Chapter 1

Introduction

Thisthesispresentsn investigation into the mechanisms of Auroral Kilome®édiation (AKR) that

occurs naturally in the polar regions of tharttd snagnetosphereAKR is a northermal radio

emission of very high intensity that is generated byBagld s aur or al zexplaimskeyr hi s ¢ h
features of this emissioalong with details of satellite missions that have detected and meatsured

This chapter endsitth an outline of previous research conducted at the University of Strathclyde and

research putgd in this thesis.



1.1 Auroral Kilometric Radiation ( AKR) and astrophysical source®f cyclotron

radiation

Kilometre band radiation from the terrestrirangnetosphere is a phenomenon that
has attracted significant scientific interest for overtyhyears. e phenomenon has

led to several theories being produced based on a range of plasma dynamics many of
which at least in part conflict with each othdrerrestrial Kilometric Radiation
should be seen in the context of a range of astrophysical radio sources which have
been observed by radio astronomers over a broad spectral range in recent years
[Labelle & Treumann 2002]As the kilometre band signals frothe Earth were
observedo be associated with the polagions they are catl Auroral Kilometric
Radiation (AKR) Figure 1.1
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Figure1.1: Representation of the AKR source region and terrestrial auroral process and the production

of visible aurora as the electrons enter the ionosphere.



AKR was first observed as being extearestrial noise of frequency around 1MHz

by Beneditkov [Beneditko et al. 1965]. The emission properties were later
characteri zed throughtohlde medr 19 7 A@GuUsé&téard by D
colleagues. Gurnett showed that the peak power emitted in AKR was\s Hbout

1% of the total powerarriving into the magnéosphere as auroral electron
precipitation and centred around a frequency of ~300kHz, this data was collected by
the IMP-6 and IMR8 satellitegGurnett 1974]. It is sourced at high altitudes
(~3,00km - ~13,00&km) within a large region of plasma depletion in the auroral
zone known as the auroral densitgvity [Benson 1985]AKR is not readily
observed on the ground as the radiation intensity peaks at several hundred kilohertz,
and due to ionospheric shieldingriermally observed by distant satellites equipped
with suitable receivers[Benson & Calvert 1979Bujarbarua etal. 19843]
[Schreiber 2005]

AKR occurs when electrons in thearttb s magnet ospher e, sour c
wind, are accelerated towards tharttb s i onosphere into the
field aligned electron beam is accelerated towards the auroraitzersibject to a

magnetic compression, thigll r e s ul horsesmoa@ 6 6 shaped velocit
of the electrons. The horseshoe shape arises from conservation of the magnetic
moment, which causes an increaséhair pitch angle. This produces a broad region

on the distribution function whepg,/ w G.

MeasurementsfoAKR show that emissions are mainly polarised in the X plasma
mode (extraordinary mode)eaning it is polarised and propagating perpendicular to
the static magnetic fieJdand it is emitted at a frequencglose to the cyclotron
frequency ¢eetheorysectionl.1.]). This was identified in 1978 and noted by Kaiser
et al. from data collected from Voyager 1 and 2 probes [Parroale001]
[Benson 1985] [Kaiser eal. 1978]. In 1979 the polarisation wasnfirmed by
Benson and CalverfBenson & Calvert 1979] using the data frorthe ISIS 1
satellitegls swept frequency receiver. Then in 1981 the AKR source region was
mapped out by Calvef€Calvert 1981].

Twiss proposed an explanation for the creation of solar radio bursts through his

theory of electrortyclotron maseemissions Twiss was one of the first scientists



produce theory in this arean lhis theory heshowedthat in order for negative
cyclotronabsorption to arise at radio wavelengiivben the mediurbehaves like an
amplifier toincidentradiatior) there is a need for the radiating electrons to have a
kinetic energy distribution that is ndhermal, with an excess of high energy
electrons such that the differential of thearresonanklectron density with respect

to the kinetic energy ahe electrons is positive. This theory of negative absorption,
occurring due to electrons that undergo cyclotron mot@sa key contribution and
the first description of coherent cyclotron emissggawning a wide range of astro

and applied physidgwiss 1958].

Numeous theories have been propoded the mechanism ofAuroral Kilometric
Radiation [Melrose etal. 1982] [Melrose 2008] [Melrose et al. 1984]

[Cole & Pokhotelov 1980]. The general consensus to date of the agreed mechanism
for generating AKR isa collective coherentlectron cyclotron maser instability
similar to the proposal ofwiss[Vorgul etal. 2011] This particulaimodelwas first
proposed by Wu and Lee, in their theory they concluded that it was the ascending
electrons that were responsible for the induced radiation emissions [Wu & Lee
1998]. The instability was predicted from plasma kinetic theory that resulted in a
dispersion relation that indicated unstable growth of thé Rode due to a positive
gradient in the transverse velocity profile of the electron vel@pacedistribution

function (if./ w ©). One condition for unstable growth is that the plasma
frequency, w,, must be much less than the cyclotron frequengy.this condition is

met in the auroral density cavity [Erguna&t2000].

The ascending electron flux is formed by the portion of the precipitating auroral
electron flux that gets magnetically mireal by the convergent magnetic field in the
auroral zone The fraction having low initialvs is not mirrored and reaches the
ionosphere where it is absorbed; this area of the velspégeis called the loss
cone. The mirrored flux would thus have fewer electrons in the low pitch region of
the distribution and might be expected to radiate more effectively. It was the
proposal of Wu and Lee that resulted in the electron cyclatraser instaility
becoming the established theory of the mechanism for AKR. Also for a considerable

time, the accepted theory was that #eecalledoss cone distributiom the mirrored



flux providedthe source of free energy for driving the instabi[ifyeball & Yoon
1995]

Satellite data from theuroral density cavity illustrated thabsence of théloss

con® particl es distmibutiorh bowever ¢ was chéver gonsidered as
being a strong feature of the data. Several published papers illustratedra cl
representation ofthe electron horseshoe distributiom the descending flux
[Delory etal. 1998] [Ergun etal. 2000] [Ungstrup etal. 1990] which appeaas a
strong reproduciblefeature in the same region as the AKR emissfonew theory

was published by Bingham and Cairns [Bingh&nCairns 2000] which considered
R-X mode dispersion and growth due to a horseshoe shaped velocity distribution in
the Earthbound accelerated flux. The proposal by Bingham and Cairns is related to
the previous model by Wu and Lee. ik a cyclotron resonant effect, however it
realises the potential for radiation growth without requiring the elimination of the
low pitch component of the beam currdias Wu and_ee achieved by invokinthe
losscone andconsidering the mirrored flux). Instead, the themgogniseghat the
instability may be driven by the much more readily observed and much higher power
descending flux providing that there exists a region of positive gradietie

particle distributio function in velocity space.

Auroral KilometricRadiation is currently of particular interest as similar-tiogrmal

radio emissions are known to originate from certain types of stars and other
magnetised astrophysicalbjects which makes terrestrial uforal Kilometric
Radiation of wider interest to astronomers and  astrophysicists
[Melrose and Dulk 1982]. Examples inckidJupiter [Oya 1974] and Saturn
[Lamy et al. 2008]. Recent observations of he flare star UMWCeti
[Bingham & Cairns2000] have revealed intense, 100¥eularly polarised radiation
originating from the polar regions of the star. This radiation has been observed at
frequencies in the range ofGbiz i 15GHz and it has been proposed that the
emisson mechanism responsible for the kilometric and decametric planetary auroral
radio emission may also be responsible for the-CBf#i emssion at centimetre
wavelength [Bingham et al. 2001]. Understanding the emission mechanism

responsible for terrestrial AR therefore has wider significance.



Extensive observation continue to add to the commeof the AKR phenomenon to

the magnetosphere environmedwroral Kilometric Radio emissions have been
observed to exhibit intense bursts of this raghassion[Mutel 2004 in avery wide
wavelemth range Here the high magnetic field strength and a rather low density of
cold plasma make it possible for hectometric emission bursts to arise. Short
hectometric bursts were sometimes observed at frequen€iekb4tkHz and
2160kHz[Yi-Juin etal. 2008] this was observed from the Prognoz 8 satelBtgsts

of hectometric auroral emission at frequencies ofk82and 1486kHz were
observedn-boardthe Prognoz 0 satellite during the solar activity minimum period

in April-November 1985The appearance of short hectometric events is however a
rare phenomenoifzor more than five years of continuous observations no more than
fifty such events were reoted in total. This is partly because of specific features of
the orbital motion of the satellitgthe orbit position in the northern hemisphere at
comparatively low initial latitudes with gradual displacement of the orbit toward the
Earthts equator by 200 the hectometric events have been recorded only at orbital

perigeegqthe point of lowest altitudevhen in orbi} close to théearth

The hectometric emission events were observed in the auroral regiotie of
corresponding hemispheres predominantly lre tmonths of the auturaminter
season. In the Northern hemisphere they were completely absent, for example, in
spring and senmer from April till September. Thidid not exclude the presence of
intense auroral emission in the kilometric wavelength rangeatime Unlike AKR
emissiors which can often occur nearly continuously for a long time, up to ten hours
and longer, at the frequencies of the hectometric wave range this emission is highly
sporadic [Rurildchik 200

AKR has been studied and analysé&d great depth[Poezd etal. 1987]

[Kurth et al. 1975Green etal. 1977][Imhof etal. 1999][Morgan etal. 2000]

[Kurth & Gurnett 1998] by utilising various satellites mg of its characteristics

have been determinedSchreiber etal. 2002]. Through statistical analyses of
observation data from the Akebono satellite [Kumam®t@ya 1998] some recent
studies of auroral phenomena have shown seasonal variations in AKR sources and

precipitating auroral particld€ollin etal. 1998]Kumamotoetal. 2005]



A seasonal variation in AKR has also been identified in the distant magnetotail using
data obtained by the GEOTAIL spacecraft [Kasabaaletl997]. As a control
mechanism for the seasonal variation in auroral electrons, the conductihg of
ionosphere is thought to change the resonance conditions of the field aligned AC
currents.Analysis of theseasonal variations in AKBuggesthat upwelling plasma

from the summer ionosphere hinders or violates the generation conditions required
for the cyclotron maser instabilityAs previously noted the cyclotron maser model

for AKR is associated with a cold and tems plasma, however the data obtained by
the Akebono satellite show that AKR sources can be observed even in regions of
relatively high-density plasmay,/ 2>0.5 [Kumamoto et al. 2001JAtmospheric
electrodynamics Vol Il]

High resolution wave spectrograms providedRojar (plasma wave investigation)
electric field observations have showome dynamical behaviour of AKR.h&
observatios have revealed the existence of two AKR sources. Adibtude AKR
source appears prior to and duringsabstorm a short magnetospheric disturbance
(seetheorysectionl.4),over a rather narrow altitude rangeO@km to 6,000km in
altitude). While ahigh-altitude AKR source suddenly appears with intense power at
the substorm onset along a wider altitude rang@0(8m to 12,000km in altitude)
above the prexisting lowaltitude AKR source. The existence of two AKR sources
suggests the existence of tiypes of fieldaligned accelerations in the-Mcoupling
region during a substorm. Data frome FAST (Fast Auroral Snapshot Exployer
satellite suggested that the parallel electric fields are concentrated in at least two
locations at highaltitude B near ~1 R and low altitude g between ~D0Gkm and

~5,000km along the magnetic field lines.

Morioka studied the phenomena of AKR breakap,intensification of both low and
high altitude AKR defined in the particular study here as the explosive dpnedat
of a highaltitude AKR source at the time of an auroral breakilps suggests the
abrupt formation of an acceleration region above aegigting and fairly stable low
altitude acceleration region. AKR breakups are usually preceded withmitutes
by the appearance and/or gradual enhancement edltduwde AKR, which suggests
that low altitude acceleration is a necessary condition for the ignition ofltigide

bursty acceleratiorhey always accompany a full substorm.



1.1.1 AKR and other wavepolarisation and propagation properties in the
magnetosphere

The plasma in the magnetosphere is normally considered to be a cold and weakly
ionised gas within th&arthtss magnetic field. The plasma in the AKR source region,
the auroral density cayi is colder and more tenuous than the surrounding plasma.
In this geophysical plasma the dynamics are significantly influenced biyaitkd s
magnetic field. Cold plasma theory shows that at high frequencies there are two
characteristic electromagneticave modes that can propagaterpendicular to the
B-field in a magnetoplasma. They are often referred to as thspeee ordinary (O)

and extraordinary (X) mode The Xmode means the wave is polarised and
propagating perpendicular to the static magnéwtd whereasthe Omode is
polarised parallel and propagategerpendicularto the static magnetic field
[Helliwell 2001].

The X-mode hasseveralbranchespne isthe free space modevhilst it also hasa

slow branch mode. The slow branch mode is so called because it is restricted to
propagation velocities less than the vacuum speed i lilgisis sometimes called

the Zmode[Benson etal. 2006] It is a trapped mode of the plasma confined in

frequencybetween the cedff frequency f and the upper hybrid frequencyf

Another mode of interest is the W, whistler, modéhistlers are triggered by

lightning flashes, they travel alongtRarttb s di pol e fi el d and occ
hybrid/R resonancelhey are so called because they propagate in the ionosphere at
audiofrequencies which can be heardn a suitable receivegas a whistle of
descending pitch. The group velocity is a strong progressive function of frequency

and therefore a wideband instameous signal spreads into a chirped noteini.the

initial pulse containing a spread of frequencies the high frequency waves travel faster
arriving earlier at the detection point than the lower frequency waves and so a
whistle of descending pitch isshrd. The dispersion diagrams for electromagnetic

wave propagation are explainedsection2.35. Figure1.2 andFigure1.3 illustrate

these dispersions for X9, Z, R and L modes.
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1.2 Satellite observations of AKRsource regions

Progressively enhanced data <collected b
provided invaluable information tmform the scientific analysiDue to the higar
temporal and spatiaksolution the source region could be fully resolvedctv in

turn allowed for new features of the AKR source region to be measured. Further
research into this data has revealed areas with trapped electrons near the edge of the
density cavity [Roux eal. 1993], and that the strongest AKR emissions oattine
densitydepleted cavities that extend 30km to B®0in latitude[Ergun etal. 1999

[Louarn & Le Queau 1996]Study of the source region densities have shown that
there are some regions that are dominated by >100eV electrons. The abundance of
hot and cold electrons is an important factor in the generation of AKR as hot
electrons introduce relativistic modifications to the wave dispefStangewayet

al. 1998].

Data from satellites have indicated that for a given altitudeAIKBR emissions

extend in frequency down to a lower limit of approximately the local relativistic
electroncyclotron frequencyThei Hawk eye o satellite was us:
lowa for density measurements within the auroral plasmitydas. the AKR soure

region. Athough not originally equipped for plasma density measurements, estimates

of the densitywere possible exploitinthe natural wave signals it receives. Hawkeye

showed a region of plasma depletion up to 100km wide z®@0Bm long where

densites are as low as 1€inequating to a plasma frequency of 9kHz which is much

less tharthe electron cyclotron frequendye. ~ 10°kHz. Other satellite nssions have

also collected databout the AKR source region mainlykihg and Guster.

The Viking spacecraft has allowed for numerous observations to be performed inside
and near the sources of Auroral Kilometric Radiatiiouarn et al. 1990]
[Perraut etal. 199Q[Ungstrup etal. 1990][Louarn & Le Queaul996@]. Viking
collected dataluring ~50 AKR source region crossings in the altitude range between
4,00km and 9000km Resultsrevealedthat the frequency peak is close to the
gyrofrequency and that the lowerut-off frequency is on average at the
gyrofrequency and confirms that iretsource region the density is typically less than
1.5cm®. This is the order of the density of hot electrons illustrative that the Auroral

10



Kilometric Radiation is generated in thin source regions where the plasma is hot and
tenuous, very different from ¢éhsurrounding colder and denser plasma. It has been
shown that these thin regions (with a transverse width of a few kilometres)
correspond to the acceleration structures associated with discrete auroral arcs
[Saflekos etal. 1989]Moen etal. 1998] Due to the high electron energy present
inside the AKR source region, relativistic effects should be taken into account in the
study of the beam dispersion. Such effects can strongly modify thei ivaamn

coupling. One of the important consequences o thithat, in the presence of

positive L%VA slopes in the electron distribution function an instability can develop
and lead to an amplification of electromagnetic waves. It is generally accepted that
this instability is bhe generation mechanism of AKR.ouan et al. 199(]

[Roux etal. 1993]Bujarbarua etl. 1984].

Some of the best anchost recent data comdrom the FAST auroral snapshot
satellite, yielding numerous high time and frequency resolution measurements of the
AKR region.FAST waslaunchedn August1996 and was inserted into a polar orbit
with an altitude range of 3%t to 4200km abové¢he Earthand carries instruments

to measure energetic electrons and ions, electric fields, and magnetic fields above the
EartHs auroral zonedrigure 1.4. As a direct result of the FAST mies, several
features of the AKR source region were ndtedlory etal. 1998][Sato eal. 2002]
[Strangeway eal. 1998]Yi-Jiun etal. 2008][Ergun etl. 1998][Sigsbee edl. 1998]

Strong temporal variations were observed in the AKR emissions with every source
crossing of the FAST satellitRather than extending across the entire auroraitie

cavity the strongest emissions were often observed to be at the edge of a small region
in the density cavity and typically apmed n bursts <1s in duration
[Menietti etal. 2006b][Benson 1984]

11
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Figurel.4: Orbit of FAST satellitecrossinghe AKR region.

The four Cluster [Aikio et al. 2004][Gurnett etal. 2001][Pickett etal. 2010]
[Pickettetal. 2008]spacecraft passed over Northern Scandinavia on 6 February 2001
from SouthEast to NortAWest at a radial distance of ~Z4arthts radii in the post
midnight sector. When mapped along geomagnetic field lines, the separation of the
spacecraft in thenagnetspherewas 110km in latitude and 50km in longitude. This
constellation allowed the study of the temporal evolution of plasma with a time scale
of a few minutes. The main findings fromuSterwere thatthe auroral arcswhich
describes the@urora as a simp curving arc of light across the skyyere located
close to the equatavard and polavard edge of a largscale density cavity
[Gurnett et al. 200][Mutel et al. 2009[Mutel 2006]Mellott et al. 1988]
[Yoon & Weatherwax1998] Cluster has identified over 6,000 individuauroral
Kilometric Radiation bursts between 2002 and 2003 [Pickétal. 2008]. Burst
locations were determined by triangulation using differential delays from-cross
correlated widebath (WBD) radio waveforms. The WBD instrument used for these
measurements consisted of four identical receiving antenna systems
[Aikio et al. 2004]Mutel etal. 2000]
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Another satellite which took data from the auroral zone is the Swedish Freja satellite
which was launched in October 1992 for investigations of auroral plasma physics
and fine scale auroral processes [Zanettaletl994]. The Freja orbit was at an

inclination of 63 degrees, which is unusually small for a spacecraft dedicated to the

aurora, but due to the offset of tharttb s magnet i c fi el d from

latitudes above 70 degrees were regularly achieved with occasional excursions up to
77 degees. Frejas small inclination proved useful for auroral studies, as it skimmed
the auroral oval in the We8iast direction for extended time intervals, rather than
getting the brief Nort#South crossings achieved by the polar orbits conventional for
satelltes investigating auroral phigs [Eriksson& Wahlund 200gMarklund 1997].

The International Satellites for lonospheric Studies (ISIS | and Il launched in January
1969 and April 1971 respectively) were the third and fourth satellites launched in a
series of Canadian missions to investigate the ionosphere. Observations from these
satellites have informed the study of harmonic FAkemissions and emission
polarisation [Hosotani etal. 2003] Harmonic signals are observed to be associated
with X-modeand Omode AKR(seetheorysectionl.1.1). The 2¢ harmonic Xmode

AKR observations are consistent with a propagating signal wherea&” thed34"
harmonics are likelyo be heavily damped signals that do not propagate far from

their low density source regio2™ harmonicsignals observed in the-@ode are

t

more often obser vede.wdte pf gresq usemmaclile sa nbde | aobwo

when it is large [Benson 1984].

The second harmonic wave properties of AKR were also examined using the
previously mentioned Akebono satellite. The analgdithe data indicatethat the
probability of harmonic emissiobeing observed wag0% of all AKR eventsThe
fundamental signals sometimes reveal a component structur&he frequency
separation between these components is far greater than predicted frequency
differences between any two spatiallyiocident fundamental growth bands in the
Doppler shifted cyclotron mechanism and ipisbably due to the two signals having
spatially separate source regions. The npaimts to note concerning the-idode

AKR emissions are that the high order &y3X-mode harmonics may have a
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Fine structurepatterns have been identified with intenseXRnode AKR. Data
collected from the ISEE 1 & 2 illustrated that AKR consisted of many discrete
narrowband (<1kHzline width) emissions. Debate has arisen over the mechanism
for these structures, fromlisturbances along the magnetic field lines to it being a
natural consequence dfe feedback modeFine structure has also been obsetwed

the Dynamics Explorer 1 satellit® the .-O mode It has been suggestétht any -

O mode AKR would be produced a byproduct of intense & mode AKR due to

a polarization mismah at the source boundaryely narrowband, negative drifting
patterns have been identified in ~6% of the higbolution wideband spectrograms
of L-O mode signa when X-mode AKR is presefn The fine structure in the-O
mode AKR has important bearing on the theoretical interpretation of AKR. In the
cyclotron maser mechanism;>Rmode AKR dominates over the@ mode only in

a low density plasma. From the point of view of the cyclotron nragehanism, the
guestion is whether the-©O mode revealing fine structures is the result of a direct
generation from relatively high plasma density regions or a & L-O mode
conversion at thedundary of a low density regidGrabbe efal. 1982]Menietti et

al. 200&][Shepherd etal. 1998][Menietti et al. 2000[Morozova et al.

