociation,and pre-ionisation triggering
technique used. In this chapter the discharge operation and
characteristics are investigated. The experimental work
studies the relationship between voltage , current , gas
mixture and pressure to obtain the best glow discharge. The
effects of CO substitution for He and N. on the discharge
operating characteristics are also investigated.

5.2 THE GAS DISCHARGE SYSTEM :

5.2.1 General :

In view of the requirements and possibilities of
developing a laser system for metal machining processes, a
transverse arrangement of the discharge with respect to
both the gas flow and the resonator, as shown in figure
(5.3),was adopted.This configuration allows a short discharge
length and a large discharge volume. It also allows high
working pressures,hence, high output power can be achieved.
However,in transverse discharge systems it is very difficult
to achieve a homogeneous glow discharge over a sufficiently

large surface area of the electrodes because the discharge
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has a tendency , especially at pressures above 20 Torr, to
develop into distinct 1local arcs. The discharge voltage
rapidly collapses when an arc forms and laser pumping ends
abruptly. Moreover, arcing can damage system components. A
brief description of the discharge system is given here,
while a more detailed analysis of the system is given by
McDonald [5.5]. ‘

5.2.2 '"Volumetric-Discharge' System :

To obtain a uniform glow discharge in a large volume of
the gas, the 'volumetric-discharge' technique is found to be
more useful than the ‘pin-electrode!' technique, [Khahra,5.6].
The 'volumetric-discharge' technique mainly consists of two
steps. First, the pre-ionisation of the gas by a small
discharge and second , the main discharge throughout the
volume. The electrode structure uéed ( shown in figure 5;4)
consists of solid uniform cathode and anode with glass
covered trigger wires running transverse to the cathode - in
the same direction as the gas flow-this architecture reduces
their interference with the gas flow so uniformity of the‘
discharge is improved. As the discharge produced must be
free from edge effects , the electrode edges have a
sufficiently smooth radius to prevent localised arcs
developing. This 1is especially important at the corners
where the three radii meet.The electrodes are each of 100 cm
length ,7.4 cm width and made of brass due to its excellent
thermal properties and ease of machining, [Khahra, 5.6]. The
electrode separation is 4.1 cm ,the electrode gap uniformity

is within 1% giving a quite uniform discharge.
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5.3 EXPERIMENTAL WORK ON THE GAS DISCHARGE:

In a self-sustained glow discharge , the voltage-current
(V-I) characteristics control the excitation efficiency of
CO> (00°1) and N:(V=1~8) levels.Whereas,thk2 product of voltage
and current indicates the power fed into the discharge. Such
discharges in a typical CO-. laser are found to operate at a
characteristic dquasi-steady electric field -to- gas density
ratio, E/N,in each gas mixture, [Denes and Lowke ,5.9]. It
is, therefore ,important to study the relationship between

current ,voltage ,gas mixture and pressure in the discharge.

5.3.1 Effects of current on voltage :

The discharge voltage and current were measured fo;
various gas mixtures and total pressures. Figure (5.5) shows
typical current and voltage pulse shapes for a 1:1:8 gas'
mixture at 120 Torr measured by a LeCroy 9400 oscilioscope .
The results obtained for several gas mixtures are shown in
graph (5.1). It can be seen that in each gas mixture the
discharge stabilizes at a certain vaiue of E/N which is

independent of the discharge current

5.3.2 Effects of gas pressure on voltage:

Graph (5.2) shows the results obtained for some of gas
mixtures.It shows that the E/N value remains almost constant
for all the pressures of every gas mixture. However, for low
gas pressures (less than 50 Torr) there is a slight increase
in the E/N wvalue due to the effects of the cathode fall

voltage which becomes significant at low gas pressures.
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5.3.3 Effects of gas mixture on voltage:

_From the observed relationship between discharge voltage
,current, and total gas pressure, it is clear that E/N is
constant for any gas mixture. Thus,in a self- sustained glow
discharge the excitation efficiency is a property of the
gas mixture. Hence, it is important to investigate different
gas mixtures to obtain the most efficient excitation.

In graph (5.3) the measured values of E/N are plotted
against (CO2/(CO.+N.)) pressure in helium free mixtures, and
graph (5.4) shows measured values of E/N in various mixture
of ¢CO> ,N> , and He. The beﬁaviouf shown in these graphs‘is
similar to that in the work of Khahra [5.6]. It can be seen
from graph (5.3) that in helium free mixtures the E/N value
necessary to sustain the discharge increases as the nitrogen
proportion decreases. This is due to the fact that addition
of nitrogen reduces the electron energy in the discharge,
hence reducing both the ionisation and attachment rates (as
discussed in chapter 2) and alters the intersection point of
the specific ionisation and attéchment coefficients curves
(see graphs 2.28 and 2.29)f Thus ,the operating value of E/N
for the discharge is reduced (see Table 2.3). On the other
hand, the discharge can be sustained at a lower value of E/N
with increasing helium content in the gas mixture as shown
in graph (5.4),but with increasing nitrogen content the E/N
value increases too. This is because the addition of helium
increases the electron energy, the ionisation and attachment
rates of the gas constituents and therefore shifts E/N to a

lower value. Whereas, the addition of nitrogen reduces the
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electron energy and the ionisation and attachment rates ,the
value of E/N increases (as discussed in chapter 2).

The measured values of E/N for self-sustainéd discharges
in several gas mixtures are listed in Table (5.1). These are
in excellent agreement ,within 1-4 %, with the theoretically
computed values of E/N ( shown in Table (2.3)). In addition
there is good agreement between the present results and the
results of Khahra [5.6] and Denes and Lowke [5.9] , the
discrepancy may be due to gas impurity or some air leak in

the system and the precision of the instrumentation used.

5.4 EXCITATION EFFICIENCIES AT EXPERIMENTALLY DETERMINED

VALUES OF (E/N) :

Actual excitation efficiencies kfor the CO> (00°1) and
N=(v=1-8) levels in several gas mixtures are shown in graphs
(5.5) to (5.8). These are determined by the intersection of
experimentally determined values of E/N ( as shown in Table
5.1 ) and the predicted excitation efficiencies as shown in
graphs (2.15) to (2.20) in chapter two.

