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Thesis Abstract

Pulsed microwave excitation of noble gas ion lasers at frequencies
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 ram, 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 descrilæd.

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 Tjunction 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.
axially excited lasers perform equally well.
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chapter 1

Introduc±ic>n

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 DCexcited 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.
in CO2 lasers.

Excitation at radio frequencies is used canmercially

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 [1]-[2].
The potential of microwave eaecitation

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]-C19], 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 ocxisidecaticms

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

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 DCpulse forming elements required to drive it.
is thus preferable on a cost basis.

The use of a CW magnetron

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.

In this way, it should be possible to

produce a range of laser tubes covering most of the canmon 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 he shewn that a microwave discharge is capable

of exciting a laser discharge as efficiently as, or better than, a DCdischarge.

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
canmercially 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.
from two viewpoints.

The situation is studied

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/gasdischarge 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 parameters, 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

spontaneous emission spectra is carried out to determine the excitation
mechanisms, and the dependence of the laser outputs on tube diameter, gas
fill 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.
Pnjpaqatian of microwave radiation in an icxiised 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
and there are no free charges.
written as [1 ],

is zero

IVfexwell's equations therefore can be
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V .E = 0
g. B = 0

(2 .1 )

V X E = -^/3t
V X B = ^/3t,

where E is the electric field intensity, B is the magnetic induction,
and ytt, and t 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

variation, eqs 2.1 can be used to derive

the wave equations,
V^E + /^6w^E = 0
V^H

(2 .2 )

= 0,

where H is the magnetic field intensity and co is the angular frequency
of the field.

Assuming plane wave propagation in the z-direction, a

solution of the electric field wave equation is.
Ex =

exp[i(cot -,0z)].

(2.3)

The maximum electric field intensity is
constant

and

(=

(here equal to the propagation constant).

is the phase
The intrinsic

impedance ^ of the medium is defined as,
'V' “ E^/Hy,

(2.4)

and, by using eqs 2 .1 , this can be written as,
n " Æ7T.

(2.5)

It can be seen here that

is a real quantity depending upon the

permittivity of the medium.

Here E^ and Hy are in phase, and in free

space we have,

= J^/Co - 377 jr.

(ii) Propagation in a conducting molium
As with (i) above there are no free charges, but the conductivity
is given by,
J =

(2.6)
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where J is the current density.
accommodate this, and the Curl
V

X B

= i( % ( 6

Equations 2.1 must now be modified to
equation becomes,

- icr/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 equation
now becomes,
v 2e +

- i<r/w)w2E = 0 .

(2 .8 )

This can be re-written as
_ yZg = 0 ,

(2 .9 )

where the propagation constant X is given by,
X =

- i^/w) ],

(2 .10)

and eq 2.9 has a solution.
Ex = Eqx exp[-2fz] exp[io>t].

(2 .11)

Unlike the previous case, the propagation constant is now a complex
quantity which can be expressed as oc + ij8 and eq 2,11 can tfâ written as
Ex = Eqx exp[-ctz] exp[i(wt - #z)]

(2 .12)

The attenuation constant oc 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 tf,
and the frequency of the field.

By solving eq 2.10, ot and Ji can be

written as,
oi

= wA.o^/2

,____
f = u>jp^Ti

As

[/l + (cr/uvC)^

- 1]°-5

/-------- 2
0 5
[/I +
+ 1]
.

theconductivity cf approaches zero, theseequations

those fora non-conducting medium with

(2.13)
reduce

down to

tending tozero and ^ tending

to
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The exponential attenuation term is often expressed in terms of
the skin depth 8 which is the distance the field penetrates before its
amplitude is reduced to 1/e (^37%) of its original value.

Skin depth may

therefore be defined as,
S = 1/o(.

(2.14)

The intrinsic impoâance is now complex and is given by,
\ ~ Jpo! it - i<f/u))!.

(2.15)

This can be written in polar form as,
expli^].

(2,16)

Here, the electric field leads the magnetic field by

For a good

conductor we have, jzJ = fr/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,
m ^ = e^ - m y % ,
dt

(2.17)

where m and e are the electron mass and charge respectively. The mean
electron velocity is y, and
transfer.

is the collision frequency for momentum

For an exp(icot) dependence of E and ÿ, the equation has a

solution,
_ ^
m
o
m(Vni + iw)

(2.18)

The current density in this case, given by J = N^ey, can now be written
as
J = N^e%
.
— m(Vjn + iw)
The curl equation of 2.1 and 2,7 is now written as.

(2.19)
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Nge2

iiin
- 1 V

V X B
B =
= i

E .

(2 .20)

The wave equation has the same form as eq 2.9, but this time K is given
by.
1

-

i^m

,

- 1

6J

(2 .2 1 )

+ Vm

where cOp is the plasma frequency defined by,
^ 2 =
P
5om

,

(2 .22)

and c is the speed of light (=yi /yw^e).
By following the same procedure that was used to derive eqs 2.13,
eq 2.21 can be used to find ol and j8 •

This yields the following

expressions,
2

-co2

w

+ Vm

_

+

OJ

0.5
£Ur 4
(w^ + % ^ )^
(2.23)

1

-

0)^ + V,m J

-|2

2c^

r n
w 4
+ ha
CJ (a)^

'0.5

The wave equation has a solution of the form, (which is the same as the
conducting medium case),
Ex = Eqx exp[-(xz] exp[i(wt ~jSz)] ,
where oc and p from eq 2.23 are used.

(2.24)

The attenuation constant represents

the power loss from the wave due to excitation of the ionised gas.

The

phase constant JS is used to give the refractive index n of the gas where
n is given by (c/w )jS.

Once again the intrinsic impedance

is complex

and the electric and magnetic fields are out of phase.
By examining eqs 2.23, a simple case can be considered where the
collision frequency is much less than the angular frequency 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.
wave is attenuated exponentially.

Here, the

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 10^0 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
density Nq, as a parameter.

ratio, with electron

The skin depth S 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/Vm 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 trangnission and reflecticxi at a boundary

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.
of such discontinuities will be outlined here.

The effect

This is of interest

because, in the discharge devices to be described in chapters 3 and 4 of
this thesis, the microwave power has to pass across a free-space/glasstube 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/gasdischarge 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
highlight a serious problem associated with the discharge configurations
used.
The fields to be examined can be expressed in the form
E = So'

(2.25)

where Eq ' is the complex amplitude which incorporates time and phase
information as well as the real amplitude.
Eq'

= Eq

It is given by,

exp[i(cot + 52^)] .

(2.26)

The fields incident (i) upon the boundary can be written as,
^ i “ ^oi ®

z
*

(2.27)

Hyi = (Eoi/'?1 ) ^
The resulting transmitted (t) and reflected (r) fields now become,

Hyt = (Eot/t2^ ®

Hyr = “(Eor/^l)

(2.28)

y

^

.

Here, the propagation constant K'n 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,
Eq £ cos#i +

cos% =

cos^t

(2.29)

^oi/‘^1 “ ®or/^1 = ^ot/^2 "

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

Solving these equations, the amplitudes of the

transmitted and reflected electric fields are given by
Eor = (79/?1 )cosP+. - COS0,
' Eq^
(^2/^1 )cosd{- + cos#i

(2.30)

IÇose,
E^i.
)cos(9^ + cosuj^

Eot =

When the electric field is perpendicular to the plane of incidence, the
equations are,
Eor = (79/7-1 )cos^ - cosf^H Eo-i

Eot =

(2.31)

gil2/£l>P°s6i
Eoi.
(%/Tl )cos<yi + cos6^

The reflection and transmission coefficients R and T, are used to
express the flow of energy across a boundary.