200 [Pottelette et al. 2001].

1.3 The terrestrial auroral lights

The phenomenon most commonly associated with the terrestrial auroral regions

[Lysak & Andre 2001]ar e t he opti cal l onospheric em
Bor eal i s oherh hemispheee (an theorthern lights) and in theouthern
counterpart named A Anea maturalphénansenartteat occsiro . Au

mostlyin the polar regions of thEarth It presents a complex behaviour that arises
from interactions between plasma and th&rtiss electromagnetic fields
[Andre 1997][Pazamickas etl. 2005][Huff et al. 1988] It takes the form of
colourful irregularlights in the night skycaused by excitation of atmospheric

oxygen and nitrogemnyith no two Aurora ever being the same.

One of the termsisedt o descri be t he Aur or a i s t he

Auroraasa simple curving arc of light across the sky). Another terfbasdd which
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refers to Aurora that lv@ an irregular shape with kinks or folds the striking
image inFigure 1.6a, the aurora was taken during a geomagnetic storm from the
InternationalSpace &tion (ISS).Figure 16b was also taken from the ISS also
illustrating the green auroradAurora occurmost often in regions known ahke
AAur or al ov al 0,400k rargud theBant§ BNorth ar®l South

geomagnetipoles,Figurel.7.

Figurel.6: (a) Image of the aurora taken during a geomagnetic stormlfrtarnationalSpaceStation
(ISS) (b) Aurora above thd=arth taken from the ISS illustrating the green aurora [NASA space

agencyl].

€Y (b)

Figure 1.7: lllustration ofau r or a | arcs (a) Aurora Australis cap:

(b) Imagetaken from Qustersatellite [NASA space agency].

These ovals are constantly in motion and changing in brightness, moving by either
expanding towards the equator or contracting towards the pole, dine &ffect of
solar wind The Auroraare a product of thesameacceérated electrons thatuse
AKR. As previously descrilte some of theelectrons faom a loss cone which

penetrates th&arttdb s | o n o s p h e ratems end anolecules gvhich lilecay
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resulting in visible aurordt was noticed thiathere aregaps in normal bright aurora
which are frequently recorded but rarely questioned. Recent research using data from
four Cluster spacecraft orbiting thgarth hasnow suggestedhat these effects are
black aurora whiclareactually antiaurorasin black antiauroras negatively charged
particles are sucked out from tB@rtHs ionosphere along adjoining magnetic field
lines. These dark am#iuroras can climb to over 20,000 and last for several
minutes.Refer to Appendix for extendedletail.

14 The magnetosphere and the magtotail

A magnetosphere is that area of space, around a planet, that is controlled by the
planet's magnetic fieldFigure 1.8. The shape of thd&artis magnetosphere is
distorted as alirect result of being impacted khe solar wind.The solar wind
creates an asymmetry in the newordnight meridian plane and flows around the
planet enclosing its field in a cavity, it is this cavity we call the magnetospheze.
EartHs magnetosphere is a highly dynamic structure that responds dedipatc

solar variations.

A substorm is a short magnetosphericdisturbance that occus when
theinterplanetary magnetic fieldirns Southward which permits interplanetary and
terrestrial magnetic field lines to merge at the dayside magnetopausmengy to

be transferred from th&olar windto the magnetosphere. It is these substorms that

areregarded as the dominant dynamical process of the magnetosphere.

The magnetospherie compressed on the daide by the pressure of the solar wind
and stretches out on the nighide ina magnetotail[Meng 2001] this boundary of

the magnetosphere is called the magnetop&trsergetic particles can be trapped in
closed orbits within the Van Allen belts located in the magnetosphere
[Morioka etal. 2008[Menietti 2008]

Another boundary which lies beyond the magnetopause is the magnetosheath, this is
the region between the bow shock and the magnetopause. The magnetosheath is
defined by the facthatthe solar wind speed is greater than the fasgmabsonic

wave speed. At the bow shock the plasma in the solar wigtbwed, compressed

17



and heated.tlthen partly flows into the magnetosheath and partly around the

magnetosheath.
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Figure 1.8: lllustration of the Eartits magnetosphere; an area of space around a planet where the

plasma dynamics are controlled by the plénatagnetic field [NASA space agency].
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1.5 Principles of a scaled laboratory experimental reproduction

Investigation into Auroral Kilometri&kadiation at the University of Strathclyde has
been primarily an experimental and numerical research programme, in collaboration
with both the University of St Andrewswhich led the theoretical analysis and the
Rutheford Appleton Laboratory (RAL) whicHed the observational studies and
participated in the theoretical and numerical woitkwas possible to replicate
important aspects ofhe dynamics of thesource region of AKR emission in a
controlled laboratory expement, to reproduce major features of the natural
phenomenasince thevital parametersn the theoretical modescale with wee
Results from the experiment can be compared to the natural phenomena, numerical
simulations and theoretical predicataonsiderably enhancirtge understanding of

the cyclotron emission mechanismshd interaction region in the magnetosphere is
~9,000kmlong andthef r equenci es of -2@0 & s sinkaithe, ar e
dynamics of the instability scaeas wy/we [Bingham and Cairns2000] the
experimentwas scaled to laboratory dimensions by increasing the magnetic flux
density, resulting in the experiment being2+h lengthwith frequencies in the GHz

range.

In the auroral density cavitfwithin the EartHs magetospherg it has been
hypothesised that there is an effective boundary which occurs when the plasma
frequency exceeds the cyclotron frequency, causing the waves to 'reflect' back into
the auroral density cavitypotentially providing a feedback mechanidor the
instability providing aboundary similar to the metal wall of \waveguide.The
mechanisms for the formation of this density cavity aseibjectof current debate.

The AKR emissions are observed to peedominantlypolarised irnthe X-mode. This
implies a Doppler term near zero for the resonance which in turn allows for strong

coupling between the wave and the beam even inabe of large velocity spread.

In waveguides, Chapter 2, the propagation and polarisation properttes piasma
X-mode are best approximated by near to cut off TE mfidmssverse electrig)f a
waveguide aligned with a static bias magnetic field. These propagate and are
polarised perpendicularly to the waveguide axis and therefore to the magnetic field,

similar to the propagation and polarisation of thendde. Conversely near to eoff
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TM (transverse magneticinodes are close approximations to them@de
(propagating perpendicular to the magnetic field but polarised parallel to the
magnetic field)seetheorysectionl.1.1).

The experimental setp permits control of the beam current and magnetic
compression ratio, leading to accurate measurements ofinpact of these
parametersn theradiation power and frequengyhich allows direct comparisonsot

the theoretical predictions and astrophysical data. One of the key aims of this work is
to investigate whether there is enough free enfirgyarn etal. 1990] in electron
beams formed by magnetaompressiorto account for the efficiency of radiation

emission ~12%, as is measured in the magnetosphere.

1.5.1 Previous AKR research at the University of Strathclyde

The earliesexperimentaivork focused on themissions fronthe electron beam as it
traversed lirough the system whilst experiencing an increasing magnetic field. The
magnetic field plateau in this case wBs0.48T corresponding to aesonant
frequency 11.7GHzcoupling to the Tks modeof a cylindrical waveguideAt this
resonance the apparatus is highly overmoded withavelengthsubstantiallyless

than the smallest experimental dimension, this made mode differentiation analysis
more difficult than say for a single mode resonance, howbeemagetosphere also
presents anill-defined transverseelectromagneticstructure [Speirs et al. 2005]
[Cairns efal. 2005]Cairnsetal. 2011]

Subsequentvork focused on more detailed beam characterisation to enhance the
understanding of the impact of the electron distribution on the microwave radiation.
This was achieved by lowering the resonance frequency to 4.42GHz enabled by
coupling to the TE; mode.This wasdonewhilst operating with a plateau magnetic
field of B=0.18T. The advantage of this modification was that it gavesarveof
additional magnetic field with which to further map the electron distribution
[McConville et al. 2008]. Further experiments were carried out to improve
comparison to the magnetospheric conditions by introducing a background plasma.

This was achieved by design and construc
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inserted into the interaction region thie experiment. This work was compared with
that previously documented Bpeirs [Speirs adl. 2005, 2008].

The apparatusvas modelled in 2D computer PiC(particle in cell)programme,
KARAT, to enable numerical simulations of the experiment. This ntbanhias well
as comparing results in the laboratovith theoretical predictions and geophysical
measurements, a comparison to numerical simukwounld also be undertakefhe
simulations werealso used to aidthe design of the experimahtapparatusand
develop an understanding ofits internal dynamics.Predictionsfrom these 2D
simulations were ingood agreement with experimental results. Simulations were
conducted for electron beam energies of-83&eV, and electron cyclotron
frequencies of 4.42GHz dn11.7GHz. At 11.7GHz, beamave coupling was
predicted with the Tk mode and at 4.42GHz excitation of the fEnode was
predictedSpeirset al.2008. The predicted RF conversion efficiengied4-3%, were
also comparablavith the experiment andith estimates for the AKR generation
efficiency [Speirs eal. 2008]
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1.6 Research pursued in this thesis

This thesispresentsa significantly extendednivestigation into the mechanisms of
AKR that occur naturally in the polar regions of tBarttd snagnetospherelhe

methods used are numerical simulation and scaled experimental reproduction.

Using a time dependent particie cell (PiC) code (in this case KARAT) it is
possible to model various bounded and unbounded interaction geometries for
different magnetic field configurations and electron beam param&tergious 2D

PiC simulations were conducted to study beam transpdrelectron cyclotron wave
coupling within the experimental geomet$peirset al. 200g[McConville et al.

200§. As a significant development of this work, an initial objective was to conduct
comparable full 3D PIiC simulations to facilitate resolution of cyclottave
coupling with transverse electric waveguide modes having an azimuthal field
variation/structure. Préawus 2D simulations were unable to account for observed
mode competition and harmonic coupling in the laboratory experirBgnbeing

able to account for azimuthal structure it was possible to study the diverse radiation

modes in the x p e r ihigle magetidfield ragime of B=0.48T

New 2D simulations were conducted to study the role of the electron velocity
distribution on the efficiency of the emission. These 2D simulations confirmed the
dominant role of the high pitch electrons as free energy sowumrcdhé AKR

emissions.

As the electron velocity distribution had been shown to strongly affect the wave
generation, sscheme was developed to inject electrons into3emodel of the
interaction space with a velocity distribution matched to the experimental
measuremenisThis allowed theRF output signal from the experiment to be
predicted in terms of its spectrumytput power/Poynting flux and FE conversion
efficiencies along withthe excitedmode spectrunwith a realistic electron beam,
these predictions were compared to prior experimertie impact b the electron
distribution wasquantified andanalysed as a function of electron beam current,

electron velocity distribution anclclotron detining for resonances wittear cuoff
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TE modes, representing the expected excitation ofliké modes in the

magnetosphere.

It was observed isome single mode (geometry wajustedo allow only one mode

to propagateBD simulationsthat there was preference for wave emission in the
backwards propagating modEehis was investigated furthexs it may be important

with regard to the direction of wave emission in the magnetosphere, and the ultimate
escape of the wave energy from the nedgsphere into spac&he predictions from

these preliminary simulations led to a combined experimental and 3D experimentally
consistent numerical investigation into off perpendicular wave emission, testing the
premise that the wave emission would favoackward wave propagation. The
experimental investigation encompassed precise mapping of electron velocity space
and measurements tfe wave generatioefficiencies polarisation and propagation
properties as a function ofthe shift from perpendicular pr@gation These

parameters were compared to the numesirallations

New experiments weralso undertakerto test the suggestion that beams like those
observed in the magnetosphere may from tioneénbe emit directly into th€©-mode

whilst the potential for generation indRmodes at the cyclotron frequen@tatively

far from perpendicular resonance has bgeantified The experimentsletermined

the output power, spectrum and polarisation of the generated signal as a fuhction o
magnetic compession experienced by the beam ahd cyclotron detuning for

travellingTE (R like) resonances.

Throughout this research, themerical preditionsand experimental measurements
were comparewith each other and with magnetosphetiservations.
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Chapter 2

Theory of guided electromagnetic waves,
cyclotron electron beams and bearwave

instabilities

In the research described in this thesis, a wavegidgpically used toconstrainthe transverse
structure of the radiatiorA waveguide is a structure that supports electromagnetic waves that can
travel along its length. Therefore, this chapter discusses the theory of waveguides and electromagnetic
waves, beginning with the theory mdctangular and circular waveguides. Following from waveguide
theory, it is appropriate to consider the interactions that occur between an axially propagating electron
beam undergoing cyclotron motion in a cylindrical waveguide. As mentioned in chaptéheone
measurements of electron distribution functions within the AKR source region display a characteristic

crescent shaped or horseshoe distribufidre theory of théormationof thisdistributionis explained.
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2.1 Electromagnetic (EM) waves

2.1.1Introduction

The theory of microwaves, the term referring to alternaglegtomagnetisignals

with frequencies between 300MHz and 300GHz, is based on a rich history that
extends back to the nineteenth century. The foundations for electromagnetism began
as far back as 1831 when Faraday discovered electromagnetic induction continuing
through 1864 when Maxwell presented a ctetgtheory of electromagnetism &
fundamental set of equations that predicted electromagnetic waves. The first
observation of sut waves began with the historic experiments of Heinrich Hertz
between the years of 188889[Vanderlinde 1993]

Hertz work in electromagnetics was first put to practical use with the wireless
telegraphy system, the high power pulses of RF energy frenH#értzianDipole

could be formed into a series of dots and dashes of Morse code for the transmitted
signal in Marconi 6s wireless telegraph
broadcasting was replacing wireless telegraphy and with the introduct
continuous wave (CW) microwave signal sources microwave system applications
centred on communication®adar is another important applicatipsince Hertz
discovered in 1886 that electromagnetic waves r@flected from solid objects.
Applications & this appeared in 1903 when Hulsmeyer in Germany pademt
system for detection of obstacles and navigation for ships using reflected radio

waves.

At present, the majority of applications of microwave technology imre
communications, radar and medisgbktems. As previously mentionembar systems
are used in the military to locate air, ground and seagoing targets along with missile
guidance and fire control. Commercially, radar is used for air traffic control, weather
monitoring and distance measurente Other applications include medical
accelerators for patient treatment/diagnostmarticle physicsand industrial and

scientific heating applicatiorsf normal materialend plasmagfCollin 2001].

25



2. 1.2 Meguatioed | 6 s

The foundations of electromagnetic theory were formulated by James Clerk
Maxwell, his work was based on a large body of knowledge which was developed by
Gauss,Ampere, Faraday and others. Maxwel |l 06s ec
equations of which desbe the laws that electromagnetic fields comply with, and

are considered one of the most i mportant

equations are as follows;

n :ﬂ‘ " Gaus$ kaw

N T Gaussds Law for magnetic

L —" Faradayds Law

nog L L ampereMaxwell Law

where,E is the electric fieldB is magnetic field flux densitid is electric displacement field{

is the magnetic field intensity,is the current density,, is charge density and t is time.

Any electromagnetic field must satisfy all of MaxXiée equations and trenstituent
equations which account for material properties;
T - -°T Equation 21

|| C Equation 2

where, g is the permittivity of free spaceg is the permittivityof the mediumg, is the

permeability offree spaceand ¢, is the permeability of the meuh

2.1.3 Free space propagation

When electromagnetic energy travels in free space it always spoeddshe
spreading of electromagnetic energy in free space can be illustrated as follows from

Maxwellés equations and the wave equation in a uniform charge free region;
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"r ——= Equation 23

NOr m Equation 24

The general solution fdEquation 2.3hat transports engy in a particular direction

is given by

rif 3] Equation %5
wherek is the wave vector arfd is any function that safies the divergence condition

The general form of an electromagnetic wave that transports energy in the z direction

but localised as a beam can be written as;
D, (r,t) =G (X, y)F (z- ct) Equation 26
where, i runs over theomponents, i.e. x,y,z polarisations.

This solution can be substituted irEguation 2.3vhich gives an equation for each

component;

>0~ Equation 27

Ay 2 2
Hbdguq§w+uqxw§o
e A

The function F canndie zero as this would mean it would be impossibltransport

energy, hence

2 2
HGY) , WERY) -

kX by

Equation 28

By definition a localised solution must have G(x,y) = 0 for lapgeand |y|. The

only solutions to Lapladis equation that is zero on the boundary is zero everywhere
i.e. G(x,y) = 0 for all x and y. This means that we cannot hdiréta unidirectional
beam in freespace [PozaR005] Waveguidesallow for afinite unidirectional beam
becausehe metallic walls impose boundary conditions on the compowéi@sx,y)

on theedge of the waveguid&Vhilst Eangentiai@nNd Biorma must be zeroEnoma and

Btangentiai@re not.
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2.2 Waveguide mode theory and dispersion

It is an essential requirement in a microwave circuit to be able to transfer signal
power from one point to another without unnecessary radiation loss. A waveguide is
a structure that supports electromagnetic waves that can travel along its length; this is
used to efficiently carry EM energy and also signals between two points. Using a
waveguide is the most efficient way of transmitting energy over short distances at
frequencies greater than about 1GHg to ~200GHz All metal tubes act as
waveguides,whether they are hollowor with one or more central conductors
providing they have translational symmetry in one dimension (although practical
systems often have carefully designed bends). The walls reflect the waves to and fro,
andfor certain frequeneisthere existsnodes produced hiyre superposition othese

fields in such a way as to produceewwave that propagates down the length of the
pipe with very little attenuation. If the walls are perfectly conducting there is no
attenuation at all sincall of the incident energy would be reflected every time. The
following theory focuses on waveguides witbntinuoustranslational symmetry;

both cylindrical and rectangular waveguide mode theory will be discussed.

2.2.1 Transverse electric and magnetimodes

All the x and y field components can be expressed in terms of the z field
components, whilst the solutions for the dhd B componentsare independent of
each othef we may writethewave equation foE, andB;;

“’ZEz_'_ ﬁEz _kZE M/z

E, Equation 29

5 Equation 210

These equations are independent of each other and therefore represent distinct
allowed propagating waveSromthhe s ol uti ons to these two
the Ampére-Maxwell laws give the transverse field components. Wass®ciated

with the E field will have B, = 0 and thereforare called a transverse magnetic
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solution or a TM solution. To solve for TM modes we set-B0O and solvdor E,
subject to appropriate boundary conditions on the waveguide wall. Likesmisggy
associated with the Bfield will have E = 0 and are therefore callestransverse
electric or a TE solution. So to solve for TE modeme ses E, = 0 and solve
Equation 210 for B, subject to appropriate boundary conditions on the waveguide
wall. TEM modes may also exist where both=ED and B = 0. In this case both the
electric and magnetic fields are transverse, and the dispersion relation is simply

w=ck,. These modes will not be analysed in detail here but they arise only in

multiconductor transmission linesd free space.

2.2.2 Rectangular waeguide mode theory

Consider a hollow metal pipe of rectangular cresstion wi t habimthedd h 6
directi onbdan d-divedidntak/shavn ifrigure2.1. The direction of
propagabn of the waves is along thedirection.As noted abovehere are two sst

of waves that can propagate with |l@attenuation. These comprise of TE waves
where theelectric field is perpendicular to therection of propagation, and TM
waves where the magnetic field is perpendicular to the direction of propagation.

Figure2.1: Coordinate system used for rectangulaveguides.
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2.2.2.1 Cutoff and boundary conditions

Considera rectangular metallic waveguide with wallsatx =0, x =a,y=0and y = b.
As the boundaries are approached the tangential E field must go to zero. This means

that E=0 at x=0,a and &0 aty=0,b whilst E must be zero at all four interfaces.

For TM modeswhen x=0 and x=a €athe boundaries are approachie tangential
electric field must vanish i.ey& 0 and E= 0, for all values of y. Similarly ony =0
and y = b th@éangentialelectic field must vanish i.e. &= 0 and E= Ofor all values

of .
For TE modes E£0 andwe require E to be zero at the walls x=0 and x=&milarly

we requireEx=0 at y=0 and y=b

2.2.2.2Rectangular transverse electric and magnetic modes

Solutions ofEquation 2.9hat satisfy the boundary condition are given as;

= A<zs'naen% %ln —ngéy m,g =1,2,3.. Equation 211

where, A, is a constant multiplier that can be changed for differing modes.

