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ABSTRACT

This thesis describes an investigation of the use of low pressure plasmas for the
generation of high power microwaves. Previous research has shown that the efficiency
of a high power microwave (“HPM™) source such as a BWO is enhanced by the
introduction of a low pressure plasma into the oscillator cavity. The principle aim of

this thesis is to extend the use of low pressure plasmas to the whole HPM system.

Electron beams with current densities of the order of 20 A cm—2 can be generated in a
cold cathode glow discharge at low gas pressures. Results are presented which show
the effects of magnetic fields and electrode spacing on the I-V characteristics of a DC
glow discharge electron gun. A glow discharge electron gun with an operating voltage

of 350 kV has been designed and tested.

A new kind of RF plasma cathode is proposed in which electrons are drawn from an RF
discharge in a low pressure gas. An analysis of the production of an annular RF plasma
cathode using a microwave-excited helical slow-wave structure is presented.
Experimental results show that the RF plasma cathode yields electron current densities
an order of magnitude higher than does a solid cathode. Examples of the
implementation of the RF plasma cathode in a number of components of an HPM

system are given.

The propagation of electromagnetic waves in plasma-loaded waveguides of circular
cross-section has been modelled. Numerical solutions are presented for the case of

slow-waves in a longitudinally-magnetised plasma waveguide. Propagation below the



cut-off frequency of the waveguide is generally possible and, according to the
configuration, the propagating waves may be used for plasma generation or for RF
power transmission. A new kind of high power microwave waveguide switch, based on

the properties of plasma waveguides, is proposed.

The design of new kind of magnetron, the “Glow Discharge Inverted Magnetron™
(“GDIM”), is presented. The GDIM is an inverted magnetron with the resonant
structure located on the cathode. The resonant cavities are used as a source of glow
discharge electron beams, which gives high power operation without requiring

relativistic voltages.




CONTENTS

I INTRODUCTION uviniiicisviniinisiisssoveinmmaraamiorsies spsisiiinissiiasmmisvivmansiisinsmsmmsiisnnsinsmiivsvasssiie 1
1.1 A Brief History of High Power MiCrowave SOUICES.....c.ccuivirniineenisiemssnsnsmsssiesssssnennes 1
1.2 Recent Applications of High POWer MICTOWAVES ......ccevvveeiienineeriveeesineessrenssssiessassansnns 3
1.3 Recent Advances in HPM SOUICES...cciuiiemiisnmmmmmniimnssiimmsiomssssnssorsimssmsssssssssssnssassas 5
1.4 Low Pressure Plasmas for HPM SOUICES......c.cvveenienimininensscssinisissnsnansiessesiiesssssssssnn 6
LoD OIS O TTINE SIS soinnsncunsonsones sussvismensinssmmessasvssns b eansisasssovtpsseon ik s ssnsd oS RAR AT RS R s oA 7
T:6 REFETENICES  cuncrsnonasennssssasvonsensssvnnnsossssionisnnseasnossnosnaessns sonvessssvvion ISR B

1I: GASEOUS ELECTRONICS: CATHODES, PLASMAS AND ELECTRON BEAMS ....covveeievrieranverererasssnssnennans 11
JE L TrOUCHOI. . cressernareassivsatonssasssisnspirnassusbusssnssnsansuseavapessadsusssnssnsusesusssvosssasonshosinnsssnonts 11
I1.2 Glow Discharge Electron Beams.......... R a7 A s AR N Skt S comiran eemanaress SR 15

11.2.1 Overview of Gas Breakdown ........cccevineenrenessninirennes e e i A 15
){ B 80 U T S110 1A DI T e MU RO, S U5 s Sl W e LS Sy 17
11.2.3 High Voltage Glow DiSCharges........cccoieeeervervaercransesasesseeeressssnesseessesssnsnnes 18
TE2: 4 Blectron BOaIS. .. . icoticirioiiarsnissmassesisnntnstsasonr oo tessmasspskonsdsnssmarbnassy hsansasss 19
I1.2.5 Simple Glow Discharge EIectron GU ........ccceiieereeesnenreessnanerecenesseesnsenn 23
11.2.6 Electron Gun with Variable Electrode Spacing.......cc.cecevereuriveerresieereerenns 25
11.2.7 High Voltage High Frequency Electron GUNS .......c.ceeervierrrreersssessrnsenessanns 28
11.2.8 Conclusions: High Voltage Electron Gun Design.......cccccecieviiieiieniireennennns 30
J1.3 The RE Plasma Catho@e i...ciciiiisiesiissiiansssssiacissssassisssieisssssssasissiaisessossssssiananis 31
IL3: 1 Iroduehion . cniimwimismm et insmnn St aie asy s 31
11.3.2 Conditions at the Cathode Grid.........cccvvemiirresnscnninninicninninnsnisreesnsenien 33
11.3.3 Conditions at the Earth Grid ..........ccccemminereneinresscsassnecssssesssnsseeseesasnes 34
11:3:4 The Anode-Cathode Gap ..:..cisuisinnmmmissssssiiiismsi o 34
11:3:5 Surtace WAaVE Plasmas:c. i airinissiisssississsessissivsisiisrismarsisoiemice 35
11.3:6 Plasma Wavepmides ...;:usaspisiisisioiiminimsesinrsimsions e 36
11.3.7 Plasma Production Using Helical SITUCIUIes .......cccovreeeereicveecnrerensseninennes 36
11.3.8 Experimental RESUILS......ccccovverreecensuercrinssererersansenne TR e 47
11.3.9 Analysis of Experimental Results and DiSCUSSION ....ccvevereerernerisnirceseecsennns 49
IE:3:00 BXGMple DESIZIN oo sisissen avsnissssansissiisis das s issiaistassioasmssisosssavs sinsie 50
TE3: 11 Simple Eleron Gl ivissimanivseamiiasisiiisvisassivis riiadiniesssvsiasis 50
11:3:12 Pierce EIECHON Glllii. v ouisisiississusamisinsinsisisivsississsisivisaissssisamssisnsioiiaveiis 51
I F AT MAGNEION ccsiiarisovssionisicrvasussnssonsnissisrsvistasssssssminhsusionsniesssasssriesrissossnsinses 52
J1:3:14 TRYTAION xvivserivvessussssorvinsiessossorsssoissaasassissisisssvsaenesiviesvssssssisnvassmisi ssnsiaion 53
11.3.15 High Power BIECIIOR GUN wo-uisisiconivuissinsissssiniosissnsssssismmssvisariasissassasossons 53
1:3:16 CONCIUSIONS oissisisssvvesiamsassasisisinssssrionnssvssonisssain sanmvisssnisasssnomsesasesisssasassns 54
TL AR ETCTRIICES vovsaviscannssvvamssnssbsnuivsdeiansuaosssion nis iaussaisoncaiiuss s sesiamssbsaaciness R N 55
THY PLASMA WAVBGUIDES  cxivisonssisuessosssasiorssesssisssossass sesabsesvannsssobssass (60 s ivessas eusisassarsavsss assainisssss 57
TEE L OO OORRON iusiusssisinssnnsosvarsarebionnionsssuassnphonsetsdasspie susihishiossanisssns s hansssbinas mivebns sk s iua s 57
I11.2 Maxwell's Equations in a Plasma with Uniformity in One Dimension.......c.cecueveerens 59
HE2: 1 GENErRl EOTTIAUON, /on o ttnadieismnsasiasnins eubumshushusmssrunsatsansonsusnasnssysspsamavss 59
11122 Do s DACE W AVORIIIAR o sirueobrroyams corensona i e rnsans s b sss b AN A SO ARE A 63
111.2.3 Homogeneous, Isotropic Plasma Waveguides.......ccuueeereniisinssinecrnennninens 65
II1.2.4 Inhomogeneous, Isotropic Plasma Waveguides........ccenrerverccnecirensenccrees 65
I11.2.5 Waveguide Partially Filled with Homogeneous Plasma..........cverveereeens 67
I11.2.6 Longitudinally Magnetised, Homogeneous Plasma Waveguides.............. 70
II1.3 SIOW-WaVE SOIULIONS.....coimrerererrernserenmssssereeseseeresssansenssessssasssasssssnsssssssessssesasassanses 72
498579 1)1y 00t 117815 e e A R Pl et S SN St 72




CONTENTS

L33 CONCIUSIONS xteiisisssivsiniionssiisissitrivissisiaiiamesinetimv e 83
HEA - SUMMARY st s e 84
I8 RefOTeNCes i i s s R R G ReR Rnsra 85
IV: PLASMA SWITCHING AND PULSE COMPRESSION IN PLASMA WAVEGUIDES .......covveessecssenresessnsessnne 86
IV L INOdUCHON v i o i dsin siasdianasn s Svoa e sy N Es e b o MRy SN Sak b b 86
ING L Badkgrotint s s onii s asssmsie s riatvssssssvsn 86
TVLE2 Cavity DUMPHIE icvvnimiiinisvenissviiienssiiseavsisavsiivssnaiiiiiomiio 87
IV:1.3 Dispersive CompPression i siassisiaisssaritssisiviisvsisassviisinsssissipmons 91
IV.2 Novel Plasma Waveguide CIoSINg SWIlCh.....o.cccvciinieieiinnrensaennssssesesessserasssnersares 94
IVE2 L INBOANCHON. isuaiicsiswsnviomissnsisasisvsssisimissiasesvismaibivnvs i 94
1V.2.2 Waveguide Eqgivalent of an Optical Saturable Absorber ..........cccecrevrvennens 95
IV.2.3 Triggered Waveguide SWItCh i..civiiaaiimsansissicusscssiviasissisasssassiasissronssssss 98
IV 3 CONCIUSIONS <.ussussssssvssasvisonsusservos sssssissistsssississ st osesnsasvsaeisuevsess Masersamidsssssisiust e s tiis 100
IV RETCIEICES sviceesvminssovisinanavsnkeisenssonssisovais i rainisasinson sissass s A RVERE¥ISToFEHS R NENSHIRS RSO RIS A WSS 102
V: THE GLOW DISCHARGE INVERTED MAGNETRON ...ccotiiuutisrueeessnnssorssssessasssnssssssssnsessrsnansassssssnassssns 103
IS Y eewa V10101671 o8, ME CHMETRIT I ¥, By B0 S~ o) S TV O SO, LW IR R e 103
.2 Portiation of Election BEAIT. e srimvsuuorssmsmssiomsisastrsssthnsihasssanssnsisnsorsssinatsvassssos 105
ARSI E U To s T G e N (T e It —~ SOt o S il oo RO . R Fg 107
AT B S TR e Y@ 111167 S ST i VLRI A i, S S N SO S S S M e R 108
V.5 Design of a Strapped GDIM ........ccciiviirniininennireressenrimerssesiessssssssssssessassassessessssassas 112
AT SH s o Ted DET (0 ) oGt s e et v O S A o Soben 00 S U oo R e 116
A T o el RN PRI § v, P e TP (o PN EISEE0 § S om0 s 118
7 S eai0] 7 IV IY Ly R A T SR S O e T S et o el e SR LA, T e e SN Sl 120
VI.1 Glow Discharge EISCITON GUNS ....ccvvevenieeririeniesrieesssseraeseesaciassasssessessnsssessaessassasssanss 120
V1.2 The RF Plasma Cathode.......cccoereerrirrriressanareivaersisserasssssssesssessessasessssssassassessasssssssas 122
VI.3 Plasma WavegUides ......ccevrireiceinernniesanisiesiesisssssossssssssssassessasssassassassansssessassassnanse 123
V1.4 Plasma Switching and Pulse COMPIESSION ....cvueveeretrreeisrsresisrssesssnerserasnesssssssassassesees 124
V1.5 The Gas Discharge Inverted Magnetron ......uvuvveiseenioncsnveenesisniornessssnessassnsssssnsnns 125

Y1.6 Concluding Remarks....iviiiiiiminbinimmminmisinstssiniiisie TP e 126




CHAPTER I

INTRODUCTION

I.1 A Brief History of High Power Microwave Sources

The origins of electromagnetic theory can be traced back to the work of James Clark
Maxwell in the late nineteenth century!!l: from mathematical considerations, Maxwell
hypothesized the electromagnetic wave nature of light. In the period 1887-1891
Maxwell's theory was verified experimentally by Heinrich Hertz. Hertz used a high
voltage spark gap to excite a half wave dipole antenna at a frequency of about 60 MHz
and a receiver which consisted of an adjustable loop connected in series with another
spark gapl?l. Following the death of Hertz (aged 36) in 1894 major effort was directed

towards the commercial realisation of radio.

Probably the most famous pioneer of radio is Signor Marconi who on March 27, 1899
successfully transmitted radio messages across the English Channel®®l. Building on his
early successes Marconi went on to earn a reputation as the grandfather of wireless
telegraphy. Meanwhile, however, in the USA the foundations of pulse power for high
power radio transmission were being laid down by a Serbian engineer named Nikola
Tesla. Tesla's achievements include the invention of the polyphase system of electricity
generation and transmission and the discovery of the rotating magnetic field that led to
the invention of the induction motor. In the belief that undamped oscillations would be
of great importance to radio transmission, Tesla experimented extensively with high

frequency alternators (generating at 20 kHz).
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Tesla's investigations seem to have led him to the belief that some new mechanism of
radio transmission would result only if the input power were large enough. Other
researchers were content with powers of a few watts which only produce extremely
weak signals at a distance. In order to obtain higher powers Tesla required much higher
voltages and frequencies than were possible with the rotating generator and began
experimenting with impulse induction circuits. His research led to the development of
the high ﬁequehcy transformer, with which he believed he could cause the whole earth
to resonate and transmit electrical power. In an experiment at Colorado Springs in
1899, the same year as Marconi's cross channel radio link, Tesla used a high frequency
transformer coupled to an elevated antenna to transmit enough power to light a lamp at

a distance of 30 km and to produce detectable signals at 1000 km45],

High frequency transformers formed the basis of early radio transmitters until, around
the year 1910, the need for undamped excitations in radio transmitters became acute.
Rotating generators were systematically developed and successfully deployed in some
high power transatlantic stations. The need for such alternators passed away with the

development of the high power triode valve about 1922.

In 1921 Hull invented the magnetron(®), but it remained nothing more than an
interesting laboratory device until about 1940. The magnetron represents the family of
generators known as M-type tubes in which operation relies on the interaction of a
rotating electron space charge with crossed electric and magnetic fields. During World
War II, an urgent need for high power microwave generators for radar transmitters led
to a very rapid development of the magnetron to its present state. By the end of the
War magnetrons operating at wavelengths down to 3 cm were available, with peak
powers up to 1 MW at 10 cm. At the present state of the art, a magnetron can deliver a
peak power output of up to 40 MW with a driving voltage of the order of 50 kV at a
frequency of 10 GHz and with an efficiency ranging from 40 to 70%. The magnetron

was the first reliable source of microwave power at centimetre wavelengths.
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Linear beam tubes started with the Heil oscillators in 193571 and the Varian brothers'
klystron amplifiers in 19398, The work was advanced by the space-charge wave
propagation theory of Hahn and Ramo in 1939©1 and continued with the invention of
the helix -type travelling-wave tube (TWT) by R. Kompfner in 194491, These tubes are
representative of linear-beam, O-type tubes in which the electrons receive their energy
from the DC beam voltage before they arrive in the microwave interaction region where
their energy is éonvertcd into electromagnetic energy. From the early 1950s the low
powers of linear-beam tubes have been increased to levels which now surpass the

magnetron.

A wide range of variations of the basic M-type and O-type tubes have been developed,
including hybrids such as the twystron amplifierst!® which is a TWT/klystron hybrid.
The maximum power levels which could be obtained from conventional high power
microwave sources was limited by volume considerations and cathode performance.
The transition to higher peak powers was achieved by increasing the beam energies to
relativistic levels. Thus began the development of relativistic high power microwave

generators,

1.2 Recent Applications of High Power Microwaves

Before reviewing the recent research on high power microwave (HPM) sources it is
instructive to consider some of their application areas. Fifty years on, radar is still one
of the most important applications of HPM and the state-of-the-art is ultrawideband
radar (UWR). UWR requires very short microwave pulses at very high powers. The
most basic reason for decreasing the pulse length (increasing the bandwidth) of a radar
signal is that the resolution is thereby increased. Higher resolution assists in target
recognition and allows smaller objects and features to be detected. Higher transmitter
powers improve the noise immunity of a radar system and may also increase the range,

particularly in unfavourable propagation conditions. Microwave detectors generally
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have a minimum activation energy, and as the pulse length is reduced the peak power

must be increased in order to maintain sensitivity.

Wideband radar is encompassed by the wider application area of electronic warfare
(EW). One aspect of EW is that of electronic countermeasures (ECM) which, in
“defence-speak”, degenerates into a recursion of counter-countermeasures (EC2M,
EC3M and so on). Broadly speaking, the application of HPM to EC™M is in signal
disruption or jamming. Clearly, very high powers are desirable to swamp the target
signal. More subtly, the interests of the electronic aggressor are often best served by
very short, high power pulses which make it more difficult for the target to identify the
source of attack. Also, the wide bandwidth of ultrashort microwave pulses increases

the probability of successful deployment against frequency agile systems.

The above considerations highlight another advantage of ultrawideband radar for
military applications, namely the possibility of having an “undetectable” radar system
which gives the target no information that it is under surveillance. The field of
“udetectability” has been given the name “stealth technology”. One aspect of stealth
technology is the reduction of the radar cross section of an object by careful design of
the geometry to avoid retroreflecting surfaces and the application of microwave
absorbing coatings to vulnerable surfaces. The consequent reduction in the radar
footprint of a stealthy target can, to some extent, be combated by increasing the power

of the interrogating radar.

The primary non-military application for very high power microwave generators is in
the field of high energy particle physics. Particle accelerators of very high energy often
use the interaction between a charged particle beam and a high power microwave signal
to accelerate the particle beam to velocities close to the speed of light. The particle
beams are used in high energy physics experiments, including investigations relating to
controlled nuclear fusion. Other applications of high power microwaves include power

beaming, industrial processing and satellite and deep space communications systems.
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1.3 Recent Advances in HPM Sources

In the study of microwave generation by intense, relativistic electron beams, a useful
figure of merit is the peak power divided by the square of the wavelength. This metric
allows a useful comparison to be made between sources which inherently operate at
different wavelengths. In several recent experiments a figure of merit of more than
1 GW cm2 has been reported over a wavelength range from 2 mm to 3 cm. For
wavelengths over 1 cm, the highest powers and efficiencies have been achieved in
multi-wave Cerenkov generators(!!], and at millimetre wavelengths the most impressive
results have been obtained with free electron lasers which employ a tapered wiggler{12],
Most of the HPM research has been conducted in the USA and the USSR. The

maximum achieved performance of HPM sources as of 1989 are shown in Figure 1.3.1.

As HPM sources have been pushed through the 1 GW cm~2 limit, increasing attention
has focussed on the effects of plasma liners on the efficiency. Plasma filled waveguides
were first investigated in the 1950s but the lack of technology required to implement
efficient plasma sources inhibited further research. In 1982 Kuzelev reported the
operation of a 100 MW, S-band plasma Cerenkov maser (PCM)I3l.  Numerical
modelling of a proposed 1 GW PCM was undertaken by de Groot et al in 19880141, At
the University of Maryland, high efficiency X-band operation has been achieved with a
plasma-filled backward wave oscillator (BWO)U5l,

The mechanism by which efficiency is improved in some plasma filled HPM sources is
not entirely understood. It seems likely, however, that the efficiency enhancement can
be explained in terms of the effect of the plasma on the waveguide dispersion relation.
In general, gain occurs when a waveguide mode has the same phase velocity as the
electron beam (the so-called “synchronism” condition) and the microwave fields grow
at the expense of the beam kinetic energy. Thus, as the microwave fields increase in
magnitude, the phase velocity of the electron beam decreases until the synchronism

condition fails (amplification ceases). The presence of the plasma modifies the
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waveguide dispersion relation in such a way that some modes have a constant frequency
over a range of phase velocities. The synchronism condition for these modes holds true
even as the electron beam gives up its energy to the microwave fields. Thus a higher
proportion of the total kinetic energy of the electron beam is available for amplification

and the efficiency of the source is enhanced.

The complexity of the interactions which occur in plasma-filled relativistic microwave
sources has led some eminent researchers to dismiss these devices as untenablel!6], The
efficiency improvements, however, cannot be denied and research on relativistic HPM

sources containing plasmas is growing,

1.4 Low Pressure Plasmas for HPM Sources

Up until the last decade the presence of low pressure residual gases in high power
microwave tubes was considered to be a constant cause for concern. Sophisticated
manufacturing processes were developed to minimise the concentrations of residual
gases over the lifetime of a tube. Recent advances in super power microwave sources,
however, have shown that a controlled low pressure gas forms a plasma which in some
circumstances can improve the efficiency of the source. The advantages of having
some sections of a HPM source filled with a low pressure gas are gaining recognition

with researchers.

The original aim of the research which forms the basis of this thesis is simply stated

thus:

Having accepted that it is often desirable for some components of a HPM system to
contain a plasma, to investigate the possibility of producing integrated HPM systems in

which the entire system is filled with the same low pressure gas.
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There are several potential advantages for HPM systems which are integrated in this
way. The elimination of pressure seals between components is beneficial for both
production and operational reasons. From the point of view of manufacture, the
simplification of design is generally desirable and the high vacuum requirements may
be relaxed. In operation, pressure seals can introduce tracking problems at high power

levels and have a tendency to degrade under electrical stress.

The performance of individual components may be enhanced when they are
implemented in a low pressure gas environment. For instance, the efficiency of the
BWO is increased by the introduction of a plasma into the interaction region. It is
known that cathodes in gas discharges generally yield higher current densities than
cathodes which operate in vacuo. There may be some related beneficial effects for the

operation of a low pressure HPM system.

New plasma-based microwave components may arise from the investigation of the
effects of plasmas on HPM systems. In particular, there is often some difficulty
involved in coupling the microwave power out of a HPM generator. The presence of a
plasma offers extra degrees of freedom for the purposes of matching the source to the

load.

1.5 QOutline of Thesis

In this thesis results from a research programme in the field of plasma-filled high power
microwave sources are presented. The principal aim is to investigate the possibility of
producing integrated HPM systems in which the entire system is filled with the same

low pressure gas.