They are defined as

ratios of the power per unit area across the boundary.
unit area is given by the time averaged Poynting vector

The power per
which is

written as,
= 1/2 Re(E X i f ) .

(2.32)

Here, Re represents the "real part of", and * denotes the complex
conjugate.
respectively,

Assuming that E and H run along the x and y-axes
points along the z-axis.

From eqs 2.4 and 2.5, Hy is

given by,
Hy = (71^/377) Ex,
where

is the relative permittivity of the medium.

(2.33)
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 (vÆ T / 377)

(E(^i)2

Sj. = 1/2 (vCl/377)

(2.34)

St = 1/2 (/R/377) (E6t)^.

The reflection and transmission coefficients, defined as |S%ySi| and
|St/Sil, respectively, can now be written as.
(2.35)

[(^1

+ 1]^

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 providedthat the

difference

between 6 ^ and 62 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

phase and that E^/Hy is complex.

and Hy are out of

For an ionised gas eq 2.32 can be re

written as,
Sav = 1/2 Re[(^r + ]&i) X

where E^^, ^ i , ^ 2- and
to 2.26.

" i&i)] .

(2.36)

are real functions of z as given by eqs 2.24

By assuming that E^ is real, the time averaged Poynting vector

can be written as,
Sav =

1/2

ReC/Ej] E^^ .

For a glass/gas-discharge boundary, R and T become.

(2.37)
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R =

Ju /ubi JT^] - 1
Lyn/Retyr^] + 1

T =

4/?/Re[y3?]
tyrf/RetTe^] + n ?

(2 . 38)

where £ -] is the relative permittivity of the glass and £5- is the complex
relative permittivity of the gas discharge.

For 6 <| = 2, R and T have

been plotted on figs 2.5 and 2.6 as a function of
parameter.

with Ng as a

It can be seen that, under certain conditions, the majority

of the incident power is reflected.

This effect is used in TR-cells 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,

and

must be found.

To do this, the kinetics of a

microwave discharge will now be considered.
Motion of electrons in a microLvave 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.
the electron is once again accelerated by the field.

After the collision,
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 canponents 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 Jcinetic 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-cosY^).

Here m and M are the electron and

atomic masses, and Ÿ 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.
attachment are usually negligible.

Losses due to recombination and

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 - 1 7 GHz), the

electrons in the gas discharge are accelerated in one direction for a
period of time around 10”^® s 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 ram.

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 considérai 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
energy to ionise an atom on collision.

If enough electrons are created

in this way, so that the electron production rate exceeds the loss rate,
breakdown will occur.

The breal^down process for a DC discharge is

essentially the same. Generally, microwave breaJcdown 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 large,

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 brealcdown 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

-

27

-

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 Lj/Vrxy 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, and 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 q is a function of electron energy as shown on fig
2.7.

Because of its conplexity, solution of the Boltzmann equation will

not be considered.

However, many studies have been carried out [4]-
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[11], and these use cross-section data like those given in [12]-[22]»
The cross-section for momentum transfer

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 ],
n _
_L
c
2m
1 + (w/um)

,

(2.39)

where e/m is the electron charge-to-mass ratio and Ep is the peak value
of the electric field.

Like the total elastic collision frequency Vq ,

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 Vm(u)U(.(u), where u is the electron energy.

By

differentiating this it can be seen that the energy transfer is a maximum
when

equals 1,

Also, it can be seen that when oo/v^ is much less

than 1 , we have
Uc ^ (e /2 m )(E p /% )^.

(2.40)

This is the same as for a DC discharge with E = Ep/J^.

Mhen

is much

greater than 1 , we have
Uq 2=^ (e/2m) (Ep/u>)2.

(2.42)

From fig 2.7 it can be seen that v^(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
1.

As w is increased up to the maximum value of

therefore, the high

energy tail of the electron energy distribution is enhanced.
increased past the maximum value of

equals
Once u> is

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 energy distribution function
The electron energy distribution function (EEDF) describes the
kinetic energy distribution of electrons in a gas.
function is required in order to determine the

Knowledge of this
ratio and the degree

of excitation in the discharge.
The EEDF can be studied over the range where
than 1 to where

is much less than 1.

is much greater

In the case where

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 appli^ electric
field and N is the gas number density. When

is much greater than 1,

the distribution function becomes a function of E/w
intermediate values, it depends upon both E/N and E/w.

only.

At

This variation in

the EEDF is a result of its dépendance 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 excitation.
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 energy (electron
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 h^ and hj_ are given by
Px/Pc

Pi/Pc respectively, where P^/ Pj_ and P^ are the probabilities

of excitation, ionisation and collision.

It is the high energy electrons

which are required for the population 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 10002000 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“^^ Vm^.

The microwave

coupling structures operate at frequencies between 3 and 17 GHz making
E/co of up to 10"5 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 cj/v^,0 has been
used as a parameter.

Here,

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 pealcs at around 6 X 1 0 ^

collisions per
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second.

Because the energy transfer efficiency is highest when w equals

this seems to place an upper limit on the optimum microwave frequency
for an Argon ion laser fill, (where v =

^ 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 upper 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 10^ collisions per second
for a gas pressure of 0,07 mB.
gives an w

For the microwave frequencies used, this

ratio of around 400,

Noble gas ion lasers typically

operate at electron densities of 10^ ^-10^^ m“3 [25]-[31],

Using an

electron density of 10^^ m~^, 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 slcin depth of around 1 mm.

For the container geometries used this

means that a uniform discharge should be obtained, and this is observed

-

in practice.
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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-œll operation using a laser gas fill
In order 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 brealcs 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 lealcage.

The spike lealcage gives an indication of how quickly the

gas in the cell breaks down and gives a measure of the energy
transmitted before complete breakdown is established.

The total leal^age
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includes spike and flat leakage and is a measure of the total power per
pulse which is transmitted tlirough 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, the spike

leal<age 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 becanes 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/gasdischarge boundary.
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Chapter 3

Microwave Couple Design PrcKSucinq 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

waveguide, 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],[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 rectangular 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 TM (transverse magnetic) wave where

= 0, and the
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TEM wave where E^ cind

= 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 guide
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 l<nowledge 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 T E ^ wave as derived from
Maxwell's equations are given by [1]-[2],
E^ = Eqj^

cos(mnx/a)sin(n%y/b)exp[i(wt- /8z)]

Ey = Eçjy

sin(mex/a)cos(nay/b)exp[i(wt -^z)]

Ez = 0
Hx = Hgxsin(m£tx/a) cos(nny/b) exp[i(wt - jSz)]
Hy = H^y

(3.1)

cos(m*x/a)sin(nnry/b)exp[i(wt- ySz)]

Hg = Hq2cos(mtrx/a) cos(n%y/b) exp[i(«t - #z)].
Here, a and b are the broad and narrow dimensions of the waveguide,
Eox/ •.Hgz are the peak values of the electric and magnetic fields,
E^,.. .Hg are the fields at the point (x,y,z) in the guide,/Sis the phase
constant of the wave, and

is the angular frequency of the field.

The

fundamental TEq-] mode, where m = 0 and n = 1 , is then represented by,
E^ = Eqx sin(<^x/a) exp[i(wt - y3z) ]
Hy = (^/i%) Eqx sin(2Tx/a) exp[i(u>t - pz)]
Hg = -j (Tt/u^a)
where

(3.2)

cosOrx/a) exp[i(wt ~/?z)3,

is the permeability of free space.

When these equations are

tm=l

ELECTRIC

FIELD PATTERNS

— WAVEGUIDE WALL

FIGURE 3.1 MODES IN A RECTANGULAR WAVEGUIDE.