For increased nitrogen in helium free mixtures , the
excitation efficiency of N. (v=1-8) shows a significant
increase as shown in graph (5.5).This is due to the presence
of more nitrogen in the gas mixture and the decrease in the
operating value of E/N which brings it nearer to the optimum
value for best excitation. On the other hand,the excitation
efficiency of the C0-{00°1) level increases as the carbon
dioxide content is increased.Although an increase in the CO-=

content slightly increases the value of E/N (1-4 %) , the
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effect on the excitation efficiency of the CO0>(00°1) level
is insignificant as this hardly affects the cross - sections
for CO..The addition of helium to the gas mixturé leads to a
substantial decrease in the operating value of E/N since it
has no vibrational excitation in the region of electron
energies ofbinterest (as discussed in chapter 2). The effect
of helium enrichment of three different (CO.:N.) ratio (¥.)
gas mixtures is shown in graphs (5.6) to (5.8).It can be seen
that the excitation efficiencies show a maxima at a certain
value of £€1=0.3-0.75 (£.= He/(He+CO-+N-)) depending upon the

CO2= : N> ratio.

5.5 IONISATION AND ATTACHMENT COEFFICIENTS AT

EXPERTMENTALLY DETERMINED VALUES OF (E/N):

Graphs (5.9) and (5.10) show the variation of the
specific ionisation and attachment coefficients with helium
content in several gas mixtures . These coefficients are
calculated at the experimentally determined values of E/N
It can be seen from these graphs that both (a/N) and (a/N)
increase with increasing helium in the gas mixture . This is
due to .the fact that helium enrichment increases the average
electron energy,thus increasing the ionisation and attachment
rates (as discussed in chapter 2). On the other hand, as the
nitrogen content increases both (a/N) and (a/N) decrease due
to the decreased electron emergy.

The experimentally evaluated (a/N) are slightly greater
than those of (a/N) ,({within 5%). Referring to graphs (2.28)

and (2.29) in chapter 2 , this indicates a slightly higher
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value of E/N than that corresponding to the intersection
point of (a/N}) and (a/N) curves in the graphs. This is
due to gas impurity or air leaks into the system which have
a significant effect on the balance of charged partiéles in
the discharge ( as discussed in chapter 3). Moreover, these
were found to alter the operating value of E/N, [ Denes and
Lowke, 5.9].

The variation with helium content of the electron drift
velocity is shown in graph (5.11). As the helium content is
increased , the electron drift velocity decréases due to the
substantial decrease in the operating value of E/N caused by
helium enrighment. The drift velocity also decreases with

increasing N. due to the decreased mean electron energy.

5.6 EFFECTS OF THE ADDITION OF CARBON MONOXIDE :

With the addition of CO the discharge colour changes
from voilet to light blue due to the emission of the visible
(B*E*— A?II) Angstrom system of the CO molecule associated
with the excited electronic state, [Schinca et al, 5.10],
[Osgood et al, 5.11]. This emission dominates the dischargé
spectra where the intensity of the violet band of the
transition (B2z,* —> X2X,*) of the molecular nitrogen ion
is decreased because the addition of CO reduces the avérage
electron energy and the high energy electrons in the
discharge and therefore reduces the ionisation rates (as
discussed in chapter 2). The discharge has a great number of
fine filaments and the appearance of these filaments becomes

less noticeable as the CO content increases. This is in good
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agreement with the influence of CO on negative-ion processes
discussed in chapter 3 . Figure (5.6) shows the current and
voltage pulses in a (CozzNz:Heico = 1:1.5:6:0.5) gas mixture
at 108 Torr.The variation of the operating value of E/N with
added CO for some of gas mixtures is shown in graphs (5.12)
to (5.14). The initial decrease in the values of E/N is due
to modification of the discharge impedance caused by changes
invthe electron density with small amounts of added CO. This
is shown in graph (5.15). The discharge impedance is

R =Ve / Is
where Ve and Is are ,respectively,the quasi-steady discharge
voltage and current.

It can be seen that when CO is substituted for helium ,
the decrease in E/N is less than that when CO is substituted
for N-. This is due to the fact that helium has a dominant
role in determining the electron energy distribution function
(as discussed in chapter 2),thus with the substitution of CO
for helium , the decrease in thé average electron energy is
more significant than that with the substitution of CO fbr

nitrogen as shown in the table below :

Gas Mixture Average Electron
CO= : N : He : CO Energy (eV)
1.0 : 1.0 : 6.0 : 0.0 _ 1.53
1.0 : 1.0 : 5.5 : 0.5 ‘ 1.23
1.0 0.5 6.0 0.5 1.35
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With continued increases of CO concentrations the
corresponding decrease in the helium content raises the
operating value of E/N as shown in graphs (5.12) and (5.13).
This is due to the significant decrease in the average

electron energy as shown in the following table

Gas Mixture Average Electron
CO> : N> : He : CO Energy (ev)
1.0 1.0 6.0 : 0.0 1.53
1.0 1.0 5.0 : 1.0 1.17
1.0 0.0 : 6.0 : 1.0 1.41

However,when CO is substituted for all of the nitrogen ,
the decrease in the average electron energy is relatively
small due to the comparable vibrational excitation cross -
sections for CO-. and N. ( see Appendix 2.III ). This high
content of CO has a significant influence on the negative -
ion processes (as discussed in chapter 3). In addition, this
shifts the E/N value of the discharge to a lower value as
shown in graph (5.14).The measured values of E/N for a self-
sustained discharge in several gas mixtures with CO addition
are listed in Tables (5.2) and (5.3).

5.7 EXCITATION EFFICIENCIES:

Graphs (5.16) to (5.21) show the excitation efficiencies
for the CO-(00°1), N2(v=1-8) and CO(v=1-8) levels in several
gas mixtures determined at the experimental values of E/N.In

gas mixtures where CO is substituted for He, it can be seen
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that the addition of CO in aﬁounts up to 2.5 % of the total
pressure (CO/CO- =0.25) improves the excitation efficiencies
far N> and CO-. as shown in graphs (5.16) and (5.17). This is
because of the slight decrease in both the average electron
energy and the operating value of E/N ( as already discussed
in section 5.7) which brings it nearer to the optimum Value
for best excitation. With a continued increase in the CO
content, both excitation efficiencies of CO:. and N decrease
because of the significant decrease in the average electron
energy which has more effect on the excitation efficiency of
N2{(v=1-8) , see graph (5.17) , dAue to the sharp fall of the
N2> excitation cross sections (see figure 2.3 in chapter 2).

Graph (5.18) shows that the excitation efficiency of CO
increases with increasing CO due to two effects. Firstly thé
presence of more CO molecules and secondly the broad cross
sections for CO (see Appendix 2.III).

