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ABSTRACT

Experimental and theoretical investigations have been carried out for a compaet, UV-
preionized, discharge-excited. short-pulse XeCl laser.

A comprehensive description of the molecular states and the potential-energy curves lor
XeCl is provided. The possible radiative transitions are determined according to the selection
rules for electric-dipole transitions. An electron-jump model, based on the pscudo-crossings of
the potential-energy curves of the ionic states and Rydberg states, is developed to caleulate the
formation rate-coefficient of the exciplex XeCl'. The results from this model are in good
agreement with the results of earlier models discussed in the litcrature. Furthermore, this model
suggests two additional important channels for the formation of XeCI'. As well. the model can
be used to evaluate the rate-coefficients for each individual dissaciative channel for XeCI'.

The compact laser system has an active discharge volume of =l em’, providing =1 mj
output cnergy in a pulse duration of =1 ns. This corresponds to a peak output power of =i MW.
Until very recently, this was the shortest duration pulse produced dircctly in a discharge-excited
excimer laser. The typical operaticn of the laser employed a 0.8%Xc/0.3%HCI/He gas mixture
at a total gas pressure in the range trom 350 kPa to 450 kPa, and a capacitor charging voltage
of 15 kV.

Discharge voltage waveforms were measured by using a fast-response Pockels cell. The
time resolution for these measurements was better than |1 ns. Discharge current waveforms were

measured using a fast-response Rogowski coil. These waveform data were used 10 evaluate
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parameters such as inductance and resistance in the excitation circuit. and for comparison with
the results from the model.

The model, which is self-consistent and concise, combines the models for both the kinetic
processes and for the excitation circuit. In the kinetic model for the discharge, only 40 kinetic
processes involving 13 chemical specics. plus photons and electrons, are required. These 40
processes. chosen from a much larger number of possible processes. are the only ones with
sufficiently large rate-coefficients to influence a short-duration discharge. For the model, use
is made ol the Boltzmann equation for a spatially-homogeneous medium to solve the electron
energy distribution. The validity of the model is demonstrated by the good agreement between
the calculated 2:1d measured waveform data for discharge voltage, current and resistance, and
for laser output in terms of waveform, peak power, total energy, and delay time to the onset of
laser emission. This model is very useful for the analysis of the kinetics for short-pulse XeCl

lasers, and for optimizing the performance of these lasers,
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Chapter 1

Introduction

1.1. General Properties of Excimer Lasers.

"Excimer"” refers to an electronically excited molecular state, which can give rise to bound-
bound or bound-free transitions, depending on whether the ground state is bond or repulsive,
respectively. The term "excimer” is now usually used to describe a homonuclear molecule which
has a strongly-bound excited state and 2 repulsive (or weakly-bound) ground state. Such bound-
free molecules are generally formed from two closed-shell atoms with a 'S, ground state.
However, the term "excimer" is often also used to describe a heteronuclear diatomic, triatomic
or polyatomic molecule with molecular states having similar features. The "correct” term for this
type of heteronuclear diatomic molecule, which is formed from a closed-shell atom and an open-
shell atom (i.e., a *P ground state), is "exciplex”". The ground state of an exciplex is either
unstable, or bound by a weak van der Waals attraction. As is the current practice, this thesis will
often use the term "excimer” instead of the proper term "exciplex". In general, excimers include
diatomic rare-gases, rare-gas monohalides, triatomic rare-gas halides, rare-gas oxides, metallic
Group II diatomic molecules and diatomic halogen molecules.

Historically, the first laser to use an excimer transition is the infrared nitrogen laser
(Mathias and Parker, 1963). Extensive investigations of excimer lasers started after the first
bound-free excimer laser system was observed (Koehler et al, 1972). Excimer lasers are capable

of producing high output power with relatively-high quantum efficiency in the ultraviolet region
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2
of the spectrum. These lasers have numerous scientific and technological applications, including
photochemistry, material processing, excitation of dye- and solid-state lasers  isotope separation,
and research into atoms and molecules. In addition, there are numerous medical applications.

Excimer lasers are usually based on radiative transitions from the bound excited states to
the dissociative ground state. It is the combination of a strongly-bound excited state and
dissociative ground state that provides the potential for high gain and for high laser efficiency.
With proper excitation, a large population inversion can be achieved because the ground state is
depleted rapidly.

A rare-gas excimer has a repulsive ground state, for which vibrational states do not exist.
Consequently, the spectrum has a broad-band continuum. In contrast, a rare-gas monchalide laser
(B - X transition) usually has a narrow-band spectrum containing a line structure because the
trunsitions are between vibrational states in both the excited state and the weakly-bound ground
state. Optical gain coefficients are inversely proportional to the spectral bandwidth. Consequently,
the gain is generally higher for a rare-gas monohalide exciplex laser than for a rare-gas excimer
laser at the same inversion density. For this reason, rare-gas excimer lasers generally operate at
high gas pressures and are excited using electron-beam (e-beam) generators, which are expensive.
Rare-gas monohalide exciplex lasers, which operate at relatively lower gas pressures, can be

excited efficiently with simple capacitor-discharge circuits.

1.2. X¢vCl Excimer Lasers.

Since first demonstrated in 1975 (Searles and Hart, 1975; Ewing and Brau, 1975), there

has been a rapid development of rare-gas halide lasers. Of the ten rare-gas-monohalide species



observed 1o date. only six have produced laser operation, Of these six, ArF, KrF, XeCl and XeF
lasers are capable of operating with reasonably high efticiency. In particular, the XeCl excimer
laser. operating at A=308 nm, has attracted considerable attention because of its suitability tor
numerous industrial and medical applications. Furthermore, the XeCl system is the only important
excimer laser capable of very long operating lifetime. XeCl laser performance is characterized
by parameters such as peak output power, output energy. pulse duration, laser eificiency, pulse
repetition rate, operating lifetime, and pulse-to-pulse stability.

Gas composition can dramatically influence the performance of any excimer laser system,
Initially, the XeCl laser was not considered to be potentially important because the early research
employed Cl, as the halogen donor and Ar as the butfer gas. Unfor(unmely. the laser radiation
at A=308 nm is highly absorbed by the Cl, and Ar,*, which are always present in the discharge,
with the consequent reduction of output emergy. Ewing and Brau (1975) suggested the
replacement of Cl, with other chlorine-bearing compounds. Later research found that higher
efficiency and higher energy can be achieved with a discharge-excited XeCl laser employing a
Xe/HCl/He gas mixture, where the low-mass atom He is used as the buffer gas. Using this gas
mixture, Burnham (1978) extracted an energy of 110 mJ with an electrical efficiency (conversion
of electric energy into optical energy) of 0.8% from a seif-sustained discharge-excited XeCl laser.

Neon is an important buffer gas that was used initially in e-beam excited XeCl lasers
(Champagne, 1978). Neon is particularly useful for long-pulse high-energy systems (Osborne and
Hutchinson, 1986; Champagne et al, 1987; Taylor and Leopold, 1988; Hasama et al, 1989).
Furthermore. neon has higher X-ray absorption than helium (Steyer and Voges, 1987), and is
therefore commonly used for X-ray preionized XeC! lasers (Bychkov et al, 1987; Champagne et

al, 1987: Steyer et al, 1989; Gerritsen ¢: al, 1990).
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The halogen donors CCl,, CF.Cl,, C,F,Cl. CHCl, and BCl, have heen investigated
(Ishchenko et al, 1977; Kudryavisev and Kuz'mina, 1977; Bychkov et al, 1978), but have not
provided henefits such as higher output energies. However, recent work by Peet et al (1991)
indicates that the use of BCI, for the halogen donor provides a laser operating lifetime that is
three tinues longer than with the HCI donor.

For the compact laser employed in this thesis, the usual gas mixtures were
.8 % Xe/0.3%HCI/He or 1.06% Xe/0.24 %HCI/Ne.

Long-pulse operation usually reduces the peak output power, but provides higher output
energy and efficiency in comparison with short-pulse systems. Large discharge volumes are
usually required to produce high energy. Champagne et al (1987) reported the extraction of 66-J
of output energy, in a 180-ns duration pulse, from an active discharge volume of 22 1. Hasama
et al (1989) obtained 50-) energy, in an 85-ns duration pulse, from a large aperture discharge
containing an active volume of 10[. In order to achieve long-pulse high-efficiency laser
operation, considerable effort has been made to obtain stable discharges. Osborne and Hutchinson
{1986) obtained an output energy of 1 J in a pulse duration of greater than 250 ns, using X-ray
preionization. An "ultralong” optical pulse (1-us duration with an output energy of 100 mJ} was
obtained by Taylor and Leopold (1989) using a simple corona preionization scheme together with
the use of a magnetic spiker and pulse-forming technology. For some time, the most efficient
discharge excited XeCl laser system was that of Long et al (1983} (4.2% conversion of electric
energy to optical energy). More recently, Gerritsen et al (1990) obtained 5% efficiency from a
XeCl laser using a magnetically-induced-resonant voltage-overshoot circuit.

In contrast to long-pulse systems, short-pulse XeCl lasers have high peak-power outputs,

small discharge volumes, and relatively low efficiency. Pulse-shortening techniques to obtain
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ultra-short pulse durations have been investigated. Employving a relatively complicated XeCl
amplifier system, a 160-fs pulse duration with =100 GW peak power wias reported by Glownia
et ai (1987). This pulse duration almost reaches the quantum limit for the XeCl B — X radiation.
Using a relatively simple system to actively mode-lock a XeCl laser, Shay et al (1988) achieved
120-ps duration pulses with energies of 15 pd.

To avoid the complexity inherent in systems emploving pulse-shortening techniques.
investigations have been carried out to develop simple, compact, short-pulse XeCl lasers. These
lasers are important for a number of applications. including excitation for short-pulse dye lasers,
remote sensing, reaction chemistry and spectroscopy. A particularly important application is for
surgery, where short pulse durations minimize tissue damage. The miniature XeCl (1-cm'
discharge volume) of Sze and Seegmiller (1981) provided 0.5-mJ output energy in an =d4-ns
duration pulse, with an electrical efficiency of 0.25%. Armandillo et al (1985) obtained 3-nJ
output energy in a 15-ns duration pulse from a 19.6-cm’ discharge volume.

One of major obstacles in the development of short-pulse laser systems is the difficulty of
depositing high electrical energy into the discharge within a small time interval. Therefore, last-
risetime high-voltage excitation circuits are required. This requirement is satisfied for the compact
discharge-excited XeCl laser used in this thesis. Based on design by Ballik (1981), the laser hus
a discharge current risetime of 0.3-10" A", and is capable of producing 1-mJ cnergy in a I-ns
duration pulse. The electrical efficiency is 0.3%. Comparable direct short-puise production had
not been achieved until very recently (Récz et al, 1992).

Kinetic modelling, based on computer simulations, remains an interesting and important
topic in the study of excimer lasers, and is a very useful supplement to experimental

investigations. For example, it is difficult to optimize or to change the laser output characteristics



experimentally because a large number of parameters can influence the laser performance.

In recent years, many attempts have been made to develop suitable kinetic models for
discharge-excited XeCl lasers. This is a difficult problem because of the large number of chemical
reactions occurring within the discharge. Kinetic models f-r long-pulse d-ration XeCl lasers (Lee,
[983; Hokazono et al 1984; Kannari et al, 1990; Turner and Smith, 1991; Letardi et al, 1992)
include a large number of kinetic processes (> 100) and chemical species. However, no other
model in the literature is concerned with short-pulse duration XeCl tasers (<2 ns). In our model
(Xia and Ballik, 1993), discussed in detail in Chapters 5 and 6. only 40 kinetic processes and 13
chemical species are found to be important for short-pulse duration XeCl lasers (for which the
effective discharge duration is <10 ns). Many of the long-lived discharge species can be
neglected in the calculations because both the discharge and output pulses have short durations.
Compared to previous models, our model provides a better understanding of the fast kinetic
processes, and of the development of species densities at the early stages of the discharge. In
addition, the model provides a considerable simplification in the kinetic equations for the XeCl
laser, thereby reducing computational time substantially. The validity of the model is verified by

the good agreements between the calculated results and the measured data.

1.3. Organization of the Thesis.

In this thesis, both theoretical and experimental investigations have been carried out for
a compact UV-preionized discharge-excited short-pulse-duration XeCl laser. The objectives of
the research was to provide a comprehensive understanding of the B — X laser transitions and

the Kinetic processes in the discharge, and to optimize the laser system.
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A study of the XeCl laser transition requires a knowledge of the basic structure of the XeCl
molecule. The structure and spectroscopy of XeCl are discussed in Chapter 2. The experimental
spectroscopic data of Sur et al (1979) are used to calculate the electronic potential-energy curves
and their corresponding vibrational levels. Possible radiative transitions (including B — X) from
the ionic-bound excited states to the ground states are identitied employing the selection rules for
electric-dipole transitions. The lifetime and the emission cross-section of upper laser level,
XeCl'(B), are caiculated using the Franck-Condon factors. Based on the knowledge of the
potential-energy curves for the XeCl molecule, an electron-jump model (Lee et al, in preparation}
is developed to calculate the formation rate-coefficient for XeCl'. Compared to previous models
reported in the literature, the electron-jump model provides additional information for each
individuai channel in the formation and dissociation of XeClI".

Various excitation methods for excimer lasers are discussed in Chapter 3, followed by a
discussion of the design and construction of the short-pulse-duration laser sysiem used in the
research. This system consists of several components. including a small UV-preionized laser
body, a pulse-forming network to excite the discharge, a gas circutation system , and a high-
voltage power supply. Chapter 3 also gives the resuits of experimental investigations of laser
performance for a range of gas mixtures and pressures, and of discharge conditions.

Discharge voltage and current waveforms are important data for the study of energy flow
in excimer laser systems, and for the verification of the kinetic model for the discharge.
Chapter 4 presents the results of accurate measurements of these waveforms. Conventional high-
voltage probes are unsatisfactory because these have a relatively-slow response time, and because
these probes lack the ability to be electrically isolated from "ground” potential. Therefore, an

optical technique, employing a fast-response Pockels cell, was used for observing fast changes
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{ ~ 1 ns) in the discharge voltage waveforms. Current waveforms were measured using a fast
probe employing a Rogowski-coil. The resulting experimental data were used in the development
of the model for the excitation circuit.

Chapters 5 and 6 cover the development of a kinetic model to simulate the kinetic
processes in the gain medium. Because of the short-duration discharge in our laser, it was
possible to develop a concise model which includes only 40 processes involving 13 chemical
species, plus electrons and photons.

Only electron-impact collision processes are discussed in Chapter 5. These processes
include elastic, inelastic, superelastic and associative attachment collisions of electrons with other
species in the discharge, and electron-electron collisions, In contrast to the ivionte Carlo
simulation of Lee (1983), a numerical code for the Boltzmann equation is developed to solve the
clectron energy distribution, and then to calculate the collision rate-coefficients and electron-
transport parameters.

As mentioned, the electron-impact collisions are covered in Chapter 5. Other chemica’
reactions. and the photo-emission and -absorption processes are discussed in detail in Chapter 6.
In particular, the formation channels are described for the upper laser-level species XeCl'. In
addition to the time-dependent densities of the various discharge species and the laser output, the
calculations also provide data for parameters such as energy flow, laser efficiency, and optical
gain. The validity of the model is verified by the good agreement between the calculated and
measured data for the laser output waveform, peak power and energy, and for the discharge
voltage, current and resistance waveforms.

The conclusions derived from this thesis are presented in Chapter 7. Also presented are

the recommendations for future research on the short-pulse XeCl laser.



Chapter 2

Molecular Structure and Spectroscopy of XeCl

In order to advance the development of raré-gas monchalide UV laser sources, many
studies have been carried out to examine molecular structure, molecular states and possible
radiative transitions of these molecules (Sur et al, 1979: Dunning and Hay, 1978; Hay and
Dunning, 1978; Brau and Ewing, 1975; Ohwa and Kushner, 1989). Because of the weak
interaction between the closed shell of rare-gas atoms and the open shell of halogen atoms, the
ground state of rare-gas halides are usually repulsive. In some cases, a weak bond is formed from
a van der Waals attraction induced by charge-transfer mixing of the ground state and the ionic-
bound excited states. However, the excited states formed from a positive rare-gas ion and a
negative halogen ion are strongly bound by Coulomb attraction. It is this combination of an
essentially repulsive ground state with a strongly-bound excited state that provides efficient gain
production in rare-gas-halide lasers. The higher excited states have relatively weaker Rydberg
covalent bonds between the excited rare-gas atom and the ground state halogen atom.

The electronic configurations of the molecular energy states are discussed in Section 2.1.
Section 2.2 provides a description of the electronic potential-energy curves and vibrational states.
In Section 2.3, the allowed emission spectra are introduced. Five emission bands are observed
and identified as electronic transitions from ionic-bound excited states to the ground states, The
Einstein spontaneous-emission rates and stimulated-emission cross-sections of the upper laser
levels are determined from application of the Franck-Condon factors to the profiles of the

emission bands. In section 2.4, an electron-jump model is developed to calculate the formation
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rate of the upper laser level XeCl'.

2.1. Electronic States

The potentiat-energy diagrams for all of the rare-gas monchalide molecules have
characteristics similar to those for the XeCl molecule, shown in Fig. 2.1. These curves are based
on experimental and theoretical data available in the literature (Sur et al, 1979; Hay and Dunning,
1978; Brau and Ewing, 1975). Applying the Wigner-Witmer correlation rules (Wigner and
Witmer, 1928) for the addition of orbital momenta and spin momenta to the infinite internuclear
separation limit (R,,) for Xe(!Sy)+CI(*P), there arise two covalent molecular states, X*C* and
AI. When the effect of spin-orbital coupling in the halogen atom is considered, the degenerate
infinite-separation state splits into Xe('Se)+CI(P,;,) and Xe('Sy)+CI(*P;»), with an energy
separation of only 881.0 cm? (0.11 eV) (Moore, 1949, 1952 and 1958), which is the energy
separation between CI(P,;;) and CI(*P,,). Both the A’Il and X*L* states are either repulsive or
only weakly-bound due to the weak interaction of the open-shell configuration of the halogen
atom with the closed-shell configuration of the rare gas atom. The degree of repulsion for these
states is approximately proportional to the number of po electrons in the two atoms because the
overlap of po orbitals determines the strength of the covalent bond (Dunning and Hay, 1978).
Therefore. the potential-energy curves for the *L* state, which is formed from the doubly-filled
po orbital of Xe and the singly-filled pe orbital of Cl(pa)'(pr)*, should be less repulsive than the
curve for the *IT state, which is formed from the doubly-filled po orbital of both Xe and
Clipe)(pr)’. When the spin-orbital effects in the X*Z* and AZII states are included, these split

into three states, two with Q=1/2 and one with 2=3/2, where @=A+S, is the total angular
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momentum along the internuclear axis of the molecule. The state A’Il,,, results from the
Xe('S))+CI(°P,z) limit, and the A’lL, and XL, states. which are degenerate at large
internuclear distances, result from the Xe('S,)+CI(*P;.) limit (Herzberg, 1950). At small
internuclear distances, the energy between the X°L* and A’II states is greater than the erergy
between the CI(°P;) and CICP, ;) states. In addition, quenching of the atomic spin-orbit coupling
causes states A’Il,, and A1, to become nearly degenerate at small internuclear distances.

Similarly, the ionic-bond and charge-transfer states *E* and °TI, respectively, are formed
from the ionic species Xe*(*P)+CI('S,). When spin-orbit coupling is included, a total of three
states are now produced, B’L},, and C’II,, which correlate to Xe*(*P,,)+CI('S,) at R, and
DI, which correlates to Xe*(*Po)+Cl('Sy) at R,. The energy difference between the
Xe*(°Pyy) and Xe*(*P,) states is 10,538 cm™ (1.31 eV) (Moore, 1949), which is much larger
than the difference between the CI(P;,) and CI(°P,,) states of Cl. Consequently, the energy
difference between states C*II,, and D1, is also much larger than that between states AZII,,
and A*ll,,. The energies of the Xe*(*P;,)+CI'('S,) and Xe*(*P,,,) +CI'('S,) states relative to the
ground state are 68,670 cm™ (8.51 eV) and 79,208 cm™ (9.82 eV), respectively. These are equal
to the ionization potentials of Xe to Xe*(*Py») (97.834 cm'/12.127 eV) and Xe*(P,,)
(108,372 cm''/13.433 eV) (Moore, 1949), respectively, minus the electron affinity of Cl
(29.164 cm''/3.615 ev) (Varshni and Shulka, 1950). The ionic states are strongly attractive
because of the inverse Coulomb interaction between the positive and negative ions. States B’Z% »
and C*II,, are nearly degenerate at all internuclear distances. In addition, employing the same
arguments as were used above for the po orbital intzractions in the X and A states, the B’L7,

state should be slightly lower in energy than the C*I1,,, state. However, due to the ionic-covalent

interaction of the two “E1,, states at short internuclear distances (discussed in Section 2.2), the
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energy of the B*E7,, state becomes higher than that of the CI1, ., state.