DIRECTION OF PROPAGATION —

ELECTRIC
FIELD
■ II I I II I I

Transver se
cross-SGchon oT
a waveguide

Longitudinal

narrow wall

I I I I III! I lllilIfTli

cross-section

DIRECTION OF PROPAGATION

MAGNETIC
FIELD
Transverse
cross-section
a waveguide

FIGURE 3.2

of
Longitudinal broad

wall cross-section

TEq ^ ELECTRIC AND MAGNETIC FIELD DISTRIBUTIONS IN A WAVEGUIDE.

— 46 —

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 TEqi mode wave passes
along it.

The wave as it travels down the guide has a guide wavelength

Ag given by [3],
^g ~

(i-(Ao/2i p y

(3.3)

t

where Ag is the free space wavelength.

The TEq -i 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 eqs 3.2 for a

wave travelling down the z-axis,
§av =
where

fîox^ sin2(-ïTx/a)

is the unit vector in the z-direction.

(3.4)
The total average

transmitted power W, is obtained by integrating S^y over the crosssection of the guide to give.
2 *0.5
W = ab Box? ■ 1 4c^„
2a
•

(3.5)

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 ram, 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.
Waveguide directional 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.
directivity of the coupler.

This leakage depends upon the

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(db) =10 log-)n/
Power through port 1
\
VPower coupled through port 3/
D(db) =10 log-j n/Power through port 3\
\Power through port 4/ .

(3.6)

(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 guide.

It is best suited as a strong coupling device and is

A
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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 Ag/4.

More advanced variations employ more branches

and these can be studied by using ABCD-raatrices 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,

/^ntwk

®ntwk\ ~ /^1

®l\ /^2

®2^

\^twk

Aatwk)

D>i/ (_C2

D2j

(^n

®n\

(3.7)

Pn,

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 "P and the

transmission coefficient T of a two port network are given by.
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r =A + B - C - D
A + B + C + D
T =

(3.8)

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-1 = (Fe +ro>/2
V2 = (Te + Tq)/2
V3 = (Te - To)/2

(3.9)

V4 = (Fe -ro>/2 ,
where F g and Tg are the reflection and transmission coefficients for the
even mode and

and Tq 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 conponents.
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, eqs 3.8
and 3.9 can be applied to eqs 3.6 to find the coupler directivity and
coupling ratio.

Most branch guide coupler design techniques [4]-[17],

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 given 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],[18],
/1

-jZntan L/Aqc\

\0

where

/

1

(3.10)

,

is the impedance of the branch guide, L/2 is the length of the

stub, and Age is the guide wavelength at the centre frequency.

The

equivalent ABCD-matrix for the odd mode open circuit network is formed
by substituting -cot rrL/Age for tan tvL/Age in matrix 3.10.

Similarly,

the ABCD-matrix of a length S of lossless transmission line is given by,
costts/Aqc

1

j ZotanirS/Aac \

^3Ygtan^rS/Age

1

I

r

(3.11)

where Zq is the impedance of the main and auxiliary guides, and Yq is
the admittance (= 1/Zq ).

At the centre frequency where L = S = Agc/4,

and normalising Z^ with respect to Zq , matrices 3.10 and 3.11 can be
simplified to.
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Here

11

-j Zn\

\0

1 /

and

1//^f 1

j\

(3.12)

U

represents the normalised branch guide impedance (= Z^/Zq ),
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
shift between them.

phase

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.
size variation of the branches can be chosen in several ways.
do this is to consider the impedances of the branches.

The

One way to

These are already

incorporated in matrices 3.12 where Zj^ is written as z-j, Z2,....Zn"

^

symmetrical impedance distribution is almost always used where the
impedances of the branches are arranged as z-j, Z2 , Z3 ,....Z2 r

•

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

= {z-|Z2 - 1)(Z2Z3 - 2) - 1

B = j{z-|Z2 - 1)(2Z'i + Z3 - Z1Z2Z3 )
C = jz2 (z2Z3 - 2)

(3.13)

D = (z'jZ2 - 1)(Z2Z3 - 2) - 1 .
In order to completely evaluate these matrix elements, z-j, Z2 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], Binomial

[9 ], 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

polynomial of the first kind is given by,
Tn+i(x) = 2xTn(x) - Tn_i (x) ,
where we have

Tq (x )

= 1 and Tj(x) = x.

(3.14)
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 polynanial 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,
Y4 = aiexp(-j^Q) + a2exp(-j3^c) + a3(-j5^c)
+ a'iexp(-j9^c) + a2exp(-j7^Q) ,

where a-|, a2 and a3 are voltage coupling coefficients and
electrical length of a branch at AgQ.

(3.15)
is the

The expression can be simplified

to,
IV4 I = |2aicos4^Q + 2a2Cos2^Q + a3 |.

(3.16)

The impedance taper is defined by setting |v^| equal to a Chebyshev
polynomial as follows.
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+
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I 2a-|COs4^ç, + 2a2Cos2{^Q + ag | = 2fT4 (tx),

(3.17)

Here T^fx) 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.
directivity of the coupler is given a Chebyshev form.

In this way the
Setting x=cos^^,,

the coefficients of a-j, ag and ag are equated and then normalised with
respect to a-|. This gives,
a-j = 1
52 = 4(1 - l/t2)

(3.18)

a3 = 2(3 - 4/t2 + l/t^).
In order to determine t, the directivity function at the band edges is
considered.

Here,

we have jv^j =

, and this implies that tx = ±1

giving,
t = ±1 /cosÿ(.

(3.19)

Using the equation
lj>

=

2ir L / A g ,

( 3 . 20 )

t can then be found for a specified bandwidth dictated by )\g. The worst
directivity in the band is given by,
^jiin ~ 20 log-]q[T4 (t) ].
Small values of t
poor directivities.

(3.21)

are indicativeof large
A compromise

has

operational bandwidths but

to bereached between the two so

that reasonable bandwidth and directional properties are achieved.
Having found t, eqs 3.18 can be applied to give the required
relative voltage coupling coefficients, and hence the relative branch
guide impedances.

In order to determine the branch guide impedances

explicitly, eqs 3.8 and 3.9 are conbined to give,

I V3/V2 I = I (B+C)/(A+D) I .

(3.22)

On specifying the required coupling ratio of the directional coupler,

-

this equation can be solved.
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In the case of the 5-branch coupler of fig

3.7, eqs 3.13 can be used to yield a polynomial in, for example z-^, and
this can be iteratively solved using the Newton-Raphson method.
Equations 3.18 can then be used to explicitly determine %2 and zg.
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,
Zn = bn/bg.
However,

(3.23)

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-guide 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-guide with that of a real branch-guide, the modified
coupler dimensions can be calculated [7], [15],

The correction equations

are found to be,
b n /b o

"

(b n

/b o )

1

Ln' = (>ctc/2®^) cot-1 r

_^

(3.24)

Ibo bn'/bo
Xn/Zn

1 - 2cn'

(3.25)

bn' /bo J

S'n,n+1 - ^gc/4 + %' + %i+1 *.

(3.26)

Here, bn' f Ln' 5nd Sn' are the corrected branch-guide thicknesses,
lengths and spacings of fig 3.7, and Xg/Zg,

Cn' and Sn' are

complicated functions of fc^' as shown on fig 3.9.
Bearing in mind that both

and %o/%o

functions of bn' /bo,

eq 3.24 is used to plot a graph of bn/bo against bn'/bo 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 include!.

Once bn'

is known^ Ln' and S'n^n+1 can be found using eqs 3,25 and 3.26, and the
graphs on fig 3,9.
It can be seen from fig 3.8 and eqs 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.