Graph (5.19) shows the sharp decrease in the N> (v=1-8)
excitation efficiency when CO is substituted for N.. This is
simply due to the decreased N> and the decreased excitation .
cross sections for nitrogen. The variation of the excitation
efficiency of CO0-(00°1) with CO substitution for nitrogen
is shown in graph (5.20). The initial increase shown in the
graph is due to the decrease in both the average electron
energy and the operating value of E/N.With increasing CO the
excitation efficiency of C2:(00°1) slightly decreases due to
the increase in E/N (see graph 5.14).Graph (5.21) shows that
the excitation efficiency of CO increases with increasing CO

due to the presence of more CO molecules.
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5.8 IONISATION AND ATTACHMENT COEFFICIENTS :

Graphs (5.22) to (5.25) show the variation of the
specific ionisation and attachment coefficients with CO
content in several gas mixtures. It can be seen that the
specific ionisation and attachment coefficients decrease due
to the decrease in the average electron energy which reduces
both the ionisation and attachment rates ( as discussed in
chapter 2). However, when CO is substituted for N> , graphs
(5.24) and (5.25) ,the decrease in the specific ionisation
and attachment coefficients is smaller than that when CO is
substituted for He due to the' relatively small decrease in

the average electron energy ( as discussed in section 5.7).

5.9 CONCLUSIONS:

(1) The measured values of E/N for self-sustained discharges
in several gas mixtures show an excellent agreement with
the calculated values based on a simple balance of
electron production and attachment rates.Thus,attachment
is the dominant electron loss process in the discharge.

(2) The addition of small amounts of CO as a substitute for
helium or nitrogen decreases the operating E/N value of
the discharge due to the modification of the discharge
impedance caused by changes in the electron density.

(3) Increasing amounts of added CO raise the operating E/N
value due to the significant decrease in the average
electron energy and therefore iﬁ the ionisation and
attachmeht rates which 1leads to an increase in the

discharge impedance.
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VOLTAGE AND CURRENT PULSES

FIGURE (5.6)
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TABLE (5.1)

MEASURED VALUES OF E/N

Mixture E/N

x 10-?*¢

COz : N> : He {volt.cm?)
1 1 :0 8.5571
1 1 =1 6.3933
1 1 2 5.2238
1 : 1 4 3.9892
1 1 : 6 v 3.2912
1 :1 : 8 2.8942
1 :2 :0 8.5213
1 2 1 6.8121
1 2 2 5.8287
1 2 4 4.6065
1 2 6 3.9023
i 2 @8 3.5022
1 :3 :0 8.3848
1 3 =1 7.0851
1 3 = 2 6.2041
1 3 : 4 5.0408
1 3 6 4.3583
1 3 8 3.9272
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TABLE (5.2)

MEASURED VALUES OF E/N

Gas Mixture

E/N x 10-1°

CO-= N> : He CO (volt.cm?)
1 1 : 8.00 : 0.00 2.894
1 1 7.78 0.22 2.722
1 1 7.50 : 0.50 ©2.903
1 : 1 : 7.22 : 0.78 2.991
1 1 7.00 : 1.00 3.261
1 1 :6.00 : 0.00 3.291
1 1 : 5.78 : 0.22 3.201
1 1 5.50 : 0.50 3.311
1 :1 5.22 : 0.78 3.479
1 :1 :5.00: 1.00 3.607
1 :1 : 4.00 : 0.00 3.989
1 :1 : 3.78 0.22 3.896
1 : 1 : 3.50 : 0.50 4.063
1 1 : 3.22 : 0.78 4.245
14 1 : 3.00 : 1.00 4.545
1 2 :© 6.00 : 0.00 3.902
1 2 5.78 : 0.22 3.632
1 2 5.50 : 0.50 3.782
1 2 5.22 0.78 4.287
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TABLE (5.3)

MEASURED VALUES OF E/N

Gas Mixture E/N x 107"

CO> : N> : He : CO (volt.cm?)
1 : 1.0 : 6 :0.0 3.291
1 :0.5:6 0.5 . 3.041
1 : 0.0 :6 :1.0 3.135
1 : 2.0 : 6 : 0.0 3.902
I :1.5 :6 : 0.5 3.422
1 : 1.0 :6 :1.0 3.496
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CHAPTER SIX

GENERAL CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

6.1 GENERAL CONCLUSIONS:

Improvement in CO- laser design has made it all the
more necessary to understand the glow discharge behaviour so
that more efficient,higher-power-output laser systems can be
created. Simulations have 'been carried out in chapter 2 to
predict the electron swarm parameters and the fractional
energy transfer by electrons to the vibrational levels of
CO- and N- in gas mixtures with various concentration ratios
of CO.,Nz,and He for a wide range of (E/N). The calculations
are based on the determination of the electron energy
distribution function (EEDF) obtained by solving» the
Boltzmann transport equation. Consequently, it is apparent
that the accuracy of these predictions depends,in particular,
on the accuracy of the experimental daté used to infer the
cross~sections of the component gases, as well as on the
accuracy of the theory 'used for swarm parameter analysis
( Appendix 2.IV ). However, the experimental determination
( chapter 5 ) of the operating characteristics of the
discharge, particularly the parameter E/N, has shown an
excellent agreement between the predicted and measured
values of this parameter (within 1-4%),therefore proving the
soundness of the theoretical results.

The theoretical predictions have shown that for values
of E/N 2 2x10-*® wvolt.cm? superelastic collisions can be

neglected 'as their effects on the (EEDF) are insignificant
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compared with other inelastic c¢ollisions. Helium has been
shown to play a dominant role in determining the (EEDF).
Increasing the proportion of helium in the gas mixture
leads to an increase in the average electron energy and in
the ionisation and attachment coefficients for a given E/N.
Thus, the E/N value for maximum excitation efficiency and
the operating value of E/N for the discharge are reduced. On
the other hand, the theoretical predictions have shown that
increasing the proportion of nitrogen in the gas mixture
results in a reduced average electron energy and decreased
ionisation and attaéhment coefficients. Therefore the E/N
for maximum excitation efficiency and the operating value
of E/N for the discharge are both increased. The results
obtained have shown that the laser excitation efficiency is
increased with  increasing ratio of nitrogen to carbon
dioxide. Thus, more electrical energy is coupled into the
discharge instead of being 1lost in the excitation of
bending and stretching modes of CO.. This is a beneficial
factor which 1is shown to improve the laser output power
{chapter 4). The effects of the addition of carbon monoxide
to the gas mixture on the (EEDF) has been examined. This
allows prediction of the discharge parameters and transport
coefficients with the effects of dissociation and therefore -
provides the necessary data for simulation of the laser
output parameters. It has been shown that with the addition
of CO the average electron energy and the ionisation and
attachment coefficients are reduced. Consequently, both the

E/N for maximum excitation efficiency and the operating
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value of E/N for the discharge are increased.

