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Thesis Abstract

Pulsed microwave excitation of noble gas ion lasers at fregquencies
between 3 and 17 GHz is investigated. The advantages of using microwaves
instead of conventional DC sources to pump a laser are explained. These
include the lower electrode and discharge tube wear due to the
oscillating nature of a microwave electric field.

The propagation of microwave radiation in an ionised gas is
examined. At the frequencies used, the skin depth of an Argon ion laser
discharge is shown to be approximately 1 mm, indicating good microwave
power absorption. The dependence of the microwave power absorption on
the frequency is shown to be weak. Microwave transmission at a
dielectric/gas-discharge boundary, similar to those in the laser
coupling structures used, is found to be around 1% of the incident
power. It is suggested that for maximum laser efficiency, microwave
power should be introduced directly into the gas discharge.

Two microwave coupling structure designs for supplying microwave
power to the laser discharges are described. The first of these, a
waveguide coupler device based on the 3dB branch guide coupler, produces
a transverse electric field across the laser tube. The procedure used to
design a branch guide coupler using a Chebyshev impedance taper and T-
Jjunction discontinuity corrections is outlined, and a description of the
entire laser coupling structure is given. The second design comprises a
helix wrapped round the laser tube and produces an axial electric field.
The electric field distribution around a helix is calculated as a
function of helix parameters and the effects of surrounding objects are
considered. The best helix dimensions are found for optimum laser
operation.

The characteristics of conventional Argon ion and Helium-Krypton



ion lasers are given. No significant differences between conventional
noble gas ion lasers and the microwave excited lasers reported here are
observed. At the input powers used (~100 kW peak, 1 uS pulses, 1000
pps), 100 mW, 1 uS and 30 mW, 5 uS laser pulses are observed from Argon
and Helium-Krypton gas mixtures, respectively. The transverse and

axially excited lasers perform equally well.
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Chapter 1 Introduction

This thesis reports research carried out to study the microwave
excitation of noble gas ion lasers. The stress on the discharge tube and
electrodes of a microwave excited laser is less severe than for the DC-
excited case because of the oscillating nature of the microwave. field.
Thus, the discharge structure can be made to a simpler design than that
used in a conventional DC-excited laser.

Continuous and pulsed DC-excitation are by far the most common
techniques used to pump gas lasers. Other techniques include excitation
by radio frequency (RF) and microwave electric fields. Radio frequency
excitation uses an oscillating electric field of frequency between 1 KHz
and 1 GHz and has the advantage that no electrodes in contact with the
gas are required. Excitation at radio frequencies is used commercially
in GOy lasers. When the frequency of the exciting electric field exceeds
1 GHz, we enter the realm of the microwave discharge. The processes
occurring in a microwave discharge differ somewhat from those found in DC

and RF discharges [11-[2].

The potential of microwave excitation

Microwave sources and their power supplies are easy and safe to
use and microwave systems are generally well understood. The laser
coupling structure operates at earth potential and all the high voltages
are contained within the structure. This is unlike conventional lasers
which often have lethal voltages at the electrodes.

Many lasers operate at high current densities, and normally the

electrodes and the discharge tube have to be specially designed to
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withstand the resulting thermal and physical stresses. The discharge
tube of a microwave excited laser can be made to a much simpler design
than many of the currently available tubes, because often a microwave
discharge can be excited without the use of internal electrodes. Even
if internal electrodes are used, the stress which they have to withstand
is much less than in a conventional laser. This is because a microwave
field has a high frequency of oscillation, and only a small percentage of
the active electrons in the discharge actually interact with the
electrodes, (the majority oscillate to and fro between them). This is
not the case for DC and RF discharges where electrons are continually
swept out of the discharge region onto the electrodes. Electron
collisions cause damage to the electrodes and container walls and can
result in the release of impurities into the laser gas.

As reported in [3]-[19], microwave excitation of Xenon-Chloride,
Helium-Neon, Carbon Dioxide, Helium-Krypton, Xenon and Argon has been
carried out at frequencies up to 10 GHz, but as far as the author is
aware, no research has been carried out at higher frequencies. This
thesis concentrates on microwave excitation at frequencies from 3 to 17
GHz of noble gas ion lasers and particular attention is given to pulsed

Argon ion and Helium-Krypton ion lasers.

Commercial considerations

A commercial microwave excited laser must be able to compete in
price and performance with the currently available DC-excited lasers.
Magnetrons, which are one of the cheapest high power microwave sources,
can operate in either a pulsed or a CW mode. A typical DC-excited noble
gas ion laser has an efficiency of less than 1% and so the introduction

of a magnetron with an efficiency of around 60% has little effect, in
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practical terms, on the overall system efficiency. The limiting
parameter therefore, is the.cost of the magnetron and its supply. The
power supply of a pulsed magnetron is fairly complicated- due to the DC-
pulse forming elements required to drive it. The use of a CW magnetron
is thus preferable on a cost basis. Microwave oven magnetrons, which
operate at 2.45 GHz, and their associated power supplies, are
particularly cheap, and these are probably the best sources to use. The
use of higher frequencies has the advantage that smaller discharge
structures can be used. Unfortunately high frequency magnetrons are more
expensive than their low frequency counterparts thus limiting their
commercial viability. Assuming typical laser efficiencies, a 1 kW, CW,
2.45 GHz magnetron could be used to drive a laser in the low to medium
power range, at a cost comparable with current commercial systems.

The discharge tubes of a microwave excited laser can be easily
interchanged due to their simplicity and low cost. Once a suitable
microwave source and discharge structure are available, a tube containing
any gas fill can he introduced. 1In this way, it should be possible to
produce a range of laser tubes covering most of the common gas lasers.

The concept of using microwave power to drive a laser discharge has
been outlined and in order to fulfill it, three things have to be
achieved. Firstly it must be shown that a microwave discharge is capable
of exciting a laser discharge as efficiently as, or better than, a DC-
discharge. Secondly, a suitable discharge structure has to be developed
which efficiently supplies microwave power to the laser discharge. And
finally, the laser prototype must be able to meet all the major
performance specifications of currently available commercial lasers.
With regard to the final point, much of the long term performance of a

gas laser depends on the quality of the gas fill and the tube processing.
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Experience in this area would be required for the speedy development of a
commercially acceptable device. In the chapters that follow, the
properties of a microwave discharge and various coupling structures will

be examined, to assess their suitability for exciting a laser.

Thesis format

In order to assess the suitability of a microwave discharge for
laser excitation, chapter 2 begins with a discussion of microwave
propagation and absorption in an ionised gas. The situation is studied
from two viewpoints. Firstly, a macroscopic treatment is applied to
study microwave power propagation in an ionised gas. This analysis is
then extended to consider the reflection of a wave at a dielectric/gas-
discharge boundary. Secondly, a microscopic treatment is considered
involving the solution of the Boltzmann distribution equation.

Chapters 3 and 4 describe the structures used to couple microwave
power into the laser tube. The first of these chapters is devoted to
the design of a structure, composed of three separate 3dB-microwave
couplers connected together in series, which produces a transverse
electric field. The design procedure for a single coupler is first
outlined and then the entire structure is described. Similarly the
following chapter describes a helical structure used to produce a
longitudinal electric field. To find the best helix para;meters, the
field distributions around a free-standing helix, and the helix used in
the coupling structure configuration are considered.

In chapter 5, the development history and some applications of
noble gas ion lasers are given, followed by a description of the general
characteristics of pulsed Argon ion and Helium-Krypton ion lasers.

Chapter 6 contains data from experiments carried out on the microwave
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excited Argon ion and Helium-Krypton ion laser prototypes, using either a
3, 10 or 17 GHz microwave source, with either a transverse or
longitudinal electric field. A time-resolved analysis of the
spontaneocus emission spectra is carried out to determine the excitation
mechanisms, and the dependance of the laser outputs on tube diameter, gas
£ill and input microwave power characteristics are examined.

The concluding chapter briefly summarises the findings of the

previous chapters.
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Chapter 2 The Microwave Discharge

This chapter examines the properties of a gas discharge excited by
a microwave field. Among the points to be considered in this chapter
are, the propagation of microwave radiation in an ionised gas, reflection
and transmission at a boundary, the motion of electrons in a microwave
field, the significance of the ratio of collision frequency to microwave
frequency, the electron energy distribution function and the microwave
power absorption efficiency. These will be compared with the
requirements for an efficient noble gas ion laser. Throughout this
chapter the differences between a microwave-excited discharge and the

more conventional DC and RF discharges will be emphasised.

Propagation of microwave radiation in an ionised gas

To excite a microwave discharge most efficiently, the gas must
absorb all the incident microwave power. One way of studying microwave
absorption is to consider the propagation of microwave radiation through
an ionised gas. This is essentially a macroscopic treatment to find the
microwave power absorption and penetration into a gas discharge. In
order to study propagation through an ionised gas, the simpler cases of
non-conducting and conducting media will first be considered.

(i) Propagation in a non-conducting medium

In a non-conducting medium the electrical conductivity o is zero
and there are no free charges. Maxwell's equations therefore can be

written as [1],




V.E=0
V.B=0
{2,1)
V X E = -3B/3t
YXE: Qg/bt,

where E is the electric field intensity, B is the magnetic induction,
and Yo and € are the permeability and permittivity of the medium. By
assuming that the medium is non-magnetic and that the electric and
magnetic fields have an el®t variation, eqs 2.1 can be used to derive
the wave equations,

22§+/b£w2§= ° (2.2)

V2H + ol = 0,
where H is the magnetic field intensity and w is the angular frequency
of the field. Assuming plane wave propagation in the z-direction, a
solution of the electric field wave equation is,

Ey = Eox explilet - Bz)1]. (2.3)
The maximum electric field intensity is Eox and A (= wyfigt) is the phase
constant (here egual to the propagation constant). The intrinsic
impedance 7 of the medium is defined as,

m = Ex/Hy, (2.4)
and, by using egs 2.1, this can be written as,

7 = Sl (2.5)
It can be seen here that 7 is a real quantity depending upon the
permittivity of the medium. Here E, and Hy are in phase, and in free
space we have, 7 = \//Z/?o‘ = 377 .

(ii) Propagation in a conducting medium

As with (i) above there are no free charges, but the conductivity
is given by,

J = ¢E, (2.6)
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where J is the current density. Equations 2.1 must now be modified to
accommodate this, and the Curl B equation becomes,

VX B = iwmy(e - ic/w)E. (2.7)
Here the real permittivity for the non-conducting medium has been
replaced by a complex permittivity and the electric field wave eguation
now becomes,

V2E + pole - io/w)wlE = 0, (2.8)
This can be re-written as

V28 - ¥%8 = 0, (2.9)

where the propagation constant ¥ is given by,

¥ = iwflugle - ig/w)], (2.10)
and eq 2.9 has a solution,

Ey = Egx exp[-¥z] expliwt]. (2.11)
Unlike the previous case, the propagation constant is now a complex
guantity which can be expressed as « + iff8 and eg 2.11 can be written as

Ey = BEgy exp[-wz] exp[i{wt - Bz)] (2.12)
The attenuation constant « represents the power loss from the wave due to
ohmic heating of the medium. Equation 2.12 describes the electric field
as it passes through the conducting medium. It can be seen that there is
an exponential attenuation term and a propagation term, and these are
both functions of the permittivity £, the conductivity of the medium ¢,
and the frequency of the field. By solving eq 2.10, oo and B can be

written as

o = whetl2 [+ (ofug)? - 119°°
B = wfiotiz LS+ (@ft) + 1195 .

As the conductivity o approaches zero, these equations reduce down to

(2.13)

those for a non-conducting medium with o tending to zero and B tending to

W /o€




= BT =

The exponential attenuation term is often expressed in terms of
the skin depth § which is the distance the field penetrates before its
amplitude is reduced to 1/e (v37%) of its original value. Skin depth may
therefore be defined as,

§ = 1/, (2.14)
The intrinsic impedance is now complex and is given by,

7 = [l (€ - id/k). (2.15)

This can be written in polar form as,

7 ="" expligl. (2.16)
Here, the electric field leads the magnetic field by ;é For a good
conductor we have, pﬁ = /4,

(iii) Propagation in an ionised gas

The ionised gas under consideration here is assumed to be neutral
with a uniform electron distribution. In this case the current density
depends on the properties of the free electrons of the gas. The

equation of motion of the average electron is,

md¥ = eE - myyy , (2.17)
at

where m and e are the electron mass and charge respectively. The mean
electron velocity is ¥, and v, is the collision frequency for momentum
transfer. For an exp({iwt) dependance of E and ¥, the equation has a

solution,

_ ek ; (2.18)
T vy + iw)

1<t

The current density in this case, given by J = Nge¥, can now be written

as

4 Nee2E_ . : (2.19)
= myy + iw)

The curl equation of 2.1 and 2.7 is now written as,



= 39 @

e Ne2 ‘ ) Ne2 (2-20)
vxB= g0 | |6 - anpieey | - 1| 2 amasry | B

The wave equation has the same form as eq 2.9, but this time ¥ is given

by,
2 2 2
2 - "W 3 _ 4t Y W (2.21)
X-EZ[[1 ;z‘-"-PTmZ] [wwv—mZ]].
where Wp is the plasma frequency defined by,
P = Nee? , (2.22)

Egm
and ¢ is the speed of light (=\/7/:4:,—€1).
By following the same procedure that was used to derive egs 2.13,
eq 2.21 can be used to find & and B. This yields the following

expressions,

) 2 £42 .2 2 v 12 5.4 0.5
-5 [ - ] - 82 [ [ - 25 - [ ot

(2.23)

0.5

2 = 2 w2 w2 w2 1% [l?  wb
- - o ’m| - %p
A 2c2 [1 oZ % vmd] T 22 [ [1 W + vmz] ] [w] (w? + vmz)z]

" The wave equation has a solution of the form, (which is the same as the

conducting medium case),

Ex = Egx exp[-«z] expli(wt -£z)] , (2.24)
where o and f from eq 2.23 are used. The attenuation constant represents
the power loss from the wave due to excitation of the ionised gas. The
phase constant B is used to give the refractive index n of the gaé where
n is given by (c/w)B. Once again the intrinsic impedance 7 is complex
and the electric and magnetic fields are out of phase.

By examining egs 2.23, a simple case can be considered where the
collision frequency is much less than the angular freguency of the
microwave field. Here, if the angular frequency is greater than the

plasma frequency, the attenuation constant tends to zero and the wave
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can propagate unhindered through the medium. When, however, the angular
frequency is less than the plasma frequency, the phase constant tends to
zero and the wave is said to be below the cutoff frequency. Here, the
wave is attenuated exponentially. Generally, high frequency fields find
it easier to propagate through an ionised gas.

This chapter is concerned primarily with an ion laser discharge
with an electron density of around 1020 m-3, This gives a plasma
frequency in excess of 500 GHz and so for the purposes of this chapter,
the angular frequency of the field is always considerably less than the
plasma frequency. Figures 2.1 and 2.2 contain graphs of the attenuation
and phase constants as a function of the w/yp ratio, with electron
density Ng, as a parameter. The skin depth § which is the inverse of the
attenuation coefficient is plotted on fig 2.3. It can be seen from figs
2.1 and 2.3, that when w/yy is greater than 1, the attenuation constant
remains approximately fixed.

Up until now, the effect of any discontinuities upon the
propagation of a microwave signal has been ignored. In some cases
however, these can be very significant indeed, as will be seen in the

next section.

Wave transmission and reflection at a boundaxy

In the previous section, the behaviour of a wave as it passes
through a medium was described. The propagation of such a wave can be
affected by sudden changes in the properties of the medium. The effect
of such discontinuities will be outlined here. This is of interest
because, in the discharge devices to be described in chapters 3 and 4 of
this thesis, the microv}ave power has to pass across a free-space/glass-

tube boundary and then a glass-tube/gas-discharge boundary. The
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absorption of a microwave signal propagating in an ionised gas has
already been discussed, but what is required here is an indication of how
much of the incident power actually gets into the gas discharge.

In order to measure the power which penetrates a free-space/gas-
discharge boundary, a plane TEM mode wave will be considered which is
incident upon a uniform plane boundary. In the discharge geometries of
interest (see chapters 3 and 4), the incident waves and boundaries are
never plane. Nevertheless, the case considered here is good to a first

approximation and is sufficient to illustrate the principle, and
i highlight a serious problem associated with the discharge configurations
used.

The fields to be examined can be expressed in the form

E =E,' &2, . (2.25)
where E,' is the complex amplitude which incorporates time and phase

information as well as the real amplitude. It is given by,

Ey' = B, explilwt +$)] . (2.26)
The fields incident (i) upon the boundary can be written as,
By = By o™ 9%
/ _x z (2.27)
Hyj = (Eoi/p1) e ' 7 .

The resulting transmitted (t) and reflected (r) fields now become,

Byt = Bop & 22
Exr = Eér eX'Z

, ¥ (2.28)
Hyt = (Bot/72) e 7t
XIZ

Hyr = ~(Eore/71) ™% .
Here, the propagation constant ¥, can be complex depending upon the
nature of the medium n.