In order

to simplify construction, a power weighted mean branch length can
used, defined as
L ' = £n<Zn^ I n ' ) / S n ( V )

-

(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
iitprovement 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 Îq = c/Xg^ has
been considered.

The lengths of the branches and their spacings were

originally fixed at Agc/4 and the discontinuity analysis led to the
optimisation of these dimensions for operation at fQ.

Calculation of the

branch thicl<nesses was based on the simplified component matrices 3.12 of
the even and odd mode networ]cs which apply at f^.

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.
investigate this further it is necessary to return to

In order to

matrices 3.10 and

3.11.
Previously, matrices 3.10 and 3.11 were simplified to matrices 3.12
which are valid only at Iq .

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 Ag [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 chosen 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 oouplinq 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 tcl2 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

....

[Operating
[Frequency

^2

^3

L'

^12

^23

’
16 GHz

1.4

3.6

4.4

5.3

5.1

3.7

10 GHz

1.8

4.6

5.7

6.9

6.6

4.8

3 GHz

5.8

15.4

j 19.0

22.8

22.0

16.1

Dimensions in mm.
FIGURE 3.11

DIMENSIONS USED FOR THE 3dB BRANCH-GUIDE COUPLERS OF
THE LASER COUPLING STRUCTURE (See Figs. 3.7 & 3,2 ).
(From R.Levy 1966 111]).

V(o)

coupling branches

(a) A single 3dB hybrid coupler

V{o)

3

4

(b) Two 3dB hybrid couplers in series.

FIGURE 3.12

SCHmATIC OF THE 3dB-HYBRID COUPLER.
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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 maJces use of three 3dbhybrid 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.

Figure 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 te

V(o)

V{o)

FIGURE 3.13

SCHEMATIC OF THE LASER COUPLING STRUCTURE.

Microwave Power
Input

Variable Short Circuit
Laser Coupling Structure

Brewster Angled
Laser Tube
Supporting Base

Window Mount
& Gas Input

FIGURE 3.14 SCHEMATIC OF THE COMPLETE LASER STRUCTURE.

Laser Mirror
Holder

-

absorbed by tJie walls.
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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 guide.

The probe consisted of a

small length of wire which, when inserted into the guide, ran parallel
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 guides.

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.
also produces a transverse electric field.

This coupler

In this case, a small

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

A-

%

FIGURE 3.15

THE COMPLETE WAVEGUIDE 10 GHz LASER COUPLING STRUCTURE.

m

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 resign Producing A loagitiadiml
Elœtric 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.
"Rie travelling m v e tuk^ helix
Helices are used mainly in travelling wave tubes (TVTTs) 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 requirements.
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 ccrnnon 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
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power handling ability.
The basic TWT 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 heam to the microwave field travelling along the helix.
way the microwave field is amplified.

In this

Commercially available TWTs 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,

distribution has the form shown on fig 4.1.

the electric field

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 velocity 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 anplified

field is obtained in the helix at the expense of the Icinetic 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

FIGURE A A

ELECTRIC FIELD PATTERN FOR A SINGLE-WIRE
TRANSMISSION LINE.
(From A.S.Gilmour (Jr.) 1986 C33).

7%:r//

FIGURE 4.2

77

ELECTRIC FIELD PATTERN FOR A HELIX WITH
4 TURNS/WAVELENGTH.
(From A.S.Gilmour (Jr.) 1986 C33),

Accelerating Field

Decelerating Field

FIGURE 4,3

AXIAL FIELD THAT CREATES BUNCHING OF THE
ELECTRON BEAM IN A TWT.
(From A.S.Gilmour (Jr.) 1986 CBJ).

2a

FIGURE 4.4

THE GEmETRY OF A HELIX
(From J.F.Glttins 1964
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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 requirenents 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 is no
longer important because the collisional 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.

In 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

unsupport^ helix in free space, and a helix wound round a glass tube and
contain^ 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],
^zn = t^n

expEi(wt-^z) ]

^zn " [Cn

exp[i(wt-,8z)]

= -(iwyx^/2(n) [Cq

~%

exp[i(u>t-ySz) 3

H^n = (iky^/2(n) l^n ^1 Ùn^> - % Ki (^n^)3 exp[i(wt-jSz)] .

(4.1 )
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The wave propagates with velocity v = w/jg and the radial propagation
coefficient in region n is defined by 2(^2 = ^2 _

where ^ is the

axial phase constant, w is the angular frequency of the field, and 6 ^ and
are the permittivity and permeability.

Because the fields are finite

on the axis and vanish at infinity, B-j = D-j = A4 = C4 = 0.
the constants Aj^ to
the case being studied.

The rest of

are found by applying the boundary conditions for
The equations for the radial fields

and

are similar to those of eqs 4,1.
(i) A free-standing helix
Propagation along a helix is difficultto 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 eqs 4.1 beccme [1];
Inside helix:
Eg(r) = B iQ(^r) exp[i(«)t-^z) 1
Ej^(r) = i B (^/%j I-)(2fr) exp[i(cot-^z) ]
E 0(r) = - B [iQ(^a) / I^ (Xa) ] tan'f I-j(î(r) exp[i(wt-^z) ]
Outside helix:

(4.2)

Eg(r) = B [Io(2(a) / Ko(Xa)] Ko(&r) exp[i(cjt-jSz)]
E^ir) = -i B (^/X) [lo(Xa) / KQ(^a)] K-j(Xr) exp[i(a>t-y8z) ]
Eÿ(r) = - B [iQ(Xa) / K-j(Xa) ] tanT

(<Yr) exp[i(wt-^z) ].

The constant B is to be determined, and the modified Bessel functions Iq ,
I-j, Kq and K-j of argument ^r, are given in appendix A at the end of the
chapter.

The helix pitch angleT is given by,

tanT = p/2tfa,

(4.3)

a

OF

p e r f e c t c o n d u c t io n

HELicAtir œ m u c T i m

SHEET.

AXIS
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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 pQ as o)/c, this gives [1],

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 TWT helix.

This function is graphed on figs 4.6a and 4.6b, and it can

be seen that when ^a is large, it is approximately equal to ^^a cdt%
This gives,
/8 =

- ^/sinf,

(4.5)

and
Vp = w/j8 - c sin'/C

'

(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
ohms, is defined as,
K = |Eg(0)|2 / (2jS2p).

(4.7)

It can be used to describe the magnitude of the axial electric field
Eg(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.

—1-
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p = ZFRe

- E0iHri) r dr + J(î^2H^2 " Ej(2Hr2 ) r dr],

(4.8)

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 eqs 4.2.
Substitution of the solution of eq 4.8 into 4,7 gives [1],
|E z ( 0 ) |2

/

(2 ^ 2 p )

= 1 /2

(y /^ )4

F 3 (!T a ),

(4 .9 )

with
F(Sa) =

where

I

q

j

Jo
(240 1(0

and

K q ^i

r(ll _
LLo

Î O W
Ili ^

/Ko_
(k i

have arguments ^a.

-1/3

+
Koj1^!Sa,

(4.10)

The axial electric field can then

be calculated using,
1Ez(0)|

=

[(ifV/S^)

F^{Xa)

P]1/3.

(4.11)

Equation 4,11 can be used to find the constant B in eqs 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,
Ez(r) = lQ(&) E2(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 betweenadjacent
on an actual helix.