Higher covalent excited states (Rvdberg states) of XeCl are formed from metastable Xe and
Cl atoms. From basic theoretical considerations of the Xe atom. the excitation of a 5p orbital
eleciron to the 6s orbital gives four atomic states. Three of these states correspond to 'P and one
to 'P. Because the Sp-subshell of the excited Xe atom is more than half-filled, the lowest energy
term is the one with the largest toral angular momentum (i.e.. *P,). On the basis of the Wigner-
Witmer correlation rules (Wigner and Witmer, 1928), the recombination of a 'P Xe atom with
a *P CI atom gives rise to six doublet (three °T, two Il and one *A) and six quadruplet (three *E,
two “II and one *A) Rydberg molecular states. As these molecular states are not directly related
to radiative decay, the details are not shown in Fig. 2.1. At the separated-atom limit R, states
Xe(*P,)+CI(°P;,) and Xe(*P,)+CI(*P;) are 67,081 cm' (8.315 V) and 68,066 cm' (8.437 eV)
above the Xe('Sy)+CI{(*P;,) ground state, respectively. Both of these values are slightly below
the ionic limit for Xe*(*P;) +CI'('S;) (68,671 cm''/8.512 eV). Therefore, at large iniernuclear
distances, the ionic potential-energy curve crosses the covalent curves. The resulting diabatic
interactions produce pseudo-crossings which contribute to the formation of the upper laser level

(B*C?,) via electron harpooning processes. These processes are discussed in Section 2.4,

2.2. Vibrational States and Electronic Potential-Energy Curves

Historically, the alkali-halide molecules were important in establishing the basic
characteristics of the rare-gas halide molecules. The equilibrium internuclear separations (R.) and
the dissociation energies (D) of the B and D states (see Fig. 2.1) can be approximated by

comparing the ionic rare-gas-halide molecule with the X state of the next higher alkali molecule
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in the periodic table. Although the atomic configurations are slightly different, Hartree-Fock
- calculations (Fraga et al, 1971) demonstrate that the rare-gas/halogen-ion pair is analogous to the
corresponding alkali halide. This is expected because the noble gas ion and the nearest aikali ion
have approximately the same size. The potential-enetgy curves are similar, as are the vibrational
spacings of 210 em’! for the XeCl B state (Brau and Ewing, 1975) and 214 cm? for CsCl
(Dunning and Hay, 1978).

The potential-energy curves of the ionic and covalent electronic states can be characterized
by theoretical ab initio configuration interaction calculations (Hay and Dunning, 1978). In these
calculations, the atomic core orbitals are reduced to Hartree-Fock orbitals (single { function), and
the valence orbitals are reduced to two functions (double { functions), using the general method
of Raffenetti (1973). In addition, a single set of 2p-Gaussian functions is used to describe the
negative halogen ion, and a single set of 3d-Gaussian functions is used to describe the polarization
effects from all the atomic bases. The accuracy of the calculations for spectroscopic constants and
emission wavelengths ( ~ 10%) is limited by the lack uof a proper set of functions to describe the
polarization effect of the halogen ion (Stevens and Krauss, 1579). Van der Waals attraction terms
are not included in the calculations. As a result, a repulsive potential-energy curve is obtained
for the covalent ground state where, experimentally, a the shallow well is observed.

From experimental measurements of the emission spectra of B - X and D - X transitions,
Sur et al (1979) obtained more reliable molecular constants for the three states (X, B and D) by
a simultaneous least-square fit of 41 vibrational band-heads in the B - X system and of 35 band-
heads in D = X system. They also evaluated the potential-energy curves for all of these three
states using Frank-Condon Factor (FCF) calculations, employing the vibrational energy levels

(G,) in an electronic potential well. These levels are generally approximated by the fourth-order
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For the X°L* state of XeCl, the spectroscopic parameters are evaluated by a least-squares fit ol
Eq. (2.2) with the observed vibrational energy levels (Sur et al, 1979), The resulting constants
are ©,=26.22 cm’!, wx,=-0.321 em’, w.y.=-0.0853 cm and wz,=0.00191 cm’. Note that
wX, is generaily positive for most diatomic molecules. Data calculated using these constants in
Eq. (2.2) are plotted in Fig. 2.2. This anharmonic function is compared with a harmonic. function
having the same value of w,. There are 20 vibrational states in the shailow well of the X*E* state
because the vibrational energy spacings are very small. Long-range theory for a weak attractive
potential between atoms (LeRoy, 1973) is employed to estimate the dissociation energy D,. The

estimated value of D, is determined from

g(G,) = (dG Jdvy? = K{*(D, - G) . (2.3)
Substitution of the theoretical value K*=1.278 into Eq.(2.3) results in D,=281 cm®. The
turning points for each vibrational level, evaluated using Frank-Condon Factor calculations (Sur
et al, 1979), are listed in Table 2.1, together with the equilibrium internuclear separation R.. The
potential-energy curve for the XeCl ground state is plotted in Fig. 2.3.
Based on the fact that the covalent X°L* state has a negative w,x,, Lee (1983) proposed

a potential function of the form



Table 2.1. Turning Points for the X°L* Potential-Energy Curve.

v G.(cm™) Rl A) R, (A)
0.5 0.00 R, = 3.2
0.4 2.63 3.1442 3.3363
-0.2 7.89 3.0944 3.4266
0.0 13.18 3.0645 3.4927
0.2 18.49 3.0422 3.5483
0.6 29.13 3.0091 3.6425
| 39.78 2.9843 3.7235
2 66.31 2.9400 3.8971
3 92.34 2.9089 4.0512
4 117.51 2.8853 4.1991
5 141.49 2.8664 4.3477
6 163.99 2.8511 4.5024
7 184,77 2.8385 4.6680
8 203.65 2.8281 4.8493
9 220.48 2.8195 5.0521
10 235.15 2.8124 5.2839
[ 247.63 2.8066 5.5554
12 257.89 2.8019 5.8822
13 265.98 2.7982 6.2906
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where y = R/R, (R is internuclear distance). Constants a, b, n and p are determined using o
nonlinear least-squares fit of this function with the experimental data of Sur et al {1979, and the
data in Table 2.1. This fit yields n = 6,973, p = 16.674, a4 = -13.176, and b = -3.498. It was
suggested (Lee, 1983) that V(R) is a van der Waals (R™) potential distorted by a logarithmic-type
(-In(R)/R) field. The van der Waals interaction might originate from mixing of charge transter
ionic states (e.g., B*L*) with covalent states (e.g.. X°L*), These interactions can have a
substantial influence. In particular, the potential well of the ground state is deepened. Although
this makes the X°LZ* state less repulsive, the B'E* state becomes more repulsive. As a result, the
curve for the BL* state becomes steeper and crosses with the curve for the CI1,,, state at short
internuclear distances. This effect increases with decreasing separation of the covalent and ionic
curves. Therefore, the rare-gas-halide interaction increases in the sequence Ne <Ar<Kr< Xe,
The corresponding rare-gas ionization energy decreases, causing a decrease in the ionic-covalent
energy separations.

Detailed analysis of the electronic-vibrational spectra of the B — X and ID — X transitions
in XeCl shows that the D state curve is deeper and steeper than the B state curve, and that the
former state also has slightly shorter equilibrium internuclear distance (R,=2.922 A for the D
state compared to R.=3.007 A for the B state (Sur et al, 1979)). The dissociation energies (D,)
of the B and D states are 36,553 cm and 37,148 cm’', respectively. The potential-energy curves
for these two ionic states can be approximated by the truncated Rittner potential (Sur et al, 1979;

Brumer and Kapplus, 1973)
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UR) = a + beP? - b —
R R R
Parameter a is the asymptotic jonic energy. Parameters b and 8 are determined from the
experimental value of D, and w,. The ¢, term, which corresponds to the Coulomb interaction of
the ion pair, dominates at large internuclear distances. At short distances, the exponential term
Jdominates as a strong repulsive potential. The ¢, term corresponds to the ion-quadruple
interaction. For the B state. ¢,=(¢¥/5)<r*>, where <r*> is the average r* value of the p-
valence electrons in the Xe'(*P,,) ion. For the D state, ¢,=0 because the *P,,, state of Xe* does
not have a quadruple moment. Parameter c, relates to an ion-induced dipole interaction.
Molecular coefficients for the B, D and X states are given in Table 2.2 (Sur et al, 1979).
The vibrational lzvels in the B and D potential wells were evaluated using a least-squares fit of
the vibrational transition band-heads with Eq. (2.1), and from FCF calculations. In contrast to
the X state, these two stac?s are anharmonic states (i.e., w.X, is positive). G, as a function of v
for the B and D states are plotted in Fig. 2.4. The potential-energy curves for the B and D states

are given in Fig. 2.5 using data from Eq. (2.5). For comparison, Fig. 2.5 also includes the

results of ab initio calculations (Hay and Dunning, 1978).
2.3. Spectra of XeCl

Spontaneous emission has been observed from a number of rare-gas halides, including
NeF, ArF. KrF, XeF, ArCl, KrCl, XeCl, ArBr, XeBr and Xel. Of these, laser emission has been
achieved only from ArF, KrF, XeF, KrCl, XeCl and XeBr. The emission spectra are similar

because the molecular configurations of all the rare-gas halides are similar. As shown in
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Table 2.2. Molecular Parameters for the X, B and D States (in units of em’, except where

indicated otherwise).

X B D
D, 281 36553 37148
R(A) 3.23 3.007 2922

T, 0.0 32405.8 42347.9
ol 26.22 194.75 204,34
Cual-e0eX) 0.321 -0.627 -0.682
Calw.ye) -0.0853

Coalt0,2.) 0.0019t

b 1.7348-107 21316107
B(A™Y 2.5637 2.7261
¢;(em*A%) 3.9-10¢ 0.0
c{emAY) 3.5:10° 3.5-10°
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Fig. 2.4. The relationship between vibrational levels and energies for the excited states B (solid
curve) and D (dashed curve).
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and Dunning (1978).
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Fig. 2.6, the spectrum for XeCl (Sur et al, 1979; Brau and Ewing, 1975) consists of several
bands, with the strongest band arising from the B’E;, = X*E | . transition at high pressures. This
transition has been observed to produce the most efficient laser emission from a rare-gas halide.

For XeCl, the B’C}, - X°L} 1 electronic-transition band has an intensity peak (.band head)
at A=308 nm. As the gas pressure is increased beyond 1 atm, successive vibrational-band heads
appear as shorter wavelengths, with energy spacings of 195 cm™ (Sur et al, 1979). These heads
are identified as transitions from the tower vibrational levels of the upper electronic state (Brau
and Ewing, 1975). At high pressures, coilisions depopulate (quench) the higher vibrational levels
hy decays to the lower levels in the same B*L},, state. Consequently, only transitions from the
lower vibrational levels are observed.

The strong emission at wavelength A=308 nm is the transition from v’'=0 (B’C{,) to
v"=1 (X’L,). At low pressures, where collisions are not a dominant factor in the quenching of
levels, there is a diffuse spectrum extending to shorter wavelengths. In addition, there are some
discrete bands within each of the main vibrational bands because the vibrational energy spacings
in the X*C*, state are much smaller than those in the BL7}, state. These discrete levels
correspond to transitions from the same vibrational level of the B*L1{, state to several vibrational
levels of the X*L 1, state. The vibrational levels involved, together with the corresponding band
heads, are listed in Table 2.3 (Sur et al, 1979). This table also inciudes the vibrational transitions
in the DI, = X*Et,, electronic spectrum. This transition was aiso observed as a strong
transition at low gas pressures (Hassal, 1991). The strongest transition is from v'=0 (DAL, to
v"=3 (X’Ct,). with an intensity peak at A=236.0 nm. The vibrational spectra of the
D,,, = X*C1 . transitions are similar to these of the B*’E},, = X*E} , transitions. The latter have

a slightly higher vibrational spacing of 204 cm in the D state (Sur et al, 1979) because the
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Fig. 2.6, The emission spectra of the XeCl molecule. (a) Electronic spectrum at a high gas
pressure (Huesds et al 1984). (b} Electronic emission spectrum at a low gas pressure (Hassal,
1991), (c) The vibrational emission spectrum observed by Brau and Ewing (1975).



Table 2.3. Assigned Pandheads for XeCl

B—X D - X

vy (A) {cm) vi-v" (A) (crh)

0-6 3091.37 32338.7 0-11 2368.74 42203.7
0-5 3089.21 32361.3 0-10 2368.07 42215.5
0-4 3086.90 32385.6 0-9 2367.31 42229.2
0-3 3084.50 32410.8 0-8 2366.35 42246.3
0-2 3082.04 32436.7 0-7 2365.30 42264.9
0-1 3079.53 32463.0 0-6 2364.13 42285.9
0-0 3076.98 32490.0 0-5 2362.87 42308.5
1-7 3074.91 32511.8 0-4 2361.54 42332.3
1-6 3072.97 32532.4 0-3 2360.15 42351.3
1-5 3070.83 32555.1 0-2 2358.69 42383 .4
1-4 3068.55 32579.3 0-1 2357.24 42409.5
2-13 3064.46 32622.7 1-3 2348.84 42561.3
2-12 3063.75 32630.2 1-2 2347.44 42586.6
2-11 3062.76 32640.8 i-1 2345.99 42612.9
-1 3061.26 32656.8 1-0 2344.52 42639.6
1-0 3058.75 32683.6 22 2336.40 42787.7
2-1 3043.35 32849.0 2-1 2334.92 42814.9
2-0 3040.89 32875.6 20 2333.47 42841.5
3-5 3035.17 32937.5 3-2 2325.50 42988.3
3-4 3032.91 32962.1 3-1 2324.05 43015.1
3-3 3030.55 32987.7 3-0 2322.63 43041.4
3-1 3025.80 33039.5 4-6 2320.06 43089.2
4-9 3024.97 33048.5 4-1 2313.37 43213.7
3-0 3023.30 33066.8 4-0 2311.93 43240.5
4-7 3021.68 33084.5 5-4 2306.95 43333.9
4-3 3013.26 33177.0 5-1 2302.86 43410.9
4-0 3006.07 33256.4 5-0 2301.41 43438.2
5-3 2996.21 33365.8 6-1 2292.52 43606.7

{Continued)



Table 2.3 (Continued)

5-2 2993.87 33391.8 6-0 2291.10 436338
3-0 2989.11 33443.0 7-3 2285.02 $3749.8
6-0 2972.48 33632.1 7-0 2280.90 43528.8
7-2 2960.80 33764.9 8-0 2270.88 440223
7-0 2956.15 33817.9 9-3 2265.07 44135.1
8-0 2940.09 34002.7 9-2 2263.71 44161.7
9-0 2924.31 34186.1 9-0 2261.0% 442144
10-1 2911.06 34341.7
10-0 2908.80 34368.4
11-1 2895.78 345229
11-0 2893.55 34549.5
12-1 2880.76 34702.9

12-0 2878.60 34728.9




potential well of the DII,,, state is deeper than that of the B’} , state.

A broad, smooth, relatively low intensity band is present near A=345 nm. This band is
identified as the CIT,, — A’Il,, transition. Since A'IL;, is essentially repulsive and no vibrational
states exist, the emission spectrum is a continuum. A fransition from the B°L7{, state to the A’IL»
state should also exist. However, this band is difficult to observe because the band is overlapped
by the band from the C*IT,; — A’Il;, transition. The intensity peak at A=340 nm is obtained
from theoretical calculations.

At high pressures. there is another very broad emission band in the wavelength range from
450 nm to 550 nm, with an intensity peak at approximately 485 nm. This band is assigned to
transitions from the triatomic rare-gas-halide Xe,Cl to the corresponding ground-state atoms
(Xe+ Xe+Cl). The large band broadening results from a strongly repulsive ground-state potential-
energy curve in the transition region, where the internuclear distance is smail. Table 2.4 provides
a summary of the band heads for XeCl. In the table, R is the rare-gas atom and X is the halide.
The values in brackets are calculated. For comparison, band heads for other rare-gas halides are
also included in the table.

From theoretical considerations, the emission intensity is determined mainly by the dipole
moment for the transition. The upper and lower electronic states can be defined by | u> and

| 1>, respectively. For a total dipole -eT =-eZT, the dipole moment is

p, =) er u> (2.6)
where g, is an implicit function of the internuclear distance R in the molecule. For ionic-covalent
‘electronic transitions in rare-gas halides, strong transition probabilities exist only for those bands
with a z component of dipole moment. These bands correspond to the B*L* - X*C* and

C(DYTI - A°IT transitions with AA=0. The (x.y) components of the dipole moments for the
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Tabie 2.4, Wavelengths (nm) of the Intensity Peaks tor the Rare-Gas-Halide Transitions.

RX B,-~X, DX C, Avs B,~A,:  RX

NeF 108 (106) (11 (1N { ~ 145)
ATF 193 (185) (203) (204) 285425
KrF 248 220 275 (272) 420435
XeF 351 264 460 (410) 610165
ArCl 175 245415
KrCl 222 200 240 325415
XeCl 308 236 345 (340) 490440
KrBr 207 222 228 ~318
XeBr 282 221 300 320 44030

Xel 253 203 263 320 ~375
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BL* - A'IT or C(D)'I1 — X*%" transitions are negligible (i.e., AA = +1). However, in all
cases the spin-orbit corrections must be considered. Therefore, the five strongest transitions
ohserved are those related to states with a z component of dipole moment, together with AQ = 0.
These transitions, shown in Fig. 2.7, are B’L{, = X'C},, DIy, = X'E1p, CILy — A,
B°L},, = Al and DT, - A%,

Radiative decays in rare-gas halides are classified into bound-bound and bound-free
transitions according to the shapes of the electronic potential-energy curves. Vibrational levels
can only exist in a "bound" potential well. For bound-free transitions, the probability for
spontaneous emission from a discrete upper vibrational state | ¥,.> to a lower continuous
clectronic state | ¢,->, in an energy band d(hwv) with emission frequency », is defined as

g,.-(hp)d(hp). The normalized continuum lineshape function is given by (Mies, 1973)

<v/|p (R)|e">?

A @.7
<v'|pi(R) |e”>

gv’-:”(h") =

where u (R) is the electric dipole moment at internuclear distance .© For bound-bound emissions,
discrete vibrational levels are involved in both the upper and lower states. In this case, the
transition probability for emission from an upper level | y..> to a lower level | ¢,.> is defined

as g,..-(hr)d(hy). The normalized lineshape function g,...-(hv) is

<v’| [.le(R) |V”>z deﬂ

> (2.8)
<v’| 1R |v”> av”

gv.u_‘,n(hv) =

The variation of p(R) is negligible over the internuclear distance R for which emission occurs.

Consequently, the lineshape functions can be simplified to
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Fig. 2.7. Schematic of allowed transitions for the XeCl molecule.
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<vn’ R E”>:
g, Ahv) = __l@__ = <p/|g’n? (2.9)
<vn'“1;(R)|eh’>

for bound-frec transitions and

<v-" R V”>: dGi’ dG i
8y Ahv) = Ip.:( )| = <y v —L) (2.10)
<V |udR)v> v’ av’!

for bound-bound transitions. Here <v’ | v"> is the Franck-Condon factcr
FCF(v' - vy = <v/|v’> = f Yoy dR . (2.11)

The FCF is actually the overlap integral between two vibrational functions in different electronic
states. Therefore, the transition is strongest when the overlap is maximum. Such transitions can
be represented by "vertical lines” of constant R. Values of the FCF for the B— X and D - X
transitions, calculated by Sur et al (1979), are presented in Table 2.5. Note that the two strongest
transitions for B — X are from v'=0to v”=1 and v"=2,

The lineshape function given in Eq. (2.8), g,..-(h»), is also called the Frank-Condon
density (FCD). Calculated values of the FCD for the B = X transitions are shown in Fig, 2.8,

The Einstein spontaneous emission coefficient (A) and the cross-section for stimulated
emission (o) can be calculated from

1673v3

3
g hc

<V/[u2(R) v (2.12)

A‘,r_vu =

and

Cz Avl_vﬂ
OV.'_“,rf(hV) = -
v 8x

gyrAiv) . (2.13)
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Table 2.5. Frank-Condon Factors (x10% tor the B-X (first row) and D-X {second row) Stites.

v'= | 2 3 4 3

121 34 105 93 93 82

23 41 56 66 73 77

1 218 65 60 20 8 0
73 70 74 60 43 29

2 234 10 6 5 3 32
114 67 48 20 5 0

3 186 7 4 43 32 36
139 41 15 0 5 17

4 115 58 16 52 4 8
142 13 0 10 2 30

5 57 114 12 30 0 1
128 0 4 26 27 20

6 21 140 2 8 10 10
105 5 14 31 17 6

7 5 131 2 0 28 13
79 19 18 25 6 0

8 0 103 14 I 35 7
57 33 t7 15 0 2

9 0 71 29 2 31 |
39 44 12 7 1 6

10 I 45 4] 2 22 0
26 47 7 2 4 Y

11 2 26 45 1 14 2
17 45 3 0 6 3

12 2 15 42 0 8 4
11 39 | 0 7 7

13 2 8 35 0 4 3
7 31 0 0 6 5

14 2 4 26 2 5
4 23 0 5 3
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Fig. 2.8. Frunck-Condon density for the transitions from state B(v'=0,1) to state X(v"=0).
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Since only these transitions with small quantum number v’ are important, the R-dependent dipole
moments can be approximated by the values at the equilibrium internuclear distance R..