There are two specific situations which can be considered, one

where the electric field is parallel to the plane of incidence, and the
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other where it is perpendicular. The tangential electric and magnetic

fields are continuous across the boundary at z = 0, and when the electric

field is parallel to the plane of incidence, the boundary conditions are,
Eqy cosby + Eoy cosf) = El¢ cosbr

’ ; P 3 (2.29)
Eoi/f1 ~ Bor/y1 = Eot/72-

The angle of incidence or transmission with respect to the normal at the

plane boundary is O; . Solving these equations, the amplitudes of the

transmitted and reflected electric fields are given by

Eér = (72/71 )cosB- - cosB; Ec,)i
(72/71)cosO- + cosb; :
(2.30)
Eét = 2(72/% )cos & Eéi‘

(72/71)cos0 + cosby
When the electric field is perpendicular to the plane of incidence, -the

equations are,

’

Eor = (75/71)cosf; - cosO ES;

or (’227'72,-1 )cos@i + cosb; i

‘ (2.31)
Eot =

2(72/71)cosb; Bl
T2l Foe=n e

The reflection and transmission coefficients R and T, are used to

+ COS

express the flow of energy across a boundary. They are defined as
ratios of the power per unit area across the boundary. The power per
unit area is given by the time averaged Poynting vector S, which is
written as,

Sav = 1/2 Re(E X H¥). (2.32)
Here, Re represents the '"real part of'", and * denotes the complex
conjugate. Assuming that E and H run along the x and y-axes
respectively, Sy poiﬁts along the z-axis. From egs 2.4 and 2.5, Hy is
given by,

Hy = (VE£4/377) By, (2.33)

where €, is the relative permittivity of the medium. Assuming that the
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boundary between two dielectrics lies on the x,y-plane and that the
plane of incidence is normal to this, the respective powers per unit area

of the incident, reflected and transmitted waves are given by,

Si = 1/2 (VE7/377) (Egi)?
Sy = 1/2 (£7/377) (BSy)? (2.34)
St = 1/2 (V&3/377) (E&)2.

The reflection and transmission coefficients, defined as |Sr/Si{ and

|S¢/Si|, respectively, can now be written as,

2
R = [ (Eq/€2)1/2 -1
[ (eq/€2) + 1 )
(2.35
T = 4(€q/E9)1/2

[(eq/ex) 174 + 114
These functions have been graphed on fig 2.4 at a free-space/dielectric
boundary. It can be seen that a considerable proportion of the incident
power is transmitted across the boundary provided that the difference
between €1 and &, is not too large.

The same is not always true at a glass/gas-discharge boundary.
The relative permittivity of an ionised gas is a complex quantity, as
given by eq 2.20. From eq 2.33 it can be seen that E, and Hy are out of
phase and that EX/Hy is complex. For an ionised gas eq 2.32 can be re-
written as,

Sav = 1/2 Re[(Egy + JEpi) X (Hor - jHoi)l (2.36)
where En., Eqj, Hor and Hyj are real functions of z as given by egs 2.24
to 2.26. By assuming that E; is real, the time averaged Poynting vector
can be written as,

Sav = 1/2 (€olo) /2 Rel£7] B2 . (2.37)

For a glass/gas-discharge boundary, R and T become,
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R = [ fq/Rel /2] - 1 ]2
[/{“1 Re[/E 4] + 1 2.38)
2s
T = __4f /Rel/EF]

[/E1/Rel/£¢] + 114
where £ is the relative permittivity of the glass and £, is the complex
relative permittivity of the gas discharge. For €7 = 2, R and T have
been plotted on figs 2.5 and 2.6 as a function of Ww/vy with Ny as a
parameter. It can be seen that, under certain conditions, the majority
of the incident power is reflected. This effect is used in 'I'R—celis for
the protection of radar receivers [2]-[3], and will be considered in more
detail later in this chapter.” In order to see whether or not this effect
prevents microwave power from penetrating the laser discharges reported
in this thesis, w/Yy and Ng must be found. To do this, the kinetics of a

microwave discharge will now be considered.

Motion of electrons in a microwave field

Almost all the excitation processes that occur in a gas discharge
are due to electron-atom or electron-ion collisions. Noble gas ion
lasers require large electron densities and a large, high-energy
electron population. For these lasers the state of the electron
population in the discharge is very important. This section describes
how the electron population of a discharge is influenced by the
properties of the exciting microwave field.

(i) An oscillating electric field

Under the influence of a DC electric field an electron is
accelerated until it collides with a gas particle. After the collision,
the electron is once again accelerated by the field. The kinetic energy
of the electron increases and decreases depending upon the time between,

and the nature of the collisions it undergoes. Since the direction of
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the accelerating field never changes, the electron will eventually be
pulled out of the discharge region. If the energy of the electron is
high enough, a subsequent collision with the container walls or
electrodes may lead to the production of secondary electrons. The
properties of an RF discharge vary only slightly from those of a DC
discharge because, on a microscopic scale, the field direction reversals
occur much less frequently than collisions. Hence, the two can be
treated in a similar fashion. |

When microwave frequencies are used, the electric field oscillates
so rapidly that the force on an electron changes direction before it can
escape from the discharge region. In the absence of collisions,
electrons simply oscillate in a microwave field, and the time averaged
energy transfer from the field to the electrons is zero. Here, the
electrons have their principal velocity components running parallel to
the exciting electric field. They also have another component due to
their thermal energy but this is relatively small. Collisions disturb
the oscillatory motion of electrons allowing them to absorb power from
the microwave field. As the kinetic energy of an electron builds up, the
collisions it undergoes are all elastic, because at this stage, it has
insufficient energy to excite an atom. In an elastic collision an
electron loses only a small fraction of its kinetic energy given
approximately by (2m/M)(1-cos¥). Here m and M are the electron and
atomic masses, and ¥ is the scattering angle through which the electron
is deflected. The velocity component in the direction of the electric
field is reduced after a collision. The electric field acts backwards
and forwards in one direction only and has no effect on the other
velocity components. In this way energy is transferred from the

microwave field to the electrons in a gas discharge. The efficiency with
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which energy is absorbed in this way is a function of the ratio of the
frequency of the microwave field to the collision frequency for momentum
transfer. ©Energy is also absorbed from the microwave field when an
energetic electron collides with an atom resulting in its excitation or
ionisation.

Electron losses in a microwave discharge are due mainly to electron
diffusion to the walls of the container. Losses due to recombination and
attachment are usually negligible. Since the production of secondary
electrons due to wall collisions is unlikely, only electrons produced
during collision processes within the discharge region need be
considered.

The use of a transverse DC-excited discharge in an Argon ion laser
would not be ideal due to the extensive wall interactions which would
occur. However, at microwave frequencies transverse excitation is a
feasible proposition. At the frequencies under study (3 - 17 GHz), the
electrons in the gas discharge are accelerated in one direction for a
period of time around 10-10 5 until the field direction reverses.
Neglecting collisions, the maximum distance travelled during this time,
assuming a negligible initial velocity and a mean electric field strength
of 100 kV/m (see chapters 3 and 4), is no more than 1.5 mm. When the
effect of collisions is introduced, the mean distance travelled between
field reversals becomes even smaller.

The mechanism of breakdown of a gas when microwave power is
applied can be considered from a microscopic standpoint. There are
always a small number of free electrons in a gas as a result of
naturally occurring ionisation phenomena. On application of the field,
electrons are accelerated until either a collision occurs or the field

direction reverses. Initially, as the energy of an electron starts to
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build up, the collisions it has will be elastic resulting in a change in
its direction of motion, but little change in its kinetic energy. When
the kinetic energy of the electron exceeds the lowest excitation energy
of the atoms in a gas, there is a finite chance that an inelastic
collision will occur resulting in the excitation of the atom at the
expense of the electron's kinetic energy. When the accelerating
electric field is high enough, some electrons will gain sufficient
eneréy to ionise an atom on collision. If enough electrons are éreated
in this way, so that the electron production rate exceeds the loss rate,
breakdown will occur. The breakdown process for a DC discharge is
essentially the same. Generally, microwave breakdown fields are lower
because the electron loss processes have less influence at the stages
leading up to breakdown.

When using pulsed microwave fields, breakdown can only occur if
the electron density can rise to a sufficiently high level before the
end of the pulse. There is a delay between the start of the microwave
pulse and the discharge. This is due to the finite time taken for the
electron population to build up. This delay can be reduced by
increasing the pulse power to accelerate the excitation processes.
Statistical variations in the delay time can be quite larxge,
particularly in noble gases. The microwave sources reported in this
thesis use 1 uS pulses with a repetition rate of 1000 pulses per second.
These pulse lengths are long enough to ensure breakdown on every pulse.
Moreover, the delay time and statistical variation are both small due to
the residual ionisation from the preceding pulses. For a microwave
discharge, the breakdown field is generally around 5 times more than the
maintenance field. This presents no problems in the pulsed systems

reported because of the high peak powers used. However, difficulty in
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initiating a discharge was experienced for the CW systems studied.

Once a steady state discharge has been created, electrons in the
discharge excite atomic and ionic energy states. Unless the excited
states of the recipients are metastable, they will quickly decay with the
emission of the characteristic radiation of their respective transitions.
By observing the emission spectrum of the gas discharge, a certain
amount of insight into the processes which occur can be obtained. Such a
study has been carried out for the laser discharges used and the
findings are reported in chapter 6.

(ii) Significance of the w/y, ratio

It has already been pointed out that collisional processes are
necessary for electrons to absorb power from a microwave field. The
important factor is the ratio between the frequency of the microwave
field, and the collision frequency for momentum transfer. This ratio
dictates the number of collisions occurring per oscillation of the
electric field, andl so, dictates the microwave power absorption
efficiency of a discharge.

The Boltzmann equation and an electron conservation equation
normally form the starting point for kinetic theory calculations used to
find the properties of a gas discharge. The electron conservation
equation balances the electron loss processes due to diffusion with the
gain processes from ionisation. The Boltzmann equation describes the
effect of applied forces and collisions upon the space and velocity
distribution of particles in a gas. For noble gases, the solution of
this equation is complicated by the fact that the total electron-atom
collision frequency v, is a function of electron energy as shown on fig
2.7. Because of its complexity, solution of the Boltzmann equation will

not be considered. However, many studies have been carried out [4]-




1E-9 (Sec/Torr)

Veoll/P X

20 ' . y
) | | /;///*ﬁ\\\\\:\\\\un |
N { ’ { \\
Ve
12.5} 4+ 4 : 4 & + & ]
Vi
4 & + $
2.5 4 3 + + + J
B ‘4 ) i2 18 2D 24 28 32

Electron Energy (eV)

FIGURE 2.7
RATIO OF COLLISION FREQUENCY TO
ARGON PRESSURE (BARASED ON [41).




— 90

[11], and these use cross-section data like those given in [12]-[22].
The cross-section for momentum transfer vy, is used when

considering the energy gained by electrons from the exciting electric

field. The mean kinetic energy absorbed by an electron per elastic

collision is given by [6],

eoe A E.2 : (2.39)
C T 2m V¢ 1 + (whp)?

where e/m is the electron charge-to-mass ratio and Ej is the peak value
of the electric field. Like the total elastic collision frequency va, Yp
is a function of electron energy as shown on fig 2.7. The power
transfer between the field and an electron, due to momentum transfer
collisions, is given by vp(u)us(u), where u is the electron energy. By
differentiating this it can be seen that the energy transfer is a maximum
when w/vpy equals 1. Also, it can be seen that when w/vp is much less
than 1, we have

ue & (e/2m) (Ep/vy)2. (2.40)
This is the same as for a DC discharge with E = Ep//2. When &/vy is much
greater than 1, we have

ue & (e/2m) (Ep/w)2, (2.42)

From fig 2.7 it can be seen that vy(u) is an increasing function
of electron energy up to 12 eV, and that at energies above this, it is
approximately constant. The high energy electrons have a higher
collision frequency, and the power transfer is a maximum when w/vy equals
1. As w is increased up to the maximum value of v therefore, the high
energy tail of the electron energy distribution is enhanced. Once w is
increased past the maximum value of Vg, the excitation efficiency
decreases but is still highest for electrons in the high energy tail.
The high energy tail is important in ion laser discharges and this will

be discussed next.
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(iii) The electron enerqy distribution function

The electron energy distribution function (EEDF) describes the
kinetic energy distribution of electrons in a gas. Knowledge of this
function is required in order to determine the w/yy ratio and the degree
of excitation in the discharge.

The EEDF can be studied over the range where w/vp is much greater
than 1 to where w/v, is much less than 1. In the case where w/Yp is much
less than 1, the distribution function reduces to that of a DC discharge
which is a function only of E/N, where E is the mean applied electric
field and N is the gas number density. When w/vy is much greater than 1,
the distribution function becomes a function of E/w only. At
intermediate values, it depends upon both E/N and E/w. This variation in
the EEDF is a result of its dependance upon the kinetic energy gain u, of
electrons from a microwave field.

Noble gases have no low-energy excited states, and so the energy
required by an electron for ionisation can be built up over several
elastic collisions, without losses being incurred in atomic e;%citation.
It is for this reason that ionisation and breakdown are relatively easily
achieved despite the high ionisation energy of noble gases. In an
exciting or ionising collision, an electron loses a significant
proportion of its kinetic energy. This generally causes a steep fall in
the distribution function in the vicinity of the lowest excitation
threshold. The exact nature of this drop depends upon the conditions in
the discharge. The bulk of the electrons in an ion -' laser discharge have
insufficient energy to populate the upper laser levels. It is these
electrons which principally dictate the mean electron enexrgy (électron
temperature), which for an ion laser discharge, is around 6 eV [23]-[26].

The high energy electrons in the tail of the EEDF are the most active
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from an excitation point of view, as can be seen from figs 2.8 and 2.9.
Here, the excitation and ionisation frequencies hy and hj are given by
Py/P. and P;j/P. respectively, where Py, P; and P, are the probabilities
of excitation, ionisation and collision. It is the high energy electrons
whiéh are required for the populatioﬂ of the upper laser levels.

The coupling structures reported in chapters 3 and 4 provide an
electric field of up to 400 kV/m at the laser tubes. 'The principal
laser under consideration, the Argon ion laser, operates at pressures P
between 0.02 and 0.1 mB, with an operating gas temperature T of 1000-
2000 K. The gas atom number density N is given by [4],

N(m=3) = 7.24X1024 P(mB)/T(K). (2.42)
This gives a typical E/N ratio of up to 10-15 vm2. The microwave
coupling structures operate at frequencies between 3 and 17 GHz making
E/w of up to 10~ Vs/m. Because the E/N ratio is so high, direct
(single-step) excitation of the upper laser levels is the process most
likely to occur. The electron density is also likely to be high and in
such a case the EEDF is Maxwellian in form. Under such circumstances the
Boltzmann equation has been solved [11] and the EEDF has been calculated
as shown on fig 2.10. The distribution functions have all been
calculated for the same mean electron energy of 3.5 eV and w/v,e has been
used as a parameter. Here, Ve is a constant equal to the collision
frequency for momentum transfer for an electron with a kinetic energy of
the same order as the mean electron energy. It can be seen from the
figure, that as w is increased, the high energy tail is enhanced. This
is a result of the increasing energy transfer efficiency, as has already
been explained.

It can be seen from fig 2.7 that the collision frequency for

momentum transfer for Argon peaks at around 6 X 108 collisions per
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second. Because the energy transfer efficiency is highest when w equals
V. this seems to place an upper limit on the optimum microwave frequency
for an Argon ion laser fill, (where v = vg..), of approximately 100 MHz.
At microwave frequencies above this, the power transfer from the
microwave field to the gas by momentum transfer is less efficient. But,
at the higher frequencies used here, the high energy electrons are still
preferentially excited. Also, this does not include the effects of
inelastic collisions resulting in direct excitation of the uppef laser
levels. These more energetic electrons have a much higher total
collision frequency, as shown on fig 2.7, giving an optimum frequency, in
this case, of around 1 GHz. Because of the wide range of electron
energies involved, the excitation efficiency is only a weak function of
microwave frequency, and to a first approximation, can be considered to
be negligible.

An estimate of the mean electron energy in the laser discharges of
4 eV can be made by considering the laser performances and discharge
spectra (see chapter 6). At this energy fig 2.7 gives a collision
frequency for momentum transfer of around 2 X 108 collisions per second
for a gas pressure of 0.07 mB. For the microwave frequencies used, this
gives an w/yy ratio of around 400. Noble gas ion lasers typically
operate at electron densities of 1019-1021 m=3 [25]-[31]. Using an
electron density of 1019 m-3, figs 2.1 to 2.6 can then be used to
evaluate the microwave propagation characteristics in the Argon ion and
Helium-Krypton laser discharges. It can be seen that microwave power is
not propagated, but is exponentially attenuated as it passes through a
laser discharge. As a result of this attenuation, the laser discharges
have a skin depth of around 1 mm. For the container geometries used this

means that a uniform discharge should be obtained, and this is observed
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in practice. Reflection of an externally applied microwave field at a
glass/gas-discharge boundary can be significant. For the laser
discharges used, at least 90% of the incident power is reflected. This
could best be avoided by devising a discharge structure which introduces
the microwave power directly into the gas discharge avoiding the

discharge boundary.

TR-cell operation using a laser gas fill

In oxder to confirm that the majority of the incident microwave
power is reflected before entering a laser gas discharge, the
performance of a standard TR-cell containing a typical gas fill was
examined. A TR-cell is used in radars to protect the sensitive receiver
from the powerful magnetron pulses. When high microwave powers are
incident upon the TR-cell, the gas inside the cell breaks down and a
discharge is set up at the input end of the cell. The gas discharge
reflects all the incident power thus protecting the radar receiver which
is located behind it. When the magnetron pulse stops, the gas recombines
and the low power reflected signals are then able to reach the receiver.