For laser performance optimisation it is necessary to
obtain a detailed insight into the effects of various
plasma kinetic processes. Theoretical analysis of plasma
chemical phenomena occuring in the discharge has been
carried out (chapter 3). The results obtained have shown
that under the operating conditions of the CO- discharge,
electron attachment is the important kinetic process since
the formation of negative ions elevates the electron
temperature which affects the excitation processes - and
therefore strongly influences the discharge operation. The
dissociation of CO2> is predicted to be 0.21 % per pulse.
Moreover, helium enrichment of the gas mixture is found to
increase dissociation because of the increase in the
average electron energy. Dissociation products, particularly
oxygen, are found té increase appreciably with increasing
pressure. Oxygen is found to be the most harmful species
~from the discharge stability point of viewk as it forms
negative ions easily and therefore significantly influences
both the pre-ionisation and main discharge formation. In
laser systems,air leaks and the use of technical grade gases
make.mixture contamination inevitable. In the laser system
built air leaks were measured to be 1 mbar/hr. The
predictions have shown that H=0 has a deleterous }effect on
the charged particle balance in the discharge; 1% Hz0 is
sufficient to produce a significant increase in the negative
ion population and subsequent increase in the discharge

instability. It has been shown that the dissociation of CO:
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and subsequent formation of 0> can effectively be controlled
by the addition of CO and H>, because CO reacts with OH fo

form CO-. However, the results obtained have shown that
addition of more than 1% Hz has a harmful effect because the
dissociation of H., which is predicted to be 0.7% per pulse,
leads to the formation of water vapour.

Investigations of laser output parameters have been
carried out (Chapter 4). A theoretical model has been
developed in order to predict the laser output and hence
facilitates the optimization of.designs and controls for
matching output characteristics to the workpiece
requirements. The results obtained have shown that the pulse
profile, power intensity and spike height can be controlled
by the gas mixture, partial and total pressures, cavity
length and the output mirror reflectivity. It has been shown
that the effect of CO on the laser output parameters are
very importaht. The extént of this effect has been examined
in several gas mixtures where CO was added intentionally as
a substitute for both helium and nitrogen. The theoretical
predictions have shown that addition of small amounts of CO
to the gas mixture improves the laser performance due to its
effect on the population and relaxation processes of excited
states and on the gas temperature. Experimental verification
of theoretical predictions have just started.

Experimental investigations of the gas discharge
operation have been carried out (chapter 5). It has been
shown that the operating value of E/N for a glow discharge

is strongly dependent on the gas mixture. This is an
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iﬁdication for the need to examine the extent of gas
impurity effects. Excellent agreement has been found between
the theoretically predicted and the experimentally evaluated
discharge parameters. The extent of the effects of CO on the
discharge operating characteristics has been examined and
the beneficial effects of the addition of small amounts of
CO has been verified. The results obtained have shown that
large amounts of added CO have a harmful effect on the
operating characteristics of the discharge ; verifying the
theoretical predictions from both the simulation of the

discharge: parameters and the simulation of the laser output

parameters.

6.2 SUGGESTIONS FOR FUTURE WORK:

The simulation of the gas discharge can be extended to
analyse the discharge initiation process and to predict the
'V~-I' characteristics of the discharge. This can be dealt
with by a model which considers the space charge effects on
the electric ~field. The electron energy distribution
function would have to be evaluated at each time and
distance step since the electric field is nonuniform
throughout the electrode gap. This model would allow the
incorporation of actual excitation pulses in both :
simulation of the discharge plasma chemistry,and prediction
of the 1laser output parameters. The major draw-back with
this full simulation of the laser system is the very large
computing time required. However, a model for simulation of

discharge initiation is under.development.
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Although the present work gives.a detailed insight iﬁto
the mechanisms Qccuring within the discharge,the complexity
of these mechanisms still makes it necessary to examine the
scale of discharge instability and its relationship to
various operating parameters in order to minimise the-
adverse effects. Thermal instability and the effects of O:
and H>0 on the EEDF,electron transport parameters and plasma
parameters would have to be considered. Their influence on
the operating characteristics can be predicted and verified
experimentally using a hetrogeneous catalyst ( Pt-Rh coated
alumina spherés and/or SnO->-Pd catalyst), Furthermore, the
effects of 0: and H:0 must be included in the rate equations
that governvthe molecular kinetic processes in the laser gas
mixture. However,the necessary data on the rate constants of
energy transfer processes involving these species with N=
and CO-> is not fully available in the literature.

Experimental work is needed to verify the theoretical
predictions of the <¢O. dissociation products by using
spectroscopic technique or mass spectrometric analysis.
Furthermore, the effects of dissociation products on the

laser ‘output parameters need to be experimentally examined.
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APPENDIX 2.I

ELEMENTARY PROCESSES IN COa LASERS

A2.I.1 Excitation processes :

In thermal equilibrium , the population of different
energy 1levels in the gas .is controlled by Boltzmann's
distribution.The molecules are excited by collision
processes within the gas discharge causing the population
to depart from equilibrium. The dominant processes which
cause the population of the low lying vibrational energy
levels are:

(1) collisions of the first kind.

(2) collisions of the second kind.

(3)'resonance trapping.

(1) Collisions of the first kind:

This is the important process by which molecules in the
gas discharge get excited.it involves inelastic collisions
between moving electrons and ground state molecules.When an
electron with Xkinetic energy equal to or greater than the
potential energy of an excited state of the gas molecule,
collides with the molecule, it looses kinetic energy equal
to the potential energy of the molecule's excited state and
leaves the molecule in an excited state.This <c¢an be
represented by:

e (fast) + molecule —> excited molecule + e (slow)
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This process 1is responsible for direct excitation
of N> and CO- molecules;which can be written as:
N2{(v=0) + e (fast) ——>» Nz(v=1l) + e (slow)
CO0>(00°0) + e (fast) ——> CO=(00°1) + e (slow)

The reverse proéess can also occur, when the excited
molecule 1looses energy to the electron and the electron
gains en equal amount of kinetic energy.This is referred to
as a superelastic collision and can be represented by:
excited molecule + electron —> fast electron + molecule
The rates of these processes depend on the collision cross
sections of a éarticular transition and on electron energy

distribution in the gas discharge.