Solutionsof Equation 2.0 that satisfy the bouradly conditionare given as;

o X ~ nO
F = Akzcosgem gos &y Equation 212
c a = S

m, n = 0On=>b7@notakoyed)

For fixed values of a, b and m, there is a minimum frequency at which waves

propagate. This frequency is known aschbeoff frequency;

Equation 213

Figure2.2illustratesTM and TEmodes in a rectangular waveguide.
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Figure 2.2: DiagramillustratesTM and TEmodes in rectangular waveguides. Electric and magnetic

fields are depicted by solid and dashed lines respectively.

2.2.3 Cylindrical waveguide mode theory

Much of the theory that holds for rectangular waveguides also holds fodcgal
waveguides aside from the mathematical complications associated with the vector

calculus operator in cylindrical emrdinate systems.

Hollow metal tubes of circular crosgctioni.e. cylindrical waveguides also support

TE and TM waveguide mode¥he geometry under consideration in the contdxt

this theory is seen ifigure 2.3; a circular waveguide with inner radius a. It is of
course appropriate to use cylindrical coordinates here since a cylindrical geometry is
involved. Therefore in this case the componentseffields are expressed in terms

of thecylindrical polar coordinates, | and z
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Figure2.3: Coordinate system used for discussion of cylindrical waveguides.

Just like in the rectangular coordina#uation, the transverse fields in cylindrical
coordinates can be derived from thedad H field components, for TM and TE

modes respectively.

Notice that magnetic field intensitf is used here instead of the magnetic flux

density. The electric and agnetic fields respectivelyg,,(r,/) and Hg,(r./),

satisfy thewave equation;

oEO 6
(Dt2 + kCZ%_I ’ 8: 0 Equation 214
g 0,z —+
uz
wherek?=e e Mmwk? D’ =D?- 7

Writing the transverse Laplaciaperator in cylindrical polar coordinates;

é]}ﬁ 1 ZH%EO,Z 6 2 E@gz

(r—)+-—~ = k- Equation 215
G owr a0 HE

If the variables are separated and by applying a periodic boundary condition to the
azimuthal component, a general solution can be obtained for the longitudinal field

components [Vanderlinde 1993];
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By, Ho, = R( ne™ Equation 216

where, m is an integer

Theradial functonR( r ) , sati sfies Bessel 6amequatio

Eo.(r/ ), Ho,(r./) = Al(g)e™ Equation 217

2.2.3.1 Cylindrical transverse electric and magnetic modes

Cyclotron maser devices most commonly use TE modes for interaction and energy
extraction. In the current context therefdre TE mode will be examined in depth.

In cylindrical waveguides TE modes have the following field components;

Eo.=0
é'r'm,i r6 °im
o, = AJE-I e
o =
_ik,a? *
HO,t f' ZDtHO,z

m; Equation 218

These components are derived frdaguation 2.6 and 2.17,by applying the
boundary condition for a cylindrical waveguide whishB, =0 & E; =0 atr = a.

Figure 2.4and Figure 2.5illustrate the electric field intensities and also the electric

field distributions of the TE modes in a cylin@hl waveguide respectively.
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Figure 2.4: Electric field amplitude profiles for various TE modes in a cylindrical waveguide. The

different colours indicate ¢hintensities of the electric field.
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Figure2.5: Field distributions of the TE modes in cylindrical waveguides.
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The term r'

is the tth root of the Bessel function derivativen(8:a) this
effectively meansk.a=r' ;. The smallest root of all the Bessel function derivatives

is the first root of 3'r'; 1, which makes the corresponding ;l;Enode the smallest

cut-off frequency of any TE mode.

The dispersion equation is;

. 2
ri
k’=e g fnlﬁ% Equation 219

Thecut-off frequency is given by;

1 7’ .
w, = — Equation 220

Jme, ea

It would be complete to note that a characteristic of Bessel functions is;

By 9= 33 PR3
X X

Bessel roots
I-—-m=0—m=1—--m=2 m=3

0.8 -. \

0.6
Bessel J(x,n)
0.4

-04-

Figure2.6: Plot of the first fouBessefunctions.
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For the case of TM modes; B 0 and E= AJ(k_r)e™ , atthe waveguide wall, £

must vanish which would implynJ(k:a) = 0. This would mean thatekmust be a
root of J,. Figure2.6 illustrates a plot of the first four Bessel functiofie turning
points of this curve obviously correspond to the roots of the differentiated Bessel

functions required for TE modes.

2.3 Electroncyclotron maser theory

2.3.1 Introduction

The electron cyclotron maser instability is a powerful mechamiboh can produce
nonthermal coherentstimulated radiation in plasmas. It is the instability tisat
believed to giverise tothe AKR and the notthermal auroral emission from other
magnetized planef&urth & Zarka 2001].

The first description of Electron Cyclotron Mser (ECM) theory came from
independent studies from three researchemsss, Scineider anl Gaponov between

1958 and1959 [Schneider 1959] [Gaponov 1959] [Twiss 1958]. Twiss first put
forward a theoreticaldescription of the ECMn an astrophysical context whilgt i

1959 Schneider & Gaponov eagbublished calculationswhich investigated
stimulated emission of electromagic waves from relativistic morenergetic

el ectrons in a magnetic field. Schnei der
Gaponov used a classical descriptioh. wasn ot unti | fully964 t h
understoodexperimental demonstration took pldtdirshfield & Granatstein 1977]
[Hirshfield & Wachtel 1964] Although earlier experiments had seen effects which

were probably due to ECM instabilifiantell1959.

R.H. Pantell observethe ECM mechanism in 1959; he reported the first results with

a fastwave cyclotron resonance interaction. He described a device that oscillated at
frequencies between T35z - 4.0GHz with a 8A beam at 1kV. Pantell claimed that

the radiation arose fronyschronism between the backward cyclotron wave and the
waveguide TEkE; mode [Pantell 199]. Chow and Pantell [Chow &antell 1964],
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Feinstein [Feinstein 1964] and Bott [Bott 1964] also verified this mechanism in the

early 19600s.

In 1964 Bott, of the RoyaRadarEstablishmen{RRE) reported the generation of
radiation between 0.98m and 2.2mm using a 10k\60mA beam in a spatially
converging pulsed magnetic field of up to 100kG. Chow and Pantell showed that
axial bunching could result from the combinedcts due to the RF electric and RF
magnetic fields [Hirshfield& Granatstein 1977]. These devices used low voltage,
low current electron beams with a total mvave output power << 1kWHowever

there was ongoing debate about the relatolesr andimportanceof the axial and

rotational bunching effects.

I n the earl y 19.C0studies focussaiarscold catgadegavolD

level CRM devices whilst inthe mid1970s, in the former USSR, major
developmental breakthroughs that yielded hmNerage power millimetrevave
oscillators, were first published. The breakthrough occurred when using a tapered,
open ended waveguide cavity in conjunction with a bé&@ming system based on

the magnetron injection gun, i.e. a MIG. A MIG works by formamgelectron beam,

with most of the energy in cyclotron motion [Granatsté&n Alexeff 1987]
[Nusinovich 2004]. This gavese to research in long pulse, high power systems,

which became known agyrotrons.

In the millimetre and sumillimetre (<1mm) wavelegth regions the power radiated
from a gyrotron, in continuous wave and long pulse regimes, greatly exceeds the
power produced by a classical microwave tube (klystrons and magnetrgnisyetc
many orders of magnitude. Hence thgotron is recognised as ing an important

addition to the range of highower sourcgof coherent electromagnetic radiation.

The superiorityin thisregardp f CRM systems arises since
devices usually operate by using periodic structures and cavitirearipulate and

control the interacting wave and generate coherent bunching. Due to construction of
the walls in these cavities theredsminiaturisation of the interaction space as the
wavelengthbecomes shortefThus, there is a reducembtential for efficient high

power output as the power that can be handled by such structures decreases
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significantly [Nusinovich 2004]. This is addressed in the gyrotron which operates in

thefastwave limit in smooth bore and highly overmoded waveguides.

The gyrotron is the most efficient experimental example of the electron cyclotron
maser to date. Between frequencies of ~10G#HR0GHzgyrotrons can operate with
efficiencies ofup to40%; however, they are most efficient below 250GHz. This is
due to the need to oge at harmonics of the electron cyclotron frequency in the
submm wavelength band. Variations of the cyclotron maser such as the cyclotron
autoresonance maser (CARM) [Speirs &t 2004] have potentially the best
performances tathese frequencies, althdughese have problems associated with

stringent requirements on the electron beam quality.

A classic picture of M action emerges by considering the relative phases of the
electrons rotating about a magnetic field. This classic picture is due to adimutha
phase bunching by RF electric fields. A bunching mechanism for the electrons is
required to impart an ac component to the beam current. Close synchronism of the
electon-cyclotron motion with the EMvave is required for bunches to build up and

to allow sustained energy transfer. Bunching and synchronism are two essential

conditionsto produce coherent radiationwacuumelectronic devices [Chu 2004].

2.3.2 Particle orbit theory

As previously mentioned, the plasma in the AKR source region, the auroral density
cavity, is colder and more tenuous than the surrounding plasma. In this geophysical

plasma the dynamics are significantly influenced bygagltd s magnet i ¢ f i el

The equabn of motion for a particle moving at naglativistic velocities in a static

uniform magnetic field is given by;
I ] ’
a— no || Equation 2.2

where ] o || is the Lorentz force

The scalar product of the above equation with the velocity vector gives;
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603~ nodo || 1 Equation 2.22

showing the kinetic energy is unaffected by the Lorentz force since the rate obvork || T

Resolving the velocity into components conveniently allows the particle trajectories,
relative to the magnetic field, to mescribedie.o or o,. Since theo |

force has no component parallel to the magnetic field, the parallel component of the
velocity is constant, so the particle moves at a constant velocity along the magnetic
field. The radius of the orbit, ralso known as the baor radius, of the motiom a

plane perpendicular to the magnetic field can be obtained from the perpendicular

component of the equation of the motion which can be written as;

2
Vi
m— = |d v. B Equation 2.23
I‘L
Hence the Larmor radius is given by;
mv. .
rn= Equation 224
o B

where, V, is constant which in turn makes the cyclotron radius constant (this means that the

motion in a plane perpendicular to the magnetic field is a circle)

The frequency of the circular motion around a magnetic field is known as the

cyclotron frequency givenr{iangular form) by;

_v. ldB

w,
Cor,oom

Equation 25
Following this analysis, it is shown that the uniform motion along the magnetic field
plus the circular motio around the magnetic field generates a helical trajectory.
When observed looking along the direction of the magnetic fielsifipely charged
particles rotate in theanticlockwise sense around the magnetic fieldhilst
negatively charged particles ragah the clockwise sense. The instantaneous centre
of the rotational motion is called the guiding centre. For relativistic particles the

Lorentz factor is also present in the denominatomfdghus;
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_|aB _
w, = ﬁ Equation 226

Equation 27

where, ngis the rest mass of the particle agflis the relativistic mass factor

g= —— Equation 228

where, € speed of lightyy i magnitude of theelocity oftheelectron

2.3.3 Magnetic moment

The termmagnetic momentf a system refers to iteagnetic dipole momenand is
ameasure of the strength of the system's interagtitn magnetic fieldsA moving
charge produces a current, if the charge is moving around a magnetic field in a

uniform circular path then this constitutes a current loop. The magnetic mament

of this curent loop is the product of the current and the area of the loop,

m=1A Equation 229

The magnitude of the current is the charge divided by the cyclp&ood,;

|:M —._qu
T. 2pm

Equation 2.30

The area of the current loop is the area of the laraubit;

=Re— Equation 2.2

The expression for the magnetic moment is formed by combkgagtion 230 and

Equation 2.2 and is written as;

mv,
2B

Equation 2.2
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2.3.4Magnetic mirrors

As stated insection2 . 1. 2, Maxwel |l 6s second equatio
magnetic field, B, emerging through any closed surface is zero i.e. the divergence of
the magnetic flux density is zero. If this is expressed in cylindpokr coordinates,

assuming B=0, andrearranging;

ﬁ(rBr) =y HB, Equation 233
b ]

If UB%Z Is varying slowly compared to any r scale of interest. Integrating

Equation 233 gives;

B = —1fjriuBZ dr |@£—E Equation 234
LAY 2 f.,

Introducing the z component of the Lorentz force on a particle, in cylindrical

co-ordinates;

F,=a(v,B -v,B) Equation 235

B, = 0 and substituting from Equation 2.3fives;

<

.ruBZ
uz

F,=4qyB = Equation 236

5

Sincev, =xv, and considering particles rotating about the magnetic axis, so that

r = r_ the Larmor radius, substituting this gives the mirror force;

Qv 1B,

F, =F
//+2|.IZ

Equation 237

The F signs correspond to particles of opposite charge which will orbit the field in

opposite directions, so can generalise this in 3D to;

F, = °m£ Equation 238

where, s is the coordinate in the direction of B ape aw i
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The parallel force arises from the interaction between the magnetic field and the
magnetic moment produced by the cyclotron motion efgtarticle. The direction of
the force is always such that the particle tends to be repelled from the region of

strong magnetic field. If the magnetic field lines are converging, the LofeAtB)

force has a component opposite to the direction of convergbeasby producing a

force away from the region of the stronger magnetic field.

2.35 Resonance relationships

In any gyredevice, the electron beawave interaction occurs when the cyclotron
resonance condition is methis is a synchronisnbetween the Doppler shifted
electron cyclotron frequency and tHespersionof the electromagnetic wavenode.

The Doppler upshifted electron cyclotron freqoeis defined as;
Wy = nw +k,v, Equation 239

where, W= Doppler shifted cyclotron frequency,i.e. the operating frequency,

W, = Relativisticcyclotron frequency of the electrons in the presence of a magnetic field
W, =eB/mg Equation 240
where NW/, is the harmonic cyclotron frequency. The telkiyv, is the Doppler upshift term.
The waveguide mode oscillation frequeneis defined by;
w? =c?k.? +c%k,” Equation 241

where, W= Guided electromagnetic radiation frequendyA = Perpendcular wavenumber of

the guidecklectromagnetic radiation

When the Doppler ughifted cyclotron frequencyy, is sufficiently closeto the

waveoscillation frequencyr then the cyclotron resonance carmh is satisfied and
wave particle interaction is possibl®ispersion diagramsre usedto identify
interactions that may occur, or cyclotrarave resonances that may be available
from the beanwave dispersion characteristicExamples of suchdispersion

diagrams are illustrated iRigure 2.7. Three dispersionare shown, each diagram
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illustrating a dispersion regime that may occur for different sets of beam parameters

in a given waveguide geometry.

From Figure 2.7a it can be seen that the grazing incident be#me resonance
occurs very close to waveguide mode-cfit This interaction regime is typical of an
electron cyclotron maser device i.e. a ggavice such as gyrotron. Bearawave
resonances of this nature that occur at superlurphse velocity (y>c) arereferred

to as fastwave resonances.

Optimum waveparticle interaction takes place at the grazing incidence of the
waveguide mode with thBoppler upshifted cyclotron frequency of the electrons in
the extreme fast wave region (ke.> X,). In the fast wave region the group
velocity of the wavev, =M - 0 and the phase velocity isv, = W g .

1/ 1
Figure 2.7b illustrates a case where both far and close to waveguide moaéf cut
resonances are present on a single beam line. By plotting these resonances it is
possible to deduce useful information about the differences betieiersensitivity
to velocity spred. Noticethe effect the Doppler upshift terffrom Equation 2.8 has
at higher axial wavenumbers; Khis is seen by thextremempact of any change in

the pitch factora =v. /v, has in the marked shift in frequenicythe far from cut

off resonance.
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(a) Beamwave dispersion plot illustrating beam wave harmonics.
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(b) A dispersion illustrating an interaction scenario where both atoea-off (backward waveand

far from cut-off resonance is present.

v

Figure2.7: Beamwave dispersion plots for twiadividual interaction scenarios.



At higher axial wavenumbers the Doppler upshift term has more influence which in
turn means a greater sensitivity of the Doppler upshifted cyclotron frequenty
spread in the electron axial velocity vin the case for close to eoff resonance

with k, - 0 the Doppler upshift term plays a minor role in influencing the

frequency of the beatwave resonance, which means the interaction efficiency is

less sensitive to a spread in the electron pitch factor

2.3.6 Energy extraction & instability mechanism

It hasbeen stated previously that electromagnetic radiation may be extracted from
relativistic electrons gyrating about an external magnetic field via the CRM
instability. There are two additional mechanisms associated with cyclotron energy
extraction from thdransverse cyclotron motion of electrons. These are the Weibel

instability andthe peniotron interaction.

The most common or widely recognised mechanism however SRIM: instability
[Hirshfield & Granatstein 197f$prangle & Drobot 1977]The CRM and Weibel

are two manifestations of a single physical process, observed in two extreme
conditions. Although they occur simultaneously, it is usual for one to dominate in a

given interaction.

To allow net flow of energy from the transverse electron motion into the
electromagnetic wave, the electrons go through two key processes. These two
processes are a common factor between the Weibel and CRM instabilities,

() Bunching of the electrons in relative @@ato produce a coherent state for
energy extraction

(i) Energy extraction via a slippage in phase of the electron bunches relative to the
rotating Efield vector of the EM mode.

These two processes occur simultaneously, as whilst the electron bunching is
occurring a detuning between the RF and cyclotron frequencies causes a progressive
relative phase shift. This phase shift brings the bunched electrons into a phase (with

respect to the EM wave) where energy extraction can occur.
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The change inw, as the elecon velocity changes through interaction with the RF

fields can be determined by taking its time derivatiVlais derivative can be
evaluated by wusing the z component of the Lorentz force equation
QubQ0 R o |) with the energyequationd ® Q[j Q0o Zgh8F and also
Faradayods | aw whi ch r #@eldafora JE waveguidé moden s v e r

A Ejw o Aresulting in;

dup _-ek
dt ny

Zé, o = '
Vgl K26 ﬁ A Equation 242

{Term 1} {Term 2}

Term 1 comes from the Lorentz force which moves electrons in the z direction. This
force produces the phase bunching in the Weibel mechanism. The second term
comes from the energy change due to acceleration or deceleration of the electron,
which is the phse bunching associated with the CRM mechanisven though both
instabilities share a common physics process, the physical motion of the particles in
the individual mechanisms is completely different. Also, the CRM instability
dominates whenplc > 1, i.e.the fast wave region. However whegcv< 1 the

Weibel instability dominates.

2.3.7 Cyclotron resonance maser (CRM) instabilities azimuthal bunching

In order to study the mechanism responsible for the CRM instability it is useful to
refer to the rotational particle trajectories. Ibeneficialat this stage to note that the
CRM instability is alsoknown as the azimuthal instabilitgs it occurs in an
azimuthal direction. Fronfrigure 2.8, the orbital dynamics of electrons uniformly
distributed around a gyro orbit can be seen. The electrons are rotating in a
clockwise direction(observed looking along the magnetic fielm)out a uniform

constant magnetiiteld, BOE. The radius of the ettron orbit is the Larmor radius,
r,=v. /(1) Equation 243

where, V, is the perpendicular velocity
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Under the influence of an electric fiel, = g, cos( gt/)% the particles orbit will

change. When the frequency of the electric field is equal to the initial relativistic
cyclotron frequencyy,,, electrons 8, 1 and 2 will lose energy and tend to spiral

inwards.

(a) Sx (b) Sx
2 <—Ey
o® g
y @
4, N\
o
o
€y \ |
\ /
o, i
O - @,
@
Bﬂéz

Figure2.8: Electron cyclotron maser mechanism. lllustrated by orbits of particles in velocity space in
the presence of a small external field i{@jial particle positions (b) bunched electrons after several

gyrotron cycles.

Referring again td-igure 2.8, the relativistic cyclotron frequency of these electrons
will increase, sinceg decreases. The phase of the electrons will tend to slip ahead

the wave. Particles on the other side 4, 5 and 6 will gain energy and so their
cyclotron frequency will decrease and they will spiral outwards. The phase of these
particles will slip behind thevave. After this ppcess has evolved over seveanatles

the electrons will start to bunch around the positive y axis. The buneffexf is
relativistic since it depends on the rotational frequency of the electrons being energy
depenént.

In order to ahieve a net energy transfer between the electrons and the wave the

Doppler shifted relativistic cyclotron frequeney,, must be slightly less thamy,. If
w,, Is slightly less tharn, the particles in the bunch will then slip behind the wave,

and the particlewvill distribute in the upper half of the plane asHigure2.8b. This
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will mean the net kinetic energyy Bf the collection of electrons will decrease as a
result of the phase slippage between the electrons and theTietd differential
frequencyresulting in theslippagein phase is known as detuningonservation of

the total energy implies that the field amplitude will increase.

Whilst the relativistic cyclotron frequency remains less th@nthe particles will

continue to slip behind the wavi.the field amplitude is sufficiently high then at
some point as the electrons drift through the interaction system, the electrons will
lose sufficient energy that their cyclotron frequency matches the wave frequency.
Continued interaction will eventuglbring the electrons back through the phase path
(at the top of therbit in Figure2.9) to the accelerating condition. Thisrresponds

toa saturation | imit, called Ophase trappi
1. “ 3 g
Lt‘l iil
\ |
UAVAN \ —=
= - o _\\H‘"— B
F=-eE F=-eB ®
fime

Figure2.9: Phase bunches forming from the progression of CRM instability.