Chapter II deals with the production of electrons in low pressure gases. Conventional
cathode technology is reviewed, both for electron beam production and switching

purposes. Glow discharges are discussed with particular reference to the conditions for
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the production of high energy electrons and the advantageous effects of slotted cathode
geometries and space-charge neutralisation. Experiments in which glow discharges are

used to produce electron beams with energies up to 350 keV are described.

A new kind of cathode - the electrodeless RF cathode in which electrons are extracted
from an electrodeless RF discharge plasma is proposed. An analysis of the operation of
the device is given. Experimental results show that the RF plasma cathode yields a
current density an order of magnitude greater than does the solid cathode of a DC glow
discharge cathode in similar conditions of geometry and pressure. Designs are given

for a number of electron tubes which utilise the RF plasma cathode.

Chapter III is a theoretical treatment of the propagation of electromagnetic waves in
plasma-loaded waveguides. Maxwell's equations are reduced to a general formulation
in cylindrical coordinates which is applicable to systems with uniformity in the
longitudinal direction. The wave equations are derived for a number of situations,
including magnetised plasmas and solved for the specific instance of slow-wave
propagation. The solutions are used to calculate the fields and the power flow in
plasma-loaded waveguides. A summary of the propagating modes of plasma-loaded

waveguides is given.

In Chapter IV the results of Chapter III are used in a design study for a new kind of
microwave waveguide switch (“MWS”). The switch is a closing switch which is
activated by the generation of a plasma in a section of waveguide. This is to be
compared with a conventional TR cell - a waveguide opening switch which is activated
by the generation of a plasma. We then draw upon the experimental results of
Chapter II to develop both self triggering and externally triggered implementations of
the MWS, drawing on the experimental results of Chapter II. The application of the
MWS to cavity dumping schemes for microwave pulse compression is described. A
mechanism for spatio-temporal dispersive pulse compression in plasma-loaded

waveguides is discussed.
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Chapter V is a design study for a novel magnetron: the Glow Discharge Inverted
Magnetron (“GDIM”). The high electron current density of an obstructed glow
discharge allows high power operation without resorting to relativistic electron
energies. The magnetron geometry is inverted and the resonant cavities are used to
enhance electron production using the slotted cathode effect. Unlike conventional
inverted magnetrons, the resonant cavities are located so that they surround the

interaction region, thereby simplifying extraction of the microwaves.
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CHAPTER 11

GASEOUS ELECTRONICS: CATHODES,
PLASMAS AND ELECTRON BEAMS

II.1 Introduction

Cathodes which are capable of producing high current densities uniformly over large
areas are required for many devices including thyratrons, electron beam pumped lasers,
microwave tubes and accelerators. Several cathode technologies are available for these
applications, but each has its limitations. Thermionic cathodes, for instance, have a
maximum current density given in the weak field case by the Richardson-Dushman

equation for the current density:

. 2 [t
J=A(-) T ex kT] (II.1.1)

where A is a universal constant,

mkzc 5%
A=4x 3 = 1200Acm K (I1.1.2)
h

and ¢ is the work function of the surface. The electron reflection coefficient, r, of the
cathode surface for zero applied field is usually small for clean metallic surfaces and

may be as large as 0.99 for common cathode materials. A thermionic cathode may
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CHAPTER 1I: GASEOUS ELECTRONICS: CATHODES, PLASMAS AND ELECTRON BEAMS

normally be operated at any temperature up to the melting point of the cathode material.
In practice, as the temperature is increased the behaviour departs from that predicted by
the Richardson-Dushman equation and the current density saturates. The most
extensively used thermionic emitting surface is a mixture of barium and strontium
oxides applied as a coating either to an indirectly heated cathode surface or directly to a
filament. Such an oxide coating has an effective work function of 1.0 to 1.5 and an
emission consta;nt A (1-12) of 1.2 and may be operated at temperatures of the order of
1000 K, thus giving a saturated emission current density of the order of 100 mA cm—2

with a heater efficiency of 20 mA W-1.l1

The operation of a thermionic cathode in a hydrogen thyratron is médified by the
presence of the gas. Ion bombardment and space charge neutralisation increase the
maximum current densities by two orders of magnitude./?) The ion bombardment also
leads to degradation of the cathode emission with time. Thermionic cathode materials
are highly susceptible to contamination and cannot, in general, be exposed to the
atmosphere. The operating temperature of the order of 1500K introduces a warm up
time of several minutes. Furthermore, the implementation of large area thermionic
cathodes introduces a thermal management problem which often limits the maximum

current.

Cold cathode sources may be divided into three categories according to the processes
which lead to electron production: field emission, photoelectric emission and secondary
emission. Field emission relies on electric field enhancement around a sharp point or
edge (large area cathodes can be made of velvet). During the liberation of electrons at
high current densities the cathode surface is vaporised and the resulting plasma drifts
across the anode-cathode gap. When the plasma reaches the anode the diode is short
circuited and electron production ceases until the gap clears. Thus high current density
field emission cathodes are inherently pulsed devices which suffer from gap closure

with consequent pulse shortening and low repetition rate operation. Furthermore,
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nonuniformities in the plasma production lead to poor emissivities and the drift of the

plasma across the gap leads to a time varying impedance through the pulse.

Photoelectric cathodes exploit the photon-electron interaction of an incident
illumination to enable electrons to overcome the work function of the cathode surface.

A simple analysis yields the electron current density per watt of uniform illumination.

The photon flux is given by
I
0= o (I1.1.3)

where the incident radiation has intensity I, frequency v and h is Planck's constant. Let
us assume that each absorbed photon yields a single electron. Then the current density

is

j=(1-R)(1-1) f;l = xI (11.1.4)

where R is the optical reflection coefficient of the cathode surface. For typical values
of v = 0.4 PHz, (1-R) = 0.1 we obtain x = 50 mA W-! cm2. This number is
comparable to the efficiency of a typical thermionic cathode (from equation II.1.1)
which requires much less technology. High power pulsed laser sources generally have
pulse durations which are too short for practical cathode applications. Photoemissive
cathodes are particularly useful when several electron beam geometries may be required
from a cathode since the emittance area of the cathode can be controlled by focussing

the incident radiation into an image of the required cathode shape.

Secondary emission cold cathode sources utilise bombardment of the cathode by
primary particles to expel electrons from the cathode. In a glow discharge the field
distribution is such that positive ions are accelerated onto the cathode from fhe
discharge plasma. The impact of the positive ions releases secondary electrons from the
cathode which are accelerated in the same high field region and produce further

ionisation. Typically (for a molybdenum cathode in a helium discharge) the secondary

13
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electron yield ranges from one electron per ion for ions with an energy of 1 keV to ten
electrons per ion for 100 keV ions. Secondary emission at the cathode also occurs due
to ultraviolet radiation from the discharge. The discharge is maintained by the current
flowing in the diode which may operate either in the normal glow or the abnormal glow
regimes. At low currents and voltages, the normal glow covers part of the cathode
surface. As the discharge current is increased, the glow spreads over the cathode to
keep the cuneﬁt density and voltage constant. Once the discharge covers the entire
cathode surface, any further increase in current causes the discharge voltage to rise and
high energy electron beams may be produced. This is the abnormal glow. A further
increase in current leads to a sudden fall in voltage as the discharge forms a low

impedance arc.

Secondary emission cold cathode discharges can operate in pulsed or continuous mode.
In the continuous mode cathode current densities of the order of 1 A cm2 are
possible!®) and for pulsed operation this value rises to as much as 20 A cm~2 (4, These
values are for cathodes optimised for maximum current density operating in helium at
pressures of the order of 1 mbar. The main disadvantage of cold cathode glow
discharges for electron beam production is that the extreme conditions at the cathode

lead to cathode sputtering which damages the cathode and poisons the discharge.

Most electron guns operate in the space-charge limited regime, and the simplest case is
for plane, parallel electrodes in vacuum. The current in this case is given by(?]

1
4 (2)2A

md2

(S ¥ (T3]

(1.1.5)

where A is the area of the electrodes, d is their separation and the other symbols have
their usual meaning. This is the well known Child-Langmuir equation which states that
the diode voltage,V, and current, I, are related by a constant which is a function of the

geometry. This constant is given the name “perveance” and is usually denoted by the
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letter K. 1In fact, the 3/2 voltage law holds for any diode geometry?l., Thus, in any

diode system, the perveance is defined as

K

T
N

(I.1.5)

The perveance is an important parameter as it defines the characteristics of an electron
beam and is controllable to some extent. The beam voltage is set by the diode voltage
and the beam current is then set by the perveance. Low power microwave tubes require
beam perveances of the order of 10-0 A V-3/2 with current densities of the order of
1 A cm2, High power microwave tubes, which are of particular interest in this thesis,
require beam perveances of the order of 10-6 A V-3/2 with beam current densities of

the order of 50 A cr—2.

I1.2 Glow Discharge Electron Beams
I1.2.1. Overview of Gas Breakdown

The glow discharge has been investigated and analysed by a large number of
researchers. Full descriptions and derivations are not given in this account as they are
readily available in the references. There is, however, some value in reviewing such

work and developing the terminology as is relevant to this thesis.

When a potential difference is applied between two electrodes in a low pressure gas a
current flows between the electrodes. A typical voltage-current characteristic is shown
in Figure I1.2.1.1 and several regimes of operation are indicated. In Region I the
current flows in sporadic bursts caused by ionisation of the gas by external background

radiation. This is the dark current.
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The electrons produced by random ionisations are accelerated in the electric field and,
as the discharge current is increased, the potential difference between the electrodes
increases asymptotically to a constant value. In passing through the gas under the
influence of the applied field, the electrons undergo collisions with neutral species. A
collision may result in the attachment of the electron or, if the field is high enough, the
ionisation of the neutral to produce additional electrons. These secondary electrons are,
in turn, accelerated in the electric field and produce further ionisation. As the potential
difference between the electrodes attains a critical value (the Townsend breakdown
voltage) the electron multiplication results in the generation of an electron avalanche.
This corresponds to Region II in Figure I1.2.1 and the discharge voltage falls sharply as

there is a transition into the higher current regime.

Region III is the normal glow discharge. The discharge is self sustaining and is
characterised by a constant voltage and cathode current density. The “sustaining
voltage” of a glow discharge is typically of the order of 500 V. The discharge is visible
because of excitation of the gas by the high electron current As the discharge current is
increased the glow spreads over the cathode to keep the current density and voltage
constant. Once the discharge covers the whole cathode surface further increases in
current result in an increase in the discharge voltage. This is shown in Region IV. (the
“abnormal glow”). When the potential across the abnormal glow discharge increases to
a critical value the current rises rapidly and a low pressure arc discharge is formed

(Region V). The potential across the arc discharge is of the order of 10V.

The Townsend breakdown voltage V is, in general, determined by the nature and
pressure of the gas, the material and state of the electrodes and the degree of pre-
existing ionisation. Experiment shows, however, that for a wide range of conditions
(with plane parallel electrodes) the breakdown voltage obeys the similarity law known

as Paschen's law:
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V, = f(pd), I12.1)

where p is the pressure, d is the length of the discharge path and f is usually called the
“Paschen curve”. The Paschen curves for a number of gases are shown in
Figure I1.2.1.2. All of the curves have a similar shape, with a minimum breakdown
voltage Vg nin occurring at (pd)pin, @ right hand branch with increasing breakdown
voltage with méreasing (pd) and a left hand branch for which the breakdown voltage
increases rapidly with decreasing (pd). The existence of a high breakdown voltage for

small values of (pd) is central to the operation of many practical gas discharge devices.

I1.2.2 The Glow Discharge

Observation of a normal glow discharge reveals a number of regions distinguished by
their different appearances. These are shown diagrammatically in Figure 11.2.2.1. The
cathode dark space (CDS) is a region of net positive space charge which produces a
high electric field and across which most of the total discharge potential appears (the
“cathode fall”). The glow discharge is sustained by the release of secondary electrons
from the cathode through bombardment by ions which have been accelerated by the

cathode fall and photons.

The CDS can be subdivided into three regions: the Aston dark space, the cathode glow
and the Crookes dark space. In the Aston dark space the electrons have not yet
obtained enough energy to excite the gas into a radiative state. Excitation occurs in the
cathode glow and by the time the electrons have reached the Crookes dark space they

have a reduced collision cross-section for inelastic collisions (by virtue of their energy).

The negative glow (NG) is a narrow, intensly luminous region which is ionised by the

high energy electrons from the CDS. It is the main source of the ions and photons

17
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which produce secondary emission at the cathode. For moderate values of the cathode

fall (normal glow) the electrons lose all of their energy in inelastic collisions in the NG.

In the Faraday dark space the electrons once more gain the energy they lost in the NG
and when they again reach the ionisation energy they cause the positive column. The
positive column is a passive region the primary function of which is to connect the
anode to the active discharge region. The anode glow is produced by electrons that
may have gained enough energy in their last few mean free paths to produce a slight
excess of ionisation because of the space charge field disturbance by the positive ions
that are forced from the anode. The anode dark space is a region of space charge,
which may be either positive or negative, and has a thickness of the same order of

magnitude as the electron mean free path.

I1.2.3 High Voltage Glow Discharges

In the abnormal glow discharge an increase in the discharge current is accompanied by
an increase in the cathode fall. An abnormal glow discharge may have a cathode fall of
several kilovolts before the transition to an arc discharge occurs. In this case the
electrons are accelerated through the cathode fall to a high energy for which the
electron collision cross-section is small and the mean free path is correspondingly long.
The discharge may then be said to be generating an electron beam in the CDS. Two
other ways of increasing the discharge voltage to produce electron beams are the use of

obstructed and constricted glow discharges.

The presence of the regions between the negative glow and the anode is not required in
order to sustain a glow discharge. If the anode is moved through the positive column
(for fixed discharge current) the discharge voltage drops slightly. As the anode
penetrates the negative glow, however, the production of ions and photons is impaired

and the discharge can only be maintained by a rise in the sustaining voltage - the
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discharge is said to be obstructed. (This emphasises the importance of the negative
glow in the normal discharge). Thus high energy electrons are produced and if the
anode contains a hole then an electron beam may be injected into the space beyond the

anode.

The radius of the discharge tube has hardly any effect on the cathode fall of a glow
discharge without a positive column, provided that the tube radius is larger than the
electron mean free path. When, however, the pressure (or radius) is such that the
electron mean free path is comparable to the radius the discharge the voltage rises
steeply and highly energetic electron beams may be produced. This is the constricted

glow discharge.

I1.2 4 Electron Beams

Glow discharge electron guns have been developed for applications such as welding,
laser pumping and switching. These devices usually employ an obstructed discharge
with a perforated anode for extraction of the beam. Rocca et al'*l report electron
current densities of 20 A cm~2 in a constricted pulsed discharge at beam energies up to

100 keV.

The current density in the electron beam mode can be increased by an order of
magnitude by using a cathode which has a slot of appropriate dimensions (Maitland and
Carman, 1986/31). The function of the cathode slot appears to be twofold. Firstly
(Figure I1.2.4.1) the slot perturbs the potential near the cathode to produce an electron
focussing effect. Secondly, the electric field inside the slot directs the ions onto the
sides of the slot which gives both a larger surface area and a higher yield (because of
the glancing angle of impact) for secondary emission of electrons. Current densities of

the order of 1 A cm—2 (DC) can be obtained with slotted cathode electron guns.
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The generation of electron beams in a gaseous medium introduces a focussing effect
due to “space charge neutralisation”. Electrons from the electron beam undergo
inelastic colisions with the gas molecules with a collision cross section which is
charactistic of the electron energy, the gas species and the pressure. Ionising collisions
result in the generation of a plasma in the beam track. The negative space charge of the
electron beam repels plasma electrons, and because the plasma ion mobility is relatively
low, a positive ion space charge sheath forms around the electron beam. The positive
sheath electrostatically neutralises the space charge of the electron beam and reduces its
divergence. Thus the action of space charge neutralisation allows a higher electron

beam current density to propagate in an (ionised) gas than in vacuum.

The magnitude of the space charge neutralisation of an electron beam in a low pressure

gas can be estimated using the Thomson classical electron ionisation cross section:

2
Eqh E; Ei 5
o;=4n E2 E l_f ma, (11.2.4.1)

1

where n is the number of electrons in the outer shell, Ey is the ionisation potential of
hydrogen, E; is the ionisation potential of the gas, a; is the Bohr radius and E is the
energy of the electron stream. For low electron energies equation I1.2.4.1 overestimates
o; by a factor of five and, for high electron energies, o; varies as the natural logarithm
of the electron energy. Values of 6; for various gases and electron energies are shown

in Table I1.2.4.1.

|_Energy H Hy He He* 02 Ny N N2+
2.010! 268101 2.7010°! 3.1210°1 | 3.19 10!

4.010! 1638101859101 171101 1.50 100 | 1.55 100 | 9.40 10°!

6.010! [6.7810°1]9.80101{2.9910°!]| 1.2102 | 2.32100 | 2.3410° | 1.36 100 | 7.80 10-2
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8.010! 16.3810°1| 7010-! |3.4110°1] 23102 | 2.62100 | 2.61 100 | 1.50 100 | 1.41 10!

1.0102 | 598 10-1]9.2310-1 | 3.6010°! | 3.610-2 | 2.77 100 | 2.69 100 | 1.53 100 | 1.67 10-!

2.0102 |4.2210°1| 721101 | 338 10-1| 4.5102 | 2.59 109 | 2.4010° | 1.30 100 | 1.69 10-1

40102 2551071 | 4711071 | 2.44 10°1 | 39102 | 1.8510°0 | 1.72 100 | 8.93 10-1] 1.26 10-1

6.0102 | 1.68 10-1|2.74 10-1] 1.8710°1 | 3.1102 | 1.42100 | 1.34 100 | 6.10 10-1 | 9.70 10-2

75102 | 14101 | 29101 {15810°1} 27102 | 121109 | 1.15100 | 4.60 10-! | 8.2 10-2

1.0103 | 12101 | 224 101 | 1.2210°! | 22102 [ 9.76 10! | 9.36 10-1

50103 | 2.8102 | 5.00102| 3.60 102 | 6.3103 | 2.60 10°1 | 2.44 10-1

1.0104 | 1.5102 | 2.82 102 32103 | 1.40 101 ] 1.23 10-1

Table I1.2.4.1: Electron ionization cross sections!!3), Energy in eV, cross sections in 10-16 ¢m2

The ionisation rate per unit length for a monoenergetic electron beam propagating
through a gaseous medium is given by:

Jo
N =7 [1-exp(-nG)] (11.2.4.2)

where Jg is the electron beam current density and n, is the gas number density. In order

to calculate the plasma density profile produced by the electron beam we assume that J

is uniform across the beam and that equilibrium is maintained by ambipolar diffusion to

the walls. Consider an elemental volume of unit length, radius r and width dr, centred

on the electron beam. The rate R; at which ions enter the volume is:

dn
R;=-2n1D, [E] r (11.2.4.3)

where D, is the coefficient of diffusion. The rate at which particles leave the volume
is:

dn
R, = =27 (r+dr) Da[ dr] -
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=-2mn (r+dr) D, ['((11—1; +dr %[%rg] ] (11.2.4.4)

and the rate of particle generation in the volume is:

Rg =N2nrdr (I1.2.4.5)

In equilibrium we require:

Rg +R;=R, (11.2.4.5)

and substituting from equations I11.2.4.3-5 we obtain the equation which relates the
plasma density profile to the ionisation rate in the beam:
2
1 N
— +1 %rll e (11.2.4.6)
dr D,
For a uniform electron beam of radius b in a cylindrical tube of radius a the boundary

conditions are that n(r=0) is finite, n(r=b) = 0 and n and dn/dr are continuous functions

at r=a. The solution of equation I1.2.4.6 subject to these conditions is

s 2
. 2
i -2‘+b ln-vi O<r<b
Da
n@r) = 3 (I1.2.4.7)
_Nb?
In :—l b<r<a
2P,

The number density profile is shown in Figure I1.2.4.2.; the vertical marker indicates

the beam radius. Now for a non relativistic electron beam the current density is:

2eV

J0=nbe e

(11.2.4.8)

22




CHAPTER II: GASEOUS ELECTRONICS: CATHODES, PLASMAS AND ELECTRON BEAMS

where ny, is the electron density in the beam and eV is the beam energy. From

equations I1.2.4.2, 7 and 8 we obtain an equation for the plasma density, n, which is of

the form:

=i (I1.2.4.9)

If we have K >> 1, then the electron beam space charge can be completely neutralised

by a small perturbation of the plasma and the ambipolar diffusion assumption is valid.

In the case K = 1, it is not clear whether or not ambipolar diffusion occurs. The ion

mobility, pj, is generally lower than the electron mobility, 1e and so one ion can

neutralise the charge of several beam electrons. Thus, if we have n<ny the electron

beam can be totally space charge neutralised if

== (11.2.4.10).

For values of K such that 1 > K > y;/ite, equation (I11.2.4.7) overestimates the plasma

density because electrons can diffuse freely to the walls. This effect can be
approximated by replacing the ambipolar diffusion coefficient D, with the electron free
diffusion coefficient Dy (>D,). When we have K < /i, electrons diffuse to the wall
under the influence of the residual field from the beam space charge and an even larger

diffusion coefficient is required for equation 11.2..4.7 to hold.

I1.2.5 Simple Glow Discharge Electron Gun

Initial experiments were conducted using a gas insulated, single anode glow discharge
electron gun made by EEV Ltd. The design of the electron gun and the experimental
arrangement are shown in Figures 11.2.5.1-2, The electron gun is mounted in a quartz

tube with a radius 3.5 cm and length of 65 cm. The tube is supported inside a solenoid
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which produces a longitudinal magnetic field strength of up to 200 gauss.

Measurements were made in residual air in the pressure range 0.15 mbar to 1 mbar,

The characteristics of the glow discharge electron gun and the effects of the applied
magnetic field are shown in Figures I1.2.5.3-4.. At the higher pressures the track of the
electron beam can be seen as a white glow caused by electron excitation and ionisation
of the gas. At lower pressures the glow is too faint to be visible but the presence of fast
electrons causes a green fluorescence in the quartz walls. The electron beam is

deflected by a small permanent magnet.