Therefore, Eqs. (2.12) and (2.13) become

3,3,
Ay = on”v B (RYFCF(v'-v") (2.14)
g hc®
and
c! A‘,r_vu
oK) = ————FCD,,_Khv) . (2.15)
v 8n

The stimulated-emission cross-section depends not only on the spontancous emission rate, but also
on the spectral width of the lineshape function. For transitior s with a wide spectrum range {e.g.,
transitions to a repulsive ground state A), the stimulated-emission cross-sections are very small.
If it is assumed that the band profile near the intensity peak can be approximated by a Gaussian,
then the product of cross-section and lifetime may be estimated from (Bhaumik et al, 1976)
- 1 a@yn A (2.16)
4n =w cAl
If the spontaneous-emission rates for each vibrational level are found using Eq. (2.14), then
the lifetimes of the radiative transitions from the upper electronic states B and D can be calculated
using
=Y 4.2 . (2.17)
V’ V”
Based on the experimental value of AN=2.3 nm (Brau and Ewing, 1975), the stimulated-emission
cross-section o can be obtained from Egs. (2.16) and (2.17). The calculated lifetimes, total

spontaneous-emission rates, stimulated-emission cross-sections and the emission wavelengths for
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the B and D transitions are given in Table 2.6.

Table 2.6. Emission Parameters for B = X and D — X Transitions of XeCl

Nnm) r{D) A(sec) 7(ns) ofcm®)
B—-X 308 2.76 9.5x10° 10.5 4.5x10"¢
D—=X 236 1.94 1.0x10% 10.0 1.6x10®

The dipole moments in Table 2.6 are taken from Hay and Dunning (1978). Note that the real
lifetimes of the upper electronic states are less than the values determined from the radiative
lifetimes because of collisions between gas molecules. At the usual gas pressures (> 1 atm), the
D state is actually quenched very fast. In part, this explains why the D - X emission is observed

to be much weaker than B — X emission at high gas pressures.

2.4. Formation Rate of XeCl’ Using the Electron-Jump (Harpooning) Model.

The accuracy of kinetic modeis for the XeCl laser relies on a knowledge of the rate
coefficients for producing the upper laser level XeCl". As discussed in Section 6.1.2, the most
important mechanism for XeCl" formation is three-body ionic recombination. At a total pressure
of 350 kPa, our calculations show that more than 95% of the XeCl" is formed via this process.
The two-body harpoon process (Reaction 15 in Table 6.1) contributes only 5%.

Although the formation rate of XeCl® has not been measured, various theoretical
calculations provide reliable and consistent data. A review of previous models is given by
Flannery (1972, 1982). These range from the early simple models of Langevin (1903), Thomson

(1924) and Natanson (1959), to the more recent quasi-equilibrium statistical models of Bates and
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Flannery (1968). the Monte-Carlo simulation of Bardsley and Wadehra (1980), the universal plots
of Bates (1980). and the basic microscopic theory of Flannery (1982). In all of these models, Xe'
and CI" form XeCl® only via the three-body ionic recombination process. It is assumed that other
molecular states do not contribute to XeCl" formation. However, our electron-jump model (Lee
et al, in preparation) suggests that two additional channels are important in the formation of
XeCI". These channels, discussed in Section 2.4.1, are produced by the pseudo-crossings of (wo

Rydberg-state energy curves with the ionic curve.

2.4.1. The Electron-Jump (Harpooning) Model.

As shown in Fig. 2.9, the separated-atom limits of the two lowest Rydberg states are
Xe(’Py) + CI(*Py») and Xe(*P)) + CI(*P,,). The corresponding energies are 8.315 eV and
8.437 eV above the ground state Xe('Sy) + CI(*P;,,). Both of these limits are slightly less than
the ionic liinit (8.512 eV) for Xe*(*P,5) + CI('S,). Therefore, pseudo-crossings of the Rydberg-
state curves with the ionic curve are estimated to occur at the large internuclear distances of
137 a, and 353 a, (g, is the Bohr radius). The electron-jump (harpooning) model is based on the
reactions

Xe(*P,)* CI(*Py) — Xe*ClI'(B,C) (2.18a)
and Xe(°P))- CI(*P,p) — Xe*CI'(B,C) . (2.18b)
These reactions correspond to the transition of a molecular state, in the vicinity of a crossing,
from dominantly covalent for r larger than the crossing radius to dominantly ionic for r smaller
than the crossing radius. The transition represents the jump of an electron from Xe(’P, or *Py)
to CI at the crossings.

Although three-body ionic recombination is still the major channel for XeCl” formation in
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— Xe(®

b 2 2 —— xé'(P)+CIP,,)
%" //J = xe'(P)+CI(*R,,)
(XeCl*) /_

R*CI('S,)

(XeCl)

—— Xe (S,+CI(*P,,)

INTERNUCLEAR DISTANCE

Fig. 2.9. Potential energy diagram for XeCl showing the formation channels for the. XeCI'(B)
exciplex. The various transformations are indicated by the arrows. The scales are arbitrary.
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our model, this process can be highly affected by the transitions at the pseudo-crossings. The

"complete” formation mechanism illustrated in Fig. 2.9 can be summarized by

Xe*+ Cl'+ M § — Xe(P)+Cl + M { l XeCl' + M, 2.19)
— Xe(P) + C1 + M
Xe('PY) + Cl + M

where M represents the third light body (i.e., the buffer gas He). Compared to bimolecular
reactions, these reactions proceed more favorably in the presence of the third light body. Energy
transfer is much more efficient in a three-body collision process.

All of‘ the processes in Reaction (2.19) are reversible. Therefore. in addition to formation,
our electron-jump model also explains the loss mechanism due to predissociation of XeCl". After
the exciplex XeCl" dissociates into the elemental atoms of the Rydberg molecule, the exciplex can

be regenerated. Therefore, this loss channel only delays the formation of the ionic state XeCl'.

2.4.2. Formation Rate Coefficients.

The procedure is generally known for the analysis of a two-body process which involves
a single pseudo-crossing of two potential-energy curves (McDaniel, 1964). However, the
complete set of formulae developed here for estimating the three-body rate-coefficients for the
formation and dissociation reverse processes in Reaction (2.19), involving double crossings of
potential-energy curves, is not available in the literature.

Consider a typical situation, shown in Fig. 2.10, where the potential-energy curve of an
ionic molecule AB (state 0), correlating to the dissociation limit A* + B (state 1), is
"mntersected” at two places, b and ¢, by the potential curves of the Rydberg states A’ + B

(state 2) and A™ + B (state 3), respectively. Provided that the properties of the intersecting states
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POTENTIAL ENERGY

INTERNUCLEAR DISTANCE

Fig. 2.10. Schematic diagram illustrating pseudo-crossings of the potential-energy curves. The
scales are arbitrary.,
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permit pseudo-crossing, there is a finite probabilitv. Pgm.n). for a transition from the initial state
m to the final state n. which depends on the orbital angular-momentum quantum number /.

According to Landau and Lifshitz (1977), the cross-section for this process is given by

a(m ~ n) = (%) S QI+1) PGma) (2.20)
!

where k* = 2uE/#*, and where p is the reduced mass of the initial system and E is the relative
kinetic energy of the two atoms or ions (A and B). Let P, and P, be the probabilities for the
atoms or ions (A and B) to jump from one potential curve to the other at crossings b and ¢,
respectively. The probability P{m,n) is then determined by P, and P,. The derivations of P,, P,
and P{m,n) are given in the Appendix.

By definition, the rate coefficients for the processes shown in Fig. 2.9 can be evaluated
by averaging the product of cross-section o and relative velocity v over the epergy distribution
function of the atomic or ionic pairs (A and B). As an approximation, the Maxwell-Boltzmann
statistics for a system in thermodynamic equilibrium can be used for the energy distribution. This

quasi-equilibrium approach gives

2 1=
<ov> = (%)(%ﬁ{ zl @I+1)P, exp(—k—ET) d(f;-) . (2.21)

where k is the Boltzmann constant and T is the gas temperature. When ionic-recombination is
proceeding (especially in very high density discharge media), the relative motion of the ion-pairs
are governed not only by the thermal motion, but also by diffusion and drift resulting from their
mutual electrostatic field, However, the validity of quasi-equilibrium statistical theory for low and
intermediate densities, such as those existing in our laser, has been demonstrated by Bates and

Moffett (1966). Therefore, Eq. (2.21) provides a good approximation for our laser system.
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Figure 2,11 shows the calculated rate-coefficients for the various kinetic processes involved
in the formation and dissociation of the XeCl exciplex under typical laser discharge conditions.
A He buffer was employed with the ratio of the electric field to the gas density fixed at
E/N = 15:10"7 V-.at?, and the temperature at T = 300 K. At low pressure (0.25 atm), XeCl’
is formed primarily from Xe(*P;) + CI(°P,,) via the harpooning processes. However, at pressures
greater than 0.25 atm, the formation of XeCl™ through the ionic channel is dominant, even though
the harpeoning process from the Rydberg state XeCP;) + CI(*P,n) is also relatively important.
Note that there is a high conversion of ions Xe® + CI' into the Rydberg-state atoms
Xe(’P,) + CI¢*P;,) and Xe(*P,) + CI(*P;,). However, the subsequent transformation of these
atoms back to the exciplex compensates for the reduced formation of XeC!" from Xe* + CI.
The three-body ionic recombination rates as a function of gas pressure is shown in
Fig. 2.12. At relatively low pressures (<3 atm), there is good agreement between the results
from the electron-jump model and previous models (Flannery, 1982; Bates and Flannery, 1968).
The other models predict that, at high pressures, there is a decrease in the rate coefficients with
increasing pressure. However, the rate-coefficients from our calculations "saturate” to a constant
value in this pressure range. A considerable additional effort would be required to modify our
model in order to provide better data at high pressures. As the gas pressure rises, the ion-ion
electric field increases. Therefore, the Maxwell-Boltzmann distribution used in Eq. (2.21) does
not yield accurate ion velocities at the higher pressures,
In all of the models, ionic recombination is considered as the primary channel for the
formation of the XeCl". However, our electron-jump model suggests harpooning reactions also
contribute to the ijonic recombination process. In addition, this model makes it possible to

evaluate the rate-coefficients for each individual formation and dissociation channel of XeCl".
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Fig. 2.11. Pressure dependence of the three-body rate-coefficients for the formation and
dissociation of XeCl™ at T=300 K.

1. Xe* + CI' + He — XeCl” + He 2. Xe*+ CI'+ He = Xe(*P,)+ Cl + He
3. Xe(°P.) + Cl + He - Xe* + CI' + He 4, Xe*+ ClI'+ He - Xe(*P,)+ Cl+ He
5. Xe(*P,) + Cl + He = Xe* + CI' + He 6. Xe(’P,) + Cl + He = XceCl™ + He
7. Xe(’P;) + Cl + He — Xe(*P') + Cl + He 8. Xe(Py) + Cl + He — XeCl™ + He
9. Xe(*P,) + Cl + He — Xe(’P,) + Cl + He.
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Fig. 2.12. Comparison of the three-body ionic recombination rates. The solid lines are obtained
from our model employing different buffer gases (1. Ar, 2. Ne, 3. He). The dashed lines
represent the data of Flannery (4. Ar, 5. Ne) (1982). The smail triangles represent the data of
Bardsley and Wadehra (1980).



Chapter 3
Experimental Investigations of a Compact

Discharge-Excited XeCl Laser

In this chapter, the design and experimental investigations of a compact short-pulse
discharge-excited XeCl laser system are presented.

In general, excimer laser excitation is provided using either clectron beams or avalanche
discharges. The most commonly used methods are described in Section 3.1. The physical details
of the laser system used in the thesis research, including the excitation circuit, the gas handling
system, and the optical components, are provided in Section 3.2. Experimental data are given in

Section 3.3.

3.1. Excitation Methods.

Electron-beam (e-beam) generators are used to inject high-intensity, high-energy pulses of
electrons into gas mixtures (Searles and Hart, 1975; Ewing and Brau, 1975; Ault et al, 1975).
These generators can deposit very high power densities into high-pressure gas mixtures. Electron-
beam excitation inherently provides much better discharge stability than avalanche discharges
because the electron uniformity is relatively easy to control and arc formation does not occur.
Furthermore, electron-beams are capable of faster deposition of energy.

Electron beams are particularly important for the excitation of high-pressure rare-gas

excimer systems where high input power is needed. Unlike rare-gas halides, these excimer

45
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systems have small stimulated-emission cross-sections. Electron beams are equally important for
the excitation of long-pulse rare-gas-halide systems because these provide stable discharges.
However, e-beam generators are complicated, large and expensive, and difficult to operate at high
repetition rates.

Simple, economical and compact capacitor discharge excitation is usually employed for
rare-gas halide systems (Burnham et al, 1976; Sze and Seegmiller, 1981; Miyazaki et al, 1985;
Hiramatsu and Goto, 1986). The rare-gas-halide molecules have relatively larger stimufated-
emisston cross-sections than rare-gas molectles, and therefore can operate at relatively lower gas
pressure. However, for reasons outlined below, discharges are most suitable for producing fast
rise-time, short-duration excitation, as in our compact laser system,

In a discharge system, free electrons (always present as a result of cosmic radiation) obtain
kinetic energy from the applied electric field. Secondary electrons and ions are produced when
the gas atoms and the energetic free electrons collide. If the electric field is sufficiently high, then
the number of free electrons increases very rapidly, the discharge impedance collapses, and an
avalanche discharge occurs. Because the energetic electrons involved in ionizing collisions are
concentrated in regions where the clectric field is strongest, the density of electrons grows most
rapidly in these regions. The resultant spatial non-uniformity of electrons causes instabilities
within the discharge, which produces localized arcs and streamers, The presence of arcs in a
discharge can destroy laser operation. Discharge stability can be greatly improved by the use of
pretonization, which produces a relatively large density of free electrons (10* ~ 10" cm) prior
to discharge breakdown. Preionization also reduces the breakdown voltage of a gas mixture.

Without preionization, the useful avalanche discharge current duration is limited to

approximately 30 ns at “low" gas pressures (<0.5 atm) (Burnham et al, 1976). The useful
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discharge duration (i.e.. no arcing) decreases with increasing gas pressure {Christensen ot al,
1976; McKee et al 1977). Two methods are generally used to suppress are formation, N-ray
preionization (Lin and Levatter, 1979; Forestier et al. 1981) and ultraviolet (UV) preionization
{Miyazaki et al. 1985: Nassisi and Perrone, 1990). Compared to UV preionization systems, X-ray
preionization systems are expensive and complicated, but can provide larger and more uniform
initial electron densities. Therefore, X-ray preionization is employed primarily in large-volume,
high-pressure, and high-energy rare-gas-halide laser systems. Ultraviolet preionization is
particularly suitable for use in compact laser systems.

The seed electrons are produced by weak UV photoionization, which compensates for the
loss of electrons by dissociate attachment to the halogen donors, This greatly increases the
probability and rate of avalanche breakdown. The development of arcs is controlled, although not
eliminated, by the uniform spread of seed electrons into the pas mixture.

Electron-beam discharge systems are much more sophisticated and expensive (Daugherty
et al, 1976). In these systems, the discharge results primarily from electron-beam irradiation.
Alternatively, a normal avalanche discharge is controlled and stabilized by the electron beam. In
both cases, the electron density and electric field can be controlled separately. Therefore, a high
degree of discharge stability can be achieved. However, these types of systems are not practical

for compact lasers because of the complex construction required.

3.2. Laser Design.

A schematic diagram of our compact laser system is shown in Fig. 3.1. The hasic design

of this laser is similar to the system developed by Ballik (1981). The system includes a compact
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UV-preionized laser assembly. a pulse-forming circuit for discharge excitation and a high-voltage
power supply. The required gas handling system is not shown in the figure. Details of the various

components are given in following section.

3.2.1. Mechanical Construction of the Laser.

Figure 3.2(a) shows the cross-section of the laser body. The main body component.
constructed from KEL-F, is 16.5-cm long, 3.5-cm high and 3.35-cm wide at the ends. The sides
are recessed to a deptiz ¢f 0.56 cm in order to mount [4-cm long nickel-plated brass plates (0.6-
em thick), to which are attached the electrodes. Both electrodes, also of nickel-plated brass, are
10-cm long and 0.32-cm wide, separated by 0.47 cm. The active gain volume is =1 cm’.
compared to the total laser-body internal volume of =33 cm®,

The main electrode (E1) is covered with 2.5:10%-cm thick tantalum foil. The active
surface of the preionizer electrode, shown in Fig.3.2(b), is a mesh fabricated from the same
thickness of tantalum foil. The quartz (fused-silica) tubing actually bends around both ends of the
electrode base, and then passes through the side plate. Epoxy resin is used to provide a gas seal.
The wngsten wires within the quartz tube are connected externally to the other plate in order to
provide electrical contact with the other electrode.

After spark-gap breakdown, a high voltage develops rapidly between the tungsten wires
and the tantalum mesh, Very rapidly, small sparks are formed in the vicinity of the holes in the
mesh. This provides a uniform distribution. along the whole active surface of the electrode, of
both electrons and high-energy UV radiation. The latter ionizes the gas between the electrodes,
producing sufficient free electrons to initiate a reasonably-uniform discharge. Streamers are also

present in the discharge. However, experience indicates that these streamers may be
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Fig. 3.1. Schematic diagram of the laser system. C1 and C2 are the energy storage capacitors, El
and E2 are the laser clectrodes, SG is the spark gap, R1 and R2 are large-value resistors for
charging and isolation, respectively, and HV is the high-voltage power supply.
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Fig. 3.2. (a) Cross-section of the laser body. Here E2 is the preionizer electrode. (b) Cross-section
of the preionizer cicctrode.



beneficial for the production of gain.

The laser resonator consists of two fused-silica disks (0.32-cm thick) separated by the laser
body length L=16.5 cm. One disk (rear retlector) is externaily aluminized, and the other (output
reflector) is left uncovered. resulting in reflectances of R, =95% and R,=7.5%, respectively. The
round-trip time in the resonator is calculated from t=2nL/c, where ¢ is velocity of light, and n
is the refractive index (=1.0). For our laser, the pulse duration was usually less than the
calculated round-trip time of 1.1 ns.

The construction of the spark gap (SG) unit is shown in Fig. 3.3. For convenience, the
electrodes, which are separated by 0.47 cm, are made of brass. A standard automotive spark plug
is used for the trigger electrode. During operation, the spark gap contains nitrogen gas at a
pressure of approximately 1.3 atm.

The laser is mounted on the circuit-board capacitor (described in next section). Connections
to the laser tube and to the spark gap empioy short lengths of wide copper foil in order to
minimize circuit inductance. The complete laser assembly (laser body, capacitors and spark gap)
is supported on a stainless-steel optical table. To reduce electromagnetic interference (EMI) from
the discharge circuit, the laser assembly is enclosed within a galvanized steel box, of dimensions
60-cm long, 25-cm wide and 20-cm high. All electrical connections into the box pass through

filters and/or are shielded in order to reduce EMI.

3.2.2. Electrical Circuit.
The "Blumlein” type pulse-forming circuit is iilustrated in Fig. 3.1. This type of circuit,
which has also been used for short-pulse N, and CO, lasers, is relatively simple and inexpensive

to construct. In our compact laser system, discharge current pulses less than 10-ns duration can
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be produced.

Capacitors Cl and C2 are made on a single double-sided circuit board. These are tormed
from two parallel copper foils (26.7-cm long by 13, [-cm wide) separated by an epoxy/glass-fiber
dielectric (0.098-cm thick) having dielectric constant K=4.3. The diclectric extends 2.5 cm
beyond the upper foil in order to avoid breakdown of the dielectric. In addition, the lower foil
extends 0.6 cm beyond the upper foil in order to reduce electric field gradients at the foil edges.
Each capacitor has a value of 1.56 nF. Resistor R1 (1 M) is used to limit the surge current
when C1 and C2 are charged from the high-voltage dc power supply (Universal Voltronics BAL-
50-16). Resistor R2 provides isolation between the capacitors during laser operation.

The equivalent circuit for the discharge excitation, shown in Fig. 3.4, consists of two basic
circuits, the spark-gap circuit (C1, LSG, RSG and SSG) and the discharge circuit (C2, LD, RD,
SD and C1). RSG represents the resistance of the nitrogen-filled spark gap. After the spark gap
is triggered, the density of electrons increases very rapidly, causing RSG to decrease from oo to
approximately 1 { within 1 ns. The value of RSG remains relatively constant for the duration of
the active laser discharge. Resistance RD is the impedance of the discharge between the laser
electrodes. This resistance is a function of the electron density in the discharge, as described in
Section 3.3, Inductances LSG (27.6 nH) and LD (6 n) are the total inductances in the spark-gap
circuit and laser-discharge circuit, respectively. The vaiues of these inductances can be evaluated
from the measured current waveforms, as discussed in Section 4.3.

The high-voltage pulse used to trigger the spark gap is produced by the trigger unit shown
schematically in Fig. 3.5. The pulse generator (Hewlett-Packard 3300A) provided a square-wave
output pulse of >2 V. Components for the trigger unit include a standard automotive ignition

coil, a SCR (2N688) and a HV power supply (Heathkit 1P-17). With a dc voltage of 100 V, the
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Fig. 3.4. Equivalent circuit for the discharge excitation.
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peak magnitude of the output pulse from the ignition ¢coil is approximately 15 KV,

3.2.3. Gas Handling System.

Figure 3.6 provides a schematic for the gas handling system. A two-stage mechanical
vacuum pump (Sargent-Welch 8815} was adequate for evacuating both the lascr body and the
mixing chamber. These were evacuated to < 10" Torr, as measured using a Pirani gauge (not
shown). before introducing the gases. One of the gases in the laser mixture (HCD) is very
corrosive in moist air. is toxic, and is capable of causing serious damage to the vacuum pump.
Therefore, a liquid-nitrogen trap was used to condense gases such as HCI, Cl, and H,OQ, which
were later released in a fume hood.