2.3.8 Weibelinstabilities i Axial bunching

Phase bunching due to the Weibel mechanism occurs as a result of the axial
movement of the electrons perpendicular to the cyclotron orbit, shown in
Figure2.10. The electrondtransverse velocity interacts with the transverse magnetic

field component of the waveguide mode modulating the axial velocity.

Phase bunching is produced in the Weibel mechanism by the Lorentz force
- &(v, 3 B.)which moves the electrons in the z direction. The electronsatieat

situated on the left hand side of thefi@ld plane will experience a longitudinal

Lorentz force directed forwards along the direction pfamd will therefore shift
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forwards in phase \h respect to the electromagnetic field. However, on the right
hand side of the field plane the electrons are forced backwattddongitudinally
and in ase. This will resulih a bunching mechanism as showirigure2.10.

vy
7 ed
7,

B
©

Figure2.10: Representation of the Weibel instability.

Note that inFigure2.11 the orbital circle does not represent the absolute geometrical

coordinates of electrons; it only shows their orbital phase with respect to the local
electromagnetic field vectors. As the electrons on the left hand sidéhanight

hand side of the field plane are sent forwards or backwards in space respectively a
bunch is formed at the bottom of the orbihis is 180 out of phase with the

transverse electric field.
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Figure 2.11 Beam crossectionand side profile of electron bunching occurring due to the Weibel

instability.

As mentioned, both instabilities share a common overall arrangement, however when
considering the physicamnotion of the particlegshe individual mechanismare
markedly diffeent. For energy extraction by the Weibel interaction, the bunch drifts

forward in phase which is due to an axial magnetic field set slightly higher than that
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for perfect resonance. The energy is extracted with deceleration of thetlomntiigh

interactionwith the electric field, which is common with the CRM instability.

2.3.9 Theautoresonance condition

From the cyclotron dispersipnthat took into account the Doppler shift

w, =nw +k,v,, it can be seen that the changing electron energy may change the

axial velocity and/or the cyclotron frequency i.e. the axial velocity may decrease
along with the Doppler term if the electron energy decreémsed thereforethe
cyclotron frequencyncreags. These two changes can compensate for each other.
Researchoy scienists between 196and 1987[Davydovskii 1962] [Granatstein&
Alexeff 1987] showed that if the resonant EM wave propagated along an external

guiding magneticfield with a phase velocity,,, = w/k, equal to the speed of light

c, the two changes compensate each other. This means that if the resonance condition
is already fulfilled in such a system, then this resonance will be met automatically at
all points regardless of how large the variagiam the electron energies are. This
condition associated with the relative strergyti the CRM and Weibel instabilities

is referred to as theutoresonance condition. In short, it occurs whef k,cand

there is very little or no phase change even althouglenieegy of the electrons is
changing. This condition is employed by the CARM thecyclotron autoresonance
maserSpeirs etal. 2004]. This phenomenon can in prirleipe used to extract large
amounts of energy from the beam without losing synchronisre. datltoresonant
interaction is attractive when working with relativistic beams as autoresonant tuning

causes yto decrease such thav=w, +v,k, remains constant, and allowing the

instability to access the substantial translational energy. Howiev®exceptionally

sensitive to velocity spread.

2.3.10 Evolution of horseshoe electron distribution

The horseshoe distribution arises when an electron beam, that is mainly rectilinear,
propagates into a region of increasing axial magnetic field. dbaurs as the

conservation of the magnetic moment, results in the conver
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vy into perpendicular velocity~v The result is an increase in electron pitch factor,

a=v.lv,

Equation 2.2 can be used to explain this phenomenon. Astie axial magnetic

field, increases ¥ must also increase to keep the magnetic moment constant. Since
we know that the Bield does not affect the kinetic energy the resultant velocity
distribution will develop as a halforseshoe shaped profi{&ssuming aninitial
drifting distribution as shown in Figure 2.12.(a)Hence it is referred to as a
horseshoe distributiorkigure 2.12 The horseshoe distribution is characterised by a

broad region invelocity space wherepf,/ w is positive with f, being the

distributionfunction.

(@) (b)

Figure 2.12 (a) shows a beam before entering the increasing magnetic field. (b) represents the

horseshoe distribution that arises from the conservation of magnetic moment.

Horseshoe shaped electron velocity distributiares believed to occur in numerous
astrophysical environments where a suitable convergent magneticdidiguration
exists [Bingham etal. 200b]. The horseshoe distribution may also arise in any

charged particles in these conditions of magnetic compress
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In recent times it has been proposed thatAK® is driven by electrons existing
across a positive transverse velocity gradiéntQT . at high pitch factors within
an electron horseshoe distribution. Such a distributes been observed in the AKR

source region by various satellite missions [Satoal. 2002] [Aikio 2004]
[Strangewayl 998].

2.3.11Theloss cone

As the horseshoe distribution continues to expand in velocity space, electrons at the
tip of thedistribution will be magnetically mirrored as they pags @ and enter into
the region of negative axial velocitlyigure 2.13

Magnetic

(= mv?
~ e
N
3 = 4
compression . dv |
A \Y
. dv,
,/ \

Loss cone Ny
A

Horseshoe
distribution 0 av,
K |

Figure 2.13 Loss cone distribution in velocity space. As the guide magnetic field increases, the beam
distribution function progressively develops a horsedikaeprofile with an increasing number of

electrons residing across a positive gradient in transverse momentum at the tip of the distribution.

This mirrored component has a gap at lowandhigh v, andis referred to as the
Al os s digtributicm &d has a&lo been shown to hénstable to cyclotron maser
emissioWu & Lee1979.

2.3.12 Instabilities in loss cone and horseshoe distributions

It is now a wellestablishedheory that the electron cyclotron maser instability is the
mechanism responsible for the generation of AKR [Wu Lee 1979]
[Louarn& L 6 Q1086h[Moon &Weatherwax 1998].
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It has been shown that the loss cone distribution praduyaotron radiation above
the electron cyclotron frequency with a finite axial wanenber component parallel
to the magnetic field [Wé& Lee 1979].

In 2000 Bingham and Cairns used plasma kinetic theory to derive the dispersion and
growth of the RX plasna mode due to a horseshoe shaped electron velocity
distribution [Bingham& Cairns 2000].

The analysis conducted by Bingham and Cairns uses the susceptibility tensor
[Stix 1992] to derive a dispersion relation for theXRnode. The derivation assume
a weakly relativistic hot plasma component and a wave frequency that is close to the

relativistic electron cyclotron frequency. In terms of the refractive index;

e wW, 2
& —— - 14, U
, w,? g M- W) N |
=1 ———— g 5 Equation 244
(W - W) w, ,
1- —F"—— da
(W - W)

where, W b is theangular plasma frequencyW , is the norrelativistic electron cyclotron

frequency, ¥ is the wave frequency.

The c o e fférithe imagnary component is given in terms of the momenta
variables, p, €p;

W 2 1 a 0

a _1 be_ 2 gt fd /6 - pzmpzéﬁ RS 8 Equation 245
4W,, 1 cw PRI,
By

where, m=cos qg=",p is the electron momentumy i3 the parallel component of electron
p

momentum, = is the resonant momentum.
The first termin Equation 245 is destabilising whichesults in a growth of the-R

mode if if / p is positive. The second term, however, tends to stabilise and is

negative.
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The stabilisingtermwill tend to zerdfor g, becoming uniform on the intervgpl [-

1,1]. If pp, becomes uniform across the full rangk pitch factors, a pronounced
horseshoe shaped electron velocity distribution has been formed. When a full
horseshoe shaped velocity distribution is formed tifgfpp is maximised and the
first term i s domi nant , whichmeans theeswillbe s i n

significant growth in the X mode,Figure 2.14.

Figure 2.14 A visual representation of the horseshoe distribution.
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Chapter 3

Electron beam sources and physics

This chapter presents the theory of electbeams, electron guns and emission mechanisms. Various
emission processes are discusseith a focus on explosive electron emission as this is the type of
emission employed by the velvet coated electron gun in the experiment. The didaptbas

descriptons of propertiesharacterisingn electron beam.
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3.1 Emission regimes

For the purpose of electron beam production, there are three primary regimes of
electron emission from a cathode surface that candbstified The regimes
comprise ofspace charge limited emission, temperature limited emission, and field
dominated emission. For avgn material, each behaviooccurs over a different
range of values in the applied electric field. For each electron emission regime there
is a different tleoretical descriptiorand governing equatiorfigure 3.1 below
contains a summary of the mechanisms which dominate current flow for a low work

function cathode emitter surface with respect to the applied electric field.

Y

| 'i T7 ]
__TC =T,>T,
I Tc=T,>T,
______ _V
// Tc = Tl
Field
Space charge emission
dominated dominated
Temperature
dominated
Schottky

P

Anode voltage V,

Figure 3.1: Plot representing variousesitron emission regimes in terms of applied electric field and

resultant emitted current density.

3.1.1 Thermionic emission

At temperatures above absolute zero, some electrons have sufficient energy to escape
from the surface of a solid. As themperature increases the number of electrons
with sufficient energy to escape increases. Electron emission resulting from the

heating of a surface is referred to as thema@mission.
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Figure3.2: Energylevel diagram for electrons near the surface of a metal

Thermionic emission can be explained throdghure 3.2. The figure is a energy
level diagram for electrons near the interface betweeretallic solid and vacuum.
In the solid, the parabolic curves represent electron energy levels adjacem$o at
The upperenergy levels merge metalsto form a conduction band. The difference
in energy between thEermi energy in the conduction baadd the vacuum level

adjacent to the solid is known as the work function and is denof. by

Electron emission, from a solid, results from electrons in the solid having sufficient
momentum directed toward the surface to overcome the potential barrier
(work function) and to escape from the solid. The thermionic emission current can be
predicted by considering the density of @léowed electron energy states and the
probability of their occupation. An electron energy distribution can be obtéined
multiplying the density of states by the probability of occupatibe, density of

states is illustrated iRigure3.3.

Ds/dE

~EL2

Figure3.3: Density of satesasa function of energy.
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Figure3.4: FermiDirac distribution function.

Only el ectrons atbutiorhie. thg highieheogy ewill haver i s d i
sufficient energy to overcome the work function barrier and escape from the emitter.
The strong dependence of electron densit
shown inFigure 3.4 which illustrates the occupancy probability for awmailable
quantum state as a function of ener@izte emission current density, J, is given by
the RichardsoiDushman equation;

ef
— 2 - T
J - AbT e kT Equation 301

where e = electroncharge = 1.6 x 18° C, k = Boltzmann constant = 1.381 x /K,

T = temperature (K)A,= 1.20 x 16 A/nf dedf, f = work function ineV.

The most significant aspect of this equation is the exponential variation of current
density with work function anthe even stronger dependencytemperature. It is

clear from looking at the Richards@ushman equation #t to obtain high values of
emission current density the work function must be low and the temperature must be
high [Gilmour 1986].
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Cathode temperature = 3000K
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Fraction of emitted electrons
with energy higher than V
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Kinetic energy, V, of emitted electrongY)

Figure3.5: Kinetic energy distribution of thermionically emitted electrons.

3.1.2 Schottkyeffect

The Richardsobushman equation does not take into consideration the effect of an
electric field at the cathode surface, although it has been thahdvhen an etdric

field applied towards an emitting surface is increased the emission increases. This
phenomenon can be explained by consideRigyre 3.6, the applied field reduces

the energy barrier that an electron must overcome in order to escape the emitter. The

work functionenergyis reduced byeDf to becomeef - eDf ;

Df = ?4—8 Equation 302

where, E is applied electric field

_ X — X

er R, Potential energy of
electron

3 / No external field

Figure3.6: lllustration of the Schottky Effect.

Reduced potential energy
resulting from applied field

With external field
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With a new work function the Richards@ushman equation can be-wgitten for

the modified current density as;

T

0 V'Q Equation 303
where, d=RichardsonrDus hman current density (fizero fi el

In determining Jexperimentally it is necessary to extrapolate from values measured
at relatively high electric fields, as at low electric field levels electreer the
cathode surface alter the applied electric field. This is known asl¢lton space

charge effect

3.1.3 Space charge limit

The space charge effect can be explained as the effect négfadive charge of an
electronreducing the potentiahat is present in the absence of the elestrbmthe
region near an emitting cathode whenany electrons are present, the reduction in
potential can be appreciable. This is shown for a paaléele diode irFigure3.7.

Potential

Cathode Distance Anode

Figure3.7: Potential distribution with and without electrons in a pargdlahe diode.

In the absence of electrons the potential incedisearly from the cathode to the
anode. When electrons are present, the potential profile is depressed as indicated by
the dashed line. As the electron emission rate is increased the potential is further
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decreased. There is a limit to how far the elecemission can be increased. This

limit occurs when the density of electrons adjacent to the cathode surface becomes so
large that it tends to depress the potential below zero. If the potential were to be
negative, electrons would be forced back to théamd. When the voltage is
increased to a value high enough so that the cathode cannot supply sufficiarit curre
to maintain the space charg®mndition the cathode is said to be temperature
(or possibly field)imited. Many RF and microwave tubase designetb operate in

the space chardinited (SCL) regime as this means that the current only dispen

the anode voltaggeometryand notthe material properties of the cathod&he

emission current limit is given by the Childasngmuir Law;

524,
9D’

2e

Qo

Equation 304

Ei
g

where,D is the gap separation, m is the mass of the emitted particle, V the gap veltege,

the permittivity of free space, e the charge of the emitted patrticle.

3.2 Field emission

When an electric field is applied to an emitting surface the emission increases. It has
been found that when the electric field applied to the surface of hedmatis
increased to the 210'° V/m level the electron emission rate increases very rapidly,

and much faster than the Schottky model will allow.

The potential energy profilef the surface barriein this regimeis like that of the

Schottky effecexcept that the applied field is much largenis makes thevidth of

the potential barrier at the surface of the cathode very narrow, so narrow that some of
the electrons can pass through the barri
kinetic energyto overcomet. The width of the barrier is a feature of the material and

the electric field strength. This effect is known as the tunnelling effect and results

from the quantum mechanical nature of the electron. The resulting electron emission

is called feld emission.
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3.2.1 FowlerNordheim equation

The resulting electron current dengilye tothe barriertunnelling may be calculated.

Thisis given bythe FowlerNordheimequation

AEz _Bf
J=—- e F Equation 305
f
, e 454 12 :
where, A and B are largely independent of electric fieddis 1.54 x 16 [10 ] andB is

6.53x18, E electric field in V/m, J current density in A/nf work function in eV.

FowlerNordheim plots of log 1/B vs 1/E are the normal method for demonstrating

field emission.

3.2.2 Field enhancement

If on an electrode, therexist small narrow formations of bulk metal, termed
avhisker$) then there will be a reduction in the field requireddohanced electron
emission as they strongly influence the local surface electric field. There are different
ways that whiskers can be formeone of which is when a gap has been left
unstressed for a period of time resulting in the commonly observed-ugean
stressing of a diaglor by exposing a diode to &electric field. Explosive electron
emission can also result in the formation of whiskers, explosive emission creates
whiskers when the cathode surface becomes locally molten and undergoes rapid
cooling An illustration ofthe form of suchwhiskers can be seenkigure3.8. At the

tip of these whiskers the electric field is subject to enhancerfibig means that

even when the overall electric field is too small to support a field emission current
over the maascopic surface, due to the existence of the field enhancement a field
emission current can initiattom the tip of the whiskerThe field enhancement

factor, b, ¢ henhancemeatr i ses the field
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Figure3.8: lllustration ofthe form ofwhiskers on the surface of stainless steel cathodes after exposure
to fields of around 200kV/cm.

As whiskers occur on a microscopic level the complexity of the surface geometry
makes an analytad approach to determine the local surface fialdpractical
howevera computer simulation can be used to determine these fields and thus the

currentsby applyingthe FowlerNordheim model [Fen& Verboncoeur 2005].

3.2.3 Latham hot electron model

The most appealing feature of the hot electron model istthedvidesan alternative
physical explanation of the Fowiordheim prebreakdown log (1/%) vs (1/V)

trend Although the FowleiNordheim emission from surface deformities is
commonly accepteénd has been demonstrated with manufactured surfaces it is
likely that in the case of field enhanced electron emission from a bulk surface the
conducting whisker theory is not enough to fully explain the experimental experience
[Garven 1994] specifically there are not always whiskersobservedin areas
associated witlfield emission There is an alternative model which was proposed by
Latham and his cavorkers. This model provided the first physical interpretation of
the noametallic emissiorpr oces s es, referred to as the
based on experimental observations. It has been assumed that the emitting micro

regionis an insulating inclusion in the surface of the cathdeigure3.9.

In this regime when an external field is initially applied to the surface it will be able
to penetrate the inclusion through to the metal substrate and therefore any electrons
that manage to cross the matadulator interface will be accelerated.

For this reason very few of these electrons would be needed to cause a current

avalanche through scattering processes. This particular typelagion switches
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betweenanogondu¢ i ng RAoff o stabestata.cdhdscmod:
thatan initial threshold switching process occurs approximatetyyenanosecond in
highly localiged filaments or channelgith high chargecarrierconcentrations.

Insulating microinclusion

\\\\ — \\ Vacuum metal

&
Ay i
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Figure 3.9: The physical micraegime assumed to be responsible for-nwtallic electron emission

processes.

The Richardsoibushmanequationwas applied to the emission processtta
insulatorvacuum inteface by LathamThis was done by expressing the electron
temperature in terms of the applied poteraiadl the resulting equation ishown in
Equation 306.

N 2 éa2nd G |
e P

I :Aoaéﬂwj 3/2(?9 de = Equation 306
a3kzed |

where, A is the RichardsoiDushman proportionality constant, a is the area of emission site,

Dd width d the insulating inclusion,@ the relative permittivity of the insulator, d electron gap

separation,c height of the surface potential barrier, V potential across the diode gap, | current.

This equation is very siilar to the equation showin Equation3.05 which is the
FowlerNordheim relationshipThis resulted in Latham suggesting that there may be
many situations whes this type of emission occuend was mistaken for field

enhanced emission, similar to whisker type emission.
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3.3 Explosive electron emission
3.3.1 Cathode flare formation

Explosive emission occurs due to plasma formasiomund the front of a cathode
face, the mechanism responsible for the plasma formation is generally believed to be
either electric field enhancement at the tip of individual metallic whiskers on a
surface or a surface flashover process and/or dielecgaktown induced along the
length of an insulating inclusio®\ space charge limited current can be drawn from
the plasma which behaves much like a cathode surface with a low work function.
The emission current will lead ©hmic heating of the plasma clowthich expand

away from the cathode surface and into the aruadieode gap.

Explosive electron emission arises due to rapid Ohmic (Joule) heating, when the
electric field exceeds tHemit for stable field emissionf an enhanced emission site,

caused bythe emission current which it is carrying. Typically the process may
become a O6érunawayd as the resistivity in
with temperature, the materisdaches melting poinwhich causes the emission site

to explosively submate/vaporise. Once the explosion event has occurred, the gas

cloud that has resulted expands and becomes ionised by the emission current from

the extremely hot underlying cathode. The dieénhanced emission current
(seetheorysection3.2.2 & 3.2.3 is strongly localised so the heating effect can be

severe even at low total current.

3.3.2Flare expansion velocity

Experimental techniqgues have measured the cathode flare expansion velocity
[Mesyats& Proskurovsky 1989JAnalysis has shown that the cathode material has a
strong influence on the expansion velocity, howeies, not stronglyaffected by the
electric field strength applied in the gap. The influence of the magnetic field has also
been investigated, and it was found that the flare velocity could be reduced by a
factor of about 25% by application of a magnetic field transverdeetelectric field.

The expansion velocity of the outer surface of the plasma flare was constant,

independent of the distance from the cathode, which suggestsabatiadnature for
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the expansion,he driving energy being the stored thermal energy ofe#tpoded
enhanced emission site. Mesyats and Proskurovsky [Me&yBtoskurovsky 1989]
estimate the thermal energy stored in the microemitter and use the adiabatic model
for the expansion in order to derive axpressiorthat predicts the plasmi@ont

expansion velocity.
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resistivity,} ¢ is the cathode material densignd E is the thermal energy (per unit mass) heating the

where, =Er ,g,is the adiabatic parameten, is the expansion velocitl(,is the

solid whisker.

Equation 37 gives an estimate of thealue of the expansion velocityThe
expansionvelocity of the front of the cathode flare is a particularly significant
parameter in the operation of long pulse plasma flare cathode systems. The outer
limit of the expanding plasma is effectively the emission surface as far as the Child
Langmuir law is concerned;therefore the electrical behaviour of the diode is
influenced by the evolving geometry. If this type of diode is used as a beam source in
a microwave generator then the geometry changes that are caused by the expanding
plasma are frequently fod to be responsible for terminating the operation ef th
instability in the sourceRonald 199€Ronaldetal. 2011] It is possible nonetheless

to operate such devicesriapid sequences of short pud$Bpark et al. 1994].