With no applied magnetic field the penetration and shape of the electron beam varies
with the pressure. At 1 mbar the electron beam appears to diverge rapidly and fill the
quartz tube after 5 cm. As the pressure is reduced at constant voltage the divergence of
the beam decreases and its penetration increases. The results obtained by substituting
the experimental parameters into equation II1.2.4.7 suggests that total space-charge
neutralisation should always occur. The conclusion is that the beam divergence occurs
as a result of collisions (not necessarily inelastic) with the gas molecules and the beam

divergence is characteristic of the scattering angle function.

When a longitudinal magnetic field is applied, the electron beam is confined and
propagates the length of the solenoid without diverging. This is because the
longitudinal magnetic field reduces the value of the maximum scattering angle. As the
strength of the magnetic field is increased, the intensity of the glow and the discharge
current increase. The increased intensity of the glow can be understood in terms of the

increased discharge current and the effect of the transverse ambipolar diffusion

coefficient, Dy, in a longitudinal magnetic field, BU41;

Da

D (dr2.5.1)

s = 2
1+pu. B
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Decreasing the value of the diffusion coefficient in equation I1.2.4.7 clearly increases
the number density in the plasma. The increase in the discharge current with increasing
magnetic field occurs because the magnetic field causes the electrons to propagate in a
helical path with a radius which is a function of the applied field and the electron
energy. The helical path increases the number of collisions experienced by an electron
travelling between the electrodes. Thus, the effective mean free path is decreased by

the magnetic field and this effectively represents an increase in the pressure of the gas.

Because the electron gun is not aligned with the central axis of the solenoid the
magnetic field at the end of the solenoid deflects the beam onto the quartz wall.
Fluorescence is visible at the point of impact and rapid local heating occurs — the quartz
becomes red hot in a few seconds. If the electron gun is inclined at an angle to the
magnetic field then the beam follows a helical path. The radius of the helical path is
just the gyromagnetic radius for the transverse velocity component of the electrons in

the applied field:
_ 1. [2mV
'e=B e

where B is the applied magnetic field, V is the beam voltage and 0 is the angle that the

cos © (I1.2.5.2)

axis of the electron gun makes with the direction of the magnetic field. These values

are shown graphically in Figure 11.2.5.5.

I1.2.6 Electron Gun with Variable Electrode Spacing

The electron gun described in Section I1.2.5 has an anode which is fixed with respect to
the cathode. Scaling to higher voltages was achieved using the similarity relationship
between the pressure and electrode spacing. In this section an experiment with variable
electrode spacings and geometry is described. Also, the possibility of employing an

auxilliary electrode for beam focussing is investigated.
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The experimental tube is shown in Figure I1.2.6.1. The position of the anodes Al and
A2 are fixed by their connecting pins which seal on the outside of the tube. The
cathode is mounted inside a threaded nylon bushing which allows the position of the
cathode to be adjusted in the longitudinal direction. All of the connection pins are
threaded so that they can be removed and the electrodes can be interchanged. The
cathode is made of brass and has a 4 mm wide, 15 mm deep central slot. There is a
choice of two é.nodes Al, one made from a washer (Ala) and the other made from a
Swage-Lock collar (Alb). The anodes are mounted in nylon discs which electrically

insulate the connecting pins.

The charcateristics of the electron gun with anode Ala are shown in Figure I11.2.6.2.
These results are for air at 0.4 mbar and anode-cathode spacings of 1 mm, 3 mm and
8 mm. The characteristics are all of the form:

I=KV" (11.2.6.1)

and from the logarithmic plots we obtain the numerical values of K and n for each

electrode spacing, d:

d (mm) K (Acnm2 V-0 n
1 23x 109 2.0
3 1.9x 10-10 2.0
8 7.4 x 10-12 2.0

Table I1.2.6.1: Electron gun characteristics for different values of the anode-cathode gap.
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The value of n=2 differs form the value of 3/2 predicted by the Child Langmuir
equation. The V2 depéndencc can be explained if the current is mobility limited rather
than space-charge limited. The constant, K, is not the perveance usually quoted for an
electron gun because of the parabolic form of the characteristics. A simple analysis of
the mobility limited current between parallel electrodes gives the current proportional
to V2/d3 where d is the electrode separation. We find, however, that the
experimentally 'dctcrmined value of K varies as d-3-3 between d=3 mm and d= 8 mm
and as d-2-3 between d=1 mm and d=3 mm. These results expose the inadequacy of the
simple parallel electrode model for high voltage glow discharge electron guns in which

the electrode structures are of comparable size to the electrode spacing.

The conditions in which the simple parallel electrode model fails can be estimated by
considering the fringe fields at the anode hole. If there is no anode hole, and assuming
that the discharge is obstructed, there is a constant field between the electrodes, given

by

(I11.2.6.2)

Al<

For the case where the anode contains an aperture we assume that the edge of the
aperture has a radius of curvature, R. Then it is easy to show that the fringing field is
given approximately by

RV
E;= "r-i- (11.2.6.3)

where r is the distance from the anode. The parallel electrode model fails when the
fringing field at the cathode is of the same order as the field given by equation 11.2.6.2.,
that is, when we have d=R. For the results given in Table I1.2.6.1 the value of R is of
the order of 1 mm and the behaviour does indeed depart from that predicted by the

parallel electrode model for values of d which are of this order.
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The electron beam formed using anode Ala diverges and fills the tube after a few
centimetres. The insertion of a floating electrode (Alb) after Ala produces a beam
which is well collimated with a diameter equal to the exit aperture of the collimating
electrode. The focussing can be explained if the collimating electrode is charged to a
negative potential by the electron beam. The main anode is earthed so the field
between Ala and Alb produces a constricting force on the electrons in the beam. The
details of the foéussing effect are complicated by space charge neutralisation, collisions

and the formation of sheaths at the electrodes.

11.2.7 High Voltage High Frequency Electron Guns

In order to identify some of the problems associated with the construction of glow
discharge electron guns at voltages over 100 kV a simple glass envelope low pressure
tube was fabricated. The low pressure tube is shown in Figure 11.2.7.1. The cathode is
aluminium and contains a 1 mm diameter central slot which is 15 mm deep. The tube
is evacuated to 10-6 mbar using a diffusion pump and sealed off. The high voltage
power supply is a 350 kV Tesla generator operating at a resonant frequency of 300 kHz
and a repitition rate of 100 pps. The high frequency nature of the signal generéted by a
Tesla coil allows an unusnal electrode configuration in which the anode is earthed only

by its parasitic capacitance.

In operation, a discharge fills the region between the cathode and the anode. A large
coronal discharge forms at the external anode connection. This occurs because the
discharge current charges the parasitic capacitance of the anode until the anode field
causes atmospheric breakdown. The sides of the tube surrounding the cathode
fluoresce and are heated very quickly until the glass is red hot after a few seconds. The
localised fluorescence and heating are evidence that a radial electron beam is formed at
the cathode. Cathodic sputtering causes a gradual discoloration of the tube. The

sputtering and heating causes the release of gases into the tube and the pressure rises
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over a period of several minutes. As the pressure rises the discharge radius decreases to
form an unstable ribbon-like discharge. This behaviour is typical of the transition from

the positive column of a glow discharge to a low pressure arc.

The results obtained from the sealed-off tube were used in the design of an improved
high voltage electron gun for the Tesla generator (Figure 11.2.7.2). The original tube
was a sealed envelope device in order to avoid electrical breakdown in the pumping
line. The out-gassing caused by the discharge conditions, however, limits the sealed
tube lifetime to a few minutes. In order to extend the lifetime of a tube, operational
conditioning is required, that is, the tube needs to be actively pumped with the

discharge running until the adsorbed gases have been released and evacuated.

The required fast pumping rate and high absolute vacuum is achieved using a zeolite
cryopump. Despite the length of the pumping line (3 m) the presence of metallic
components in the rotary pump used to reduce the getter to its operating pressure leads
to breakdown in the line. The resulting discharge disrupts the cryopump by raising its
temperature. The cryopump is, therefore, isolated from the discharge by a capacitively
coupled earth connection and a strong (greater than 1000 gauss), transverse magnetic
field between the pump and the main discharge chamber. Once tube conditioning has
been completed, the main chamber is sealed off and the pumping line removed. A tube
“which has been conditioned for a period of eight hours has a lifetime of over .twenty

hours before a noticable change in pressure occurs.

The closely spaced quartz cathode shield prevents breakdown and electron beam
formation on the cylindrical surface of the cathode. The glass-to-metal gap provides
gas insulation by having a high ratio of surface area (for recombination) to volume,
The formation of corona at the anode is controlled by two methods. Firstly, the anode
is a large area silver coating applied to the inside surface of the spherical envelope. The
large anode area increases its capacitance and reduces the fields around the anode.

Secondly, no external connection is made to the anode so there is no metal at anode
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potential which is exposed to atmospheric pressure. The anode is coupled to earth by
its parasitic capacitance — a technique which relies on the high frequency components

of the signal from the Tesla generator.

In operation, an electron beam is formed perpendicular to the surface of the cathode.
Fluorescence occurs in the glass envelope, intense at the point of impact of the electron
beam and diffuse over the remainder of the envelope, the latter effect suggesting the
presence of energetic x-rays. The shape of the electron beam can be inferred from the
pattern of fluoresecence which consists of a highly intense central spot (which causes

rapid heating in the glass) surrounded by a less intense annular region.

The voltage generated by the Tesla coil is approximately a sinusoidal signal at 300 kHz
which is modulated at 100 Hz. The effect of this modulation on the electron beam is
not known. Two obvious possibilites are that the beam is modulated at 300 kHz or that
the tube operates as an amplitude modulation detector and produces an electron beam
modulated at 100 Hz. It is known, however, that a high voltage constricted discharge
can be used to generate pulsed electron beams with a duration of the the order of 1 us at
low repitition rates. It is therefore plausible that the electron beam may be modulated
at 300 kHz. A possible method of confirming the modulation frequency of the electron
beam would be to monitor the intensity of the fluorescent spot using a photodiode.
Unfortunately the Tesla generator produces large amounts of electrical noise at 300 kHz
which interferes with the measurement. A future experiment should incorporate an
optical fibre coupled to a remote photodetector to measure the elecron beam

modulation.

11.2.8 Conclusions: High Voltage Electron Gun Design

Glow discharge electron guns are robust, instant-start devices. Electron beams with

current densities of the order of 20 A cm—2 and electron energies up to 350 keV have
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been produced. The effects of space charge neutralisation and mobility current-
limitation generally lead to glow discharge electron guns having higher perveances than

equivalent vacuum devices.

The maximum operating voltage of a glow discharge electron gun scales with electrode
spacing and pressure according to Paschen's law V = f(pd). The perveance is inversely
proportional to some power (of the order of 2.5) of the electrode separation. Simple
theoretical models provide order-of-magnitude estimates of the perveance but the
experimental evidence does not always agree with the theoretical predictions. The
discrepancy is attributed to departures from the parallel electrode approximation when

the electrode separation is similar to the dimensions of any apertures in the electrodes.

I1.3 The RF Plasma Cathode
11.3.1 Introduction

The problems associated with cathode surfaces can be circumvented by the use of a
plasma cathode: a dense plasma is formed in the cathode region and electrons are drawn
from the plasma, in a manner similar to field emission. The plasma boundary is,
however, controlled and gap closure can be prevented. A number of schemes to
produce a plasma cathode have reported, notably electrical glow discharges!s!, low
pressure arcslél and plasma jets. Glow discharge plasma cathodes use either the
negative glow or the positive column of a discharge to form the plasma from which the
electrons are extracted. The degree of ionisation in these plasmas is usually relatively
low. Low pressure arcs and plasma jets have higher electron densities but may suffer
from poor temporal stability and spatial uniformity. In all of the above plasma sources,

the cathode which produces the plasma forms part of the main circuit.

In this section a new kind of plasma cathode in which a plasma is generated by an RF

field is described. Relative to DC discharges, RF discharges (in particular microwave
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ones) are generally less expensive, easier to handle, more efficient and more reliable
sources of particles. They may be maintained between metal electrodes or in a variety
of electrodeless configurations. The use of a pulsed RF source can provide extremely
high peak power densities at relatively low average powers, offering both start-up time
and thermal management advantages over thermionic cathodes. Designs for RF plasma
cathodes based on the propagation of electromagnetic surface waves, plasma waveguide
waves and slow- waves on helical structures are presented. These RF plasma sources are
known to operate from pressures of 10-5 mbar to several atmospheres and produce
plasma densities of the order of 1013 cm~3 with RF powers of the order of 1 kW78,
The excitation conditions employed also serve electrically to isolate the plasma source
from the main cathode current. This allows an extra degree of freedom of control over

the plasma and offers the possibility of forming a uniform, stable cathode.

A schematic diagram of a simple plasma cathode is shown in Figure I1.3.1.1. The
plasma is unconfined in the longitudinal direction and will tend to diffuse towards the
anode. This diffusion is clearly undesirable and is prevented in the case of a plasma jet
cathode by the supersonic flow of the plasma across the cathode region. In the RF
plasma cathode, however, the plasma must be confined by other means. In fact the
plasma may conveniently be confined by using a grid mesh electrode which has a
potential which is positive with respect to the plasma (Figure I1.3.1.2). The cathode
grid has a further effect which is extremely advantageous to the cathode operation.
Figure I1.3.1.3 shows a notional variation of potential with longitudinal distance. The
positive control grid is expected to cause the formation of a double space charge sheath
with a negative space charge cloud around the grid. This negative space charge cloud
can be compared to the space charge cloud at the surface of a thermionic cathode and is
the effective electron source of the cathode. The positive control grid thus defines the
position of the effective cathode and will henceforth be referred to as the cathode grid

(Fig I1.3.1.2).
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I1.3.2 Conditions at the Cathode Grid

The cathode sheath width, s, for “cold”, incoming electrons is given by the standard
relation!sl;

s=1.5x107 0 ngs

(IL.3.2.1)

where s is in crﬁ, jin A cm2 and V is the cathode grid potential with respect to earth in
volts. A plot of sheath width against bias voltage (Equation I1.3.2.1) is shown in
Figure I1.3.2.1. In order for electrons to be extracted from the cathode region, the
sheath thickness must be at least as great as the thickness of the cathode mesh. This
condition defines the minimum bias voltage for the grid. In order to minimise the
current in the bias circuit, the cathode grid must have a high electron transparency
factor. The bias potential accelerates electrons through the cathode grid where they
form a space charge cloud. In the absence of an accelerating field from the anode these
electrons are prevented from crossing the gap to the anode by their own space charge.

When the anode potential is applied a space charge limited current can flow.

A negative space charge cloud can only form at the cathode grid if the grid has a
positive bias with respect to the plasma between the cathode-grid and earth. In fact, by

applying a negative bias to the grid, a positive space charge sheath can be formed

provided that the magnitude of the grid voltage Vg satisfies:

2
kT
2 e
Vg > l:"‘"—e ] (11:3.2.2)

Thus, there is the possibility that the cathode can be controlled and even switched on

and off by the application of appropriate potentials.
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11.3.3 Conditions at the Earth Grid

The earth grid is the surface at which ion neutralisation maintains the plasma at a
negative potential with respect to the cathode grid. An important factor in the
maintenance of the electron current which can be drawn from the plasma is the ion
neutralisation rate at the earth grid. For large electron currents, large ion currents flow
to the earth grid. Unlike the case of a glow discharge, however, the ion current to earth
is not accelerated through a cathode fall potential. The grid surface is not damaged by
ion bombardment and sputtering does not occur. The RF plasma generators allow large
areas of metal to be inserted into the plasma thereby allowing for a large surface area

for ion neutralisation.

I1.3.4 The Anode-Cathode Gap

If the plasma cathode is to be incorporated into an electron gun then it is essential that
breakdown does not occur in the anode-cathode gap. The gap will not breakdown
provide that the electron mean free path in the gap is longer than the dimensions of the
gap. This condition is met on the left hand branch of the Paschen curve (Figure
I1.2.1.2). If the cathode has a parallel electrode geometry and is operating in the Child-

Langmuir space charge limited regime, then the perveance of the cathode is given by:
4 A _ (2
K= 9 € d2 = (I1.3.4.1)

where A is the area of each electrode and d is their separation. Thus, the use of a small
anode-cathode gap to prevent breakdown also leads to a high perveance for the electron

beam.

An RF discharge can produce twenty percent ionisation at pressures as low as

10-3 mbar (see section I1.3.7). At these pressures even moderately sized gaps of the
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order of a centimetre hold off tens of kilovolts. In this case shaped electrode
geometries such as the one due to Pierce can be employed to increase the perveance of

the electron beam.

Two other solutions to the anode-cathode breakdown problem are differential pumping
and the use of a “gas puff” in the cathode region. Differential pumping involves
engineering the vacuum system in such a way that the pressure in the anode-cathode
gap is maintained at a value considerably lower than that within the plasma cathode
region. “Gas puff” technology can be used independently of, or in conjunction with,
differential pumping. “Puff valves” are available which can deliver precise quantities
of gas on a trigger signall!3]. If the anode-cathode gap has been reduced to a reasonably
hard vacuum then large electrode spacings can be used. Cathode formation is initiated
by the introduction of a “gas puff” into the plasma cathode so as to produce an increase
in local pressure sufficient for a dense plasma to be produced. The anode-cathode gap
cannot break down until the gas has diffused through the cathode mesh and filled the
gap. This may take several microseconds and magnetic insulation can extend this time

by an order of magnitude.

I1.3.5 Surface Wave Plasmas

The fact that a surface wave can propagate along the interface between a plasma
column and a dielectric tube has been known since the 1960s.°1 In the 1970s attention
focussed on the use of such surface waves for the generation of plasma columns. In
1974 Moisan developed the surfatron(!®l which was the first simple, compact and
efficient surface wave launcher for the generation of long plasma columns at
microwave frequencies. More recent work has extended the frequency range at which
surface wave launchers operate from less than 1 MHz to 10 GHz with a variety of
launchers including ro-box (LC), ro-box (stub), surfatron, waveguide-surfatron and

surfaguide. Plasmas with densities of the order of 1013 cm=3 can be obtained in the
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pressure range 10~5 mbar up to a few atmospheres. The plasmas are stable,
reproducible and quiescent, the level of electron fluctuations being low. A
comprehensive treatment of plasma sources based on the propagation of

electromagnetic waves is given in the review article by Moisan and Zakrzewskil"l,

11.3.6 Plasma Waveguides

Plasma waveguide modes were first analysed by Trivelpiece and Gould for use in
plasma diagnostics (see section III.3). One important result is that a plasma-filled
waveguide can actually propagate an electromagnetic wave which has a frequency
below both the plasma frequency and the empty waveguide cut-off frequency provided
that there is an externally applied magnetic field of the correct configuration. In
particular, for waveguides of small radius the propagating wave impedance can be
sufficiently high that the RF fields are high enough for the plasma to be sustained by
the RF. If the waveguide is formed into a resonant cavity at the RF frequency then
plasma densities of the order of 1014 cm~3 can be achieved with high efficiency!”). The

range of operating parameters is similar to the surface wave sustained plasma sources.

11.3.7 Plasma Production Using Helical Structures

It is well known that slow wave structures can be used for high density plasma
production. The usual techniques employ a helix-loaded waveguide or an interdigital
line excited by an appropriate antenna.(for example a radial dipole or an axial
monopole)®). These methods of plasma generation generally require the application of
a profiled magnetic field and the plasma is excited by electron cyclotron resonance
(ECR). Care must be taken to ensure that the source, antenna and plasma loaded helical

guide are well matched and that the appropriate slow wave mode is excited in the
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helical guide. High degrees of ionisation (about 20 per cent) have been reported at

pressures as low as 10~ mbar.

Many of the problems associated with matching, slow-wave excitation and the
generation of magnetic fields can be overcome by driving the slow-wave helical source
directlyl!). Following the method of Pierce, the fields generated by an RF signal on a
wire helix can be approximated (in the absence of breakdown) by solving Maxwell's
equations with a solid sheath with the same dimensions replacing the helix. The sheath
is assumed to be perfectly conducting at an angle y corresponding to the pitch angle of
the helix and nonconducting in the orthogonal direction. For the zeroth order circularly

symmetric wave propagating in the z direction we obtain the electric fields:

E, = B I(yr) exp j(wt - Pz) (IL.3.7.1)

E =B % I,(yr) exp j(ot - Bz) (I1.3.7.2)
To(va)

E e -B = e I,(yr) exp j(ot - Bz) (I1.3.7.3)

inside the helix and

Io('Ya)
E,=B Ky(r) exp j(wt - Bz) (I11.3.7.4)

Ko(¥a)

p 1o

E, =-iB Ko () exp j(ot — Bz) (I1.3.7.5)

X K (ya)
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Iy(va)
E,=-B K, (yr) exp j(ot - Bz) (I1.3.7.6)
Pk amety N ’

outside the helix where we have

L
y=tan 5 - (1L.3.6.7)
2 2 2
Y =B"-B (11.3.6.8)

In equations I1.3.6.1-8 the helix has radius a and pitch p, and B, By are the axial and free
space phase constants and B is a constant determined by the RF power. Application of
the boundary conditions at r=a (involving the assumptions regarding the conductivity)
to equations II1.3.6.1-3 yields the equation for y:

To(va) K, (1a)
2

——————=(Byacoty)’ (13.7.9)
I;(va) K, (ya)

Following the practice of travelling wave tube theory, a coupling parameter ¥ is

introduced, where

EZ(0)

K=

-— (I1.3.7.10)
26°P

and P is the RF power. By integrating the Poynting vector (ExH*), the value of x is

found to be

K =%ﬁ— [1]4 E(ya)’ (I13.7.11)
1 B

where we have
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P : (I13.7.12)

o o [ LW Lt Ko Low)

240 g i = T
Ko | o) L) K () Iy(ya)

From equations I1.3.7.10-12 the axial electric field is
4
: ¥ 3
E,(0) = —F(ya) P (I1.3.7.13)
0

Equating (I1.3.7.13) to (I1.3.7.12) with r=0 gives the value of the constant B:

(I1.3.7.14)

An example of the radial profile of the longitudinal electric field is shown in
Figure I1.3.7.1 where a typical breakdown field for a low pressure gas is indicated. The
above analysis suggests that a plasma may be generated in an annular region around
the helix. An important implicit assumption in the derivation of equations I1.3.7.1-6 is
that the plasma density is low enough that the plasma frequency is much smaller than
the frequency of the applied field. In cases where this assumption is not valid the

effects of the plasma must be included in the model.