Mixing the gas at a high total pressure ( =800 kPa) made it possible to change the gas in
laser body several times with each mixture. The gas pressure in the laser body was monitored
using a small Bourdon gauge (Matheson 63-3112). The gas-mixture pressure in the mixing
chamber was monitored using an accurate Bourdon gauge (U.S. Gauge 33022), which is
calibrated from vacuum to 100 psig.

The laser operation has been investipated for gas mixtures consisting of Xe/HCl/He or
Xe/HCI/Ne (He or Ne is the buffer gas) at various total gas pressures and capacitor charging
voltages. Some results of these investigations are given in Section 3.3. Typical operation employs
a gas composition of 0.8% Xe/0.3%HCI/He at a total absolute pressure of 450 kPa, and a 15-kV
capacitor charging voltage, The gas mixtures at various composition were prepared from high
purity xenon, helium or neon, and 5 to 10% hydrogen chloride in helium or neon (a1l supplied
by Matheson). These were mixed in a 0.6-] stainless-steel chamber, and then released into the

pre-evacuated laser body. Where possible, pre-mixed, such as 0.8%Xe/0.3%HCI/He, were
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employed (purchased trom Matheson),

3.3. Laser Performance.

Excimer laser performance is characterized by peak output power, pulse duration, output
energy, laser effictency and operating lifetime. Section 3.3.1 provides a discussion of the physical
properties of the compact XeCl {aser system. Typical operating parameters for the system are
listed in Table 3.1. Section 3.3.1 also describes some of the precautions necessary to optimize
laser performance. Experimental results relating to laser output as a function of capacitor

charging voltages and gas pressures are presented in Section 3.3.2,

3.3.1. Operating Characteristics of the Laser System.

Both contamination of, and reaction with the gas mixture affects laser operation
dramatically. [nitially, the system (mixing chamber, laser, etc.) is evacuated. Even with a clean
system after evacuation, the HCI will react rapidly with the metallic components in the discharge.
However, the reaction rate decreases with time as protective chlorides are formed (passivation).
A properly passivated system will have negligible reaction with HCl. However, water vapour
absorbed in or absorbed on the dielectrics will consume HCI.

After any exposure to the atmosphere, the system was evacuated, and then filled several
times with a static mixwre of 3%HCI/He for a period of time (15 minutes to several hours).
After this initial passivation, the laser body was operated with a 5%HCI/He mixture at a low
capacitor charging voltage. This procedure produced excellent passivation of the metallic

surfaces, and greatly reduced residual H,O concentration. As is well known, H,O is probably the
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most harmtul species commonly present in XeCl lasers. When HCI is absorbed in water, it
becomes a highly corrosive acid. thereby removing HCl from the gas mixwre. Equally important,
the resultant acid rapidly attacks and destroys the passivation. In addition to greatly decreasing
the laser operating lifetime, H,O and other contaminating molecules may absorb laser radiation,
and consequently reduce the laser output energy and efficiency.

After adequate passivation, the laser could be operated reliably and continuously for
periods in excess of 1 hour for each gas fill. Repetition rates in excess of 30 Hz were readily
attainable. The pulse-to pulse variation in energy was better than +£5%.

The laser resonant cavity was composed of two plane-parallel fused-silica substrates. An
externally aluminized layer, providing a reflectance of =95%, was used for the "rear” reflector,
The "front" reflector, used as the output coupler, was uncoated, and the eftective reflectance is
=7.5%. Careful alignment of the reflectors was necessary because both reflectors had plane
surfaces. During laser operation, a deposit of metal halides slowly forms on the internal surfaces

of the reflectors. When required, the reflector surfaces were cleaned using ethanol.

3.3.2. Laser Output Characteristics.

The laser output characteristics at 308-nm wavelength were investigated. The pulse
waveform and energy were measured for various capacitor charging voltages, total gas pressures,
and gas compositions. A fast-response vacuum photo-diode (risetime <200 ps), together with a
0.5-GHz bandwidth (0.6-ns risetime) oscilloscope (Tektronix 7834), was used for the
measurement of the pulse waveforms. Output pulse energy was measured using a pyroelectric
joulemeter (GenTec ED-200), with a stated accuracy of +10%, connected to a standard

oscilloscope (Tektronix 547).



Table 3.1. Typical Laser System Parameters,

Discharge Volume

Discharge Length

Discharge Width

Electrode Separation

Mirror Reflectance

Typical Operating Pressure (absolute)
Charging Voltage

Capacitance of Each Capacitor
Inductance in Spark-Gap Circuit
Inductance in Laser Circuit
Peak Current

Current Pulse Duration
Maximum E/N

Gas Composition

Electrical Input Energy

Optical Output Energy

Overall Laser Efficiency

Optical Pulse Duration (FWHM)

~ | cm?

10 em

0.2 cm

0.47 cm
~95% and 7.5%
~ 350-450 kPa
1221 kV

1.56 nF

27.6 nH

6.0 nH
~10kA

< 20ns

~40-10" V-em?

0.8%Xe/0.3%HCl/He

~0.33)

~lml

60
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Only relative power can be observed with the wavetorm measurements. However, the
numerical integrations of these waveforms are cqual to the pulse outptit energies. Therefore, it
is relatively easy to calibrate the waveforms in terms ot instamtous power as a function of tiue,

Figure 3.7 shows laser output wavetorms for several capacitor charging voltages. The same
gas mixture (0.8%Xe/0.3%HCI/He at a total pressure of 450 kPa) was employed for all of the
measurements. The pulse durations are relatively constant in all cases. However, the peak powers
are nearly proportional to the capacitor charging voltage. Below a voltage of 12 kV, the laser
output energy decreases rapidly. Voltages above 21 kV were generally avoided in order to
prevent damage to components {e.g., circuit-board breakdown). However, saturation of the output
energy is expected (and has been observed) at higher capacitor charging voltages.

Figure 3.8 shows the variation of pulse shape with total gas pressure. A
0.8%Xe/0.3%HCl/He gas mixture and a charging voltage of 15 kV were used in all cases.
Because the densities of the electrons and photons increase with gas pressure, the peak power
increases with total pressure. The pulse durations also vary with pressures, but in a differem
manner. Longer pulse durations are observed at lower pressures because the quenching of the
upper laser level (XeCI’) by electrons is reduced. In addition, double peaks appear for pressures
below 350 kPa, with the height of second peak increasing with decreasing pressure. The second
peak is caused by gain produced in the second half cycle of the discharge current. At high
pressures, the gain is quenched by the considerably higher electron densities which are now
present.

The total pulse energy as a function of capacitor charging voltage is shown in Fig. 3.9(a)
for a total gas pressure of 450 kPa. In the range investigated (12 kV to 20 kV), the energy is

proportional to charging voliage, but the pulse duration does not change obviously with charging
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Fig. 3.7. The relationship between laser output power and applied voltage. The gas mixture is
0.8%X¢/0.3%HCI/He at 450-kPa absolute pressure. The structure in the waveform results from

multiple reflection of the laser pulse within the resonant cavity, and not from the properties of the
gain medivm.
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voltage. At a fixed charging voltage, the output energy increases withincreasing pressure, but
saturates at high pressures, as shown in Fig. 3.9(b). Figures 3.9(c) and 3.9(d) show the output
energy as a function of the Xe and HCI pressures. respectively. For these data, the charging
voltage, the total pressure and the other component (HCI or Xe) pressure are all kept constant.
It was observed that pulse shape and duration are relatively independent of gas composition.
However, the energy varies substantially with Xe or HCI content, as shown in Figs. 3.9(c) and
3.9(d), respectively. In both cases, a rapid increase of energy quickly reaches saturation as the
partial gas pressure is increased.

Figure 3.10 compares the laser output waveform for two different buffer gases (He and
Ne). In our compact laser, producing short-duration output pulses, the 1.06% Xe/0.24 %HCI/Ne
mixture behaves essentially similar to the 0.8 % Xe/0.3 % HCl/He mixture, in terms of pulse shape
and duration. However, the 1.06% Xe/0.24 % HCI/Ne mixture gives slightly lower energy. In the
usual XeCl laser systems (> 10 ns pulse duration), a Xe/HCI/Ne mixture produces lower peak
powers and longer pulse durations than a Xe/HCl/He mixture (Maeda et al, 1982). Furthermore.
the efficiency of energy deposition into the discharge are different for the two mixtures.

In order to find the optimum operating conditions for a laser, it is also necessary to
consider the laser optical gain and efficiency together with the output, over a range of operatiny;
conditions. The operating characteristics for the compact XeCl laser are discussed in detail in
Chapter 6. These characteristics include the optimum mixture and excitation, the opticai gain and

the laser efficiency.
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Chapter 4

Investigations of the Discharge Voltage and Current Waveforms

Discharge voltage and current waveforms provide very important data in the study of gas
lasers. The laser output energy is related to the energy deposition into the discharge, which can
be calculated from the voltage and current waveforms. In addition, accurate measurements of
these waveforms are used to verify the validity of the kinetic model for the discharge, as
described later in Chapters 5 and 6.

The modelling of the discharge excitation circuit is described in Section 4.1. Measurements
of the discharge voltage and current waveforms are described in Sections 4.2 and 4.3,

respectively.

4.1. The Discharge Excitation Circuit.

In order to understand how electrical energy is transferred into the laser discharge medium,
it is necessary to investigate the current and voltage waveforms for cach component in the circuit.
The equivalent circuit for the discharge excitation, shown in Fig. 3.4, can be expressed by the

five differential equations

Ls(;fg‘. +RSG I, - & = , 4.1)
dt Cl
dr Q O -
D2 +RDWIL, + L - 2 =0 (4.2)
z RPOL T

&7
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I, = -d02 , (4.3)
- dt
L = _i(-?_, 4.4
dt
and
L=1-1 , (4.5)

where Q, and Q, are the charge stored in capacitors Cl and C2, and I, and [, are the currents
through the spark gap and laser discharge media. respectively. After the spark gap is triggered,
resistance RSG quickly reaches a constant value of =1 Q (see Section 4.3). The discharge
resistance RD is initially an open circuit. When the voltage across the discharge medium reaches
some critical value, an avalanche discharge begins, and the value of RD drops very rapidly. The
measured voltage and current waveforms (see Sections 4.2 and 4.3) show that RD decreases to
<1 Qinatime <2 ns, and then remains approximately constant during the duration that the

laser operates. The time-dependent vaiue of RD used in the Eq. (4.2) is evaluated from

d

RO = T om e

, (4.6)

where g, is the electron mobility, n, is the electron density, d is the distance between the
etectrodes, and A=1h is the active discharge cross-sectional area. The length of the active
discharge medium (1) is approximately the length of the electrodes. Dimensions d and h are
determined from the cross-section of the laser output observed at the end of the laser cavity.
Parameters g, and n, are calculated from the rate equations describing the kinetic processes in the
discharge (see Chapter 6).

The numerical solution of Egs. (4.1) to (4.5) provide the voltage and current waveforms
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for all of the circuit components. The voltages across capacitors C1 and C2 are given by

¥

<!

VR
Voo [1de 4.7

and

Yex

-

1
V, - — [Ldt . 4.8)
0 sz -
where V, is the capacitor charging voltage. The voltage between the laser electrodes is

Veo = Ver = Ve (before breakdown)

or

Vep = 1L'RD(2) (after breakdown) . 4.9
"All the relevant waveforms are shown in Fig, 4.1. The circuit component values are provided in
Table 3.1. Discharge breakdown is assumed to commence when the voltage across the electrodes
reaches 20 kV.

The energies stored in the capacitors are calculated from

E. = —CiVg  (i=12) . (@.10)

[ o

The time-dependent energies for C1 and C2 are given in Figs. 4.2(a) and 4.2(b), respectively.
The powers deposited into the laser discharge and spark gap, calculated [rom
Eusg == 1,*RSG and Eg, = I,>RD, are given in Figs. 4.2(c} and 4.2(d), respectively. These
waveforms show that the energy is initially stored in C1 and C2, and that the voltage across the
discharge is zero. After the spark gap is triggered, the spark gap conducts, producing a series

oscillatory circuit. Soon after the voitage across C1 is reversed, the voltages across Cl and C2
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add, When a critical voltage is reached, the laser discharge begins. The time delay between
spark-gap breakdown and laser medium discharge is controlled mainly by the inductance LSG.
After discharge breakdown, most of the energy stored in CI and C2 is deposited into the
discharge.

Discharge breakdown occurs approximately 13 ns after spark-gap breakdown. The laser
emission is observed to peak approximatety 10 ns after discharge breakdown (i.e., 25 ns after
spark-gap breakdown). This time delay, which is controiled by the kinetic reactions in the

discharge, is discussed in Chapter 6.

4.2. Measurements of Discharge Voltage Using an Electro-optic Technique.

Standard high voltage probes are unsuitable for measuring the voltage between the
electrodes in the compact short-pulse laser used in the research. This laser has an avalanche
voltage falltime of =1 ns and an effective discharge duration of <15 ns. Furthermore, the
electrodes are isolated from "ground". Optical techniques for measuring voltage provide the
necessary isolation. In addition, the effects of electromagnetic noise on measurements can be
greatly reduced in comparison to standard high voltage probes.

KDP Pockels cell has been employed for measuring the discharge voltage of a TE N, laser
(Mitani and Nakaya, 1978). One disadvantage is that this material is hydroscopic. Measurements
have also been carried out using Kerr cells (Bergmann and Kolleogy, 1977). However, these
devices have greater nonlinearity than Pockels cells. A Pockels cell employing a quartz crystal
provided a reliable and accurate method for measuring the voltage between the electrodes in our

compact XeCl laser. Both the Pockels cell and the basic experimental arrangement used in this
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thesis work are similar 1o those described in the paper by Ballik and Liu (1983, but with

improved components to provide better time resolution and signal-to-noise (SNR) ratio.

4.2.1. Principle of the Voltage-Measurement Technique.

The measurement technique is based on voltage-induced polarization changes in the optical
jadiation passing through an appropriate crystal. In the present research. a quartz crystal was
used. This material belongs to the 32-symmetry point group. If an external voltage V is applied
across the crystal in the x-direction of the index ellipsoid. and the radiation propagates along the

z-direction, then the phase retardation between the polarizations in the x- and y-directions is

2
Ab = b, - b, = %ngyuzg . @.11)

where 1 is the crystal length in the z-direction, d is the crystal thickness in the x-direction, n, is
the refractive index in the absent of applied voltage, «,, is the first element in the electro-optic
coefficient tensor. and A is the radiation wavelength. The voltage required to produce a A2

retardation {A¢==) can be calculated from

Vin = Adi2nly,, . 4.12)
The calculated value is in good agreement with the measured value given in Section 4.2.2.

A cross-vectional view of the X¢Cl laser body, the Pockels ceil and the mounting assembly
is shown in Fig. 4.3. The quartz bar has dimensions 1.0 x 2.1 x i4.0 cm’ (x, y and 2 axes,
respectively), and polished ends for the optical path. The voltage between the electrodes (i.e., the
discharge voltage) is applied across the x surfaces of the bar by means of copper-foil ¢lectrodes
connected to the laser electrodes.

The experimental arrangement for voltage measurements is shown schematically in
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Fig. 4.4, A 2-mW He-Ne laser (Melles Griot 03-LHR-121) was camployed as the radiation
source. All measurements were made after the laser output was stable (several minutes operation).
The axes of the input and output (analyzer) polarizers are perpendicvlar to each other, and at45°
to the crystal x- and y-axes. The response time of the PMT (RCA C7151W) was improved by
reducing the number of active dynode stages in the photomultiplier from 10 to 5 (dynodes 6 to
10 connected tc the anode), and by PMT operation at high voltage (12 to {3 kV). The PMT
output was recorded using a fast response (0.6-ns risetime) storage oscilloscope {Tektronix 7834).
To reduce the electrical noise caused by discharge. the PMT and connecting cables were shielded.

A mechanical beam switch (1-mm diameter aperture) is used 1o pulse the He-Ne laser
radiation in order to prevent damage to the photomultiplier. In pulsed input operation, the
photocathode can tolerate much higher incident intensities than in continuous input operation. The
higher intensities are required because of the reduced gain of the PMT resulting from the reduced
number of dynodes. A schematic of the beam switch is shown in Fig. 4.5. The basic component
of the switch is a relatively fast relay (Potter & Brumfield PRD5SDYO) with an extension on the
armature for the aperture. The assembly is adjusted to have one contact of the relay making
contact at the instant that the aperture axis is coincident with the axis of the laser beam. When
the relay is operated, the aperture assembly is attracted to the relay magnet. At the time that the
radiation through the Pockels cell is a maximum, the relay contact closes and provides a trigger
signal for the spark-gap circuit.

The PMT output current [ is proportional to the intensity of the incident radiation on the
photocathode. This intensity is determined by the analyzer axis. The normalized PMT output

current is given by
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Fig. 4.6. (2) Normalized output current from a photomultiplicr as a function of the normalized
applied voltage across a Pockels cell. The operating point (op) is at IN,,=0.5. (b) Percent error
in the normalized peak-to-peak voltage operating symmetrically about V,=0.5 or V,=1.5.
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oV "
il . =sinc[— « 0] {(4.13)

where V,=V/V . and 0 is a phase shift which may be caused by imperfections or stress within
the crystal. This phase shift can be changed or eliminated by use of a compensating plate. A
curve of Eg. {4.13) for §=0 is provided in Fig. 4.6(a). An important parameter in the
measurement of voltage waveforms is the linearity of the output signal. Let the initial phase shift
# be s=t at the operating point (op) as shown in Fig. 4.6(a). At this point. the output (I/L,,) is
symmetrical with the applied voltage (V/V,), and has the best linearity. The ratio of the

observed voltage (V,,) to the applied voltage (V,} is given by

vV, = [sin(r AV))/(= AV) (4.14)
where 2AV, is the total normalized peak-to-peak voltage symmetrical about op in Fig. 4.6(a).
Figure 4.6(b) shows the percent error as a function of 2AV,. It can be seen that the error is
acceptably small for relatively large values of AV,. For this research, a linear relationship
between V,, and V, has been assumed because 2AV, was generally less than 0.3, If more accurate
results were required, the correction could be carried out using Eq. (4.13). In addition, the

absolute magnitudes of the voltages can always be calculated using Eq. (4.15) in the next section.

4.2.2. Experimental Results.

An approximate calibration of the quartz crystal can be made by applying dc voltages
across the crystal. However, the static value of V,, will always be considerably less that the fast
response value. For the crystal used in the present measurements, the static value was found to
be V,,,=28.6 kV. This is considerably less than the fast response value obtained from Eq. (4.15).

The time response of the detection system was determined using a LED radiation source



S0

with a pulse duration of approximately 0.1 ns. The pulse duranon observed with the oscilloscope
was 2 ns (FWHM) with a waveform which is approximately Gaussian in shape. This duration is
limited primarily by the photomultiplier. The risetime for the quartz crystal and the oscilloscope
are <0.5 ns and 0.6 ns, respectively.

Typical discharge voltage waveforms for capacitor charging voltages ot 12, 15 and 18 kV
are given in Figs. 4.7(a) to 4.7(c), respectively. These are taken from photographs of the
waveforms obtained with the oscilloscope. The magnitude of the breakdown voltage can be

calculated using

V,, = Voo + Vg = Vyll-cos@ny/Dexp(-An] . 4.15
where V, is the capacitor charging voltage and t is time from spark-gap breakdown to discharge
breakdown. The period T and the decay constant A can be calcuiated from the measured current
waveforms in the spark-gap circuit when the laser head is removed from the circuit board (see
Section 4.3.2.). This corresponds to leaving switch SD in Fig. 3.4 always open. From Fig. 4.7
it can be seen that the time to discharge breakdown decreases with increasing charging voltage.
However, both the observed and calculated breakdowa voltages only increase slowly with
increasing charging voltage.

The deconvolution of a Gaussian instrumentation response (2 ns FWHM) from the
observed data shown in Fig. 4.8 (Curve A) results in Curve B. An interesting feature of Curve B
is the dip appearing immediately after breakdown. This dip results from the inductance in the
laser discharge circuit. At the moment of avalanche breakdown, the discharge current increases
very rapidly, causing a rapid decrease in the voltage between the electrodes. The decrease is
sufficiently fast that this voltage may approach zero. To observe such a low value would require

much better instrumentation than was available for this research.
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After breakdown, the voliage is a damped oscillation with a period of =14 ns. This
waveform has the same period, phase and exponential decay as the discharge current waveform.
It follows that the impedance of the discharge is resistive and approximately constant in value

during the duration of the main discharge.

4.3. Measurement of Discharge Current.

Current waveforms provide essential information on the characteristics of the laser gain
medium. These waveforms are related to the electron density, the electron energy distribution and
the conductivity of the discharge medium. Therefore, accurate current measurements help to
establish the accuracy of the models for both the excitation circuit and the Kinetic processes in
the discharge plasma. This section describes a current probe employing a Rogowski coil which
is capable of observing the short duration current waveforms present in our laser. Also included

are data measured with this probe.