A TR-cell normally has a gas fill comprising Argon (~10 mB) and
water vapour (~5 mB). The water vapour is a recovery agent used to
extinguish the discharge as quickly as possible, once the microwave pulse
has stopped, in order to admit reflected signals. A standard 3-element
EEV BS928 TR-cell, containing a 0.07 mB Argon fill was studied. It can
be seen that this gas fill differs considerably from that normally used
in a TR-cell. The performance parameters of interest are the spike and
total leakage. The spike leakage gives an indication of how quickly the
gas in the cell breaks down and gives a measure of the enerqgy

transmitted before complete breakdown is established. The total leakage
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includes spike and flat leakage and is a measure of the total power per
pulse which is transmitted through the cell. The BS928 has a maximum
spike leakage of 150 nJ/pulse and a total leakage of up to 420 mW/pulse.
The total leakage of the BS928 cell with the Argon ion laser fill
is measured to be 82 W/pulse, for 10 kW, 1 uS input pulses at 1000 pulses
per second. Although this is high compared with a proper TR-cell fill,
this still represents only 0.82% transmission. Moreover, theAspike
leakage.is observed to contribute a considerable fraction of the total
leakage power. This is due to the poor breakdown of the gas fill because
of the low pressure. Once the discharge becomes established, less than
0.2% of the incident power is transmitted. A Helium-Krypton ion laser
fill is observed to give an even smaller total leakage. This is mainly
because the spike leakage is less due to the higher gas pressures used.
The arrangement in a TR-cell is very similar to that studied
earlier in the chapter where perpendicular incidence upon a plane
boundary is considered. In the experimental case here, the incident wave
is propagated along a waveguide, which, to a first approximation, can be
considered to be a plane wave front. Both this experimental study, and
the theoretical study reported earlier, confirm that only a small
fraction of the incident microwave power can penetrate a dielectric/gas-

discharge boundary.
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Chapter 3 Microwave Coupler Design Producing A

Transverse Electric Field

This is the first of two chapters concerning the devices used to
couple microwave power into the active medium of a laser. This chapter
considers a microwave coupler design which is used to produce a
transverse electric field across the laser tube, and the next chapter
describes a helical structure which produces a longitudinal electric
field. The coupling structure described efficiently and evenly
distributes microwave power along the active length of the laser tube.
The structure consists of three 3dB branch-guide couplers connected' in
series. An outline of the theory used to design a branch-guide coupler

is given, followed by a description of the entire coupling structure.

Transverse electric fields in rectangular waveguide

A waveguide is essentially a hollow metallic tube along which
microwaves propagate by reflection at the walls. As waves pass along a
wavequide, electric and magnetic fields are set up. The distribution of
these fields can be derived from Maxwell's equations whilst using the
boundary conditions defined by the waveguide [1]1,[2]. This analysis
leads to a set of general equations defining the electric and magnetic
fields at all points in the guide.

Waveguides with circular or rectangular cross-sections are most
often used and rectangqular waveguides will be concentrated upon here.
Assuming propagation in the z-direction, there are three main types of
wave that can propagate. These are the TE (transverse electric) wave

where E, = 0, the ™ (transverse magnetic) wave where H; = 0, and the
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TEM wave where E, and Hy, = 0. The TE waves are generally the most
important, and it is these which are used in almost all waveguide
devices.

The electric and magnetic field distributions along the quide
depend upon the modal content of the electromagnetic wave. The
dimensions of the guide dictate the standing wave orders which can be
set up in both the x and y-directions as shown on fig 3.1. Most
microwave devices rely on knowledge of the fields in the guide, and SO
single mode propagation is desirable. As a result, the dimensions of a
waveguide are usually chosen so that only the fundamental mode can
propagate. All other higher order modes are attenuated by the guide.

The general field equations for a TEy, wave as derived from

Maxwell's equations are given by [1]1-[2],

Ey = Egx cos(max/a) sin(nay/b) expl[i(st - Bz)]
E, = Egy sin(mex/a) cos(ney/b) expli(ot - Bz)]
E, = 0
(3.1)
Hy = Hoy sin{mex/a) cos(ney/b) expli(wt - B2z)]
Hy, = Hyy, cos(mex/a) sin(ney/b) expli(et - pz)]

H, = Hy, cos(mex/a) cos(nwy/b) exp[i(et - Bz)].
Here, a and b are the broad and narrow dimensions of the waveguide,
Eoxr-+-Hoy are the peak values of the electric and magnetic fields,
Eyg,...H, are the fields at the point (x,y,z) in the quide, Bis the phase
constant of the wave, and @ is the angular frequency of the field. The

fundamental TEjyq mode, where m = 0 and n = 1, is then represented by,

Ey = Egx sin(xx/a) expli(wt - gz)]
Hy = (B/wpy) Eox sin(@x/a) expli(wt - Bz)] (3.2)
Hy = -3 (n/w/uoa) Eox cos(rx/a) expli(wt - Bz)],

where M, is the permeability of free space. When these equations are
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used to plot the electric and magnetic field strengths, the distribution
on fig 3.2 is obtained. Here, the field patterns- represent the
instantaneous fields present in a waveguide as a TEj;| mode wave passes
along it. The wave as it travels down the guide has a guide wavelength
Mg given by [31,

A = A r (3-3)
L € P W ey

where ), is the free space wavelength. The TEyq mode is assumed to be
the only mode present when the microwave coupler design is considered in
the next section.

The power transmitted down a waveguide can be calculated by
considering the time averaged Poynting vector given by eq 2.32. This
equation is equivalent to the product of the average energy density and
the phase velocity of the wave in the guide. Applying egs 3.2 for a
wave travelling down the z-axis,

Sav = (B/2wp) Egy? sin?(@x/a) 2, (3.4)
where Z is the unit vector in the z-direction. The total average
transmitted power W, is obtained by integrating S, over the cross-

section of the guide to give,

W = _ab Eg,2 [1 = [30]2 ]0-5 (3.5)
dcpe 2a

The average transmitted power can be measured using standard microwave
power measuring equipment and so the peak electric field can be
determined. At 10 GHz using 100 kW fed into waveguide with dimensions
22.8 mm X 10.2 mm, a peak field of approximately 500 kV/m is achieved.
Similar fields are obtained at 3 GHz and 17 GHz using the microwave power
sources described in chapter 6. A field of this magnitude produces a
voltage of around 3 kV across the outside diameter of the laser tubes

used. This field is considerably higher than that normally used in noble
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gas ion lasers.

Wavequide divectional couplers

A waveguide directional coupler is a device which couples a
specified amount of microwave power from a source waveguide into an
auxiliary guide. This is done via a collection of slots, holes or
branches located either on the broad or the narrow walls between the two
waveguides. Such a coupler, as shown on fig 3.3, has directional
properties. Ideally, if microwave power is passed along the source
guide from port 1 to 2, the coupled power in the auxiliary guide will
appear only at port 3; in this case, port 4 is essentially redundant.
Similarly, if power is fed from port 2 to 1, the coupled power will
appear only at port 4, with port 3 redundant. Since no directional
coupler is perfect, a small amount of leakage occurs through the
redundant auxiliary waveguide port. This leakage depends upon the
directivity of the coupler. The higher the directivity, the smaller the
leakage.

A directional coupler is generally specified by its operational
bandwidth, VSWR, degree of coupling, and directivity; the latter two
being specified by the equations,

C(cb)

10 log-lo( Power through port 1 )
Power coupled through port 3

(3.6)
D(db)

10 log1o(Power through port 3)
Power through port 4/ .

(i)} The branch guide directional coupler

The branch guide coupler has a number of distinct advantages over
other designs of coupler like the short slot, cross and multi-hole
couplers. It can handle high microwave powers and is compact along a

length of quide. It is best suited as a strong coupling device and is
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generally straightforward to construct. Also the VSWR, directivity and
coupling over large bandwidths compare well with other coupler designs.

In the branch guide coupler, power is coupled between the main and
auxiliary guides via a series of branch guides forming T-junctions at the
broad walls. The dimensions of the branch guides dictate the degree of
coupling between the two main guides. The most basic branch guide
coupler, as shown on fig 3.3, consists of two equal branches of length
Ag/ 4, separated by ,\g/ 4. More advanced variations employ more br'anches
and these can be studied by using ABCD-matrices to describe the coupler
performance.

(ii) ABCD-matrix representation

Most microwave devices can be treated analytically by using a
matrix representation. The ABCD-, S- and T-matrices are all used to
describe n-port devices. Each type of matrix has an application to
which it is best suited, although the S-matrix is the most general [4].
The ABCD-matrix has the advantage that, for a 2-port network, the
resultant matrix of a series of single network elements can be

determined by multiplying their individual ABCD-matrices as shown below,

(Antwk Bntwk) = (A1 31) (Az Bz\ (An Bn) (3.7)
Cntwk  Dntwk C1 Dyi& Dy Cn Dn/ -

This is of benefit in coupler analysis because the matrices of
individual branches can firstly be found, and then all the component

matrices can be combined. ' The reflection coefficient T' and the

tranBmission coefficient T of a two port network are given by,
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(3.8)
T = 2 '
A+B+C+D

where A, B, C and D are the ABCD-matrix components of the network.

The directional couplers under study here are 4-port devices, but
they can be reduced to 2-port networks by using an even/odd mode
analysis. An even/odd mode analysis of the coupler on fig 3.3 can be
carried out by considering the plane of symmetry between the main and
auxiliary guides. The even mode is created by introducing two signals
each of amplitude V/2 and equal phase into ports 1 and 4. A potential
null then occurs along the plane of symmetry between the two guides.
This is equivalent to inserting a short circuit which bisects the
branches. The resulting 2-port network shown on fig 3.4a, represents
the even mode. Similarly, the odd mode open circuit 2-port network is
formed by applying signals which are 180° out of phase at ports 1 and 4.
Assuming that all the ports of the coupler are properly matched, the sum
or superposition of the even and odd modes gives an incident signal of
unit amplitude in port 1 and zero in port 4. The amplitude out of port 2
is the sum of the transmitted amplitudes from the even and odd modes, and
at port 3, the output is the difference in transmitted amplitudes. The

emergent voltages can be written as,

V'l = (T’e +T'o)/2
V2 = (T + Tp)/2
(3.9)
V3 = (Tg - Tp)/2
V4 = (T‘e —-r’o)/z ’

where T'g and Ty are the reflection and transmission coefficients for the
even mode and Ty and T, are those of the odd mode. By using matrix

equation 3.7, the ABCD-matrices of the even and odd modes can be
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determined by cascading the matrices of their individual components.
From fig 3.4, it can be seen that the components are Ag/ 8 short circuit
and open circuit stubs for the even and odd modes respectively. Also to
be included here are the lengths of waveguide between the stubs.

Having found the ABCD-matrices of the even and odd modes, egs 3.8
and 3.9 can be applied to egs 3.6 to find the coupler directivity and
coupling ratio. Most branch guide coupler design techniques [41-[171,
follow the basic ‘route outlined so far, but from here the techniques
diverge. A combination of these methods which incorporates both
simplicity and accuracy is givén here.

(iii) Component matrices

In order to calculate the ABCD-matrices of even and odd mode
networks, the matrices of the individual network components must be
found. For the even mode, the ABCD-matrix of the short circuit series
stub of fig 3.4 is given by [5]1,[18],

1 -jZptan L/Agc) |
(3.10)
0 1 '
where Z, is the impedance of the branch guide, L/2 is the length of the
stub, and '\gc is the quide waveleﬁgth ét the centre frequency. The
equivalent ABCD-matrix for the odd mode open circuit network is formed
by substituting -cot wI/ )‘gc for tan nL/Agc in matrix 3.10. Similarly,
the ABCD—matrix of a length S of lossless transmission line is given by,’
costS/Age 1 jZotantS/Age
{311}
J¥otanns/Age 1 :
where Z, is the impedance of the main and auxiliary guides, and Y, is
the admittance (= 1/25). At the centre frequency where L'= § = Ay./4,

and normalising 27, with résp'ect to Z,, matrices 3.10 and 3.11 can be

simplified to,
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I | and 1//5(1 3
(3.12)
0 1 1 O [

Here z, represents the normalised branch guide impedance (= 2u/ Zs) .

A signal entering the branch-guide coupler of fig 3.3 is split
between ports 2 and 3. No power is observed at port 4 because the waves
from the two branches travelling towards port 4 cancel due to the U phase
shift between them. Because of small differences in the signals from
both branches, complete cancellation does not occur, and so a small
amount of power reaches port 4. Additional thinner branches can be added
to improve the cancellation and hence the directivity of the coupler.
These also have the effect of improving the performance bandwidth. The
size variation of the branches can be chosen in several ways. One way to
do this is to consider the impedances of the branches. These are already
incorporated in matrices 3.12 where z, is written as 2z, 23¢....2p. A
symmetrical impedance distribution is almost always used where the
impedances of the branches are arranged as 2zq, 23, 2Z3s.-++22; 21. In
this way the performance of the coupler is independent of the input port
used.

As an example, the ABCD-matrix of a 5-branch even mode network is
found by cascading the individual component matrices 3.12. The
resulting network matrix elements are given by,

A = (2929 - (2223 - 2) -1

j(z125 - 1)(229 + 23 - 212223)
(3.13)

]

B
C = jzo(zz3 - 2)
D

(2929 - 1) (2923 - 2) -1 .
In order to completely evaluate these matrix elements, 2zq, 2y and z3
must be known. The relative sizes of the impedances are found by

choosing an impedance taper, and their absolute values are dictated by
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the required coupling factor.

(iv) The Chebyshev impedance taper

Along the course of analysis being followed, four types of
impedance taper can be considered. These are the Sine [7], Bincmial
[9]1, Chebyshev [10] and Butterworth [12] impedance tapers. The
Chebyshev polynomial design generally gives the. best performance over
large bandwidths [11]. The recurrence relation for a Chebyshev
po’lynomial of the first kind is given by,

Tne (X) = 2xXTp(x) - Ty q(x) , (3.14)
where we have Tp(x) = 1 and T{(x) = x. Some of the polynomials in this
series are shown on figs 3.5 and 3.6. It can be seen that over a
specified bandwidth, the functions remain within tight limits and that,
as the degree of the polynomial increases, the "tightness" of the
distribution is improved. This is the main reason why the performance of
a coupler improves as the number of elements is increased.

For many applications the directivity of a coupler is the most
important parameter [19], and most designs try to maximise this over as
large a bandwidth as possible. Considering the 5-branch coupler shown
on fig 3.7, if power is fed into port 1, the scattered wave at port 4

which dictates the directivity is given by,

Vg = aqexp(-Igc) + agexp(-33gc) + az(-35¢c) o

+ aqexp(-39¢c) + agexp(-374a), |
where aq, ap and a3 are voltage coupling coefficients and 5250 is the
electrical length of a branch at '\gC' The expression can be simplified

to,

|V4| = |2ajcosdd, + 2aycos2d, + azl. (3.16)

The impedance taper is defined by setting |V4| equal to a Chebyshev

polynomial as follows,
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| 2ajcosdg + 2aycos2ds + a3 | = ¥T4(tx). (3.17)
Here Ty(x) is a Chebyshev polynomial in x of degree 4, where t is a
scaling factor determining the operational bandwidth and ¥ dictates the
worst permitted directivity at the band edges. In this way the
directivity of the coupler is given a Chebyshev form. Setting x=cos;l‘c,
the coefficients of aq, ap and a3 are equated and then normalised with
respect to aj. This gives,

ag =1

401 - 1/t2) (3.18)
2(3 - 4/t2 + 1/t%).

a2

23
In order to determine t, the directivity function at the band edges is
considered. Here, we have |V4| = & , and this implies that tx = -1
giving,

k= -.!;1/cos¢. (3.19)
Using the equation

¢ = 2aL/Ag, (3.20)
t can then be found for a specified bandwidth dictated by Aé. The worst
direcfivity in the band is given by,

Dhpin = 20 logqglTs(t)1. (3.21)
Small values of t are indicative of large operational bandwidths but
poor directivities. A compromise has to be reached between the two so
that reasonable bandwidth and directional properties are achieved.

Having found t, egs 3.18 can be applied to give the required
relative voltage coupling ccoefficients, and hence the relative branch
guide impedances. In. order to determine the branch guide impedances
explicitly, egs 3.8 and 3.9 are combined to give,

| V3/vo | = | (B+C)/(a+D) | . (3:22)

On specifying the required coupling ratio of the directional coupler,
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this equation can be solved. In the case of the 5-branch coupler of fig
3.7, egs 3.13 can be used to yield a polynomial in‘, for example z4, and
this can be iteratively solved using the Newton-Raphson method.
Equations 3.18 can then be used to explicitly determine z; and z3.
Equations 3.13 and 3.18 can be modified for systems with a different
number of branches and the rest of the procedure is the same.

Having calculated the impedance of each branch, its dimensions can
be found using the equation,

Zy = bp/bye (3.23)
However, the values thus obtained are only correct to a first
approximation because matrices 3.10 and 3.11 were derived whilst
neglecting discontinuity effects at the branch-guide junctions. These
effects will now be considered.

(v) T-junction discontinuities

The earliest branch-quide coupler design models [5],[6] and [9],
neglected discontinuity effects. A more complete analysis must include
the perturbing effect of the T-junctions on the electric field
distribution in the main and auxiliary waveguides. This results in the
required modification of the previously calculated branch thicknesses,
lengths and separations.

At a discontinuity, a large number of non-propagating modes are
excited. The non-propagating nature of these modes restricts their
influence to the immediate vicinity of the discontinuity and their
effects can be regarded as localised. The electrical perturbations
which a discontinuity causes, can be represented by equivalent circuits.
Studies of such discontinuities have been carried out by [15] and [20].
Reference planes, as shown on fig 3.8, are used to represent the required

alterations to the branch-guide dimensions and separations. By
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considering these reference planes, and by comparing the transfer matrix
of an ideal branch-quide with that of a real branch-quide, the modified
coupler dimensions can be calculated [7], {15]. The correction equations

are found to be,

2 10.5
bn/bg = ng2 (by'/bg) [ 1 +( go@o__) ] (3.24)
[ No* by ' /g
In' = (A\ge/2%) cot-1[ z ] - 26n" (3.25)
oo T '
S'n,n+1 = Agc/4 + 8p' + spyq’, (3.26)

Here, bp', Lp' and S,' are the corrected branch-guide thicknesses,
lengths and spacings of fig 3.7, and X,/Z, n2, c' and s,' are
complicated functions of by,' as shown on fig 3.9.

Bearing in mind that both n,2 and Xo/Zo are functions of by'/b,,

eq 3.24 is used to plot a graph of b,/b, against by,'/b, as shown on fig

3.10. Once the initial branch-guide thicknesses have been found from the
procedure outlined earlier, fig 3.10 can be used to give the corrected
values when the T-junction discontinuity effects are included. Once by’
is known L,' and S'n,n+1 can be found using egs 3.25 and 3.26, and the
graphs on fig 3.9.