A full solution for the plasma loaded microwave helix involves the simultaneous
solution of Maxwell's equations and the plasma equilibrium equations. The ionisation
rate is inferred from the RF attenuation constant and the plasma density profile is
derived from the flux balance equations. Clearly the full solution requires a
complicated iterative computation. Given the number of factors which enter into the
computational solution and are difficult to quantify (for example ionisation cross

sections, temperatures, etc.) it is difficult to improve on the accuracy of simpler, order
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of magnitude calculations. In order to obtain an insight into the form and magnitude of

the plasma density we solve the flux continuity equation for a number of cases.

The simplest case of interest is for a uniform ionisation rate, N per unit volume per
second, in an annular region a<r<b where b is the radius of a the cylindrical tube.
Assuming that equilibrium is maintained by recombination at the wall equation 11.2.4.6
gives:
2
dn

— %% S Y (11.3.7.15).
dr D,

The boundary conditions are that n(r=0) is finite, n(r=b)=0, n(r) and dn/dr are
continuous at r=a. The solution of equation IL.3.7.15 subject to these boundary

conditions is :

=t r2 - b2 + 2a2 In 'lrz a<r<b
4Da
n(r) = (I1.3.7.16)
= a2 - b2 + 2a2 In E O<r<a
4Da

A graph of the radial density profile is shown in Figure I1.3.7.2: The density is constant
in the centre of the tube and decays parabolically to zero at the walls. Figure 11.3.7.1
shows the magnitude of the electric field varying approximately linearly from a
maximum at the tube radius b to the breakdown field at some radius a. The model may
therefore be refined by assuming that the plasma generation rate N is a linear function
of r:

2N,
N© =55 ¢-1 (11.3.7.17)

where N is the mean value of N. Now (I1.2.4.6) becomes:
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d’n 2N,
e e e Sl (11.3.7.18)
3t T p_au—b= -3.1.18).
dr D

The boundary conditions are the same as for the case N=constant and the solution for

the plasma density is:
_r - b3 r2 - b2
-2N,
+ + a2 [l — Q] In 2 a<r<b
nr) =
a3 N b3 a2 > b2
—2NO
+ + a2 ['1' - 3] In b O<r<a
D, (b-a), 6 4 23 a

(IL3.7.19)

A graph of equation I1.3.7.19 is shown in Figure I1.3.7.3. Again the plasma density is
constant in the central region and decays to zero at the wall. This agrees with
experimental observation at low pressures where the discharge appears to fill the tube.
As the pressure is increased, however, the discharge clearly becomes annular. In order
to establish if the current model is valid in the higher pressure regime, where an annular
discharge is observed, we consider what form of plasma generation profile N(r) is
required to give an annular plasma density n(r). We assume that plasma generation
occurs in an annular region defined by N(r) where r>a and N(r) is independent of n.
The general flux continuity equation is:
d2n

—+ .:. % A0 _ o (11.3.7.20)
dr D,

Equation 11.3.7.20 can be integrated to give:
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r %r’l = —‘I;l- IN@dr+cC (11.3.7.21)

a

The boundary condition at r=a gives

dn

o =0 (11.3.7.22)

and the value of the constant C is

IN@) dr

=C (I1.3.7.23)

r=a

Now, in order to obtain an annular plasma, we require a local maximum of n(r) at

r=rp>a (recalling that n(r=b)=0 where b>ry). That is, we have

dn
dr

=0 (11.3.7.24)

=1

and from equations I1.3.7.21 and 23 we obtain

N@dr| = [N@d (11.3.7.25)
r=a =I()
Differentiation with respect to r gives
N(a) = N(rp) (11.3.7.26)

A necessary condition for equation I1.3.7.26 to hold is that the inverse function (N-1) is
not single-valued. Thus N(r) cannot be a constant or a linear function. Furthermore,
there must be some radius ry in the interval (a,b) for which N(rg)=0. It is possible to
envisage circumstances in which these conditions are true. For instance, the conditions
hold if breakdown occurs in an annular region with maximum radius smaller than the
tube radius. These considerations, however, bring into questioh the validity of one of

the assumptions underlying equation II.3.7.20, namely that N(r) is independent of n(r).
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A more general assumption is that the plasma generation rate is a function of the radius
and the number density. We then have to solve the equation

2 2

dn r

? —5 41+ — NG =0 (113.7.27).
dr D

a

There is, in general, no analytic solution for equations of this form. For some functions
N(r), however, equation 11.3.2.27 reduces to a form which is solvable in terms of Bessel
functions. The form of the electric field solution (equations I1.3.7.11-14) suggests that
it is reasonable to expect N(r) to vary quadratically with r. In order to approximate the
n-dependence of N we consider briefly the physical processes involved in the
breakdown. Essentially electrons are accelerated in the RF field and produce further
ionisation when they collide with neutrals. It seems reasonable, then, as a first order

approximation to assume that N varies linearly with n. Then, ¢ may write

2
] 2prn a<r<b
N(r,n) = (I1.3.7.28)
0 O<r<a

The general solution of equation I1.3.7.27 with N(r,n) given by (11.3.7.28) is
2 2
Aly(gr)+B Yy(gr) a<r<b

n(r) = (11.3.7.29)
C O<r<a

where we have q=p/D,. Application of the usual boundary conditions then gives the

following solution for n(r),

43




CHAPTER II: GASEOUS ELECTRONICS: CATHODES, PLASMAS AND ELECTRON BEAMS

~ 2
2y 0 [qb 2
A JO [qr ] T T Yo[qr ] a<r<b
Yo[qb ]
n@ = 3
8 2
Jo[qb ] 2
A JO [qa ] o T [qa ] O<r<a
Yo[qb ]
. L

(11.3.7.30)

where q must satisfy the equation

o] vl
9 2 =0 (I1.3.7.31)

—2qal, [qa ] 2qaY, [qa ]

The plasma density profile given by equation I1.3.7.20 is shown in Figure 11.3.7.4. For

some values of the parameter g, the density has an annular form with a constant value

in the central region. It is possible, therefore, to model the production of an annular

number density profile in a discharge controlled by diffusion to the walls.

Whilst the diffusion controlled discharge model gives an annular number density profile
it also predicts that there will also be a central region of constant, nonzero plasma
density. This is still not in full agreement with the experimental observations in which
there is no plasma in the central region at higher pressures. The high pressure regime
requires a new model in which free recombination plays a role. Recombination effects
are extremely difficult to analyse because of the variety of mechanisms (ion-ion,
electron attachment, etc.) and the complicated nature of the parameters. The values of
recombination constants have, however, been determined experimentally from

measurements of the decay constants in the afterglow of a plasma.
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For a neutral plasma the decay rate due to recombination is given by

N, =on’ (11.3.7.32)

where o is the coefficient of recombination. For the typical values o=10-6 ¢cm3 51 and
n=1012 cm-3, we have N =1018 cm3 s-1. Now the plasma generation rate N in a
typical microwave helical discharge has been determined experimentally (see section
11.3.8) to be of the order of 1019 cm3 s1 so it is reasonable to assume that

recombination loss plays some role in the stabilisation of the discharge. The

recombination loss term N, can be incorporated into the flux continuity equation

d’n
e L {N(r,n) ~a n2] =0 (113.7.33)
dr D

a

There is no known analytic solution for non-linear second order differential equations
of this form. The usual method of handling non-linearities is to make a linear
approximation. In order to obtain a crude analytic solution we approximate the third

term of equation I1.3.7.33 as follows

2, [N(r,n) — o n2] = r=e n (11.3.7.34)
D D

a a

where y is the plasma generation rate per unit volume per second in the region a<r<b
(x=0 for R<a) and o' is an effective recombination constant. Clearly this
approximation is only reasonable for small values of n in which case ¥ and o' are small
and approximately equal. The general form of the solutions obtained with tbis
approximation may be assumed to give an indication of the form of the full non-linear
solution.  (This is generally true between non-linear systems and their linear
approximations, provided that the non-linear system is stable). The linearised solution,

subject to the usual boundary conditions, is
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Jo(Xb)
A Jyxn) - Yy (X1) a<r<b
Y,,(Xb)
n{) = 3 o
Jo(Xa) Y5(Xb) —J5(Xb) YO(Xa)
A I(Yr)  O<r<a
Y ,(Xb) I(Ya)
|~
(11.3.7.35)

where X,Y satisfy the equation
JoXb) Y,(Xb) 0

JoXa) Y (Xa) -Iy(Ya) = ( (I1.3.7.36)

XJ,(Xa) —XY,(Xa) -YI,(Ya)

and we have used

¢ o .

-

Da
al
Y=x =
Da

A graph of the solution of this set of equations is shown in Figure I1.3.7.5. The range

(I1.3.7.37)

of values of o and y for which the model approximates to physical reality corresponds
to the solution being positive for r in the range (0,b). The plasma density is strongly
annular and zero in the central region of the tube. This result is in broad agreement

with the experimental observations.
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11.3.8 Experimental Results

In this section we describe a proof of principle experiment for the RF plasma cathode.
Figure II.3.8.1 shows the experimental configuration of the glass envelope tube on
which measurements were made. The tube design and drive circuitry were not
optimised for plasma cathode operation but was kept simple to allow a number of
experiments to be performed on various configurations without changing too many

parameters.

The discharge tube has a radius of 3 cm and contains two grids, G1 and G2, which are
16 cm apart. The length of the tube is 65 cm and an additional electrode is provided at
each end of the tube. The microwave helix has an axial length of 27 ¢m and extends
beyond G1 and G2. The tube is evacuated to 10-3 mbar and measurements are made in
hydrogen at pressures from 0.1 mbar to 2.5 mbar. The microwave source is a radar set
operating at 3.05 GHz with peak powers up to 13 kW. The RF pulse has a rise time of
20 ns and a pulse duration which can be switched between 250 ns (medium pulse) and
1 pus (long pulse). Simultaneous time-resolved measurements of the cathode current,
anode current and anode voltage are made using fast probes, and the mean discharge
current and voltage are also monitored. The radiated fields are measured using a small

biconic antenna connected to an RF spectrum analyser.

The experiment proceeds by first establishing a stable DC glow discharge between two
electrodes and measuring the discharge voltage and current. The RF signal is applied
with a pulse repetition rate of 1 kHz and measurements are made of the mean and time

resolved values of the discharge voltage and current.

The results obtained with G1 as an earthed cathode and E1 as an anode are shown in
Figures I11.3.8.2-12. Figures I1.3.8.2 to 5 show the discharge characteristics at various
pressures, with and without the applied RF field. These results are shown in a different
format in Figures I1.3.3.6 to 9, where the effect of the RF field on the mean discharge

current is highlighted. The peak currents shown in Figures I1.3.8.10-11 are a simple
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o B

measure of the peak cutrent enhancement and were obtained by multiplying the
increase in mean current by the duty cycle of the RF source. They show a current

enhancement of two orders of magnitude over the DC glow discharge current.

Figure 11.3.8.12 shows the discharge characteristics as a function of time. The bottom
two traces show the anode and cathode currents (100 mA/div) and the top trace shows
the anode voltage (1 kV/div); the time scale is 1 ps/div. There are a number of features
of interest shown in Figure I11.3.8.12. The anode voltage initially falls rapidly for a few
tens of nanoseconds and then more gradually for the remainder of the RF pulse. This
change of gradient is a consistent feature over the whole pressure range examined.
During the first few tens of nanoseconds, the anode and cathode currents rise rapidly to
several hundred milliamps. When the RF pulse ends, the voltages and currents decay

exponentially corresponding to the decay of the afterglow in the plasma.

A very striking feature in Figure I1.3.8.12 is the large oscillation in the cathode current
at a frequency of the order of 1 MHz. Paradoxically this current oscillation is not
present at the anode and we can offer no satisfactory explanation of the phenomenon. It
may be, however, that the cathode current oscillation is a relaxation oscillation
associated with a large negative dynamic impedance of the discharge during the
formation of the plasma cathode. The presence of a large negative impedance is
indicated by the magnitude of the currents during the RF pulse which are larger than
might be expected from the values of the external ballast resistor and parasitic circuit
capacitance. The absence of the large current oscillations at the anode is presumably

connected with the presence of a plasma source in the cathode region.
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11.3.9 Analysis of Experimental Results and Discussion

The experimental data from the RF plasma cathode experiment can be used to estimate
the plasma parameters. The DC conductivity for a partially ionized plasma is given
approximately by

2
ne

o= (I1.3.9.1)
M Vegr

where the effective collision frequency, Vegs, is given by

Ne f

Vegr =V (1-D) + (11.3.9.2)

2x10° (KT/e) "2

and n, N are the elecron and neutral number densities, f = n/N is the degree of
ionisation and v, is the electron-neutral momentum collision frequency. From
equations I1.3.9.1-2 we see that for a weakly ionised plasma for small perturbations in n
we can approximate the relationship between the discharge current and number density

by
I=xn (IL.3.9.3)

In order to estimate the ionisation rate in the RF field we can equate it to the ionisation

loss rate immediately after the end of the RF pulse. Using equation I1.3.9.3 we obtain

dn_din

dn_dln (11.3.9.4).

The value of n can be calculated from the DC conductivity if a value for the discharge
area is assumed. Using these approximations we estimate the electron density of the RF

plasma to be of the order of 1012 ¢m—3 and the ionisation rate to be 1019 ¢cm3 s-1.

Furthermore, for an H ionisation energy of 15 eV, this ionisation rate corresponds to a

power of the order of 7 kW being absorbed from the RF field.
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Experiments conducted with the plasma source located in the anode region of the
discharge result in no increase in the discharge current. This shows that the RF plasma
has a major effect on the cathode processes to produce the very high current densities

which are observed.

11.3.10 Example Designs

In the following sections and accompanying figures some examples of implementations
of RF plasma cathodes are described. In each, for the sake of example, a particular
method of RF excitation, has been chosen but other RF excitation methods may also be
appropriate. The configuration of the electrode connections to the external circuitry
may also be varied. The choice, for instance, of which electrode is connected to earth
may affect the performance of the device. The versatility offered by the various
configurations of a single tube is a desirable property (¢f different trigger modes of a

triggered spark gap).

I1.3.11 Simple Electron Gun

An annular electron gun employing a wire helix plasma cathode is shown in Figure
11.3.11.1. The electron gun is a triode with the electrode connections labelled as
“earth”, “cathode grid” and “anode”. In this configuration the electron beam current
flows through the high density (and high conductivity) plasma behind the cathode grid.
This current is controlled by the potential applied to the cathode grid and the
conductivity of the plasma. With no anode potential applied, a very large current
would flow in the cathode grid circuit. This can be avoided by the use of a large series
resistor. Although the potential divider formed by the external resistance and the
plasma reduces the voltage on the cathode grid, the current drawn is small. When an

anode potential is applied, a large electron current is drawn from the negative space

50




CHAPTER {I: GASEOUS ELECTRONICS: CATHODES, PLASMAS AND ELECTRON BEAMS

charge cloud which surrounds the cathode grid. Thus, the majority of the plasma

cathode current flows in the anode circuit through the electron beam.

In another configuration no electrical connection is made to the cathode grid. In this
case the grid floats to a positive potential when the anode voltage is applied. Operation
is then similar to the previous case, except that there is no external grid current. In a
variation of this configuration the cathode grid is maintained at a small negative
potential by a small capacitor which is charged through a large inductance. The
negative bias helps to confine the plasma. When the anode voltage pulse is applied, the
capacitive divider formed by the electrodes and the cathode capacitor generates the

required positive potential on the grid.

In a fourth configuration of the annular electron gun shown in Figure I1.3.11.1 the
cathode grid is connected to earth and a negative bias is applied to the electrode which
was formerly connected to earth. Again a negative space charge cloud forms around
the cathode grid. In this arrangement, however, the operation is slightly modified when
an anode potential is applied. A space charge limited electron current is drawn from the
cathode region and is maintained through the neutralisation of ions at the cathode grid.
The electron beam current is not required to flow through the main body of the plasma

to the third electrode.

I1.3.12 Pierce Electron Gun

One way to increase the perveance of an electron beam is to shape an electrode so that
it produces a field which compensates for the missing positive space charge which
would be required to neutralise the electron beam. Pierce showed that a surface at
cathode potential should be inclined at 67.5 degrees to the electron beam!!2] between the
anode and cathode. For low pressure gaseous applications, however, this electrode

structure introduces a longer breakdown path which reduces the maximum operating
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voltage of the device. The increased breakdown path can be compensated by an
appropriate reduction in the operating pressure. For a cold cathode device this reduced
pressure would severely limit the current and cancel the benefits of the Pierce cathode.
In the case of the RF plasma cathode, however, high plasma densities can be obtained at

the required lower pressures.

The RF plasma generator shown in Figure 11.3.12.1 is of the surface wave type. The
surface wave launcher is driven by the coaxial feed from the waveguide-to-coaxial
transition. For high RF power densities, the waveguide regions would normally consist
of pressurised components. The plasma is formed in the low pressure region between
the cathode grid and the control grid and is confined by the dielectric walls. A number
of configurations for operation of the electron gun are possible, as for the simple

electron gun described in section I1.3.11.

11.3.13 Magnetron

In Figure 11.3.13.1 the main features of the design for a magnetron are shown in which
the usual thermionic cathode has been replaced with an RF plasma cathode. As in the
case of the electron guns described above, this device is a triode and a similar choice of
configurations applies. The plasma cathode is formed by a helical line which is fed
through the external magnet in a coaxial transmission line. In the design shown
provision has been made to set the central magnetic field to a cyclotron resonance of the
helix drive frequency independently of the main magnetron field magnets. This ensures

that dense plasmas can be formed at very low pressures.

The anode-cathode gap is more susceptible to breakdown in the RF plasma cathode
magnetron than in the electron guns because of the presence of RF fields in the gap and
because of the extended electron trajectories in a magnetic field. The capability of the

plasma source to operate at very low pressures helps to alleviate this breakdown and

52




CHAPTER II: GASEOUS ELECTRONICS: CATHODES, PLASMAS AND ELECTRON BEAMS

careful engineering of the magnetron RF circuit is also required. The use of a gas puff
system combined with the strong fixed magnetic field which is intrinsic to the
magnetron would provide still better protection against breakdown and allow the
magnetron to operate at higher power levels. This would necessitate continuous

pumping, but the start-up time would still be fast.

I1.3.14 Thyratron

There are many varieties of thyratron available today and there is a corresponding
variety of applications of the RF plasma cathode. Figure 11.3.14.1 shows how an RF
plasma cathode might simply replace the thermionic cathode in an otherwise
conventional metal-ceramic hydrogen thyratron. In this case a surface wave maintained
plasma source is shown, driven by a coaxial feed. In another configuration the control
grid extracts the electrons radially from a cylindrical plasma cathode to produce an
annular space-charge cloud, analogous to a dispenser thermionic cathode in a
conventional thyratron. An RF plasma cathode with this end-on annular geometry is

used in the high power electron gun which is described in section I1.3.15.

11.3.15 High Power Electron Gun

The design for a high power annular electron gun which incorporates several of the
features discussed in previous sections is shown in Figure 11.3.15.1. The plasma source
is a helical line immersed in a DC magnetic field. This magnetic field serves to provide
the cyclotron resonance for plasma generation and also, together with the auxiliary grid
3, acts to confine a high density negative space charge cloud in the cathode region.
This cloud has an annular form which is extended in the longitudinal direction and has
a large volume. For appropriate values of the cathode magnetic field and positive bias

of grid 3 with respect to grid 1 a boundary layer of electrons is established at the
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cathode surface, extending some distance into the inter-grid gap (¢f magnetron
operation). Thus, there is a large cross-sectional electron density available for beam

formation.

The cathode is profiled for high perveance and also includes an element of magnetic
focussing (from the increasing magnetic field gradient between the anode and cathode)
and magnetic confinement (in the large magnetic field in the anode and drift space).
Again there is some choice concerning the external connections of the electrodes which

affects the operation of the electron gun.

11.3.16 Conclusions

A new family of plasma cathodes in which an electron beam is extracted from an RF
generated plasma has been proposed. The conditions in the RF plasma cathode have
been investigated theoretically and experimcntally and the results used in the design of
a number of electron devices. RF discharge plasma cathodes are instant start, high
current density cathodes which offer an alternative to thermionic and glow discharge
cathodes. They are also gateable and may be capable of operation at high repetition

rates.

The detailed physics of RF plasma cathodes is a complex area. An understanding of
some of the processes involved has been developed, but experimental results reveal a
number of aspects which warrant further investigation. According to the electrode
configuration the electron current may be limited either by the positive ion mobility in
the cathode sheath or by the bulk conductivity of the RF plasma. Due to the
complicated nature of these processes, the comparison of various electrode

configurations will require extensive experimental data.
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CHAPTER 111

PLASMA WAVEGUIDES

II1.1 Introduction

The investigation of the propagation of electromagnetic waves in ionised media has
received attention since Heaveside postulated the existence of an ionised layer in the
atmosphere in 1902. Much of the early work on plasma waves and oscillations in the
ionosphere was undertaken(!] by Langmuir, Tonks, Appleton and Hartree around 1930.
Over the next two decades the theoretical and experimental investigations were
progressed by Vlasov(2, Landauf®! and Alfvenl*], among others. When controlled
fusion research began in earnest in 1952, the rate of publication in the field of plasma
physics increased rapidly and the number of plasma “waves” rose with every new
theory. In 1963, Allis, Buchsbaum and Bers published a unifying monograph!®) which
brought together all of the previous work and rationalised the various theories using
rigourous derivations. Simultaneously, Trivelpiece and Gould were developing the
theory of slow wave propagation in plasma waveguidesl®] using approximate solutions

of Maxwell's equations.

Plasma research has continued, primarily in the cosmological, controlled fusion and
themonuclear fields (high pressure, high density plasmas) and for switching
applications (thyratrons, etc). The work of Trivelpiece et al has led to the investigation
of plasma-based high power microwave generatorst’l. This is the inspiration for, and

the basis of, the research presented in this chapter.
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The solution of Maxwell's wave equations in a conducting medium has become a
standard textbook problem. A familiar result is the existence of a cut-off frequency
below which propagation cannot occur. This cut-off frequency corresponds to a natural
resonance of the charged particles in the medium and is called the plasma frequency.
When, however, the conducting medium is anisotropic or bounded, the propagation

properties change and propagation below the plasma frequency is possible.

