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And yet surely to alchemy this right is due, thatmay be compared to the husbandman
whereof Zsop makes the fable, that when he digdltiéhis sons that he had left unto them
gold buried under the ground in his vineyard: aneytdigged over the ground, gold they
found none, but by reason of their stirring andgttig the mould about the roots of their
vines, they had a great vintage the year followsw:assuredly the search and stir to make
gold hath brought to light a great number of good &uitful inventions and experiments, as
well for the disclosing of nature as for the usenain's life.

Sir Francis Bacon

The Advancement of Learni{is05)

Nothing in this world can take the place of persise. Talent will not. Nothing is more
common than unsuccessful men with talent. Genilisnet. Unrewarded genius is almost a
proverb. Education will not. The world is full ofdecated derelicts. Persistence and
determination alone are omnipotent.

Calvin Coolidge

30" President of the United States
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The experimental magnetic reconnection thrustestcoated for this investigation. Consisting of
two concentric copper tubes, the inner tube acts theta pinch device while the annular region
between the inner and outer tubes is designedoupe magnetic reconnection in a plasma. In
operation, the copper tubes were covered with fefhsulation to prevent the driving current
shorting to ground through the conductive plasma

A large current pulse was applied to the termimald the resulting magnetic interactions along
the axis and in the annulus were investigated aeans of producing high-speed plasma jets
suitable for spacecraft propulsion.

The use of magnetic fields to create high-speed plasma jets for spacecraft propulsion. S. Bathgate 2017



Contents
ACKNOWLEDGEMENTS ...ttt ettt e e e e e et oo e e et e e e e e e e e e e s e e s s e bbb b e nenre e 8
PUBLICATIONS ..ttt ettt ettt ettt ettt et e e e e e e e e e e aa e e bbb bbb e e e e ettt et e et eeeeeeeeeessesaaaannnnnnn 9
1 INTRODUGCTION .ottt mmm ettt ettt et e e e e e e et s s o e s e bbb eeeee e et et eeeeeeaaaesaasaaannnnbnnbeeseeees 10
2  PLASMA THRUSTER METRICS ...ttt e e e e e e e et eeee e e e aaaaaaaeeeas 13
2.1 THRUST By oottt 13
2.2 SPECIFIC IMPULSE | G 13
B o 10 = o o 14
2.4 SPECIFIC MASS. .. eiitttttt e e e e e e ettt ettt bttt o e aa e a2 e e e e et e ee e ettt baba oo e o e e e e e eeeeeeaeete b annaaa e e e e aeaeeeeeennnnnnannn 15
2.5 PROPULSIVE EFFICIENCY E f oottt 15
2.6  THE ROCKET EQUATION FOR POWER LIMITED THRUSTERS ....cccttttttttuuuiaiaeaaeeeeeeeeseintniaansaeeeeaaeeas 18
2.7  THE MISSION DIFFICULTY PARAMETERUD......citttititttiiia e e e e e e e et e ettt e e e e e e e e e e e e e eeeenbbbaa e e s e e e aaaaaaeees 19
2.8 PLASMA THRUSTER LIFETIME ...cttttttutuuuaaaaeaaaateeeaststuunaaasaaaaaaaaaaeaeeessstssannaaasaaaeaeeeesssessnsnnnnnnnnns 22
m
2.9 THE EFFECT OF SPECIFIC IMPULSE ON THE MASS RATIO BRVISSION —— ....vooiveeseeeeeeseeeeseesseeesee 23
m
2.10 TRADE-OFFS BETWEEN METRICS ...ttt ttttttetattattatiaaauitiittetbeeseeeeaeaaeasaessasaasannnbsbbbnbeeseeeeeeeeeeeaeeeaanas 24
3 BASIC PHYSICS OF PLASMA THRUSTERS AND RELATED DEVIC ES.........oooiiiiieee 25
3.1 PLASMA CREATION ...ttt e ettt eeeettttt e e e e e e e e e et eeeaeensat e e e e oo e e e et e e e eeeebbabaa o e e e eeaaaaaaaeeeeesbnbannaaeaeaas 25
3.2 PLASMA ACCELERATION. ¢ttt taeeaeatettttttttiaaa s e e e e e aateeeeeaaaeessbasaaa s s e e aaaeaeeeeesbssban s aaaeaaaaaaaaaeeeeessnnns 27
3.2.1 (0] =T a1 w48 (o] (o1 =TT PP 27
3.2.2 MAGNELIC NOZZIES......ciiiiieiie ettt ettt et e e e e e e e e e e e e e e e e e e e aaannns 28
3.2.3 A note on Hall thrusters, end Hall ion sources amaignetic N0zzIes. .........cccccceeeeiiiiiiiennes 32
3.2.4  Rotating magnetic field acceleration (RMF) ..o oo 33
3.2.4.1 RMF plasma current drive MECNANISM. ... ...t e e e e e e e e e e aanes 34
3.2.4.2 Thrust produced By the RIMF .........coiiiiiit ettt e e e e e e s et rae e e e e e s e et baaeeeaaeessenannaes 36
3.2.5  Rotating electric field acceleration (REF).........cooiiiiiiiiii et 37
3.25.1 Thrust produced by the REF .........ooeiiiii e e e e e e e e e e 38
3.2.6 Ponderomotive fOrce thIUSLEIS. ..........oo i e e 38
3.2.6.1 Thrust produced by the poNderomOotiVe fOrCE. ...cccceuiiiiiii e 39
3.2.7 Ponderomotive force thrusters Using laSers.......oooooiiiiiiiiiiiiiee e 40
3.2.8  Helicon double layer acCeleration............coe oo 41
3.2.9  Acceleration by beating electrostatic waves (BEW)............uueeiiiiiiiiiiiiiii e 43
3.3 MAGNETIC MIRRORS .. tttttttttteeetttaiaaia e batb bbb e et e eeeeaaeeaaesaasaa e e ebbb bbb e e e e et ettt et e e e eeeeaasannnnnsbnebnenneees 44
4 ELECTRODELESS PLASMA THRUSTER TECHNOLOGY DEVELOPMEN T....cccccccciviiiiiannnnnnnn. 45
4.1  ROTATING MAGNETIC FIELD THRUSTERS . ....uttttttttttttttettaaaaaaasasiaaaannnsbenseeeetetaeeaeaasasssassaannnnnnnsnesneees 46
4.1.1  The Electrodeless Lorentz FOrce (ELF) thrUStel . vuurrerieiiiiiieeeeeeeie i 46
4.1.1.1 Lorentz force on the plasmoid in the ELF thrUSIe . ....oooiiiiiii e 47
4.1.1.2 Erosion of walls in the ELF thruster
4.1.1.3  Further deVeIOPMENTS. ... ....uuiiiiiiiee ettt e e e e e ettt e e e e e e e e ee e e e e e e e e nnneeeeeeas
4.1.1.4 Martian atmosphere and water used as ELF thrusd@epants..........c.cccccoviiiiiieeniennn
4.1.1.5 Current Status Of ELF thIUSTEIS .....coiuuiii e e
4.2  ROTATING MAGNETIC FIELD THRUSTERS WITH A HELICON PLSMA SOURCE.
4.3  ROTATING ELECTRIC FIELD THRUSTERSLISSAJOUS THRUSTERP.....uetvreeettetiaaaaaaaaaasassaaaannnsnnnennennes
4.4 PULSED INDUCTIVE PLASMA ACCELERATORSPIT THRUSTERS ....uutttttitiiiiiietiaaiaaaaaaaaeesaesaaennnnes
4,41  Planar pulsed inductive thrusters without pre-i@iian.............cccoooeev v
4.4.2 Planar pulsed inductive thrusters with pre-ioniBati...............evveveiiiiieiieeeeiii e
4.4.3  CONICAl PIT tNIUSLEIS. ...ttt ettt e e e s s bbb e e e e s s anbbaeeeeeeanes
4.4.4  Erosion of components in the PIT thIrUSIET ... coeeeemiiiiiiiiiiiieeir e ee e e e e sessenineeneeeeeeeeees
4.45  Martian atmosphere used as a PIT propellant. c.o..c..vvveeeeeiiiiiieeee e 55

The use of magnetic fields to create high-speed plasma jets for spacecraft propulsion. S. Bathgate 2017