4.3.1. Current-Measurement Technique.

The Rogowski probe consists of a small copper coil wound at the end of a coaxial cable,
as shown in Fig. 4.9(a). The shield is constructed using an insulated overlap in order to avoid
a "shorted" turn around the coil. An additional flexible shield is placed over the full length of the
coaxial cable. This provides a substantial reduction in electrical noise. During measurement, the
probe and connecting cable are contained within a polycarbonate tube (0.5-in 1.D.,0.12-in wall
thickness). in order to insulate the probe from the capacitor plate. The probe output was recorded

using a fast (0.6-ns risetime) storage oscilloscope (Tektronix 7834).
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Fig. 4.9. (a) Cross-sectional view of the Rogowski-coil current probe. (b) Experimental
arrangement for current measurements.
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The measurement technique is based on Faraday's Induction Law. When a Rogowski coil

is positioned near a time-varying current source. the resultant magnetic field induces a secondary
current in the coil which is proportional to the source current. The equivalent circuit equation for

the probe can be represented by

o % e (4.16)

dt da
where i, is the induced current in the coil, ¢ is the magnetic flux parallel to the coil axis, L is the
cotl inductance and R is the total resistance (including load). The Fourier-Transform solution of

Eq. (4.16) is

2ajv

(v) = 4.17
1) = W 4.17)

where I,(#) and ¢(») are the induced current and the magnetic flux, respectively, in the frequency

domain. The relationship between the magnetic flux at the coil and the source current is

o0 = Mif) (4.18)
where M is the mutual inductance between the source circuit and the Rogowski coil. In the
frequency domain, Eq. (4.18) can be written

O(v) = M I(v) . 4.19)

Substitution of Eq. (4.19) into Eq. (4.17) results in

2wjvM
Iy = —<~¥H% . (4.20)
v R+2mjvL V)

Therefore, the source current in the time domain is given by



R _,.j\L

i = Fli(v) = I Iy . (421

Both R and L are relatively easy to determine from measurements of square-wave current
sources. It can be seen from Eq. (4.21) that the time constant L/R can be an important tactor.
A reasonably large L/R is required if relatively-low-frequency components are present in the
waveforms (i.e., L/R affects the low-frequency response).

In principle, the probe can be calibrated tfrom the parameters of the system, The muwal
inductance between the Rogowski coil and the Blumlein circuit board can be calculated with a
reasonable degree of accuracy. However, it is much easier to calibrate the probe using a known

current waveform, as described in Section 4.3.2.

4.3.2. Current-Waveform Measurements.

The basic experimental arrangement for the measurement of current waveforms in the
spark-gap and laser-discharge circuits is shown in Fig. 4.9(b). For clarity, the ‘rsulating tube
surrounding the probe and cable are not shown. The Rogowski coil assembly is placed directly
on top of the circuit-board capacitor. The response time of the instrumentation is determined
primarily by the oscilloscope. The induced current in the Rogowski coil can be calculated from
the voltage observed with the oscilloscope, divided by the oscilloscope input impedance
(R=350 Q). The seif-inductance L of the Rogowski-coil probe used for our measurements was
approximately 10 zH. For the compact XeCl laser, » in Eq. (4.21) is in the region of 100 MHz.

Consequently, R in Eq. (4.21) can be taken as zero, and the equation put in the form



i = FUSION = 20 . 4.22)

As mentioned previously, the current probe characzeristics can be found by calculation of
the mutual inductance M. In practice, this is a relatively difficult procedure. A more practical
approach is to calibrate the probe by observation of the current in the spark-gap circuit alone

(i.c.. when the laser head is removed). This curren: is given by

I = Isin@ny/Dexp(-An (4.23)
where T is the period and A the decay constant of the observed waveform. The value of I, can
be calculated from the energy stored in the capacitor.

Measured current waveforms for the spark-gap circuit, for different capacitor charging
voltages, are given in Figs. 4.10(a) to 4.10(c). For these measurements, the current probe was
located at the strip connecting the spark gap to the circuit board. The waveforms in Fig. 4.10
share a common oscillation period T=42 ns and damping factor A=0.43-10°. This damping
factor is directly related to the impedance and inductance by A=R/2L. The period of oscillation

in the spark-gap circuit is given by

I (4.24)

LC

T =2n (,,—’i)'-' :

where, trom Fig. 3.4, L=LSG. C=Cl and R=RSG. From Table 3.1, C,=1.56 ns. Therefore,
solution of Eq. (4.24), using A=R/2L (evaluated from Fig. 4.10), results in LSG=27 nH and
RSG=1 1.

The discharge current waveforms for several capacitor charging voltages are shown in

Figs. 4.11(a) to 4.1 1{c). All waveforms have the same period T=13.8 ns and the same damping
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factor A=0.038-10". These wavetorms can be represented by I=Lsin{27t/ 13.6)exp-0.0580,
where € is in nanoseconds. The only major difference between the wavetorms is the magnitude
I,. which is approximately proportional to the charging voltage. Using an amalysis similar to that
used for the spark gap circuit. the total inductance of the laser discharge circuit is LD=6.0 nH.
and the total impedance is RD=0.8 2. A calculated current waveform is also included in
Fig. 4.11(b), which is in good agreement with the measured curve.

Transmission line behavior may have a significant influence on a high frequency circuit
when the sizes of circuit components are comparable to the wavelength of the clectromagnetic
signal. In the present system, the capacitors have length 1=26.7cm, separated by a dielectric with
a dielectric constant n=4.3. The discharge current has an oscillation period of 13.6 ns, with a
corresponding wavelength of 95 cm. The round-trip time t, of the electromagnetic wave in each
capacitor board is 2nl/c=3.69 ns. The most simple transmission line approximation for the
discharge circuit is shown in Fig. 4.12, where Cil, C12, C21 and C22 cach have half the value
of either C1 or C2 in Fig. 3.4, The values of L1 (0.22 nH) and L2 (0.22 nH) are obtained from
T,=(1/L1-C1)"* and T,=(1/L2-C2)'*, respectively. Discharge current and voltage waveforms,
calculated using lumped circuits and the transmission line approximation, ure compared in
Fig. 4.13. Both calculations give essentially similar results. Consequently, it is not necessary to
consider the transmission line characteristics of the circuit-board capacitor employed in the
present system. Similar results are obtained if several m-sections are used lo represent each

transmission line.
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Chapter 5

Elcctron Impact Collisions in Discharges

Electron impact collisions are one of the most important kinetic processes in a discharge.
The rates of these collisions are determined mainly by the collision cross-sections and the electron
energy distribution function.

Free clectrons present in a discharge obtain their kinetic energy from the electric field
applied between the electrodes. This kinetic energy is transferred to the various species present
in the gas via elastic, inelastic, superelastic and dissociative-attachment collisions between the
electrons and the species, as well as by electron-electron coulomb collisions. The electron energy
distribution, which characterizes a statistical behavior of the electrons, is determined by the
applied electric field and by all of the collision processes.

The electron impact collisions employed in our calculations of kinetic processes are listed
in Table 5.1. The classical and quantum theories of elastic collisions are discussed in Section 5.1.
Section 5.2 introduces inelastic, superelastic, and dissociative-attachment collisions. The
Boltzmann equation for the electron energy distribution is presented in Section 5.3. In

Section 5.4, the parameters which describe the properties of the discharge are calculated.

5.1. Elastic Collisions.

In an elastic collision, the total kinetic energy of the system of colliding particles is the

same before and after the collision, and there are no permanent changes in the internal excitation

93
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Table 3.1. Electron Impact Collisions in Xe/HCl/He(Ne),

No. Collisions Reference

1. e+ Xe—Xe + e Hayashi (1983)

2. ¢+ He—He + ¢ Nesbet (1979, Crompton ¢t al (1967)

3. e+ Ne-——Ne +e O’Malley and Crompton (1980), Fon
and Berrington (1931)

4. e + HCl(v=0) — HCl{v=0) + ¢ Padial et al (1983}, Lee (1983)

5. e+ Xe—Xe" + e Schaper and Scheibner (1969),
de Heer et al (1979)

6. ¢ + He— He" + ¢ Schaper and Scheibner (1969),
Borst (1974)

7. e+ Ne— Ne + e Schaper and Scheibner (1969),

8. e + HCi{(v=0) — HCl(v=1) + e Rohr and Linder (1976)

9, e + HCl(v=0) — HCI(v=2) + e Rohr and Linder (1976)

10. e+ Xe-—Xe* + e Rapp and Englander-Golden (1965)

11. e+ Xe —Xe" +e Ton-That and Flannery (1977)

122 e+ He—He* + ¢ Rapp and Englander-Golden (1965)

13. e+ He"—>He* + e Vriens (1964)

14. e+ Ne—Ne* + e Rapp and Englander-Golden (1965)

15. e + Ne'— Ne* + ¢ Ton-That and Flannery (1977)

16, e+ Xe —Xe+e

17 e+ He —He+ e

18. e+ He— He+e

19. e+ HCl(v=0)—H + CI' Orient and Srivastava (1985)

20. e + HCl(v=1)—H + CI’ Domcke and Miindel {1985)
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energies of the collision partners. Both linear and angular momentum are conserved at all the
times throughout the collision. The differential elastic-scattering cross-section o,(6.¢) of a target
particle is defined as the number of particles (N,) scattered into a unit solid angle, divided by the
number of incident particles (N;) crossing a unit area per unit time, i.e.,

N(8.9)
N,

0 08) = (5.1)

The total elastic-scattering cross-section g, is given by the integral of the differential cross-section

over all angles, i.e..

nn

a;, = ffos(e’¢)3‘lne daédd . (5.2)
00

Determining differential cross-sections is the basic problem in the study of collision
processes. Both theoretical calculations and experimental measurements play important roles in

the evaluation of the cross-sections.

5.1.1, Classical Theory and Momentum-Transfer Cross-Sections.

Consider two particles of masses m and M interacting with each other via a central
potential V(r). To simplify calculations, the analysis is carried out in the center-of-mass (CM)
coordinate system. The relationship between the scattering angles in the laboratory and CM
systems is shown in Fig. 5.1, where 8,,, and O, are defined as the scattering angles of the mass
m in the laboratory and CM systems, respectively. The scattering distribution is independent of

the azimuth angle in a central potential interaction. Therefore, ¢,,=d¢cy=¢, and
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a(6.0)dQ,,, = 0(8,0)dQ.,, . (5.3)
The relationship between the cross-sections in the laboratory and CM systems is (McDaniel,

1564)

2, + 172
L7 2&%‘;’:2 1500 (5.4)

0,(8.9) =

Figure 5.2 shows the collision in the plane perpendicular to the direction of angular momentum.
Masses m and M approach each other with an initial velocity v,. Other important parameters are
the impact parameter (b). the distance between m and M (r=r,+r,), the orientation angle of
T (@), and the value of ¢ at the smallest value of r ($ at r,). The conservation of energy and

angular momentum for the collision system are expressed by

1 2 1 . 2.
EM'VO = EM’(r- + gty + V(D (5.5)
and

Mbv, = M (5.6)

where M, =mM/(m+M) is the reduced mass of the system. From Egs. (5.5) and (5.6),

dr _drdp P V(r) Bop
—_— = -—l— = % —[1 - —-"— - —_’] . (57)
de dt dt b Myi2 7

The negative and positive signs are for the incoming and outgoing branches of the trajectory,

respectively. The angle & is given by
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Fig. 5.2. A schematic of the collision between m and M, where b is the impact parameter, r is the
distance between m and M (r=r_+r,;), @ is the angle of orientation of r, and @ is the value of ¢
at the smallest value of r (r,). Note that r, is located along AB in the figure.
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D = fd(pd f[ . v y - P dr (5.8

6/-
It can be shown that the trajectories for both m 2nd M are symmetrical about r,, at an angle

(McDaniel, 1964). Therefore, @==-2¢ and

8 =n - 2bfira - Ly - g (5.9)
A My

Consider that a particle of initial velocity v, is scattered into a solid angle element

Jfey=27sin© dO. The necessary and sufficient condition for this to occur is that the particle is

incident through an annular ring with inner radius b and outer radius b+db, i.e.,

|2nb db| = |0 (8) 2= sin® dB| . (5.10
Equation (5.10), which is the differential cross-section, can be calculated using the expression for
0 in Eq. (5.9).

In the study of discharge kinetics, the momentum-transfer cross-sections are more
important than elastic-collision cross-sections. The cross-sections for momentum transfer and
kinetic-energy transfer must be weighed according to the corresponding momentum or kinetic-
energy loss in each collision. For electron cotlisions with heavy species, the electron mass {m)
is much less than the mass of the collision partner (M). Using the momentum and energy
conservation equations for the system, it can be shown that the fractional momentum loss for the

electron is

5, = (1 - cos®) (5.11)

and that the fractionat kinetic energy loss is
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2m

6:_1__
M

(1 - cos® . (5.1

From Eqgs. (5.3) and {5.11}. the total cross-section for momentum transter is

o, = [(l - cos8) 0 (@)dQ, . (5.13)

Equation (5.13) is a measure of the average momentum or Kkinetic-energy toss (8, o« §,) for

m

particles of mass m in collision with particles of mass M. The largest contribution to the cross-

section is at large scattering angles.

5.1.2. Quantum Theory.

In classical collision theory, the orbits of the colliding partners are well-defined. According
to the Heisenberg uncertainty principle, this theory is only a good approximation for the limiting
cases of heavy particles or at high temperatures. where the uncertainty of particle location is
relatively small. Furthermore, the classical theory doesn’t explain the symmetrical exchange effect
for identical particles. In quartum theory, the de Broglie wave function ¥( 1) is introduced.
Physically, | ¥(r.t) |*d®T is the probability that, at time t, the particle described by the wave-
packet state ¥(T,t) is located inside the volume d*t at position T.

Consider elastic collisions in a long-range central potential, and in CM coordinates as in
Fig. 5.2. The time-independent Schrodinger equation is

2 - - -
(2_:442 v E)ED = VOTD (5.14)

r

where E, =#'k*/2M,, k is wave number, and
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Note that only cigenstates in the form of an incident plane wave plus scattered wave, and with
eigen energy E, > 0, are needed for the solution of scattering problems. The asymptotic solution

of Eq. (5.14), employing Green's function. is

scait

ikr
gy -9 =24l @) (5.16)
r

where f(©) is called the scattered amplitude. The differential scattering cross-section is defined

as the scattering flux into an area dA, divided by the incident flux and dQ. Therefore,

0 (0) = EM/l"dQ = [ie)F . (5.17)
! m re m

The partial wave method and the Born approximation are two approaches for solving
Eq.(5.14). In the partial wave method, the wave function ¥(r.t) is separated into the product of
R(r) and Y(O) (¢ is omitted because there is no dependence on the azimuthal angle in central

potential scattering). The wave equation, Eq. (5.14), becomes

2M V)
l_fd_(rlﬂ) T e —.  _ l(f+1)]R =0 (5.18)
r2dr dr W r
and
1 d,. .4dY
— L (sin@=—= nyY =0 , (5.19
e o0 T I

where / is angular-momentum quantum number. The solutions of Eq. (5.19) are the Legendre

polynomials P{cos®), and the solutions of Eq.(5.18) have the asymptotic forms
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R(r) = [Tlrsin(kr - f;} LR 11 B (5.2

where 7, is called the /fth phase shift, which depends on both the wavenumber k and the potential
V(r). Therefore, ¥(r.©) can be written as an expansion of the angular-momentum eigenstates

P(cos©), i.c.,

¥(r,®) = Y AP (cosB)R(D) (5.20)
1.0
where A, are arbitrary constants. By comparing the scattered and incident wave functions. the
scattered amplitude f(©) can be obtained from (McDaniel, 1964)

L @i+ 1)e™ - )P(cosB) . (5.22)
?..Ikg.o

fi8) =

Therefore, the differential elastic cross-section is

e (®) = O} = %|E (2l+l)ei"'sinnl Pfcos®)* (5.23)
* o

and the total elastic cross-section is
o, = 4_112 (2! ~+ ])sin""n‘ . (5.24)
’ 1o

Note that the partial wave method has an advantage only for smail-energy scattering, where only
a few n, with low / make a significant contribution to the scattering cross-section g,. Otherwise,
it would be a formidable task to calculate g,.

In contrast to the partial wave method, the Born approximation applies to the high energy

case (E, > > V(r)), where the effect of the scattering potential is small on partial waves of higher
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quantum number {. Following Baym’s approach (Baym, 1973), the expression for the first-order
Born approximation for n, is given by
k
2

= - 2 fav ligkn (3.25)
0

n
f X

where j(kr) is the /th spherical Bessel function. If the scattering potential has a small effect on
all partial waves, then the Born approximation for f(©) is
£8) = - S fdr RV (5.26)
2an-

The cross-section can be evaluated from Egs. (5.26) and (5.17) provided that the interaction

potential is known.

5.1.3. Cross-Sections Used in the Calculations.

Both experimental measurements and theoretical calculations are employed to study the
momentum-transfer and elastic-scattering cross-sections. In general, the experimental methods
include direct single-beam measurements (which are efficient for electron energies lower than the
first excited level of the target gas molecule), diffusion methods (applicable at extremely low
energies), microwave methods (cover the energy range from thermal to several eV), and crossed-
beam methiods (suitable for chemically unstable systems). Elastic-scattering cross-sections are
relatively easier to measure for rare gases because these gases are chemically stable.

The momentum-transfer cross-sections used in our caiculation are recently published data.
The data for He are shown in Fig. 5.3(a). The data for the energy range from 0.1 to 12 eV are
taken from Nesbet (1979). These are based on variational calculations for s- and p-wave shifts,

and the partial-wave Born approximation for phase shifts /> 1. The Nesbet data are in good
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agreement (better than 1.5% ) with those obtained by Crompton et al (1967) and by Milloy and
Crompton (1977) from electron-swarm measurements. In addition, the difference between the
Neshet data and the data from the crossed-beam measurements of Andrich and Bitsch (1975) is
< 4% For the energy range from 12 to 100 eV, the data are taken from the R-matrix czlculations
of Fon et al (1981). which are in excellent agreement (better than 1%) with the data from Nesbet
{1979) in the region where the calculations overlap (5 to 12 eV).

For energies below 2.17 eV, the cross-section data for Ne in Fig. 5.3(b) were obtained by
O'Malley and Crompton (1980) from an analysis of the drift-velocity data taken from Robertson’s
measurements (1972). The data for the higher energy range (5 to 100 eV) were obtained by Fon
and Berrington (1981) using R-matrix calculations. The reliability of these calculations is
confirmed by the good agreement of the calculated total elastic cross-sections with previously
measured data,

The Xe data used in Fig. 5.3(c) are from Hayashi’s (1983) recommended data for the
energy range 0 eV < ¢ < 10'eV. These are based on the analysis of the experimental and
theoretical data of Ramsauer and Kollath (1932), Frost and Phelps (1964), Braglia et al (1965),
Schackert (1968), Williams and Crowe (1975), Riley et al {(1975). Heindorff et at (1976), and
Klewer et al (1980). The dip in the curve appearing at lower energies is due to the Ramsauer-
Townsend etfect for heavy rare-gas atoms.

It is difficult to measure the momentum-transfer cross-sections for HCI because of the large
cross-sections for vibrational excitation and dissociative attachment at low energies. Theoretical
values of the momentum-transfer cross-sections (0 eV < & < 11 eV) for this polar molecule
were determined by Padial et al (1983) using close-coupling calcutations. The cross-sectional data

for HCI are shown in Fig. 5.3(d). The data from Lee (1983) are used at energies > 11 eV.
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5.1.4. Electron-Electron Coulomb Collisions.

For scattering of identical particles. the wavefunction mwust be either symmetric or
antisymmetric (with respect to the interchange of the particles). depending on whether the spin
quantum number is integer or half-integer. respectively. The ditferential cross-sections for a

system with even spin is (Landau and Lifshitz, 1977)

g 0) = |A8) + An-O* . (5.27N

s—s-ym(

and for odd spin is

(©)

f®) - An-O)° . (5.28)

us-ann’
For each system, alt of the spin states have equal probability. Therefore, the differential cross-
section for each system must be the sum of the appropriately weighted symmetric and

antisymmetric cross-sections. The differential cross section for half-integer s is

) s+l
a, = 2S+lo.-r—sym i (5.29)

where s is the spin number for a single particle. Similarly, the expression for integral s is

5 s+l
g, = ES'Tlos-an:i * E;:—l'o.r-sym . (5.30)

Because electrons are particles with half integer s, the cross-sections are calculated using
Eq. (5.29). Similar to the approach used for Eq. (5.23), the scattering cross-sections can he

calculated by the phase shifts of partial waves, yielding

I

Osesym = 2

| @I+1)(e™™-1)P(cosB) | (5.31)

even |

and



6. = — |3 @L-IXeM-DPcos@) . (5.32)

2k* oddt

The cross-sections for electron-electron Coulomb collisions can be calculated from (Rosenbluth

et al 1957)

"o =
ot dneye 2eqe
g, = In[— -

ce - el T (5.33)
4neagz e= 3ne-

where ¢, is the vacuum permittivity, ¢ is average electron energy, and ¢ is electron energy in
Joules. The calculated cross-sections, as a function of electron kinetic energy (e in eV), are given

in Fig. 5.4.
5.2. Electron-Impact Inelastic Collisions in a Discharge.