(2) Collisions of the second kind:

In these processes an excited molecule collides with a
molecule in the ground state, hence energy is transformed
from the excited molecule to‘the ground state one.This can

be represented by:

excited molecule A + molecule B

———> excited molecule B + molecule A

These collisions are very important in CO» lasers where
a large proportion of the excitation of the upper laser
level takes place via collisions between ground state CO-
molecules and excited N2 molecules as:
N-(v=1l) + CO0>(00°0) ———> CO-(00°1) + No(v=0) - 18 cm~?

The rate of this process is 1.9 x 10%* Torr—*.sec~*. at 300°K.
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(3) Resonance trapping:
In this process of excitation an excited molecule
releases a quantum of energy (light) which is absorbed by

another molecule leaving it in an excited state.

AZ.I.Z Emission and Absorption Processes:

When the gas molecule in the lower laser energy level is
exposed to radiation, it will absorb a photon and be excited
to the upper 1laser level.This process is reffered to as
stimulated absorption and shown in figqure (A2.I.1 a).

Very soon after being excited to the higher energy
level the molecule will emit a photon and return to the
lower 1level.The emission process can occur in two distinct
ways, it can. be stimulated or it can occur entirely
spontaneously as illustrated in figqures ( 22.I.1 b and
A2.I.1 c).

There are two very important points concernihg
stimulated emission upon which the propertiés of the laser
light depend.Firstly the ﬁhoton. produced by stimulated
emission has the same energy as the stimulating photon and
hence | the associated 1light waves must have the same
frequency.Secondly the 1light waves associated with the two
photons travel in the same direction are in phase ahd have
the same state of polarization.This means that if a molecule
is stimulated to emit light energy the wave representing the
stimulated photon adds to the incident wave ¢onstructively ’

thereby increasing its amplitude.In the laser medium ,as the
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number of molecules in higher energy levels of the transition
are far greater than the 1lower levels , there are more

molecules available for stimulated emission than there are

available for absorption .Therefore, stimulated emission is

observed as a dominant process.

In spontaneous emission the molecules emit in an
entirely random way such that there is no phase or
directional relationship between the waves. The light
emitted spontaneously at various points in ;he laser medium
is amplified through stimulated emission.Since frequency,
phase and direction are preserved in a stimulated emission
process,light initially emitted normal to the end mirrors
(one at each end of the 1laser cavity) and within the
resonant modes of the system, increases in intensity.Once
the gain in one pass between the mirrors is more than the
losses ,the. intensity in the mode begins to build up until
the optical field is strong enough to compete with the
spontaneous decay for other molecules whose centre
frequencies are within the natural width of the
mode.Thus,as the gain in thé medium is made to compensate
for the loss, molecules within the characteristic frequency
range switch from random spontaneous emission to a forced
stimulated emission in a particular resonant mode of the
system,i.e. in a particular direction -and at a particular

frequency, i.e laser action takes place.
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A2.I.3 The Vibrational Energy Levels in COz

The CO: molecule has three different vibrational levels
of importance for 1laser action , as shown in figure
(2.1), these are: the symmetric mode (1388.3 cm~—*) , the
doubly degenerate bending mode (667.3 cm~*) vibrating in the
plane of the paper and perpendicular to it, and the
asymmetric mode (2349.3 cm—?).

The vibrational levels are normally designated by three
numbers representing the number of vibrational gquanta of
each mode associated with the 1levels and written in the
order ﬁl,vz and v3

As well as vibrating , the whole molecule can rotate
about its centre of mass.The fundamental rotational energy
gquanta are much smaller than the vibrational quanta and as
a result the vibrational energy levels are split into a
number of closely spaced rotational sub-levels. Figure
(A2.I.2) shows the energy-level diagram of CO- and Nz.

Figure (A2.I.3) shows the scheme of 1lower vibrational
levels of the electronic ground state of CO-. molecule and
the population distribution among the rotational levels
belonging to each vibrational level, as shown in reference
[2.21].The figure also illustrates the energy kTgas Of the
thermal motion of molecules, and the position of the first

vibrational level of the nitrogen molecule.
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FIGURE (A2.I.1)

376



Encrgy (¢V)

0.4l Nitrogen ~—————— Carbon dioxide
K4
11
= 9\\ =
= l —
0.3F ——— Laser transitions
V=1%  Collisions 09!
P10
10—E -
0_2 = ~__+—;-__
Collisions 020 Collisional
Pumping dcactivation
) (via helium)
o.1L Y and radiative
—— dccay
010
= — l (as above)

Simplified Energy Level Diagram for CO; Laser

Each vibrational level has many rotational levels

associated with it. & =1,2, etc.The letters P and R

represent transitions where ¢ changes by + 1 and - 1

respectively

FIGURE (A2.I.2)

377



cm™?

23493
23307 1N, {v= 1)
Symmetic Mode [
— —
13883 10°0 ~— (1)
——02'0
1285.51 00 (2
Radative
Oecay
1
1 i
175 em™t
Bending Mod,
Enetgy kT .
T = 200°K
652.3 otto ——
Radlative ODecay
000 .

Lower vibrational levels of the clectronic ground state of
CO,. Vibrational levels arc designated by vy, v3, vy, where [ =
vy, v3=2,....0 for even vy, and I=u,, vy~2.....1 for odd v,.
The populations of the rotational substates of the vibrational states
arc indicated by the lengths of the lines specifying the rotational
states. Dipole transitions of CO; satisly &J = £1, where AJ is the
change in rotational quantum number, corresponding to the obscrved
R and P branchcs of the emission spectrum. The lines arc designated
P(J) or R(J). whese J is the rotational quantum number of the fower
level.

FIGURE (A2.I.3)
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Appendix (2.II)

RELAXATION PROCESSES IN CO=

A2.II.1 Relaxation of the 01?0 level:

Relaxation of this 1level is very important for the
CO- laser since it basically limits population inversion
densities associated with the 00°1 -10°0 and 00°1-02°0 laser
transitions.Relaxation of the 0120 level by collision with

He,CO02,C0, and N: may be written as:
'k
C0-(01%*0) + M =—>» CO0>(00°0) + M + 667 cm—?

where M is a gas molecule in the mixture,
k rate constant in Torr—*.Sec~?
and at 300°K k for M=CO- is 194 Torr-—*.Sec~?* ,
k for M=He 1is 3.27 X 10 Torr—*.Sec™* ,
k for M=CO is 2.5 x 10* Torr-*.Sec~* ,and
k for M=N> is 650 Torr—*.Sec~* [A2.II.1].