4.4.6 Current Status Of PIT thrUSEEIS .......uvueiiceeceee et e e e e e e eaa e e e eaaans 55
45 HELICON THRUSTERS. ... ettt ettt ettt ee et e et e e st e e et e eeeaa e s et e e et e e eat e s eaa e e et eesaaessanssesanneeeanseesnnerenn 55
451  Helicon double layer thruster (HDLT) ..oivcii et ee e e e e 57
4.6 PLASMA THRUSTERS USING TRAVELING WAVES IN A TRANSMISION LINE......ccuuiiuiitiiieiieiiieeieeneennns 58
4.7 PLASMA THRUSTERS USING AHIPIMS ION SOURCE WITH A MAGNETIC NOZZLE......cc.cuiiuniiiniiinienneiinnnns 60
5 POWER SUPPLIES FOR PLASMA THRUSTERS ...t 62
51 NUCLEAR REACTORS ...ttt itttittetie it et et sttt e st st ssb s e s es e s e e et s s s s ea e st s saa s st e eaasssssansatnsssnseansstnnen 62
5.2 RADIOISOTOPE THERMOELECTRIC GENERATORS. ...u.ituiittiiteiteitietteeitseiteesnessiessansstnseanesteraseaeraes 62
5.3 SOLAR PHOTOVOLTAIC POWER SUPPLIES. .. .euuittiitetteetiietieettessteesaeesasssassanesanssanssteransstserssassseres 62
5.4 LIMITATIONS ON SPACECRAFT POWER SUPPLIES IMPOSED BRADIATOR SIZE. ..u.cevviiieeeieieeeeeeeeveeeeenns 63
6 EROSION IN THRUSTERS WITH ELECTRODES. .......ccot e 66
6.1 EROSION IN GRIDDED ION THRUSTERS .. .etuiitttetettiettteeeatteseaaeestaeesasasessaesetaeeestnseeanereteeresaeeeanaeseen 66
6.2 EROSION INHALL THRUSTERS ...t itittieitieeit e et e e et e e et e e eea e e seae s e st essan e s st e e s saeeeanesenneessnseennnees 67
6.3 EROSION INMAGNETO PLASMA DYNAMIC (MPD) THRUSTERS......cceicuuerrerurrnnnneeererreeseeeeesessensnnnnnns 69
7  SUMMARY AND CONCLUSIONS ...ttt et e e e e e e e e e e e s e e et e e aaneeees 70
A PLASMA THRUSTER USING A MAGNETIC NOZZLE WITH AHI PIMS PLASMA SOURCE
72
8.1 TR T0] 6o [ N N 72
8.2 LY = 1T 5 1S T 74
8.3  PHYSICS OF ARETARDING FIELD ENERGY ANALYSER (RFEA) ......uuiiiiiiiiiiiiiiiiieeeeeee e, 76
8.4 MEASUREMENT ERRORS IN A SIMPLIRFEA ... oo 77
8.5 MEASURING ION ENERGY WITH A SIMPLERFEA ... .coeiii et e e s 77
8.6 PHYSICS OF HIPIMS PLASMA SOURGCES ... .ccituiiitietetee ettt e et e et e e e s e e eae e e et e e e ea e e et e e et e e saneseaneeeenns 78
8.7  THE MAGNETIC FIELD STRUCTURE OF THE EXPERIMENTAL ARFRATUS. ... ccvtniiitneeieteeeeeeseieeeeeneeeenneeeens 79
8.8 MEASURING THE IONIZATION FRACTION OF COPPER.....uuciutuieittieiieeieteeeeeteeessaeesaaeeesanessaneesaneeeanns 80
8.9 =] I N 81
LS TR O T N Y I 2 1T 83
LT I T I 1T U 11 [ ] T 85
SR A 0] N[ I 0 1] [ N 7 86
9 A THRUSTER USING MAGNETIC RECONNECTION TO CREATE A HIGH-SPEED PLASMA
JET 87
9.1 TR T0] 6o [ N 87
9.2 MAGNETIC RECONNECTION EXPERIMENTS IN THE LABORATORY....uuiiitneeieteeeeneeesieeeaneeeenneeesneeeennns 94
9.3 = T 1 T 97
9.4 MEASUREMENTS WITH ALANGMUIR PROBE ......cceuuiiiii et e e s e e e e e e e e eanaeees 99
9.5 MEASUREMENTS WITH THERETARDING FIELD ENERGY ANALYSER .....ciiviiiiiieeiieeeeeee e e eeaanes 101
9.6 MAGNETIC FIELD STRUCTURE OF THE THRUSTER ... .cuutitiutieitteeettieeeieeetaeeeetnseessneesetnesesnnssssnaesennns
9.7 RESULTS.. it
9.7.1 lon currents as a function of Argon pressure
9.7.2 lon Currents from the Theta Pinch zone and from&hrular reconnection zone.................... 105
9.7.3 Currents from the Annulus measured with the RFEA..........cooiiiiiii e 108
L I T N Y I 2 1T 109
9.9 (D110 U111 [ N N 110
£ TR O @] N[0 I U £ [ 111
10 DEVICES CONSTRUCTED FOR THE INVESTIGATIONS..... i 114
10.1 EXPERIMENTAL APPARATUS(IMAGE) ..uttttttreeeertetteeteeaeaeessssiasassssnssnnssnsssnssnseeeeesaeseeaeeeeaeesnnsannnnnnssnns 114
10.1.1 Experimental apparatus (SChEMALIC) ..........cocmmm i e e 115
10.2 ISOLATING INTERFACE FOR MAGNETIC RECONNECTION EXPERENT ....uiivtnieienereeeeeeneeeaneesenneeeannns 16l
10.3 /- 160V DC POWER SUPPLY.....cutuuieiettuneettetuseeesresseeeseerassessesreestert e eesestnr e 121
10.4 DIFFERENCE AMPLIFIER ..uu.tttittnitttttettsstest st esssessesssassaa st sttt stte st stteetesssestesssasssssesnesrneres 123
J10.5  PULSED POWER SUPPLY...u.ctuittuittittettsstettestsssesssssssssste sttt sttt 124
10.6 RETARDING FIELD ENERGY ANALYZER: .. .uuuituittittetttttestesssssnesnsssesssestsessstettsssesstiernssies 125
10.7  13.56MHZ MATCHING NETWORK . .euuittiittiitniitttitn ettt san et estnseanessasssasstestasstsstsesaessnsesnessnsssneres 125
O T B 1T N O = =1 126

The use of magnetic fields to create high-speed plasma jets for spacecraft propulsion. S. Bathgate 2017



10.9 TEST OF MEASUREMENT SYSTEM ACCURACY. ...ctututeeiutureesseeeessnteeesassesessssesassnsessssssssnssessssseeessnseees 126
11 COMPUTER PROGRAMS ... .ottt ettt e sttt e e s sntaeeatte e e snneeeesnsaeesnsaeesanseeeeaneeeeeanseens 128

11.1 LABVIEW PROGRAM FOR CONTROLLING RECONNECTION EXPERENTS.......uceeiiireeitreessneeeessseenesaneeens 128

11.2  HIPIMS DATA ANALYSIS ..ot ieeeteettee e e e e e et et e eeettb s e e oo e e e e e e e e eeeasbebb e e e e e aaeeeeeseaennsennnnanns 130
12 NOMENCLATURE ..ottt ettt e et e e et e e e s bt e e e sat e e e sba e e s sabeeeesaaeeesasbeeeans 131
13 REFERENCES ...ttt ittt ettt a1ttt e ettt e e ettt e e st e e e st e e e ea b e e eane e e s aabeeeetseeeeanbeeeantaeeeannes 134

The use of magnetic fields to create high-speed plasma jets for spacecraft propulsion. S. Bathgate 2017



Acknowledgements

In a complex project such as that described inwliigk acknowledging the contributions of all those
who have assisted in its completion is in itsedfgnificant task.

I would like to thank Professor David McKenzie, prymary supervisor, for his unfailing enthusiasm
and ever-willing guidance in negotiating what haerm a long and at times drawn out attempt to
design, construct and implement two complex andeqdifferent devices. Firstly, the magnetic
reconnection-theta pinch thruster and then secottidyHiPIMS thruster.

Adding to Professor McKenzie's invaluable advicefBssor Marcela Bilek has always been willing
to engage in the effort to understand the intresi@f the effort of deriving meaning from what at
times have been obscure findings. She has unfiiligigen excellent advice in the preparation of
research papers and this thesis from those results.

The coursework provided by Professors Serdar Kuyacal Iver Cairns was both challenging and
interesting. Dr. lan Falconer kindly gave up Imse to read through my review — or as he said book
on electrodeless plasma thrusters that has forheetésis of a research paper and the first pahisf
dissertation.

Dr. Rajesh Ganesan’s enthusiastic participationthe HiPIMS experiments was an essential
contribution to this work while on the more praatiside, Phil Dennis offered invaluable advice and
assistance in the design and construction of tiparapus used in both the HiPIMS and magnetic
reconnection experiments. His understanding ofatisane details of radio frequency devices was of
very considerable importance in the ultimate sus@dgproducing stable plasma in what was, in the
scale of the plasma physics laboratory, a substasmtperimental chamber.

That chamber itself passed through a number oétiters until Terry Pfeiffer, Senior Technical
Officer in the former School of Physics workshop, large part constructed the final version.
Succeeding several earlier versions, the chambeffinaly capable of maintaining a stable discharge
and became the central component in the concludamnetic reconnection experiments.

| also wish to acknowledge the financial supporthef Australian Research Council for this project
and the assistance accorded by the Australian @Goert in the provision of an Australian
Postgraduate Award.

On the home front, my partner Jennifer has beesis@mtly supportive and always tolerant of the
time that | have spent in front of my computerthe home workshop or in the lab, labouring over
complex and often inscrutable documents and compsnimat have been central to the task of
completing this extended effort.

Lastly, | wish to mention the unflagging encouragetmof my parents in my endeavours through the

years. It is to their memory that this thesis ididated.

The use of magnetic fields to create high-speed plasma jets for spacecraft propulsion. S. Bathgate 2017



Publications

1. S. N. Bathgate, R. Ganesan, M. M.M. Bilek and DMgKenzie, ‘A HiPIMS plasma source with a
magnetic nozzle that accelerates ions: applicatioa thruster”, Eur. Phys. J. Appl. Phys. (2016} 76
30801,2016. An illustration from that paper was publisloedthe front cover of the journal (below).

volume 76 - number 3 - december - 2016

AP

@ Recognized by European Physical Society

Applied Physics

Magnetic nozzle
windings (cut away)

Coil shield \

(half section) .

\“3

Plasma jet

Accelerated plasma

by 5.N. Bathgate et al.

eClP sciences

2. S.N. Bathgate, M. M. M. Bilek and D.R. McKenzie |éEtrodeless plasma thrusters for spacecraft:

a review” ,Plasma Sci. Technol. 19 (2017) 083001 (24pp)

3. S. N. Bathgate, M. M. M. Bilek and D. R. McKenzf& thruster using magnetic reconnection to
create a high-speed plasma jetd be submitted to European Physical Journal pliag Physics 2017

The use of magnetic fields to create high-speed plasma jets for spacecraft propulsion. S. Bathgate 2017



10

1 Introduction

An historical introduction and outline of the cami® of the thesis

Rockets first appeared in Medieval China as thelres the work of 8 Century alchemists who,
seeking an elixir of life, mixed sulphur, saltpe{fotassium nitrate) and charcoal to create what
became known in the West as gunpowder, used Igifiad bombs and later as a propellant for guns
and then rockets [Needham et al 19B6Although the first recorded use of rockets wasChina in
1264, it was not until the work of Isaac Newtorthe 17th Century that the basic physics — although
not the chemistry - was properly understood. FalgnwNewton, a further 200 years elapsed before
the Russian Konstantin Tsiolkovsky demonstrated ithportance of the exhaust velocity as a
determinant of a rocket’s performance. Tsiolkovdkyived the rocket equation (Eg. 1), a fundamental
result that he published in 1903 [Tsiolkovsky 18p3

Av = vgIn mll Eq. 1

Where Av = the rocket’s velocity increment resulting frohe texpulsion of propellant,

V. = the exhaust velocity,

M~ the ratio of the rocket's initial masg to its final masan; that includes the payload.