Essentially the mcdel does notconsider

component" of a helix, but only its shape.

turns

the "wire

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.
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FIGURE 4.7 EFFECT OF WIRE SIZE ON COUPLING IMPEDANCE.
(From J.R.Pierce 1950 Cl] ).
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FIGURE 4.8 EXAMPLES OF HELIX SUPPORTING STRUCTURES
(From J.F.Glttins 1964C 23).
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(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 inthese tubes by rods or vanes, and
some typical arrangements used in

TWTs 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 greater 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 include!
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
discussal later.

Here, as shown on

round a glass tube containing the

figs4.9a and b, a helix is wound
gas fill, and is contained in a

metallic cylindrical tube to prevent microwave lealcage.

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

HELIX

\ aUARTZ
TUBE

L,/ / y. /
WAVEGUIDE

' METALLIC CYLINDER

T-SHAPED COUPLING BAR

FIGURE 4.9a THE WAVEGUIDE**TO“HELIX TRANSITION WITH THE HELIX
WRAPPED ROUND A GLASS TUBE IffllCH CONTAINS THE
GAS FILL.

FIGURE 4.9b

THE COMPLETE HELICAL LASER COUPLING STRUCTURE.
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4.9a by applying the appropriate boundary conditions [1],[4].
metallic cylinder, the electric field components

and

At the

must be zero,

and across the helix/glass-tube and glass-tube/free-space interfaces, the
electric and magnetic field components E^, E ^ , H^, and H 0 must be
continuous.

The remaining conditions are the same as those for a free

standing helix.
Using the formulated boundary equations, a set of simultaneous
equations can be constructed to calculate, in parametric form, the
unknown field componŒits [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 eq
4.4 for a free-standing helix.

This equation can be used to calculate X,

and for the configuration here, is the dispersion equation given in
equation 1 in [6].
In order to solve the field equations explicitly, the coupling
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],

|Ez(0)|2 / (2^2p) = 1/2

f3(2Ta),

(4.13)

with
f(^a) =

2(a F(Xa).

(4.14)

Here, bq and a^ represent the ratio of the capacitance and inductance per
unit length of supported and free-standing helices [5],[8 ].
The correction factor resulting from the introduction of the
metallic cylinder and glass tute to a free-standing helix is found fran
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 configurations can be analyst [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.

In 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 adverse
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 Zfa), and'is negligible for large Jfa [5], [12].
cylinder can be reduced by increasing its radius.

The effect of the

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

— 90 —

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
structure of fig 4.9.

supported helix used in the laser coupling

Ashas 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 thiclmess 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,
chapter 2 on the microwave

the field isonce again almost uniform.
discharge, it

can be seen that

From

only up to 10%

of the incident microwave power penetrates the glass-tube/gas-discharge
boundary.
laser tube.

This gives an axial field of less than 20 kV/m inside the
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Heli3c impedanœ
For t±ie 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 500ji, and the helix with a
much lower impedance

50 XL ).

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 Ag/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 upon 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.
Zq = 2P/II*,

Defining the matching impedance as,
(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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Zq = P/E27T^a^(H^2 -

)2],

(4.16)

The angular component of the magnetic field just outside the sheet
surface is H^ 2 / and

is the field just inside.

For an unsupported

helix, both components have a similar form to those given in eqs 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 imp^ance is a sensitive function of helix pitch and diameter.
For a

smooth impedance transfer, the impedance of the helixat the input

end must equal that of the coaxial line which is given by,
= 60 In (b/a)
where

,

(4.17)

a and b are the diameter of the

relative permittivity

wire and hole

and permeability

material between the inner and outer conductors.

respectively.The

apply to the dielectric
In this case they are

both equal to 1. The coaxial line in the laser coupling structure has an
impedance of approximately 60

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,
Ebqperimental helisc 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 tlie 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 gocd 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 ram. 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

given by,
^abs ~ ^inc ~ ^ref >

(4.18)

was found for each of the helices over a range of microwave frequencies,
where Pine

^ref

the incident and reflected microwave powers.

In

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 Pgj^s with and without a discharge also include this
effect.
The results obtained indicate that the power absorbed by the gas
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 expends! in oscillations set up in the
coupling structure.

Ihis is further substantiats! by the fact that no

pronounced frequency dependence of the absorbed power is observed.

The

absorbed microwave power was measured as a function of the frsguency of
the input over the range 8.7 - 9,6 GHz,

If large amounts of microwave

power were absorbed by the gas, the absorbed power would be observed to
be a function of microwave frequency, with a maximum 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 ra 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.

Seme 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 eq 2 .20.
(ii) Other helix configurations
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.
arrangements used in TWTs.

Both were based on the

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 usai a helix with a similar pitch, but
smaller radius than the helix reported earlier.
inside a glass tube.

This helix was contained

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.
and the glass.

The gas tight seal was made between the Kovar tube

Kovar was chosen because it has approximately the same

KOVAR TUBIN
GLASS/KOVAR

GLASS TUBE

FIGURE 4.17

COPPER/KOVAR SOLDER SEAL

HELIX

SEALING TECHNIQUE USED TO INTRODUCE MICROWAVE
POWER INTO A HELIX.
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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 in 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.

References

[1]

J.R.Pierce
"Traveling Wave Tubes."
Van Nostrand, 1950.

[2]

J.F.Gittins
"Power Travelling-Wave Tubes,"
English Univ. Press Ltd., 1964,

[3]

A.S.Gilmour

(Jr)

"Microwave Tubes."
Artech House, 1986.

— 107 —

[4]

D.T.Swift-Hook
"Dispersion curves for a helix in a glass tube."
Proc. lEE 105 747 1958.

[5]

M.P.Sinha
"Operational characteristics of helical structure over
dielectric tube in a metal casing."
J. Inst. Electronics & Telecom. Engrs. ^ 554 1983.

[6 ]

K.Tsutaki et al.
"Numerical analysis and design for high-performance helix
traveling-wave tubes."
IEEE Trans, on Elect. Devices ED-32 1842 1985.

[7]

G.W.Buckley &J.Gunson
"Theory and behaviour of helix structures for a high-power
pulsed travelling-wave tube."
Proc. lEE 106B 478 1959.

[8 ]

S.F.Paik
"Design formulas for helix dispersion shaping."
IEEE Trans, on Elect. Dev. ED-16 1010 1959.

[9]

P.K. Tien
"Traveling-wave tube helix impedance."
Proc. IRE ^

[10]

1617 1953. ,

B.N.Basu
"Equivalent circuit analysis of a dielectric-supported helix in
a metal shell."
Int. J, Elect. 47 311 1979.

- 108 -

[11]

B.N.Basu et al.
"Optimum design of potentially dispersion-free helical slowwave circuit of a broad-band TWT."
IEEE Trans, on Microwave Th. & Tech. ^ 461 1984.

[12]

G.W.C.Mathers & G.S.Kino
"Some properties of a sheath helix with a centre conductor or
external shield."
Elect, Res. Lab., Stanford Univ., Stanford, Calif,
Tech. Rep. No.65, June 1953.

[13]

I,Park
"Annular microwave discharges."
Unpublished report, Univ. of St.Andrews, Scotland 1985.

[14]

J.A.King
"Materials Handbook for Hybrid Electronics."
Artech House, 1988.