In contrast to elastic processes, the total kinetic energy of colliding particles changes after
an inelastic collision. There is a permanent change in the internal energy of the collision partners.
The important electron-impact inelastic collisions in our discharge plasma include excitations of
atoms (Xe, He and Ne) to metastable electronic states, vibrational excitation of HCl molecutes,
ionization of atoms from the ground states (Xe, He and Ne) and from the metastable states (Xe’,
He" and NeY). and electron atiachment to the molecules HCI and HCI(v). The energy thresholds
for all of these processes are given in Table 5.2. The cross-sections for these collisions,
determined by experimental measurements or theoretical calculations, are discussed below.

lonization produces charged residual heavy ions, and these ions can be easily detected by

electric current measurements. This is used as a generai method for the determination of



Table 3.2. Threshold Energies for Inelastic Collisions,
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Scatterer Product Threshold (eV)
Xe Ne' 3.32
He He’ 18.99
Ne Ne’ 16.30
Xe Xe* 12.13
Xe’ Xe* +4.00
He He* 24.59
He’ He* 5.48
Ne Ne* 21.50
Ne® Ne* 4.95
HCl(v=0) HCl(v=1) 0.33
HCl(v=0) HClv=2) 0.70
HClv=0) Cr 0.24
HCl(v=1) cr 0.45
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ionization cross-sections. Rapp and Englander-Golden (1965} give reliable experimental results
for the total ionization cross-sections of He, Ne, Xe, and other rare gas atoms, at electron
cnergies ranging from their ionization thresholds to I keV. Results for electron energies
<100 eV are given in Fig. 5.5. The data for He are in excellent agreement with the early
measurements of Smith (1930) employing electrons with energies <80 eV. The validity of the
data for Ne is confirmed by the results of de Heer et al (1979). There is also good agreement
(better than 1%) between the Xe data of Rapp and Englander-Golden and those of Schram et al
(1965).

Measurements of excitation cross-sections are more difficult than those for ionization
because excitation is not directly related to electric current flow. The conventional, but difficult
method for determining excitation cross-sections is based on measuring the spectral profile of the
emission from the excited states. Data for the excitation crbss-sections are shown in Fig. 5.6. The
excitation of He. Ne and Xe to their corresponding metastable states He'(2°S, 2'S and 2°P),
Ne'(3'S. 3'S and 3°P) and Xe'(6°S. 6'S and 6°P) were measured by Schaper and Scheibner (1969}
at the lower electron-energy regions. Higher energy (>25 eV) data for He are taken from the
measurements of Borst (1974), which are consistent with the measurements of Schaper and
Scheibner in the overiapping energy range (19.8 to 25 eV). For Ne at energies greater than
22 aV. the data from de Heer et al (1979) are used. The semi-empirical of de Heer et al (1979)
is also used for Xe at energies > 30 eV. A linear approximation is used between these two groups
of data because data for energies in the range from 22 to 30 eV are not available.

The cross-sections for ionization from the metastable states of He’, Ne” and Xe” are shown
in Fig. 5.7. The data for He" are those calculated by Vriens (1964). The data for Ne® and Xe'

are taken from the results of Ton-That and Flannery (1977), which were calculated using the
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Born half-range theory. All of these data are in excellent agreement (better than 5%) with the
calculations of Hyman (1979).

Vibrational excitation of HCl(v=0) to HCi(v=1,2) and the electron dissociative attachment
of these molecules are low-energy scattering processes. The cross-sections for excitation from
v=0 to v=1,2, shown in Fig. 5.8, are based on the experimental data of Rohr and Linder
(1976). The reliability of these data is confirmed by the calculations of Domcke and Miindel
(1985). Figure 5.9 shows the cross-sections for electron dissociative attachment. These data, also
from Domcke and Miindel {1985), are in good agreement with the measurements of Orient and

Srivastava (1985), and with those of Abouaf and Teillet-Billy (1977).
5.3, The Boltzmann Equation and the Electron Energy Distribution.

The energy distribution of electrons plays an important role in determining the properties
of a gas or plasma. For a system in thermodynamic equilibrium (no externally-applied electric
field and only elastic collisions), the free-electron energy distribution function is a Maxwellian
distribution, In a discharge plasma, where an applied electric field always exists, free electrons
encounter both elastic and inelastic collisions with the various chemical species present in the
plasma. Consequently, the electron energy distribution is no longer Maxwellian.

The Boltzmann equation is a continuity equation in six-dimensional position and velocity
(. V) phase space. This equation describes the change of the distribution function £(r,v,t) under
the influences of applied fields, diffusion and various collisions. In general, the Boltzmann

equation is expressed as
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.QJ.“ RS VS E N f= (Ef). . (5.3
or m " &'

where (5f/6t), gives the rate of change of the electron energy distribution function caused by
collisions with various species in the discharge plasma. For electrons in an electric discharge, the
applied force F is -eE.

A spatially-homogeneous model is used for the analyses of our laser discharge plasma. This
is a reasonable assumption for our laser because the discharge is observed to have goad
uniformity in all of the active region. Spatial homogeneity implies that the electric field E. the
current density J, and the densities of all the species are coordinate independent. Therefore, the
term with the spatial gradient in the Boltzmann equation vanishes, and the equation becomes

¥ _eE g Y (5.35)
a m " 5r'c

Elastic collisions are the dominant collision processes in our laser discharge. Furthermore,
the average velacity gained by the electrons between coilisions (due to the external field) is much
Jess than the average thermal velocity. Therefore, the distribution function can be expressed as
isotropic term f, plus a small anisotropic perturbation f, in a first-order Legendre polynomial,

i.e.,

fnn = £ + cos fivd) (5.36)
where 6, is the angle between v and E. Following the procedure of Cherrington (1979),
Eq. (5.36) is substituted into Eq. (5.35). Applying the orthogonality properties of the Legendre

polynomials results in the two coupled equations

% _ e_E(_aﬁ _tEh _l_f(é-f)c do (5.37)
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and

af, o 3 5,
R O L R 8.(=L) dQ (5.38)
ar m (av) 4th €0 1(crt)

where the integrations are over the total 47 solid angle.
It would require a formidable effort to evaluate completely the collision integrals.
However, when elastic collisions of electrons with heavy particles are assumed to be the dominant

processes, Cherrington (1979) showed that collision integral in Eq. (5.38) is given by

2 [eos0, (D), d@ = v, ) £) = -5 N, o) (5.39)
4 at 7

where g,/(v) (cm?) is the momentum-transfer cross-section, v(v) (s') is the elastic electron-
molecule collision frequency, and N; (cm?) is the neutral gas density.

When the electric field is strong, the electrons become more energetic. Therefore, the
energy and momentum transfer between electrons and heavy particles during an elastic collision
must be taken into account. Ginzburg and Qurevich’s (1960) solution for the collision integral

in Eq. (5.37), influenced only by elastic collisions, is

%

D da - Lo, K20 vy (5.40)

where 6 = 2n/M is the average fractional energy transferred in an elastic collision. The neutral
particles are assumed to have a Maxwellian distribution characterized by the gas temperature T,
After substitution of Egs. (5.39) and (5.40) into Eqs. (5.37) and (5.38), the coupled

equations become

2%, _ %

o
o _ 18" 9= (3 (5.41)

—(— 5V, + kT2v OV
at mv*av 3 fl \’ Vf;)
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and

d -
....{I. - f_E (ﬁ) —\vm -fl. . (3.42)
ot m

where the subscript ¢ on the differential indicates the collision integral in the absence of elastic
collisions. The electric-field term varies slowly compared to the elastic collision term in
Eq. (5.42). For example, in our laser the reversal frequency of the electric field is approximately
10® Hz. but the collision frequency is approximately 10" Hz. Therefore, af,/t in Eq. {5.42) can

be neglected to give the quasi steady-state solution

f = By (5.43)

! i"ll\l'wl
Substituting f, from Eq. (5.43) into Eq. (5.41), and changing to energy as & variable using fy(€),

where £ = mv?¥/2, results in

%_ @, 2ee” E 2ee’E Do fi)
ot 28 ae 3mNo’ de M

4LT o 2Ty fo

where f(£) is the electron energy distribution function, with normalized value

femfo(e)de =1 . (5.45)

0

Following the procedure of Smith and Thomson (1978), consider the net change of the
density of electrons in the six-dimensional volume element (T, V) at time &t. Assume that the
molecular and atomic velocities are negligible compared to the electron velocities because the
atomic and molecular masses are much heavier. The contribution to (5f,/8t); from the excitation

and ionization processes (i.e., inelastic collisions) is
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of;

Gl = T NIE-2)0 e 26)(e) feIe ], 2 (546

where the electrons lose energy ¢ in these collisions. In the case of superelastic collisions, the

electrons gain energy ¢ from molecules in the excited states. Therefore,

) . l
(g)asupd ) ; NJ [}‘b(e-ej)a_j(s—ej)(c-sj) —fb(c)d_j(ﬁ)ﬂ] .;Iz-; ’ (3.47)

where N,-' are the number of molecules and atoms in the excited states. The cross-sections for
superelastic collisions, o(¢), are related to those of the relevant excitation collisions, gi(+¢),

by (Mitchell and Zemansky, 1971)

+E,
E:E;

(5.48)

0_(g) = aj(e +£J.)

[

For convenience of numerical calculations, the Boltzmann equation can be written in terms

of the electron number density n{g)=n.£'"f(€) (n, is the electron density), yielding

2 2
dn _ _ d 2Ne“(E[N) e(i_@n

o —, kT an
- K ey-kTe SR
ar de 3m(v/N} 28 3¢ O [o(nC 2 ) eaa)] '

+ ; N[R(e+epn(e+e)-R(en(e)] +

N ENJ.‘[R;(S—ej)n(s-sj)-R;(s)n(e)] , (5.49)
J

where
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v 2 M2 5 5 S0
i (=) Y 5,00} . (5.50a)

- 2e W2, & 0 () -
= 2mN(= s m . (5.500)
v iV m) Z; M

and where N=EN, R; and R; are the inelastic and the superelastic collision rates, respectively,

which are the products of cross-section and electron velocity v(g), i.e..

Rj(e) = UJ(S)V(E:) {(8.51a)

and

R/(e) = f:fi)oj(eﬂj)v(e) = o (eMe) . (5.51b)
]

The effects of electron-electron collisions are only significant in a highly-ionized gas. When

electron-electron collision are included, Eq. (4.49) requires the additional terms (Rosenbluth ¢t

al 1957)
a 23 % 350a,n n, "3.9n n
n £ 2 7 9 5 >
oy _ Byt 1 2 4 9p28% 0 00 _ 1 2 _ 1 ,
(at)"‘ G(m) O, f3e T+ 2 de de O¢ 28) vE Q(ae 2&:)] (3.52)
where
C 1: lu -l
Qe,t) = 3f ndx - —[xndx + 2¢2[x ndx (5.53)
o €9 .

An algorithm developed by Rockwood (1973) was used for the numerical solution of
Eq. (5.49). The electron-energy axis is first partitioned into K cells of width Ae using the finite
difference method. Parameter n, is defined as the number density of electrons with energy

between g,=(k-1)Ae and g," =kAe. Equation (5.49) is then converted into the set of k-coupled



ordinary differential equations

on

_ _ ! / -7 ! /
i Gy +bymy -(agrbngra ny by ~(ag+bn, +

ot 7
DN R, R )3 N Ry R (5.54)
J J

where my is the nearest integer to ¢/Ae. Parameters a, b are related to momentum-transfer

collisions, and a’, b’ to electron-electron collisions by

WNe* E, 1 . Ae. Yy kT . 2kTe,
= X (2 et L [(Tme)+—2] (5. 55)
3m N (v;IN)(Ae) 4" 2Ae 2 Ae
2Ne? 1 A v 2kTe
b, = 2 Ey NCRLS WL PR i I (5. 56)
3m N (v/N)(Ae) 4 2Ae 2 As
ay = z’jAHn, , (5.57)
and
b, = ZB"‘"‘ , (5.58)
respectively, where
2 1 -1 A
Ay = =(2Y20 [ Hyy rey  H Mo py -0.75) +

6 m

[P

(5.59)

(U -Hypep, +(L-Hy De(e u]
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2.3 2 3 -
By, = %(;)-G"f[(sk»tHk-l.i+ek Hy ) ey +0.75)

1 |

1. 5.60)
((I-Hy e, +(1-H Jedleg vl (
v
wor (e 2 2By By =0 (kD L (2D (5.61)
Ae e

Parameters a, and a,’ are interpreted as the rate at which electrons having enerpy g, are increased
to energy &.,. Similarly, b, and b,’ are the rates for a decrease of energy from g,,, to &. Note

that Eq.(5.54) can be expressed in matrix notation by

an,

= Ecldnl + ZTun, . (5.62)
ot I 1
where the elements of the matrix C,, are related to a,, b,, R; and R;’. The elements of Ty, are
related to a,’ and b,’, which are functions of electron density n,. Both C,, and T,, are matrices

with elements forming a band along the diagonal. Applying an implicit Euler algorithm

(Rockwood, 1973), Eq. (5.62) becomes the set of algebraic equations

(I ~Cyynft+h) = (Ly+hT(an(D (5.63)
where I,y =8, is the unity matrix, and h is the duration of the integration time step.

At time step t, n{t), C,, and T,, are all known parameters. Therefore, the electron energy
distribution n,(t+h) at time t+h can be solved from Eq. (5.63) using the Gaussian elimination
method (Ralston, 1965) for the matrix equation system [A]X=[B]. The calculated distribution
functions, with and without electron-electron collisions, are shown in Fig. 5.10 at time t=22.5 ns
after spark-gap breakdown. At this time, both the electron density and the effects of electron-

electron collisions reach the maximum values within the laser discharge. The electron-electron
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collisions tend to drive the distribution towards @ Maxwellian distribution. In our laser discharge
(see Chapter 6), the degree of ionization is less than 10®. As can be seen from Fig. 5.10, the

effects of electron-electron collisions can be neglected in the calculations of the kinetic processes

in our laser.
5.4. Collision Rates and Transport Coefficients.

The collision rate-coefficients of the various reactions, R; (cms), can be determined
from the collision cross-sections and the isotropic part of the electron-energy distribution. In our
laser, the anisotropic part of the distribution is negligible in comparison to the isotropic part,
Coefficient R, can be put in the form R;= <g;v>, where v is the relative velocity of the collision
particles. This is usually taken as the electron velocity for electron-species collisions, because the
velocities of the heavy species are much smaller than those of the electrons. Applying the

numerical code presented in Section 5.3, R; is calculated using

) faj(a)v(e)n(e)de
f n(e)de

(5.64)

where n(g) is electron density distribution obtained from the solution of Eq. (5.63). The
calculated rate-coefficients (constants) for the various collisions in the discharge (excitation,
ionization, dissociative attachment, and superelastic collisions) are shown in Fig. 5.11 as a
function of E/N (ratio of the electric field to the gas density).

The average energy of the electrons (¢) and the electron temperature (T,) are two
characteristic quantities determined from the isotropic part of the electron distribution. The energy

&, is calculated from
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f e n(e,t)de
fn(e,t)de

£ 1) = (5.65)

Figure 5.12 shows the calculated time-dependent average electron energy. The electron

temperature is defined by the average translational electron energy corresponding to a Maxwell-

Boltzmann distribution of electron energies, i.e.,

e n(e,Dde
3yp o J o e

2 ¢ f n(e,nde

(5.66)

Transport coefficients of a discharge system are of particular interest because these are
measurable parameters, By definition, the isotropic part of electron distribution function has no
direct contribution to the transport properties. Only the anisotopic part makes a nonzero
contribution to the electron conductivity, mobility and diffusion. This is shown by the calculation
of free-electron flow in a discharge. Consider that an external dc electric field E, is applied along

the z-axis. Therefore, the drift velocity of the electrons (v,) is also in the z-axis direction. The

current density is

v_fdQ
J. = -ne<V> = nee-——f S 49,

[rda,
f f (v cosB )(f, + f,cos0,)2nv’sin® dO dv f v, dv
= nett— s lpex (5.67)
[ [, + £icos8)2mv7sind,d6 dv [fviv
00 0
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Fig. 5.10. Electron-energy distribution function at time t=22.5 ns after the spark-gap breakdown.
At this time the electron density is a maximum. Curves A (solid) and B are the distribution
functions with and without electron-electron collisions, respectively. Curve C is the Maxwellian
distribution assuming the same average electron energy as Curves A and B. For this data, the gas
mixture is 0.8%Xe/0.39%HC!I/He at a pressure of 350 kPa and a charging voltage of V=15 kV.
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The variable v in Eq. (3.67) can be replaced by the electron energy e=mv*/2, and the distribution

function f, normalized using Eq. (5.45). Therefore, the current flow. as an integral of f,, is

ne Py
J, = __‘(E)lﬂf e f, de . (5.68)
3 m 2

From Eq. (5.43), f, can be expressed as a differential of f,. By definition, the conductivity o 1s

given by J,=6E,. Therefore,

_ _neeﬁf 2 e edfy/de

3 “m s E‘N,U‘m(e)
i

de (5.69)

where o, is the momentum-transfer collision cross-section, and N; is the density of the heavy
species involved in momentum-transfer collisions.

The electron mobility x is another transport parameter. When the potential energy between
the electrons z'md fons is negligible in comparison to the electron kinetic energy (both thermal and
electric field induced), the electron drift velocity in the field direction (v,) is proportional to the
electric field E (v,=u.E). The proportionality constant, which is the mobility p., is directly

related to the conductivity o by

J=0E = -nev=nepkE . (3.70)

After substitution of Eq. (5.69),

821[2 afd

Be =
3 m fENol(e)aa

(5.71)

The mobility u, decreases with increasing gas pressure, and with decreasing electron temperature.
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For calculations. use is made of the relationship between g, and the rate at which the electrons

pain energy. This relationship can be written in the numerical form (Rockwood, 1973)

(ag -by)nAc

B, = — (5.72)
Zk: E‘E n,
P
where
2Ne* E .
_ 2Ne (SP— 1 (gk+£.§)
m N ey 4
and
_ 2Ne? E 2 1 Ae

YU 3m N (vl]N)(Ae)z(ek 4

The discharge impedance is given by

d
Aep n,

R = (5.73)

where A is the cross-sectional area of the active discharge region, d is the distance between the
electrodes. and n, is the electron density evaluated from solutions of the rate equations for kinetic
processes (discussed in Chapter 6). The calculated and measured impedances are compared in

Fig. 5.13.

5.5. Summary.

In this chapter, various electron-impact coilisions in a discharge are discussed. The
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Fig. 5.12. Calculated time-dependent average electron energy. The discharge parameters are the
same as those for Fig. 5.10.
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reliability of the data for collision cross-sections is confirmed by comparison of data {rom a
variety of sources. The most reliable data are used in the calculations.

The statistical electron-energy distribution is determined from the Boltzmann equation tor
spatially-homogeneous medium. A numerical code based on the tinite difference algorithm by
Roodwood (1973) is developed to determine this distribution function. The rate-coetficients and
transport parameters calculated from the electron distribution are very important in the study of

kinetic processes within a laser discharge.



Chapter 6

Reaction Kinetics

Kinetic reactions in rare-gas halide lasers are very complicated processes. Generally, these
kinetic processes involve several ground-state atomic and molecular species. several ionic species,
and a large number of excited atomic and molecular states. The Kinetics ir iie most common
types of rare-gas-halide lasers (>50-ns discharge pulse duration) are incredibly complicated
processes which are still not understood completely. However, our compact laser assists in
providing a much better understanding than has been attained previously of the fast laser
excitation processes. The short-duration (< 10 ns) discharge makes it possible to develop a new
and concise kinetic model which only involves a small number (15) of discharge species
{chemical species, electrons and photons), and 40 important fast-reaction processes. The
calculations indicated that these processes are sufficient to describe the performance of our
compact laser.

The typical rare-gas-halide gas mixture used in our laser is 0.8%Xe/0.3%HCI/He. The
species concerned in our model are Xe, Xe', Xe*, He, He', He*, HCI, HCl(v), CI, XeCl®,
XeCl, Cl, Xe,* the free-electron density n., and the photon density N,. In addition to the
electron-species collision processes discussed in the previous chapter, the model developed in this
chapter also includes the chemical reactions which influence directly or indirectly the formation
and quenching of the upper laser level XeCl", and the photon emission and absorption processes.

The kinetic reactions are discussed in detail in Section 6.1, with particular emphasis on the

formation and quenching mechanisms of XeCl". Section 6.2 describes the rate equations used to

133
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calculate the time-dependent densities of the various species and the taser radiaton. lnvestigation
of the laser output powsr. energy and efficiency are presented in Section 6.3, Finally, in
Section 6.4, comparisons are made between the use of different buffer gases for the laser
medium.

The kinetic model, together with the model for the discharge excitation cireuit, form a self-
consistent model which is capable of evaluating the laser performance. The validity of this self-
consistent model is demonstrated by the good agreement between the calculated and measured
data for discharge voitage, current and resistance, and for the pulse shape and energy of the laser

output.

6.1. Kinetic Reactions.

All of the kinetic reactions and the corresponding reaction rates used in the model are listed
in Table 6.1. Most of the discharge energy results in the production of the excited atoms and ions
(Reactions 1 to 7 in Table 6.1). Although the excited atoms are initially formed in many excited
states, at high gas pressures most of these states are rapidly quenched to lower excited states via
collisions. Therefore, only metastable states of the various individual atoms (Rhodes, 1974) arc

considered in our model.