Complete solutions of Maxwell's equations are extremely difficult in all but the
simplest cases. Throughout our treatment, we consider only linear responses of the
plasma and sinusoidal oscillations of the fields. In section II1.2 we follow the method
of Allis et al in the development of a general formulation of Maxwell's equations in a
plasma with uniformity in one dimension ( the z direction). The electric and magnetic
field equations are, in general, coupled, and must be solved simultaneously. We shall
consider the conditions in which the field equations decouple into independent

equations which are solvable in term of known functions.

The conditions for propagation below the cut-off frequencies of a plasma-loaded
waveguide are of particular interest. Such waves generally have phase velocities less
than the velocity of light, that is, they are slow waves. In section III.3 we develop an
approximate solution for the plasma-waveguide system by assuming a priori the slow
wave nature of the solutions. This enables us to write down analytic forms for the
dispersion relation, field equations and power flow and obtain a physical insight into

the behaviour of the plasma loaded waveguide.

A study of wave propagation in plasma loaded waveguides is of interest in two
application areas of this thesis. Firstly, as a method of plasma generation in relation,
for example, to the RF plasma cathode of section IL.3. The main requirement for this
application is to maximise the efficiency by maximising the ratio of field strength to
power flow. We shall see that this condition is optimised when the wave frequency

correpsonds to a plasma resonance. Secondly, in the next chapter we introduce novel
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plasma waveguide microwave switches. These devices exploit the propagation
characteristics of plasma loaded waveguides and ideally require minimum field

strengths for maximum power flow.

II1.2 Maxwell's Equations in a Plasma with Uniformity in One Dimension
I1.2.1 General Formulation

We begin with Maxwell's equations for the complex vector electric and magnetic fields:

VXE = —jopoH (IL.2.1.1)
VxH = joegk.E (I11.2.1.2)
V.(eokE) =0 (I1.2.1.3)
V.(uoH) = 0 (I11.2.1.4)

where the coefficients of the tensor dielectric coefficient | are given by:

kip =kjp 0
k=| ko1 kpp O (11.2.1.5)
k33 =1 - a2 (I11.2.1.6)
o2(1-B, B
kjp=kp=1- —7& (IIL.2.1.7)
a2(B_-B,)
k) =k12=j—_B B, (1.2.1.8)

(1-BH(1-BD)
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2
2 m +m_ P
o2 = ;—emz EE&T_" == (I11.2.1.9)
€Bp Oy
Beo=— - = (I11.2.1.10)
T

In these equations, N is the number density of ionised atoms, m, and m_ are the ion and
electron masses, @, is the plasma frequency and @ is the cyclotron frequency. The
relations for the dielectric coefficients given above are valid for a collisionless plasma
in the “temperate” regime. (A plasma is defined to be “temperate” if the thermal
velocities are intermediate between the induced particle velocities and the phase
velocities of the electromagnetic waves.) These are reasonable assumptions for

discharge plasmas.

The wave equation for E is derived in the usual way, by taking the curl of II1.2.1.1 and

applying a standard vector identity we get

V2E + KkE - V(V.E) = 0 (IL2.1.11)

where we have kg=w/c and c=(ugeg)-1/2.

For a system with uniformity in the z direction, and an otherwise arbitrary tensor
medium, the solution for the electromagnetic fields satisfying Maxwell's equations have
a z-dependence of the form exp(~yz), where 7 is an arbitrary complex function of the
frequency. Hence the vector fields in equations II1.2.1.1-4 are separable into transverse
(denoted subscript T) and longitudinal (denoted subscript z) vector components. The
separation is achieved by scalar and vector multiplication, respectively, of the
longitudinal unit vector i, with equations III.2.1.1 and 2. By this method we can
manipulate equations III.2.1.1-4 to obtain a solution for the transverse fields in terms of

the lengitudinal fields:
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P RQS V1E,
T PUQ ViH,
-Q -S PR i,xV1E,
~U _Q [ - 5 iZXVTHZ il
where we have
E=Er+i,E,
H= Hy+i,H,

V=Vr+ i2%= Vr +i,~y
K.E =KkT1.E7 +i,ks3E,
ErEr =k Et + kyoi,xEp
Ko = @Hgeq = C_wzz

ky =k +2jk;,
ky=ky; - Jkyp

and we have defined the following quantities:

-
Jougkgkya

R= D

-’Y(YZ"'k(z)kl )]
D

lav)

2
Ykok12
D

Q
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i xHy |

(II1.2.1.12)

(I11.2.1.13)

(II1.2.1.14)

(I11.2.1.15)

(I11.2.1.16)

(II1.2.1.17)

(I11.2.1.18)

(I11.2.1.19)

(IIL2.1.20)

{(Ii:2.1.21)

(I11.2.1.22)

(1I1.2.1.23)
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- 2
Joro(Y+kgk 1)
S= D (111.2.1.24)
Y2joegky
Te——g (II1.2.1.25)
; 2
—jooeg(¥2k 1 +kgkkp
U= ) (I11.2.1.26)
D = (+kekyp)? + (kokyp)2 (L.2.1.27)

We can now write the wave equations for E, and H, in terms of the transverse

separation of variables given by equations ITL2 1.12 to 27,

V2E,+aE, = bH,+by.V1E, +by. VyH, +03.i,XVE, +b.i,xVH, (II1.2.1.28)
V2H,+CH, = dE,+d;.V1E, +d7.V-oH, +d3.i XV-(E +dd,xVH, (I11.2.1.29)

where a,b,c and d are defined by

= 2k, | 222 11.2.1.30
a= | Yok (111.2.1.30)
—_—

b = jopgy ki1 (I1.2.1.31)
2 kiky

c=y2+k; T<£1_1_ (I11.2.1.32)
kok

d =—jwegy 13“33 (I11.2.1.33)

and we have
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[ B17] P -Q Vrkyg
by R -S S
=y (I1.2.1.34)
_ by ] S R ISTRR S
and
iv QP QP2
d2 VTkll -S R kll VTkl S R ._1.2..
= joeg —— T ky || @12.1.3s)
dj 11 P Q k12 12 P -Q
b R S R -§dLki2

Equations IIL.2.1.12,28 and 29 are explicit forms of Maxwell's equations for the
inhomogeneous and anisotropic plasma described by the dielectric tensor k. In any
particular problem, equations II1.2.1.28 and 29 are solved and the results are substituted
into equation II1.2.1.12 to find the transverse fields. Application of the boundary

conditions of the system then gives the determinantal equation for ¥ as a function of

frequency and characteristic transverse dimensions of the system.

The equations for E and H are, in general, coupled. There are, however, some
important cases in which the equations for E and H decouple and these are now

considered.

II1.2.2 Free-space Waveguide

In the absence of the plasma the dielectric tensor coefficients are kj;=0, k;=kys=k33=1

and the equations for E, and H, decouple to give the familiar waveguide equations.

The TM waves are given by:
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H,=0 (112.2.1)
2 2
V2E, +p.E, =0 (I1.2.2.2)
pr=y2 ke (111.2.2.3)
Er=—1V.E (I11.2.2.4)
T 2 YTy
Pe
—joeg
Hr =" i,xV1E, (II1.2.2.5)
Pe

and the TE waves are given by

E,=0 (111.2.2.6)
2 2
ViH, +p,H, =0 (I11.2.2.7)
pﬁ =2+ k(z) (I11.2.2.8)
Hy =" VH, (I1.2.2.9)
P
j)
Er= J——-‘z“’ i,xVtH, (111.2.2.10)
Pp

For perfectly conducting waveguide walls, p2 is an eigenvalue of equations II1.2.2.2
and 7, determined by geometry and independent of frequency. By applying Green's
theorem(® P13% jt can be shown that p2 are positive real numbers. Hence the propagation
constant is either real (y=o) or imaginary (y=jB), representing a cut-off and a
propagating wave, respectively. The cut-off frequencies, for which y=0 are a function

of geometry alone:
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o = PC (I1.2.2.11)

where c is the speed of light. The dispersion characteristics of the waves are then

given by:

aZ=p2-k <ty (I11.2.2.12)

and B2 = k(z) - p? W>Wg (111.2.2.13)

I11.2.3 Homogeneous, Isotropic Plasma Waveguides

For a waveguide which is filled with a homogeneous plasma with zero applied

magnetic field we have kj;=0 and k{;=k33. The TE and TM modes are independent

and the dispersion relation is given by:

p2 =12+ k ki3 (I1.2.3.1)

If the plasma is lossless, then k33 is real for all frequencies and the cut-offs occur at

frequencies above the plasma frequency:

2 2
W =0 + (pc)? (I11.2.3.2)

The presence of a lossless, unmagnetised plasma which completely fills the waveguide

simply shifts all of the free-space waveguide dispersion curves to higher frequencies

and propagation constants. If the collision frequency is significant, then k33 is complex

and frequency-dependent, so propagation is possible for all frequencies.
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1.2 4 Inhomogeneous, Isotropic Plasma Waveguides

In the presence of an inhomogeneous, isotropic, unmagnetised plasma, we have k;7=0.

Also, the dielectric coefficients ky; and k33 are equal and are finite functions of the

transverse coordinates. Thus from equations II1.2.1.21,23,25,31,33,34 and 35 the
values of b,d,R,Q,T,by,b3,d; and dy4 are zero and equations II1.2.1.29 and 30 reduce to

V2E,+aE, = by.V1E, +by.i,xV1H, (I1.2.4.1)

VZH,+cH, = dy.ViH,+d3.i,xV1E, (111.2.4.2)

and equation II1.2.1.12 for the transverse fields in terms of the longitudinal fields

reduces to
i jo
Bm ;g VTEZ+Lp—;L-Q i, xV-H, (1.2.4.3)
A I‘;} VTHZ+_JM33PZ i,<V1E, (I11.2.4.4)

Equations II1.2.4.1 and 2 are, in general, coupled, so E and H waves cannot exist

separately. Furthermore, p2 is no longer an eigenvalue, since k33 is a function both of

transverse coordinates and of frequency, and, from equation II1.2.1.30 it follows that p2
is also a function of transverse dimensions and frequency. Problems of this nature are

very difficult to solve.
The equations for E and H , however, decouple in the following two cases:
(@) if the plasma is inhomogeneous in only one of the transverse dimensions;

(ii) if the field solutions are independent of the other transverse dimension.

Let u; and up be the transverse coordinates, k33 be a function of u; and consider

solutions independent of u;. With these assumptions the coupling terms in equations

II1.2.4.1 and 2 vanish and we get

U U 7 N Y . W S - | S,
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by.i,}VH, = 0 (111.2.4.5)
d3.i,xV1E, =0 (111.2.4.6)

and the solutions can be separated into E-waves:

H,=0 (IL2.4.7)
V2E,by.V1E,+p2E, = 0 (11.2.4.8)
- ;} ViE, =iE, (111.2.4.9)
Hos.d m;%k” i,xV1E, =i,H, (111.2.4.10)
VaHy+cH, = dyp.V7H, (I1.2.4.11)

and H-waves:
E,=0 (I11.2.4.12)
VEH,~dy.VrH,+p?H, = 0 (I11.2.4.13)
Hp= »—I-)Y:;_VTHZ =iH, (II1.2.4.14)
By %ZXVTHZ =iE, (111.2.4.15)
V2E,+p2E, = 0 (II1.2.4.16)

Equation II1.2.4.16 can be solved for certain simple functions k33(uy).
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II1.2.5 Waveguide Partially Filled with Homogeneous Plasma

In the case where the plasma does not completely fill the waveguide the boundary
conditions require consideration. At the waveguide wall the usual boundary conditions
apply. At the plasma boundary, however, the charges are free to move and in the
presence of electromagnetic fields the boundary will be perturbed. This perturbation
can be analysed by replacing the first order perturbation in the boundary by an
equivalent first order surface charge density on the unperturbed boundary. The charge
that has moved across a unit area of the unperturbed boundary is

Ps= 2, Poil-Fp] (II.2.5.1)
1

where pg) is the unperturbed charge density of species 1, ry is the first order

perturbation in position and n is the unit vector normal to the unperturbed boundary.

Now we have

dr
Vo1 =30 = joory, (111.2.5.2)
and ju)mlvbl = eEb (I11.2.5.3)

where vy is the first order velocity modulation of the particle, my is the mass of species

1 and Ey, is the total electric field at the boundary. For any real plasma boundary with

free space it is not likely that there will be a discontinuity in density or complete

neutrality, so there will be little variation of E;, with species. We neglect any variation

in Ey, and from equations II1.2.5.1-3 obtain

2
pg = —m—z—eoEp.n (111.2.5.4)

where EP is the first order electric field in the plasma at the unperturbed boundary.

With the surface charge density of equation II1.2.5.4 replacing the perturbation at the
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%
|

boundary, the electric field at the unperturbed boundary is discontinuous by pg/eg.

Thus, we have the boundary condition for the edge of the plasma:

n.(ggE? — egk33EP) = 0 (I11.2.5.5)

where E2 is the free-space electric field at the boundary. The tangential electric and

magnetic fields are, as usual, continuous across the boundary. The field equations are

given by
24 2.4
ViE,+p'E =0 (I11.2.5.6)
V2H +p’H! =0 11.2.5.7
T ¥P N, = (I11.2.5.7)
p2 =12+ k> ks3 (1112.5.8)
Yo i
EL= 5% VI, + 3 ipxVH, (I11.2.5.9)
i —jokiseg. i i
Hy == ipxViE, -I—)Yi VoH, (IL2.5.10)
d V2EC +q°EC =0 11.2.5.11
an TE, +q E = (I11.2.5.11)
V2H® + ¢°HC =
TH,+q'H, =0 (111.2.5.12)
@2 =72+K2 (11.2.5.13)
K2 = a2ye (I1.2.5.14)
ES = i} VED + % i, XV HD (I11.2.5.15)
0 _—jwe, ) 0
HY = JqT i, XVTEC é% VH (I11.2.5.16)

69




CHAPTER IlII: PLASMA WAVEGUIDES

where the superscripts i and o signify regions inside and outside the plasma,
respectively. Now let the radius of the waveguide be very large, and consider guided

waves (y=jB) which will have decaying fields outside the plasma, so that we have
q2<0 (I11.2.5.17)
and hence from equation II1.2.5.13 we get
B2 > k2 (111.2.5.18)

Thus, these waves are slow waves with velocities less than the velocity of light. Also,

from equations II1.2.5.8 and 18, when we have L& > pggq, we obtain

p2 <0 (I11.2.5.19)

Then from equations I11.2.5.6 and 11, subject to equation IIL.2.5.5, we see that E, is

largest at the plasma boundary. That is, these waves may be described as surface
waves. This mode of propagation does not exist in the homogeneously filled plasma

waveguide.

H1.2.6 Longitudinally Magnetised, Homogeneous Plasma Waveguides

The application of an external longitudinal magnetic field By makes the plasrha medium

anisotropic, with ko;#0 and k;#ks3. For the homogeneous case, k1, ky; and k33 are

independent of transverse coordinates and the tensors b and d vanish. Equations

I11.2.1.28 and 29 reduce to

V2E,+aE, = bH, (IIL2.6.1)

ViH,+cH, = dE, (I11.2.6.2)
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Equations III.2.6.1 and 2 can be rearranged to give a set of un-coupled fourth order

equations:

[V3+a+c)Vatac-bd)JE, = 0 (1112.6.3)
[Vi+(a+c) Vot (ac-bd)]H, = 0 (11.2.6.4)

Equations I1.2.6.3 and 4 have standard solutions of the form exp(—jp.ry) where

p*-(a+c)p?+(ac-bd) = 0 (I11.2.6.5)
is the dispersion relation, relating the propagation constant to transverse wavenumbers
p, frequency ®, and the plasma parameters @p and @y, In general, an infinite set of
exponential functions is required for a complete solution. Equations II1.2.6.1 and 2 can,

however, also be reduced to an uncoupled set by seeking solutions for which

_ a—p’E,

H,=—% (I11.2.6.6)

in equation II1.2.6.1 and

dE,
g = c—p? (I11.2.6.7)
in equation II1.2.6.2. Now from equation III.2.6.5 we have
2
apt__d _
b o h (I11.2.6.8)
and equations II1.2.6.1 and 2 reduce to
2 2
Vi+p E; =0 (I111.2.6.9)
2. .2
and Vi+p H, =0 (I1L.2.6.10)
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We then seek solutions for values of pZ, as given by equation I11.2.6.5. Since equation
I11.2.6.5 is of fourth order in p, then two independent solutions of each of equations

I11.2.6.9 and 10 are required. Thus, we may write
E; =Eu+Ez (II1.2.6.11)

and H, = hE,+hE,, (I11.2.6.12)

The functions E,; and E,, are independent solutions of equation II1.2.6.9

corresponding to distinct values of p2. From equations I11.2.6.8, 11 and 12 and

I11.2.1.12, the wansverse fields are then given by:

~ ol R sl §
- By - Y b yki2 b [ V¢ ) (V)
P 2 2
Hrp % p 0 % PV P1VT
. = E, i+ E
i XEp 1kl S =1 R ipVp [T ] v [
o yki2 by b ) )
L 1,XHT _| 0 7 o L _ P2iXVT L P1iXVT b
L % % B .
(I111.2.6.13)

IIL.3 Slow-wave Solutions
1I1.3.1 Introduction

It has been shown in section IIL2 that the equations for E and H in a plasma loaded
waveguide form a coupled set of second order differential equations. Apart from a few
special cases the solution of the field equations is non-trivial. It was also shown that
when the plasma does not completely fill the waveguide, or in the presence of a

longitudinal magnetic field, propagation at frequencies below the plasma frequency is

possible. These modes may have B>k, that is the phase velocity of the wave in the
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plasma loaded guide may be less than c. In this regime we may invoke the quasi-static

approximation (“QSA”), first proposed by Trivelpiece and Gould!®l,

The quasi-static approximation assumes that the phase velocity of the wave is extremely
slow compared to the velocity of light, such that the velocity of light can be regarded as

infinite. In this case, the electric and magnetic fields are essentially static and satisfy

H=0 (IIL.3.1.1)
VXE=0 (I11.3.1.2)
VD =V.(egkE)=0 (ITL.3.1.3)

Now equation IIL.3.1.2 means that we can define E to be the gradient of a scalar

potential function ® with the usual exp(—yz) dependence:
E=-Vo (11L.3.1.4)

so from equations I11.3.1.3,4 and II1.2.1.5,13-17 and using the standard vector
identities:

1 d 1 dAg aAz

VA= - 5';(rA,) +7 39'- - oy (I11.3.1.5)

and
_g._.
or

1 0f
Vi = r 39 (I1L.3.1.5)

of
o B

we obtain

Vi +pd=0 (11L3.1.6)
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k33
9 xp33
p Yk“

E; =0
Er=-V®

For regions outside the plasma these relations become
2 2
VTd)O + @°=0

E’=yo°

zZ

0 0
E =-V, 0

At the (perfectly conducting) waveguide wall, we have
nxE=0

and at the boundary between the plasma and free space, we have

n.(egk.E — £gE°) = 0

Il1.3 2 Finite Longitudinal Magnetic Field

Equations II1.3.1.6 and 10 can be solved in terms of known functions to give the
potential function. Application of the boundary conditions II.3.1.13 an 14 then give
the full dispersion relation and the fields can be obtained from I11.3.1.8,9,11 and 12. As
the case of particular interest we consider a circular waveguide, radius b, partially filled
with a longitudinally magnetised plasma column of radius a and seek propagating

solutions for which y=j and ® is real. The solution of equations IIL.3.1.6 and

111.3.1.10 are
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(I1.3.1.13)
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® = [A)(pr) + BY [, (pr)] eilmé+at) vz O<r<a (111.3.2.1)

and
@O = [CI,,(Br) + DK,(Br)] ei(mb+at) vz a<r<b (111.3.2.2)

where J,, Y, I, and K, are Bessel functions of the first and second kind and

modified Bessel functions of the first and second kind, respectively, all of order m, and

A, B, C and D are arbitrary constants to be determined from the boundary conditions.

The first condition, that the fields must be finite on the axis, requires that B=0. The

boundary condition at the waveguide wall, equation II1.3.1.13, is
VXE(b) =0
=VX[E1(b)+i,(b)] =0
=SVX[-V1DO(b)+i, yPO(b)] =0
=PO(b) =0 (I11.3.2.3)

since all of the terms are proportional to ®°. Equation II1.3.2.3 can be achieved by

setting

C=C K, (Bb) (111.3.2.5)

= —C I,(Bb) (I11.3.2.6)

where C'is an arbitrary constant. The second boundary condition, that the potential
must be continuous at r=a so (that the electric field is finite), can be satisfied by
choosing

gl
" Im(pa)

' 1
"~ I(Ba)Kpy(Bb) - Iy (BO)Kp (Ba)

A (I1I11.3.2.4)

C (II1.3.2.5)

75




CHAPTER IlI: PLASMA WAVEGUIDES

Finally, the condition IIL.3.1.14 that the normal component of the displacement be

continuous is applied. We have

J_(pr)
m H o
O = " O<r<a  (I13.2.6)
J . (pa)
Jl
- m(p r) ej(m9+mt)—yz
In(P2)
" (11L3.2.7)
J
_% m(PD) - ej(m6+(ot)—yz
I (p2)

inside the plasma and

I,(Br) K (Bb) —K_(Br) I (Bb)
d)o " ej(m9+mt)—yz
I.(Bay K_(Bb) ~ K (Ba) I (Bb)

a<r<b (I11.3.2.8)

BI_(m) K, (Bb) ~BK_(Br) I, (Bb)

ej(m9+(ot)—yz.