- 109

Appeodiae: A
Modified Bessel functions
For X < 1,4
Io(X) ^ 1 + 0.25 x2 + 0.015625 X^ + ,
For X > 1.4
io(x)

.X
(2îtX)Û.5

1

+

0.125
X

0.0703125 . 0.073242

For X < 1.4
I-j(X) cr 0.5 X + 0.0625 X^ + 0.002604 X^ + .
For X > 1.4
Il(X)

iX
(IcXpTS

1

0.375
X

-

0.1171875
-2
X^

-

0.102539

For X < 0.6
KQ(X) = -[0.5772 + Ln(X/2)]Io(X) + 0.25 x2 + (3/128) X^ +
For X > 0.6
Kq (X)

2X

0.5

1

-

0.125 . 0.0703125
X2"
X

0.073242

For X < 0.8
K'l(X) - [0.5772 + Ln(X/2)]I<i (X) + 1/X - 0,25 X -

(5/64) x3 +

For X > 0.8
Ki (X) ^

-or 0.5
2X

-X

1 +

0.375
X

0.1171875

0.102539
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Appendix 8

Computer Program to C a lc u la te the E le c tr ic F ie ld
D is tr ib u tio n and Impedance of a Free-Standing H e lix .

10

Z0

30
40
50
80
70
80
90

100
110

120
130

14©

150
180
170
180
190
Z00

210

220

230
240
250
280
270
280

29©
300
310
320
330
340
350
350
370
380
390

410
420
430
440
450
460
470
480
480

500
510

PROGRAM HELIX
PAUL J . DQBXE,
CLEAR
PRINT
PRINT
PRINT
PRINT
PRINT
INPUT
INPUT
INPUT
INPUT

.JUNE 1988,

SCREEN
"
PROGRAM TO EVALUATE THE ELECTRIC FIELD"
"DISTRIBUTION AROUND A HELIX AND ITS IMPEDANCE'
""
""
"INPUT OPERATING PARAMETERS"
"FREQ = ?".Freq
"A =* ?",A
"P = ? " ,P
"PIN
,P in

Psl«ATN(P/(2»PI&A>)
U=*Z*PI»Freq
C=*3.E+8
B0=W/C
Ga«=80*A/TAN( P s i >
IF Ga>6 THEN GOTO 230
PRINT "80*a*co tP S I =»",6a
INPUT "USE GRAPH ON FIG 4 .8 : Ga = ?".Ga

G=Ga/A

B“ SQR< G" 2+80''2)
PRINTER IS 701
F re q °F re q /1 .E+9
PRINT ""
PRINT "MICROWAVE FREQUENCY =
Freq,"GHz."
PRINT "HELIX RADIUS - ";A,"M"
PRINT "HELIX PITCH - ";P,"M "
PRINT "INPUT POWER = ";P in,"W "
CALC. OF AXIAL E-FIELD & CONSTANT
Gr™Ga
GOSUB 10
G0SU8 I I
GOSUB K0
GOSUB K1
Fga‘=»(I0/K0)''(-l/3î^><(Ga/Z40)^>< 1 1/1 0-1 0/1 1+K©/K1-K1/K0+4/G q ) > '' ( - 1/3)
Ez0«SQR(( G"4 / ( B»B0 >)^Fga"3«P i n )
Const='Ez0
FIELD COMPONENTS INSIDE HELIX
REAL R (0:8)
REAL Ez(0:-8>
REAL E r (0 ;8 )
REAL E p si<0:8)
CALC. I.K (G a )
Gr=Ga
GOSUB 10
GOSUB I I

-

520
530
540
550
5S0
570
580
590
B00
St©
620
630
54©
550
550
57©
580
590
700
710
720
730
74©
750
751
752
753
754
750
770
780
790
800
810
820
830
84®
850
850
870
880
890
900
910
920
930
940
950
950
970
980
990
1000
1010
1011
1012
1013
1014
1020
1030
1040
1050

Ill

-

GOSUB K0
GOSUB Kl
I0 g a® I0
I1 g a » I1
K0ga«"K0
K1ga“K1
1
X"0
FOR Rad«0 TO A STEP A/8
R<X)“Rad
Gr°G*R<X)
GOSUB 10
GOSUB I t
Ez< X)«=Const^I0
Er< X>=»Const»< B /G )»11
Epsi( X )“Const®^< I0 g a /I tga)*TAN( Psi )» 1 1
Ez(X)=G R 0U N D (Ez(X)/t.E+3.3)
E r<X )=0R 0U N D (E r(X )/l.E +3,3>
Eps i ( X >«OROUND(Eps i ( X > /1 .E+3,3 )
X=X+1
NEXT Rad
PRINT ""
PRINT " R(X>
Ez<R)
E r/E z
Epsi/E z
FOR X=0 TO 8 STEP 1
Erex=*Er< X )/E z{ X)
Erex=OROUND(Erex,3 )
Epsiez“ Epai( X )/E z( X)
Eps i ez°DROUND(Eps 4e z ,3 )
PRINT R( X> ,Ez( X) ,Erejt .Epsiez
NEXT X

!
! FIELD COMPONENTS OUTSIDE HELIX
REAL E zo (0:8 )
REAL Ero(0s8)
REAL E p sio (© :8)
X=0
FOR Rad=A TO 2^>A+A/50 STEP A /8
R(X)=Rad
Gr"G*R(X>
GOSUB 10
GOSUB 11
GOSUB K0
GOSUB Kl
Ezo(Xl^C onst^tI0ga/K0ga)«K 0
Ero(X)=Congt®< B/G)fi<I0ga/K0ga)»K1
Epsio(X)=Const®< I0ga/K1ga)»TAN<Psi>®l( 1
Ezo(X)=»DR0UND(Eza(X)/1.E+3,3)
Ero< X) =OROUND(Ero< X) / 1 . E+3.3 )
Eps i Q(X) -OROUND(Eps io (X > /1 .E+ 3 .3 )
X“ X+1
NEXT Rad
PRINT
PRINT " R(X)
Ezq (R )
Ero/Ezo
Epsio/Ezo
FOR X=0 TO 8 STEP 1
Eroszo'“Ero< X )/E zo( X)
Eroszo“OROUND( E roezo ,3)
Epaio©zo«Epsia(X)/Ezo( X)
Epsioezo‘*OROUND( Epsioezo.S)
PRINT R (X ),E zo (X ).E ro azo .E p sio ezo
NEXT X
!
! HELIX IMPEDANCE

(kV /n )

:FIELDS INSIDE

(kV/m)

: FIELDS OUTSID

10B0

1070
1080
1090

1100
1110
1120

1130
1140
1150
1160
1170
1180
1 190
1200
1210
1220
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Qr“*Ga
GOSUB I I
Hp3i=»Con3t»80/( 12©»PI»G)o-11
GOSUB Kl
Hpsio=3-Const*80/( 120®PI»G)*< I0ga/K0ga)*K 1
Z°Pin/(2*^PI"2»A''2<>(Hpsio-Hp3i)'‘2)
Z='0R0UND(Z,3)
PRINT
PRINT "HELIX IMPEDANCE =";Z;"ohMs"
PRINT ""
PRINT "
PRINTER IS 1
BEEP 3 0 0 0 ..I
STOP
1SUBROUTINES FOR BESSEL FUNCTIONS

!

123©
124©
1250
1250
1270
1280 I I !
1290
1300
1310
1320
1330
134©
1350 l<0:
1350
1370
1380
1390
1400
1410
1420
1430 Kl
144©
1450
1460
1470
1480
1490
1500

I

IF Gr>1.4 THEN GOTO 1250
I ©« 1+. 25*G r''2 +. 015B25*6r''4
RETURN
I0«EXP( Gr >/ ( SQR( Z^PI^^Gr ) ) * ( 1+. 1Z5/G r+, 070312 5 /G r* 2 + .073Z4Z/6r"3)
RETURN
!
!

IF Gr>1.4 THEN GOTO 1320
11=». 5*G r+. 0BZ5*Gr'' 3+.00ZG04*Gr''5
RETURN
I1=»EXP(Gr>/(SQR(Z«>PI*Gr)>e< 1- . 375/G r- .1171875/Gr" 2 - . 102539/G r " 3 )
RETURN
!
!