It can be seen from fig 3.8 and egs 3.24 to 3.26 that the branch
dimensions have to be slightly decreased, and the branch spacings
-lengthened to allow for the T-junction discontinuity effects. 1In order
to simplify construction, a power weighted mean branch length can be
used, defined as

L' =522 Ing"Y / Enlzs?) - (3.27)

In the design procedure reported here, only the branch-guide
impedances are tapered, whilst the main line impedances remain constant.
A design procedure using a quarter-wave transformer prototype can be used

[8], where the main line impedance is allowed to vary. However, that
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technique is no better than the one reported here. Another design
procedure based on Zolotarev functions can be used [14], but this
technique is mathematically complicated, and does not give a major
improvement in performance.

(vi) Frequency sensitivity of coupler performance

For certain applications it is desirable to know how a coupler
behaves when operating over a specified bandwidth. So far, the design of
a branch-guide coupler operating at the centre frequency f, = c/ )\éc has

been considered. The lengths of the branches and their spacings were
- originally fixed at /\gc/4 and the discontinuity analysis led to the
optimisation of these dimensions for operation at f,. Calculation of the
branch thicknesses was based on the simplified component matrices 3.12 of
the even and odd mode networks which apply at £,. Some provision has
been made for operation over a specified frequency band when choosing the
impedance taper. Apart from this, no information about the frequency
sensitivity of the coupler performance has been considered. In order to
investigate this further it is necessary to return to matrices 3.10 and
3.1

Previously, matrices 3.10 and 3.11 were simplified to matrices 3.12
which are valid only at f,. The simplified component matrices were
cascaded to give the ABCD-matrices of the even and odd mode networks.
The impedance taper and specified coupling factor were then used to
calculate the thicknesses of the branch-guides and the Chebyshev
impedance taper was chosen to give the best possible directivity for a
- specified operational bandwidth. In order to calculate the behaviour of
the coupler VSWR, coupling factor and directivity over that bandwidth,
the ABCD-matrices 3.10 and 3.11 must be re-calculated in increments of

wavelength within the band. The T-junction discontinuity corrections
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also depend on /\g [16], and the effect of this must also be included for
a complete analysis.

(vii) Directional coupler dimensions

Branch-guide couplers with five elements are the most commonly used
because they have a good performance-to-size ratio. On this basis 5-
element couplers were chésen for use in the laser coupling structures.
As has already been stated, there are a number of techniques which can
be used to calculate the dimensions of a branch-guide coupler. An
outline has been given of one particular route which some of the more
commonly used design techniques follow. The dimensions of a 5-element
3dB branch-guide coupler using a route similar to the one reported here
are tabulated on fig 3.11 [11]. These dimensions were incorporated. in

the laser coupling structures to be described next.

The Laser coupling structure

The branch-guide coupler design as described above was used in the
laser coupling structures. Although fringe effects at the T-junctions in
these couplers distort the electric field pattern, the field can be
considered, to a first approximation, to be transverse within the coupler
region.

The coupler designs of figs 3.7 and 3.11 are in fact, 3dB-hybrid
couplers. When microwave power is fed into port 1 of a such a coupler,
the power emerges split equally between ports 2 and 3. Because of the
quarter wavelength spacing between the main and auxiliary guides, the
signal emerging out of port 3 is @/2 out of phase with that from port 2.
Now, if two such 3db-hybrid couplers are connected in series, this phase
property results in the combination acting as a 0-db coupler, (that is,

all the power emerges from port 3). This is shown schematically on fig
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(From R.Levy 1966 [111).
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3.12. No power emerges from port 2 of the combination because of the
phase change which occurs when a signal crosses into the auxiliary guide
via the first coupler, and then back again into the main guide via the
second coupler. This property has been used in the design of the laser
coupling structure.

The laser coupling structure reported here makes use of three 3db-
hybrid couplers connected in series, separated by a distance
approximately equal to the guide wavelength Ag as given by eq 3.3. The

laser tube is placed along the centre of the auxiliary guide and
. variable short circuits are placed at the three output ports. The short
circuits in the auxiliary guide have holes in their centres to
accommodate the laser tube. Figqure 3.13 illustrates the fields which are
set up in the absence of the laser tube. It can be seen that power will
be distributed fairly evenly along the length of the auxiliary guide
whilst avoiding most of the nulls which are set up by standing waves.
Furthermore, power is cycled twice through the coupler before leaving at
port 1. This analysis assumes perfect 3db-hybrid couplers, the correct
positioning of the short circuits and a lossless system. However, it
neglects the presence of the laser tube.

The laser tube and associated gas discharge introduce a
significant perturbation to the electric field distribution in the
coupler. Tuning facilities at the three variable short circuits enable
the device to be tuned for maximum efficiency. Using this technique it
is possible to tune the device so that the reflected power is 20db down
on the input. However, this does not necessarily indicate that the
remainder of the power is absorbed by the gas discharge. If the
discharge acts as an efficient microwave load, this will be the case,

otherwise, the power will oscillate in the device and will gradually be
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absorbed by the walls. As has been explained in chapter 2, the gas
discharge used here does not act as a good load and the majority of the
incident power is dissipated in the coupling structure itself.

In order to measure the uniformity of the electric field being
applied to the laser tube, a small probe was inserted into holes placed
in the broad wall of the auxiliary gquide. The probe consisted of a
small length-of wire which, when inserted into the guide, ran pa}:allel
to the electric field. The probe wire was connected to a crystal
. detector which converts microwave frequencies into a DC voltage which is
proportional to the electric field strength. A fairly uniform electric
field distribution was recorded along the length of the laser tube. This
is desirable for even excitation of the laser medium.

Coupling structures were constructed for operation at 10 GHz and
17 GHz based on the dimensions tabulated on fig 3.11. The couplers were
constructed out of aluminium alloy HE30 and then coated with a Chromate
passivation layer to protect the aluminium from the corrosive effects of
high microwave powers. A computer numerically controlled machine (CNC)
was used to mill out the structures in two halves where a plane bisects
the broad walls of the main and auxiliary gquides. These two halves were
then joined together by screws and mounted onto a solid base plate which
was also used to support the laser mirror holders and the Brewster angled
window holders and gas ports (see chapter 6). A schematic of the
complete laser structure is shown on fig 3.14, and photographs of the 10
GHz and 17 GHz devices are given on figs 3.15 and 3.16. A branch-guide
coupler for operation at 3 GHz was not used due to its large size and a
smaller commercial multi-hole 3dB-coupler was used instead. This coupler
also produces a tran.sverse electric field. 1In this case, a small

platform was attached at each end of the coupler to support the optics




FIGURE 3.15 THE COMPLETE WAVEGUIDE 10 GHz LASER COUPLING STRUCTURE.



FIGURE 3.16 THE COMPLETE WAVEGUIDE 17 GHz LASER COUPLING STRUCTURE.
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and gas ports.
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Chapter 4 Helix Design Producing A Longitudinal

Electric Field

This is the second of two chapters concerning the structures used
to couple microwave power into the active medium of a laser. A helical
slow wave structure is examined which produces a large axial electric
field, when microwave power is propagated along it. The nature of the
electric field distribution around a free-standing helix, and its
impedance, are investigated as a function of the helix parameters. The
theory is then extended to describe the field distribution around the
helix when it is incorporated in the laser coupling structure. The helix
parameters which yield the highest axial electric field in the coupling
structure are calculated. These are then compared with the optimum

experimentally determined values.

The travelling wave tube helix

Helices are used mainly in travelling wave tubes (TWIs) as slow
wave structures. Consequently most helix design theory is biased
towards the criteria required for optimum TWT operation. This section
examines the principles behind the operation of a TWT and discusses the
differences between TWT and laser helix reqguirements.

A TWT uses a slow-wave structure to retard the motion of a
microwave field in order to optimise its interaction with a slower
moving electron beam. Although there is a multitude of slow wave
structures which can be used in a TWT, the two most common are the helix
and the coupled cavity. The helix is used in most cases, except in high

power applications where the coupled cavity is favoured for its superior




S, o
power handling ability.

The basic T™WT produces an electron beam which is passed along the
axis of the helix. A small microwave field is then fed into the helix
producing an electric field along the axis. The pitch of the helix is
chosen so that the microwave field progresses along the length of the
helix with almost the same velocity as the electron beam. The electron
beam interacts with the axial electric field and energy is transferred
from the beam to the microwave field travelling along the helix. in this
way the microwave field is amplified. Commercially available TWT's can
have gains exceeding 50 dB.

The interaction between the electron beam and the axial electric
field has been studied by [1]-[3]. Qualitatively, the axial electric
field can be found by considering a length of conductor carrying a
microwave signal. At a particular instant, the electric field
distribution has the form shown on fig 4.1. This field pattern moves
along the conductor at a velocity close to that of light. If this wire
is now wound into a helix with, for example, four turns per wavelength,
the field distribution becomes that shown on fig 4.2. This field pattern
moves along the helix with a wvelocity which is reduced by the pitch of
the helix to approximately that of the electron beam. Electrons passing
along the axis of the helix experience an accelerating or retarding force
depending upon their position with respect to the electric field.
Bunches of electrons are then formed at points A on figs 4.2 and 4.3.
The fields produced by the bunched electrons enhance the field in the
helix which then increases the bunching still further. The amplified
field is obtained in the helix at the expense of the kinetic energy of
the electron beam. The helix is wound so that the field velocity along

the axis is slightly less than that of the electron beam. Hence, more
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FIGURE 4.1 ELECTRIC FIELD PATTERN FOR A SINGLE-WIRE
TRANSMISSION LINE.
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FIGURE 4.2 ELECTRIC FIELD PATTERN FOR A HELIX WITH -
4 TURNS/WAVELENGTH.
(From A.S.Gilmour (Jr.) 1986 £33).
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FIGURE 4.4 THE GEOMETRY OF A HELIX.
(From J.F.Gittins 1964 £23).




B, b

electrons are in the retarding field than in the accelerating field, and
as the beam passes along the helix the bunches become more and more
compact. The microwave field is amplified exponentially until saturation
effects set in. These are due to electron bunch instabilities and the
gradual deceleration of the electron beam.

The requirements for efficiently exciting a gas discharge along
the axis of a helix are less stringent than those for a TWT helix. The
velocity of the microwave field as a result of the helix pitch vis no
longer important because the collisionai nature of a gas discharge
prevents the formation of electron bunches. For the laser helix it is
important to create the largest possible axial electric field. The free
electrons in the gas discharge do not behave as an electron beam, but
absorb energy from the field, as described in chapter 2. 1In some
respects, the laser helix can be considered to operate as a TWT in

reverse.

Electric field distribution around a helix

As has already been explained, for a helical laser coupling
structure, the helix parameters shown on fig 4.4 should be chosen to
maximise the axial electric field. Two cases will be considered here; an
unsupported helix in free space, and a helix wound round a glass tube and
contained in a metallic cylinder.

The fundamental field equations from the solution of the wave

equation for a plane wave propagating in the z-direction are [4],

[Ch Ip(¥nr) + Dy Kp(¥pr)] explilwt-8z)]
—(1wpn/8n) [Cn T1(¥nr) - Dp Kq(3nr)] explilwt-Az)]

(iwpn/¥n) [Bn Iq (¥pr) - Bp Kq(¥pr)] explilwt-pz)] .

HZl'l.

Fgn

H¢n

(4.1)
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The wave propagates with velocity v = w/B and the radial propagation
coefficient in region n is defined by ¥,2 = B2 - w¢npy, where B is the
axial phase constant, wis the angular freqguency of the field, and ¢, and
Jn are the permittivity and permeability. Because the fields are finite
on the axis and vanish at infinity, Bj = D = A4 = C4 = 0. The rest of
the constants A, to D, are found by applying the boundary conditions for
the case being studied. The equations for the radial fields E., and Hyp,
are similar to those of egs 4.1.

(1) A free-standing helix

Propagation along a helix is difficult to study but the situation
can be simplified by approximating a helix to a helically conducting
cylindrical sheet. The cylindrical sheet, as shown on fig 4.5, .is
assumed to be perfectly conducting in the helical direction, and non-
conducting in directions normal to this. For a free-standing helix with
no surrounding objects to distort the field distribution, the electric
fields of egs 4.1 become [1];

Inside helix:

E,(r) = B Ip(dr) expli(wt-pz)]
Ep(r) = i B (B/¥) I1(¥r) explil(wt-Bz)]
Eg(r) = - B [Ig(¥a) / I1(¥a)] tan} I4(¥r) expli(wt-pz)]
Outside helix: (4.2)
E,(r) = B [Ig(3a) / Ko(¥a)] Ko(¥r) explilwt-Bz)]
En(r) = -i B (B/¥) [Ig(¥a) / Kg(Za)] Kq(¥r) explilwt-Bz)]
Eg(r) = - B [Ip(¥a) / Kq(¥a)] tan} K1(Jr) explifwt-pz)].

The constant B is to be determined, and the modified Bessel functions I,
I1, Kp and Kq of argument Jr, are given in appendix A at the end of the
chapter. The helix pitch angle Y is given by,

tany = p/2ra, (4.3)
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where p and a are the helix pitch and radius respectively, as shown on
fig 4.4.

The radial propagation constant & is found from an expression
derived from the boundary conditions at the helix surface. For a free-
standing helix, the tangential electric field must be perpendicular to
the helix direction and continuous across the cylindrical sheet, and the
tangential magnetic field must be parallel to the helix direction.

Writing the free-space phase constant ,Bo as w/c, this gives [1],

In(¥a) Kg(¥a) _ (4.4)
(¥a)2 f?(Ta—)—%?_(b'a) = (Boa cotf)2 .

This is called the dispersion relation. It gives the variation of the
speed of a microwave signal, of a particular frequency, as it passes
along a helix, and can be used to calculate the operational bandwidth of
a T™WT helix. This function is graphed on figs 4.6a and 4.6b, and it can
be seen that when Ja is large, it is approximately equal to B,a cotf.

This gives,

B =J% + Bo? = Ro/sint, (4.5)

Vp = w/B = c sin¥. ; (4.6)
The phase velocity Vp represents the axial speed of the microwave field.

A parameter called the coupling impedance K, which has units of
ohmg, is defined as,

K = |E,(0)]|2 / (28%p). (4.7)
It can be used to describe the magnitude of the axial electric field
E,(0) for a given transmitted power P. This parameter can be used to
define the efficiency of a helix at providing an axial electric field.
The power carried by a helix can be derived by integrating the Poynting
vector given by eg 2.32 over the plane perpendicular to the helix

direction. This becomes,
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FIGURE 6.6a
VARIATION OF &a FOR AN UNSUPPORTED
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P = aRe [[(EpHj1 - Egiligq) r dr + f(Er2H¢2 - EpHy) rdrl,  (4.8)
o a
where the integral is applied across the plane normal to the propagation
direction. The magnetic field equations required for the solution of eq
4.8 are found by following the same procedure used to derive eqgs 4.2.

Substitution of the solution of eg 4.8 into 4.7 gives [1],

|E2(0)[2 / (28%R) = 1/2 (B/Bs) (¥/B)4 F3(¥a), (4.9)
with
ﬂ&)=@££oﬂh_lo+(&_53+i ~1/3 (4.10)
240 Ko Io I4 Kq Xy Xa i

where Ip,1 and Kg 9 have arguments ¥a. The axial electric field can then
be calculated using,

|E4(0)| = [(¥4/8B,) F3(¥a) P11/3. (4.11)
Equation 4.11 can be used to find the constant B in egs 4.2 using the
fact that Ig(0) = 1, (see appendix A). The magnitude of the
longitudinal component of the field inside the helix at a distance r
from the axis is then given by,

Ey(r) = Ip(dr) Ez(0). (4.12)
Expressions for the other field components of eq 4.2 can then also be
determined explicitly.

The approximation of using a helically conducting sheet neglects
the effect of wire thickness and the interaction between adjacent turns
on an actual helix. Essentially the model does not consider the "wire

component' of a helix, but only its shape. When the effect of the wire
is taken into account, it is found that the coupling impedance is
reduced [1]. As shown on fig 4.7, the degree to which this occurs
depends upon the ratio between the diameter of the wire and the helix

pitch d/p, and the number of turns per wavelength.




"0 ’ 7

/
4 TURNS PER / )
WAVELENGTH /

Gid ,/ |2 TURNS PER

4 g WAVELENGTH
AR
-/

Q-6

IMPEDANCE REDUCTION FACTOR ON AXiS

[/
02 i

. S

—

o O 02 Q-3 0-4 o5 ‘06 07 o8

WIRE DIAMETER d
__"-'-—"_——
HELIX PITCH = 7P

FIGURE 4.7 EFFECT OF WIRE SIZE ON COUPLING IMPEDANCE.
(From J.R.Pierce 1950 [17 ).

FIGURE 4.8 EXAMPLES OF HELIX SUPPORTING STRUCTURES.
(From J.F.Gittins 1964C 23J).




= B

(ii) A supported helix in a metallic cylinder

In practice, helices are often contained in dielectric or metallic
tubes for support, or to prevent the leakage of microwave radiation.
They are also sometimes supported in these tubes by rods or vanes, and
some typical arrangements used in TWIs are shown on fig 4.8. The
presence of these structures can have a detrimental effect on the
coupling impedance, and the closer they are to a helix, the greate; will
be their effect. The dielectric properties of the supporting and
containing structures impose new boundary conditions on the solution of
eq 4.1. This results in a perturbation of the fields of eq 4.2 of the
free-standing helix.

The presence of objects surrounding a helix considerably
complicates the mathematical analysis of the system. The equations and
algebraic simplifications are lengthy and are too involved to be included
here. Nevertheless, the field distribution inside the helix is of
interest, and in view of this, the analytical procedure will be outlined
with the appropriate references. The procedure is essentially the same
as that already outlined for a free-standing helix except that the
boundary conditions are more complicated.