My
Tsiolkovsky subsequently proposed the use of éb#tgtrfor propulsion, a suggestion that had its
origins in the discoveries of J.J. Thompson [Thoomp4897°] who determined the velocities of
cathode rays - now recognized as electrons. Tskljogaw that those particles were travelling 6@00 t
20,000 times faster than the velocity of gasesuymed by combustion [Choueri 20¢}4
Working at a slightly earlier date although inityalinpublished, the American rocket pioneer Robert
Goddard filed a patent for an electrical propulsitavice [Goddard 192) entitled “Method of and
means for producing electrified jets of gas” (UZatent 1,363,037) that described an apparatus that
was intended to produce a high velocity streamoofzed mercury vapour (fig. 1). Goddard, who
would go on to construct the first liquid fuel r@t&, similarly recognized that electrical devicesld
produce much greater exhaust velocities than wbtaireable with chemical rockets. Although he
constructed small-scale electrostatic ion thrusterhnical limitations ruled out practical apptioas

for his designs and he instead devoted his tintket@loping chemical rockets.
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High tension battery

Mercury

vapour
Filament heaterﬂ
battery

Charged Filament

metallic sphere <7 Glass tube

Figure 1 . Schematic of Robert Goddard’s appatfatugroducing a high velocity stream of ionized mey
vapor. The mercury vapor is ionized by electron bardment from a current passing between a hot difgm

and a cathode at a constriction in a glass tube.

Other investigators such as the Russian Valentitroieh Glusko built and tested the first
electrothermal thrusters at the Leningrad Gas Dycsiraboratory between 1929 and 1933 [Barnett
1990 ¢ and Hermann Oberth, extending the work of Tsiutgy and others, discussed electric
propulsion in his bookWege zur Raumschiffahr{The Road to Space Ship Travel) [Oberth 1929
The book’s last chapterDas elektrische RaumschiffThe Electric Spaceship) was devoted to
electrostatic ion thrusters. Although many investitgs contributed to theoretical developments after
Tsiolkovsky, Goddard, Oberth and Glusko it wasundil early in 1958 that the first tungsten gridded
caesium ion thruster was tested by Stavisskii @nfttmer Soviet Union [Heller 196%. Later that
year, a similar device was tested at the Rocketdywision of North American Aviation [Stuhlinger
1964°. Following that success and others, in 1960 NAS#ablished a program to develop electric
propulsion systems, as did the former Soviet UniBy.1964 the Space Electric Rocket Test 1, a
caesium gridded ion thruster with a hollow cathodritralizer, built at the then NASA Lewis
Research Centre (now NASA John H. Glenn Researalr€eoperated for half an hour during a sub-
orbital flight [Sovey et al 2001%. In the same year, pulsed plasma thrusters useattitude control
were installed on the Soviet Zond-2 Mars probe Béaet al 2009"]. Since that time a large number
of devices have been tested and ion thrustersaginidl Goddard’s original proposal have been
deployed operationally (for example Deep Space arfidcci and Polk 2008], Dawn [Brophy 2011
¥ GOCE [Wallace et al 201'1]).

Hall thrusters, developed in the former Soviet Wnio the 1960s, use a radial magnetic field to
produce an azimuthal Hall current that retardsetletrons that flow towards the internal anode from
an external cathode. The retarded electrons bothddhe propellant gas and produce an electiid fie

that accelerates the resulting ions while othectedas emitted by the cathode neutralize the
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accelerated ions [Goebel and Katz 200B Hall thrusters are therefore regarded as gig-le
electrostatic devices although they have cathodasare subject to erosion. SPT-60 Hall thrusters
were first used on a Russian Meteor satellite ii61fKim et al 2001'°] and contemporary Hall
thrusters are routinely used on Russian commupitsitsatellites for station keeping [Gorshkov et al
2001%". They have also been deployed on American andggan spacecraft [Kilter and Karlsson
20049.

The development of plasma thrusters has been tjecswf considerable interest in space engineering
and by 2003, at least 15 different research irigiitg in the United States were investigating eiect
thruster designs. Many establishments in diffeparts of the world are presently conducting similar
research and development programs. While mucthefdevelopment of these devices has been
conducted by engineers, physicists continue to ymednew types of plasma thrusters based on
phenomena that, like Michael Faraday’s first eleatmotor, may produce effects not at first apparent

from a particular arrangement of magnetic fieldd alectric currents.

The aim of the work reported in this thesis hasntteeexplore arrangements of magnetic fields and
electric currents to create novel plasma thruskexsare more efficient and less complex than iexjst

designs.

Two original devices are discussed, firstly a theuthat uses a magnetic nozzle in combination @ith
High Power Impulse Magnetron Sputtering source (M5 to produce a jet of copper plasma and
secondly, a thruster that uses the phenomena afigtiageconnection that occurs between opposing
magnetic fields in a plasma to produce a plasma/ile HiPIMS has been normally employed to
create thin films, the use of a solenoidal magnkid to accelerate and focus the ions produced by
that source has not been previously investigatedrasans of creating a thruster.

Similarly, magnetic reconnection has been studmddecades by geophysicists interested in the
interactions between the solar wind and the Earttégnetosphere and by astronomers investigating
solar flares and related occurrences. Despitesfiiat, so far there has been little interest ipleiing

the phenomena as a means of producing high-spasth@$ in a thruster despite the evidence of jets

in those environments.

Isaac Newton wrote that “It is not number of expemts but weight [of those experiments] to be
regarded and where one will do, what need of many?’tontrast, the experimental reports of his
older Royal Society colleague, Robert Boyle, weredpced in such excruciating detail that his
readers could be regarded as “virtual witnesses$iig@xperiments with the purpose that his accounts
might “keep the reader from distrusting” the outesml hope that this work, one of delving into the

physics of plasma thrusters, strikes a balancedstihose extremes.
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2 Plasma thruster metrics

A description of the principal metrics used in campg the performance of
plasma thrusters.

Various metrics are employed to enable comparisoie made between thrusters that use different
operating principles. Thrust is the most obvioudrimalthough not necessarily the most informative
and several other measures that relate more dgiréztimission requirements often have greater
relevance. The most significant metrics are disdisa the following sub-sections: thrust, specific
impulse, thrust efficiency, specific mass, propudsefficiency and the mission difficulty parameter

together with thruster lifetime, the advantage pejbby electrodeless thrusters.

2.1Thrust F,
Spacecraft are propelled by the directed expulsfdmgh velocity particles, typically in the fornf a

gas or plasma. According to Newton’s Second Lawysthis defined as the instantaneous force on a
spacecraft that is proportional to the vector sunthe time rate of change of the momenta of the

expelled propellant particleis If the instantaneous rate of expulsion of propelianm, and the

propellant is expelled at a velocity, relative to the spacecraft, then the thrustvemiby:

i Eq. 2

WhereF, is the thrustin Newtons.
2.2 Specific impulsel,

Specific impulse,l,, is usually considered to be the primary figurenwdrit of a thruster [Ahedo

2011" and is defined as the value of the thrust divilgdhe weight of propellant expelled in unit
time. Specific impulse is a measure of the capaoftya propulsion system to impart a velocity

increment Av to a spacecraft and through Tsiolkovsky's rockgtiagion (Eq. 1) and the exhaust

velocity V,, specific impulse largely determines the praditigalf a mission.
=— = k (S) Eq 3

Where g, is the acceleration due to gravity at Earth’s acef

For example, a spacecraft producing a thrust ol ®%18wtons consuming 1 kilogram weight of

propellant in 450 seconds will have dp, of 450 seconds.

An 1,23000s, corresponding to an energy of 4.5eV per atomissmanit of propellant, is

considered to be a minimum requirement for manyoterplanetary missions [Cohen et al 2606
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2.3 Thrust efficiency 7,
The thrust efficiencyy, of a rocket or thruster is the secondary figurenefit and is a measure of the

14

effectiveness of the propulsion system in convgrtire energy input (chemical, electrical or thejmal

to the directed kinetic energy of the exhaust Jétrust efficiency is less important than specific

impulse as a performance metric for electric thausstsince propellant mass rather than energy,

typically produced by solar photovoltaic panelsjssially a mission’s limiting factor.

_ directedkineticenergyin jet

;=

energyfrom powersumply

Eq. 4

Simple devices such as Teflon pulsed plasma theustay have a low thrust efficiency (typically 5%)

but are still regarded as useful because of theiplgity and highls, (up to 760s) compared to

chemical thrusters [Markusic et al 208p The following table summarizes typical specifigpulse,

thrust efficiencies and thrusts and impulses ofesdeployed and developing electric thrusters (Table

1). Note that the specific impulse

approximately 450s [Rapp 198%).

for the most pdwl chemical thrusters ¢HD,) is limited to

Thruster type Electrodes| I¢4(S) Thrust Thrust or Reference
efficiencyr, | impulse

Pulsed plasma (Teflon) Y 240-760 2-9% 0.1 mN-s Mait et al 2005"
Gridded ion Y 7650 7% 0.43N Patterson et al 2069
Hall Y 1600 50-60% | 2.5-12 x 10N | Smirnov et al 2002'
Magneto-plasma-dynamicY 3670 38.8% |-250x 10°N | Krulleet al 1998
Inductively heated arcjet| Y 2000 29% 6.0N Bohrk and Auweter-
(TIHTUS) Kurtz 2005
Cathodic arc Y >1000 - - Neumann et al 2609
Mini Helicon N 1000 - ~20% ~10x 10°N | Batishchev 2008

4000
Pulsed Inductive N 5500 50% 75.5 mN-s Polzin and neRg

2009%°

Magneto-plasma N 3400 56% 3.6+x0.2 N Longmier et al 20%1
(VASIMR)
Electron Cyclotron N 429 (Xe) 3.5% 0.86 x 10N Jarrige et al 201%
Resonance
Electrodeless Lorentz N 1000- 50+% 1.0 N (average)Slough et al 200
Force (ELF) 6000

Table 1 Specific impulses, thrust efficiencies #mdsts or impulses of contemporary electric thetsstwith and

without electrodes, deployed and experimental.
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2.4 Specific mass

Specific mass is given as kg/kW and is the ratichef mass of a propulsion system (including
components such as the fuel system and tanks, zh&ts, power supply and the thruster itselfhto t
power delivered to the exhaust. Although a propulsystem may have a high specific impulse and
thrust efficiency, a high specific mass will negtese advantages by reducing the proportion of the
total mass of a spacecraft that can be used fdo@eaynd structures.

2.5Propulsive efficiency ¢,

The propulsive efficiencye, of a rocket is the ratio of the rate of increasahe kinetic energy

delivered to the rocket by the thrust of its engiie. the thrust poweP,) to the total power that
includes the power lost to the exhaustigf that is:
R
Ep =
R +Pe

Eqg. 5

The thrust powerP, is the work done on the rocket in unit time andiien by the rate of expulsion
of the propellant massh, multiplied by the velocity of the expelled propelty,, relative to the
rocket and by the velocity of the rockat,, relative to the frame of reference.
R = Mp\eV, Eq. 6
A low propulsive efficiency that results when thénaust velocity is high relative to the rocket e t
rocket’s frame of reference means that most ofetiergy produced by a power supply in an electric
thruster is lost to the exhaust rather than beimgarted to the spacecraft. A high propulsive efficy
which results from a low exhaust velocity relatteethe rocket in the rocket’s frame of reference is
not necessarily an advantage since Tsiolkovskytkabequation (Eg. 1) shows that a low exhaust
velocity limits the maximum velocity increment axypoad mass.