IF G r>.5 THEN GOTO 1400
GOSUB 10
K 0 = -(. S 772+L0G (G r/Z ))»I0+.Z5*G r‘'2 + 3 /128®Gr'‘4
RETURN
K0»SQR( P I/ ( 2*Gr ) ) <>EXP( -G r )* ( 1- . 12 5/G r+.070312S/G r" 2 -. 073242/Gr“3)
RETURN
!
!

IF Gr>.8 THEN GOTO 148©
GOSUB I I
K1=>( . 577Z+L0G(Gr/Z) )®11+1 /G r-.Z5® G r“5/S4®Gr''3
RETURN
l<1»SQ R {PI/(Z*G r) ) *>EXP(-Gr)*< 1+.3 7 5 /G r-.1171875/G r"2+. 1©2539/Gr*3)
RETURN
END
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Chapter 5

g@oble 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

ccmnences with an outline of the development history and applications of
noble gas lasers.

The properties of the Argon ion and Helium-Krypton ion

laser systems are then described.
History of ncble gas icm lasers
The foundation for the invention of the laser was laid in 1917 v^ien
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 fran an optically 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

initiataü an intensive research effort which quickly lei 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 systan 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.
also been observed in Xenon

Although laser action has

[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 [11 ]-[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 require! 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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EMISSION SPECTRA OF THE ARGON ION AND KRYPTON ION LASERS
(From Spectra-Physicsl986, C73).
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I

material must have a high thermal conductivity so that thermal energy can

I

be easily removed from the discharge region.

Initially quartz was use!

|

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 conservativecurrentsto extend the

tube life.

Lowpower

lasers

:

generally use narrow bore capillaries with internal diameters of less
than 3mm.

Tutes with large internal bores worlt better

forhigh power

lasers [28]-[29].

j

The Argon ion and Krypton ion lasers give a high power optical
beam with a high radiation density, directionality, coherence and
monochromaticity.

j

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 DCexcited 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 pulse! mode, around 15 kV is used.

The internal diameter

of the tube in the active region usually lies between 1 mm and 8 mm and

19 -3
electron densities of at least 10
m
are required for optimum laser
output.

Figure 5.2 shows the typical variation of optimum gas pressure

against discharge current for different internal tufce 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 dependence on tube

500'
D = 3mm
4mm

300

°200
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Û - cn
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o 20

DISCHARGE CURRENT (A )
FIGURE 5.2

OPTIMUM GAS PRESSURE FOR MAXIMUM LASER OUTPUT AS A FUNCTION
OF DISCHARGE CURRENT FOR VARIOUS CAPILLARY DIAMETERS.
(From Bridges 1967, C 52]).
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FIGURE 5.3

ENERGY LEVEL DIAGRAM OF THE ARGON ION LASER,
(From Bennett 1964, [53]).
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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.
0.5 mB.

These normally operate at pressures around

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 - 4s
transitions.
and 514.5 nm.

The three most praninent lines are at 476.5 nm, 488.0 nm
These originate from the ( ) 4p^Pg/2 — ^ (%)4s^Pi

(3p)4p^Dg/2

(%) 4s^Pg/2

(3p)4p % g /2

respectively.

Energy level diagrams showing these optical transitions

are given in figs 5.3 and 5.4 [53]-[54].

(%) 4s^P2/2 transitions,
In the ultra-violet, the

Argon ion laser 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
(^D°)4s^D2 transitions.
from the (3p)4p2pgy2

(^S^)4p3p 2 — ^ ('^S°)4s^S'| and

(

4p"lF 3—=>

Emission in the infra-red occurs at 1.09 um
(%)3d%g/2 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 praninent.

The most prominent lines have an

unsaturated gain of up to 6 dB/m.

The gain of an ion laser medium

3 /2
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FIGURE 5.4
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ENERGY LEVEL DIAGRAM OF THE ARGON ION LASER SHOWING THE
MAIN LASER LINES FROM THE 4p - 4s TRANSITIONS.
(From Cherrington 1979, [54]).
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generally increases with increasing current density up to seme 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 [55]-[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 brealcdown 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.
Ion lasers actually 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

70

60
0,190 TORR

SO

§

40

*

30 —

0.1 4 0 TORR-

■0.230 TORR

20

800

FIGURE 5.6

1

1000

1200

1400

1600

MAONÊTIC RfELO (GAUSS)

DEPENDENCE OF LASER OUTPUT ON MAGNETIC FIELD AND ARGON PRESSTIRF
(From Goldsborough 1966, [60]).

E600

s
g
GL-400
2

i—

^200

S

I/)

<

10X10'

'

5'

10

15

MEAN ELECTRON ENERGY (eV)
FIGURE 5.7

DEPENDENCE OF LASER OUTPUT POWER ON MEAN ELECTRON ENERGY
WITH ELECTRON DENSITY AS A PARAMETER.
(From Sakharov 1975, [18]).

- 123 -

container connected 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 conbat 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 sudi a tube should be favourable.
(ii) The Argon ion laser discharge
As can be seen fron fig 5.3, the upper level of the Argon ion
laser has an energy of 36 eV.

In 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 daninant 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 10^^ and
1Q21 m“2 [61]-[67].

It is dictated, to a large extent, by the size of

the applied electric field.

The mean electron energy 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 energy 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
fron fig 5.7, theoptimum
electron densities.

electron

energy is highest for the lower

As theelectron 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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(From Sakharov 1975, Cl83).
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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 frequency is low, high

energy interactions are more likely to occur leading to ionisation.
This is why CW Argon ion lasers, which usually use two-step excitation,
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.
shown on fig 5.9.

The major routes are

Here, the ^citation 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 laser operation.
exist for the Argon ion laser.

Favourable lifetime ratios

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 nm 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,
but instead, must decay principally via the lower laser states.

A

selective population mechanism is not therefore critical.
The single-step excitation process requires energetic electrons
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-rtiB.

As shown in chapter 2, such

values are easily attained using microwave sources.

The excitation

reaction can be written as [12]-[16],
Ar (3pG) + e-

Ar+' (3p4 (3p)4p) + 2e" ,

(5.1)

where Ar (3pG) is the neutral atom ground state and Ar+' (3p^(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,
^i ^i2 %

+ P2 = Ck ^2k %

.

(5.2)
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Here,

are the Einstein spontaneous emission coefficients and % 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 P2 .
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 lew 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 (3p6) + e-

Ar+ (3p5) + 2e“ .

(5,3)

The process is then completed by another collision giving,
Ar+ (3p5) + e“ — > Ar+' (3p^(^P)4p) + e“ .
Here, a higher collision frequency isrequired

(5.4)
than for the

case, and the optimum gas pressure is around 0.5 iriB.

pulsed

Apartfrom 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 harder

to quantify.

For these, the best indication is given by considering
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STATE.
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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.

And, 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 diagrams [70]-[72].
The lasers reported in this thesis operate in a pulsed node 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 lOOkV/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.
single-step.

With such fields, excitation is certainly

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 deexcites quickly, thus maintaining the population inversion.

However a

process can occur, particularly in pulsed lasers, called radiation
trapping t73]-[74].

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 described 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 energy
Helium metastables and Krypton ions in their ground state.

This regime

will now be discussed.
(i) Characteristics of the Helium-Krypton ion laser
The Helium-Krypton ion laser emits principally at 469.4 nm and
operates 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 420 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 ram tube and a 20 kW peak
pump power.