6.1.1. Kinetics in a Rare-Gas-Halide Mixture.
If the excited species are sufficiently energetic, these may form ions through Penning or

association ionization reactions of the type
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Xe' + Xe" = Xe” + Xe + ¢ {6.1a)
and He” + Xe—+-He + Xe” + e . {6.1b)
These types of reactions are very fast processes. almost proceeding at every collision if there is
sufficient energy.
The excited Xe atoms can also be quenched rapidly to the ground state by collisions with
the halide donors HCl and HCI(v) via the processes (Kolts et al. 1979; Mihkelsoo et al, 1989)
Xe" + HCl=Xe + H + Cl (6.2a)
and Xe" + HCi(v) > Xe + H + Cl . (6.2
In these reactions, the energy necessary for dissociation of the halide donors is provided by the
excited states of the rare-gas atoms. The extra energy between the excited state (8.32 eV) and the
dissociation energy of HCI (4,62 eV) is converted to kinetic energy in the reaction products Xé,
H and CI.
The excited rare-gas atoms and ions may dimerize via the fast three-body recombination

processes (Brau, 1984)

Xe' + Xe + He > Xe,” + He (6.3a)

Xe" + 2Xe —» Xe, + Xe (6.3b)

Xe* + Xe 4+ He - Xe,* 4 He (6.3¢c)

and Xe* + 2Xe—» Xe,* + Xe . (6.3d)

In each reaction, one of the ground state atoms functions as a "buffer" atom which converts the
energy difference between the excited atom (ion) and the dimer into kinetic energy. This allows
the reactions to proceed rapidly in the direction of the arrows. Other possible dimers (He,", He,",
HeXe" and HeXe™) and related reactions are not considered in our model. For the short-duration

discharge present in our laser, the densities of these dimers are very low. Inclusion of these
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species only changes laser output by less than 1%,
The dimer molecule can be dissociated to ground-state atoms by a collision with a tree
electron (Kannari et al. 1984}, i.e..
Xe,” +e—=2Xe + ¢ (6.40)
or via the spontaneous emission process (Maeda et al. 1982)
Xe,” = 2Xe + ', (6.4b}
A Xe,* dimer ion can recombine with an electron to form an excited atom in the
dissociative recombination reaction
Xes* +e—>Xe 4+ Xe . (6.58)
In addition, this ion can make a small contribution to the formation of the excited rare-gas halide
(XeCl") via the two-ion recombination process (Biondi, 1982)

Xe," + ClI = XeCl" + Xe . (6.5b)

6.1.2. Formation and Quenching Mechanisms of XeCI'.

A single upper laser level (XeCl") is considered in our concise model, based on the
assumption that there is fast collisional mixing of the XeCi*(B) and XeCI'(C) states and virtually
instantaneous relaxation of the vibrational levels in the XeCl'(B) state. This is a reasonable
assumption for a discharge using a He buffer at a high gas pressure (Hokazono et al, 1984). In
this case, the most important mixing and relaxation processes for XeCl'(B) and XeCI(C) are
collisions with He buffer atoms. This collision rate is =2.9-10"" cm’s” (Dreiling and Setser,
1981), which is much faster than the quenching rate of 5.0-10" em’s”! (Reaction 6 in Table 6.1)
for the same states (Hokazono et al, 1984).

Extensive initial calculations were performed for our short-pulse laser employing both a
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single upper laser level and multiple upper laser levels. Essentially identical results were obtained
for both cases. In order to reduce computational complexity, the model containing a single upper
laser Jevel was used solely for our final calculations. Only the results of these calculations are
inctuded in the thesi:

In some recent models for XeCl laser discharges using a Ne buffer, the muiti-levels
XeCl'(B.v=0), XeCl(B.v0) and XeCl(C) are considered (Ohwa and Kushner, 1989; Kannari
et al, 1990). The rate for collisional mixing in a Ne buffer is =4.8-10" cm’s”' (Dreiling and
Setser, 1981), which is comparable to the quenching rate of 3.3-10"" em’s” (Fisher et al, 1979).

A schematic diagram for XeCl® formation is shown in Fig. 6.1. During the discharge,
substantial densities of excited Xe atoms and ions are produced by electron-impact collisions.
Both of these species contribute to the formation of XeCl". The dominant channel is the three-
body ionic recombination process

Xe* + CI' + He - XeCl” + He . (6.6)
When a positive ion is formed in discharge, a slow secondary electron is also produced. This
low-energy electron may attach to a halide donor HCI or HCI(v), which then dissociates to form
Cl, i.e..

HCl + e—-H + CI (6.7a)
and HCl(v) + e—=H + CI" . (6.7b)
Reactions (6.72) and (6.7b) have large rate coefficients (=107 cm’s?) at room temperature,
However, these rates decrease dramatically with increasing electron temperature. In contrast to
the excitation and ionization of Xe atoms, which occur primarily in the early stages of the
discharge when the average electron energy is high. Reactions (6.7a) and (6.7b) become

significant at relatively later stages when the average electron energy decreases.
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Reaction (6.6) is a very rapid process with a rate coetficient in the order of 107 cms ',
This rate has not been measured directly. However, theoretical resuits from previous models
(Flannery, 1972, 1982) and from the electron-jump model described in Section 2.4 provide
reliable estimates.

Another major channel for XeCl” formation from Xe is the reaction

Xe" + HCl(v) = XeCl" + H (6.8)
where the Xe" transfers its outermost electron to the halogen at some small internuelear separation
(5 to 10 A). This reaction is named a two-body electron "harpooning” process. In a typical XeCl
laser gain medium at a total pressure of 450 kPa, the rate coefficient is in the order of
10" cms! (Chang, 1982), which is three orders of magnitude less than the value for the ionic-
recombination rate given by Reaction (6.6).

Reaction (6.8) is able to proceed because the energy of Xe' is slightly greater than the total
energy required to dissociate HCI(v) and then to form the exciplex XeCl (i.c., the process is
exothermic). However, the reaction between metastable Xe(*P;) and ground state HCI is
endothermic, and therefore not allowed. Although reactions between HCI and other metastable
Xe" species (°P, and ’P;) are energetically allowed, these can also be neglected due to the very
low formation rates.

The exciplex XeC!® can decay to its ground state by either photon emission or collisions
with species in the discharge. Most dominant of the quenching (decay) processes are collisions
with neutral species and electrons. Of these, the collision with the halogen-bearing species,

XeCl” + HCl = Xe + Cl + HCI (6.9a)
and XeCl" + HCl(v) = Xe + Cl + HCI , (6.9b)

have the largest rate coefficients (= 10* cm?s). These processes are usually important for low
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pressure laser mixtures where a high proportion of halogen donor is used. However, in the
typical pas mixture (0.8%Xe/0.3%HCI/He) at high pressures (several hundreds of kPa), the
quenching processes by rare-gas atoms (especially He),

XeCl" + Xe —»2Xe + Cl (6. 102
and XeCl' + He = Xe + He - Cl . (6.10h)
become relatively important. The rate coefficients for these reactions are in the order of 10" and
10" em’s”!, respectively.

In our short-pulse laser discharge. the degree of ionization for the gas mixture is relatively
high (10% to 10%. The quenching of XeCl’ by electrons,
XeCl' +e—>Xe+ Cl + e | 6.1
is the most dominant quenching process because of the high density of electrons and the
correspondingly large rate coefficient (=107 cm”s'). Consequently, this process is one of the
major factors which limits the peak power of the laser output pulse.
At high gas pressures, three-body reactions can also quench XeCl™ by forming triatomic
species in reactions of the type
XeCl” + Xe + He - Xe,Cl" + He . (6.12)
The existence of Xe,Cl° is confirmed by observation of its fluorescence in a long-pulse (> 50 ns)
discharge (Marowsky et al, 1981). However, in our laser, the effects of Xe,Cl' and

Reaction (6.12) are negligible because the discharge duration is small (< 10 ns).

6.1.3. Dissociation of Ground State XeCl.
Spectral studies (Tellinghuisen et al, 1976; Shostak and Strong, 1979) indicate that the

ground state XeCl(X) has a shallow potentiai well containing 20 vibrational levels and a
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dissociation energy of 281 cm', As a consequence of the shallow potential well. the dissociation
of XeCl by collisions has a significant effect on laser performance. In our laser mixture, the

important dissociative collisions invelving XeCl are those with neutral HCI and rare-gas atoms,

e,
XeCl + HCl = Xe + Cl + HCl , (6.13a)
XeCl + He = Xe + Cl + He {6.13b)
and XeCl + Xe—=2Xe + Cl . (6.13¢)

At 300 K, the dissoctation rates for Reactions (6.132) and (6.13¢) are 2.2x10" cm’s’ and
5.6x10 cm’s”' respectively, as determined by Waynant and Eden (1980) from observations of
the absorption from the vibrational levels in the shallow potential well of XeCl. Krause and
Kleinschmidt (1991) estimate that the dissociation rate using He buffer is 3.0x10"? cm’s”'. This
rate increases with gas temperature because the density distribution of vibrational states in XeCl,
and the kinetic energies of the neutral species, both increase with gas temperature. However,
these temperature changes can be negiected in a short-pulse-duration discharge.

Collisions with He is the major channel for XeCl dissociation because the population of
He is three orders of magnitude higher than those of Xe and HCI. For a total gas pressure of
450 kPa (i.e., He density = 10" cm’s™}, the lifetime of the ground state XeCl is =0.3 ns, which
is nearly two orders of magnitude less than the lifetime of XeCl’ (=10 ns). This lifetime
difference contributes to the potential for high efficiency XeCl laser operation using discharge

excitation.

6.1.4. Photon Emission and Absorption.

As discussed in Chapter 2, the B - X emission at 308 nm is the most dominant emission
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at high gas pressures. The radiative lifetime of the XeCU(B) state is 11 ns (Hay and Dunning,
1978; Inoue et al. 1984). which is equivalent to a transition rate of 9-10° &' for the spontancous
emission transition

XeCl" = XeCl + hr . (6.1
The stimulated-emission cross-section for the B -» X transition.

XeCl” + hr — XeCl + 2hr | (6.15
is 4.5-10"% cm?. This cross-section was determined from the product o7=350 A*ns reported by
Brau and Ewing (1975) and the radiation lifetime 7=11{ ns for XeCI'(B) reported by Hay and
Dunning (1978).

The important photo-absorption processes are listed in Table 6.2. These include the photo-
detachment of negative ions formed in the discharge via
Clr+hw—=Cl+e | (6.16)
and the photo-ionization of excited rare-gas atoms, such as
Xe" + hw—=>Xet +¢ (6.170)
and He' + hw = He" + ¢ . (6.17h)
The major absorber in our laser mixture is Cl" because of the large absorption cross-section.
Photo-ionization of dimer molecules and dimer ions can also occur in the discharge. Although
photon processes involving dimers have cross-sections comparable to Processes (6.16), (6.17a)
and (6.17b), these are much less important because the dimer population is relatively low in a
short-duration discharge. From our calculations, the absorption processes have a significant effect
only when the photon density approaches the maximum value of 10" cm* in our laser. At this
maximum value, approximately 10% of the laser radiation is absorbed. The XeCl population

becomes relatively large only after the laser output ceases. At these times, absorption by XeCl
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can be neglected. However. any absorption by XeCl that does oceur will increase the population

of XeCl'".

6.2. Rate Equations and Densities of Species.

A set of 14 kinetic equations and a charge conservation equation are set up to include all
of the processes listed in Tables 6.1 and 6.2. These equations are used for solving the time
history of the densities of 13 chemical species, and of electrons and photons in the discharge.
Some typical rate equations are given in Table 6.3, where k; is the rate coefficient. For example,

the rate equation for the photon density N,, and the charge conservation equation for electron

density n, are
dN 1
Ttp = ~p[XeCl'] + (01([XeCI'] - [XeCI]) ~ oz{Xe']
T
- . Ll 6 IB
-a,[Cl"] - o,[He ])ECNP + In(R)eN JL, (6.18)
and
dn, _diXe’] , diHe'l , diXe:]  dicl) (6.19)
dt dt dt dt dt !

where c is the velocity of light, o, is the photon emission or absorption cross-section, 7 is the
spontaneous emission lifetime, L, and L, are the lengths of the active medium and laser cavity,
respectively, R is the effective reflectance of the mirrors (R*=R;'R;), and p is the fraction of
spontaneous emission which is amplified (=5-10%),

The rate equations appear as first-order nonlinear differential equations with a stiff
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numerical property. This set of equations is solved using Gear’s method (Ralston, 1965} with
automatic time steps. The rate-coefficients used in the rate equations are obtained from the
solution of the Boltzmann equation. Both the electric field in the discharge and the densities of
the species change with time. Therefore, the code for the Boltzmann equation (discussed in
Chapter 5) is called at each time step to calculate the rate-coefficients and the discharge resistance
at that time. This calculated resistance is used in the next step as an input for the circuit equation.
The solution of the circuit equation at the new step gives the voltage and current in the discharge.
In addition, the electric field, E(t)=V(t)/d, is used as the input parameter for the Boltzmann
equation at this new step.

In order to save computing time, only the circuit equation is solved before discharge
breakdown. When the voltage across the discharge increases to a value which is slightly smaller
than the breakdown voltage, then the complete code is operative. At this moment, a small initial
discharge current is assumed in order to avoid numerical instability resulting from a sudden
transient change in the resistance.

In the model, the effect of the UV preionization is treated as a volume source of electrons.
With the rate for electron attachment to the halogen donor in order of 10° em?s™, the initial
electron density for the calculations is assumed to be =~5-10® cm®. However, the numerical
results are insensitive to variations in this initial density.

Figures 6.2(a) and 6.2(b) provide the calculated time-dependent densities of several
important chemical species in the discharge. The laser system is operated under typical conditions
(i.e.. 0.8%Xe/0.3%HCI/He gas mixture at a total pressure of 350 kPa and a capacitor charging
voltage of 15 kV). Because Xe and He have large cross-sections for excitation and ionization at

high electron energics, the densities of Xe', Xe*, He" and He* build up rapidly at the beginning
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Table 6.3 Rate Equations

d[_XEeL_fi | -[R:Jn:] - R_[HCI] + R, [HCUW] + R_[Xe] + RISLHel]-[XeCl*l

i Gl-c[Np]([XeCI‘] - [XeCl) - -l— [XeCl']

+ R [Xe"I[CT'] + R [Xe JHCUW)] + R [Xe J[CI] + R, [Xe ](CI]

d_[_’%@ = _}c_ [XeCl | + ol.c[Np]([Xecﬁ - [XeCl]) - (R,,[He] + R_[HCI]
+ R [Xe]) [XeCl]

d{N | : . . o i

— = [XeCV ] - [G]-([XeCl I - (XeQl) - 0 [Xe | -0,[CI']

«y L,
- o,[He 1]_[__‘. [N] + in(Rye-IN VL,

d[Xe *
d{Xe ] ='[Rs["c1 +R [n ]+R [Xe ]+R [HCK)]+R [HCI+R (HCIV)]
+ (R, + R (Xe] + R [CN) + e, N )| iXe ]
+ R [ ][Xe] + R, [Xelln ]
+
aIXe ] = (R, [CF] + R, glXe] + Ru[xq] [Xe*] + R [Xelln_} + R [Xe 1 ]
+R (Xe )[Xe ]+ R j[He ][Xe]+co, [Np][Xe*]

d[Cl;] _ [R14[Xe+] +R_(Xe* 4o, [N,,l] [CI'T+R [n J{HCI+
+ R [n JHCUY)]

dHAMI = (R [n,] + R, [Xe"] + R [Xe'] + R, [XeCl]| (HCUW]
+ R, [n_][HCY]

d[Hat: ]‘ = -[R7["e] + Rg[ng] + c'O'_‘[NP]] [He.‘] * Rl[ne][He]

+ *
d[Ht: ]l _ R, [n_1[He] + {Rv[ne] + C'UJ[NP]] [He ]
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of the discharge, when the average energy of the electrons is high. The densities of Xe* and Xe’
are much higher than those of He™ and He’. Therefore, the dominant processes are direct
ionization and excitation of Xe followed by ionization of Xe™ (shown schematically in Fig. 6.3).
Cl' is formed rapidly later in the discharge because the electron attachment processes have
relatively large cross-sections at low electron energies. The densities of the secondary products
XeCl” and XeCl peak after a small time delay.

The electron density is controlled primarily by the ionization of Xe and by the attachment
of HCI. This density has two peaks corresponding to the two half cycles of the discharge current,
as shown in Fig. 6.4. The maximum magnitude is almost one order higher than that in long
pulse laser discharges. It’s difficult to obtain long-duration stable discharge with this electron
density.

The laser outp.ut pulse is an important characteristic of the laser performance. The output

power is calculated from

Vo (6.20)

PL(t) =

¢

where hy is the photon energy, V is the active discharge volume, N(t) is the photon density, and
T, is the cavity lifetime {=0.7 ns). The measured and calculated output waveforms are in good
agreement with each other, as shown in Fig. 6.5. The output pulse has a duration of =1 ns
(FWHM) and a peak power of =1 MW. Note that the secondary peak of the measured
waveform, which is delayed by the round-trip time of the resonator, results from the reflection
of the main peak at the output reflector. This effect has not been included in the calculations. To
do so would have greatly increased computational complexity while providing little additional

information.
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Fig. 6.2. Calculated time-dependent densities of several important chemical species in the
discharge at normal operating conditions (0.8%Xe/0.3%HCI/He, total pressure P=350 kPa,
charging voltage V,=15 kV). The time scale is relative to the initiation of spark-gap breakdown.
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Fig. 6.3. A schematic diagram for the reactions involving Xe.
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Fig. 6.4. Calculated time-dependent density of electrons in discharge at the normal operating
conditions (see Fig. 6.2). The time scale is relative to the initiation of spark-gap breakdown.



6.3. Laser Output Parameters.

The Jaser output energy per pulse is the integral of Eq. (6.20) over the pulse duration. This
energy. as a function of capacitor charging voltage, and using a typical gas mixture, is shown in
Fig. 6.6. The results from both measurements and calculations indicate that the output energy is
approximately proportional to the charging voltage in the voltage range from 12 kV to 21 kV.
Below 12 kV, this energy begins to drop rapidly with deceasing charging voltage. From the
calculations. the output energies are expected to saturate at voltages higher than 21 kV, for the
following reason. The electron density in the discharge increases with capacitor charging voltage.
Consequently, the discharge impedance deceases. The result is that the proportion of energy
expended in the first half-cycle of the discharge current (thé portion providing the main gain
production) decreases. Experiments for higher voltages were not carried out because of the
potential for component damage (e.g., circuit-board breakdown).

The quantum efficiency (y,) is defined by

_ laser output energy
0 = Py . (6.21)

where E is the energy absorbed by inelastic reactions in the discharge. The efficiency of energy

deposition into the discharge (x,) is defined by

n, = [ zi-w-dr/[-;-(a N LA (6.22)

where 1, and RD are discharge current and impedance, respectively.
The laser output energy and efficiency as a function of a single-component gas pressure

(other partial pressures are kept constant) are shown in Figs. 6.7, 6.8 and 6.9. For this data, the
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charging voltage is kept constant at 15 kV. In all these cases. the ourput energy increases with
increasing gas pressure, and saturates at the higher pressures. However, the increases in each case
occurs for different reasons, which can be explained by considering the etficiencies.

For the data represented by Fig. 6.7(b). when the density of He increases, the electron
mobility decreases, resulting in an increase of the discharge impedance. Consequently, the total
energy deposited into the discharge increases. Therefore, 3, is almost proportional to He pressure
in the region of interest. However, He doesn’t contribute directly to the tormation of the upper
laser level. The quantum efficiency 5, decreases at the higher pressures because a larger
proportion of the discharge energy is used to excite the He,

As can be seen from Figs. 6.8(b) and 6.9(b), the Xe and HCI densities have only a small
effect on n,. The reason is that the proportions of Xe and HCI are very small compared to that
of He. Consequently, the energy deposited into the discharge is determined primarily by the He
pressure. In the cases of Xe and HCI, the quantum etficiency », is influenced more by the
pressures of these gases than by the He pressure. The densities of Xe* and Cl' produced in o
discharge increases with the Xe and HCI densities. Recombination of Xe" and CI is the main
channel for XeCl" formation.

Figures 6.10(a) and 6.10(b) show the calculated time development of the total discharge
excitation power density, and the power density absorbed from the discharge for several electron-
impact processes. The waveforms have two peaks which correspond to the two half-cycles of the
discharge current. Most of excitation energy is deposited into the discharge during the first full
cycle of the discharge current. The main energy deposition results from the excitation and
jonization of Xe and He, which occur at the beginning of discharge, when the electric field is

large. Vibrational excitation of HCl(v=0) and the ionization of metastable Xe™ and He® occur
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near the maximum of the discharge power deposition. However, efficient electron attachment to
[ICl(v=0) and HCl(v=1) occurs at the smaller electric fields present in the later stages of the
discharge, when the electron energies are reduced.

To assist in understanding the discharge excitation processes. an energy flow diagram is
shown in Fig. 6.11. The energies obtained from the model are also shown in the figure. The
circuit loss is primarily in the spark-gap circuit.

The nonlinear gain and absorption characteristics of the XeCl laser system are investigated
with the aid of the Kinetic model. Macroscopic parameters, such as the unsaturated gain g, the
absorption coefficients &, and the saturation irradiance ¢,, are evaluated in terms of the
microscopic Kinetic properties of the discharge. The calculations are carried out by assuming a
quasi-steady state condition at each time step. Using the rate equations for XeCl" and XeCl listed

in Table 6.3, results in

([XeCl')-[XeCo & - [XeCNQ" + L[XeCIT] + F' = 0 (6.23)
T

and

([XeCI')-[XeCMYo b + [XeCI'IQ! + L[XeCI') - F/ =0 (6.24)
T

where o, is the stimulated-emission cross-section, ¢=c'N, is the irradiance flux, Q" and F" are
the total quenching frequency and formation rate, respectively, for the ground state XeCl, and
Q’ and F’ are the corresponding values for the exciplex state XeCl'. The inverted density is

evaluated using
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Q- HF - (@' - HF”
AN T T

(6.2

o"’(ou%) - 0, $(Q"+Q"

The laser gain, defined by g = ¢,-AN. can be put in the form

So

(6.26)
L+did,

g:

Consequently, the unsaturated gain, and the saturation irradiance are

g, = (Ll F P (6.27)

and

)
R AL LI (6.28)
T o) (1+QYQ"
respectively. If the absorption from ali photoabsorbers is considered. then the absorption

coefficient oy is

ay = 0,[Xe’] + o;[CI"] + o [He] , (6.29)

and the net optical gain is

g, =g- % - (6.30)

The calculated parameters g, g5, o, and ¢, as functions of time are given in Fig. 6.12. While the
saturation irradiance is determined only by the quenching frequencies, the unsaturated gain
depends primarily on the formation rate of XeCF. Because this formation rate is determined
predominantly by ionization and excitation of Xe. both the gain duration and the laser output
pulse can be controlled by the duration of the discharge excitation. In our laser system, the short

duration output pulse is determined solely by the short-duration discharge.
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6.4. Comparison of the Xe/HCl/He and Xe/HCl/Ne Systems.