The experiment discussedtims thesiautilisesa velvet coated cathodeglvet has a
plasma expansion velocity of ~2Xtth/s Approximate values for other materials
include tungsten 2.5x10°cm/s, aluminium 2.4k0°cm/s and copper 2.4%°cm/s
[Mesyats& Proskurovsky 1989]

3.3.3 Interaction between emission sites

If a cathode has not had migpootrusions created artificially on the surface the

explosive emission sites can potentially occur anywhere there is an enhanced
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emission site. Only a few of these actually need to convert to explosive emission to
support current up to the space charge limit. The screening effect and the relay effect
can explain the manner in which emissisites interact with each othefhe
screeing effect, suppression of new sites, occurs in the surrounding area of a
Opri mar y 0 plasive eleatrontemission saekich will have formed at the

site of a particular efficient field emitter. The electrons emitted from the plasma
cause a space charge depression of the electric field at the cathode surface. The
suppressed field is insufficient to cause the conversiamgfother field enhanced
emission sites to the explosive emission mode; this increases the inhomogeneity in
the electron emission current density at the cathode. The screening effect can be
suppressed by applying a magnetic field, as the field confineslébtons close to

their point of originFigure3.10.

Diode discharge Optical/UV emissions Graphite Cathode, 27mm Diode Gap
during pulsed gyrotron operation Cavity Magnetic Field, OTesla
QQ
1000 1200

1300 1500 1700 1900 2100 2300 Time/ns
F 22ns

Diode discharge Optical/UV emissions Graphite Cathode, 27mm Diode Gap

during pulsed gyrotron operation Cavity Magnetic Field, 3.3Tesla
200 400 600 800 1000 1200
1300 1500 1700 1900 2100 2300 Tir;e/ns
F 22ns

O

Figure 3.10: lllustration of the magnetic field effect on the cathode flare distribution density in a
coaxial diode with a cylindricajraphite cathode, increasing frontathodemagnetic field value of
0T to~0.1T [K. Ronald 1994.

This is significant in the case tiie ceaxial magnetically insulated type of diode
commonly used as the beam source in high current microwave tubes. The influence

of the magnetic field upon the screening effect in this type of diode is usually at its
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greatest when the magnetic field isrelatively low magnitudes; where the Larmor
radius of the electron orbits is greater than the magnitude of the cathode flare plasma
itself [Mesyats and Proskurovsky 1989].

Theregeneratioreffectrefers to thectivation of new sitesearby a site ofx@losive
emission. e high pressure of a plasma in the region above a primary explosive
electron emission site causes the formation of a new potential sites of explosive
emission very close to the area of the origiAatelayeffect exists that can caugee
formation of emission siteat much greater distances. Periodical variations in the
pl asma density profile can cause the emi
type of behaviourhas been noted to coincide with periods of high potential in the
fringes of the cathode flare plasma, this may cause sufficient enhanced electron
emission resulting in the explosion of microprotrusions. Many cathode surfaces
contain insuléing inclusionsand/or layers and charging of these layerby the
particle flux can resulin the layers breaking down due to the high field. Magnetic
fields can influence the relay effeethich appears tprogress preferentially in the

direction of the Lorentz force on the particles.

3.4 Electron beam transport

A collective of chaged particles can be defined in several ways depending on its
characteristics, for instance if a group of charged and neutral particles exhibits
collective behaviour within a quaseutralgasthen it is called plasma. However if

the particles concernedeamostly moving in the same direction i.e. the flow of
particles is coherent and they have little kinetic velocity spread then this is regarded
as a beam. Beams are characterisetroscopicallyby the type of particle, the
average kinetic energy of thenticles, the current, the power and also the pulse
length. Theorbits and trajectoriesf a beam depend on the fields surrounding it and
the fields arising from the particles within thedm Beam characteristics are
important in applicatioeisuch as paidle accelerators, microwave devices and laser
plasma interactiag Beams are often cylindrical in shape however other forms are
possible such as a sheet be&tare the beam hagry largetransverse dimensions in

one dimension in comparison with the other.
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I n the transportation of beams it i s
beam by deflecting or curving it in some way, this is possible with the use of a
transverse electrior a magnetic fieldTypically the divergent space charge forces
are countered by the Lorentz force of the particles interacting with a strong axial
magnetic field This section focuses on the fundamental physics behind beam
transport, which describes what happens when an eldotian has left the electron

gun.

3.4.1 Phase space

As previously mentioned, a beam an ordered flow of particledt becomes
beneficial to examine the particle dynamics of such a large number of partisies in
dimensionalphase spaceAt any given point in time phase space represents the
complete parameters of the particle orbits, so now instead of a particlg bein
described by the vector (x(t), y(t), z(t)) it is described by both space and velocity
axes, becoming (x(t),y(t),z(t)x{t), w(t), vi(t)) for nonrelativistic particles. In the
case of relativistic particles it is better to use momentum axesy(®(z(t), x(t),

py(t), pAt)). Velocity is not avery useful quantity to characterize relativishbeams
because all the particles will be travelling at approximately the speed of light and

their kinetic energy is comparable to or greater than tasireanergy.

3.4. 2 Ltheotemi | | ed s

Liouvilleds Theor em, named after the
that the phasspace distribution function must be constant along the trajectories of a
system i.e. thgphase spaceéensity of the sstem remains constant with time. It

describes the time evolution thfe phase space distriban function

In describing the equation governing this, consider a dynamical system with
canonical coordirtas g and conjugate momentg wherei=1,...,n.The phase space
density} (p,q) determines the probabilityp,q) d'qd"p that a particle will be found in

the infinitesimal phase space volumgdfp.
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The Liouville equation governs the evolutiony@p”,q";t) in time t:

dr _Br &8 “6 __'hpnf gO Equation 308
—=— 1Gs—0q U uati
dt wt Sem B g
where, ¢ :E andp = ol
i MG,
energy of the system).

. H is theHamiltonian(H=H(q,p,t) which corresponds to the total

The expected total number of particles is the integral over phase space of the
distribution:
N=pd"ad" p'(pq

Equation 309
In the simple case of a naalativistic particle moving irCartesianspace under a

force with coordinateq and momenta,fLiouville& theorem can be written;
WiPop F+ 0D
gom

Equation 310

This equationillustrates that in a conservative system the distribution function is
constant along any trajectory in phase sg&geann 1933]

3.43 Laminar and non-laminar beams

When considering beam transport it is important to understand the order and disorder
in beams.
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Figure 3.11: Motion of beam parties viewed in configuration space (a) particle orbits in a laminar

beam (b) downstream projection of particle orbits for alaominar distribution.

A brief definition of beam order is presented here. A beam that is ideal has laminar
particle orbits. Apure laminar flow cannot be achieved in practice but it is often
possible to achieve a good approximation. For a beam to be lamindhréee
velocity componentsnust havevalues uniquely defined for each spatial position in
the beam. Particles close to each other remain neighbours throughout the spatial
extent of the beanReferring toFigure 3.11a this illustrates the motion of a laminar
beam in configuration spacand Figure 3.11b illustrates a notlaminar beam in
configuration space as two particles at the same position have different transverse
velocities, thus breaking one of the conditions for a beam to be laminar. Here, the
particles may have multiple values of transverseargl@at a single point in spacé

laminar beam can be focussed by an ideal lens to a point of zero dimdigdans
displaces the distribution in theg directionin a manner appropriate to the spatial
distribution of the particlé velocity,while preserving the projected length along the

X axis. As patrticles in a nelaminar beam have a range of transverse velocities at a
given location, it is impossible to focus the beam by aiming all particles &tbm

givenlocatiorsin the beam towards a commonimovith a simple ideal lens.
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3.44 Phase fluid

When plotted in phase space, the trajectories of large numbers of particles have a
high degree of order if forces vary smoothly in space. Beams which have good
parallelism are easier to transport thbeams with diverse transverse velocity
components. Orbits in phase space, with similar plspsee coordinates and no

collisions, will always be neighbours.

As mentioned in section 3.4.3gdims that have orbits in a laminar beam flow will
never intersectas two trajectories approach each other the forces acting on both
particles becomes identical. These rules of phase space allow for the study of a large
number of particlesby developingtheory and equations for their collective
behaviour. As phase spaa#tows forthe description otollective behaviour for a
largenumberof particles, it can follow that this is very similar to the description of a
fluid, hence why the phase space for a collection of particles can be referred to as a
phase fluid

3.45 Beam emittance

In reality beams are not perfectly formékhe quality of a beam is a prime factor
determininghow well it may be transported over large distances, focused into a small
space with a minimum divergenaed form highresolution imageslhe ne volume
occupied by a beam may be constanphiasespace(see theory sectio8.4.]) but it

is possible forvariations n magneic fields to distort the distribution which in
principle can be reversed by reversihg tparticles orbits.tlis helpful to define a
quantitative representation of trgpality of a beam. fis is achievedthrough
measuring how paralleind localisedt is, quantifiedasits emittance. The smaller

the phasapace occupied by the beam thgher thequality of the beam.

The termbeam brightness was defined for conventional optics in order to quantise
the quality of a light source. In particle beams it is the current density per unit solid
angle in the axial direction. A beam which is bright hagh current density antdas
highly parallel particle trajectoriesThe concept of beam brightnesssaiatroduced

by Van Steenbergess B=I/V, where V4 is the hypervolume in the four dimensional
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trace space. Brightness is normally expressed in terrtieeafurrent divided by the
product of he emittances along the transverse x and y ax@ish can be related to
the volumeby assuming a simple geometrical shfiRbee 1992][Worster 1968]

The minimum phasepacevolumeis established by the characteristics of réxgion

of formation Emittance istypically measured in terms of position and transverse
angle rather than transverse velocity because the inclination of particle orbits can be
measured directly. The angle the beam makes with the axis of symmetry is denoted
as xO0=dxfylz and yo-=

If the beam is near paraxial the relationship between the inclination angles and the
transverse velocities is,Xw/v; a nd  y/®. The coordinates (X, x vy, y 6)
generally treated as functions of z rather than time t. As they describadbeof a
particle orbit along the axial direction the space defined by these coordinates is called
trace space.Transverseemittance is the effective 4D volume occupied by a
distribution in trace spacand may be quantified by designated distribution

boundary.

This boundary is designated by the representatidfigure 3.12; the area is defined
by an ellipse denoted by the dashed line.

Distribution

Figure3.12: Particle velocity/position distribution deteal by the grey are@he dashed line round the

outside repreents a minimum area ellipse, enclosing the distribution.
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The curve represents the smallest elliptical area that contains all the orbit vector

points, the area of this ellipse divided bis the emittance;

e = fidfix/ 4

Equation 311

Figure 3.12 illustrates an ellipse which is defined around a distributiotih the

major and minor axesligned withthexx 6 coor di nat e

axes.

An ideal lens allows a laminar beam to be focusedstoaller dimensionAs a beam

is focussed through an ideal lens the dimension of the ellipse in the x direction will

decreasehowever the values of 6 weicdsdarily increasei t h |

ncitoeasi

allow the focussing to take plac&he minimum space irthe ellipse remairs
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Figure3.13: Upright tracespace ellipse, enclosed emittance equadsk n u n imirasl.

of

If we consider a beam with no initial divergence in its velocity, spread over a range

g Xxi.e.aong the x axis irFigure3.13, the lens will displace the distribution in the v

direction although conservindgné projected length along theaxis. During transit

through the drift region, of length f, the orbit vectaifi converge towards x=0. The

orientation of the distribution will change until it aligns with theaxis at the focal

point. Since the particles in a ntaminarbeam havesomerandom distributiorin

their transverse velocitat any location; at a pd®n x the particles will have

different values of y and a spread in directions. Stemming from the disorder of a
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nonlaminar beam it becomes impossible to aim all of the particles to a single point,

a point focus.

The phase space representation of tbglent beam isio longer asimpleline as it is
for the case of a laminar beam. Nlaminar beams occupy fanite areain phase
space when theellipsetransformsas it did for the case of the laminar beam it also

ends up aligned along the axis.

In an ideal focussing system emittance is a conserved quantity; which makes it
possible to detect imperfections in a confinement channel by analysis of growth in
emittancgAgapov etal. 2007][Andersoneal.2 002 ] [ Fel ba 1999] [ O6 S

3.46 Buschd theorem

Buschos [Hurhpares 99][Tsimring 2006§tates that, when beam optics
consist of nordissipative axial invariant elements, such a#t dsolenoids, or
axisymmetric RFfields then the canonical angular momentum of any particle is
preservedBuschodés theorem relates the angul ar
axially symmetrical magnetic field to the flux enclosed in a circle centred on the axis

and passing through the particle.

mrzc}+% Yy =, eons Equation 312

wherey is the magnetic flux enclosed by the part
is determined by the magnetic field configuration at the emitter surface of the soufce arésthe
angular frequency.

Consider twaspecial cases which can each be achieved with twaxi@solenoids,
axially displaced andeparated by an annular iron plate, where the magnetic field at
the source is Bandin the downstream region,oBlf the soure solenoid is offthen

all of the magnetic flux generated by the other solenoid passes radially outward
through the iron plate and the source isfreld free regionlIf the magnets produce

a magnetic field of the same strength but opposite poldréysystem presents a

magnetic cuspThe geometrical contribution ttié canonical angular momentum is

determined by the magnetic fliyxenclosed by the partideinitial orbital radius .
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X % B.r’ Equation 313

In eachof these two field geometrieghe particlesstartwith zero initial rotaional
velocity and cross magnetic flux lines and rotate in the uniform field of the
downstreanrequilibriumregion. The rotation frequency, in the cusp case is twice

as large as in the configuration of a magnetically shielded source. Brors ¢ h 6 s
theorem it is possible to obtain the angular frequency of the particles in the
downstreanequilibriumregion;

: 1agq q .
q= W= 6% y - ) Equation 314
mr-¢

2p

wherey = B,r? ris the flux enclosed downstreaihis possible to write the relation

as

mr)= we= 41 Equation 315

where,w is the Lamor frequencyand w is the angular frequengyerceivedrom the axis of the
centre of the solenoids not theide centre of the particles which ige.

3.5 Beam focusing

In order for a beam to be of an adequate quality for most applications, itbmust
transporeéd in an efficient and proper manner. Beam transport can be affected by
several factors one of which is disorder in the beam; difficulty arises in transportation
if the beam is composed of large diverse transverse velocity compohleatmost
conventional vay of transporting a beam is to apply a stranglirectionalmagnetic

field generated by long solenoitisconfine the bam whilstanother effective way is

to usesequences dcflectrostaticor magnetostatitenses This sectiondiscusseshe

use of eletric and magnetic fields to shape the transverse motitdmesgparticles.

Particles in beams will always have components of velocity perpendicular to the

main direction of motion. This can arise from many different factors; it can originate
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from the inpctor as fields here can have imperfections of siapen certain
applications may be specifically designed to induce transverse moAsrcharged
particle sources normally work at high temperatures so the particles may have
random thermal motions. ity spreads and space charge repulsion act to increase

the beam radius

The main function of a lens is to sort particles according to their points of exit from
the object anarganisetheir convergence to corresponding points of the image. Two
of the most important qualities a lens must provide is a stigmatic image and also
geometric similarity of an image to an object. Explaining these respectively, rays
emanating from any point of an objebtougha plane perpendicular to the optical
axis mus intersect after the lens at one point of the imageplane perpendicular to

the axis. The beam formed by tteys diverging from or convergirtg some point is
called a homocentric beam. To achieve geometric similarity of an image, the
distances betwan any points of an image have to be proportional to the distances

between corresponding points of an object.

3.5.1 Focusing with magnet$ the solenoid

A magnetic lens is a focusing system watpurely magnetic fieldOne of the most
widely utilised magnetic focussing systems is the solenoid, as it is the only possible
magnetic lens geometry which is consistent with cylindrical paraxial beaines
magnetic lens consists of a region of cylindrically symmetridiataand axial
magnetic fieldsvhich are produced by axintered coils carrying azimuthal current

I, Figure3.14 (or sectiors of magnetised materialJhis method is extensively used

in cathode ray tubes, electron microscopes and electron accelerators.
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Figure3.14: Schematic ofolenoid magnet lens.

Since the magnetic field is static there is no change of particle energy passing
through the lens. The magnitude of the magnetic field prod{imed long solenoid)

can be determinegsing Equation 316 below.
N :
B=m T I Equation 316

The particles enter éhlens through a region of ratlimagnetic fieldswhere the
dominantLorentz force,qV,2 B,, is azimuthal which givesise to a v4 component

leading toa radial force when crossed into thefild inside the solenoid. The net
effect is a deflection towards the axis, independent of charge state or direction.
However, sine there is a azimuthal veldgithe radial and axial force equations must

include terms for centrifugal ando@olis forces.

o n(dv/dt) =- quiB, +  av4tir Equation 317
9 r(dvgdt) =- qv,B,- 0 mvvdr Equation 318

The equation oéxial motion v, is constantThe motion of the particles through the
lens can be described by the equations | o w, assumi nagorrecton t he r

factor, and rare constantand that the particle orbit has a small net rotation in the
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lens, so the Coriolis foe can be ignored in Equatidhl6. By then using the

substitution of dV%t =v, dv%z, and by making use d8, =- %dde :
z

Equation 318 can be expressed in terms of canonical amgntamentum,

Vg- qQrB/ 2 g=nconstant=0 Equation 319

Equation 319 implies that particles gain no net azimuthal velocity passing
completely through the lens, this occurs because the particles must cross negatively
directed radial magnetic field lines at the exit that cancel out the azimuthal velocity
gained at the entraacHowever as the particles transit through the magnetic field,
the Lorentz force may be used to balance the space charge and centrifugal drives to
increase the raal profile of the beanor it may be used to lens the trajectories
inwards. Systems whichdepend on a welllefined cyclotron motion of their
operation will typically have one focussing system where all tfiel8s point in the

same direction, typically formed by an electromagnet. If only the axial motion is
important then focussing can be anhad with sequential counter polarised magnetic

elements in a lens chain, typically by permanent magnets.
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Chapter 4

Experimental apparatus & diagnostics

This chapter presents details of the experimental apparatus explaining thenfefieich component,
including the experimentakcceleratorand interaction regig the pulsed power system atige

magnet coils. Measurement devices are also described; a Faraday cup for beam diagnostics; voltage
probe techniques andiode current measurementsy/stemsusedfor measuring microwave signal
amplitude, spectrum, polarisation and propagatiioections
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4.1 Experiment overview

4.1.1 Overall experimental seup

As previously mentioned, a scaled laboratory apparatus was construdbeoh tan
electron beam with a horseshoe distribution in velocity space and investigate the RF
emissions produced by this beamhig chapter details the design of the various

components and their assembly.

Figure4.1 showsa photograph taken from the laboratory showing a frontal view of

the full experimentahi t s posi t i on shieddedtehclsuridiguited.?2 at or y ¢
also showsa photograph taken in the laborataliystrating the electroninjector

region, he solenoids and the output waveguigigure 4.2outlines the complete set

up includingthe water cooled solenoidsd connection of the interaatiavaveguide

to the vacuum pumpseesectiond.2). The experiment wasperatedunder vacuum

(see Appendix) in order to eliminate collisions between beam electrons and neutral

gas particles.

Figure 4.3 $ a drawingillustrating the main omponents of the experiment and
Figure 4.4illustratesthe locationof the experiment within the bay and illustrating the
main components of thapparatusFigure 4.5 and Figure 4.6 provide a detailed

schematic diagram of the esxmental layout and a list of the experimental

components respectively.

A key element to the laboratory experiment is being able to reproduce elements of
the magnetospherenvironment To mimic the auroral electrons travelling through a
convergent magnetic field, it is necessary to inject an electron beam from an electron
emitter which already exhibits an initial spread in velocity into an increasing
magnetic field. The electron emittand other components forming the electron gun

are discussed isectiond.2.
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Figure 4.1: Photograph showing a frontal view of the full experiment and its position within the

surrounding lead and concratalls. The mete stick against the wall gives a sense of scale.

Figure 4.2: Photograptshowing different aspects of the laboratorpenment the cathode region,
solenoids and the interaction waveguide.
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Figure4.3: Perspectivelrawing of experiment illustrating main components.
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Figure 4.4: Drawing of experimental layout with position and relative sif&arious components in

thelead and concrethielcedenclosure.
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An HT firing circuit (see section4.3) wascreated to energise the electron gun with
pulses of 7BV-100kV. The magnet coila/hich focusthe beamand their cooling
system are discussed isection4.4. Section4.5 discusses the microwave receiver

diagnostics used to carry out the antenna scans and spectral measurements.
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Figure 4.5: Schematic diagram of experimental layostiowing the interconnection of key

components including the power supplies, diagnostics, vaemmlopeand magnetic field systems.
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Part list: (1) Blumlein,section4.3.1; (2) Copper sulphate resisteection4.3.2; (3) Velvet coated
cathodesection4.2.1; (4) Anode mestsection4.2.1; (5) Faraday cuection4.3.5; (6) Solenoids,
section4.4; (7) Shunt resistosection4.3.4; (8) Rogwski coil, section4.3.3; (9) Spark gapsection
4.3.7; @) Diffusion pump, Appendid; (B) Rotary pump, Appendid; (C) Microwave measuring
equipmentsection4.54.