I,(Ba) K (Bb) —~K_(Bb) I (Ba)

=
-
il

(II1.3.2.9)
1(Br) K,,(Bb) —K_(Br) 1,,(Bb)

jm eJ(m9+a)t)---'YL

L,(Ba) K (Bb) —K _(Ba) I (Bb)

b
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outside the plasma. Now using equation II1.2.1.16
k.E = kT’ET o izk33EZ
we obtain

n.k.E =n.(kr.E) (I11.3.2.10)
and from equation II1.3.2.7

j(m@ —yz+at) k2 T (PD) j(mB+ot)—yz
¢ e |

¢
J,(P2)

J;n(pr)

n.k.ET =| -k;1p
J(P2)

(I11.3.2.11)

Substituting from equations II11.3.2.9 and 11 into equation II1.3.1.14 with r=a, we obtain

7 (oo I (Ba) K (Bb) ~K_(Ba) I,(Bb)

kjp pa— + jmk;p - fPa =0 (111.3.2.12)
1 (pa) I.(Ba) K_(Bb) -K_(Ba) I (Bb)

Equation II1.3.2.12 is the dispersion relation for the longitudinally magnetised plasma
column in a waveguide. Its solution requires numerical techniques. In order to confirm
the results of the numerical simulation we solve the dispersion relation for the simpler
case of the plasma-filled waveguide. In this case the solution for the potential is given

by

D = Al (pr) O0<r<b (II1.3.2.13)

and the boundary condition II1.3.2.3 that the potential must vanish at the waveguide

surface r=b gives
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T (pb) = 0 =5 pb =Ny (II1.3.2.14)

where N, is the v root of the Bessel function of order m. Thus, p is simply a

numerical constant whose value depends on the waveguide radius and the mode of

interest. Using equation II.3.1.7 we may write
kll

‘x[‘)‘ e T (I11.3.2.15)
My kqs

Substituting for kj; and k33 and neglecting the ion frequencies compared to the electron

frequencies we obtain an analytic form for the dispersion relation:

(II1.3.2.16)

A graph of equation II1.3.2.16 is shown in Figure I11.3.2.1. For a propagating mode
we have required that y be imaginary and non-zero (y=jf) and only the solutions which
meet this criterion are shown. From the figure we see that there are two for the

longitudinally magnetised plasma filled waveguide. The first pass-band extends from
@=0 up to @y, or a, whichever is the smaller, and consists of forward wave modes.

> 2, 2172
The second pass-band extends from w=wy, up to (mp-l-m )

e and consists of backward

wave modes. The phase velocity is given by o/ and the group velocity by doy/dp.

In order to generate the slow wave solutions we have assumed that the ac magnetic field
is zero. In order to calculate the power flow, however, we need to find an approximate

value for the magnetic field since the time averaged power flow is given by
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%
P= J Re 3 EpxHpi, da (11.3.2.17).
A
Let the magnetic field be coupled to the currents that arise from the interaction of the

quasi-static electric fields with the charges. From Maxwell's equations (111.2.1.2,4),

equations II1.1.8,9 and II1.2.13 we are able to calculate all of the required fields. We

get
E, = A-ép I (D) (II13.2.18)
Eg = B 3 (pD) (I11.3.2.19)
E,=AJ_(pp) (I11.3.2.20)
6] ; m
Hy =i E eo A [—kllplm(pr) ~kpp T Jm(pr)] (II.3.2.21)
e
H, = B2 oA [Pl (1) + kyp T, D) (1I.3.2.22)

In equations I11.3.2.18 to 22 the exponential propagation factor is omitted for clarity.

The longitudinal component of the Poynting vector is then given by

2
2
Ameo " 5

* ' 2 '
EpHopi, = 3 -—pz[Jm(pr)] kyy — B 20, ()T (prdky + . [Jm(pr)] ky,
(II3.2.23)

The evaluation of the integral in equation III1.3.2.17 is generally non-trivial. For the
axially symmetric modes (m=0), however, all but the first term of equation I11.3.2.23

are equal to zero and equations I11.3.2.17 and 23 reduce to
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2
1 A (l)eo b
2 2
P3Py f T(pr) 2nr dr) (II13.2.24)
0

Integrating by parts and noting equation III.3.2.14 for the boundary condition we obtain

2T O 2 2[.2
P=A 2 gk Mo T [n(,v] (I11.3.2.25)

We are now able to evaluate the constant A and, hence, the magnitudes of the fields as a
function of the average power which propagates in the waveguide. Figure I11.3.2.2
shows A as a function of the normalised plasma frequency for typical values of the
cyclotron frequency. The fields in the stop-bands correspond to real values of y where
the power flow is purely reactive (imaginary). Clearly, the fields become very large in
the vicinity of plasma resonances; this defines the conditions for optimal plasma
generation in the waveguide (see section I1.3.6). In order to minimise the fields for a
given power flow, the guide radius should be large, the plasma frequency high and the

ratio of the signal frequency to the plasma frequency should be small.

Returning now to the problem of a plasma column in a waveguide, we consider the
solution of equation III.3.2.12. The results of a numerical solution of the dispersion
relation are shown in Figure 1I1.3.2.3. One major difference between this case and the
plasma filled guide is that there is no longer a cut-off at the cyclotron frequency
because of the surface wave effects described in section IIL.2.5. Propagation is possible

down to zero longitudinal magnetic field.

Approximate values for the magnetic fields can be calculated in a similar manner to the
derivation of equations II1.3.2.21 and 22. The transverse electric fields are given by
equations IIL.3.2.7 and 9 from which we deduce that the magnetic field inside the

plasma is
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jooe, Ky 1P (D) ky,m J_ (pr)
H, = + (I11.3.2.26)
6 o T
4 I (pa) Jo(pa)

and, for the magnetic field outside the plasma, we get

gy I (BOK, (Bb)— K_(Br)L, (Bb)

Hy =——| -k, .B
7 | L Bk, (Bb) - K, (Ba)L, (Bb)

I, (BOK,, (Bb) - K, (BV)I, (Bb)

+k;pm (I11.3.2.27)
I, (Ba)K, (Bb) — K, (Ba)1, (Bb)

where the exponential factor has been omitted. The total power flow P for the axially

symmetric modes is then the sum of the power flows inside and outside the plasma,

given by
y 2
nBaey kyg @ I, (Br)Ko(Bb) ~ K (Br)Iy(Bb)
P=——— [F(po)r dr + nwegk,, rdr
To®a) kyy o To(Ba)K(Bb) ~ Ko (Ba)l(Bb)
a
(I11.3.2.28)

An analytic evaluation of the power flow, however, is difficult to obtain, even for the
zeroth order mode, since there is no longer a convenient boundary condition to simplify

the integrals in equation I11.3.2.28.

The second major difference between a plasma filled waveguide and a plasma column
in a waveguide is that the plasma column can exhibit Faraday rotation of the plane of

polarisation of a wave but the plasma filled waveguide cannot. A polarised wave is
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formed by the superposition of two angular modes having the same order and opposite
sign, that is modes described by the indices +m and —m. If the phase velocities (/) of
the two modes are different, then the plane of polarisation of the composite wave will
rotate as the wave propagates in the z-direction. For +m and —m modes to have
different phase velocities, the solution of the dispersion relation (I11.3.2.12 and 16) for
constant ® must have different values for the +m and —m branches. This condition is
true for equation II1.3.2.12 with a<b but not for equation II1.3.2,16. Thus, Faraday

rotation can only occur if the plasma does not completely fill the waveguide.

Clearly, from the occurrence of the terms k;; and kj, in equation IIL3.2.12, the

difference in phase velocity between the +m and —m modes, and hence the Faraday
rotation, is a function of the plasma and cyclotron frequencies. Approximate numerical

solutions of the dispersion relation for a plasma column in a waveguide with m=1 and

m=-1 are shown in Figure II1.3.2.4. For constant W/, the phase difference per unit

length of the guide is
d
2 _ o= |p,- [5_' (I1L.3.2.29)

and the composite wavenumber is

. BB
P (111.3.2.30)

Thus, the distance in guide wavelengths for one complete rotation of the plane of

polarisation is
B-B_
L= (111.3.2.31)
A 2] B B_’

This parameter is plotted as a function of frequency in Figure II1.3.2.5. The sensitivity

of the Faraday effect to the plasma and cyclotron frequencies is evident from the figure.
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CHAPTER IIl: PLASMA WAVEGUIDES

I11.3.3 Conclusions

The quasistatic approximation has been used to model the propagation of
electromagnetic waves in a circular waveguide which contains a longitudinally
magnetised plasma. The QSA assumes that the RF magnetic fields in Maxwell's
equations are negligible and the electric fields are calculated from the resulting wave
equation. The disperion relations have been derived and solved for the cases of a
plasma-filled waveguide and 'a plasma column in a waveguide. Propagation at
velocities smaller than the velocity of light is possible for frequencies smaller than a

cut-off frequency which is a function of the plasma and cyclotron frequencies.

For propagating modes, the RF magnetic fields have been estimated by assuming that
they arise solely from the interactions of the RF electric fields with the plasma. The
resulting field equations have been manipulated to give the magnitudes of the fields in
terms of the power flow. Near the plasma and cyclotron frequencies (resonances) the
field magnitudes become very large for moderate values of the power flow. Therefore,
in order to utilise a propagating mode for plasma generation, the signal frequency
should be close to one of the resonances. The cyclotron resonance is the natural choice
since its value does not depend on the plasma density. Conversely, if the plasma-loaded
waveguide is to be used for the transmission of high RF powers, then the resonant
frequencies should be significantly higher than the signal frequency. That is, the

plasma frequency and the cyclotron frequency should be as high as possible.

Waveguides which contain a magnetised plasma column which does not completely fill
the waveguide exhibit Faraday rotation of the plane of polarisation. This effect is a
function of the plasma parameters and varies approximately quadratically with the

plasma frequency.
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‘:""?

II1.4 Summary

An empty waveguide has a cut-off frequency below which propagation does not occur.
When, however, a plasma is introduced into the waveguide a new set of modes appears
with frequencies below the waveguide cut-off frequency. The characteristics of the
plasma waves depend on the geometry and the plasma parameters; they are summarised

in Table I11.4.1.

lasma filled guide artially filled guide
P p
=0 Wop=0co+ Forward surface wave
P=0 for w<w¢qp O<am<ary
Forward wave:
O<co <y, O<w<wm,
Backward wave: Surface / electromagnetic wave
2 2y1/2
<O<(O,“+0),
iy ) axially symmetric modes
Wgo=
Forward wave: “p
We=0, O<w<ay,
Backward wave: higher order modes
wp<a<2!’2 oy o>y
Forward wave:
>, O<m<a, Faraday rotation
Backward wave:
p<e<(@y2+a2)1/2
o =infinity TM forward wave: TM forward wave
O<w<awy, cut off frequencies as above

Faraday rotation

Table IIL4.1: Summary of propagation in plasma-loaded waveguides.

84

e

oy 2ol s s A IS A 24

CYRE L S [Py M G R/ P T R A




CHAPTER 11I: PLASMA WAVEGUIDES

For applications which require a microwave sustained discharge, the pump wave should

have a frequency close to one of the plasma resonances, in which case, the field

strengths become very large for relatively small RF powers. Conversely, for plasma

waveguide applications in microwave power components the signal frequency should

be very different from the plasma resonances so that the signal fields do not perturb the

equilibrium of plasma generation.
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CHAPTER IV

PLASMA SWITCHING AND
PULSE COMPRESSION
IN PLASMA WAVEGUIDES

IV.1 Introduction
IV.1.1 Background

Over the last few years there has been an increasing requirement for short pulse,
extremely high power (multi-gigawatt) microwave generators. The application areas
include controlled fusion, particle accelerators, electromagnetic pulse generators and
ultrawideband radar. Many new types of microwave sources such as relativistic
magnetrons, superpower travelling wave tubes and free electron lasers have been
developed in an attempt to meet with these requirements. All such devices achieve
increased peak output powers by increasing the peak electrical power drawn from the
supply. There are, however, a number of disadvantages associated with this approach

which can limit its usefulness with regard to the afore-mentioned applications.

If the peak electrical power is increased by increasing the peak current, then strong
(more than one tesla) magnetic fields are required. Furthermore, high power
modulators are bulky and expensive. Alternatively, if the peak power is increased by
increasing the operating voltage, then electrical breakdown and diode gap-closure may
occur. Additionally, high voltage power supplies, such as Marx generators, operate at

low repetition rates.
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Alternative methods of increasing the peak power output of a microwave source have
been investigated by several researchers. These employ techniques for pulse
sharpening to amplify the output of a microwave pulse generator at the expense of the
pulse duration. The pulse sharpening schemes fall broadly into two categories: resonant

cavity switching and dispersive pulse compression.

IV.1.2 Cavity Dumping

Cavity dumping was proposed as a means of microwave pulse amplification as early as

196411, The basic principle is that energy is stored in a microwave cavity from a

source of power P; for a period 7; and then released by some mechanism into the load in

time T, The output power is then given simply by

P =P — av.1.2.1)

Clearly this explanation is highly simplified and the effects of loss and mismatch

feature in the more sophisticated analysis which follows.

The first experiments in microwave cavity dumpling employed mechanical waveguide
switches and met with limited success. Birx et al proposed a plasma waveguide
switched cavity dumping scheme with a superconducting resonator which gave a power
gain of one order of magnitude (1978)[2. Their system is explained with reference to
Figure IV.1.2.1. A superconducting resonator, excited by a low power microwave
source, is coupled to arm 1 of a waveguide H-plane T section. Arm 2 couples to a
matched load of impedance Z; and arm 3 contains a gas discharge tube (a TR cell)
placed in front of a moveable short. With the discharge off, the tube is effectively
transparent to microwaves and reflection occurs at the short. The position of the short
is chosen so that arm 2 is located at a minimum of the standing wave field and therefore

has a low coupling coefficient with the resonator. When the discharge tube is activated
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and a plasma with a sufficiently high number density is formed (such that ®,>w) the

microwave fields are reflected at the discharge tube. If the tube is appropriately
located, then the standing wave pattern shifts and arm 2 is now located at a field
maximum and couples strongly with the resonator. Thus, the stored energy is
delivered, through arm 2, to the load in a time characteristic of the transit time of the

resonator.

An improved system(®] replaces the discharge tube with a high energy electron beam
which is fired through a foil section in the waveguide wall to produce the reflecting
plasma layer in a low pressure gas. Using this technique Birx achieved a power gain of
the order of 104 with an output pulse duration of 15 ns. The electron gun, however,
required a 450 kV, 10 kA Marx bank charged blumlein - specifications which are

typical for superpower TWT and beam-plasma sources.

A useful analysis of microwave resonant cavity dumping has been given by Alvarez(4],

The stored energy W(t) in a cavity is given by

—_at 2
W) = yW* [1 —e “‘] (1V.1.2.2)
where we have
W*=Pg, (IV.1.2.3)
y=4p(1 + )~
ooltB_Xx
2‘Ci T

Q

Qo
P

Q.
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and charging begins at t=0. The power of the pump signal is P;, its frequency is @ and
the parameter B is the input coupling factor from the source. The external quality
factor, Q,, refers to the reradiation of power back out through the coupling port. The

intrinsic Q of the cavity, Q, relates to the losses due to resistive dissipation in the

cavity and the overall, or loaded, cavity Q is given by

S (Iv.1.2.4)

We are also able to write down a number of equations governing the build up of energy

in the cavity. The instantaneous power dissipation due to cavity losses is

W
et (IV.1.2.5)

Q

The rate of energy storage is obtained by differentiating equation IV.1.2.2 :

-0t
* e

W W
ok Sy

e (1V.1.2.6)
T l1-e

The net power flow into the cavity, ®;, must account for the rate of energy storage

(equation IV.1.2.6) plus the power dissipated in the walls (equation IV.1.2.5) and is :
given by

®, =Py [1 i e'“‘] [1 +B e‘“‘] (IV.1.2.7)

For sub-critical coupling (f less than or equal to unity), the maximum power is coupled

into the cavity in the asymptotic limit (t tends to infinity). In the case of super-critical

P T N, PR L

coupling, the power coupled into the cavity reaches a maximum value at time

t = Z ln[—zp—] T

max 1 +B -1

(IV.1.2.8)

st et RS ISR . o

89




CHAPTER IV: PLASMA SWITCHING AND PULSE COMPRESSION IN PLASMA WAVEGUIDES

Now, let us assume that energy is stored in the cavity until some time t; when the

coupling parameter 3 suddenly increases to a value of B' to generate the output pulse.

The energy stored in the cavity is given by

‘C 3
Et,) = J' @) dt (av.1.2.9).
; j

In the energy extraction mode (B') the external Q of the cavity Q is much smaller than
[

the initial value Q. and the extracted power is given by
tC
(i)
Py =— f O, dt (IV.1.2.10)
Q
e 0

As an example, consider the case where there is critical coupling (B=1) during the

energy storage stage and the fill-time is long enough so that we have Eg(t.)=P;Q/c.

The peak power output Py immediately after switching is then given by

E's(tc) ® l:’iQO
B w » Iv.1.2.11)

and the power gain is

Po Qo :
Gam=— (Iv.1.2.12) A

Pi Q‘

e

The output power may be taken out of the input port and fed to the load via a circulator

or out of a separate port. In the latter case, some power will be re-emitted from the

input port, but the magnitude is determined by the original Q, and is generally small p

compared to the main output power.
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IV.1.3 Dispersive Compression

Early radar systems employed a transmitter pulse compression system which made use
of the dispersive properties of waveguide modes. Modem radar systems generally
handle the pulse compression in the receiver circuitry. Recent applications for
ultrashort microwave pulses, such as wideband radar, have rekindled the interest in
waveguide pulse compression systems. Manheimer and Ripinl! (1986) have proposed
a dispersive pulse compression system based on a plasma-loaded waveguide. They
propose to obtain plasma densities up to 1014 ¢cm=3 at up to 100% ionisation using a
plasma gun with a magnetic selector and mirror system. Compression of either chirped
or fixed frequency pulses is achieved, the latter by altering the plasma parameters in

time by methods such as an inverse theta pinch.

The compression of a chirped pulse is explained with reference to Figure IV.1.3.1. The
compression medium is assumed to exhibit normal dispersion in the frequency range
(f, f+0f) with a corresponding variation in group velocity (v, v—8v). The input pulse
has a duration of t and is chirped from f+3f to f over the duration of the pulse. The
consequence of these conditions is that as the pulse propagates down the dispersion
line, the trailing edge of the pulse, having a higher group velocity, catches up with the
leading edge of the pulse. If the length of the dispersion line is L and the leading edge

of the pulse enters the line at t=0, then the leading edge exits the line at

4= v—L8v Iv.1.3.1)
and the trailing edge exits the line at

f=t+e (IV.1.3.2)
The compressed pulse length is then

T=14 ';“ o v_Lav (IV.1.3.3)
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and neglecting terms of the order of dv/v we obtain

LS
T=r (IV.1.3.4)
v

The power gain, assuming no loss, is then given by

P ‘L‘v2
o
P. vt1-Ldv

1

(IV.1.3.5)

Equation IV.1.3.5 predicts infinite gain when v21 = L3v. In reality the compression
ratio is limited by departures from the ideal pulse and dispersion characteristics and, at

higher powers, by losses and non-linear effects.

Dispersive compression can be achieved for monochromatic sources by altering the
characteristics of the dispersion line as a function of time. Manheimer and Ripin
suggest that this temporal variation can be achieved in a highly ionised (=100%) plasma
waveguide using magnetic field effects. The pulse power equipment required for this

purpose adds an extra degree of complexity and needs accurate timing.

A much simpler, passive mechanism for dispersive compression in a plasma loaded
waveguide is proposed, based on the results of Chapter III. For simplicity, the analysis
is given for a plasma-filled waveguide in an infinite longitudinal magnetic field. In
principle, pulse compression should occur im an analogous manner for other

propagating plasma-loaded waveguide configurations.

The solution of the dispersion relation of a plasma filled guide is given by equation
II1.3.2.16. The group velocity for an infinite magnetic field is obtained by

differentiation, from which we get
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2
1
d(l) mv
v= m =b o, 3 (1v.1.3.6)
2.2 Z 12
[B b +nmv]

Furthermore, from the solution of equation II1.3.2.25 shown in Figure II1.3.2.2, the
magnitudes of the fields are a function of the guide and plasma parameters, the power
flow and the frequency. By choosing the values of these parameters the field strengths

can be varied over a wide range.

Consider a microwave pulse propagating along the magnetised plasma wa;/eguide. If
the magnitudes of the fields in the pulse are such that a small proportion of the pulse
energy is lost in producing further ionisation, then the tail of the pulse will see a higher
plasma density than the leading edge. The plasma frequency is proportional to the
number density to the power one half, so from equation IV.1.3.6, it follows that the tail

of the pulse will catch up with the leading edge to produce pulse compression.

In practice the fields in a plasma-filled guide may be so large that a significant
proportion of the pulse energy is lost in ionisation processes. The magnitudes of the
fields can, however, be reduced with a corresponding increase in power flow if the
plasma does not completely fill the waveguide. In this case the plasma loaded

waveguide retains its dispersive nature with respect to the plasma frequency.

To see that only a small fraction of the pulse energy is required to produce a significant
change in plasma density we can use the experimental results given in sections I1.3.8
and 9 in which plasma densities of the order of 1012 ¢cm—3 are maintained by an
ionisation rate of the order of 10!8 cm=3s-1. Assuming an ionisation energy of the
order of 15 eV, this corresponds to an absorbed power flux of the order of 2 W cm—2.
The only problem, then, is to control the amount of absorption of the RF field.
Operation at a frequency which is far removed from the plasma resonances reduces the

fields and the resonant absorption. The fields also decrease as the waveguide radius
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increases and the proportion of the volume of the waveguide which is filled with

plasma decreases.

IV.2 Novel Plasma Waveguide Closing Switch
1V.2.1 Introduction

The design of a novel waveguide closing switch for applications such as microwave
cavity dumping is presented. The operation of the switch relies on the fact that plasma
loaded waveguides, in general, have a pass-band below the cut-off frequency of the
empty waveguide. Thus, a waveguide section can be switched from a non-propagating
mode to a propagating mode by the generation of a suitable plasma within the

waveguide.

Consider the waveguide transition shown in Figure IV.2.1.1. The waveguide section to
the right of the transition has a radius such that its lowest cut-off frequency is lower
than the frequency of operation and it therefore appears as an infinite impedance. The

reflection coefficient is

Zy-2,

p= mned) (Iv.2.1.1)
Zo + Z1

and so the transition is perfectly reflecting. (We use the subscript '0' to denote
quantities to the left of the transition and '1' for quantities to the right.) When a suitable
plasma is generated in the cut-off section the impedance Z; drops and the switch closes.
The reflection coefficient for the switch in the closed state is not just the value given by
equation IV.2.1.1.  The reflection coefficient must be calculated from the

electromagnetic scattering matrix for the transition which takes into account the field

94

PR e S RS




CHAPTER 1V: PLASMA SWITCHING AND PULSE COMPRESSION IN PLASMA WAVEGUIDES

matching conditions. Without deriving the quantities for a particular system, an

important identity for matching purposes is given by

*
f FyF, do

b

il
ey

(IV.2.1.2)
Fo Fy

where F; are the field vectors with magnitude F;. Equation IV.2.1.2 describes the

spatial correlation between the fields in the two sections of waveguide. For example, it
was found in Chapter III that for an infinitely strong longitudinal magnetic field only
TM modes can exist in the plasma-loaded waveguide. Thus we expect that only a TM

mode of the appropriate order will match into this particular plasma waveguide.