The configuration used was chosen for practical reasons associated
with the development of the laser coupling structure, and this will be
discussed later. Here, as shown on figs 4.9a and b, a helix is wound
round a glass tube containing the gas fill, and is contained in a
metallic cylindrical tube to prevent microwave leakage. Although this
arrangement is not the most efficient which could have been used, the
principles which follow can be applied to a wider range of
circumstances.

The field equations 4.1 are solved for the configuration of fig
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4.9a by applying the appropriate boundary conditions [1],[4]. At the
-metallic cylinder, the elecfric field components E, and Eg4 must be zero,
and across the helix/glass-tube and glass-tube/free-space interfaces, the
electric and magnetic field components E,, Eg, Hz, and Hg must be
continuous. The remaining conditions are the same as those for a free-
standing helix.

Using the formulated boundary equations, a set of sinmlf:aneous
equations can be constructed to calculate, in parametric form, the
unknown field components [6]-[7]. For these equations to have a non-
trivial solution, a determinant equation must be solved [4]. The
solution of this gives the dispersion equation which is equivalent to eg
4.4 for a free-standing helix. This equation can be used to calculate ¥,
and for the configuration here, is the dispersion equation given in
equation 1 in [6].

In order to solve the field equations explicitly, the couplin_g
impedance must be considered in the same manner as was done for the
unsupported helix. Here the coupling impedance of eq 4.9 becomes [5],

|E2(0)[2 / (28%P) = 1/2 (BIBs) (BIP)4 £3(¥a), (4.13)
with

£(5a) = (ac/ar,)~1/6 ¥a F(¥a). (4.14)
Here, ac and aj, represent the ratio of the capacitance and inductance per
unit length of supported and free-standing helices [5]1,[8].

The correction factor resulting from the introduction of the
metallic cylinder and glass tube to a free-standing helix is found from
eq 4.14. From this new coupling impedance all the field components can
be explicitly evaluated. By applying different boundary conditions, a
whole range of confiqurations can be analysed [8]-[12]. The accuracy of

this procedure is limited principally by the helically conducting
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cylindrical sheet approximation.

A good intuitive feel for the behaviour of the electric field
distribution around a supported helix can be obtained by adopting a
qualitative approach. This is done by considering the perturbing effect
of the supporting and shielding structures upon the field distribution of
a free-standing helix. 1In the case being studied, the field pattern is
not changed, but the field concentration in specific areas is. The
presence of the metallic cylinder and glass tube both have an édverse
effect upon the coupling impedance of the helix. The outer metallic
cylinder forces the power to concentrate in the region contained by the
cylinder. This manifests itself in an increased radial electric field
and a reduced axial field. This is most pronounced at low frequencies
(small JXa), and-is negligible for large ¥a [51,{12]. The effect of the
cylinder can be reduced by increasing its radius. The inner dielectric
tube tends to concentrate the electric field between its inner surface
and the helix, once again reducing the axial electric field. This effect
is most pronounced at high frequencies [5], and can be minimised by using
a thin tube made of a material with a low dielectric constant. The
magnitude of the drop in the axial field due to the structures
surrounding the helix can only be found by carrying out the analysis
outlined earlier. However, associated with any drop in axial field, is
an increase in the radial component which is by no means useless when
powering a laser discharge at microwave frequencies. (Also, whilst the
supporting and containing structures impair the axial electric field of a
helix, they can still improve the dispersive qualities which is of
benefit to TWT helices).

A computer program to calculate the electric fields around an

unsupported helix is listed in appendix B. This program is used to plot
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the longitudinal electric field distribution as a function of microwave
frequency, helix pitch and radius. It can be seen from figs 4.10 to 4.12
that the longitudinal electric field drops off away from the helix and
that the rate of decline depends upon the operating parameters. Figures
4,13 and 4.14 show that the longitudinal electric field component is
dominant inside the helix and that, at the axis, the electric field is
purely longitudinal. These trends are in agreement with [13].

To a first approximation, the field distributions of figs 4.10 to
4.14 also apply for the supported helix used in the laser coupling
structure of fig 4.9. As has already been explained, the supporting
structures have a perturbing effect on the fields, but the trends are
still the same.

The laser coupling structure was designed to operate at 10 GHz.
The helix radius is also constricted, to a value of around 3 mm (as
measured from the centre of the glass tube, to the centre of the helix
wire with thickness 1 mm). This is because a noble gas ion laser
discharge tube has an optimum internal diameter of around 3 mm, and
because the glass tubes used have a wall thickness of 1 mm. It can be
seen from fig 4.10 that, for an unsupported helix of radius 0.003 m, and
pitch 0.01 m, the axial electric field has a value of 400 kV/m. Also,
the electric field is fairly uniform across the diameter of the helix.
The internal glass tube introduces a steeper drop in the field in the
glass, but inside the tube, the field is once again almost uniform. From
chapter 2 on the microwave discharge, it can be seen that only up to 10%
of the incident microwave power penetrates the glass-tube/gas-discharge
boundary. This gives an axial field of less than 20 kV/m inside the
laser tube.
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Helix impedance

For the helical coupling structures to operate efficiently, there
must be a smooth impedance transition between the waveguide supplying the
microwave power, with an impedance of around 5004, and the helix with a
much lower impedance (v50 ). This is achieved by using a T-shaped
coupling bar, as shown on fig 4.9a, in conjunction with a waveguide short
circuit placed a distance z\g/ 4 behind the bar. This arrangement acts as
a coaxial line to waveguide impedance transformer giving an effectively
smooth impedance transition. In the case under study here, the wire
passing through the waveguide and metallic cylinder forms the coaxial
line. For maximum power transfer to the helix, the impedance of the
helix must equal that of the coaxial line.

The helix parameters are chosen to maximise the axial electric
field. However, the corresponding matching impedance of the helix does
not necessarily equal that of the coaxial line. The matching impedance
of a helix can be changed by varying the geometry of the helix and any
surrounding structures. The matching impedance of a free-standing helix
is a function of helix pitch and diameter. For the supported helix used
in the laser coupling structure, the impedance also depends uﬁon the
diameter of the surrounding metallic shield and the thickness and
dielectric constant of the dielectric tube.

The matching impedance of a helix can be defined by considering
the current flow in a helically conducting sheet [12]. Here, the current
flow depends upon the discontinuity between the angular magnetic fields
across the sheet surface. Defining thg matching impedance as,

Zo = 2P/1I%, (4.15)
where P is the power flowing in the sheet and I is the current, (where *

denotes the complex conjugate), the matching impedance can be written as,
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Zo = P/[21%a2(Hgy - Hpp)2]. (4.16)
The angular component of the magnetic field just outside the sheet
surface is H¢2, and H¢1 is the field just inside. For an unsupported
helix, both components have a similar form to those given in egs 4.2 [1].
The accuracy of this is limited by the approximation of using a
helically conducting sheet to represent the helix. Impedance
calculations based on this approximation have been found to agree well
with the measured values of actual helices [12]. |

The matching impedances of a number of free-standing helices with
different pitches and diameters have been calculated using the computer
program listed in appendix B. As can be seen from fig 4.15, the
matching impedance is a sensitive function of helix pitch and diameter.
For a smooth impedance transfer, the impedance of the helix at the input
end must equal that of the coaxial line which is given by,

Zc = 60 1n (b/a) , (4.17)
Ex/ M

where a and b are the diameter of the wire énd hole respectively. The
relative permittivity ¢,, and permeability M apply to the dielectric
material between the inner and outer conductors. In this case they are
both equal to 1. The coaxial line in the laser coupling structure has an
impedance of approximately 60.n.. From fig 4.15, it can be seen that a
free-standing helix of radius 0.003 m, and pitch 0.02 m, also has this
impedance. Therefore, a smooth impedance transition, from the coaxial
line to the helix, is achieved when the helix has a pitch of 0.02 m.
From fig 4.10, it can be seen that the maximum axial electric field is
achieved for a helix pitch of 0.01 m. If a high axial field is required
therefore, the helix pitch must be tapered from 0.02 m at the input end,
to 0.01 m for the rest of the helix.

In TWT design, an impedance transformation is usually required to
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convert between the waveguide or coaxial line input and outputs, and the
helix. When calculating the impedance of the helix, a dielectric loss
factor can be used to incorporate the impedance change caused by the
surrounding structures. The dielectric loss factor can be determined
experimentally, or derived from eq 4.16 using the appropriate magnetic
fields. The loss factor has the effect of reducing the matching
impedance of a helix, and for the TWT configurations of fig 3.8, has a
value of approximately 0.7. For the laser coupling structure .under
consideration here, the helix is wrapped round a glass tube and so the
contact area is much greater than in the case of fig 3.8. This larger
contact area reduces the loss factor and an estimate of 0.5 is a good
first approximation.

By applying the loss factor to the data on fig 4.15, it can be seen
that a helix pitch of approximately 0.05 m is required to match with the
coaxial line. It can be seen from fig 4.10 that the axial field for a
helix with a pitch of 0.05 m is low. Therefore, it is important to taper
the pitch quickly from the matching pitch to the best axial field pitch.
It should be noted that no account has been taken of the gas discharge in
the laser tube, either here, when calculating the impedance, or in the

previous section concerning the field distribution.

Experimental helix designs

In conjunction with the theoretical study of helix design, a
series of prototype helices were constructed. These were used to
support the results of the theory already outlined, and ultimately to
find the most effective helix dimensions.

The theory already outlined only gives an indication of how the

field distribution around the laser helix varies as the helix parameters
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are changed. The effects of the supporting tube and metallic cylinder
are only partly considered and the presence of the gas discharge down
the middle of the tube is completely neglected. The theory gives the
approximate performance of the helix used in the coupling structure, but
it cannot completely predict the optimum helix dimensions because of the
presence of the laser discharge. The prototype helices were used to find
the best conditions for excitation of the laser discharge and these will
be described in this section.

(i) Performance of the helical laser prototypes

As has already been pointed out there are two important helix
pitches; one with an impedance equal to that of the coaxial interface,
and one for the helix giving the largest axial electric field. - An
experiment was carried out which should have found these two pitches and
it will be described shortly. However, the experiment assumed that the
gas discharge acted as a good microwave load, but as it turned out this
is not the case.

The gas discharge along the centre of a helix has a complex
dielectric constant as detailed in chapter 2. This influences the field
distribution, propagation and impedance characteristics of the helix.
These effects depend upon the dielectric constant of the discharge which
is a function of the discharge parameters as given by eq 2.20. The gas
discharge should act as a load, so that microwave energy is attenuated as
it passes down the surrounding helix. Hence, microwave power fed into
the helix should be absorbed with an efficiency being dictated by the
pitch. Unfortunately however, the discharge absorbs only a small
fraction of the incident power because in excess of 90% of the incident
power is reflected at the glass-tube/gas-discharge boundary (see chapter
2) ..
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A number of helices were constructed with pitches between 2 and
40 mm. They were all wrapped round a glass tube with an outside diameter
of 5 mm, and all had a length of approximately 50 cm. One end of each
helix was soldered to the coaxial pin and the other end was left
unattached. The complete helical coupling device was then connected to
the microwave apparatus of fig 4.16. The absorbed microwave power Pghe,
given by,

Paps = Pinc - Prefr (4.18)
was found for each of the helices over a range of microwave frequencies,
where Pin- and Prof are the incident and reflected microwave powers. 1In
each case, measurements were made firstly with a discharge in the tube at
an Argon pressure of 0.07 mB, and then without a discharge with the tube
under vacuum. In this way a distinction could be made between the power
absorbed by the gas discharge and that absorbed by resonances in the
coupling structure. It should be noted here that the matching impedance
of the helix is changed when the discharge is present, and that
differences between P, with and without a discharge also include this
effect.

The results obtained indicate that the power absorbed by the cjas
is small. For all the helices, there is only a small difference between
the power absorbed with and without a gas discharge. This means that the
majority of the absorbed power is expended in oscillations set up in the
coupling structure. This is further substantiated by the fact that no
pronounced frequency dependance of the absork;ed power is obseryedu. The
absorbed microwave power was measured as a function of the frequency of

the input over the range 8.7 - 9.6 GHz. If lai'ge amounts of microwave

power were absorbed by the gas, the absorbed power would be observed to '

be a function of microwave frequency, with a maximuxﬁ centred at a
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specific frequency. The frequency at which this maximum occurs would be
expected to vary with helix pitch. Instead, the frequency distribution
observed is that characteristic of oscillations set up in a non-resonant
device.

The discharge is found to be brightest for the 2.5 and 32 mm pitch
helices. From fig 4.15, the peak in the absorbed power at a pitch of 32
mm could correspond to the best pitch for impedance matching between the
coaxial line and the helix. A good match here is required if the power
is to enter the coupling structure at all. This pitch is fairly close to
the value of 0.05 m predicted by the theory. The peak at 2.5 mm is
harder to interpret and a more precise study is required. However, it
should be noted that the discharges for both these helices were
noticeably brighter than the others and that these results give the
dimensions of the best helices for the configuration used here, A helix
with a constant pitch of 2.5 mm was chosen for use in the helical laser
coupling structure. Some tapered helices were studied, but their
performances were found to be no better than the helix with the 2.5 mm
constant pitch.

The theoretical analysis presented earlier in this chapter took no
account of the gas discharge. The discharge could significantly affect
the properties of the helix, leading to the observed difference in the
theoretical and measured optimum pitches. In order to include the effect
of a discharge, the analysis would have to be extended to include a
medium, contained in the laser tube, with the complex permittivity given
by eg 2.20.

(ii) Other helix configqurations

The experimental arrangement already described, although easy to

set up and optimise, had two disadvantages. Firstly, as the theory has
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already described, the axial field intensity is reduced due to the
presence of the glass tube and outer metallic shield. Secondly, due to
the nature of the discharge, microwave power can have great difficulty
penetrating the glass-tube/gas-discharge boundary.

A number of other configurations can be used to avoid these
problems, and two were briefly examined. Both were based on the
arrangements used in TWDPs. The first used a helix which was held in a
glass tube by three supporting rods as shown on fig 4.8. In this tube,
microwave power was coupled to and from the helix via cylindrical
‘ antennas connected to the ends of the helix. Normally in a TWT, the tube
is under vacuum, but for the laser, a low pressure Argon fill was
introduced. The arrangement failed because the gas between the tube and
the antennas ionised, thus preventing the power from reaching the helix.
As a result, a glow discharge was observed in the vicinity of the input
end, but with no propagation of microwave power down the helix.

The second configuration used a helix with a similar pitch, but
smaller radius than the helix reported earlier. This helix was contained
inside a glass tube. At the input end, the helix was fed out through a
gas-tight seal to the coaxial line, and then onto the T-shaped coupling
bar in the waveguide. The results from this looked more promising. The
discharge was observed to travel down the centre of the helix
occasionally, but severe arcing at the input end prevented the proper
operation of the device. At high powers this arcing could not be stopped
despite the use of high pressure air, and this is a technical difficulty
which has yet to be overcome. The helix was made of copper and this was
passed out of the tube inside a small length of Kovar tubing [14], as
shown on fig 4.17. The gas tight seal was made between the Kovar tube

and the glass. KXovar was chosen because it has approximately the same
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thermal expansion coefficient as the glass used. The copper wire of the
helix was passed out through the Kovar tube and a solder seal was made at
the end. Difficulty was found in making a successful seal at this joint.
The wire also became very hot at the input end creating unwanted thermal
stress.

The above two experiments were carried out iﬁ an attempt to
introduce the microwave field directly into the gas discharge so that
the field did not have to cross the glass-tube/gas-discharge boundary.

These configurations should also have given a larger axial electric field
| since the helices were in direct contact with the gas. The second
arrangement with the helix wrapped around the inside of the tube looked
most promising, although there are still some technical difficulties -to
overcome before it can reach its full potential. Travelling wave tube
engineering has reached a high degree of sophistication and some of the
technology used here could perhaps be adapted to suit the requirements

for powering a laser gas discharge.
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Appendix A
Modified Bessel functions

For X < 1.4

Io(X) = 1 + 0.25 X2 + 0.015625 x4 + ...

For X > 1.4

Tp(x) = __ &X 0.125 . 0.0703125 . 0.073242
(2zX)0-3 [ LA e S X< ¥ X3

For X < 1.4

I1(X) = 0.5 X + 0.0625 X3 + 0.002604 X> + ...

For X > 1.4
I1(X) =~ __eX 1 - 9.375 _ 0.1171875 _ 0.102539 _
(2eX)U-5 X X< X3

For X < 0.6

Sl

-]

Ko(X) = -[0.5772 + ILn(X/2)1Ig(X) + 0.25 X2 + (3/128) x4 + ...

For X > 0.6

" 0.5
Ko(X) = [g] oX [1 _0.125  0.0703125 _0.073242 , ]

2X X X X

For X < 0.8

Kq(X) 2 [0.5772 + In(X/2)]T9(X) + 1/X - 0.25 X - (5/64) X3 + ...

For X > 0.8

" 0.5
Kq(X) = [’t‘c‘] ¥ [ 14 2375 01171875 0.102539 _ ]

2X X X4 X

U PSP
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Appendix B8
]

Computer Program to Calculate the Electric Field
Distribution and Impedance of a Free-Standing Helix.

10 ! PROGRAM HELIX

20 ! PAUL J. DOBIE........JUNE 1988.

30 !