Since the thrust powe?, is a function of the rocket’s velocity it is thésee dependent on the rocket’s

frame of reference so is not a mission-independegdsure of performance. For example, as the
rocket passes from the frame of reference of thithEa the frame of reference of the Sun, the thrus
power changes.

The exhaust poweP, lost as energy in the exhaust is the kinetic gnerghe exhaust expelled per
unit time and is given by:

1.
Pe = Emp(ve - Vr )2 Eq. 7

The propulsive powePp is then:

I:)p:Pt'i'Pe:mp p(Ve_Vr)2

VeV, +Em
e’r 2
e 1 . 2 2

= M,\eV, +§mp(ve V-2V, ) Eq. 8

= (2 +V¥)
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The propulsive efficiency,, is then:

. thrust power _ P _ My Ve Vy o 2(V /Ve) Eq. 9
p = - =5 - 2/.2 '
propulsive power P, %mp(vez +Vr2) 1+ (vy /ve)
Or
25,
£, = ; Eq. 10
1+S;
Where S, = Vi is the ratio of the rocket velocity to the exhaustocity in the same frame of
Ve
reference.

The variation in propulsive efficiency with the wgeilty ratio is shown in the following chart (fig) 2
calculated from Eq. 10 [Rathore 20D

100

80 A

60 -

40 A

Propulsuve efficiency, percent

20 A

O T T T T T
0 0.5 1 15 2 2.5 3

Velocity ratio y/v,

Figure 2Variation of propulsive efficiency with velocitytia v, / v, calculated using Eq. 10. The chart shows

that the propulsive efficiencyF{/PID ) is at a maximum when the magnitudes of the viééscof the exhaust jet

and the rocket are equah/g| = |Vr|) in the same frame of reference. Although a robkestno kinetic energy at

lift-off from the Earth’s surface and the propuksigfficiency is zero, the energy input producesred that

accelerates the rocket and the propulsive effigiemproves as the rocket gains velocity.
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When |v|=|v,| in the same frame of reference, the residual kiretergy and the velocity of the jet

v with respect to the frame of reference is zero #wvedexhaust gases stand still in space. (fig. 3),

[Sutton and Biblarz 200%].

Rocket frame
. of reference

Rocket frame
of reference

Gravitational frame of reference
Exhaust velocity = 0
Rocket velocity = v, [v,|=|v.]

Gravitational frame of reference
Exhaust velocity = |v,|-
Rocket velocity = v,

e

Figure 3 The rocket moves as an independent frdmefarence (dotted outline) with the expelled paitgnt
moving away from the rocket at a velocity relative to the rocket. As the rocket accelerates yvelocity v, of

its frame of reference increases with respecteaqtiavitational frame of reference of the relevgnavitating

body. When|vr| < |Ve| the exhaust moves with respect to the gravitatifvaee of reference at a velocity

|Vr| - |Ve| and power that would otherwise drive the rockéoss to the exhaust. Whe}\ﬂ = |Ve| the velocity of

the exhaust with respect to the gravitational frarfneference is zero, no power is lost to the eghand all of

the energy in the exhaust propels the rocket.

When |ve| >> |vr|, in the same reference frame, the propulsiveieffty is low and since much of the

energy produced by the power supply is absorbetidyropellant and not imparted to the spacecraft,
a large power supply is required to produce sufitithrust to accelerate the vehicle. Designers of
interplanetary missions that start in low earthitcahd are equipped with plasma thrusters withgh hi
exhaust velocity relative to the spacecraft faeg thifficulty. In that situation, a large propontiof the
energy generated by the propulsion system is toshe exhaust until the rocket reaches a velocity
comparable to the absolute magnitude of the exhalstity in the same frame of reference. The
VASIMR (Variable Specific Impulse Magnetic Rocket)an attempt to partly overcome this problem
by varying the exhaust velocity [Arefiev and Bre@m2004%] . For an interplanetary mission,

VASIMR would operate at a thrust level sufficient éscape Earth’s gravitational influence and by

increasingv, after escape, increadg,and reduce the consumption of propellant for theation of

the mission.
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2.6 The rocket equation for power limited thrusters.

Using specific impulsd ¢, (Eq. 3), the ideal rocket equation (Eq. 1), carekpressed in exponential

sp’
form as [Gilland et al 200%]:
Av

—e golsp Eq 11

My
m;

This relationship is true for any propulsion systamd demonstrates that for a givaw, a highlg, (a

- . : : m
characteristic of most plasma thrusters) enablesdmstruction of spacecraft with a high ratid- of
m
final mass — including payload - to initial mas$eTrelationships between this ratio, the velocity

incrementAv and the specific impulsé,, are illustrated in fig. 4. Five velocity incremsrgre shown

as lines on the plot. These lines show that forission with a high mass ratio~ _ 1 and a large
i

velocity incrementAv, a high specific impulse is required. Also ilkaded are points corresponding
to the mass ratios of selected missions with plapnagulsion systems as a function of specific

impulse together with the velocity increments afsh missions.

The use of magnetic fields to create high-speed plasma jets for spacecraft propulsion. S. Bathgate 2017



19

1
091 [EorPPT p—o99--
l,=1000s | - e - -
087 Jmim =098 3000mif o T e T
0.7 Av = 198m/s T T ST ::lt)é?ct:il:jsgamp\
<] ,5000 m/. AN st Déé}) Space 1 return
"g— e I,,= 30008 lsp= 3000s
2 7000 m/: |, = Im; = 0.74
E [0 e |mm=os || i
= lsp= 1600s V= mis
@ 19400 m/ | b 676
© s _ Dawn Mission
" Av = 4303m/s
= : lp= 3100s
Centaur _
— 4445 m/m = 0.61
=0.23 Av = 15017m/g
Av = 6402m/s
(3690 kg payload)
T T T T T T
250 750 1250 1750 2250 2750 3250 3750

Specific impulse (s)

Figure 4 The curves show the mass ratm$/m as a function of specific impulse for differentlo@ty

incrementsAv (1000, 3000, 5000, 7000 and 9400m/s (low — eattit)pr(calculated with Eq. 11). Shown are
SMART-1 (Hall thruster) [Foing et al 200%3], Deep Space 1 (gridded ion) [Rayman et al 28f)(Hayabusa
(gridded ion) [Yoshikawa et al 2008], Dawn (gridded ion) [Brophy et al 200%], EO-1 (Pulsed Plasma
Thruster) [Benson et al 199§ and for comparison, a chemical rocket, the Cani@is-O, in vacuum) [Dawson
and Bowles 2004.

2.7 The mission difficulty parameterJ

The ideal rocket equation (Eqg. 1) for a rocket watltonstant exhaust velocity, such as a typical
plasma thruster, may be expressed in exponential &s:
1t
-—[,a dt
m; = me Ve Eqg. 12

Wherea, is the acceleration imparted to the vehicle awd= Io a, dt is the velocity increment.

While the thrust developed by plasma thrustergmgdd by the maximum power produced by their
power supplies, typically solar photovoltaic pandle velocity incremenv may be significantly

greater than that achievable with chemical rocketsause of the much higher exhaust velocity of
plasma thrusters. In addition, plasma thrustersnateconstrained by a fixed supply of energy. The

rocket equation for such power-limited spacecrpéirating with constant powe?,, over a propulsion

time t,, may be derived by combining the equation forttitast of a rocket [Melbourne 198}
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With the equation for the power in the exhaust:
1.
Pe = E mpvg

And with the relationship between the power ingiRbaustP,and the output of the power supy:

Eq. 14

P, = &P, Eqg. 15
The power delivered to the propellant mass is atfan of the kinetic energy of the jet and of thed

t and is given as:
P(t) = % ove(t)? Eq. 16

The momentum imparted to the propellant productsest F, which results in an acceleration given

by:

F) __ v,
m)  me

Note thatt is negative so that the direction of the accelenas positive provided that the minus sign

a (t)=- Eq. 17

is introduced in Eq. 17. Note thet, = m since there is no other loss of mass from the tocke

Equations 16 and 17 may be combined to eliminaeimaust velocity,to give:

af(t) __ m  _ dm 1 _ d{ 1
2R(t)  m(t)?  dt mP(t) dt(mr(t)J Eg. 18

Integrating this between 0 argl, the propulsion time, gives:

tp
[a?dt Eg. 19
0

1 _ 1 + 1
m(t,) m(0) 2R(t)

A rocket propelled by a plasma thruster consista payload mags,,, a power supply mass, ., a

pl ps ?
structural massmng and a propellant mass),. The initial mass of the rocken, (0), is the sum of
these components:

m (0) =m =my + My +mg +m, Eqg. 20
After a timet when the propellant mas®, has been expelled, the final rocket mas#p) is:
m(tp) = me =my +myg +myg Eqg. 21

Using this result in Eq. 19 and settiflg constant we have:

1 -1 +ijt"ar2dt=—+— Eq. 22
e 0 m 2R

Where the integral = j;” arzdt is termed thenission difficulty parameter
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This result shows that for a power limited systeperating with constant power, it is desirable to
minimize the time integral of the square of theedeation [Edelbaum 1969].
A relationship betweerd and Avcan be derived from the exponential form of thekedbequation

which can be rewritten as:
Av
m;, — Mg :mf[eAE—lj Eq. 23

Eq. 22 may be written as:

-m
11 _meme 1 [ a2t = J Eq. 24
m; m mm; 2P, 0 2P,
And then combined with Eq. 23 to give:
2P, ( v
J =—e(eﬂe —1) mé/s® Eq. 25
m,

Jmay be used to evaluate the raRiof distance versus trip time for a mission in temh the total trip
time T and the propulsion tim&, [Moeckel 1972.

1. Flyby: R = \/%(TpT - %TE)
2. RendezvousR = %\/TI(T,DT - %Té)
p
3. Round trip:R = %\/TE(TpT - %Té)
p

J may be plotted as a function of velocity incrementl exhaust velocity for a spacecraft of arbitrary
mass and power (fig. 5).
The plot demonstrates the advantage of the highawesthvelocity produced by plasma thrusters as a

means of reducing the mission difficulty parameter.
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Figure 5 Plot of mission difficulty paramet&as a function of exhaust velocity for various nugs:

From low Earth orbit (LEO) to the Moor\y = 2.7km/s [Ward 2016f]), from LEO to Mars Transfer\v =
4.3km/s [Woodcock 1995]) , from LEO to Geosynchronous orbit (GEQ)(= 4.72km/s [Newton’s formula])
and from the Earth’s surface to LE®V(= 9.3 km/s [Sutton and Biblartz 209]). In this example, the
spacecraft has an exhaust power of 500 watts amaksa of 1000kg.