It should be noted that CO can relax the 01*0 level of
the CO> molecule very effectively. Although helium is less
efficient in deactivating the. 01*0 level ,it yields the
highest gain compared with any other single gas additives
because the addition of a large amount of helium does not
affect the wupper 1laser level, whereas it strongly reduces

the 10°0 level relaxation time,[A2.II.2].
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A2.II.2 Relaxation of the 00°1 level :

This is a very important process since the upper laser
level ' is coupled to the lower laser level by collisions and

by stimulated emission, as:

collisions
Co-(00°1) + M - » CO=(v1l,v2,0) + M + Et
and
stimulation
C0>(00°1) > C02(10°0) or CO-(02°0) + hy
k .
where

M gas molecule in the system,
Et translation energy,
hv radiation given out due to stimulated emission,
k rate constant in Torr—*.Sec~?.
Cheo [A2.II.3] gives some relaxation rate constants of
CO0=(00°1) in various gas mixtures at 300°K and these are:

for M=CO» k =367 Torr—*.Sec-?,

for M=N- k =110 Torr—*.sec™?,
for M=He k =67 Torr—*.sec™ %, and

for M=CO k =193 Torr-*.sec™?.
It can be seen from these values that population of the
upper laser level is relatively unaffected upon addition of

a large amount of He.
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A2.IX.3 Relaxation gg the 10°0 and 02°0 levels:

The two mixed states (10°0,02°0)' and (10°0,02°0)"'"
are in Fermi resonance can decay to the 0120 level
through resonant processes such as

k
C02(10°0,02°0)' + CO-2(00°0) —> 2CO-(01?0) - 50 cm~?

.
C0-(10°0,02°0)'' + CO>(00°0) ———> 2CO=(0120) + 52 cm™?
Values of the effective rate constant k of CO- in various

gas mixtures are given in Ref[A2.II.1],and these are:

for CO-= k=2.2 x 102 Torr—*.Sec™? ,

for N=2 k=26 Torr—*.sec~? ,
for He k=4.7 x 10® Torr—*.sec~* , and
for CO k=4.1 x 10 Torr—*.sec-? at 300°K.
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APPENDIX 2.III

EXCITATION

AND RESONANCE ENERGY TRANSFER PROCESSES IN CO

A2.III.1 Direct excitation of CO :

This can be written as:

co(v=0) + e (fast) ——> CO~ —> CO(v=1l) + e (slow)

This reaction which proceeds via a negatively charged state
has a large cross section ( in the région of 10-*¢ cm2 for
electrons of about 2 eV energy ) as shown in figure
(A2.III.1). By comparing this with total cross sections for
N-(v=1-8) , as shown in figure(2.3) ,it can be seen that for
CO the cross section is broader and has a maximum at about
0.5 eV lower in energy .Hence ,more CO (v=1) molecules are
formed in the discharge and available for transferring
their vibrational energy to CO- molecules. The rate

constants for direct excitation of CO have been reported by
Pivovar and Leonov [A2.III.2] and these are found to have
maximum values at an average enerdgy in the range 0.5 < U <

1.5 eV which falls off slowly with increasing U.
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A2.IIX.2 Resonance enerqgy transfer :

This is an important process as it involves the
transfer of the vibrational energy of excited CO molecules

to the upper laser level CO02(00°1). It can be represented as:
COo(v=1) + CO02(00°0) ~—> CO(V=0) + CO=(00°1) - 206 cm—2*

Cheo [A2.III.3] gives a value of 1.38x10% Torr—*.Sec~?* at
300°K for the rate constant of this process. Smith and
Thomson [A2.III.4] give a more deneral (i.e temperature
| depeﬁdent) formula for calculating k.At 300° K, k=3.2x103
Torr—*.sec~?. Starr and Hancock [A2.III.5] have measured the
rate k at temperatures from 163°K to 406°K ,a value of
2.35%103 Torr~*.Sec~* has been given at 301°K.

The resonance energy transfer between N> and CO-(00°1)

can be written as:
N2{(v=1l) + CO>(00°0) —> Nz(v=0) + CO>(00°1) - 18 cm~?*

The rate constant is given by Cheo [A2.III.3] as equal to
1.9x10¢ Torr—*.Sec~*. Although this process is more efficient
than that for CO molecules,CO can be expected to be both an
alternativé pumping channel and a vibrational energy

reservoir.
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APPENDIX 2.IV

ELECTRON ENERGY DISTRIBUTION

.The behavior of electrons in the electrical discharge is
of particular importance because most of the energy
transferred from the electrical field is acquired by
fast-moving electrons. The electron swarm can be described
by its phase-space distribution function through the
Boltzmann's ﬁransport equation which can be represented by
the Legendre series expansion,[A2.IV.1] :

£(%,V,t) :%zofk(f,v,t) Ps(COSO)  eeiiiiinnanns (1)
where

T and v are position and velocity vectors,

t is time, and

6=0 is in the direction of the electric fiéld.

The electron energy distribution function c¢an be
separated into two parts: a large isotropic part,fo(Tr,v,t),
and a small anisotropic part, f£.(Tr,v,t) which is the first
higher  order expansion term of fi(T,v,t). Numerical
calculations of the electron energy distribution function
for conditions usually encountered in CO- lasers start from
the Boltzmann transport equation for the isotropic part fo
of the distribution function. These calculations are based
on the following assumptions:

(1) The discharge is set up between infinite parallel

electrodes.
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{(2) The dimensions of the discharge region are large
as compared to the mean free path for all types of
collisions.

(3) The gas 1is weakly ionised ; i.e the density of
excited molecules is small and tﬂerefore , the
electron-electron and electron-ion collisions are
unimportant.

(4) The electron energy distribution is almost
spherically symmetric.

(5) The inelastic collision cross-sections are small
with respect to the elastic cross-sections, i.e the
electrons 1lose only a small fraction of their
energy upon collisions with neutral particles.

The first basic assumption of the conventional theory of
electron transport in a gas in an electric field is that of
truncating equation (1) by writing that

fi(T,v,t) = 0 for k 2 2
therefore, only the first- and zeroth-order terms are
retained in the expansion. This so called two-term exXpansion
adequately describes conditions corresponding to a slight
degree of anisotropy(i.e low E/N),[A2.IV.2].