49 CLEAR SCREEN

5@ PRINT * PROGRAM TO EVALUATE THE ELECTRIC FIELD"
6@ PRINT “DISTRIBUTION AROUND A HELIX AND ITS IMPEDANCE"
70 PRINT "

89 PRINT “*

90 PRINT "INPUT OPERATING PARAMETERS"

100 INPUT "FREQ = 7" ,Freqg
110 INPUT “A = 7" ,A

120 INPUT "P = ?",P

130 INPUT "PIN = 7" ,Pin

4@ |

15@ Psi=ATN(P/(Z2+PIzA))

16@ W=22PI2Freq

170 C=3.E+8

180 B@=4/C

190 Ga=B80*A/TAN(Psi)

200 IF Ga>E THEN GOTO 230
z10e PRINT "B@®ar»cotPSI =", Ga
220 INPUT "USE GRAPH ON FIG 4.6: Ga = 7",Ga
230 G=Ga/f

240 B=SQR(G*2+B2"2)

250 PRINTER 1S 701t

260 Freg=Freq/i.E+9

270 PRINT ""

280 PRINT "MICROVAVE FREQUENCY = ";Freqi“GHz."
280 PRINT “HELIX RADIUS = ";A;"N"

300 PRINT "HELIX PITCH = ";P;"M"

310 PRINT “INPUT POWER = ";iPin;"W"
320 !

330 | CALC. OF AXIAL E-FIELD & CONSTANT
340 Gr=Ga

350 GosuB 10

360 G0suB I

7@ GOSUB K@

380 GOSUB K1

390 Fga=({ IO/K@)~(~1/3)2((Ga/24@)=(11/10-10/11+KO/K1-K1/KB+4/Ga) ) "(-1/3)
400 Ez@=SOQR({(G"4/(B+B0))2Fga"3#+Pin)
410 Const=Ez@

420 !

4306 I FIELD COMPONENTS INSIDE HELIX
44Q REAL R(@:8)

450 REAL Ez(@:8)

460 REAL Er(@:8)

470 REAL Epsi(@:8)

480 ! CALC. I,K(Ga)

490 Gr=6a

S0a G0SuUB 10

510 GOSuUB It




520
5390
540
550
560
570
580
530
6@
610
BZ@
630
6540
650
660

680
580
720
710
720
730
740
- 750
751
792
753
754
760

780
790

810
820
830
840
850
86@
870
880
880

310
929
330
940
950
380
370
980
990

1010
1ot
1012
1013
1014
1020
1030
1049
105@
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GOSUB K@
GOSUB K1
I1Cga=10
Ilga=il
K@ga=Ko
K1ga=K1

X=0@

FOR Rad=@ TO A STEP A/8

R{ X)=Rad

Gr=G*R( X)

GOSuUB 10

GOSUB I1

Ez(X)=Conat=10Q
Er{X)=Conat#(B/G)*11
Epsi{X)=Const+(I@pa/Iiga)* TAN(Psi)=I1
Ez{X)=DROUND(Ez({X)/1.E+3, 3)
Er(X)=0ROUND(Er{ X}/1.E+3,3)
Epsi(X)=0ROUND(Epsi(X}/1.E+3,3)
X=X+1

NEXT Rad

PRINT “"

PRINT " R(X) Ez(R} Er/Ez Epsi/Ez
FOR X=0 TO 8 STEP t
Erex=Er(X)/Ez(X)
Erex=DROUNI{ Erex, 3)
Epsiez=Epsi{X)/Ez(X)
Epsiez=0R0UND(Epsisz, 3)

PRINT R(X),Ez(X) ,Erex,Epsiez
NEXT X

FIELD COMPONENTS OUTSIDE HELIX
REAL Ezo(0:8) .

REAL Ero(@:8)

REAL Epsio(Q:8)

X=Q

FOR Rad=f TO Z=A+QA/50 STEP A/8

R({ X)=Rad

Gr=G+R{ X)

GOSuUB 10

GasuB It

GOSUB K@

GOsSuUB Kt

Ezo(X)=Const*(I0ga/KQga)+KO
Ero(X)=Const=(B/G)«*( I0ga/Kdga) =K1
Epsio(X)=Const=(10ga/K1ga)*TAN(Psi)=K1
Ezo( X)=DROUNB(Ezo{X)/1.E+3,3)

Ero( X)=DROUND{Erol{ X}/ 1 .E+3, 3}

Epsiof X)=0ROUND(Epsio(X)/1.E+3,3)

He2 X4 1

NEXT Rad

PRINT ""

PRINT " RQO)X) Ezo(R) Ero/Ezo Epsio/Ezo
FOR X=¢ TO 8 STEP 1

Eroezo=Ero( X)/Eza( X)

Eroezo=0ROUND(Eroezo, 3)
Epsioezo=Epsio(X)/Ezo( X)
Epsioezo=DROUND Epsioezo, 3)

PRINT R(X),Ezo(X),Ervezo,Epsicaezo
NEXT X

HELIX IMPEDANCE

(kV/m)

(kV/m)

:FIELDS INSIDE

:FIELDS QUTSID



1060
1270
1080
1290
1160
it1Q
1120
1130
1140
1150
1160
1170
1182
1130
1200
1210

10:

1220 -

1230
1240
1250
| 1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1450
1470
1480
1430
1500

It:

K1z
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Gr=Ga
GOSuB Il
Hpsi=Const=*B@/( 120+P1#G) 21
GOSUB K1
Hpsio==Const=8@/( 1202P12G)»( I@ga/K@na) =K1
Z=Pin/(22PI"Z#A"Z+(Hpsio-Hpsi)"2)
Z=0ROUND( Z, 3} 5
PRINT "*
PRINT "HELIX IMPEDANCE =";Z;"ahms"
PRINT ""
PRINT "tonaeoi0doed000d0000000R0ORORR000000800002800000000000000000800000
PRINTER IS 1
BEEP :2020,.1
STOP
| SUBROUTINES FOR BESSEL FUNCTIONS
|
IF Gr>1.4 THEN GOTO 125Q@
1@=1+,25#Gr"2+.018625+Gr "4
RETURN
IQ=EXP(Gr )/ (SQR( Z2PI12Gr ) )#( 1+, 125/Gr+.0703125/Gr " 2+.073242/6Gr" 3)
RETURN
|
|
IF Gr>1.4 THEN GOTO 132@
I1=,5#6r+.0625#Gr " 3+. 00260446 S
RETURN
I1=EXP{Gr)/(SQR(Z2PI*Gr) )=(1-.375/6Gr-. 1171875/Gr"2~. 102533/6r" 3}
RETURN
{
! :
IF Gr>.6 THEN GOTO 1400
GOsuB 10
K@=-( .S772+L0G(Gr/2) )#10+.25+6r" 243/ 128=Gr"4
RETURN
K@=5QR(PI1/{Z#Gr))2EXP(-Gr)e(1~.125/6Gr+.0703125/6Gr"2-.073242/Gr" 3}
RETURN
t
§
IF Gr>.8 THEN GOTO 1480
G0SUB I1
K1=(.5772+L0G(Gr/2))=11+1/Gr-,2526r-5/6426r"3
RETURN .
K1=SQR{PI/(Z#Gr))eEXP{ -Gr Ye{ 14+, 375/6r-. 1 171875/Gr "2+, 102539/6Gr" 3}
RETURN
END
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Chapter 5 Noble Gas Ion Lasers

This chapter describes the general properties of noble gas ion
lasers. The information reported is based on research carried out by
various workers and these are referenced where appropriate. The chapter
commences with an outline of the development history and applications of
noble gas lasers. The properties of the Argon ion and Helium—Kryptbn ion

laser systems are then described.

History of noble gas ion lasers

The foundation for the invention of the laser was laid in 1917 when
Einstein formulated definitions for the rates of absorption, spontaneous
emission and stimulated emission of radiation by an atom. In 1955 the
first maser was reported [1]. This is similar to a laser but has an
output in the microwave region. Three years later a design for a device
which would work as a laser was published [2], and in 1960 laser action
was observed for the first time from an opticaily pumped Ruby rod [3].
The first laser using a gas discharge as an active medium followed
shortly afterwards with a Helium and Neon gas mixture [4]. This
initiated an intensive research effort which quickly led to the discovery
of hundreds of laser lines in many gas mixtures. The Argon ion laser was
first discovered in 1964 almost simultaneously by [5] and [6]. This
laser system was found to be particularly useful due to its high power
output at useful visible wavelengths, and was put into commercial
production in 1966. From this point on the Argon ion laser was refined

and understanding of the system rapidly grew. As a natural progression
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from this work, Krypton and Xenon ion lasers were also developed, but
these found fewer commercial applications due to their lower output
power .

The Argon ion laser is the most efficient and powerful of all the
noble gas ion lasers, with output powers of up to 100 W CW, or 10 kw
pulsed, in the blue-green region of the spectrum. As shown on fig 5.1
[7], the two primary outputs are at 488.0 nm (blue) and 514.5 nm (green),
and additional lines can be found between 457.9 nm and 514.5 nm. | Using
ultra-violet optics, a smaller output at 351.1 nm and 363.8 nm can be
achieved and outputs in the infra-red are also possible. The Krypton ion
laser is technically more demanding but gives both a blue-green output
and a strong red output at 647.1 nm and 676.4 nm. This laser has the
advantage of covering a much wider range of the visible spectrum, as well
as outputs in the ultra-violet and infra-red. Although laser action has
also been observed in Xenon [8]-[10], the performance of this laser was
never good enough to warrant commercial development.

After the initial discovery of noble gas ion lasers, their
performance was investigated as a function of parameters like tube
diameter, gas pressure and operating voltage. Spectroscopic and
electron energy and density studies were then carried out to investigate
the excitation processes [111-[19], and interaction cross-section data
were collected [20]-[23] in order to calculate reaction rates and model
the laser discharges.

The large current densities required to excite noble gas ion
lasers initiated the search for suitable laser tubes which could
withstand the high operating temperatures and the effects of ion

bombardment for the full operational lifetime of the laser. The tube
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material must have a high thermal conductivity so that thermal energy can
be easily removed from the discharge region. Initially quartz was used
and this was superseded by ceramic and metal segment arrangements [24]-
[27]. Currently, low power Argon ion lasers use Beryllium-Oxide
capillaries and high power lasers use a segmented arrangement with
tungsten/copper discs braized onto an outer ceramic tube. Tungsten is
used for its exceptional resistance to sputtering which can be a common
reason for tube failure, and copper and beryllium-oxide are used for
their high thermal conductivity and purity. These structures can
withstand very high operating currents, but commercial models are run at
more conservative currents to extend the tube life. ILow power lasers
generally use narrow bore capillaries with internal diameters of less
than 3 mm. Tubes with large internal bores work better for high power
lasers [28]-[29].

The Argon ion and Krypton ion lasers give a high power optical
beam with a high radiation density, directionality, coherence and
monochromaticity. These properties give noble gas ion lasers a whole
host of applications in research, material processing, medicine,
communications and entertainment. These include dye laser pumping,
isotope separation, spectroscopy, optical data storage, platemaking,
printing, holography, interferometry, surgery, irradiation, light shows
and large screen projection. These applications and others have been
dealt with at more length in [30]-[45].

Laser theory is not examined in this thesis but is covered in more

detail in {46]-[51].
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The Argon ion laser

A considerable amount of research has been carried out on DC-
excited Argon ion lasers and a description of the properties of these
will now be given. Many of the characteristics of a DC discharge are
similar to those of a microwave excited discharge. Therefore, much of
what is given here will also apply for a microwave excited laser.

(i) Characteristics of the Argon ion laser

Current densities in high power (5 - 20 W) Argon ion lasers can
exceed 500 A/cm?. Current is not easily measured in an electrodeless
discharge, but in the high electric fields associated with a high power
pulsed microwave signal, such current densities should be readily
attained. Conventional lasers operate at an efficiency of 0.01 - 0.1%
and the laser tube must thermally dissipate powers which can exceed 100
W/cm of tube length, Lower power CW DC-excited lasers use high thermal
conductivity ceramic tubes, heat sinks and forced air cooling, whereas
higher power lasers use water cooling and ceramic/metal tubes. Cooling
is often less important for pulsed lasers because of the lower duty cycle
used. Continuous DC Argon ion lasers operate at a tube voltage of around
300 V and, in a pulsed mode, around 15 kV is used. The internal diameter
of the tube in the active region usually lies hetween 1 mm and 8 mm and
electron densities of at least 10‘|9 m_3 are required for optimum laser
output. Figure 5.2 shows the typical variation of optimum gas pressure
against discharge current for different internal tube diameters [52].
The Argon pressure-tube diameter product is usually a constant and so
lasers using a very small tube diameter have a higher operating pressure.
Low power lasers use tube bores of less than 3 mm, and high power lasers

generally favour larger diameters. The same sort of dependance on tube
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diameter can be expected for a microwave system because the electron
diffusion process to the tube walls, which helps dictate the best tube
diameter, is the same as for the DC-case.

In CW lasers a two-step excitation process populates the upper
laser level. Electron collisions firstly ionise and then excite the
Argon atoms of the gas. These normally operate at pressures around
0.5 mB. Pulsed ion lasers operate at pressures which are about an
order of magnitude lower than for the CW case and a single;-step
excitation process operates;

The Argon ion laser oscillates in the visible at between 454.5 nm
and 528.7 nm and all lines come from the singly ionised 4p - d4s
transitions. The three most prominent lines are at 476.5 nm, 488.0 nm
and 514.5 nm. These originate from the (3P)4p?P3/y — (3P)4s%Pq/y,
(3P)4g>21§5/2 — (3P)4s?p3/, and (3P)4p%D8/y — (3P)4s2P3/, tramsitions,
respectively. Energy level diagrams showing these optical transitions
are given in figs 5.3 and 5.4 [53]-[54]. 1In the ultra-violet, the
Argon ion lééer oscillates at wavelengths between 291.3 nm and 363.8
nm. The main lines occur at 351.1 nm and 363.8 nm and originate from
the doubly ionised (4SO)4p3P2 — (4SO)4s3S1 and (4DO)4p1F3—-7
(20°)4s'D, transitions. Emission in the infra-red occurs at 1.09 um
from the (3P)4p2P3/; — (3P)3d%D5/, transition.

The unsaturated gain of the transitions in an Argon ion laser
discharge depend, to a certain extent, upon the system being used.
Nevertheless, the unsaturated gain in CW Argon ion lasers is normally
largest for the 488.0 nm and 514.5 nm lines, and in pulsed systems, the
476.5 nm line can be very prominent. The most prominent lines have an

unsaturated gain of up to 6 dB/m. The gain of an ion laser medium
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generally increases with increasing current density up to some maximum
value, followed by a decline as shown on fig 5.5. The decline is
principally due to the pumping of higher lying ionic states at the
expense of the singly ionised visible laser states. The unsaturated
and saturated gain coefficients are independent of the nature of the
exciting electric field and so this behaviour also applies for
microwave excitation.

The addition of Helium to an Argon ion laser discharge, and the
application of a longitudinal magnetic field can both enhance the
output of an Argon ion laser [551-[60]. The presence of Helium can
increase the electron temperature of the laser discharge, thus
improving the efficiency of the upper laser level population process
and so increasing output. This effect is observed in the microwave
excited laser reported in the next chapter. Helium can also act as a
buffer gas improving discharge stability and breakdown consistency, and
lowering the breakdown field. A magnetic field has the effect of
reducing diffusion losses to the tube wall, thus increasing the
electron density and temperature in the active region at the tube
centre. An enhancement of power output of up to a factor of 5 can be
achieved with a magnetic field. As shown by fig 5.6, the optimum
magnetic field is between 1000 and 2000 gauss depending upon the gas
pressure. The optimum magnetic field for a particular transition also
depends upon the current density and decreases as the tube diameter is
increased.

Ton lasers actuaily consume gas as ions are driven into the walls
of the tube. Commercial lasers use either a ballast system with a

volume much greater than that of the active region, or a pressurised
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container comnected to the tube via an automatic filling valve and
pressure sensitive controller. These help to maintain the optimum gas
pressure throughout the life of a tube. In DC excited lasers, a
pressure gradient can build up during operation due to the pumping of
gas to the anode. This affects performance, and to combat this, some
form of gas return path is usually provided. This can take the form of
an external gas return tube, or in the case of a segmented tube,
additional holes around the central bore [7]. Such pressure gradients
are not a problem when using microwave excitation due to the
oscillating nature of the field.

Commercial lasers give multi-line outputs from 5 mW to greater than
20 W CW. Low power Argon ion lasers have lifetimes Which can exceed
10000 hours; whilst the higher powered versions last upwards of 1000
hours. Often laser tubes can be re-conditioned and this is
particularly important for high power lasers which use very expensive
tubes. The tube of a microwave excited laser can be made to a simpler
design due to the lower stress imposed upon it as a result of the
oscillating nature of the microwave electric field. Similarly the
lifetime of such a tube should‘be favourable.

(ii) The Argon ion laser discharge

As can be seen from fig 5.3, the upper level of the Argon ion
laser has an energy of 36 eV. 1In order to excite ions to this energy,
the laser discharge must be very -energetic. The upper laser levels are
populated when atoms are excited by electron collisions. Because
electrons play the dominant role in the excitation processes, the state
of the electron population is very important. The parameters of most

interest in a noble gas ion laser discharge are the electron energy,
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the electron density, the electric field and the collision frequency.

The electron density and mean electron energy (equivalent to
electron temperature) are inter-related and, as shown on figs 5.7 and
5.8, have a pronounced effect on the output of an Argon ion laser.
The electron density in an ion laser discharge lies between 1019 ang
1021 m=3 [61]-[67]1. It is dictated, to a large extent, by the size of
the applied electric field. The mean electron enerqgy dictates the
amount of ionisation occurring in a discharge, and the electron
production rate affects the electron density. Large numbers of high
energy electrons are required to excite the upper laser levels, and so
a high electron energy is required. The electron enerqgy distribution
function in an Argon ion laser discharge may be regarded here as
Maxwellian, and only a small percentage of the electron population
attains the high energies required for excitation. The mean electron
energy is actually quite small and it is electrons in the tail of the
distribution which excite the upper laser levels. The optimum mean
electron energy depends on the electron density, and as can be seen
from fig 5.7, the optimum electron energy is highest for the lower
electron densities. As the electron density is increased, the optimum
electron energy decreases. The optimum mean electron energy for an
Argon ion laser is approximately 6 eV [65],[70], but this value relies
upon the electron densities being attained in the discharge. High
power lasers generally have a larger mean electron energy than lower
power versions. As has been explained in chapter 2, the high energy
tail of the electron energy distribution function is liable to be
enhanced when microwave frequencies are used. Such an effect is

beneficial in the excitation of the upper laser levels.
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The other discharge parameter of importance, the collision
frequency, is dictated by gas pressure. The collision frequency
influences the nature of the collisional processes in a discharge. If
the collision frequency is high (high gas pressure), the energy gained
from the accelerating field between collisions is low, and the degree
of excitation is limited. When the collision freguency is low, high
enerqgy interactions are more likely to occur leading to ionisation.
This is why CW Argon ion lasers, which usually use two-step excita%:ion,
operate at higher pressures than pulsed lasers which use single-step
excitation. At the optimum collision frequency, dictated by an optimum
gas pressure, the mean energy gained between collisions gives energy
transfers which lead to the most efficient excitation of the upper
laser level. In the next chapter it is shown that single-step
excitation predominates in the' pulsed microwave excited laser
prototypes. This behaviour is the same as that usually observed for
pulsed DC-excited ion lasers.