Investigations have been carried out using different buffer gases (He and Ne) for the XeCl
laser. For our short-pulse discharge system. both measurements and calculations show that the
laser pulse duration is approximately the same with the different buffer gases. However, the peak
laser output power and total energy per pulse for the Xe/HCI/He system is =1 MW and =1 ml],
respectively, for the normal discharge cc-Jnditions (i.e., 0.8%Xe/0.3%HCl/He at a total pressure
450 kPa and a charging voltage 15 kV). These are at least 20% higher than the corresponding
values for the 1.06% Xe/0.24 %HCI/Ne system under the same conditions.

The electron-energy distributions for the 0.8%Xe/0.3%HCI/He and
1.06% Xe/0.24 % HCI/Ne systems, for the same E/N ratio, are shown in Fig. 6.13. The peak of
the distribution function is broadened and shifted towards higher energies when Ne is used as the
buffer in place of the He. This results from a smaller kinetic-energy loss in the momentum-
transfer involving collisions of electrons with the heavier Ne atom. In addition, and in
comparison with He, less energy is required to ionize and excite Ne.

The laser outputs are affected not only by formation of XeClI', but also by the amount of
ecnerpy deposited into discharge. As shown in Fig. 2.12, the rate of three-body ionic
recombination for XeCl" is higher with Ne than with He. In both cases, the buffer gases provide
a mechanism for efficient energy transformation of the reaction. However, the average electron
energy in a Ne system is higher than in a He system, and the ionization rates of rare-gas atoms
increase with increased electron energy. As a result, the electron density produced in a Ne system
is considerably higher than in a He system. This higher electron density and a correspondingly

higher electron mobility provides a smaller discharge impedance when using a Ne buffer.
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Fig. 6.11. A schematic diagram of energy flow in the XeCl laser system. (0.8 % Xe/0.3%HCl/He,
total pressure P=350 kPa).
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Theretore, compared to a He system, less energy is deposited into @ Ne system during the first
half-cycle of discharge, resulting in a lower laser output energy.

The discharge impedances for both buffer gases are shown in Fig. 6.14. The minimum

value of the discharge impedance is 0.2 @ using the Ne buffer, and 0.6 Q using the He buffer.

In order to achieve maximum energy deposition, the minimum discharge impedance, RD,,, should

be the value for which the circuit Q is equal to 1. Therefore,

RD,, = /LD|C3 (6.31)
where
c3 - £1-¢2 (6.32)
Cl +C2

In our laser excitation circuit, the inductance LD is 6 nH and the equivalent capacitance
C3 is 0.78 nF, which requires that RD,, =2.8 Q for maximum energy deposition. Therefore, the
cnergy deposited in the He system (RD,, =0.6 Q) is higher than in the Ne system (RD,, =0.2 Q).
It should be noted that, in larger system with longer output pulse durations, the laser efficiency

and energy per pulse are usually higher with Ne buffer than with He buffer.

6.5. Summary

Investigations of the physics of the kinetic processes in a discharge plasma are discussed
thoroughly in this chapter. A self-consistent model is developed for the laser processes and the
discharge circuit. This model allows calculation of the laser output pulse waveform, energy, gain
coefficients, and the efficiency of various energy transfer processes. The validity of this model

is confirmed by good agreement between the calculated and measured data. This model can be
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used for the optimization of laser performance.
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Chapter 7

Conclusions and Recommendations

7.1. Conclusions.

This thesis reports on a comprehensive investigation of a compact, UV-preionized,
discharge-excited, short-pulse XeCl laser. The investigation includes the tollowing main areas:
(1) Theoretical studies of the molecular states and potential-energy curves of XeCl, and possible
radiative transitions for this molecule.

(2) Development of an electron-jump model for the calcuiation of the formation rate for the
exciplex XeCI".

(3) Measuremenis of the laser output over a range of discharge conditions.

(4) Measurements of the discharge voltage and curremt waveforms employing fast-response
instrumentation, and modelling of the excitation circuit,

(5) Detailed investigations of the laser kinetics, including numerical solution of the Boltzmann
equation for the electron energy distribution,

{(6) Application of the kinetic model to the evaluation of laser performance.

A basic description of the molecular structure of rare-gas monohalides is provided. All of
these molecules have a structure configuration similar to that of the XeCl molecule. It is expected
that the ground state of XeCl (XLt ,,) is essentially repulsive because of the weak interaction
between the closed shell of Xe('S,) and open shell of CI(*P,,). However, spectral measurements

reported in the literature show that a shallow potential-energy well (281-cm' deep) exists for the

170
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X°L; . state, which comtains 20 vibrational levels. The weak bond of the X*L7 , state is explained

as a van der Waals attraction induced by charge-transfer mixing of the ground state with the
ionic-bound excited states.

Three strongly-bound ionic excited states (B*LY 5, C*II;» and D*I1, ) of the XeCl molecule
are formed from the ions Xe'(*P;»), Xe*(*P,») and CI('Sy). The higher excited states are the
covalent Rydberg states formed from Cl atoms and metastable Xe atoms. Employing the selection
rules for electric-dipole transitions, there are five radiative transitions from the ionic excited states
(BL!,, Cy, and D*I1,,,) to the ground states (X*L7», A'll,, and AIl,). Using experimental
data from various sources, it is concluded that the bound-bound transition B = X (308 nm) has
the strongest intensity at high gas pressures. At these pressures the ionic states C’IT;, and D11, .
are quenched very rapidly. Therefore, efficient B - X laser operation is also expected to occur
at high pas pressures. The litetimes and stimulated-emission cross-sections for the B — X and
D — X transitions were calculated using the Franck-Condon factors. The accuracy of our
calculations is dependent on the accuracy of the dipole moments reported by Hay and Dunning
(1978).

An electron-jump (harpoon) model is developed to calculate the formation rate-coefficient
of the exciplex XeCl". This model, based on the pseudo-crossings of the potential-energy curves
of the ionic states and Rydberg states, confirms that three-body ionic recombination of Xe* and
CI is the most important channel for XeCl" exciplex formation. Good agreement is achieved
between the data from our model and those from previous models, at low and intermediate gas
pressures. The other models predict that, at high pressures, there is a decrease in the rate

coefficients with increasing pressure. However, the rate-coefficients from our calculations

"saturate” 1o a constant value in this pressure range. In addition. our model provides important
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new information. It is shown that two additional channeis. involving metastable Ne™ and Cl
atoms, are also efficient paths for the formation of XeCl™ in the presence of a third light body
{(i.e., He). Furthermore, our model is able to evaluate the rate-coefficients for exch individua
dissociative channel for XeClI"

The compact laser system employed for the research has an active discharge volume of
1 e, providing = 1 mJ output erergy in a pulse duration of = | ns. This corresponds to a peak
output power of =1 MW. Elsewhere. only recently have comparable short-duration output pulses
been produced directly in a discharge-excited excimer laser. In order to obtain high-energy short-
duration laser output pulses. a high density of excitation energy must be deposited in a short time
interval. Therefore, care was taken to reduce the oscillation period of the excitation circuit, in
particular to minimize the circuit inductance. The maximum discharge-current risctime is
=0,3-10" A/s. With the type of UV preionization employed, the discharge is observed to be
reasonably uniform. The cavity length is 16.5 cm, corresponding to a cavity round-trip time of
1.1 ns, which is longer than the usual duration of the laser output.

Experimental investigations indicate that the best performance with our laser is achieved
using a 0.8%Xe/0.3%HCI/He gas mixture at a total gas pressure in the range from 350 kPa
to 450 kPa. This provides a small excess of HCl, which improves laser operating lifetime. A
charging voltage of 15 'V provides good output energy and reliability. In addition, the output
pulse duration is nearly independent of the charging voltage and the gas composition and
pressure. However, increasing the excitation-circuit inductance increases the pulse duration by
a small amount. The peak power and the energy per pulse are found to be approximately
proportional to the charging voltage in the range from 12 kV to 21 kV. Initially, the laser energy

increases with the total gas pressure, and with the partial gas pressures of Xe and HCI, until the
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optimum values are achieved ( =430 kPa total pressure. =0.8% Ne and =0.29% HCD. At gas
pressures below 350 kPa, a second peak is observed. This peak is caused by gain production in
the second half-cycle of the discharge current.

The discharge voltage and current waveforms provide very important data concerning the
energy deposition into the discharge. Accurate measurements of these wavetorms are also
required for comparison with the results of the model for the discharge Kinetics. An optical
technique employing a fast-response Pockels cell was used for the measurement of discharge
voltages. This technique provides good linearity for the range of high voltages employed. The
time-response of the measurement system was limited by the photomultiplier { =2 ns}. However,
deconvolution of the known instrumentation response from the measured waveform extended the
response to considerably better than 1 ns. Overall, the optical technique is the most reliable and
accurate method available for measuring the discharge voltage of devices such as the compact
XeCl laser.

Discharge current waveforms were measured using a fust-response Rogowski coil. After
discharge breakdown, the voltage and current waveforms are very similar to each other in terms
of relative amplitude. period and phase. This indicates that the discharge behaves approximately
like a resistance of constant value (= | Q). From an analysis of the periods and damping factors
of the waveforms, the values of the components in the excitation circuit can be determined. These
values are then used in the model for the circuit. The circuit model, combined with the kinetic
model, results in a self-consistent model for the XeCl laser. Good agreement is achieved between
the measured and calculated waveforms.

Electron-impact collision processes are very important in the kinctics of gas lasers. A

comprehensive description of classical and quantum theories for elastic collisions is provided in
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the thesis. The Boltzmann cequation for a spatially-homogeneous medium is employed to
investigate electron transport in a discharge within either a Xe/HCl/He or Xe/HCU/Ne mixture.
In addition to the elastic collisions with neutral species. the calculations also include the
excitation, ionization and superelastic collisions with various other species, as well as electron-
clectron Coulomb collisions. A numerical code using a finite difference method was developed
to solve the Boltzmann equation. The electron energy distribution, obtained from the solution of
Boltzmann equation, is used to determine the rate-coefficients for the electron-impact collisions.
These rate-coefficients are then used in the kinetic model. In addition. the parameters. such as
clectron mobility, discharge impedance, discharge current and average electron energy, are
calculated on the basis of the microscopic collision processes.

Our concise kinetic model requires only 40 kinetic processes involving 13 chemical species,
plus photons and electrons. These 40 processes, chosen from a much larger number of possible
processes, all have relatively large rate-coefficients and thus have a significant influence in a
short-duration discharge. All of the eliminated processes have relatively small rate-coefficients.
The model was developed using the criterion that good agreement should exist between the
calculated and measured laser output in terms of waveforms, peak power, total energy, and delay
time to the onset of laser emission. The validity of the model is also confirmed by the good
agreement between the measured and calculated discharge voltage, current and impedance
waveforms. The important results from the model are summarized below.

(2) At high pressures, the formation of the upper laser level XeCI' via three-body ionic
recombination of Xe* and CI' is dominant to the harpooning (electron-jump) process involving
Xe® and HCl(v). For the typical gas mixture containing 0.8%Xe/0.3%HCI/He at 350 kPa

pressure, less that 5% of XeCl™ is formed through the harpooning process.
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(b} The exciplex XeCl™ is depleted primarily via quenching collisions with newtral species (e,
Xe. HCl and HCl(v)) and via superelastic collisions with electrons. 1t is tound that quenching
by electrons is the dominant loss mechanism for XeCl™ at the degree of ionization existing in
our laser discharge (10° to 10*). Consequently, this latter quenching process is the major
factor limiting the laser peak power. Quenching by He is the second most important loss
channel because of the large population of He.

{c) The tower laser level XeCl(X) has a finite lifetime, resulting from dissociation ot XeCl,
primarily by collisions with He atoms. For a collision rate of 3.0-10" em¥s and a He
density of =1.0-10* cm?, the lifetime is =0.3 ns.

(d) Photon absorption by Cl', Xe™ and He’ is considered in the calculations. The major absorber
in our gas mixwre is CI because of its large absorption cross-section. This photon absorption
is not too important for our short-pulse laser. The calculations indicate that <10% of the
laser emission is absorbed. However, photon absorption may be significantly greater in XeCl
lasers having longer-duration output pulses.

(e) Studies of the energy flow in the discharge show that the excitation energy is deposited into
the discharge mostly via electron-impact ionization and excitation of Xe atoms. Free electrons
are produced primarily by ionization of Xe and Xe’. However, the density of He in the gas
mixture affects the electron energy distribution, and consequently the discharge impedance.
In the usual range of pressures employed in our laser, the efficiency of energy deposition
increases with He pressure. Initially, the quantum efficiency of the laser increases with Xe¢
and HCl, but is relatively independent of the He pressure in the region when a stable
discharge exists. The quantum efficiency reaches a maximum near the usual operating mixture

(0.8% Xe/0.3%HCI/He). There is a small increase in efficiency when the HCI is reduced to



176
{).2%, but at a reduced laser operating lifetime.

(f) The nonlinear gain and absorption coefficients. and the saturation irradtance of the XeCl laser
are calculated using the linetic model. These macroscopic parameters are determined solely
by the microscopic processes. While the saturation irradiance is controlled by the quenching
frequencies of XeCl and XeCl", the unsaturated gain depends mainly on the formation rate
of XeCl'.

In conclusion, a self-consistent model has been developed which combines the models for
the kinetic processes and for the excitation circuit. The validity of this model is demonstrated by
the pood agreement between the calculated and measured data for discharge voltage, currer:. and
resistance, and for laser output. This model is very useful for the analysis of the kinetics for XeCl

lasers having a short-duration output pulse, and for the optimization of the laser performance.

7.2. Recommendations.

The research covered by this thesis provides an excellent basis for a continuing effort
related to compact XeCl lasers, and to the extension of the research to larger and more complex
systems. Future work should cover the following topics:

(1) Other gas mixtures should be investigated. It appears that laser operating lifetime may be
substantially improved by replacing the Xe/HCl/He mixture with Xe/BCl,/He (Peet et al
1991), where BCl, in the halogen donor. In the event that trace amounts of H,O are present,
the reaction

BCl, + 3H,0 - H,BO, + 3HCI (7.1)

produces another halogen donor. HCI, which has a positive influence on laser performance.
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With the usuat HCI donor. trace amounts of H,0 can signiticaruiv 1»duce the laser gain.

(b) Additional research should be carried concerning the kinetic processes. In particular, the
model should be extended 1o include XeCl lasers producing longer duration output pulses.
This would require the inctusion of the slow kinetic processes into the model. For a mwore
accurate solution of rhe electran energy distribution, the Boltzmann equation should be solved
to a2 higher order approximation than was used for this thesis. In addition, the effects ol
spatial non-uniformity. which may be present in the discharge and induce discharge
instability, should also be investigated experimentally and considered in the model.

(c) Although good agreement is achieved between the calculated and measured parameters. the
validity of the kinetic model should aiso be confirmed by direct measurement of the time-
dependent densities of the various species in the discharge. Many of these densities have been
measured using absorption spectra for long-pulse XeCl laser discharges (Treshchalov et al,
1986; Hammer and Botticher, 1989). The electron densities, which are the most importamnt
parameters in the discharge, have also been measured by Mochizuki et al (1989) and Meyer
and Elezzabi (1990) using Mach-Zehnder interferometers. However, the resources are not

available to carry out comparable measurements with our compact short-pulse laser.



Appendix

Derivation of Transition Probabilities

Let R, and R, represent the internuclear separation at pseudo-crossing points b and c (these
are the intersections of the dotted lines in Fig. 6.3). According to McDaniel (1964), if atomic or
tonic species A and B (in states A™ + B, A" + B, or A* + B’) come together adiabatically (i.e.,
infinitely slowly), then there is no change in the states via the pseudo-crossings. However, the
species approach each other with a finite relative kinetic energy. Therefore, there is a
corresponding finite probability for a jump from curve I to curve Il at R;, and from curve II to
curve Il at R,. Let P, and P, be the probabilities (at R, and R., respectively) for the atoms or
tons (A and B) to jump from one potential curve to the other. Therefore, the probabilities for A
and B to approacu each other without a jump are | - P, and | - P, respectively.

To a good approximation, P, and P, can be obtained by application of Thomson’s treatment
(1924). Within a critical internuclear separation R (R; = 2e%/3KT), the probability for a single
jon-neutral encounter within Ry is (Bates and Moffett, 1966)

wix) = 1- {1 - (1 + 2x)exp(-2x))/2x) (A.1)
where x = NRy (A.2)
and where A, (i=1,2) are the mean free paths of the positive and negative jons in the neutral
buffer gas. The total probability that both ions collide with a neutral atom is

P(Ry) = wiXx;) + w(X,) - wix)w(xs . (A.3)
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Because the crossing points R, and R, are at farge internuclear distances, the potential energies
at R, and R, are essentially the same as those at Ry. To a good approximation, the probabilitics
at R, and R, are given by
PR, ) = W(RJ/A) + WRY/A)D - WwiR/AIW(RW/A) (A
and PR, ) = W(R/N) + W(R/A) - w(R/ADWRIA,) (ALS)
For this system. AE,,, is the energy difference between states m and n at the dissociation
limit, and D is the depth of the potential-energy well of state 0 with respect to state 2. The
maximum quantum numbers for the various transitions can be determined from the energy
conservation conditions for kinetic. potential and rotational energies. Because the quantum
number /_, is usuaily a large number. /(/++1) is approximately equal to /*, Furthermore, R, and
R. are relatively large, and therefore the potential energies at R, and R, can assume the values

at the dissociation limits. Consequently, /.., can be approximated by

Iy, = R, [H(E-D)I" (A.6)
I, =R, [H(E-(D+ AEN" (A7)
l, =R, [H(E + AEQ]"? (A.8)
i =R [H(E + AEyY]" (A.9)
Iy, =R, [HE]"™ , (A.10)
L, =R, [H(E + AE))'? . (A.11)
L, =R, [H(E + AE]'"? (A.12)
and L. =R, [HE"™ |, (A.13)

where E = 2u/k* Introducing
E“ = AE]Z ha /(R‘I = ha) (A. 14)

and E, = E, + AE,; (A.15)
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the probabilities for transitions, P, (m.n). involving the molecular states shown in Fig. 6.3, can

be expressed in terms of the crossing probabilities
h¥ ¢

P10y =PP. . I <,

PP. . I < l,and E > (D+AE,) }

P,(0.1) =
r’c - [m, < l < J:)‘: and E > AE':

P(1,2) = PLI-POP, . [ < I,

P,(2.1) = P(i-PYP. . | < lyand E > AE,

(2-2P,+PAP(I-P) . [ < Iy
P (1.3) =
2P(1-P,) . ly < 1<,
- (2-2P,+PHP(1-P) , I < Iy and E > AE,
3. =
! 2P,(1-P) , l, <! <l and E > AE,,
( (1< Il,and E > AE,
(1-Py) ,
or !:c < [ < I:bar.ldE(; > E > AE32
P2.0) = o ! < &y and AE, > E > Ej 4
’ (1-P)/(1-(P,PY) . j ! &
ot | <l and E; > E > AE,
L 2(1'Ph)/(2'Ph) s f < [:h and AE}'_: > E
[ (I'P“) . 1 < lﬁb and E > (D+AE1:)
b 0.2) = 2(1-P,)(1-P.+P,P.) ! < l;, and (D+AEy) > E > (D+E)
e 2-2-2P,+PA)P. | or I <l and (D+E) > E > (D+AE,)
L 2(I-Ph)l(2-Ph) . I < lﬂh a[ld (D'{'AE}Q > E > D
[ P(1-PY(1-P) , | < iyand E > AE,
P,(2.3) = { P(I-P)(1-P) ! < byand AE,, > E > E}
| 1422P,+P)P2 ~ | or I < L and B} > E > AE,
[ P(1-P)(1-P) . [ < lyand E > AE,
P,(3.2) = 1 Py(I-P)(I-P) [ < lyand AE,; > E > E,
| 1-2-2P,+P)P} | or /< h andE, > E

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)
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Pul-P) . [ < ly,and E > AL, l

P3.0) = §  PI-P) f £ < lyand AE, > E > E, A0
| L@2P+PAR: T Lo 1< feand By > E ‘

[ P(1-P) . [ < ly,and E > (D+AE,)) ]
(1-P) . I < I < I.and E > (D+ALE))
PO3) =3 2P { ! < Iy and (D+AE) > E > (D+E) IL A
2.(2-2P,+P)P, | or I < I, and (D+E) > E > (D+AE,))
| 2(1-P)(2P) .l <! < lyand (D+AEy > E > (D+E)
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