The second basic assumption in transport calculations
is that of writing £(r,Vv,t) as a separable product of

density and velocity distributions, [A2.IV.1],that is

f(T,v,t) = no(T,t) {folT,v,t) + Fa(T,v,t)} ........ (2)

where
- [+
ne.{(r,t) = f fo(r,v,t) dv
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In spatially uniform gas, the distribution function
depends on velocity only, i.e
£(V,t) = na(t) {fol(v,t) + £a(v,t)} ..o (3)
By introducing the kinetic energy of electrons
u=(1/2)mv2 ,S0 that
d/3v =(du/>v) (3/3u)= mv(3/du)

hence, equation (3) can be written .as,[A2.IV.3]

(E2/3) [3/d3u{(u/NQm) (dfc/du)} + (2m/M){3/3u(u2NQm £o)}
+ (2mkT/Me) {d/du(u2N Qmdfo/du)}
+ ? [(u+uy ) fo (u+us )No Qy{u+uy) - ufo(u) No Qy(u)l
+z [(u-us)fo(u-us)No Q-5 (u-uy) - ufo(u) Ny Q-s(u)l
= (mu/2e)?72 ¥Eo/DE .ttt i i (4)

For a mixture of gases, equation (4) can be written as :

(E2/3) [3/3u{u(EN.Q~")"* (D£o/3u) }] + 2md/du[u2{INaQn"

/Ma}fo] + (2mkT/e)d/du[u?{ENnQm™/Mn}dfc/dul

3z Zl{(utuyn) fo (U+U3n ) NaQy ™ (Utuyn) }-{ufo(u)NQs™ (u) } ]

+ 3 E[{(u-Usn) fo (U-Usn)Nn3 Q-5 " (u=Usn) }

-{ufo (U)Na3Q-37(u)}]=(mu/2e)*7* df/dt ...... (5)

Fof molecular gas discharge conditions ( such as that
encountered in CO2 lasers) ,electron energy relaxation is
very fast (107° -10"°) sec owing to the 1large electron
- molecule vibrational excitation rates. Hence,the electron
energy and density respond in a quasi-steady fashion in the
107 -10"° sec time range required for a change in charged
particle properties. Thus, the time derivative term in

equation {(5) can be neglected,[A2.IV.4].
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By defining 6. as the fractional concentration of the nth
species and 6™4 as the fractional concentration of the jth
vibrational level of species n:

6n = Nn/N , 60y = Nny/N

and dividing through by N,equation (5) becomes:

(1/3) (E/N)2d/du{(udf(u)/du) /26, Q"m(u)}
+ 2md/du {u(g (6n QUm(u)/Ma)f(u)}
+(2mkeT/e)d/du{uz (2(86n Q™m(u)/Mn))df(u)/du}

+ ? z {(u+un ) £(U+uyn ) 6 Q04 (U+u,) - uf(u)é,. QR4 (u))}
+ 25: E": 6“;,{(u-u3n)f(u-u5n)5nQ“-:(u-u:n) = uf(u)GnQn—j(u)}
. S (6)

The distribution function f£(u) is normalised such that
the fraction of electrons between energy u and u+du is
given by u*/2 f£(u),hence:

f u*72 f(u) du = 1
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A2.1IV.1

A2.IV.2

A2.IV.3

A2.IV.4
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APPENDIX (4.I)

ENERGY TRANSFER RATE CONSTANTS

A4.X.1 Collisional Relaxation :

For the important energy transfer processes shown in
figure (4.1),the following rate values were obtained from

literature:

(i) for relaxation of the C0-(01*0) level the rate
constant is:

K320=(Kcoz + Kynz + Kire + Kco)x9.657X1018/T ....(A4.I.1)

where:
Kooz = 6.0X10°2°exXp(~77/T2/3) Pcoz «ovee. (pA4.I.2a)
Kwz =1.23%x10"2°exp(-77/T*/3) Pnz  cev... (A4.I.2b)
and
Kue = 8.4%x10722exXp(-45/T>/>) Pue  ceeen. (A4.I.2c)

are given by Byabagambi [A4.I.1].
For carbon monoxide,Xco is given by Smith and Thomson
[A4.1.2] as :

Keo =6.82x10"%exp(—-77/T2”>) Pco  +veeee.. (R4.1.3)
(ii) for relaxation of the upper laser level(00°1),
the rate constant is:

Kia2z ={Kcoz + Kuz + Kme + Koo )x9.657x102°/T ..(R4.1.4)
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where:

Kco=2=6.38X10"*® exp(-83/T*/3) Pco= ...{A4.I.5a)

Kez =1.38X10-22 exp(-55.6/T>/3) Prpz  ...(A4.I.5b)
and

Kite =5.07x10-2*° exp(-83/T*”3) Pye ...(A4.I.5c)

are given by Byabagambi [A4.I.1].
For carbon monoxide, the temperature dependence of Keco
was obtained from Rosser et al [A4;I.3] where the rate
constant is proportional to the ekxponential of the
temperature, hence an equation of the form
K = a exp(=b/T273)
is assumed and the constants a and b determined by a

least square fit to the data. Thus,Keo is given as:

K =1.94x10"*® exp(-21.5/T*73) Peo ....(A4.I.6)

(iii) due to lack of data, the temperature dependence

of the rate constants Kzaaa and K-.=51 Wwas neglected
and the values used by Byabagambi [A4.I.1] and Chatwin
[Reference 4 in chapter 4] were adopted. Thus,

K2131 = 6 X 105 Pcoz ................... (A4-I-7)

K2231

5.15 x 10® Peo->  t et e s e et een s (A4.I1.8)

The factor (9.657x10*%/T) was used to convert equations

(A4.I.1) and (A4.I.4) into units of Torr~*.sec~* [A4.I.1].
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A4.1.2 Resonant Energy Transfer :

Resonant energy transfer process occurs when excited
molecules <collide with ground state molecules.This process
is very important for the excitation of the upper laser
level where excited N. molecules collide and excite ground
state CO. molecules as follows:

Na(v=1) + CO-(00°0) é%%é:li;(v:O) + CO.(00°1) ~ 18 cm~?
13 '
A similar process takes place when excited CO molecules
collide and excite ground state CO- moiecules as follows:
co(v=1) + CO2(00°0) % CO(v=0) + €02(00°1) - 206 cm~?
...... ...(A4.T.10)
In describing these processes, the following values of rate
constants given by Byabagambi [A4.I.1] were used:
K15=9.657x10*® exp(-10.7/T*”2) Pn2/T  ..cce... (A4.I.11)
Ks21=9.657x10*¢ exp(-10.7/T*72) Peco2/T ..ee... (R4.1.12)
For carbon monoxide, the following values of Ki-and K-,
were used, |
Ki»=1.56%X10"** exp(-30.1/T*73)x%x9.657%x10*®%XPco/T (A4.I.13).
K-2=1.56X10-2* exp(-30.1/T2/3)x9.657x10*®XPco/T (A4.I.14)
Moreover,excited CO molecules collide and excite ground
state ﬁz molecules as follows:
CO (v=1) + Nz{v=0) ————>» CO (v=0) + Nz(v=1) - 187 cm—?
. (R4.T.15)
The rate constant for this process is given as:
K+5=6.98x10"*3 exp(-25.6/T?7?)x9.657x10%2®XPw=/T (A4.1.16)
The temperatﬁre dependence of the rate constants for

these processes was obtained from Smith and Thomson [A4.I.2].
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APPENDIX (4.II)

DERIVATION OF THE ABSORPTION COEFFICIENT

A4.TII.1 NOMENCLATURE :

n

Po

O

Az

Ve

No

G'

molecular population (molecules/cm®).
totalypressure (Torr).

temperature (°K).