(iii) Excitation mechanisms

There are a number of possible excitation pathways used to
populate the upper levels of the Argon ion laser. The major routes are
shown on fig 5.9. Here, the excitation processes are described and
the use of spectroscopy as an investigative tool is considered.

Before describing the excitation processes in more detail, it is
worth considering the upper and lower laser levels themselves. A
selective upper laser level population mechanism, and a favourable
lifetime ratio between the upper and lower laser levels are both
desirable for efficient iaser operation. Favourable lifetime ratios

exist for the Argon ion laser. The upper and lower levels of the 488.0 '
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nm transition have lifetimes of 9.57 nS and 1.81 nS respectively, and
for the 514.5 nmm transition, 7.30 nS and 1.81 nS, [20]-[23]. A similar
situation exists for the other laser transitions of fig 5.4. With the
exception of the 496.5 nm and 514.5 nm lines, the 4p upper states
cannot decay directly to the ion ground state because of parity rules,
butA instead, must decay principally via the lower laser states. A
selective population mechanism is not therefore critical.

The single-step excitation process requires energetic elecf.rons
and is prevalent in low pressure (~0.05 mB), pulsed ion laser
discharges. A high electric field is required to impart sufficient
energy to electrons in the discharge within the duration of the pulse.
The required E/p ratio, where E is the electric field and p is the gas
pressure, is in excess of 100 kV/m-mB. As shown in chapter 2, such
values are easily attained using microwave sources. The excitation
reaction can be written as [12]-[161,

Ar (3pf) + e~ — Art' (3p%(3p)4p) + 2¢ , (5.1)
where Ar (3pf) is the neutral atom ground state and Ar*' (3p4(3P)4p) is
the excited upper laser level.

In pulsed Argon ion lasers the upper laser level can also be
populated by cascade excitation. In some cases cascade excitation can
contribute to as much as 50% of the upper state population [69]. The
amount of cascade excitation occurring can be found by summing the
spontaneous emission intensities of all lines terminating at a
specified upper laser level. This is then compared with the sum of the -
intensities of lines emanating from this level. This can be

represented by the continuity equation,

Zi RNy + Py = Sx Ay Ny . (5.2)
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Here, Ajx are the Einstein spontaneous emission coefficients and Nj are
the numbers of atoms in state i. The summation on the left hand side
represents all the transitions from states i down to the upper laser
level, where the upper laser level is designated by 2. The pump rate
due to all other population mechanisms from below is represented by Pj.
The right hand side gives all the de-excitation routes from the upper
laser level. The transitions due to cascade excitation and de-
excitation of the 488.0 nm and 476.5 nm lines are tabulated on figs
5.10 and 5.11 [70]. These transitions can be used to evaluate the
percentage of cascade excitation. Observations made of the microwave
excited laser discharges in the next chapter indicate that cascade
excitation is negligible for the prototypes under study. This is
typical of a low energy Argon ion laser discharge.

The two-step excitation process is most common in CW ion lasers.
Here, electron collisions excite ground state Argon atoms to the singly
ionised ground state given by [12]-[16],

Ar (3pf) + e~ — Art (3p°) + 2e” . (5.3)
The process is then completed by another collision giving,

Art (3p°) + e~ — Art' (3p%(3P)4p) + e . (5.4)
Here, a higher collision frequency is required than for the pulsed
case, and the optimum gas pressure is around 0.5 mB. Apart from two-
step excitation, other multi-step processes can occur via singly
ionised metastable states [71].

The effects of cascade excitation are easily quantified simply by
measuring the intensities of lines due to transitions down to the upper
laser level. Population by direct and two-step excitation are hérder

to quantify. For these, the best indication is given by considering
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the degree of excitation occurring to the laser states themselves and
other states of similar energies. For example, if the pump power is
low, the bulk of the excitation will occur to states below the laser
level. 2and, if the pump power is very high, states above the laser
levels will be excited more efficiently. Multiple-step excitation can
be studied by considering the population rates into metastables and
other important states involved in the excitation pathway. These
excitation routes can be examined in more detail using tables of
spectral lines and energy level diégrams [701-[72].

The lasers reported in this thesis operate in a pulsed mode where
1 uS microwave pulses are used to pump the laser medium. The pulsed
Argon ion laser usually operates with an E/p ratio of around 100kV/m-mB
and a single-step excitation mechanism predominates. The discharge
structures reported in chapters 3 and 4 produce a field giving an E/p
ratio of up to 400 kV/m-mB. With such fields, excitation is certainly
single-step. However, as reported in chapter 2, the field may be
significantly reduced because the microwave field has difficulty
penetrating the discharge boundary. Taking this into account, E/p in
the gas reaches an estimated 4 kV/m-mB. This is still significantly
above that used in a CW Argon ion laser which uses multi-step
excitation. The high E/p values present here generally result in
single-step excitation.

So far it has been assumed that the lower laser level always de-
excites quickly, thus maintaining the population inversion. However a
process can occur, particularly in pulsed lasers, called radiation
trapping [73]-174]. This prevents the de-population of the lower

laser level and reduces the population inversion, thus impairing the
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output power. Radiation trapping occurs most often in high power
Argon ion lasers and can be neglected for the low power lasers reported

here.

The Helium-Krypton ion laser

The Argon ion laser des;cribed in the previous section uses
electron-impact excitation. Another regime can be created when a
Helium-Krypton gas mixture is used. Here, the upper laser levels are
populated by resonant transfer of energy between high potential enerqgy
Helium metastables and Krypton ions in their ground state. This regime
will now be discussed.

(i) Characterisgstics of the Helium-Krypton ion laser

The Helium-Krypton ion laser emits principally at 469.4 nm and
cperates in the afterglow of a pulsed discharge. The research which
has been carried out to study this type of laser is much more limited
than that for the Argon ion laser. Microwave excitation of the Helium-
Krypton ion laser is reported in [58],[66]-[67] and [75]-[76]. These
papers, (all written by Kato et al.), describe a laser which uses a 4-
20 kW, 9 GHz microwave source producing 0.5 - 4 uS pulses at 200 pps.
The use of tubes with an internal diameter of 2.5 - 8.2 mm is reported,
and the highest output is obtained using a 4.5 mm tube and a 20 kW peak
pump power. The characteristics of the output depend upon the input
power and a 2.5 mm tube is found best when using a low input power of 4
kW. The optimum Helium and Krypton pressures are found to be around 15
mB, and 0.06 mB respectively. The optimum pressure is seen to increase
with increasing input power. The optimum mixture ratio (= Pgo/Pgy) is

around 250, but this is found to increase with increasing tube
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diameter. Unlike Argon and Krypton ion lasers, the gas pressure-tube
diameter product is not constant. The output power is found to be
almost independent of the input pulse length for pulses between 0.5 and
4 uS in length.

As shown on fig 5.12, the upper laser level is excited by
resonant transfer of energy from Helium metastables to Krypton ions. A
higher efficiency is possible here compared with the Krypton ion laser
because the electron temperature is less than is required for pure
Krypton. This is because electron-impact excitation is only required
to excite Helium metastables, whereas in pure Krypton, atoms must be
ionised and then excited. The laser radiation appears 1 - 2 uS after
the exciting microwave pulse has stopped. The peak of the laser pulse
occurs 1 - 2 uS after this and lasts a total of up to 5 uS. Saturation
of the output is observed as the input power is increased.

(ii) The Helium-Krypton ion laser discharge

Argon and Krypton ion laser discharges require high electron
temperatures in order to ionise and excite the atoms to the upper laser
levels. Because the Helium-Krypton laser uses resonant transfer
excitation, the electron temperature does not have to be as high. In
this laser, a high electron density is more important so that a high
amount of Helium metastable excitation is achieved. During the
microwave pulse an electron density in the region of 102! m3 is
achieved in the Helium-Krypton gas mixture. Helium ionisation can be
considered negligible because it has a high ionisation energy compared
with Krypton.

As soon as the microwave pulse has finished, the electron density

begins to drop due to recombination and, as shown on fig 5.13, the




RECOMBINATICON
RESONANT
TRANSFE!L
(METzﬁismsuz)x 197ev N 356V 65*P5 /9
LASER - 4695nm
30,86V 5p0%2.
ELECTRON
IMPACT
EXC!ITATION RADIATIVE
DE-EXCITATION
KRYPTON 10N
HELIUM GROUND STATE 0&V T, | GROUND STATE
|
i
: ELECTRON
"1 AND HELIUM
RECOMBINATION ! | |MpACT
! [EXTTATION
|
|
|
¥

KRYPTON GROUND STATE Qev

FIGURE 5.12 ENERGY LEVEL DIAGRAM OF THE HELIUM-KRYPTON ION LASER.
(Not to scale).




388,9nm  He(l)

Fas ¥

L694nm  Kr(lD 438,6nm  Kr{ll)

INPUT MICROWAVE PULSE

5694 nm
LASER PULSE

FIGURE 5.13 TIME-RESOLVED SIDE-LIGHT FROM A HELIUM-KRYPTON ION LASER
DISCHARGE AND THE RESULTING LASER OUTPUT PULSE.
(From Kato et al. 1975, 1977 (663, [761).




~ 138 -

atomic Helium intensities are observed to rapidly fall. After this,
the intensities of the transitions aséociated with the Helium
metastable states quickly climb again to a maximum value which is
attained 1 - 2 uS after the end of the microwave pulse. The
intensities of the transitions then gradually decline. The Krypton
transitions which are excited by resonant transfer also exhibit an
afterglow enhancement, and it is from these lines that laser actipn is

expected.

(iii) Excitation mechanisms and spectroscopy

The 438.6 nm and 469.4 nm Krypton ion lines emit strongly in the
afterglow of the Helium-Krypton ion laser discharge. These lines are
due to the 6s%p5/y; — 5pfP3/, and 6s%P5y; — 5piD7/, transitions,
respectively. The energies of the upper state of these transitions,
as measured from the ionic ground state, closely coincide with that of
the Helium 2s3S metastable state. No afterglow radiation is observed
from the 438.6 nm and 469.4 nm transitions in a pure Krypton discharge.
'Resonant transfer excitation therefore occurs between the He™ (2538)
netastable state atoms and Krt ground state ions. This can be written
as,

He™ (2835) + Ket — Ket' (6s4Pg/p) + He . (5.5)
The Krypton ions are created by the following process,

He® (2s35) + Kr — He + Krt + e~ . (5.6)
Another way in which ionisation of Krypton takes place is,

He* + He* — He + Het + e,

(5.7)

Het + Kr — He + Krt ,
where He™ represents Helium metastable states. Excitation process 5.7

is not as likely to occur as 5.6 because the latter is simpler and has
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components of a lower energy.

It can be seen that Helium metastables play the dominant role in
the excitation process. The cascade processes 3p3P2,1,0 — 2s33 and
3p'P; —» 2s1S emit at 388.9 nm and 501.6 nm respectively, and the time
variation and strengths of these transitions gives an indication of the
2s3s and 2s!S metastable populations., The 2538 metastable population
is observed to be larger than the 2s'S metastable population by up to a
factor of 8 [58]. The metastables are populated by single and multi-
step electron-impact excitation processes, and indirectly via cascade
excitation. Figure 5.13 shows the time variation of the 2s3S Helium
metastable population and the resulting Krypton spontaneous and laser

emission.
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Chapter 6 Laser Performance and Spectroscopy

This chapter contains the results of the experiments carried out
to investigate the performance of the laser prototypes described in
chapters 3 and 4. The output of these lasers is given as a function of
gas pressure, tube diameter and input power characteristics. Time-
resolved spectroscopy is used to monitor the pulsed laser output and the
gas discharge properties. Conclusions are drawn about the excitation
mechanisms occurring in the laser discharges, and a comparison is made
between excitation frequencies and the use of transverse and longitudinal
electric fields. Firstly a description of the apparatus used will be

given,

Experimental apparatus

This section describes the equipment which was used to obtain the
results reported later in this chapter. It covers the gas handling
system, the spectrometer and photomultiplier, the microwave sources and
the laser coupling structures and their optics. The experimental
procedures, the operating conditions, and to a certain extent, the
reasons for the equipment choices, will also be given.

(i) The gas handling system

The laser tubes were filled with gas from the gas handling system.

The gas handling system was based around an Edwards turbomolecular pump,

and was constructed principally out of Edwards system components and
connectors. Components were joined together via 'O'-ring type seals [1].
In order to minimise pressure gradient effects, the system was

constructed ocut of large bore tubing and lengths were kept to a minimum.
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In particular, the pressure gauges were located as close to the points of
interest as possible. A block diagram and photograph of the arrangement
are given on figs 6.1 and 6.2.

An Edwards Pirani gauge was used to measure pressures in the
discharge below 0.2 mB. A Pirani gauge is sensitive to the gas type
being measured and the absolute pressures are reported here [2]. A
Vacuum General capacitance manometer was used to make measurements in the
higher pressure regions between 0.2 and 10 mB.

The gas handling system was fitted with Neon, Argon, Krypton,
Xenon and Helium cylinders, and small quantities of gas were easily
manipulated using needle valves. Spectroscopy and leak rate measurements
indicated that no significant impurities were present in the laser tubes.
The tubes ranged in length from 40 to 100 cm depending upon the laser
coupling structure used and had Brewster angled window holders attached
at both ends. The tubes had an internal diameter of either 2, 3, 4 or 5
.

(ii) Time-resolving spectroscopic apparatus

An indication of the excitation processes occurring in a gas
discharge can be found by observing the emission spectrum. The exciting
microwave pulses were typically 1 uS long and the discharge pulses were
of a similar duration. In order to effectively resolve these, an
EMI9817B photomultiplier was used as a detector. This is a fast linear
focused tube with a response time of around 2 nS and a transit time of 41
nS [3]. The photomultiplier was operated at a cathode-anode voltage of
up to 2100 V giving a gain of around 107. A fast rise-time photodiode
was tried but its sensitivity was too low for carrying out the
spectroscopy of the discharges. This was unfortunate as photodiodes are

easier to use and have a less noisy output. The voltage divider circuit
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FIGURE 6.1 BLOCK DIAGRAM OF THE GAS HANDLING SYSTEM.




FIGURE 6.2 THE GAS HANDLING SYSTEM.
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used to feed the dynode chain of the photomultiplier is shown on fig 6.3.
This circuit was specially chosen and constructed for the high speed
operation of the photomultiplier, and to maximise the linearity and
dynamic range of the output [4].

The photomultiplier output current increases linearly with
increasing incident light intensity until the onset of saturation. The
anode current at which linearity starts to degenerate depends upon the
photomultiplier used, the dynode chain, and the operating conditions.
For fast focused tubes this usually lies at around 100 mA. The
photomultiplier used for the experiments reported here was always
operated in the linear region.

Generally speaking, a voltage divider network should be chosen for
optimum performance for a particular application. There are a number of
standard designs [4], but these must often be modified to best suit the
required application. The circuit used on fig 6.3 was found to be well
suited to the application reported here, although the output did have a
tendency to saturate. This saturation was due primarily to an
excessively large light intensity on the cathode. (Saturation can also
be due to excessive gain of the dynode chain leading to a large anode
current, but this was not considered to be a problem here). Saturation
of the cathode resulted in an intensity saturation and distortion of the
pulse shape. The entrance slit size of the spectrometer was used to
regulate the light intensity to ensure that the photomﬁltiplier operated
in its linear region, thus avoiding saturation effects.

The spectral range of the EMI9817B lies between 300 nm and 800 nm
as shown on fig 6.4. The output of the photomultiplier was fed into an
oscilloscope via a 50 o coaxial line, and the oscilloscope was used to

observe the time variation of the spectral line intensities isolated by
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the spectrometer.

A JENA SPM2 prism spectrometer was used which covered the spectral
range 0.36 - 2.8 um. The spectral bandwidth admitted by the spectrometer
intc the photomultiplier chamber is a function of wavelength, as dictated
by the dispersion of the prism, and of the entrance slit size. As an
example, at 500 nm with a slit size of 0.1 mm, the admitted bandwidth is
0.5 nm. Spectral observations were made over the 360 -~ 800 nm range
where the admitted bandwidth varied from around 0.2 to 2 nm respectively
for a 0.1 mm entrance slit size. Entrance slit sizes of between 0.02 mm
' and 0.1 mm were used depending upon the intensity of the line being
studied and the behaviour of the photomultiplier. This experimental
arrangement was sufficient to identify all the major visible transitions
occurring in the discharges.

(iii) The microwave power sSources

Both CW and pulsed laser excitation were investigated. A TWT
capable of delivering up to 120 W CW at 7.5 - 16.5 GHz was used to drive
the CW discharges. Laser action was not observed for the CW case and
this will be discussed later. The majority of the research was aimed at
the analysis of pulsed discharges. These were powered by magnetrons
capable of delivering up to 70 kW peak at 17 GHz, 120 kW at 10 GHz and 1
MW at 3 GHz, at a duty cycle in all cases of around 0.1%. Depending upon
the magnetron used, microwave pulse lengths of 0.1 - 5 uS were available
at repetition rates of 200 - 3000 pulses per second. Square pulses were
produced with rise times of 10 - 20 nS and fall times of 30 - 50 nS.