Rather than directly match the two sections of the switch, a matching transformer can
be used. This may take the form of a stub-tuning system, transformer sections or an
adiabatic transition. However, for very fast pulses the use of direct matching or an

adiabatic transition are preferred as these methods give the largest bandwidth.

1V.2 2 Waveguide Equivalent of an Optical Saturable Absorber

Optical cavity dumping is commonly implemented using a saturable absorber. The
saturable absorber is typically a dye which is normally opaque but rapidly bleaches
after absorbing some critical amount of optical radiation. It is, therefore, a self-
switching device. After switching there is some finite recovery time before the dye

returns to its opaque state.

The plasma waveguide closing switch shown in Figure IV.2.2.1 behaves in an exactly
analogous manner to an optical saturable absorber in a laser cavity. As the fields in the

resonator build up in accordance with equation IV.1.2.2 some ionisation occurs in the
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cut-off waveguide section. The longitudinal magnetic field confines the plasma in the
transverse directions but allows longitudinal diffusion to occur. The plasma density
increases until the cavity fields can match into a propagating mode of the waveguide.
Rapid ionisation of the guide occurs and the switch closes, dumping the stored energy
into the load. After the end of the power pulse the waveguide switch has a recovery

time characteristic of the plasma decay in the afterglow.

The design of a waveguide saturable absorber (“WSA?”) is considered with reference to
the results of Chapter III, together with section IV.2. The starting point is that the
operating frequency should be smaller than the lowest free-space waveguide cut-off
frequency. For a circular free-space waveguide of radius b, the cut-off frequencies
given by equation I11.2.2.11 are, for TE modes:

n
TE my
femv = (av.2.2.1)
274 / Koo
and for TM modes:
n
™ my
fcmv = (1v.2.2.2)
2mba  [Ho€p
where
Jm(’qmv) =0 (Iv.2.2.3)
Jm(’qmv) =0 (Iv.2.2.4)

and Jp, is a Bessel function of order m, and J _ is its derivative. The first few modes, in

order of increasing cut-off frequency, are TE;, TMy;, TE;;, TEj;/TM;; and so on.
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For a waveguide radius of 2.5 cm, for example, the cut-off frequency of the lowest
TE 1 mode is 3.5 GHz.

The fact that the plasma is generated by the main power flux in the switch section
means that, even with a strong axial magnetic field, the plasma will fill the waveguide,
albeit with some radial density distribution. Now it was concluded from the solution of

equation II1.3.2.25 for the power flow in a plasma-filled guide that the power is
maximised when we have f<<f},. The plasma frequency is expressed conveniently as
1

f,=898x 1000 Hz (IV.2.2.5)
€

where the electron number density n, refers to cm—3. Typical microwave sustained

plasmas have number densities of the order of 1013 cm—3 which correspond to plasma

frequencies of the order of 30 GHz.

For a 3 GHz Waveguide Saturable Absorber (WSA), a switch radius of 2.5 cm satisfies
the free-space waveguide cut-off criterion. Reference to Figure I11.3.2.2 shows that
with these parameters and a typical plasma frequency of 30 GHz, the maximum field
strengths are less than the order of 100 V m~! W-1/2, With a propagating power of 1
MW the field strengths may be as high as 100 kV m~1, There are two implications of
such field strengths. First of all, the discrepancy between the switch propagation
characteristics and the free-space waveguide characteristics reduces the matching to the
switch. Secondly, breakdown effects and nonlinear plasma response are important.
Depending on the particular conditions, these nonlinear responses may provide

additional pulse compression in the manner described in section I'V.1.3.

The WSA is, then, a potentially useful device for cavity dumping applications. There
are, however, two areas in which its performance may be less than ideal. The first has
already been discussed and relates to the high field strengths which may occur. The

ultimate limiting factors on this restriction are the maximum attainable plasma density
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and the waveguide cut-off condition. The second area of the WSAs performance which
may in some instances be unsatisfactory is that of shot-to-shot variation. Because the
switch breaks down spontaneously under the influence of the fields from the stored
energy it is impossible to determine the exact moment that breakdown occurs. Thus,
the breakdown conditions may vary between shots in an unpredictable manner. In

some applications accurate timing and reproducibility may be important.

IV.2.3 Triggered Waveguide Switch

The problems of shot-to-shot reproducibility and high field strengths anticipated in the
waveguide saturable absorber may both be solved in the proposed triggered waveguide
switches (“TWS”). The main features of the TWS are shown in Figure IV.2.3.1.
Reproducibility of a plasma waveguide switch can be improved if plasma generation is
triggered at some fixed time in the charging cycle. A number of triggering mechanisms
are feasible, using such techniques as electrical discharge, optical and electron beam
preionisation. To begin with, however, we consider a waveguide switch which is

triggered using the microwave helical discharge described in section I1.3.7.

In section IV.2.2 it was shown that because the WSA is filled with plasma, the
maximum waveguide radius (from the free-space cut-off condition) limits the
maximum power controlled by the switch. The power flow in the switch can be
increased (and the matching to the free-space waveguide improved) if the plasma does
not completely fill the waveguide. Now it was shown in sections 1[.3.7 and 8 that a
helical structure excited by a microwave signal generates electric fields which are very
intense close to the helix. With no applied magnetic field, a plasma which is either

annular or fills the volume may be generated, depending on the gas pressure. In the

presence of an intense longitudinal magnetic field, however, the plasma can be confined -

to a thin annular region surrounding the helix. A waveguide containing such a plasma
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can handle much higher peak powers than a plasma-filled waveduide and is more easily

coupled into the main waveguide system.

In terms of the plasma produced by the microwave helix, the intense magnetic field acts
to decrease the transverse diffusion coefficients in the plasma, which greatly reduces
the wall losses. The number density of charged particles in the annular plasma will,
therefore, be high so that the operating frequency can be further removed from the
plasma resonance. This condition also increases the power flow for a given RF field

strength.

Careful consideration must be given to the design of the helix for the following reason.
A free-space waveguide containing a helical slow wave structure can support
propagating modes with frequencies below the cut-off frequency of the waveguide. It
is possible, then, that when the switch is in the off state there may be sufficient leakage
to seriously reduce the Q of the resonator. It is even possible that the coupling from the
resonator onto the helical structure might be sufficient to cause the switch to close
before it is triggered. (This effect may, in fact, be put to good use in a WSA device.)
In order to avoid leakage and self triggering the helically loaded waveguide must be
designed so that it is poorly matched to the resonator until the trigger signal is applied.
In the implementation shown, this is achieved by stopping the helix short of the end of
the switch. When the switch is triggered the remaining gap fills with plasma which

diffuses along the magnetic field lines.

In Chapter III it was found that the microwave fields in a waveguide partially filled
with plasma are greatest near the plasma boundary. In the case of a waveguide loaded
with an annular plasma, then, the fields also have an annular form. In attempting to
satisfy the spatial matching condition IV.2.12, we require a waveguide mode for the
resonator and output coupler which has this annular form. One option would be to
choose one of the axially symmetric modes of a circular waveguide. However, the

problem with this choice is that, since the cut-off frequency of a circular waveguide
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increases with the order of the mode, the resonator and output coupler radii must be

increased and this has a deleterious effect on the coupling.

A much better choice for the resonator and output coupler is the coaxial geometry
shown in Figure IV.2.3.1. Coaxial waveguide allows a TEM mode (with no lower cut-
off frequency) which can couple strongly to the plasma waveguide mode since the
change in structure of the field in the transformation between the guided wave and the
plasma wave is minimal. This is consistent with the results of Kuzelev et al/ who use a
coaxial output coupler in their relativistic plasma Cerenkov maser(®! which operates at

powers in excess of 100 MW.

The use of a coaxial coupling geometry also lends itself particularly well to glow
discharge electron beam (GDEB) triggering of the microwave waveguide switch. An
example of how this might be implemented is shown in Figure IV.2.3.2. In the open
state the switch section is, as usual, below cut-off. When the GDEB is switched on, an
annular plasma is rapidly formed and the microwave switch closes by the plasma
waveguide mechanism discussed in Chapter III. In this configuration it is also possible
that the electron beam may itself provide some coupling through the switch section.
There is also the possibility that the electron beam may drive a Cerenkov instability in
the plasma waveguide system. To obtain significant power levels from this instability
would, however, require very high electron beam powers. For applications of the
plasma waveguide switch where the specific intention is to generate high peak power
microwaves without the need for high peak power driving circuitry, the Cerenkov

instability is unlikely to be significant.

IV.3 Conclusions

The results of an analysis of microwave discharges and plasma loaded waveguides has

resulted in the proposal of novel methods of high power microwave pulse compression.
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Pulse compression allows very high peak powers to be obtained from microwave
sources of moderate power, at the expense of the pulse duration. A high power
microwave pulse propagating along a plasma loaded waveguide can interact with the
plasma and background gas to produce spatio-temporal dispersive compression of the
pulse. The effect can be controlled by means of the waveguide radius, the plasma
frequency and geometry and externally applied magnetic fields to produce a working

dispersive pulse compression system.

Resonant cavity dumping schemes for microwave pulse compression require efficient,
high power waveguide switches. A new kind of high power microwave waveguide
switch has been proposed. The switch relies on the property of plasma loaded
waveguides that propagating modes exist below the normal cut-off frequency of the
waveguide. A waveguide transition which normally has a reflection coefficient of unity
because of a section below cut-off can be transformed into a highly transmitting

transition by the generation of a (magnetised) plasma in the waveguide.

In a self-triggering implementation of the microwave plasma waveguide switch the
plasma is generated initially by the action of the evanescent fields in the cut-off
waveguide. When the stored energy is high enough, a plasma of sufficient density to
switch the waveguide into a propagating mode is formed. Rapid ionisation occurs, thus
driving the switch into a transmitting mode and dumping the stored energy into the

load.

In an externally triggered implementation, the plasma is created by a helical microwave
discharge. Under the influence of an external magnetic field the plasma is in the form
of a thin annulus. This arrangement increases the power flow in the switch and allows
the insertion loss to be minimised by using coaxial waveguide couplers. Furthermore,
the external trigger allows accurate timing of the switch and reduces shot-to-shot

variations.

101




CHAPTER 1V: PLASMA SWITCHING AND PULSE COMPRESSION IN PLASMA WAVEGUIDES

In another implementation of external triggering for the plasma waveguide switch, the

plasma is produced by a glow discharge electron beam. An advantage of this technique

is that a high level of isolation can be achieved in the off-state and that self-triggering

consequently represents less of a problem.
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CHAPTER V

THE GLOW DISCHARGE INVERTED
MAGNETRON

V.1 Introduction

Since its introduction in 1921 the magnetron has developed into one of the most
efficient and rugged sources of microwave radiation at decimetre through sub-
centimetre wavelengths[1-3], In conventional magnetrons voltages up to a few tens of
kilovolts are applied between the anode block and a thermionic cathode, giving
microwave output powers up to hundreds of kilowatts with conversion efficiencies

which can be in excess of 70%.

In the late 1970's the relativistic magnetron was developed to produce higher power
microwaves(4-12], These devices typically employ field emission cathodes at several
hundred kilovolts relative to the anode structure to produce currents up to several
hundred kiloamps, and are capable of delivering microwave pulses into the gigawatt

range (although the conversion efficiency is typically less than 30%).[13]

There are several problem areas associated with the operation of a relativistic
magnetron. The design of modulators capable of producing high peak voltages and
powers at high repetition rates is both difficult and expensive. An associated problem is
that of electrical breakdown: the physical dimensions of the magnetron and its
supporting structure are restricted by the insulation characteristics required to support
the high voltages used to drive the magnetron. All relativistic magnetrons have so far

operated at much lower conversion efficiencies than conventional magnetrons (typically
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lower than 30%) which can lead to thermal management problems when stable
operation at high average powers is required. Furthermore, the bombardment of the
anode block by high energy electrons damages the anode structure: the useful lifetime

of an anode block may be only a few tens of shots.[14]

In order to support an azimuthally rotating Brillouin space-charge cloud, the applied
magnetic field must exceed a critical value By given by the Hull criterion:

meCr 2 2
By -ed—e[yo—l] (V.1.1)
where we have
eV
Yo = [l+moc2] (V.1.2)
with
2 2
Ta~Te
de = (V.1.3)
21

and the other symbols have their usual meaning. For field emission the anode-cathode
gap, and hence d,, is small; for relativistic operation, the diode operating voltage V is
large. Thus large magnetic fields (typically of the order of one tesla) are required to
meet the Hull criterion. This either greatly increases the overall weight of the device (if
the magnetic field is derived from a permanent magnet) or introduces an additional

power supply and thermal management problem (if an electromagnet is used).

An undesirable phenomenon associated with field emission across a narrow gap is that
of gap closure: the plasma sheath formed around the cathode drifts across the anode-
cathode gap to produce a short-circuit. Although the high magnetic field does have an
insulating effect, gap closure is probably a major cause of the RF pulse shortening seen

in relativistic magnetrons.[14]
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The design of a new type of magnetron, the "Glow Discharge Inverted Magnetron"

(GDIM), is presented. The GDIM (Figure V.1.1) has three main features:-

(1) The electron beam is derived from a cold cathode glow discharge in a low

pressure filler gas.
(i) The electron beams are emitted from the cavities of the slow-wave structure.
(ili) The cathode surrounds the anode coaxially, i.e the magnetron is inverted.

(iiv) The slow wave circuit appears on the cathode, not the anode block.

In sections V.2,3 and 4 the general principles underlying the above features are
discussed, drawing on the results of previous research to demonstrate the plausibility of
the device. In section V.5 the design of a strapped, slot-type GDIM is presented.
Although there are certain advantages to other magnetron geometries (eg rising sun,
slot-and cavity), the slot structure is somewhat easier to analyze in terms of RF circuit
characteristics and electron beam formation dynamics, and strapping is a convenient
means of separating the desired operating mode. The analysis takes no account of
space charge due to ionization of the filler gas, as the resulting Poisson equation is
intractable. The use of strapping provides an extra degree of freedom with which to

tune the magnetron to compensate for possible space-charge effects.

V.2 Formation of Electron Beam

Published results show that electron beams with current densities of the order of

20 A cm~2 can be generated in a pulsed, cold cathode glow discharge in helium at a
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pressure of the order of 1 mbar.[15.16] In particular, beam formation and the current
density are enhanced if the cathode is slotted(16] (Figure I1.2.4.1). It has further been
found that for a glow discharge in helium at this pressure the optimum dimensions for
the cathode slot are a depth of 1.5 cm and a diameter of 4 mm. Any increase in the slot
depth above 1.5 cm results in no change in the beam current (this is relevant to the

rising sun GDIM).

For electron beam formation it is imperative that the discharge should not be allowed to
develop into a hollow cathode discharge (HCD) which has a low impedance and
effectively shorts the anode-cathode gap. We therefore arrange for the discharge to
occur in the negative-gradient region (left-hand side) of the Paschen curve
(Figure I1.2.1.2). The minimum anode-cathode distance (i.e between the slots) is set
such that the breakdown voltage across this short gap is higher than the operating
voltage of the magnetron. An electron beam is then formed only where breakdown can

occur — along the long path from inside a cathode slot to the anode.

General magnetron theory[2.3] shows that for good Brillouin cloud formation (required
for efficient magnetron operation), the initial electron velocity should be radial. The
(DC) field configuration around the cathode slots during beam formation (see
Figure I1.2.4.1) acts to focus the electron beam so that the electron trajectories are very
nearly perpendicular to the surface of the cathode. The mechanism of beam formation

in the GDIM tends to produce a beam with the desired radial velocity characteristic.

Furthermore, the current densities attainable with a non-relativistic, cold cathode glow
discharge are more than an order of magnitude higher than those obtainable from a
thermionic cathode. This suggests that the microwave power output from a GDIM
might be an order of magnitude greater than that from a conventional magnetron, if a

high conversion efficiency can be achieved.
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g i

V.3 Magnetron Geometry

In a conventional magnetron the anode, being the outermost electrode, is generally
earthed and a negative voltage is applied to the cathode. Any electrons which acquire
an axial velocity tend to sink to the earth structure. This forms a shunt current in
parallel with the resonant system which reduces the conversion efficiency of the
magnetron. This problem is usually overcome by the use of end-hats which are

electrically connected to the cathode.

At higher voltages there is a tendency for electrical breakdown and arcing to occur
between the end-hats and the anode. For this reason, end-hats are rarely employed in
relativistic magnetrons. Even for operating voltages of the order of tens of kilovolts

electrical breakdown can be a problem.

In the inverted magnetron the cathode forms the outer structure so in this case it is the
cathode which is earthed, with a positive voltage being applied to the anode. Now any
electrons, with axial velocities, that sink to earth are simply returning to the cathode

potential and so do not form a shunt current in parallel with the anode-cathode circuit.

Conventionally, the slow-wave structure has been placed on the anode block. This
leads to problems in coupling the microwave power out of an inverted magnetron. In
most inverted magnetrons the power is extracted coaxially from the centre of the
magnetron. This is not an ideal solution and better results have been obtained by
couplihg the microwave power through large apertures in the cathode (Figure V.3.1).
This method, however, introduces loading asymmetries and also disrupts the electric

field configuration.

In the GDIM the slow-wave structure appears on the cathode, so power can be extracted
from one or more of the resonators in the usual manner (see Figure V.5.2). It is not
immediately clear that there is a coupling mechanism between the RF circuit of the

GDIM and the space-charge cloud. We postulate that strong coupling appropriate for
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efficient microwave generation is possible and propose two possible mechanisms to

justify this postulate.

V.4 RF Signal Coupling

In order to study the propagation of signals across the Brillouin cloud we analyze a
planar geometry and neglect collision, thermal spread and relativistic effects. The
analysis is treated as a perturbation problem, taking Brillouin flow as the unperturbed

state and neglecting second order effects. With reference to Figure V.4.1, the velocities

are given by
%% = gy+u (V.4.1)
%}f =y (V.4.2)
%% =w (V.4.3)

where, as usual, we have

B
©p = % V.4.4)

so that the Brillouin drift is cyy. The Lorentz equation for the electron dynamics gives
d e dV
de (VB YY) = 5 TRV (V.4.5)

or, since dy/dt=v, we have

du e dV
T T (V.4.6)
We also have
oy’
dv e d e dV

dt *magl 2o TV - os@gyru) =i oo—mgn (V4D
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where the Brillouin potential is given by

2t 2
mog y
Yp=""75g (V.4.8)
and
dw e dV
e (V.4.9)

The unperturbed Brillouin flow terms have been cancelled so that equations V.4.5-9 are

for RF quantities only. Poisson's equation is:

V2V = E (V.4.10)

and conservation of charge considerations give:

2 2 ’
emy ] [ammB :[a i :I
d ) (9BYH) v w
{ +p|=- +p e +8y+az (V4.11)

(V.4.12)

The Brillouin state is uniform in x,z and t but not in y. We assume, therefore, that RF

quantities vary as exp(jot — jBx — jy z). We further assume that B and 7y are real and

allow @ to be complex (i.e we consider the case of an oscillator rather than an

amplifier). We can now substitute for the partial derivatives with respect to t, x and z

in equations V.4.5-10 and 12 . The full time derivative is given by

d 2 d . ;
at = 5rtOB Y 5 =IO —jwp y = jo (V.4.13)

where we have
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we = @ — wpfy (V.4.14)

Equations V.4.5-10 and 12 can now be simplified to give

i
4= mo, (V.4.15)
w ol | EOY L SOV ALY
VS O I:m dy @ mme] =] Jy | mw, (V.4.16)
" (V.4.17)
ma,
b=
p=¢t dy2 — P2 -2 b (V.4.18)
e _mz[___a_z__]%
[ayz SR ,Yz:| Ve 5B, (V.4.19)

Rewriting equation V.4.19 in terms of the variable s = w,/®g, we are able to obtain a

physical interpretation of the propagation equation. The recast equation is

82 2 -2 172
[5-5 -1 —[%] # {18 ] (5 vab (V.4.20)
S

We now see that, rather than the voltage, V, the quantity (1—5_2) e V propagates
across the cloud under the influence of a “refractive index™ which is a function of s.
The results of a numerical solution of equation V.4.20 are shown in Figure V.4.2,
where the velocity perturbation u=g(s) has been evaluated from equation V.4.15. For
negative s the velocity perturbation is everywhere greater than unity, except at the
plasma resonance s=-1 where its value is one. These results imply that it is possible for
RF fields to couple from the resonant cavity formed between the anode and the cathode
to the resonant slow wave structure on the cathode, in spite of the presence of the

Brillouin cloud.
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There is, in fact, a precedent for the inclusion of an RF circuit on the cathode of a
crossed field microwave device. In the early 1980's Ratheon introduced the high gain
crossed-field amplifier (CFA) which is similar in structure to a conventional CFA or
amplitron, except that there is a slow wave structure on the cathode (which in this case
is inside the anode i.e. the geometry is conventional). The principle of operation of the
high gain CFA is also similar to that of a conventional CFA, with the additional feature
that the signal to be amplified is introduced onto the cathode circuit. This RF signal
propagates across the Brillouin cloud producing strong modulation of the space charge,

thereby increasing the overall gain of the device by some 20 dB.