2.8 Plasma thruster lifetime

Sputtering causes grid erosion in gridded ion tiengs electrode erosion in magneto-plasma-dynamic
thrusters and wall erosion in Hall and other typethrusters. Sputtering also erodes the cathduss t
provide the electrons that neutralize the exhaushiusters that produced charged ion beams. That
erosion gradually degrades the performance of thisséces as well as limiting their maximum
lifetimes (Table 2). At the power levels presergiyployed — several kilowatts — erosion has not
caused serious problems but as missions that eefjigher power and greater thrust as well as longer
duration are contemplated, grids, walls and cathodid be exposed to more intense ion fluxes as
larger masses of propellant are accelerated. Bliless thrusters will become more important since
erosion is not the life-limiting factor in such dess.
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Thruster type Power (kW) | Lifetime (hours) Reference

Gridded ion (NSTAR) | 2.3 ~30,000 Rovey and Gallimore 2008’
Hall (BPT-4000) 4.5 10,400 (“zero” erosion)| de &stal 2016°
Applied Field 30 8,000-10,000 Gorshkov et al 2057
Magnetoplasmadynamic

Table 2 Reported durability of typical plasma theus with electrodes.

2.9The effect of specific impulse on the mass ratio af mission "
m

Although the specific impulse of plasma thrusterggénerally much larger than those of chemical
thrusters that have a maximum specific impulse pgreximately 450 seconds, (see Table 1), the
thrust of such devices (0.01 to about 1.0N) isrofteders of magnitude less than that of chemical
rockets. That limits the use of plasma thrustersgacecraft that have been boosted to orbital or
escape velocity by chemical rockets. Nonetheldssnga thrusters have significant advantages over
chemical rockets as a space propulsion systemralsecaeen in the following analysis.

Using specific impulsd ¢, (Eq. 3), the ideal rocket equation (Eq. 1), carekpressed in exponential

sp’
form as [Gilland et al 2002):
Av

—e golsp Eq 26

My
m;

This relationship is true for any propulsion systamd demonstrates that for a givaw, a highlg, (a

- : , . m
characteristic of most plasma thrusters) enablesdnstruction of spacecraft with a high ratid- of
i

final mass — including payload - to initial mas$eTrelationships between this ratio, the velocity

incrementAv and specific impulsd g, are illustrated in fig. 6. Five velocity incremerare shown as

lines on the plot. These lines show that a higttiipeémpulse enables a mission with a high mass

. m L . . .
ratio, — _ 1, and a large velocity incremeddv. Also illustrated are points corresponding to the
m

mass ratios of selected missions with plasma psopulsystems as a function of specific impulse
together with the velocity increments of those imiss. Shown are SMART-1 (Hall thruster) [Foing et
al 2003*"], Deep Space 1 (gridded ion) [Rayman et al 28)MHayabusa (gridded ion) [Yoshikawa et
al 2006°9, Dawn (gridded ion) [Brophy et al 203§, EO-1 (Pulsed Plasma Thruster) [Benson et al
1999°% and for comparison, a chemical rocket, the Cant@s-O, in vacuum) [Dawson and Bowles
2004%.
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Figure 6 The curves show the mass ratim;s/m as a function of specific impulse calculated frequation 28

for different velocity incrementdyv, 1000, 3000, 5000, 7000 and 9400 m/s (9400 mdsv= earth orbit)

2.10 Trade-offs between metrics

For any mission the orbital requirements are (18, required velocity incremefit, (2), the time to
complete an orbital manoeuvratand (3), the payload mass,. For a propulsion system, the
principal determining metrics are: thrusg, specific impulsels, propulsion system powd?s and

thrust efficiencyr, which can be expressed as:

_ (9 F
n, = (70}(?:}5" Eq. 27

While the orbital manoeuvre time which can be exped as:

o Y (ol | fa
Atz(—p']& e %) _q Eq. 28
P 21,

These relationships between the mission paramateisthose of the spacecraft propulsion system
show that there is a capacity for trade-offs betw#ee various parameters and it is possible to
optimise factors such as transit time, specific ulep and payload mass for a particular mission.
[Brown et al 20097.
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3 Basic physics of plasma thrusters and related dewes

A discussion of the mechanisms underlying the dperaf plasma thrusters.

Plasma thrusters may use electrostatic forcesnagriflded ion thrusters, magnetic forces as in
magneto-plasma-dynamic thrusters or a combinatfomagnetic and electrostatic forces as in Hall
thrusters. The mechanism of a plasma thruster wegaiwo distinct processes: (1) The creation of the
plasma and (2), its acceleration and detachmergsé&lprocesses are discussed in the following
sections.

3.1Plasma creation

Plasma for thrusters may be produced by a varfetyegchanisms:

1. Through the effect of Faraday's Lave € —N d%t) where a changing magnetic fluR

induces an electric fieldthat can ionize a low-pressure gas by strippiegtedbns from atoms

and molecules. Radio frequency energy is typicadlgd with various kinds of antennae and
this process is a useful electrodeless mechanismpfoducing plasma from gaseous
propellants. Helicon Plasma thrusters, Pulsed finkithrusters, Inductive Thermal thrusters
and other devices exploit this mechanism whichhie most commonly used means of

producing plasmas in electrodeless plasma thrudigrs).

Sheath e

RF antenna

/ (N turns)

Figure 7 Simple open-ended plasma thruster shoRfhgntenna ol turns, RF input curreng, sheath,
back wall, and plasma exhaust. Thrust is produgettid reaction of the plasma through the sheath
against the back wall which may be eroded by iomtbardment [Fruchtman 206§ although the

device does not have electrodes that may alsolfjeciuo erosion.

2. Electron Cyclotron Resonance (ECR) ion sourcesklerodeless devices that produce ions
by the application of Faraday’s law but increaseeftectiveness by feeding microwaves at the

cyclotron resonant frequency into a gas in a sathenagnetic field [Jarrige et al 203
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(fig. 8). Electrons are heated to high temperatarebgyrate around the magnetic field lines at

a resonant frequenas,, given by:

_ B Eq. 29

Mg
Wheree = electron chargdd = magnetic field strength anah = electron mass.

ke

The electrons then collide inelastically with naligas atoms or molecules and that process

leads to the ionization of the gas.

input

(S

Magnetic field lines _—

Figure 8 Sectioned electron cyclotron resonancenmasource. The electrons are heated to a high
temperature by resonant heating by the microwawenband collisions between electrons and neutrals
lead to a high ionization ratio. Plasma producedhiy electrodeless mechanism can be accelerated by

Lorentz forces in a magnetic nozzle or by a traagelagnetic field.

By a DC potential to produce a low current densiigcharge known as a glow discharge
where plasma is produced by the bombardment ofsabgaelectrons and ions that are
accelerated by the potential between electrodessdarces for gridded ion thrusters may use

this mechanism that requires electrodes.

By a high current density discharge or arc that taynitiated when the cathode becomes
sufficiently hot that it emits electrons thermicalig. Otherwise, an arc may be initiated as a
glow discharge. Magneto-plasma-dynamic and cath@d thrusters are devices with
electrodes that produce ions by this means.
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3.2Plasma acceleration

Once created, plasma has to be accelerated togaddrust. There are a number of mechanisms that
can be used for this purposes, some more pradtiead others. The following sections describe
mechanisms that have been used or proposed as r&s maéaccelerating plasma in electrodeless

thrusters.

3.2.1 Lorentz forces

Aside from any thrust that may arise from the pres®f the plasma against the thruster structbee, t
propulsion force or thrusk; is generated in the majority of plasma thrustgrdddy forces that are

described by the Lorentz equation:

F, = gE + q(v xB) Eq. 30

Where g = the charge on iong, = the electric field, if anyy = the ion velocity an® = the magnetic
field where present that is typically produced hyrent in a coil.

The mechanism is detailed in the following analyssumes that (1), there is a plasma present when
the current starts flowing in the thruster coil 29, that there is no magnetic field trapped ia th
plasma. Given these assumptions, the plasma isrdaway from the coil by an increase in magnetic

pressure that arises from tliex B Lorentz force acting between an induced plasmaeotiry and the

axial magnetic field,. The interaction produces a magnetic pressutectimapresses the plasma and
a magnetic tension that together drive the plagma the coil. Using Ampere’s Law in differential
form to obtain the force density exerted by th&lf®, on the plasma currentwe have:
F=jxB=(0xB)x—2 Eq. 31

0

Using the vector identity:

%D(BEB):BX(DXB)+(BED)B Eq. 32
Gives:
2
F:jXB:i(BED)B—D(B—) Eg. 33
Ho 210

2
The first term on the right represents a magnetisibn forcé of magnitudeB_ that is parallel tdB
Ho

2
and the second term represents a magnetic preﬂammgnitudezB_ that is perpendicular t8 and
Ho

parallel to the field gradient. The process magéen in the following example — a linear theta Ipinc
thruster that produces high velocity plasma jetsliiying a large current of short duration throwgh

single turn coil. If of sufficient intensity, thepidly changing axial fiel®, produced by the current

! Magnetic tension force acts to straighten curvedmatc field lines.
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pulse induces an electric field in the theta omagthal direction that ionizes a gas. Otherwise, a
separate source of ionized gas provides the plasomeellant.

The plasma is heated and compressed by the Ldiaat produced by the increasing magnetic field
and is expelled from the ends of the coil as jids 9) [LaPointe 20087].

/ Magnetic mirror
/ Single turn coil

/ Coil current I,

Magnetic field lines B,

Plasma jet

Plasma current I
Capacitor bank

Figure 9 Linear theta pinch thruster basic confijon showing a plasma jet that is heated and cesspd by
the magnetic field, produced by a large transient currenthiat passes through a single turn coil of lenggh L
from the capacitor bank. A magnetic mirror may bgkoyed to reverse the direction of the plasmaieerging

from the spacecraft end of the thruster.