Figure4.6: Detailed eperimental layout, illustrating eadomponent and relating this to the relevant

sectionwithin the thesis.
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4.2 Experimental vacuum and interaction region

The magnetospheric environment is highly +ooflisional, this means that the
electrons pass through all areas of interest without being subject to scattering by
colliding with ather particles. Conducting the laboratory experiments under vacuum,
removing the majority of the gas molecules from the system, provides the capability
to replicate this aspect of the magnetospheric environment in the laboratory. Here the
mean free path nst be increased until it significantly exceeds the distance travelled
by the particles from their origin at the emitter until they reach the collector. The
electrons are primarily subject to a collision wiitrogen molecules with a collision
cross section of g=15x10n? [Von Engel 1997. The mean free path for a
background pressurel0°mBar is of the ordee=~1km, which significantly exceeds

the 2m trajectories of the electrons.

Figure 4.3 - Figure 4.6 is the Strathclyde experiment, the main vacuum envelope
comprises a 16.12cm inner diameter, 1m long drift tube which is interfaced with an
8.28cm inner diameter 1.2m long intetian waveguide. The drift tube provides a
sufficiently large bounding radius to accommodate the annular cathode emitter and
large Larmor radii of electrons undergoing cyclotron motion at increasing pitch
factors in relatively weaknagnetic fields at thetart of the magnetic compression

system.

All flanges in the experiments are sealed with rubbein@s. The vacuum was
obtained using an Edwards RV12 rotary pump to reach the roughing pressure of
~10°mBar and to achieve a high vacuum, %h8ar, an Edwards Diffstak 100/300M

oil diffusion pump was used. A baffle valve is used coupled wittughing/backing

diverter valve to isolate or engage the oil diffusion pump from the experiment.

A gas admittance valve and rotary pump isolation valli@vs the vacuum system to
be slowly and safely brought back up to atmospheric pressure for disassembly or
maintenance. The vacuum pumps are interfaced with the internal volume of the

experimens interaction waveguide via a sleegeupling vacuum flange.
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4.2.1 Velvet coated cathode

The type of cathode used in the experimental simulation of AKR iexplosive
emission (EE) velvet cathode. The surface of a velvet emitter consists of a layer of
velvet cloth, ~0.5am - Imm thick, which is fixed to a metallibaseplate. Velvet is
used as it is characterised by fine tufts of rather uniform dielectric fibres and it is
these fibres that are responsible for initiatiorir@field emission procedgading to

plasma formation around the dielectric tufts.

The velvé cathode emitter surfadesan annular configuratiowhich can be seen in
Figure4.7. An important factorn the velvet cathode operation is the rate of plasma
expansion, the plasma expansion of the velvet material used is®e2xd) with an
associated dropff in diode inpedanceThese factors dictate the maximum duration

of the high voltage electron beam current pulse that may be generated by a given
diodeconfiguration (i.eanode/cathodgap spacing)

Velvet ring

™, Nose- cone \
P

-

-

Figure4.7: View of an annular dielectric velvet cathode surface, with schematic diagram illustrating

dimensions and nose cone angle.

Themaxmum pulseduration for velvetathode operation @etermined by theoint
at which breakdown occurs within the anadehode gap due to the expanding
pl asmads proxi mi tetypl.2008]. t he anode [ Speirs
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Figure4.8: Schematiof the velvet cathode emittand acceleratiogap.

Figure4.8 shows the position of the cathode and anode ntgghre4.9, within the
experiment. The noseone of the cathode face points towards the hole in the centre
of the ande mesh, which is downstream thie cathode face. The anode mesh is
made from copper wires spread sparsely so that the propagation of the beam is not
significantly inhibited. The mesh was placed in front of the cathode in order to
increase the electric field on the cathode surface tbduenhance field emission.

To initiate explosive emission in the experiment an electric field of ~30kMsm
necessary. The anode and cathfidegeswere separated by an acrylic insulating
stack with a corona shield cenng the ear of the cathode $kawhere screwed rods
allowed the distance between the telectrodego be adjustedthe spacing in the
AKR experiment wagypically 1.5cm - 2cm. This correspond® a plasma gap

closing time ~{us.
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The nosecone of the cathode results in a range of angletween the electric and
magnetic field in thearea surroundinghe emitter, as at the inner edgei€greater
than at the outer edg&he variation inthis angle means that the electrons, as they
are injected into the vacuum, will have an initial spreaaixial velocity. An angle of

12° was determined bgimulations [Speir200g and was tuned experimentalljhis
spread invelocity will form a horseshodistribution in velocity space as they are
magnetically compressed by the solenoildge motion of the particles past the point
of the anode mesh can escribedb y B u s ¢ h @ssethéohysectiond.4n9.

Figure4.9: View of the anode mesh.

4.3 HT pulsed electrical diagnostics & supply

TheHT pulsedcircuit for the experiment is shown kgure4.10, each component is

discussed within thisection

Theexplosive emissioelectron gun is powered by 75i86kV, 100ns pulses from a
double Blumlein power supply. The quad cable supply discharges into the electron
gun which is in parallel with an ionic resistor. The ionic resistor whiatonnected

between the high voltagend of tle Blumlein and groungrovides a match to the
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outputimpedanceof the cable pulseduring the ignition phase of the cathoaled
consists ofsaturated copper sulphate (Cugp®olution. This solution can withstand
very high peak powers without adgmage.

\
\
]
I
|
i
i
: BLUMLEIN
I
i
I
i
I
I
/
i | \
: [ | 1| SPARK GAP
| I
i I
100kV, 40mA | l ,I
Power supply L S .
100M 50MQ
1MQ |
g
o 100pF
L
400ns delay cable
| THYRATRON VALVE

PULSE GENERATO 4
_? I
-

Figure4.10: HT pulse generation circuit.

The combination of thknown value of thenatching resistor and a Rogowski cuil
measure thecurrent through this branch of the experiment in tuallowed the
measurement of the ke of the Blumlein output voltage.hls tracebeingrecorded

onan oscilloscope.
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4.3.1 Blumlein generator

High voltage pulse generators are uged wide variety of researciihese include
power supplies for higpower pulsedicceleratordasersand microwave generators

and also X-ray generation. High voltage pulse generatorsadly fall into three
different categories; Marx impulse generatorpulse transformers and
coaxial/stripline generators. In deciding which type of generator to use one considers
the desirable output voltageopltage risetime, wave shape, duration and the pulse
repetition rate and cosf Blumlein pulse generator was usedthe experimental
setup, seen inFigure4.11. A Blumlein is used to producefiat pulse <1us.

Figure4.11: Experimend Bverting double Blumleimpulsegenerator.

e a o

Z

Figure4.12: Simple DC charged single cable pulser circuit.
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Consideration of the most primitive form of the device, Dt charged single cable
pulseris a convenient point to describe the operational principles of the Blumlein
cable pulserFigure 4.12 illustrates such a circuit. It isonstructed frm a single
lengthof coaxial cablewher the outer sheath marthed and the inner conductor is
chargedby aninput DC power supplyto a given potentiab Vthroughthe charge
current limiting resistor R When the inner conductor has readhthe desired
potential the output is gated indm outputoad Z via a fast switch S, which is b

commonly a pressurised spayip.

Cable

ve O = — & (r
\‘J Cable
1

;// ay / /

Figure4.13: Blumlein cable pulser circuit.

The output voltagey, is calculatedrom the ratio of the load impedance © the
cable impedanceZthis relationship is shown in the following equation;

Vc ZL
Z,+27Z,

Equation 401

The outpt voltage is maximised for 2>Z,, so the output voltage cannot exceed the
input voltagefor this configuration It becomes clear that this is not particularly well
suited for a high voltage pulse generation as no multiplication factor or voltage gain
is obtainable and into a matched load (desirable to prevent reflections in-déxé@to
line) Zy=2,, V=V/2. Theamplitude of thevoltage pulse is however vefiat with

the limiting factor to the output voltage rise time betyyjcally the speed of the high

voltage switch SThe pulse length is given k= ZL\/% where L is the length of

thecea x i al | therradativa pedmittiity of the cables dielectric filling. To be
able to achieve such a desirable voltagéseprofile whilst obtaining voltage
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multiplication, a more advanced variant of the circuiFigure4.12 should be used.
Referring toFigure4.13, the circuit consists of twiengths of coaxial cable that are
charged in patgel and discharged in serieshi§ type of circuit is referred to as a

Blumlein cable pulser.

a Cable 1 b c

v 21 (+—f) 72

S
¢ Cable 3 e d

—_ = G

Figure4.14: Inverting double Blumlein pulser circutisualy Z,=Z,=Z;=2,,.

Cable 2

The way in which this system works is by charging the $ectiors of the coaxial

cable to a desired potential through the current limiting resistorARhough the

inner conductors are wired in series with the high voltage suttfdycapacitance of

the circuit path exists between the inner and outer conductors of the coaxial cables,
which means the two lengths of cable are charged effectively in parallel. After the
high voltage switch S is triggered a negative voltage pulse mchad through the

inner conductor of cable 1. Assuming the load impedance>ZZ,, the amplitude of

this pulse will double upon reaching the bridging load k®tween the outer
conductors of cables 1 & 2. This occurs as a result of the large impedancatchism

The more general output across the loadksZiven by;

—_ 2\/(: ZL

L= Equation 402
2Z2,+27Z,

The DC resistive impedance to ground of most elementseotitiouit is close to
zero,or to therelatively low Z , once the switch has closeédis desirablethat very

little current flows along this path as it would discharge the cables rapidly and very
substantially attenuate the output pulse. For this reason the cables may be wound into
a coil, ensuring the voltage gradient from turn to turn is not exeesdilie

inductancel., of the wound high voltage cableould be such thaihe value oL / U
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for the pulse duration U is much greater

this limit the internal impedance reverts to the serial superposition ofattueah
impedances of the component linas shown ifcquation4.02.

UPVC pipe

o Output

Cable2 —
(40m)

Cable3 —
(20m)

R(Im)

==

DC High
voltage
supply (+ve)

Cable 1/
(20m)

Figure4.15: Experimental inverting double Blumlein generator layout and winding arrangement.

Theoretically the highest maximum outpattage in this case is 2VThis technique
is exactly that adopted in a more complex but flexible implementation of the
Blumlein cable pulser circuit named the invegidouble Blumlein cable pulsérhe

output across the load Zor this circuit is giverby;

—_ 4\/ch
©Z,+2Z, 4, E

Equation 403

The key benefits of this system is that it is possible to obtain a greater voltage gain
than the Blumlein cable pulséfo produce this circuit the simplest way is to use a
single length of coaxial cable which is folded back on itself. Referrifggiare4.14
andFigure4.15, by removing the outer braidingetween the points-b and de three
single transmission lines are created double the length of the othiero. Cables 1

2 & 3 are charged to a desired potential through the current limiting resistém R
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this case, from Equation 4.03 we can Seif Z| >>Z, (Zo=21, 3 then \ =V x4, If
Z, =47y, the match condition, then ¥2V,,. In the experiments described here, the
Bl umlein is used i nFiguredl6at chetibdacidemft bar

of the Blumlein connections used in the pressqteriments

gttt tessssntne,

SO node s
: : -~ N
. -\ | . /
S _j ; | h |
-. .. I
.'ll-...---.-a--'.. I
| I Two Rogowski
| | belts to
R ( ~%O>é %(Wi | | oscilloscope
tch™ |
——MWW R |
N
( Cable 2 \
Blumlein

Thyratron Circuit

Figure4.16: Blumlein6 1 oadd si de sectonimsidetheibloendotied linds are Rogowski

belt current sensors transmitting to oscilloscopes aloraxia lines.

4.3.2 lonic (CuSQ) resistor

The experiment uses copper sulphate ionic resistéiigure 4.17, attached to the
output of the Blumlein. Copper sulphate is an ionic crystal which when diluted with

water produces a solution whidtas a finite conductivityAs the majority of the
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resistor consists of waté@rcan withstand large peak powers without being damaged
(specific heat capacity of water 4.2kJg"). When a voltage is applied across this

resistor the cations, positively charged ions, @taewards the cathode. The anions,
negatively charged ionsvill travel towards the anode. The accelerating potential

was measured by sensing the current thro
Rogowski belt and was recorded by an oscilloscdpes resistance varies with
temperature, and also slightly with voltadfeis therefore important to calibrate the

resistor. The resistance of the iomesistor was calibrated at a voltag80kV. This

was done usingraall metalvoltage probe and checkedrflinearity against the

charging voltage up to the operating voltage of the apparatus.

Figure4.17: Photograph of the copper sulphate ionic resistor connected to the output of the Blumlein.
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4.3.3 Rogowski coil

Rogowski coils, also known as aiored coils or worm coilswere introduced in
1912 Rogowski coils are useful for measurement of alternating or transient currents

from tens to many thousands of ags.

Electrical connections

Figure4.18: Arrangement o Rogowski coil.

The general arrangement of a Rogowski colil is that of a transfoifherprimary
coil is in the form of a linear current vector which is encircled by the secondary coil

that is formedy looping its conductor round troidal former Figure4.18.

The theory of Rogowski coils is tombhsed wu
electromotive force induced in a closed circuit is proportional to the time rate of
change of the total magné ¢ f | ux | i n\Whem g wirelétop moees r c ui t
through a magnetic field or when a wire is placed in a time varying magnetic field,

then a voltage can be induced which is proportional to the rate of change of magnetic

flux V=-U s/ UAs the voltagaleveloped in the secondargil is proportional to the

rate of change of thknking flux we can usean integrator circuito measure the
instantaneous fluXif we know the initial conditionf time constants of circuit to be

measured are knoyn

The theory of a Rogowski coil is also depemdon AmperesLaw, as the line

integral of the magnetic field arourahyloop is equal to the net current enclosed by
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it no matter what path the loop takes, if the loop encloses no net current the line

integral is zero. Mathematically this is expressed as;
B || am tk Equation 404

If a Rogowskicoil has & inner radiusgand an outer radiusg, which is encirclinga
centrally located long straiglsbnductor carrying a currert,in asectionof lengtht
with n turns, then the total fluknking the secondarycoil is found by integrating

over the turns;

t Iy
Fe=npn Bdt (_:Ir Equation 405

z=0r +,

Evaluatingequation 4.@ rounda circular pattcentredon the primary current reveals

thatB = m Substitutingwe find;
2pr

mn " gidr Amt gr
F.—/— A =  |h b

z=01 % Equation 406

This in turn means the voltage out of the Rogowskiispil

mt, ar. dl
v=4 = Inx2 § Equation 407
fo "= G :

The AKR laboratory experiment utilises two Rogowski coils one is a measurement
of the total diode currerglongthe experimerit groundreturnline. The other is the
diode voltage measured by determining the current flow through the matching ionic
resistor in the firing circuit. Both these measurements were recorded on an
oscilloscope with suitable attenuatidfigure4.19 illustrates the position of the coils

in the experimental sefp. The Rogavski belts werecalibratedusing a current shunt,

see Section 4.3.4.
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Figure 4.19: Rogowski coil circuit, (a) Rogowski coil measurement takérthe currentthrough
CuSqQ resistor,for analysis of the diode voltage. (b) Rogowski coil measurement takeiy the

groundreturn of the gperiment for analysis of the diode current.

4.3.4 Current shunt resistor

Although Rogowski coils were used as current diagnostics in the AKR laboratory
experiment, a current shunt resistor was also used as a secondary diagnostic on the

CuSQ resistorin parallel with the diode.

Copper Current

/ Carbon film
& resistor

@ | (b)

Figure 4.20: Current shunt (a) the current shunt connected into the experiment (b) current shunt
resistor, illustrating the arrangement of the resistorscamber plates with connections for current

flow.
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The current shunt was used to verify and calibrate the Rogowskicbeknt
measurement and providereliable method of measuring current with unlimited low
frequency responserigure 4.20 illustrates the current shunt connected into the
experiment. The high frequency response in a current shunt is dominated by-the self

capacitancdi.e. the resistors argery low inductancg of the resistor cluster. It is
necessary to minimise this capacitance such that<Rl/uC, this is done by

arranging a parallel cluster of forty 2
copperrings Theseaingswere wired to a BNC connector in order for a measurement
of the voltag@ drop across the current shu@th mé s alldwa this diagnosticto

provide the current measurement.

4.3.5 Faraday cup

A Faraday cup is a metal cup or cylinder which interceptpadicle beam,
Figure 4.21. It is used to measure the current of the electron pesdightly
downstream from the peak of the axial magnetic field in the laboratory experiment.
As the particles impact the cup theyduee apotentialacross the resistor that links

the cup to the groundMonitoring the voltage drop across this resistor asihg
Ohms law it is possible to evaluate the intercepted beam cuferg-axial cable

transmits theesultingsignal toa dgital oscilloscope located in a screened room

Figure4.21: Photograph of Faraday cwsed in theexperiment, surrounded by PTFE bush. This fits

within the interaction waveguide of the experiment.
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Ideally the Faraday cup is largend deepenough sasecondary electronsscaping
from the surfacedue to theenergeticelectrons being collectedo not disbrt the

measurement.

O—| ceciltoscope
PTFE =3

Figure4.22: Faraday cupchematic illustratinghe position ofthe resistor andhe connectionfor the

co-axial cableto the oscilloscope.

It is necessary to insulate tldgagnosticfrom theanodeso that the current incident
on the cup can bmeasuredthis is done by # TFE insulator bridged by a very low

inductanceesistorconnected to thgroundedbeam tubgFigure4.22.

4.3.6 Thyratron

The hydrogen thyratrorfigure 4.23, is a high peak power electrical switch which
uses hydrogen gas as the switching meditine switching action is achieved by a
transfer from the insulating properties of neutral gas to thewsing properties of

ionised gas.
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Figure4.23: Schematic of the inside of a thyratron.

This is achieved by using a set of grids to localisesarvoir of ionisedhydrogen
switching the grid allowghe hydrogen to drift into the main gap. Thyratrons are

robust devices which can tolerate fault conditions well in excess of normal ratings.

4.3.7 Spark gap

Although the spark gaghown inFigure4.24 is a simple deviceit is an effective
form of closing switch. The basic concept odelf closingspark gapconsists of an
arrangement of twelectrodeseparated by a gap usudiljed with agas When the
voltage exceeds a critical value determined by the gas and pressure an electric spark

closes the switch.

There are several different configitions of triggered spark gépsed to control the
time at whichthe switch closes)rhe specific geometry adtgul for the experiment is

a midplane spark gap which consists w@fo domed electrode®ne of which is
grounded and the other is chargedth a trigger electrode in between them, held at
an intermediate potential by a voltage divid€he gap is filled with N gas of

pressure up to 2bar.
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Figure4.24: Photgraphof the spark gap, used as a closing switch in the double Blumlein circuit, in

the experiment.

The circuit of the miepblane spark gap is seen kigure 4.25, the voltage of the
middle electrode is adjusted through changing the resistor vajuasadRR),.

|

<0

Ros

Triéger Q

Rz

v

-

Figure4.25: Circuit diagram foithe mid-plane spark gap.
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The trigger pulse, irthis case grounding of the rmplane gap by the thyratron
switch, results in ovewolting of the other half of the gafas diffusion through the
mid-plane causes a discharge between theptivoary electrodesThe s@ark gap has

a triggered timing jitter ~10ns.

Once the spark has beegnited, an electric current then flows until the path of
ionized gas is broken or the current reduces below a minimum value called the
'holding current'. This usually happenien thevoltagedrops due to depletion of
stored energy in the circuit.

4.4 Solenoids

A key aspect of the AKRRmissionprocesss the convergingnagnetic fieldupstream
from the source regionin order to replicate this in the laboratory experiment a
system of magnet solenoids wased to create eonvergingmagnetic field as seen
by the electron beam as it traversed the syskegure4.26.

The solenoids were constructed in sepasatgiors with a different number of layers

in each in order to provide a controlled degree of magnetic compression. They were
constructed usingore than 1km of OFHC (Oxygen Free High Conductivity) copper
tubing which had an inner diameter of @mand an outer diameter of 7nooated

with a thin plastic sheath for electrical insulation and wound arounemagmetic

formers.
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Solenoid 1: 2 Layers, Length = 0.45m, [ 0.105m, Solenoid 2: 4 Layers, Length = 0.5m, R0.105m
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Figure 4.26: Experimental solenoid arrangement (a) Photo of experimental solenoid arrangement,
illustrating the various different coils (b) Schematic, with dimensions, of the solenoid arrangement

illustrating position of the electron beam.

Solenoid 1, 0.45m long, is the coil that controls the cathibderun by a 30V, 250A
switched mode power supply and is made up of 2 layers with an ID of 0.21m. This
coil surrounded the electron accelerator and was usedceaitethe magnetic field
which the electrons would experience as they were injected from the gun into the
anode carfthe region 21cm imdiameterbetween the electron emitter and interaction
space) Solenoid 2, 0.5m long, is made up of four layams is run by a 70V 300A

switched mode power supplin practice it waslwaysused at 40A. Its purpose is to
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transport the electrons into the interaction region of the experiment and acts as the
transition between the low field electron gun region aredHigh field interaction

region.