The characteristics of the output depend upon the input

power and a 2.5 ram 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 (= Pye/^Kr) 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 lO^I m“3 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 reccanbination and, as shown on fig 5.13, the

RECOMBINATION

2s3S— -*■

(METASTABLE)

RESONANT
TRANSFER
33,5eV

30,8eV

ELECTRON
IMPACT
EXCITATION

HELIUM GROUND STATE OgV

RADIATIVE
DE-EXCITATION

14 gV

RECOMBINATION I

KRYPTON ION
GROUND STATE

ELECTRON
AND HELIUM
IMPACT
EXCITATION

KRYPTON GROUND STATE OeV

FIGURE 5.12

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

308,9nm

He (I)

2uS

4 3 8,6 nm

K r(in

2uS

IN P U T MICROWAVE PULSE

469,4 nm

LASER PULSE
2uS

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 C663, [76]).
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atomic Helium intensities are observed to rapidly fall.

After this,

the intensities of the transitions associated 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.
intensities of the transitions then gradually decline.

The

The Krypton

transitions which are excited by resonant transfer also exhibit an
afterglow enhancement, and it is from these lines that laser action 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.
due to the 6s^P5/2 — ) 5p4p|/2 and 6s4pgy2
respectively.

These lines are

5p'^Dy/2 transitions,

The energies of the upper state of these transitions,

as measured from the ionic ground state, closely coincide with that of
the Helium 2s^S 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* (2s^S)
metastable state atoms and Kr+ ground state ions.

This can be written

as.
He* (2s 3s ) + Kr+

Kr+' (6s4pg/2) + He .

(5.5)

The Krypton ions are created by the following process.
He* (2s 3s ) + Kr

He + Kr+ + e- .

(5.6)

Another way in which ionisation of Krypton takes place is.
He* + He*

He + He'*' + e" ,

He'*' + Kr — > He + Kr'*' ,
where He* represents Helium metastable states.

(5.7)
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.
3pTpi

The cascade processes 3p^?2,1 ,0

2s^S and

2s^S 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 2s^S metastable population

is observed to be larger than the 2s1g 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 2s3g Helium

metastable population and the resulting Krypton spontaneous and laser
emission.
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Chapter 6

Laser Iterformanœ 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 turbonolecular 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 out 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 malce 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

mm.
(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 10?.

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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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 raA,

The

photomultiplier used for the experiments reported here was always
operated in the linear region.
Generally spealcing, 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

suitel 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 te 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 photomultiplier operate!
in its linear region, thus avoiding saturation effects.
The spectral range of the EMIDSIVB 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 jl coaxial line, and the oscilloscope was used to
observe the time variation of the spectral line intensities isolated by
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VOLTAGE DIVIDER NETWORK FOR A FAST LINEAR FOCUSED
PHOTCMJLTIFLIER.
(From Thorn EMI 1982, [4]).
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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

into 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 madeover the 360 - BOO nm range

where theadmitted bandwidth varied from around
for a 0.1

mm entrance slit size.

0.2 to 2 nm respectively

Entranceslit sizes of between 0,02 urn

and 0.1 mm were used depending upon theintensity of
studied and the behaviour of the photomultiplier.

the line being

This experimental

arrangement was sufficient to identify all the major visible transitions
occurring in the discharges.
(iii) The microwave power sources
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 upxDn

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, brealtdown of
the air occurred either in the waveguide apparatus associate with the
magnetron, or in the laser coupling structure.

Such breakdown absorbs a

lot 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 electric field
upon the properties of the laser discharges.

The transverse electric

fields associate! 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 - 680nm, (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 conmon 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.
all used quartz Brewster angled windows,

The laser prototypes

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
change! 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 observe! in Argon, Helium-Argon and HeliumKrypton gas fills.

No laser action is observed using a CW source.

The

parameters 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 energy 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 tetween collisions to build up enough
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energy from the electric field to populate the upger 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 describe! earlier, the outputs were measure! 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.

In 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.
Helium-Krypton ion laser.
0.05

It©

A similar study was carried out for the

The optimum Krypton pressure is found to be

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 it©.
critical.

The Helium pressure is less

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
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.
best internal tube diameter is 3 mm.

In all cases, the

The tube diameter-optimum pressure

product is found to equal a constant ('vQ.IS 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 usel.

This is

because de-excitation and recanbination 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.
power pulses therefore, a low prf must be used.

For high

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 build 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.
lines.

This is typical of all the observed Argon ion laser

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 peaJc 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.
increases the output.

In all cases, increasing the power input,

No laser action is observed using a CW source, or

4 8 8 ,0 nm L A S E R
PULSE

0 ,5 uS MICROWAVE
PULSE

4 8 8 ,0 nm LASER
PULSE

1uS MICROWAVE
PULSE

488,0n m L A S E R PULSE

5 u S MICROW AVE
PULSE

FIGURE 6.10 EFFECT OF MICROWAVE PULSE LENGTH UPON THE 488.0 nm ARGON
ION LASER PULSE.
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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 spectrometer and photomultiplier were u s ^ 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 configuration

used here, a saturating pulse looked narrower than it really was.

Often

this had the effect of itaking 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 photairultiplier within
the linear limits of the photomultiplier.

Knowing the time variation of

the laser pulses, power rreasurements 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.
observed.

No afterglow laser action is

Using the pyrometric laser power meter all four prototypes are

found to have a maximum

output of up to approximately 0.1 mWmean.

gives a typical maximum

peak power of up to around 100 mW.

This

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.
pulse then lasts for up

to 5 uS.

The laser

A mean output power of up to 0.1 mW is

observed giving a peak power of about 30 mW.

469,4 nm LASER
V PULSE

1uS MICROWAVE PULSE

FIGURE 6.11

TIME VARIATION OF THE 469.4 nm HELIUM-KRYPTON ION LASER PULSE.
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(v) Effect of microwave frequency
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.
at 3, 10 and 17 GHz giving an

These operate

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

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 enough 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

is much greater than Wp and

is

greater than 1 , microwave power absorption is approximately independent
of frequency.

For the cases reported here therefore, the exciting

microwave frequency 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.
equally well.

For the magnitude of the fields used, both devices performed
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 spectrosoopy 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.

Observations

of the spontaneous 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.
are observed in the Argon ion laser discharge.

The same properties
A typical Argon ion

discharge spectrum is given on fig 6 .12, where it can be seen that singly
ionised transitions dominate.

Over 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 [83, 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 iDe increased.

Doing this

would improve the Argon ion laser output and bring the Krypton and Xenon
discharges above tlireshold.
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
energy of around 6 eV (see chapter 5 ).

The low output 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.

■i o

All wavelengths in nm

FIGURE 6.12

SPONTANEOUS EMISSION SPECTRUM OF A 10 GHz LONGITUDINALLY
EXCITED ARGON ION LASER DISCHARGE.
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(ii) Time-resolved transition behaviour
The temporal behaviour of the
lines in

spontaneous emission of selected

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 ionise! lines are
considerably stronger than the atcmic 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 praninent.
In
similar

a pure Krypton discharge,the transition behaviour is very
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 2s^S 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 spontaneous emission of the laser
transition in the afterglow is considerably enhanced by the addition of
Helium.

Resonant transfer of energy between Helium 2s% metastables and

Krypton 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 atan interactions.
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Chapter 7

Conclusicms

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.

Laser 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 penetrates the boundary.

For the

microwave frequencies used and an electron density typical of a noble
gas ion laser, only about 1% (or even less) of the appli^ power is
admitted into the discharge.

The two laser coupling structures reported

herein both use a microwave field which is appliei externally to the
laser tube.

This means that only a small amount 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 conventional 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 electrode 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 would produce an axial microwave electric field.

To proceed any

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