3.2.2 Magnetic nozzles

Magnetic nozzles are formed whenever a solenoielal is used to confine plasma and can be used to
direct and accelerate plasma by interactions betwbe plasma and the magnetic field (fig. 10).
Although there are functional similarities betwette operation of a conventional convergent-
divergent de-Laval nozzle in a chemical rocket anchagnetic nozzle, the processes in an electric
thruster can supply more energy to the propellaah tis possible in a chemical rocket. In general,
magnetic nozzles may be regarded as electrothetevades where the plasma may be produced by a
number of different mechanisms and magnetic andmnihle forces together with ambipolar
acceleration that balances an electron pressudgegtadrive the plasma from the nozzle [Arefiev and
Breizman 20087.
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Current-carrying
L field coils Lines of force of

/ confining magnetic field B

El‘
1, (Hall current)
/ Bz
i B,

klﬂ

F, (Thrust)
N\
. \Accelerated

plasma

Azimuthal
electron currents I

Figure 10 A magnetic nozzle showing the magnesiltl fstrength along the axis of the nozAlg. and E, are

the components of the electric field that is theuteof the electron pressure gradient producethéyiverging
magnetic field. Currents in the field coils genertite magnetic fiel& that interacts with the electric field to
produce azimuthal electron Hall currehts (produced in the & B, direction when an electric field is applied
to a conductor containing a magnetic field). Thoseents then create magnetic forces that accelérat

plasma and produce thrust

Early work [Andersen et al 1968] demonstrated that a magnetic nozzle could procieady
supersonic plasma flows with Mach numbers of tldepof 3. Those experimental results showed a
relation between the magnetic nozzle ama (z), and the measured Mach numbbt(z), both
expressed as a function of distarralong the nozzle in accordance with the fluid équafor
isothermal ions and electrons:

M?-1dM _ 1 dA,

= Eq. 34
M dz A, dz

Since that time, considerable effort has been edgenin the development of a theoretical
understanding of the processes that occur withmagnetic nozzle as well as in the construction of
experimental and practical devices.

For instance, the following analysis shows that libes of plasma through cross field drift in a
magnetic nozzle can be reduced by increasing éfe strength [Takahashi et al 20°B Starting with
the plasma momentum equation (eq. 35), the presainaepressure gradient or an electric field in a
plasma gives rise to cross field drifts [Inan aralk@wski 2010°:

msns[(;—ttj +(u D])u} = -Ops +aqng(E +u xB) Eq. 35
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Whereu is the mean fluid velocityns is the number density of the speciesg,is the mass of the
speciesp is the plasma pressure ai the charge.

The LHS of Eq. 35 can be set to zero since dribaites are much smaller than the average particle
velocity, V points in the radial direction and the currentated by the drift is azimuthal so that
Olu = 0. We then have:

0 = -Op; +ans(E + u xB) Eq. 36

Taking the cross product of this equation vBtland using the vector triple product identity gives

0 = -Op; xB +gny(E x B + B(u B) - u(B [B)) Eq. 37

Which, sinceu andB are at right angles leads to:

Op; xB
qusz— Ps — = Ug —up Eq. 38
B an,B

The first termug is the E x B drift while the second termi is the diamagnetic drift, which, since it

depends upon the sign of the particle charge, éencise of electrons gives rise to a diamagnetic
current that produces a field opposite to the applield. Increasing the applied field strength
therefore reduces the drift losses and the diantagekectron current. Experimental work supports
this theoretical analysis and demonstrates than@eased magnetic field strength inhibits crostdfi
diffusion while maintaining a constant plasma dgnand electron temperature [Takahashi et al 2013
60]'

A simple analytical model of the thrust developediplasma in an expanding magnetic field has been
developed that assumes axi-symmetric plasma, riglgliglectron inertia, negligible radial ion inerti
and cold ions [Takahashi et al 20F§. In this model the thrust produced by the axianmentum

imparted to the plasma is given as:

Tiotal = Ts + Ty + Tg Eqg. 39
Where:
T = 271](25 rpe(T,2Zo )dr Eq. 40

(T is the integral of the electron pressupg that acts on the back plate of the thruster via io

acceleration in the sheath that converts electresspire into momentum of the ions.)

0

Ty = _27T'[Zend sMonMw W (& ,2)4 (& .20z Eqg. 41

(T, is the integral of the axial momentum produceddmsilost to the thruster wall.)

Tg = —ZHIZJ'F"(Z)r B (r.z) 9pe(r.2) drdz Eq. 42
00 B,(r,z) or

(Tg is the integral of the Lorentz force produced bg timoss product of the radial magnetic field

componentB, and the azimuthal electron diamagnetic drift curp'dp, / or . )
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Where ¢, ,3.n,,uare the source tube radius, plasma radius, axsitipo of maximum electron

pressure, ion density at the radial wall boundawy the ion velocity respectively.

Following this model, measurements made of thecetiea magnetic nozzle on plasma [Takahashi et
al 2013%) show that:
(1) In the absence of a magnetic field, the electressure in the back wall sheath produces all of

the thrust. In the presence of an axial magneéid fithe thrust produced by the back wall

sheath remains constant,

(2) The side wall makes no significant contributiontte thrust and in the absence of an axial

magnetic field, the thrust contributed by the vimihegative,

(3) In the presence of an axial magnetic field, thisgtroduced by the Lorentz force resulting

from the interaction of the radial magnetic fieldmgponentB, and the azimuthal electron
diamagnetic drift currenBZ'1 ap%r . It increases linearly with the field strength aadhls to

the thrust produced by the back wall sheath.

A recent review [Ebersohn et al 20§42 covered the most significant aspects of the pisysif

magnetic nozzles and showed that there are thgeprkeesses required for the production of thrust:

1.

3.

Plasma must detach from the magnetic field of tbezle to produce thrust and to prevent
damage to the spacecraft by the return of chargdtties along the nozzle field lines.
Momentum has to be imparted to the spacecraft dydites on the expelled plasma. The
process is mediated by the Lorentz force, the t@subf the sum of the magnetic pressure and

the magnetic tension force:

: B2 1
F=jxB=-0—+—(B+0)B Eq. 43
21y Ho
Where the first term on the right corresponds ® idotropic magnetic pressure, the second

term corresponds to the magnetic tension forcesgmteonly for curved field lines andis the

current density.

Energy must be transferred from the power suppthédinetic energy of the propellant.

A later 2-D theoretical analysis of the supersanipansion of a plasma in a diverging magnetic field
[Martinez 2013 demonstrated that:

1.

2.

The ambipolar electric field converts the energyhe electrons into directed energy of the
ions,

A diamagnetic electron Hall current is responsifide the radial confinement and axial
acceleration of the plasma. Thrust is the resulhefreaction of this current on the currents in

the field windings,
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3. Prevailing theories for plasma detachment resulfiogn resistivity, electron inertia and
plasma induced magnetic fields are inadequate eafitms and detachment relies upon ion
inertia and gradual demagnetisation.

In addition, the analysis showed that the formatiba double layer did not result in an acceleratid
plasma.

In another study, MHD simulations of magnetic neszkhow that the addition of the Hall term
generates an azimuthal current. Results obtaired this simple resistive model do not agree well
with experimental observations and a suggestianade that other computational methods such as
hybrid PIC methods should be considered for theréustudy of magnetic nozzle physjebersohret

al 2013%.

In summary, these investigations demonstrate tizairporating a magnetic nozzle into the design of a
plasma thruster makes possible the use of a varfatifferent plasma sources that by themselves may

not efficiently produce a directed high velocity. je

3.2.3 A note on Hall thrusters, end Hall ion sources andnagnetic nozzles.

Hall thrusters, industrial end-Hall ion sources andgnetic nozzles employ crossed electric and
magnetic fields to generate directed ion beamsHd#t thrusters and end-Hall ion sources, the
magnetic field is radial to the axis of the devithe effect of the crossed fields in Hall thrustisrso
retard electrons from flowing towards the anoderider to increase the strength of the electriafiel
that is aligned with the axis of the device andhimitthe plasma. The electric field accelerates the
plasma and Hall thrusters and end-Hall ion sousresregarded as grid-less electrostatic devices
(Oudidi et al 201$).

In contrast, in a magnetic nozzle the magnetidfiglaligned with the axis of the device and diesrg

at the exit. The effect of the divergent magneitdfon the electrons is to produce an electrild fie
and the radial component of that electric fieldssed with the axial magnetic field produces an

azimuthal Hall current in the plasma that reactsrag the coil current to produce thrust (fig. 11).

IH E r
I
E, H
BZ
Bl'
Hall thruster Magnetic nozzle

Figure 11 Hall currentsl(y ) arising from crossed electric and magnetic figfdslall thrusters B, x E,) and

in magnetic nozzlesk, x B,).
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3.2.4 Rotating magnetic field acceleration (RMF)

Rotating magnetic field (RMF) thrusters - also kmoas ELF or Electrodeless Lorentz Force thrusters
- use rotating magnetic fields to heat and confilasmas that are then expelled by Lorentz force. Th
use of rotating magnetic fields to drive curremgliasmas has been investigated since the 1950s and

is a special case of the more general non-lijeaB Hall current drive [Jones 1999. The rotating

magnetic field is the resultant of the vector sunmm sinusoidally varying components that aré 90

out of phase and supplied to antennas that ardqaltlysoriented at 90to each other located outside

the axial magnetic field coils. Penetration of ttwéating magnetic field into the plasma drives
azimuthal electron currents that reverse the doeaif the solenoidal field and result in the fotima

of an electrically neutral field-reversed closedloptal field plasmoid. The plasmoid can be

accelerated to produce thrust and since it is ritedly neutral, an RMF plasma thruster does not
require a cathode to produce charge-neutraliziegtrns.

The mechanism of plasma confinement and heatitigeise devices is shown in the following figure
(fig. 12) and described in the following text.

Field lines produced by bias field coils

Rotating magnetic
field Bryp

RMF antenna 1

Field reversed
closed poloidal
field (plasmoid)

Magnetic mirror coil Vcos(wt)

Bias field coils

Azimuthal
plasma currents

RMF antenna 2 (900 ,,/
to antenna 1)
Figure 12RMF components showing magnetic fields, currentejrazimuthal currents and field reversed closed
poloidal field plasmoid that develops in rotatinggnetic field driven plasmas. The figure shows the
surrounding confining bias field coil, the two astfonal antennae that produce a rotating field hachzimuthal
plasma currents (red) induced in the plasma bydtating magnetic field Br resulting from AC currents in

the RMF antennae.
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3.2.4.1 RMF plasma current drive mechanism

In this analysis the ions form an immobile, uniférndistributed background of positive charge in
which the electrons are regarded as an inertia{eessure-less negatively charged fluid.
Given this approximation, the current drive may inederstood from the starting point of the
generalized Ohm’s law [Slough and Miller 200D

o1 . e
E=/71+—(JXB)=I7{J+£(JXGB)} Eq. 44

P N P Vei

Where Eis the electric field strengthy is the plasma resistivity} is the current densitye is the

electron number densitg is the electron charg® is the magnetic field vector that has oscillating

componentsB, and B, at the RMF frequencyukye andeg is the magnetic field unit vectdn this

2
: : e . .

equation @, -8 is the electron cyclotron frequency and, :qprls—ls the electron-ion

Me

collision frequency wheren, is the electron mass].pj is the resistive term andl— (j X B) is the Hall
ne

term.