VBoltzmann constant =1.38026x10-23 (J/°K).
radiative lifetime (sec).

absorption coefficient (cmz).'
transition wavelength (cm).
characteristic temperature (°K).
rotational quantum number.

pressure ratio =Pnz/Pecoa

velocity ratio =<viy>/<vy4>.

molecular weight (kg/kmole).

collision freduency (sec—1).

species identification (CO:,N:,He,CO)
Avogadro's number =6.025x10%2° (molecules/kmole).

optical broadening collision cross section (cm2).
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A4 _.11I.2 DERIVATION :
The population of species (i) is expressed according to
the equation of state for an ideal gas as:

nai=Pi/KT e e e e e e (A4.IT.1)
and total pressure for the gas mixture as:

Po= EZPi= Peoz[1+(Pn2/Pcoz)+(Pue/Pcoz)+(Pco/Peoz) ]

O Po=Peoz2[1l + Quat Quet Qcol] = i, (A4.1I1.2)
The absorption coefficient at-the line centre for the
P(20) transition line can be expressed as:

0 =(\2/44 Tep Ve) X (RP) ...l (A4.1I1.3)
where RP is the rotational population term for the
translational-rotational energy transfer process [ reference
A4.IX1.1 ] . The absorption coefficient is that of high
pressure (P>10 Torr) collision-broadening where the spectral
line of absorption can be approximated by purely homogeneous
lineshape function ( Lorentz or collisional ) , [ references
A4.II.2 and‘A4.II.3].

The collision frequency is given by:

Ve=[{8kTNo/j(3Mcoz=)}?7% N303'E (N1041'<Vi3>/N305"'<V35>)]

........... (A4.1II.4)

The rotational population are given by:

nl/ﬁ=[{2(21+1)/(T/er)} exp{-1(1+1)(6/T)}] ...(R4.II.5)

By differentiating equation(A4.II.5) for optimum 1:

lope.=3[(2T/0)*72 - 1]
and substituting this value into equation (A4.II.5):

ni/n=[{2272/(T/0,)*72} exp(-3+i0-/T)  ....... (R4.II.6)
so’the populations in the upper laser level (noo:) and the

lower laser level (nz.rx) are expressed in terms of the
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vibrational 1level populations.The lower laser .level is
designated as ( nNzx.xzxr ) to show the Fermi resonance of
(10°0,02°0)'=(10°0,02°0)" levels (see figure 4.1).
The lasing transition populations are:

Nz2=Noo1 [{2273/(T/6x)*7%} exp(-1+6/T)] ...(A4.11.7 a)
and

Na=Nx.xx[{227%2/(T/6x)*72} exp(=-34+6./T)] ...(A4.II.7 b)

Expanding the exponential terms in equgtions ( A4.II.7 a
and A4.II.7 b) as a binomial series, the populations become:

N2=Nooa[{2372/(T/6-)*72} exp(-%) ....... (AR4.II.7 c)

n1=nx+z:[{25’2/(T/er)1/2} exp(-%)  ....... (A4.1X.7 d)
Factoring the rotational occupancy term out and
including this into equation ( A4.II.3 ) and considering
equations (A4.IIX.1),(A4.IX.2) and (A4.II.4) , the absorption

coefficient becomes:

o=[{()2/4qT=p) (2°7%exp(~1) ) }/{(8kTNo/f(dMeoz) ) > *Nco20" co2

(14207 92Vn2t A1e0 e Ve + Gco0  coVeo) (T/0x) 272} ]

............ (A4.II.8)
where:'
V ={(my+ my)/2ms}272 ... (R4.II.9)
c"= cross section ratio = ¢'i/0',
g'= T {(cs+ 043)/2}2 = T [{02+ j0245+ 30104
= 1 021[3(1 + 025/0244 203/04)]
= 0'4[3{1 + 0'3/0"1+ 2(0'3/0'1)272}] ....(A4.11.10)
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A4.ITI.3 EVALUATION :

Meo= =44.011 .(kg/kmole)
M= =28.016 (kg/kmole)
Mie =4.003 (kg/kmole)
Meo =28.01 (kg/kmole)
)\ =10.59 um
The following values were obtained from [ref. A4.II.2]:
O0'co=2=5.7 X 10-*® m2
O'y2z =5.0 x 10°2° mp2
O'me =1.77x 10-% m2
O'co =5.6 X 10-2® m2
Tep =4.7 sec.
From equation ( A4.II.9 ) , the velocity ratio for each
species is:
Vrnz ={(Mnz+ Meoz)/2m2}2/2 =(28.016+44.011/2x%28.016)*7/2
=1.1337821
Ve ={(Muet Mcoz)/2Mue}?’2> =(4.003+44.011/2x4.003)27/2
=2.4489287
Veo ={(Mcot Mcoz)/2Mco}?/2 =(28.01+44.011/2%28.01)2/2

=1.1338563

From equation (A4.II.10),the cross section ratio is:

O n2= }[14(5/5.7)+2(5/5.7)*72] = 0.9375911
O me= 1[1+4(1.77/5.7)+2(1.77/5.7)*72] = 0.6062561
C"co= 1[14(5.6/5.7)+2(5.6/5.7)*72] = 0.9912086
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Substituting these values into equation (A4.II.8), the
absorption coefficient becomes: |
o = [{(10.59x107°)2/4x4.7}{237% exp(-3})}{2>73}1 /
[{(8}{1.38026x10‘23x6.025x102“‘)/(-"-:~{44.011}{0.565)}1/2 X
{Nco=2Tx5.7x10"22}{1+0.9375911x1.1337821(Nrn=2/Nco=z) +
0.606256X2.4489287(nn°/nc02) + 0.9912086x1.1338563

(Reo/Ncoz)}]

(o} =[692.456/ncozT{ 1 + -1.063(nnz/ncoz) + 1.4846(nﬂe/nc02)

+ 1.1238(nco/Neco=2)}l coiie... (A4.II.11)
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