Solenoid 3, ®&m long, is made up of 10 layers and has an ID of 0.10m. This coil
encases the interaction region and holds the magnetic field plateau at a steady
maximum magnetic field. Solenoids 4 and:alledthe shimmig coils, are made up

of 2 layers and are 0.11m long. Solenoid 4 is powered separately by a 70V, 300A
supply, and solenoids 3 and 5 are driven in series by a 210V, 310A linear regulator.
Solenoid 406s independent dri vetricempacbl| e s
of Solenoid 2 on the magnetic plateau in the centre of Solenoid 3.

The shim coils allowsolenoid 3 to providea flat central plateau, 20cm in length at
approximately a me¢ and a half dwnstream from the cathode. Th&ateaucan
reachup toB=0.5T in magnitudeSolenoid 6 was a reserve coil, capable of providing

a high, >B=0.7T, peaked magnetic field profile to aid in mirroring the electrons

should it be requiredrefer toFigure4.27 for anillustration of solenoid layers.

Figure 4.27: lllustration of the experimental solenoid arrangement illustratinglalgers of the
solenoids.

Figure 4.28 shows a schematic of the magnet coils alongside the magnetic field
profile along the length of the system. The electrons were subject to magnetic
compression as they passed into solenoidd2raached a maximum magnetic field

in the centre of solenoid 3. Adiabatic motion of the electrons must be satisfied as
much as possible during the magnetic compression ,stageorrectly form the

electrons into the desired horseshoe distribution in vgl®pace,Section2.3.10
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The magnetic field profileand hence the coils were designed to satisfy this
requirement as far as possible whilst producing a maximum field in the order of
B=0.7T and compression ratio of up to ®ithin the capacity of the laboratdrys

power supplies.

Solenoid 4 Solenoid 6  Solenoid 5

Solenoid 1 Solenoid 2 \q l /
1 j Solenoid 3

[ — rd
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01s
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04 06 08 10 12 14 1.6
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Figure4.28: Experimental solenoid arrangement.

The laboratory was equipped with a 1w, 4bar water cooling system and so to
provide thenecessary 20+Barooling water a boost pump was installed rated at
5 mthrt and 16Bar. This provided an acceptable flow rate of water through the 20m
long, 2mm ID pipes enabling each one to carry 300A. This was sufficient to allow

the solenoids tbe driven by a total electrical power of 120kW.

Figure4.29 shows theHall probe measurements that were taken before experiments
were conductedo verify Maple code calculations of theagnetic field profile. The
magnetic field profiles for botB=0.18T andB=0.48T plateau fields are showrhe
magnetic field rises and thdras aplateau for 20cm before decreasing again at the
end of thecoils. As can be seen in Figure 4.29 the Maple script predicts the fields

with an accuracy ~1% which is within the tolerance range ofd#taningof the
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cyclotron instability. The verified Maple code could then be used to calculate the

PSU currents required fanyexperimental configuration required.
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Figure 4.29: Experimental Bfield measurement with corresponding Mapgleript predictionsof B-

field profiles.
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4.5 Microwave detection

4.5.1 Spectral analysis

In order b record the microwave emissioasieep memory 12GHz real time digital
oscilloscope was used to capture the comptatzowavewave forms,Figure4.30.
A Fast Fourier Transforn{FFT) was performed on the AC signals to yield a

measurement of the wave frequency freachindividual experimental pulse.

Figure4.30: Screened room containing deep memory oscilloscopes, where microwave measurements

were taken.

4.5.2 Attenuators

An attenuators a passivedevice that reduces the amplitude or power of a signal
without appreciablylistortingits waveform Figure 4.31 illustrates the co-axial

attenuators that were used in the experiment.

Various AntlanTec RF attenuatorsf 6dB, 10dBand 20dBwere usedThe body is
made from anodised aluminium and the catoes are of Type N and fabricated
from stainless steel outers and-8e inner contactsThese attenuators were rated to

several watts of powergehce the finned heatsinkBhe single attenuator at thaptis
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an Inmet 3dB attenuatoConnectoraremade fom passivated stainless steel and the
conductors are made from gold plated beryllium copper or bvhgst the body is

made from anodised aluminium and the connecanesType N and fabricated in
stainless steelThe use of calibrated attenuatassvital if a power estimate is to be
obtained. Therefore the performance of all attenuators was verified by measurements

on Network Analysers.

These ixed attenuatorsvere usedto lower signal voltageslissipatepower, and to
improveimpedance matchingby lowering the SWR and hence supressing cavity
resonances at the cost of ultimate sensitivity)ey serve to qotectthe measuring

device from signal levels that might damage it.

-

Figure4.31: Attenuators used in the experiment

At microwave frequencies it iglsocommon to loach waveguiddransmission line

with a lossy dielectric. By inserting a resistive material into REffmicrowave
eledric field, attenation of the signal is obtainedhib can be achieved by inserting

a vane of lossy thin film glass into a waveguide which can be moved from a zero
electric field position, at thevall, to a maximum, in the middle, thus creating a
variable attenuator. Where higher precision attenuation is needed, a rotary vane
attenuator can be used, if the vane is rotated from a position where it is perpendicular

to the Efield of the waveguide to one where it is parallel then the attenuation
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changes fronzero to a maximum respectivelguch sliding vane or rotary vane

attenuators were however not used in these experiments.

4.5.3 Echosorb foamattenuators

The receiver system used for experimentsa atyclotron frequency of 4.42GHz,
exploited a loss loaded materia(Echosorb)to add attenuation to the WG12
waveguidesectiors (usedasreceiving waveguides in the 4.42GHz experiments, See
Section 4.5.% This approach was favoured over vane attenuators as it is effective at
high harmonic®f the expected frequencyhistypeof attenuator however has rather
a complex spectral respongealibrating a Vector Network Analyser with a Line
ReflectLine (LRL) technique it ishoweverpossible to measure the atuation
accurately

A piece of this abgbing material was used to aid in tmatchng of each waveguide
receiving antennandto provide an initial attenuation of the signal. The waveguide
antenna used for the scanning arm of the anteattarp measurements system had
17dB transmission losdue to this Echosorbrhe reference arm antenna had an
Echosorb foansectionwith a transmission loss of 13dBhown inFigure4.32. In

both cases this was measured at a frequency of 4.42GHz.

Transmissionloss

—

-10

45 T

Magnitude

20 =

=25

=30

Frequency, GHz

Figure 4.32 Transmission loss diagram farn e o Echosohlfe f6o a mtora tisedein the

4.42GHz waveguideeceivers
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4.54 Receiving antenna, antenna pattern and power analysis

Pairs of waveguide 12 (WG12) stub receiver systems were built using single mode
linearly polarised rectangular waveguide components with simple open ended
waveguide apertures faletection of4.42GHz radiation, and were filled with lossy
dielectric attenuars At the lower frequency,2.7GHz, pairs of waveguide 10
(WG10) stub receiving antenmavere substituted. These receivers operate a
singletransversenode[TE; o at their respective frequency ranges. These were used
to measure the radiation antenpattern emitted by the experiment in &d{E
parallel to scanning plan@nd azimuthal polarisatio& perpendicular to scanning

plane) and to receive signals for spectral analysis.

The two waveguide stub receiving antenna were placed in the lthrdigion of the
experiment output to capture the radiation emitted from the output wirfeigure

4.33 and Figure 4.34 illustrate how the stub antennae are connected to the
oscilloscope through the rectifying diode$he emitted radiation power was
measured at different angles around thgerimentalaperture. There were two
receivingantennagone antenna used to sa@e radiatiorpatternand one used as a
control 6referenced signal to ensure tha

amplitude is small.

Rectifying diode

Figure4.33: Waveguide antenn@n this case WG12)ith rectifying diode.
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This system allowethe radiated power fluas a function opolarisation (depending
on the orientation of the waveguide stubs) ammnuthal positiorwith respect to the

output aperture of the experimeéatbe measured

Detector circuit

.......................

PN Oscilloscope
HoLT HOYH—
Waveguide O_‘_ T

stub : Rectifying
diode

-----------------------

Figure4.34: Schematic circuit diagram of rectifying diode.

Measurements were taken for azimuthal angles of up to 55°, angles greater than 55°
could not be measured due to the walls of the output flabhgeucting the radiation
emissionFigure4.35. The radiation was launched from a circular aperture 8.28cm in

diameter.

The signals that were captured by the antennae were fed to calibrated rectifying
diodes which enabled voltage reags to be obtained on a 2GHz deep memory
digital oscilloscopeThe detectors were calibrated with a source in turn calibrated
against a thermal power met&he readings from these measurements could then be
analysed to determine the mode radiated andthaésoutput power and efficiency of

the system [Ronald eal. 200&][Ronald etal. 2008], exploiting the rectifier

calibration curves.
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Figure4.35: (a) Schematic microwave detection-sgt and(b) drawing of position in the experiment.

4.55 Rectifying diodes

In order to be able to allow high frequency RF signals to be measurecklaiiliely

low bandwidth detection systems a rectifying diode is used. The specific rectifying
diodes used in the experiment were made commercifigy are crystal detectors
mounted inside a coaxial package. In this case the diodes used were fast gallium
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arsenidedevices connecteds shown in Figure 4.34hich short the Hield in one
direction butpresentan open circuit in the other. The polarity of the signal that was
obtained is dependent on the orientation of the diode and the half sine wave that was
obtained was thercapacitivdy smoothed. By calibration of the devices output
voltage into a 5 load fa pulsedinput signalsggenerated by a levelling synthesised
microwave sourcealibratedagainsta calorimetric detectoone can use the rectifier
output voltage to determine the amplitudes and power of short duration input signals
arriving at the detectonput.

It is helpful to plotthe output voltage against input powter providecalibration data

for the rectifiers. Fitting polynomial curves of sufficient order to these cualess
automatic conversion of the recorded output voltage data into input power levels.

Figure4.36illustrates the calibration plot usadthe experiments.

140 —

=+ Nardarectifying diode
-»- HP rectifying diode 7 u

120 /
Y = 1.8909%-6.8991E07x + 9.7262ED5) - 3.0482E032 + 1.6956ED1x /

100 — /

40 -
Y :—1.105;12E10x5+ 8.18505ED8x¢-1.534805)3 + 2.49840ED3x2 + 3.74284E2x
20 |
0 ; : :
0 50 100 150 200 250 300

Voltage (mV)

Figure 4.36; Calibration curve for Narda and HP rectifying diode showing fitted ¥ order
polynomial.

116



4.6 Numerical simulation

Numerical simulations were conducted using a particle in cell code called KARAT in
both two and threedimensions. @mputer simulations are a valualail to design
experimental apparatus and to extend ones understanding and insight into the
behaviour of arexperiment or scientific phenomenadrhey can be used to predict

the resultor behaviouof an experimenobr to investigate aspects which are hard for
the experiment to directly measukere KARAT was used to predict the frequency
power and modal struare of the radiation generated by thexperiment The
behaviour of the electronsasalsopredicted such as the @se space evolution of

the beamThis isan example of grocess that was difficult to directly measuie.
example of the use ofmsulationsin experimental design wdke modelling of the
electron optics andhe formation of the velocity profile of the electron beam
because it is not possible in the laboratory experiment to achieve large degrees of
magnetic compressiowhilst keepingthe adiabatic conditions required for simple

theoretical analysis.

An analytic code, Maple, was used to calculate the magnetis figlderated by the
solenoids. Maple igrimarily an analytial algebra solver witlsignificantnumerical
computation capabilt It offers the advantage of developing as far as posshle
algebraic representation of a problem which can often be faster than direct numerical

solution.

4.6.1 KARAT and its modelling method
4.6.1.1 KARAT introduction

The beam wave interaction simulations in this thesis were conducted using the PiC
code KARAT.

KARAT is available in both 2 Dimensional and 3 Dimensional geometry forms. The
2.5D version(2.5D means the geometry and fields are described in 2Rlbtliree
components othe particles velocities anetained treats slab »z, polar ¢d , and

axisymmetric ¥z geometries. InaZ2D axis y mmet r i ¢ geometry Maxw
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ar e sol ved on t he cyIindricayl—lo.ctherdinai
2

simulated2-D region on tha-z plane is covered by a rectangular mesh with cells

having the dimensions And h.

In the 3D version the three electromagnetic field components and three momentum
components are free to vary without constraint in each spatial siomerHere,
Maxwel |l 6s equations ar «)yzsThepralemiregionta Cart
be simulated is covered by a rectangular volume mesh with the cells having the
dimensions j h;, andh, [Tarakanov].Dueto time and memory constraimst every

singlereal particle in the simulation can be reasonably compW&dRAT therefore

uses a merging factor toayp real particles together into one PiC particla the

simulatiors presented her@ne PiC particle is represémy 3x10 real particles

unless otherwise stated

The code idully electromagnetiqbeing based ohe Maxwell curl equations and

hence allowing the fields to evolve in tima)dbased on the particle-cell (AC)

method Its main use is to provide solutions to rsiationary electrodynamic

problems having complicated geometry and involving the dynamics of relativistic
electrons and nerelativistic ions. It is particularly suited to the simulation of Righ
current electron devi ces sltaahalsal® usedto cat o
model physical phenomena in laboratory and space plasmé#se present case it

was selected due to its highly flexible system for defining the distribution of

electrons in a complex electron beam.

4.6.1.2 Finite difference schemof modelling

KARAT works on the basis of fingedifferenceg Ma x \
scheme with overstepping on a rectangular shearing grid. On each time step it
computes the motion of the particles within each cell. Within this cell each particle

wi | | have a position and velocity. The ¢
are derived by taking an average of all the particles in a cell. The average can then be
smoothed between cells to enhance the stability and accuracy of a computation. The
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electric field in the simulationsiscor ect ed by us iThigschBoer i s 6 |
provides the unique feature of a special grid shear yielding satisfaction of the
boundary conditions without requiring any extrapolation. When modelling particles

in plasma systemthey may besimulated by either macro particles or by a linear

model.

Externally applied magnetic fields are treated in¢hrays. The field can be defined

(in axisymmetric systemspy means of a set of esxis values and their
corresponding positions, or the magnetic fields of current carrying coils can be
computed;finally external files with information abouhe magnetic fieldcan be
loaded, having been generated mother code or from experimental measurement.
The main particle attributes, namely the charge and mass are user specified input
parameters for beam particleBhe plasma macro particle charged mass are
defined by the merging factor. The merging factor is chosen by the user based on the
maximum number of particles that may reasonably be solved for, and an estimate of

the total numbers of real particledifig the system at any instant.

Figure4.37: Vector representatioof a fieldevaluated at the nodes of a lattice.

Maxwel |l 6s equat i onlsow thé ¢lestromagnete fietd chaqmese d i c |
from one instant to the next instant. To work out what the edemtmagnetic field is
going to be everywhere in a volume of space at a future instenhado know its
valueat the current instantind also théocal curl of theotherfield and the location

and motion of the charged particles
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Finite difference implies that derivatives will be estimated from a Taylor expansion.
A Taylor expansion will give the value of a displaced point as a function of its value
and derivattes at the wdlisplaced point. Spatialedivatives are estimated from
knowledge of a function at two or more points. Approximate solutions can be
constructedor the fields at some arbitrary locatiby interpolating from the known
values of he fields at discrete points on a lattice. Combiniafues at more points
increases the accuracy to which the derivative is estimated. Reducing the lattice
spacing canalso increase the accuracy; however a higher order estimation of
derivatives will incrase the accuracy slightly faster than reducing the lattice spacing.
For solving vector e q usa finiteadiffeyende sckeme dda x we |
be set up by specifying the value and direction of the véctamd Hfields at every

pointonapair d interleaved grids

FE,,(o,%, 1)
E(%, 0, -
(%, 0,1) "'// WL (%,11,1) *E‘(U' L%)
: Ey1,%41)
| Ly,
- 1%, 1,%)

ABOH) E1, 1/%) i
g e

H,(1,%,14) /

E\(%,1,0)
tEﬂ],yz,U) (1,1,0)

Figure4.38: The Yee cell, this gives a reggentation of the integrated foonf Maxwel | 6s equat

This is represented by a lattice shownFigure 4.37. Figure 4.38 illustrates a Yee

cell. The Yee <cell gives a representation o
equations.The average value of a field component, over the face of thareq

through which it passes, is representedalsector defined through the centre of the
face.The tme derrmt i ve of this component i's give
using the boundary vectors of the other field type on the alternate grid.
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4.7 Using Maple to solve the simulation magnetic field configuration

As seen insection4.4, the solenoids of the experiment are able to provide detailed
control of the profile of the magnetic field. In order to input this magnetic field into
the simulations Maple was used to predict the axial field profiles by defining the
solenoid geometrand currents. lequallyallowed the desigmand configuratiorof

the solenoidsfor experiments with aurate definition of the magnetic field by
predicting the current required in each coil. The experimental measurements of B
are used to verify the Mapteript The figures of the Hall probe measurements from
the experiment are seensection4.4, along with the Maple scriptredictions For

the Maple script see Appendx
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Chapter 5

Results & analysis

This chapter presentbe results gained from conducting 2D and 3D KARAT particle in cell code
(PiC) simulations andcaledlaboratory experiments. The chapter is split into various regimes or
specific studies that werendertaken. Whe both experimentahnd numerical investigations were
conducted for similar conditions thesee gpresentedogetherto create a natural progression and to

facilitate comparison of the data from each method.
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5.1 Initial 3D simulations

An early objective of the research in this thesis was to conduct 3D finite difference
time domain PiC simulations that built on results obtained from previous 2D PiC

simulationsof the experimental apparatus. Those 2D simulations had been conducted
in a g@metry consistent with the experiment. The key parameters of the resonant
structure and magnetic field were carried over to the 3D simulpBilespie etal.

2008]

In the previous 2D simulations the impact of parameters such as the magnetic field
configuration, detuning, compression, the electron current and energy on the
formation of the horseshoe distribution and its subsequent evolattuding the
microwaveoutput power, wave frequency and mode structure were analysed. These
predictions were comped to the experimental measurements and also gave an
insight into certain dynamics that could not be directly measured, for example, the
evolution of the horseshoe distribution function due to RF emissighese2D PiC
models plots were generated thatllustrated the formation of the horseshoe
distribution as the electron beam is travelling through the magnet system from the
electron gunThese simulationsvere also able to partially predict the mode structure
and frequency of the emitted RF radiation [Speiral.2008].

The focus of the initial 3D numerical simulations was to study excitation of the TE
and the T3 modes within a waveguide of 8.28cm diter by an electron beam
having a horseshoe distribution in velocity space. The resonant magnetic fields for
these modes wertose toB=0.18T andB=0.48T respectively.

The 3D PiC simulationsverenot onlyintended tocorroboratethe predictions othe

2D simulations butlso toprovide a moreealisticpicture of the interaction as they
can account for aziathalstructure in theadiation mods Thiswill permit coupling

to and excitatiorof a larger range of modeisan the 2D version could shdihe 2D

PiC codes impose azimuthal invariance in all variables). Hence 3D simulations

would yield, in principlea better representation of the experiment.

Figure 5.1 illustrates the geometry of the simulation. The cylindrical waveguide
radius matched the experimental geomettl4cm. The magnetic platesrgion was
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20cm longFigure5.2, and the beam can be seen impacting into the watksb@cm.
Ataroundz=225cm t heeerei ¢ sl Ga amsuaarcbnductivity thdt i ¢ h
increases fronzero moving fromleft to rightin the absorber The function ofthis
elementwas to absorb radiation within the interaction waveguide. It effectively
represents the output window of the experiment. gihiee magnetic fiéd is seen
Figure5.2. Unlike the 2D simulations, the solenoids and electron gun are not defined
in the 3D simulations due to memory constraiiitse beam isnsteadnjected with a

predefined horseshoe distriboni (seetheorysection2.3).
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Figure 5.1: Experimentally consistent simulation geometithustrating waveguide witlthe electron

beam PiC particle trajectorie$ apre-defined horseshoe distribution.

Plots of the electron beam phase space are geneFRagguole 5.3, illustrating the
evolution of the transverse momentum of the beam alloagvaveguide. Referring

to the highlighted aee corresponding to the plateafithe magnesystem,Figure

5.3a, one notes that initially the electrons have a spread in their transverse and axial
momentum, due to the injected horseshoe distribution. Eredr20cm the action of

the AKR mechanism indusea further spreading of the momentum. The arrow path

in Figure5.3a shows net loss of rotational momentum due to the instability.
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Figure5.2: Magnetic fietl profile for initial 4.4Z5Hz simulations (peak ield B=0.18T),11.7GHz

simulations used a similar profile with a peak B fieldBef0.48T.

At the point where the magnetic field declines, conservation of magnetic moment
results in a conversion of transverse momentum to fielchedigaxial momentum.

The spread in momentum due to the horseshoe distribution is also evident in the axial
momentum Figure 5.8, which is unperturbed by the cyclotron emission

mechanism.

As mentioned, the initial regimes investigated in the 3D simulativee kept

consistent with the geometry and magnetostatic configuration of previous
experimental studies. These being resonant magnetic fieldese toB=0.18T and

B=0.48T with resonant frequencies-ef.42GHz and-11.7GHz respectively. At the

lower resonant magnetic field 8=0.18T the experiment had a reserve of magnetic

flux that could be used by the mirroring process to analyse the electron beam
distribution in \elocity space feesection5.3). At a magnetic field ©bB=0.48T the
waveguide is very overmoded (D>>a), whic

source region.
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Figure 5.3: Phase space plots of the electron beam in simulations, illustrating the spread in (a)

transverse and (b) axial momentum due to horseshoe distribution.