If the term ij x B << /7pj then E, =1 pje :—(jji: is negative and flux leaves the plasmoid.
ne

Screening currents arise in the outer layers optasma that prevents the rotating magnetic fiedchf
penetrating the plasma (fig. 13).

Axial field lines

¢ Rotating

Plasma field lines B

Screening
currents j,

vycos(wt)

Field
rotation

V,sin(wt)

Figure 13 RMF plasma column with screening currgngsising from the induced electric field, produced by

the application of a rotating magnetic fieB, [after Jones 199%7). The effect of the screening currents is to

prevent the penetration of the rotating magnegitifinto the plasma that drives the electron custen
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1. :
If —]xB>>n, andj,B, is large and negative (where the currgptis driven by an induced
ne

axial electric field produced by the rotating figlthen the Hall term has the opposite sign]’rrg'

andE, can be negative. Under those conditions, thedhters the plasmoid and field reversal grows,

the electrons are magnetized and the rotating fiettetrates the plasma producing azimuthal electron
currents that create a magnetized plasmoid thahsom reversed field configuration that can be
expelled to create thrust (fig. 14) [after Jone89Y].

Axial field lines

Rotating
4 field lines B

Plasmoid

Azimuthal
electron
currents jg

2 y,cos(wt)

Field
rotation

Vv, sin(wt)
Figure 14RMF plasma column with a field reversed plasmoidhedded in the plasma column. A plasmoid is
created by the effect of the azimuthal electromanus produced by the rotating magnetic field. pleesmoid

forms a separate magnetic domain within the plaaiaby a suitable arrangement of magnetic fiebistme

expelled to produce thrust.

As can be seen from Eq. 44,; << w,. IS a requirement if the magnetic field is to pesiet into the
plasma while the angular frequencykye of the applied field must be in the range
i < arur < &g t0 ensure that the ions do not co-rotate withrthiating field.

In addition, Eqg. 44 shows that the electron densitgand the electron-ion collision frequeney;

determine the extent to which the resistive termmidates the Hall term.

In the absence of plasma, thand @ components of the rotating fiell,, have the form:
B, = B, cos(at — 8) Eq. 45
By = B, sin(at — 8) Eq. 46

Where B, is the amplitude of the rotating field agds the azimuthal cylindrical coordinate.
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In the presence of plasma the axial componentdeatetermined by introducing the magnetic vector

potentialA where:

B=0OxA Eq. 47
And by taking the limit wherey,j [J O so that Ohm’s law assumes the form:
= i(j xB) Eq. 48
ne

It can then be shown that the following equatiomsexact solutions of Ohm’s Law:

A

1
2 = Baxial _Ene“(rg - r2) Eq. 50

Where B,y is the axial magnetic field strength anglis the plasma diameter.

-Bwr sin(wt - 8) Eq. 49

B

The azimuthal current density, is given by:
_ 1 08B,
le ==/

Mo Or

This result indicates that the plasma electronateatynchronously with the rotating field where the

= —NEeWxye! Eq. 51

electron drift velocity at any radial positions given byrw.
Electromagnetic theory indicates that the RMF wilt penetrate the plasma beyond the resistive skin

depth J, the distance below the surface of a conductorrevtiee current falls to 0.37 of the surface

current. Resistive skin depth is approximated by:

Js = | 2y Eq. 52
Hoty w

However when an RMF is applied to a plasma, thetmlas rotate with the RMF and in that frame of

reference, the RMF appears stationary and the ¢@fdpenetrate the plasma to the axis of symmetry.
In order to penetrate the plasma, the RMF must exkae threshold value and it has been shown

[Hoffman et al 20067 that the RMF magnetic flux density must exceadlae B.rvr Such that:

By > 1/% ener,/nprMF Eq. 53

If the condition is satisfied, the RMF penetrates plasma and the penetration is maximized when the
electrons rotate in synchrony with the rotatinddfie
3.2.4.2 Thrust produced by the RMF

Thrust produced by the effect of the RMF currenvalis similar to that produced by a magnetic
nozzle where, independent of the generating mesharthe induced azimuthal electron current in the

presence of the diverging magnetic field createsathal component of the thrust.

If the radial magnetic field, is expressed a8, [ BZ(%RC j and assuming that the electron
oil

density is spatially uniform then the thrust carebémated as:

The use of magnetic fields to create high-speed plasma jets for spacecraft propulsion. S. Bathgate 2017



37

. nrp 3
F = LAIO j,B, (277 )dr = T Eq. 54

oil
Where R is the axial coil radiusl.a is the length of the accelerating region apds the plasma

radius.
For typical values obgyr = 6 x 16 ™, R, Or, =L, =5cm, n.= 10 cm™®, and B = 500 G, Eq.
54 yieldsF; =100 mN [Shinohara et al 201%.

3.2.5 Rotating electric field acceleration (REF)

The use of rotating electric fields (REF) as a n3eafnaccelerating plasma was first reported in 2003
[Toki et al 2003). In this device, a plasma produced by a helicisctairge is electromagnetically
accelerated using a rotating electric field in tesence of a diverging static magnetic field
[Nakamura et al 2017]. The Lissajous thruster consists of a helicorsiia source with two pairs of
parallel plates at the outlet energised by sin@oidltages with a phase difference of 90 degrees i
the same manner as the RMF thruster. The resutitaging electric field induces an azimuthal cutren
in the plasma and the reaction of this current i radial component of the diverging solenoidal

field accelerates the plasma (fig. 15).

Current-carrying
field coils (cut away)

’”;;/ A 5 Diverging lines of force of
A o confining magnetic field B

Accelerated
lasma

V,cos ot

Figure 15 In the Lissajous thruster the rotatiregglc field created by planar antennae driveszamathal

currentJ 4 that interacts with the radial component of thiesoidal field B to produce a Lorentz force

F, = Jg x B, that provides a component of the thrust. Thmisiso produced by the effects of the magnetic

nozzle that is formed by the diverging magnetitdfie
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3.2.5.1 Thrust produced by the REF

: . . Eo . :
Assuming thatR, << R; << ry, whereR = V0 s the Larmor radiusR; = —2-is the gyration
w
ce z

radius of electrons moving at the azimuthal craslsHfdrift velocity under the influence of the REF

and Vig,s << Vgjectrons the theoretical thrusk, can be obtained by integrating(r) x B,(r)with

B,(r) = B,r / 2r,to give:

2 E2

Fo=ZepmoL L o, VoMe Eq. 55

t o
4 m wREFBz It

Wheree is the electron chargefis the rate of decline of plasma densityis the initial electron
number densityl_, is the axial length of the acceleration sectigris the radius of the thruster, is

the radius of the magnetic coil andkee is the rotating electric field frequency,is the axial
magnetic field strengthyis the plasma perpendicular velocityy is the electron mass arf is

the amplitude of the REF penetration into a unifonagnetized plasma that is given by:

2
Epo=[1—#i[£a—,/£§+y} j;/—ro Eq. 56
0 0

2e\uf
Whereg = 1- Gher landu = %.
wcze Melo (e

3.2.6 Ponderomotive force thrusters.
Ponderomotive force thrusters exploit the non-line@nderomotive force-; that acts on a charged

particle that is proportional to the negative geadiof the intensity of an inhomogeneous osciltatin
electromagnetic field in the presence of a magrfatid (fig. 16). The particle oscillates at theld

frequencyw; and drifts towards the weaker field in a directtbat is independent of the polarity of

the particle’s charge.
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Figure 16 In a ponderomotive force thruster, threddy, on a charged particle is produced by an inhomagese

oscillating electromagnetic field of frequency; with an electric field component, i the presence of a

magnetic field B.

3.2.6.1 Thrust produced by the ponderomotive force

In a spatially varying oscillating electric field:

E = Eo(r) cosat Eq. 57
Where the electric field amplitudéo(r) is approximated by:

Eolr) = Eo(F) + Ar(t) « OE,(F) Eq. 58

And whereT is the time average over the oscillation perinzya)f and Ar (t) is the oscillating

component then the ponderomotive force arises alumgradient oEO(r) and is given by:

2
_ q —\2
F =- OE Eqg. 59
pf 4 zf | O(r)| q

In a non-magnetized plasma, the force is directbpprtional to the gradient in Eq 59 however the
force is modified when the oscillating eIectricIdieE(t) has a component perpendicular to an applied
magnetic fieldB. The direction of the force is determined by téktive strengths of the electric and
magnetic fields (fig. 16).
In a magnetized plasma the ponderomotive forcenoglectron is given by:

__9 1 0E,

Fmagnetized_ _4rne (CLJfZ _a)fe) o7 Eq. 60

_ 3B

e

Where w,, is the electron cyclotron resonant frequency.

In the presence of a magnetic field the directibthe ponderomotive force depends upon the sign of

the denominator in Eq. 60, that is whetltef > w?, or w? < w?,. This means that the strength of
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the applied magnetic field and the frequency of dleetromagnetic field can be used to control the
direction of acceleration. Eq. 60 shows that thengfth of the ponderomotive force is resonantly

enhanced whew; approachesy, . (fig. 17).
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Figure 17 In the microwave driven ponderomotiveéothruster the magnetic field windings create gmeéc
bottle and a diverging magnetic field. The resoravities fed with microwave energy create a laeali
electromagnetic field with steep gradients thawjgles the conditions that produce the ponderomdtivee

acceleration [after Emsellem and Larigaldie 267

lon cyclotron resonance heating of the plasma asge the energy of ions moving perpendicular to
the axial magnetic field that are then accelerégdhe nozzle that arises in the diverging magnetic
field [Otsuka et al 201%].