The GDIM relies on the property of RF signal propagation across the Brillouin cloud in
order to couple the resonant system. There is another possible coupling mechanism
which may greatly enhance the RF coupling in the GDIM and can be understood in
terms of electron trajectories. If the DC conditions in the magnetron satisfy the Hull
criterion then the electron cloud, in the absence of RF oscillations, can be considered to
be rotating with an entirely azimuthal velocity (it is in a state of Brillouin flow). The
Brillouin cloud is fed, however, by electron emission from the slots in the cathode. The
electrons emitted from a slot in fact form a good beam. The electron beams are acted
on by the electric and magnetic fields to bend their trajectories into the Brillouin flow .
Now it is understood that an RF field can propagate in both forward and backward
directions on an electron beam (a principle exploited in TWT's, BWO's, etc). It seems
reasonable to suppose, then, that RF fields should be able to propagate through the
Brillouin cloud in a GDIM in an analogous manner. Furthermore, since the electron
beams leave the cathode with trajectories very nearly orthogonal to the cathode surface,
the modes on the electron beams are able to couple strongly with the longitudinal

modes in the slots which comprise the slow-wave structure.
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V.5 Design of a Strapped GDIM

In this section the design of a strapped, slot-type magnetron having the following

specification is described:
frequency = 3 GHz
peak output power = 100 MW
pulse duration = 1 pus
prf = 100 Hz
efficiency = 50 % (assumed)
operating voltage = 50 kV.

These are theoretical and assumed values which are used for the purpose of the design
study. The effects of space charge other than the Brillouin cloud are assumed to be
second order and are neglected in the prototype design equations. The slotted geometry
is chosen as the optimal slot dimensions for electron beam formation are known from
previous work to be a depth of 1.5 cm and a width of 4 mm (for helium at 1 mbar). In
the presence of an externally applied magnetic field the electron beams form a Brillouin
cloud which rotates around the anode with a velocity which depends on the radius
relative to the cathode surface and the electron cyclotron frequency. It is assumed that
gain is achieved for any microwave field which travels around the resonant slow -wave
structure in synchronism with the inner edge of the Brillouin cloud. For efficient
operation of the magnetron, the voltage at the inner edge of the Brillouin cloud is

chosen to be of the order of ten per cent of the anode voltage.

The length of the cathode is chosen to be shorter than a half wavelength at the operating
frequency in order to suppress any undesired longitudinal modes. The number of slots

is then selected to give the desired operating current and this, together with the distance
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between successive slots, determines the cathode radius. The anode radius is chosen
such that the anode-cathode gap is small enough that breakdown can only occur

adjacent to the cathode slots.

It can be shown easily that electrons emitted from the cathode will obtain an angular

velocity given by:

()
g ¢
dt

=7 1—

(V.5.1)

"ol ot

where r; is the radius of the cathode and o, is the cyclotron radian frequency associated

with the DC magnetic field B. The kinetic energy of an electron is gained at the
expense of potential energy, so for electrons moving in near circular orbits at a radius r,

the electron potential is given by

2
ch T =%
V() = T " {V.5.2)
The voltage at the edge of the Brillouin cloud is then
Vg = V(1p) (V.5.3)

where 1y is the radius at the edge of the Brillouin cloud. For the anode potential V5

required to maintain the Brillouin cloud, we obtain

o
Va=Vp+ [E dr (V.5.4)
Ta

where r, is the anode radius. This yields
I, = V'Tc——*— (V.5.5)
V-t
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The lumped element equivalent circuit of a segment of the strapped magnetron is shown
in Figure V.4.2. The cathode slots act as quarter-wave resonators, terminated at one

end and open at the other, so the resonant capacitance of a slot can be approximated by:

h
C=¢gle 5 (V.5.6)

where I is the length of the cathode, h is the slot depth and w is the width of the slot.

We estimate the anode-cathode coupling capacitance per slot C, by determining the

proportional coaxial capacitance from the anode-cathode proximal areas and get

1
C.= N 2meg —T;T—: ' V.5.7)

where p is the distance between the slots.

The n-mode (in which consecutive resonators have an RF phase difference of 7 radians)

is separated by means of the strapping mechanism, which takes the form of two sets of

parallel metal ribbons, one pair at each end of the cathode (Figure V.5.2). The straps

are connected to alternate cathode segments so that a considerable shunt capacitance Cg

is presented only at the frequency @, corresponding to the m-mode. The frequency of
the m-mode in the strapped magnetron is lower than the unstrapped frequency and has a

value given by

o7
= V.5.
Wy %Eg | (V.5.8)
‘\/l+C+4C

where @y is the resonant frequency of the cathode slots. The value of @y is chosen to

make the length of the resonator slots at least 1.5 cm so that the electron beam current

density is maximised.

Consideration of the phase delay per resonator yields the circumferential velocity of the

n-mode at a radius corresponding to the edge of the Brillouin cloud:
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20,
VB="N 0 (V.5.10)

Assuming that the velocity of electrons at the edge of the Brillouin cloud is entirely
azimuthal we can then equate the electron kinetic energy to the loss of potential energy
to give

2

VB
Vp=my (V.5.11)

Finally, the strap dimensions required to produce the calculated strap capacitance are

determined. The straps are most effective if they are placed close to the edge of the

cathode at a radius rg. The ratio of the width of the straps to the strap separation is then
given by

CS
4negrs

o =N (V.5.12)

On the basis of the above design considerations the following parameters for the GDIM

were produced:

N =24 p =6.00 mm
w =4.00 mm rc =2.29 cm
l.=4.50cm h=150cm
Va=50kV I=4kA

=21.5.109 51 =2m.3.109 s-1
®p Og

Table V.5.1: Design parameters for the Glow Discharge Inverted Magnetron

The calculated values of rg, 1y, C;, Vg and p parametrised by B are shown in

Figures V.5.3-7.
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V.6 Conclusions

The Gas Discharge Inverted Magnetron offers number of potential advantages over
other types of magnetron. The high current density that can be derived from a pulsed,
glow discharge at non-relativistic electron energies enables high output powers to be
achieved using standard, high repetition rate pulsers. This is to be compared to
relativistic magnetrons, which are generally driven by a Marx generator which is
fundamentally incapable of high repetition rates. The glow discharge electron beam has
a further desirable characteristic of being a cold-cathode phenomenon, meaning that the

GDIM can be a cold-start device that does not require complex heaters.

The anode block of a conventional, relativistic magnetron has a lifetime which is
limited, often to a few tens of shots, by the impact of high energy electrons. The slow
wave structure on the anode is very sensitive to damage and the performance of the
magnetron quickly degrades. The reduced operating voltage required for a GDIM
lessens the impact damage. More importantly, the removal of the slow wave structure
from the anode to the cathode block displaces the sensitive structure from the hostile
anode region. Although the cathode does suffer bombardment by electrons and positive
ions during the secondary emission process, these incident particles have not been
accelerated through the entire diode potential and are thus less damaging to the slow
wave structure. The location of the slow wave structure on the cathode block of the
GDIM also simplifies microwave output coupling compared to other types of inverted

magnetron, whilst preserving the other advantages of inverted magnetron geometry.

The performance of the GDIM will be greatly affected by the properties of the filler
gas. The species present, and their partial pressures, influence the breakdown voltage
(through Paschen's Law), the electron current and the space-charge characteristics. In
this treatment we have ignored the presence of additional space charge due to the filler
gas, but it is clear that control of the properties of the gas offers an additional degree of

freedom of control over the magnetron. It may be possible rapidly to modulate the
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output power or frequency of the magnetron by adjusting the pressure of the filler gas,

thereby achieving such effects as frequency agility and pulse code modulation.

The principle area which has not been addressed in this treatment is that of thermal
management. To obtain good thermal stability it is clear that forced cooling is required.
The simple construction of the GDIM eases the engineering of the cooling system,
although care would have to be taken to prevent overheating of the cathode in the
regions surrounding the slots. Also, since it is likely that the implementation of the
GDIM would exploit the cold-start capability of the device, the temperature gradients
will be necessarily small. For example, for the device considered in this treatment,
fabricated in copper, a stability of 250 kHz requires a temperature differential of the
order of one degree centigrade across a cathode slot. The thermal contact with the
coolant must be maximised, and for a water coolant a flow rate of about 2.5 litres per

second would be required.

In the interest of simplicity the design presented is for a slot type magnetron. The
rising sun geometry is generally preferred for operation at higher frequencies for which
the construction of precision straps is prohibitively difficult. Provided that all of the
cathode slots are more than 1.5 cm deep (for helium at 1 mbar) then all of the cathode
slots in a rising sun GDIM would produce the same electron current. Interesting effects
may occur if the slot depths differ from one another since each will have different RF

resonances and produce different electron currents..

A GDIM employing slot and cavity resonators has the possible advantage, provided the
slots are deep enough, of isolating the region where the electron beam is formed (the
slots) from the cavity (inductive) resonators. This may improve performance both in
terms of thermal management and the effect of electron beam formation processes on

the cavity resonances.

117

ST - A B (U Y oo, AN O & P r oy IR e VRS o) [ DY P W B o 1y S




CHAPTER V. THE GLOW DISCHARGE INVERTED MAGNETRON

V.7 References

(1]

(2]

(3]

(4]

(3]

(6]

(71

(8]

(9]

[10]

[11]

The Microwave Magnetron and Its Derivatives. William C Brown, IEEE Trans.

Elec. Dev. 31(11) p1595, Nov 1984,

Microwave Magnetrons. Edited by G B Collins, McGraw Hill, New York,
1948.

Crossed Field Microwave Devices. Edited by E Okress, Academic, New York,
1961.

Microwave emission from pulsed, relativistic e-beam diodes. T J Orzechowski
and G. Bekefi, Phys Fluids 22(5) pp978-985, May 1979. Also Microwave
emission from pulsed, relativistic e-beam diodes. Part II. The multiresonator

magnetron. a Palevsky and G Bekefi. ibid pp 986-996.
G Bekefi and T J Orzechowski, Phys. Rev. Lett. 37, p379, 1976.
G Bekefi and T J Orzechowski, Bull Am Phys Soc 21, p571, 1976.

T J Orzechowski, G Bekefi, A Palevsky, W M Black, S P Schlesinger, V L
Granatstein, R K Parker, Bull Am Phys Soc 21, p1112, 1976.

A Palevsky, R J Hansman, Jr., G Bekefi, Bull Am Phys Soc 21, p648, 1977
A Palevsky and G Bekefi, Bull Am Phys Soc 23, p588, 1978.

N F Kovalev, B D Kol'chugin, V E Nechaev, M M Ofitserov, E I Soluyanov
and M I Fuks, Pis'ma Zh. Tekh. Fiz 3,p1048, 1977 [Sov. Tech. Phys. Leit. 3,
p430, 1977]; also V E Nechaev, M I Petelin and M 1 Fuks, Pis'ma Zh. Tekh.
Fiz. 3, p763, 1977 [Sov. Tech. Phys. Lett. 3,p310, 1977].

T H Martin, IEEE Trans. Nucl. Sci. Ns-20, p289, 1973.

118

L S I O L O L. P N e Ry U S YU N R VA T Ny g . Y




CHAPTER V. THE GLOW DISCHARGE INVERTED MAGNETRON

[12]

[13]

[14]

[15]

[16]

K R Prestwick, IEEE Trans. Nucl. Sci. NS-22, p975, 1975.

Radiation measurements from an inverted relativistic magnetron. R A Close, A

Palevsky and G Bekefi, J. Appl. Phys. 54(7) pp4147-4151, July 1983,

Operating Modes Of Relativistic Rising Sun and A6 Magnetrons. Todd A
Treado, Wesley Doggett, Gary E Thomas, Richard S Smith III, Jeanne
Jackson-Ford and David J Jenkins, IEEE Trans. Plas. Sci. 16(2) pp237-248,
April 1988.

Study of Intense Electron Beams Produced by High-Voltage Pulsed Glow
Discharges, H. F. Ranae-Sandoval, N. Reesor, B. T. Szapiro, C. Murray, J. J.
Rocca, IEEE Trans. Plas. Sci. Vol. PS-15(4) pp361-374, 1987.

DC Glow Discharge Electron Guns for the Excitation of Rare Gases, R. J.

Carman, 1986, PhD Thesis (St And).

119



Figure V.1.1: Magnetron Dimensions
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Figure V.5.1: Equivalent Circuit of a Magnetron
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Figure V.5.2: Location of Cavity Straps



VB (kV)

0.0 0.1 0.2 0.3 0.4 05 0.6

B (tesla)
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CHAPTER VI

SUMMARY

VL1 Glow Discharge Electron Guns

The formation of high energy electron beams in a glow discharge with a metal cathode
has been investigated. The maximum beam energy is governed by the Paschen
breakdown voltage between the anode and the cathode. The generation of high energy
electron beams requires the pressure, p, and discharge length, d, to be such that the
product (pd) lies on the left-hand branch of the Paschen curve (equation I1.2.1). A
hydrogen-filled gap with a (pd) of 0.1 mm-mbar, for example, can support a potential
difference of the order of 100 kV.

The current density of a glow discharge electron beam is enhanced if the cathode
contains a slot (section I1.2.4). Beam current densities of the order of 1 A cm—2 have

been obtained in a DC glow discharge electron gun with a slotted cathode.

The ionisation rate for an electron beam propagating through a gaseous medium has
been calculated (equation I1.2.4.2) and the equation for the resulting plasma density
distribution derived (equation I1.2.4.7). If the plasma density is comparable to the
electron density in the electron beam (equation I1.2.4.10), then space-charge

neutralisation occurs and the divergence of the beam is reduced.

Experiments with magnetic focussing of glow discharge electron beams (section I11.2.5)

show that a longitudinal magnetic field of the order of 100 gauss is sufficient to allow a




CHAPTER VI: SUMMARY

20 kV, 1 mA electron beam to propagate 60 cm through helium gas at a pressure of
1 mbar. This distance is limited by the length of the solenoid. The presence of the
magnetic field causes an increase in the electron beam current. This is attributed to an
increase in the effective pressure due to the gyro-orbital path of the electrons. When
the electron gun is aligned at an angle to the magnetic field, the gyroradius of the
electron orbit (equation IL.2.5.2), together with the magnetic field strength, gives the
electron beam energy. The results confirm that the electron beam is accelerated

through the entire diode voltage.

A glow discharge electron gun with variable electrode spacing has been characterised.
Measurements were made in residual air at 0.4 mbar, with anode-cathode gaps in the
range 1 to 8 mm. The electron beam current was found to be proportional to the square
of the diode voltage. The departure from the Child-Langmuir “3/2” voltage law occurs
because the current is ion-mobility limited rather than space-charge limited. This is
evidence of the importance of space-charge neutralisation in glow discharge electron
guns. In the mobility-limited regime, the perveance is redefined to be K=I/V2 so that
its functional relationship with the electrode separation, d, can be obtained. Simple
calculations predict that K should vary as 1/d3. The experimental results, however,
reveal that K varies as 1/d3-3 for d = 5 mm and 1/d2-3 for d = 2 mm. This behaviour has
been explained in terms of the effects of fringing fields when the electrode structures

are of comparable size to the electrode spacing.

A sealed-off glow discharge electron gun operating at 350 kV has been demonstrated.
This is believed to be the highest voltage at which a glow discharge electron gun has

successfully been operated.
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V1.2 The RF Plasma Cathode

A new kind of plasma cathode, the RF plasma cathode, has been proposed (section I1.3)
in which an electrodeless RF discharge produces a high density plasma cathode.
Because the plasma cathode is non-solid, the usual glow discharge problems of cathodic

sputtering and damage to the cathode do not occur.

The plasma cathode is controlled by a biased grid electrode. When the grid has a
positive bias with respect to the plasma, a negative space-charge sheath forms around
the grid. Electrons can be extracted from this sheath, provided that the sheath
thickness, s ( given by equation I1.3.2.1), is greater than the grid thickness. If, on the
other hand, the grid has a negative bias relative to the plasma, then a positive ion sheath
forms around the grid. Provided that the grid potential is high enough with respect to
the electron thermal energy (equation II.3.2.2), the extraction of electrons can be

inhibited.

The RF plasma may be generated in a plasma waveguide, by a surface-wave launcher
or a helical slow-wave structure. The solutions for the RF fields produced by a slow-
wave helix have been obtained (section I1.3.7) and used to derive the plasma density. If

the discharge is controlled by ambipolar diffusion to the walls (pressure less than
0.5 mbar in Hj), then the plasma fills the container (Figures I1.3.7.2-4). When the

pressure is sufficiently high, however, (greater than 0.5 mbar in Hj), then

recombination becomes important. In this case the plasma occupies an annular region
close to the helix (Figuie 11.3.7.5). The thickness of the annulus is a function of the
helix parameters (pitch and radius), microwave power and the gas parameters (species

and pressure).

In a proof-of-principle experiment (sections I1.3.8 and 9), a plasma cathode has been

produced in Hp at pressures between 0.1 and 2.5 mbar using a microwave-helix

discharge. The RF plasma cathode gave currents up to two orders of magnitude greater
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than a solid-cathode glow discharge of the same cross-sectional area and gas pressure.
The number density in the plasma was calculated to be of the order of 1012 cm—3 with
the plasma generation rate being of the order of 1019 cm—3 s-1. The existence of a large
oscillation of the cathode current which is not present at the anode has not been

explained.

Designs for a number of electron devices incorporating an RF plasma cathode have
been produced (sections I1.3.10-15). The RF plasma cathode offers the capability of
instant start, high current operation at high repetition rates with a long lifetime. The
cathode processes are, however, very complicated and have not been fully explained.

Further research is required to develop a more complete understanding of these devices.

VI.3 Plasma Waveguides

A general formulation of the linearised Maxwell's equations in a cylindrical plasma
with uniformity in the longitudinal direction has been given (section II1.21). The wave
equations for E and H are, in general, coupled but in some important cases they
decouple and can be solved. In particular, plasma-loaded waveguides of circular cross-

section have been modelled.

When a waveguide is completely filled with a lossless plasma, the waveguide: cut-off
frequency is shifted up by an amount equal to the plasma frequency (equation I11.2.3.2).
No propagation below the cut-off frequency is possible. If, however, the plasma is
magnetised or does not completely fill the waveguide cross-section, then propagating
modes can exist with frequencies below the empty-waveguide cut-off frequency
(sections III.2.4 to 6). These modes are, in general, slow-wave modes having phase

velocities smaller than the velocity of light.
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Maxwell's equations have been solved for the case of slow-waves in a waveguide
containing a longitudinally magnetised plasma, using the quasi-static approximation
(“*QSA”). The dispersion relations have been obtained and solved for both partially-
filled (equation II1.3.2.12) and completely-filled (equation III.3.2.16) plasma
waveguides. The slow-wave modes have cut-off frequencies which are a function of
the geometry and the plasma and cyclotron frequencies. Equations for the magnitudes
of the fields as a function of the RF power have been derived (equations II1.3.2.25 and
II1.3.2.28). Near to the cut-off frequencies, the RF fields become very large and the
wave can be used to sustain the plasma. Conversely, the RF fields are small for signal
frequencies which are far removed from the cut-off frequencies; this defines the

condition for efficient power transmission.

VL4 Plasma Switching and Pulse Compression

The results of the investigation of DC and RF glow discharges and plasma waveguides
have been applied to the problem of microwave cavity dumping and RF pulse
compression. A simple analysis has been given for the temporal compression of an RF
pulse in a dispersive medium (section IV.1.3). A technique for RF pulse compression
based on the plasma waveguides discussed in Chapter III has been proposed. The
technique relies on the relationship between the group velocity of the plasma-wave and
the plasma frequency in a plasma-loaded waveguide. As the leading edge of a pulse
propagates along a plasma waveguide having appropriate parameters, some of the
energy of the pulse is lost in producing further ionisation of the gas. Thus, the plasma
density is higher at the trailing edge of the pulse than at the leading edge. The group
velocity is proportional to the plasma frequency (equation IV.1.3.6), so the trailing edge

of the pulse catches up with the leading edge, resulting in pulse compression.
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A new kind of plasma waveguide closing switch that is the microwave equivalent of an
optical saturable absorber has been proposed (section 1V.2.2). The plasma waveguide
saturable absorber (“WSA”) comprises a section of waveguide containing a low
pressure gas, together with input and output couplers. The dimensions of the
waveguide are such that the incident microwave fields, having a frequency below the
waveguide cut-off frequency, are reflected. When, however, the incident power
reaches a critical value, the evanescent fields in the waveguide are large enough to
ionise the low pressure gas. Propagation below the cut-off frequency is now possible
by the plasma waveguide mechanism. Rapid ionisation occurs and the waveguide
switches into the transmitting state. After the end of the RF pulse, the switch recovers

in a time which is characteristic of the afterglow in the plasma.

A triggered version of the plasma waveguide switch has been proposed, in which the
plasma is generated in the waveguide using a microwave helix or a glow discharge
elecron beam (section IV.2.3). In addition to improving the timing and
reproducibility, the triggering mechanism allows the parameters of the plasma to be
controlled so that the triggered waveguide switch can operate at higher RF powers than

the waveguide saturable absorber.

VL5 The Glow Discharge Inverted Magnetron

A new kind of magnetron, the “Glow Discharge Inverted Magnetron” (GDIM), has
been proposed (Chapter V). The GDIM is an inverted magnetron in which the resonant
structure appears on the cathode and glow discharge electron beams are generated in the
resonant cavities. Glow discharge electron beams can have current densities of the
order of 20 A cm2, giving the possibility of high power operation without the need for

relativistic voltages.
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An analysis of the RF signal coupling across the Brillouin cloud of the GDIM has been
given (section V.4). This analysis shows that the RF fields in the cavity formed by the
anode-cathode gap can couple, across the Brillouin cloud, with the resonant structure on

the cathode.

A design study for a 100 MW, S-band GDIM has been completed. The design uses slot
resonators, as the optimal slot dimensions for electron beam formation are known from
previous work. An analysis of the electron dynamics yields the relationship between
the applied fields and the dimensions of the magnetron (equations V.5.1-5). The
resonant structure is “strapped” in order to limit operation the the n-mode. The straps
also allow some detuning of the resonant structure, to compensate for the effects of

space-charge in the cavities.

The GDIM offers the possibility of an instant-start, high repetition-rate source of high

power microwaves that can be driven by conventional modulator technology.

VL6 Concluding Remarks

The application of low pressure plasma technology for the generation of high power
microwaves (HPM) is a very rich field. We have examined different aspects of a
complete HPM system, including cathode technology, the generation of electron beams,
RF power transmission and control and RF sources. In all of these areas, we have
found that the use of low pressure plasmas offers the possibility of new kinds of devices
with enhanced performance compared with vacuum technology. The physical
processes in these devices are very complicated and difficult to model. So much so, in
fact, that previous work in this field has been limited. The results of this research
prorgamme, however, suggest that the possible benefits of employing low pressure

plasmas in HPM systems are sufficient to merit further research.
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