At the upper power ranges of each of the three bands, breakdown of
the air occurred either in the waveguide apparatus associated with the
magnetron, or in the laser coupling structure. Such breakdown absorbs a

jot of the power from the system and can also cause damage. As can be
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seen from fig 6.5, pressurising the air inside a waveguide can greatly
improve its power handling capacity. Compressed air at pressures of up
to 5 atmospheres was available from the factory supply and this was
sufficient to prevent breakdown in most of the laser coupling structures
even when using the maximum available powers.

(iv) The laser coupling structures and their optics

Four laser coupling structures were constructed to investigate the
effects of microwave frequency and the direction of the electrié field
upon the properties of the laser discharges. The transverse electric
fields associated with microwaves in a waveguide are employed in three of
the laser prototypes which operate at 3, 10 and 17 GHz (see chapter 3).
In these prototypes, the laser tube is placed along the axis of a
waveguide and microwave power is fed in from the sides via slots
connecting the supply waveguide to the tube guide. The fourth prototype
employs a helical structure which produces an axial electric field at 10
GHz (see chapter 4). The transverse and longitudinal field devices both
produce electric fields at the laser tubes of around 100 kV/m.

Two sets of concave cavity mirrors were available, one set of two
100% reflecting mirrors, and another set comprising a 100% reflecting
mirror and a 1% output coupler. The 100% reflectors had a transmission
loss of less than 0.01% over a 430 - 680 nm bandwidth. The output
coupler of the second set of mirrors had a transmission of 1% in the
range 460 - 530 nm and 610 - 680 nm, (from Tech optics limited, Isle of
Man). The mirrors all had a 3 m radius of curvature, and the lengths of
the laser cavities were in the range 0.6 - 1.2 m. These cavities
therefore, were all stable [6].

Ideally the cavity mirrors should have been placed in direct

contact with the ends of the gas discharge tube. This is common practice
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in low power ion lasers where hard coated optics are used. In the high
power lasers however, the tube is sealed by windows at the Brewster angle
[7] and the cavity is placed outside these. This is done partly to
facilitate the easy change of optics and also because high power laser
discharges have a tendency to damage the optics. The introduction of
Brewster angled windows into a cavity increases the losses, and for low
powered lasers in particular, this is undesirable. The laser prof;otypes
all used quartz Brewster angled windows. A prototype was constructed
which did not use these and its power output was approximately a factor
of two higher as a result of the reduced cavity losses. However, this
arrangement was less convenient to use because the optics could not be
changed while the system was running. Another more serious problem was
that the discharges tended to damage the mirror coatings. This occurred

despite the fact that the mirrors had "hard" coatings.

Laser Performance

Pulsed laser action is observed in Argon, Helium-Argon and Helium-
Krypton gas fills. No laser action is observed using a CW source. The
para;r.neters for the best operation of the microwave excited Argon ion and
Helium-Krypton ion lasers are reported here. This includes the
dependence of the output on the microwave frequency and the field
direction.

(i) Pressure dependence of the laser output

The upper levels in a noble gas ion laser are excited by
collisional encounters involving the high enerqgy electrons in the laser
discharge. The rate at which these collisions occur depends upon the gas
pressure in the discharge. If collisions occur too frequently, the

electrons have insufficient time between collisions to build up enough
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energy from the electric field to populate the upper laser levels.
Similarly, if there are too few collisions, insufficient excitation will
occur. Hence, there is an optimum pressure at which the population
processes operate most efficiently.

The presence of additional gases in a discharge often affects its
properties. For example, impurities such as water usually have a
detrimental effect on a laser discharge, reducing the electron density
and temperature. The gas handling system, described earlier in the
chapter, is of good quality, ensuring the cleanliness of the system.
Helium, on the other hand, can enhance the output of a laser by
increasing the electron temperature or by resonant transfer excitation
via metastable levels.

In order to find the optimum gas pressures for the four laser
prototypes described earlier, the outputs were measured as a function of
gas pressure. From figs 6.6 to 6.9, it can be seen that for the Argon
ion laser, the 488.0 nm and 476.5 nm lines are the most prominent.
Generally the 496.5 nm and 514.5 nm lines are below threshold in pure
Argon, but when Helium is added they are observed. 1In all cases, the
optimum Argon pressure, when Helium is added, is approximately 0.09 mB
for all transitions. This is higher than the optimum pressure in pure
Argon, which is around 0.06 mB. A similar study was carried out for the
Helium-Krypton ion laser. The optimum Krypton pressure is found to be
0.05 mB in all cases and a Helium pressure of around 10 mB is best.
Laser action is only observed for the 469.4 nm transition. The output
is found to be a sensitive function of Krypton pressure with laser action
being limited to the range 0.04 to 0.06 mB. The Helium pressure is less

critical. No laser action is observed in pure Krypton.
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(ii) Effect of tube diameter

Noble gas ion lasers require a high current density and so narrow
bore tubes are generally used. (High power Argon ion lasers are able to
use larger tube diameters because of their higher input powers). Current
density requirements normally place an upper limit on the tube diameter.
Electron losses at the container walls are largest for small tube
diameters thus imposing the lower limit on the diameter. At the optimum
tube diameter, a balance is normally set between current density
requirements and an acceptable electron loss rate. As will be discussed
shortly, the direction of the exciting electric field is unimportant when
i using microwave frequencies. This is not the case when using a DC field
because here, electrons are driven into the tube walls by a transverse
field thus increasing electron losses.

The Argon ion laser outputs from all four laser prototypes are
observed to be a sensitive function of tube diameter. 1In all cases, the
best internal tube diameter is 3 mm. The tube diameter-optimum pressure
product is found to equal a constant (v0.15 mm-mB). The optimum tube

diameter for the Helium-Krypton ion laser is observed to be between 3 and

4 mm. The output in this case is not as sensitive a function of tube

- diameter.

(iii) Effect of the input power characteristics

The microwave sources described in the previous section have a
variable power, pulse length and pulse repetition frequency (prf). These
~were used to investigate.the variation of the laser output as a function
of the input parameters. The pulse repetition frequency was found to

have no noticeable effect on the output at the prfs use;d; . This is

because de-excitation and recombination generally occur in times much

shorter than the time between pulses. Increasing the prf increases the
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duty cycle of the output, and if a supply is operating at maximum power,
a corresponding reduction in the power per pulse is required. For high
power pulses therefore, a low prf must be used. An increase in the prf
should improve the residual ionisation level between pulses, thus
improving the breakdown consistency.

The pulse length is observed to have a significant effect on the
laser output. The pulse length must be long enough to firstly create
sufficient ionisation for breakdown, and then to allow the bui1d>up of
the upper laser level populations. The more powerful the pulse is, the
shorter is the minimum required pulse length. It can be seen from fig
6.10 that, after a delay of around 0.4 uS, the 488.0 nm Argon ion laser
pulse approximately follows the temporal behaviour of the exciting
microwave pulse. This is typical of all the observed Argon ion laser
lines. The microwave pulses have a fall time of up to 50 nS and the
Argon ion laser pulses cease 50 - 300 nS after the microwave pulse has
started to decline. Microwave pulses longer than 5 uS were not
available, but there is no reason to suggest that CW excitation is not
possible for a sufficiently high pump power. The intensity of the 5 uS
laser pulses is smaller than for the 1 uS pulses because the peak power
of the pump pulse was reduced so that the maximum duty cycle of the
supply was not exceeded. The laser pulse of the Helium-Krypton ion laser
is independent of the pulse length for pulses longer than 0.5 uS. This
is because population of the upper laser level occurs in the afterglow
due to interaction with Helium metastables after the end of the microwave
pulse.

No saturation of output is observed as the input power is increased
either in Argon or Krypton. In all cases, increasing the power input,

increases the output. No laser action is observed using a CW source, or
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in pure Krypton or Xenon using a pulsed source. The Argon and Helium-
Krypton ion lasers have the highest gains of all those tried.

(iv) Time-resolved spectroscopy of the laser output

The spectromet_:er and photomultiplier were used to display the laser
pulses on an oscilloscope. Care has to be taken not to saturate the
photomultiplier as this badly distorts the recorded pulse shapes. The
form that this distortion takes depends upon the type of photomultiplier
used and its associated voltage divider network. For the confiquration
used here, a saturating pulse looked narrower than it really was Often
this had the effect of making the laser pulse look as if it had finished
well before the end of the microwave pulse. The entrance slit size was
used to keep the light intensity incident upon the photomultiplier within
the linear limits of the photomultiplier. Knowing the time variation of
the laser pulses, power measurements made using a pyrometric laser power
meter can be used to give the peak output power.

For the Argon and Helium-Argon gas fills, all the observed lines
follow a trend similar to those shown on fig 6.10. For a 1 uS microwave
pulse the laser pulse is typically around 0.7 uS long. The addition of
Helium can enhance the output of the laser due to the increase in the
electron temperature of the discharge. No afterglow laser action is
cbserved. Using the pyrometric laser power meter all four prototypes are
found to have a maximum output of up to approximately 0.1 mW mean. This
gives a typical maximum peak power of up to around 100. mwW.

The output of the Helium-Krypton ion laser is shown on fig 6.11.
It can be seen that laser action at the 469.4 nm line occurs in the
afterglow about 2 uS after the end of the microwave pulse. The laser
pulse then lasts for up to 5 uS. A mean output power of up to 0.1 mW is

_observed giving a peak power of about 30 mW.
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(v) Effect of microwave freguency

The microwave-to-collision frequency ratio is an important
parameter of the microwave discharge dictating the power absorption
efficiency, the significance of wall collisions and transmission at a
boundary. The three transverse excitation prototypes were used to
compare performance as a function of microwave frequency. These operate
at 3, 10 and 17 GHz giving an w/vy ratio of between 90 and 500. _

As has been described in chapter 2, the field which actually
penetrates the dielectric/laser-discharge boundary is very small (g 1%).
This means that the effects of microwave frequency upon the excitation
processes in the gas discharge tend to be masked. (For example, the
fields in the 3 GHz laser tube are liable to be highest, because low
frequency fields generally find it easier to penetrate the
dielectric/gas-discharge boundary of the prototypes). In all cases, the
electric fields inside the laser tubes are small enocugh so that wall

collisions due to the transverse electric field can be neglected. For

very large fields, such wall collisions would be most significant at low

frequencies because electrons would get driven into the walls before the
field direction had reversed.

No significant differences in the performance of the 3, 10 and 17
GHz prototypes is observed when using Helium, Argon and Krypton gas
mixtures. They all have approximately the same optimum gas pressures and
tube diameters and the output pulses are very similar. The small
differences which are observed between the prototypes cannot definitely
be attributed to frequency effects. No obvious differences are observed
in the spectra of the laser discharges excited at 3, 10 and 17 GHz. It
is likely therefore, that the laser level population processes are

similar in each case. This is in agreement with the findings in chapter
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2, where it is shown that, provided o is much greater than @p and w/Vy is
greater than 1, microwave power absorption is approximately independent
of frequency. For the cases reported here therefore, the exciting
microwave fregquency can be chosen for convenience, depending on the
equipment available.

(vi) Comparison between transverse and longitudinal excitation

Transverse excitation of an ion laser using a DC field is not
viable due to the large electron losses and damage to the container
walls which would occur. Because of the oscillating nature of a
microwave field, transverse microwave excitation is feasible, -The
coupling structures of chapters 3 and 4 produce fields which are
predominantly transverse for the waveguide coupler, or axial for the
helical structure. The fields produced and the active lengths of the 10
GHz waveguide coupler and the 10 GHz helical structure are similar, thus
allowing a comparison to be made between transverse and longitudinal
excitation. For the magnitude of the fields used, both devices performed
equally well. If much larger fields were to be applied to the discharge,
the longitudinal field prototype would be expected to perform better than
the transverse prototype. This is because the electric field would then
be large enough to drive electrons into the tube walls before the field

direction had reversed.

Time-resolved spectroscopy of the laser discharges

The apparatus described at the start of the chapter was used to
carry out time-resolved spectroscopy of the laser discharges. This
information can be used in conjunction with the laser performance data to
give an indication of the excitation processes in the discharge, and to

suggest ways of improving the output.
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(i) Laser discharge spectroscopy

No laser action is observed in pure Krypton or Xenon. OCbservations
of the spontaneocus emission spectra show a good degree of ionisation and
the atomic transitions are observed to be weak. The laser transitions
are prominent, and cascade excitation is negligible. The same properties
are observed in the Argon ion laser discharge. A typical Argon ion
discharge spectrum is given on fig 6.12, where it can be seen that singly
ionised transitions dominate. Owver the range of microwave frequencies
used, field frequency and direction have no noticeable effect on the
discharge spectra.

By using the tables on figs 5.10 and 5.11 and in [8], it can be
seen that, in all the cases examined, the high lying singly ionised and
doubly ionised state populations are low, hence the negligible laser
level population via cascade transitions. In order to improve the high
lying state populations, the pump power should be increased. Doing this
would improve the Argon ion laser output and bring the Krypton and Xenon
discharges above threshold.

In order for the upper levels of an Argon ion laser to be populated
as efficiently as possible, the discharge must have a mean electron
enerqgy of around 6 eV (see chapter 5). The low ocutput powers observed
suggest that the electron energy of the discharges is below this value.
An estimate of 4 eV has been made on the basis that ionic transitions
predominate but that cascade excitation is negligible. At mean electron
energies of much lower than 4 eV, insufficient energy is available to
populate the laser levels. The addition of Helium increases the electron
. energy of a discharge slightly and this accounts for the slight increase

in the observed laser output from a Helium-Argon gas mixture.
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(ii) Time-resolved transition behaviour

The temporal behaviour of the spontanecous emission of selected
lines in an Argon ion laser discharge is given on fig 6.13. It is seen
that the atomic and singly ionised transitions have the same temporal
form, although, as has already been stated, the singly ionised lines are
considerably stronger than the atomic lines. The delay between the start
of the microwave pulse and the discharge is, in both cases, approximately
250 nS. All emission stops at the end of the microwave pulse and the
laser pulses are similar in form to the spontaneous emission. The
doubly ionised transitions are weak and it can be seen from the figure
that the doubly ionised states take longer to populate. This is probably
due to the multi-step excitation processes which populate these states.
In a more energetic discharge, the doubly ionised transitions would be
more prominent.

In a pure Krypton discharge, the transition behaviour is very
similar to that observed for Argon. Many Krypton lines however are
observed also in the afterglow although this radiation is generally weak.
When Helium is added, certain Krypton transitions are observed to exhibit
strong afterglow action. The 469.4 nm and 438.6 nm lines are
particularly prone to this due to resonant transfer excitation from
Helium metastables (see chapter 5). This is shown on fig 6.14, where the
388.8 nm atomic Helium line indicates the time variation of the
population of the 2535 Helium metastable involved in the excitation of
the 469.4 nm and 438.6 nm upper levels. Although laser action is only
observed at 469.4 nm, because of the 438.6 nm line enhancement, laser

action should also be possible here for a sufficiently high pump power.
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(iii) Excitation mechanisms

There are a number of possible excitation processes which can occur
in the laser discharges studied here and these have been described in
chapter 5. Because of the lack of atomic lines in the spectrum of the
Argon ion laser discharge, a multiple-step excitation process is not the

predominant excitation process. Similarly, cascade excitation is

observed to be negligible due to the poor excitation of states with’

energies above the laser levels. A two-step excitation process via the
Argon ion ground state is likely to play some part in the discharge, but
because of the pulsed nature of the field and the lack of observed atomic
lines, a single-step excitation process is the most likely.

In the Helium-Krypton ion laser discharges, the presence of Helium
is essential for laser action and the spontanecus emission of the laser
transition in the afterglow is considerably enhanced by the addition of
Helium. Resonant transfer of energy between Helium 2s3S metastables and
Rrypton ground state ions is the excitation process which populates the
upper laser levels. The ground state Krypton ion population is created

by direct excitation and also by Helium-Krypton atom interactions.
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Chapter 7 Conclusions

The principal aim of the research reported in this thesis was to
assess the feasibility of using microwave power to pump a laser. Noble
gas ion lasers were chosen to study the main characteristics of a
microwave excited laser discharge. Two different discharge structure
designs were used, one producing a longitudinal electric field, and the
other, a transverse field. ILaser action is reported in Argon, and in
Helium-Argon and Helium-Krypton gas mixtures, using' pulsed microwave
sources at discrete frequencies between 3 and 17 GHz.

A spectroscopic investigation reveals that the degree of ionisation
in the microwave excited laser discharges is high. .There_ is no evidence
of double ionisation, and cascade excitation of the laser levels is
minimal. As the input microwave power is increased, the laser output
increases and no saturation is observed. This evidence suggests that
increasing the pump power will increase the laser output power.

Analysis of the microwave discharge shows that microwave power
absorption is high for the laser discharges under study. However, it
seems that, at a dielectric/gas-discharge boundary, only a-small amount
of the incident power actually“penetratesr the boundary. For the
microwave frequencies used and an electron density typical of .la noble
gas ion laser, only about 1% (or even les§) of the applied poWer is
admitted into the discharge. The two laser coupling structures reported
herein both use a microwave field which is applied iexternally to the

laser tube. This means that only a small afﬁount of the power fed into

these structures is used to drive the laser. When this is taken into
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account, the observed efficiencies approach those of conventicnal noble

gas ion lasers.

The characteristics of ‘a microwave discharge are seen to be good
for laser excitation. The concept of producing a commercial microwave
excited laser is a feasible proposition, provided a more efficient
technique of applying the microwave power can be found. The microwave
power should be applied directly to the gas, via an electrcde in the
laser tube. One possible structure would use a launch electrode to
produce a surface wave plasma as microwave power propagates through the
gas from the electrode. Alternatively, an internal helix could be used
which wo'uld produce an axial microwave electric field. To proceed any

further, more research into coupler structﬁres of these types must be undertaken.