Table 51 below summarises the key parameters of the 4.42GHz simulation. The
peak magnetic field was chosen to complement the 4.14cm radial bounding
geometry. Az=0.2m in the simulation geomet(the experiment has a plateau field

20cm in length)the magnetic fiel declines linearly towards zero z0.8m. This
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causes the beam to diverge radially and terminate on the waveguid@geati.this

is reproducing the broad behaviour of the experiment and ensures that there is a
region downstream of the resonant volunteere the radiation may be measured in
isolation from the electron beamAt the end of the simulation region a gradated
density dielectric region, 0.25m long, is defined zaR.25m. This absorbs the
radiation before it reaches the simulation bounddiye beam current in the

simulation isshown inFigure5.4.

Geometrical Parameters

Value or Range

Axial length 2.5m
Radial width ofinteraction waveguide 0.0414m
Axial mesh spacing 0.2cm
Radial mesh spacing 0.2cm
Electron beam parameters Value or Range

Electron beam curreng | 11A

Electron beam energy E -75kV

Injected electron beam pitdactor spread U = 0.36 Y 11.

PiC particle merging factor

33 10’ electrons/PiC particle

Number of PiC patrticles in system

~80,000 PiC particles

Constant magnetic field parameters

Value or Range

Axial magnetic field BO

0.18T

Length of constant axial field region

0.2m

Dielectric absorbentegion post beam

Value or Range

Radial limits 0 Y 0.0414m
Axial limits 2.25-2.5m
Conductivity Isotropic withlinear gradation @.1Siemens/m
Relative dielectric permittivity) 3.2
Rel ative dielegctr 1

Table 51: Parameters for initial 4.42Hz simulations.
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Figure5.4: Beam current plot for 4.42GHz simulationd,1A.
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Figure5.5 is a plot generated by 3D KARAT illustrating the electric field pattern of
the excited modeis the output area of the systehbere it can be seen that the mode
is the Tk 1, the mode expedteto be in resonance at 4.42GHz.
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Figure 5.5: KARAT output illustrating (a)Electric field vector plots from simulation illustrating
excitation of the TE;mode (b)Spatial analysis of the mdesexcited in the interaction. Here it can be

seen the Tk is the predominant mode.

Figure5.6 is the Fourier transform of the time history of the electric field when the
simulation is tuned to a 4.&Hz resonance. A signalose to4.42GHz was excited
as expected. It can be seen thatre is a ¥ harmonicsignal A 2"¢ harmonic signal

was observed in the previous experiments [McConeillal.2008] but had not been
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predicted by the 2D simulations [Speks al. 2008]. The advantage of the 3D
simulation is that it can model naxisymmetric field structuresind this explains
why the 3D simulations were able to resolve this harmonic generation.

E ( relative amplitude)

Figure 5.6: Fourier transform of electric field in a simulation tuned for 4.42GMmstrating 2

harmonic.

Figure5.7 is a plot of the Poynting flux integrated over the end of the waveguide,
this allows the output power of the radiation to be determimbd.fast oscillation
corresponds to twice the wave dreency and the average power is given by
averaging over this sinfunction. The maximum power outpytredicted forthe
system is ~28kWThis yields an efficiency of ~3% which is comparable to both the
experimental measurements-1-2% and the magnetosphericobservations ~1%
[Gurnett 1974][McConville eal. 2008].
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Figure 5.7: Power output from 4.42GHz simulations, illustrating an average power ~28kW

corresponding to an efficiency of ~3% which is comparablexperimental values.
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Table 5.2 below summarises the key parameters of the 11.7GHz simulation. Here the
magnetic fiedl is B=0.48T and the beam current is 16A, with erergy of 85keV.

Note that the voltage and current was changed slightly betweem2@Hz and the
11.7GHz.

Geometrical Parameters Value or Range
Axial length 2.5m
Radial width of interaction waveguide 0.0414m
Axial mesh spacing 0.2cm
Radial mesh spacing 0.2cm
Electron beam parameters Value or Range
Electron beam curreng | 16A
Electron beam energy E -85kV
Injected electron beam pitdactor spread U = 0.36 Y 11.
PiC particle merging factor 33 10’ electrons/PiC particle
Number of PiC patrticles in system ~80,000 PiC particles
Constant magnetic field parameters Value or Range
Axial magnetic field By 0.48T
Length of constant axial field region 0.2m
Dielectric absorbent region post beam Value or Range
Radial limits 0 Y 0.0414m
Axial limits 2.25-2.5m
Conductivity Isotropic with linear gradation ©0.1Siemens/m
Dielectricp e r mi t, t i vi t 3.2
Dielectric,perm 1

Table 52: Parameters for initial 11.7GHz simulations.

Figure 5.8 illustrates the modeexcited in the simulation, it can be seen that the
predominant mode is the §& Figure5.9 shows the electric field patterns from the
output of the simulation, it can be seen that in (a) the mode is #eahl (b) there

iIs a Tk pattern excited There is a possibility that @iis indicative of mode
competitionandthis will be investigated further isection5.6.
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Figure5.8: KARAT output predicting the modes excited in the high frequency (11.7GHz) interaction.

Here it can be seen the JHs the predominant mode.

(@ em) (b) =S

Figure 5.9: (a) Electric field vector plotsillustrating TE ;3 mode. (b) Electric field vector plots

illustrating TE zmode.

Figure5.10 & Figure5.11 illustrate the Fourier transform of the electric fieldhd
resonant frequencgxcited is~11.7GHz, which wasas expected, close tg.fThere

are also small peakwhich occurat 113GHz and115GHz, this couldalso be
representative of mode competition in the interactihis confirms mode patterns
observed from the experiment which in this resonance regime indicated competition
between two modes, the JEand TE 3;[McConville et al.2008]. Figure5.12 shows
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the Poynting flux from the simulations, predicting a peak output power of 17kW

yielding an efficiency of ~2%the efficiency of thexperiment was1-2%.
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Figure5.10: Fourier transfornof the E-field takenclose to the source regioat 0.05m over a period
of t= 7580ns, illustrating the primary resonance at a peak frequehc$1.6GHz. There is also a

small peak at11.3GHz,indicating possille mode competition.
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Figure 5.11: Fourier transfornof E-field of 1.2m downstream from the source region showing that

several nanoseconds earlier the spectra has peaks at ~11.6GHz and ~12GHz.
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Figure5.12 Output power for 11.GHz simulations. Peak power around 17kW, which equates to an
efficiency of ~2%, comparabl® texperiment and magnetosphegiticiencies.Note the powerdoes

nothave atypical sirf transient minima atero due to the overmoding in the simulation.

These initial simulations tested the 3D method against previous 2D simulations and
experimental data. The results they produced were broadly consistent atlith b
previous resultsHowever hey also provided insighhat could not be predicted by

previous 2D simulations (mode competition, harmonic excitation).

5.2 Analysing the impact of beam current, detuning and velocity distribution

The effect of varying the beam current, eleotdistribution and magnetic detuning
were investigated. These simulations were conducted initially in 2D KARAT, the
reasoning for this was to be able to study and analyse a wide range of parameters
rapidly within a simpler simulation system. In 2D simidas azimuthal structure is
discounted, eliminating the requirement to mesh one of the transverse dimensions
(d in this ,@saprevipusly rkatiered; eneans a limited mode

spectrum may be coupled to the electron beam.

The geometry for theimulation is shown ifrigure5.13, the solenoid can be seen at

the top of the waveguide. The crosses indicate points where detailed data is recorded
for analysis. It can be seen that a talpes been added the injection ge of this
simulation, the taper allows transport of the beBigure5.14, correct positioning of
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the emitter surface gave minimal beam scraping. The small neck on the beam tunnel
cuts off all radiation modes, thus ensuring that all the reverse propagating signals
would be reflected to the output. The magnetic field profile is sedigure 5.15.

The impact othe beam currenparticle distributiorand detuningseetheorysection

2.5.2)on the output power and the resonant frequency was analysed.

Referring to Table 5,3seventy twodifferent regimes were studied; four different
values of beam current were testeder a range of magnetic detuning for two
electron distributionsTo distinguish between the two different velocity distributions
tested they have been assigiied titles of Distribution 1 and Distribution 2; these
refer to an electron distribution from %@ 8¢ pitch angle and an electron

distribution from 50to 8C pitch anglerespectively.

A further distribution was investigatedgefined here as Distributior8. The pitch
anglespread ighe same as iBtribution 1, from 10 degrees to 80 degrebsitwith a
progressively increasing density distribution (withce the number of particles at 80

degrees compared to 10 degrees).

Distribution 1 Distribution 2
Bo (T) 0.1854 Bo (T) 0.1854
Pitch angle range (degrees)| 107 80 Pitch angle range (degrees) | 507 80
Energy (keV) 75 Energy (keV) 75
Current (A) 1.7-12 Current (A) 1.71 12
Density distribution Uniform Density distribution Uniform
Distribution 3
Bo (T) 0.1854
Pitch angle range (degrees)| 107 80
Energy (keV) 75
Current (A) 1.7-12
Density distribution Increasing

Table 53: Parameters for beam current and detuning simulations.
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Figure 5.13: KARAT simulation geometry used for investigation of the impact of the electron
distribution function, beam current and detuniiligistrating the waveguide, thiateractionsolenoid,
dielectric, and cross reference pisi and the simulation geometry. Also illustrated is the beam

trajectory and collection into the walls at100cm. The dielectric can be seerz=st35cm.
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Figure5.14: KARAT simulation geometry illustiting electron distribution in normalised momentum

space in PP, and B.
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*10

200

Figure 5.15. The magnetic field profildor the simulations. The platea8=0.1854T (which was
varied in the simulations to control the detuninig) longer than the experimental magnetic field
plateau of 20cm, this is to transport the beam through the tagerinin the geometry, the

6resonantdé |l ength remains 20cm.

Figure 5.16 shows the electron distributiom velocity space, illustratinghe

horseshoe distribution.

Vir/c
Vitr/c

Figure5.16: Electron distribution in velocity spadéor distribution 1) illustrating theinjection and
evolution of the horseshoe distributidrom the start of the simulatiot=20ns (prior to RF wave

generation) tdhe endatt=120ns(saturated RF wave generation)
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Figure5.17 and Figure 5.18 illustrate the trends of the emission frequency and the
output power with increasing detuning. Tekectrons in the horseshoe distribution
are initially uniformly distribuéd in gyro phasdphase asynchronous) extamgl
from & to 360.

It is clear to see that, frofRigure 5.17, the output power increased with the input
beam current. With the current increasing by a factor of seven the output power
increases by over a factor of thirteen, increasing from ~6kW to ~80kW. However
there is a sharp resonance when the cyclotron frequendgse to the waveguide
cut-off frequency (corresponding here to 0% detuning) with sharp drops in emission
efficiency for either increasing or decreasing detuning although the power still

(typically) increases with current.
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Figure 5.17: Resonant frequency and output power as a function of det{tWagwco)/We,) for
Distribution 1(10°-80° horseshoe distributign

Referring to the output frequency hibldssteady at around 4.5GHz in the vicinity of
the resonance irrespective of detuning. However, with a sufficiently large detuning

the wave power falls off rapidlwhilst the wave frequencgignificantly increases.
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From this it can be concluded that witlufficient beam current the instability
tolerates the cyclotron frequency to exceed the transverse cut off by neaMis%.
Is consistent with the excitation lmihgitudinalmodesabove waveguide cuff.

Figure5.18 also illustrates howhe detuning and beam current impacinthe output
power and frequency. dwvever, for the results presented in Figure 5.1t8&
horseshoe beam distribution function is cemtrated on high pitch angles from°50
to 8¢ i.e. dstribution 2.

For dstribution 2, an increasing output power with increadsegm current is still
observed. ncreasing from 13kW for a beam current of 1.7A to a peak value of
~127kW for a beam current of 12A, this yields a maximum efficiency of 14%.
contrast, with @stribution 1 a beam current of 12A gives a peak value of 79kW this
yields an efficiency of ~9%For a beam current of 1.7A the efficiencies for
Distribution 1 and 2 are ~5% and 10% respectively. This clearly shows the
importance of the high pitch electrons in providitige free energy to drive the

instability for AKR emission.
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Figure5.18: Resonant frequency and output power as a function of detuomBistribution 2 (56-
80° horseshoe distribution
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The toleration of the inability to detuning {2 to +45%), plus the tendency twld a

given frequency (typically ~4.5GHz 4.55GHz) irrespective of a significant change

in gyro frequency is interesting. The frequency corresponds to a ioadiat
propagation angle in the weguide ~12 (arctan kk.) from perpendicular,
suggesting emission is possibly away from exact perpendicular propagation in spite
of relativelylarge velocity spread. This may be important to the wave propagation in
the polar magnetosphergarticularly how the radiation is trangtad from the
source region through the complex polar plasma to be observed by satellites as a free
space wave The significantly higher efficiencies seen here camgato earlier
simulations suggsas the effectiveness of the reflector amdpresents thdirst
numerical indication thathe wave may b@referentially emitted into dackwards
propagatingignal This will be considered again in Section 5.7.1.

These results have shown that the pitch angle distribution of the ekeistnatal in
determiningthe strength of the instability. It is therefore interesting to consider the
impact of progressive variation of the electron distribution in pitch angle.
Distribution 3 has a range in pitch from 10 degrees to 80 degreesnaidasing
particle density, Tlale 5.3, such that there are twice the number of particles
associated with 8(itch angle as compared to thosé Gt

Figure5.19 shows the variation adutputpower and frequency with electron current
at a detuning oR.8% for Distribution3 showing that ithas a higher output power
compared to that of Distributioh The predicted wave emission frequency for both
distribuionsrises from 4.4GHz td.5GHzas the kam currentncreases from ~3A
to ~16A whilst the power increasesth beam currentThe spectra show clearly a
transition from incoherent to coherent emissias time evolves in all cases
illustrated in Figure 5.19(b).
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Figure5.19: (a) Resonant frequency and output power as a function of current for a uniform particle
distribution in pitch angle (Distributionl) and for a progressively increasing distribution
(Distribution 3) for a detuning 0f2.8%. (b) Fourier transform of electric field spectrum, illustrating

the transition from incoherent to coherent emission imitheasing time.
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5.3 Matching electron velocity distributions of 4.42GHz experiments and

simulations

As illustrated insection5.2, the distribution of particles is rather important in
determining the strength of the instability. Theref8esimulationsvere conducted
where the distribution of the electrons in velocity space was matched to the

measurements obtainetbr the beams useih the 4.4Z%Hz resonance regime

experimentdefined inTable 5.4 This matching was not performed tbe 11.GHz

resonance as there was no suitable number density distributioavdétzblefrom

these experiments to which to matdhodifying the numerical input parameters to
provide a strong correlatioto the experimental measuremamitl achieve a more

comparaéle electron distribution functionand should yield a more accurate
prediction of the wave production efficiencyhe beam was characterised in the

experi ment

mirror ratio is calclated (for these purposesis the ratio of the magnetic field at the

by

measuring the

cathode to thelateaumagnetic field of the experiment.

0l

ossThe oneo

Experiments at a mirror ratio of 9 Experiments at a mirror ratio of 17
Bo (T) 0.18 Bo (T) 0.18

Energy (keV) 75 Energy (keV) 75

Current (A) 35 Current (A) 12

Table 54: Initial smulation parameters used to ub the number density distribution to that of the

experiment for mirror ratios of 9 & 1R, is the plateau magnetic field required for resonance with the

EM radiation at 4.42GHz.

The experimentagdstimates of théne density are showas a function of pitch angle
in Figure5.20. The trend of the number density distribution for the particles in the

simulation was read fromigure5.20 and he software was loaded with a takéee

Table 5.5 which defined the weighting associated with each pitch afigis initial

table wasthen iteratively evolved bycomparingthe simulatedloss cone current
versusthe magnetic mirror rati@gainstthat of the experimentsfhe simulations
injected the particles at the plateaux B field of the experimental configuwtichn
then the B field was slowly increased in z to determine the transmitted current as a

function d the mirror ratio.The overall parametersised inthe simulation are shown

in Table 56.
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Pitch angle : : Mirror ratio
(degrees) Mirror ratio 9 o
10- 20 8 1.9
20-30 59 1.6
30-40 4.2 1.4
40-50 3 1.3
50-60 1.8 0.9
60-70 1.3 0.6
70-80 1 0.5

Table 55: Values taken from experimental mirror plots used to input into KARAT to match the beam

distribution.
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Figure 5.20: Experimentally estimated variation of the electron line density as a function of pitch

angle. Utilsed in matching the electron distribution in 3D KARAT simulations.
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Geometrical Parameters Value or Range
Axial length 2.5m
Radial width ofinteraction waveguide 0.0414m
Axial mesh spacing 0.2cm
Radial mesh spacing 0.2cm
Electron beam parameters Value or Range
Electron beam curreng | 12A 7 35A
Electron beam energy E 75kV
Injected electron beam pitdactor spread U 036i 11.4
PiC particle merging factor 33 10’ electrons/PiC particle
Number of PiC particles in system ~80,000 PiC particles
Constant magnetic field parameters Value or Range
Axial magnetic field BO 0.17T - 0.5T
Length of constant axial field region 0.20m
Dielectric absorbent region post beam Value or Range
Radial limits 0O Y 0.01m
Axial limits 0.125-0.150 m
Conductivity Isotropic with linear gradation 00.1Siemens/m
Relative dielectric permittivity) 3.2
Rel ative dielegctr 1

Table 56: Full simulation parameterssed to mald the number density distribution to that of the
experiment for mirror ratios of 9 & 17.

The simulated beam curreobrresponding to an experimental mirror ratio of 9
(cathode Bfield 0.02T,resonahB-field 0.18T)is shown inFigure5.21.

250

Figure5.21: Beam current predicted by 3D KARAT simulations with electron distributions matched
to experiment at a mirror ratio of @urrent fuctuation atz=225250cm is caused by an AC current in

the absorbing dielectric.
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The variation of thesimulated transmittedbeam current with mirror ratias the
plateau magnetic field, B, is increased progressively and gradually from the resonant
value B (~0.18T) to the maximum experiment magnetic fields of B=~0.5Tasva

in Figure5.22. Figure5.23 andFigure5.24 show the same data for a mirror ratio of

17 (cathode Bfield 0.0105T, resonant-Beld 0.18T)

The decrease in beam current as iBcreased was due to the electrons being
mirrored. For bothle experimental platefathodemi r r or r ati o6s of
be seen the simulations matched reasonably well with the experimental

measurement
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Figure 5.22: Matching of simulation electron distribution to experimental data fplageau/cathode

mirror ratio of nine.

144



Iz, total (A)

Figure 5.23: Beam current input to 3D KARAT simulatis with electron distributions matched t
experimenplateaucathodemirror ratio of 17. Fluctuation in the current at 225- 250cm is caused
by an AC current in the absorbing dielectric.
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Figure 5.24: Matching of simulation electron distribution to experited data for glateaudcathode

mirror ratio of seventeen.
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Thus havingarranged that the distribution of the electron number density in the
simulation was comparable to the experiment it is passblkimulate theadiation
emission process, aldor comparison with the experimental measurements. These

results are presentedsection5.5.

5.4 Experimental measurement &numerical mapping of the electron beam
distribution in velocity space for B=0.11T & revised B=0.18T resonance

configurations

Additional experimental measurements were peréat in this project, at plateau
fields of B=0.18T and B=0.11T. As the 2D simuteis showed the distribution of
electrons in velocity space was important in determining strength of the
instability, keam current measurements werketaas a function of magnetic field
ratio (cathode to interaction spadey inserting a Faraday cypeetheory4.3.5)into

the interaction waveguide. Theperimental data was recorded on an oscilloscope
Figure 5.25 illustrates theexperimental measurements takéar, both B=0.11T and
B=0.18T regimes. The minimum mirror ratio (~11) corresponds to a cavity operating
magnetic field of B=0.11T, whilst theairror ratio of 18 corresponds to an operating
cavity magnetic field of B=0.18T, in each case the magnetic flux density through the
cathode was B=0.01Tincreasing theplateaumagnetic field overeach ofthese

values maps theorrespondinglectron velocy distribution by mirroring.
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Figure5.25: Experimentally measured beam current for B=0.11T and B=0.18T regimes, mapped with
increasingplateauxmagnetic field, cathode B=0.01T

The method adopted in ordeo calculate the line density distribution of the
experiments for input to themulations from this set of data was to use a best fit
trend line to each set of the data. Theultingequatiors shown inFigure 5.25 and
Equation 301 andEquation5.02. These equationwerethen used to calculate the
one dimensional number density, as a function of pitch akglere5.26 illustrates

the line densitiesmplied by this method.The performance of the experiment was

very stable aglustrated by detailed reproducibility over a two year period.

The equations usefbr calculation of the beam velocity distribution at a specified

plateau magnetic field were as follows;
At a magnetic field of B=0.11T

| =-0.000644 mirrof + 0.069059 mirrof - 2.636902 mirror + 47.897934 Equation 501
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