3.2.7 Ponderomotive force thrusters using lasers.

The application of intense laser pulses to plasmardduce accelerated particles were first sugdeste
in 1979 by Hooker [Hooker 2013]. Hooker’s work showed that as an intense laséseppropagates
through a plasma, a trailing Langmuir wave withreug velocity equal to that of the pulse forms with
a longitudinal electric field strength in the rangfel x 10 to 1 x 16° V/m. That electric field then
accelerates charged particles in the plasma @p. 1
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Terawatt

/ femtosecond lasers

Magnetic mirror coils

Accelerated
plasma

Coils producing
confining magnetic field
Magnetic field
lines

Figure 18 Laser driven ponderomotive force thrustaploying femtosecond terawatt pulsed lasersdelaate
plasma confined by an axial magnetic field. A magnmirror is used to trap particles that are dnivewards
the rear of the thruster by the intense electakdfproduced by the laser pulse. Thrust is prodibgeithe

interaction of charged particles with the radiailngpmnent of the magnetic field.

That work demonstrated that an intense electrontagpelse can create a wake of plasma oscillations
through the action of the nonlinear ponderomotimed and later studies have shown that a specific
impulse oflg, > 10 s may be achieved with such a device employedtamster.

The maximum amplitude of the accelerating wavalfiglgiven by [Williams and Gilland 2009:
2
_ af AL P
Emax = 28x10 (T 2. 10Vim Eq. 61

Where A, is the laser wavelengthy is the radius of the laser beam spot si2eis the laser power

(1012 W) and"P is the plasma wavelength.

3.2.8 Helicon double layer acceleration

Evidence that charged particles are acceleratpthdmas that contain an electric double layer (BL)
well established and it is widely accepted thattele double layers, in which an electric fieldsas
between two oppositely charged space charge lag@nsiorm in plasmas. Double layers can form as a
result of anisotropies in the pitch angle of iond &lectrons in a plasma in a diverging magnegid fi
[Alfven and Falthammar 196%]. Double layers may also be produced by the efiét¢mperature on
the velocities of ions and electrons in an expapgimsma [Block 1977]. Separation is maintained

by a balance between electrostatic and inerti@efoand the potential difference between the lagers
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given by |[®p, | 2 kBT% where kg is Boltzmann’s constanfl, is the electron temperature a@ds
the electron charge. A DL is said to be strongdif, >> KT, .

The acceleration of electrons and ions in suchnmashas been observed in laboratories and in
astrophysical objects and more recently experimgritave measured the acceleration of ions in a

plasma containing a current-free DL in a helicastHarge [Charles and Boswell 2083(fig. 19).
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pitch angles of ions and electrons in the divergmagnetic field in the expanding plasma.

Recent work with an inductive collisionless highags (900W) helicon plasma in argon has
demonstrated the production of an ion beam thaeaygpto have been accelerated across a double
layer like structure that has a time averaged phapatential difference of 80V. The ion energy
distribution of the beam had a bi-modal Maxwellfarm with 77% of the accelerated ions having an
energy greater than 65eV while the energy of tmeaiging ions peaked at 15eV, near the plasma
potential [Sung et al 201%8]. Despite that finding, the role of the doubledayn the net acceleration

of the ions remains uncertain. For instance, tHieviing one-dimensional analysis shows that the net
momentum delivered to the plasma by the electatd fas it crosses the entire DL region is zero -
assuming that the boundaries of DLs in real plagmaas no net charge [Fruchtman 2686

Multiplying the differential form of Gauss'’s law hilge electric field gives:

&l e EE = pE Eq. 62
Where E is the electric field,0, is the net charge density amygis the permittivity of free space.

In one dimension the integral form of this equati@comes:

5—20[E(22)2 - E(zl)z] = Tandz Eq. 63

)
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This equation shows that since the electric fie¢ltha DL boundariesz( andz,) are zero, the electric
force on the charge density,, is also zero. In a DL, the force exerted on thesidriven in one

direction is balanced by the force exerted on thetmns in the opposite direction and althougla in
DL in a divergent magnetic field the magnetic poesscan produce a net force since the DL is very
narrow, that force is negligible [Fruchtmann andkkitech 2009*Y]. One and two-dimensional studies
have shown instead that the acceleration of plagsalts from magnetic field pressure arising in a
diverging magnetic field that occurs in a magnetozzle rather than electrostatic forces in a DL
[Fruchtman 2008°, Takahashi et al 202%f]. Others have suggested that the acceleratioheobtilk
plasma may be caused by a directed coupling opldmma electrons with the helicon wave field and
the acceleration of the ions by the resulting amlaipelectric field [Ziemba et al 200 or by a pre-
sheath acceleration of ions [Chen 2006 A more recent analysis of the processes ocayiriin
current-free DLs concluded that while the DLs aredpced by the thermodynamic effects of high
energy electrons, they make no contribution tathinest [Ahedo and Sanchez 2GUB

Even though a DL may be present in a magnetizeshi@ait may not be the only or even the main
source of acceleration of ions. Further invest@ats required to resolve the acceleration mechanis

in these thrusters.

3.2.9 Acceleration by beating electrostatic waves (BEW).

Observations of the acceleration of ions in thesiagp ionosphere at an altitude of 1000km were made
in the late 1970s although the mechanism was undde&998 study subsequently demonstrated that
ions could be accelerated by a spectrum of eldefioswaves that propagate orthogonally to a
magnetic field provided that there are waves widgdiencies separated by an integer multiple of the
cyclotron frequency [Benisti et al 198%.

Laboratory experiments [Vail and Choueiri 2033 supported that work by showing that a
magnetized plasma can be efficiently heated byneeaction of two electrostatic waves in the plasm
where the beat frequency between the waves withlanfrequenciesy and w, is equal to the ion
cyclotron frequencyQ,,;:

wWo— W= Qi Eq. 64

Plasma heating by single electrostatic waves (SEWSs upon a resonant transfer of energy with ions
that have a velocity near to the phase velocitthefwave while beating electrostatic waves (BEW)
have been shown to heat plasma by the exchangeeafyewith non-resonant ions that have thermal
velocities lower than the phase velocity of the @savons accelerate stochastically until they resach
velocity that is near to the phase velocity of teve at which point resonant coupling between the
wave and ions imparts greater acceleration. Itleesn shown that BEW heating is more effective than

SEW heating only if the total wave energy densikgeeds a threshold value [Jorns and Choueiri 2012
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8], Analysis shows that there are distinct regimieslectrostatic wave energy density in which either
BEW or SEW will provide superior heating howevence BEW heating accelerates low energy ions,
it is an efficient alternative to SEW heating amdigled to a magnetic nozzle, can form a component
of an effective electrodeless plasma thruster. Exmmts in the Electric Propulsion and Plasma

Dynamics Lab at Princeton University have shown tha efficiency of SEW ion heating i$50%

while the efficiency of BEW heating is90% [Jorns and Choueiri 2089. Enhanced heating of ions

was observed even though the maximum energy demsitjat experiment was only 17% of the
threshold at which BEW is expected to provide neffieient heating than SEW.

3.3Magnetic mirrors

The simple plasma thruster (fig. 7) may be improbgdusing a magnetic mirror to prevent ions
escaping through the sheath to the back wall @@. A magnetic mirror consists of a strongly

converging magnetic field as viewed by a partiakegng the mirror region. So long as the field

gradien %8,

particle, y,, = % M,V / B, is conserved and as the particle’s perpendiatdbocity v increases

as it moves into a region of stronger magnetidfiéls a result, conservation of energy requires tha

the velocity parallel to the magnetic fielg decreases until it is reflected.

Field coil
(sectioned)

Gyroradius
of charged particle

Mirror coil
(sectioned)

Figure 20 Drift of a particle in a magnetic mirfald B, where B = the solenoid flux density. The component
By gives rise to a force that can trap a particla magnetic field through the conservation of thgmegic

moment L, of the particle.
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4 Electrodeless plasma thruster technology developmen

A description of the current state of electrodef@asma thrusters and an
analysis of the state of development of the mostraonly reported devices.

The development of electrically powered thrustets ribt receive serious intention until chemical
rockets were able to launch suitable platforms orait in the 1960s. Since that time, a plethora of
electric propulsion systems have been developddméiny either under test or deployed.

The performance of a number of well-documentedteldeless plasma thrusters can be compared on
the basis of the following figures of merit thatelenine the capacity of each type of thruster taoéan

a specified mission. Those figures of merit arexcte impulse | ¢, (s), thrust efficiency,, thrustF,

(N) and lifetime (h), where published. Note thatileigures for the first three figures of meritear
commonly available, figures for lifetime of expedntal electrodeless thrusters are not although the
developers of electrodeless commonly claim thatatieence of electrodes endows their devices with
an extended durability despite the absence of guinfg measurements.

The factors that limit the achievement of high emtavelocitiesv, and resulting high specific
impulse I, in chemical propulsion systems are primarily tmthelpy of the hot propellant and

secondly the maximum temperature that the mateofathe rocket combustion chamber and nozzle
can withstand. Electric propulsion systems overcdh® enthalpy constraint by imparting more
energy into a unit mass of the propellant, andecteodeless thrusters and magnetically shielddt Ha
thrusters, the material temperature constrainvéamme by the use of magnetic fields that isclage
thruster structure from the hot propellant. Muchheir specific impulses and consequently greatly
reduced fuel consumption may be achieved compareal ¢hemical rocket. To date, all deployed
plasma thrusters have used electrodes yet sinse thousters have been devices with power supplies
that deliver at most a few kilowatts. For examjpiethe NSTAR thruster in the Deep Space 1 mission
(input power 2100W [Rayman et al 208%), erosion of the electrodes has not caused sogmif
problems and nor has the space charge limitedttderssity of approximately 440 Nfnfor gridded

ion thrusters been an impediment [Jahn 1868

As missions require more powerful thrusters, ebsdr erosion will become an important
consideration, one that can be answered by magrsttielding or by electrodeless designs.
Electrodeless designs do not have thrust densiiitsli are less sensitive to propellant purity and
commonly do not require a charge neutralizer. Tee §2017), no electrodeless plasma thrusters have
been used in operational spacecraft although tsegmleand construction of prototypes of various
devices has been an active area of investigatioddoades. The following discussion examines the
electrodeless plasma thrusters that have beersedabr have been shown by the number of

publications to be devices of considerable interest
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In particular, the VASIMR (Variable Specific ImpeldMagnetic Rocket), an electrodeless device that
uses a helicon plasma source, ion cyclotron resendreating and a magnetic nozzle, has been
extensively discussed elsewhere [Squire et al 2§1#nd is therefore not mentioned here. Ongoing
testing that will include integration of the compeaits and high power firing is expected to bring the
VX-200SS prototype to NASA's Technology Readinessdl 5 (TRL-5) in preparation for 100 hours
of hot steady state continuous operation at 10(dbk\Webruary 2018.

4.1 Rotating magnetic field thrusters

4.1.1 The Electrodeless Lorentz Force (ELF) thruster

The ELF thruster (fig. 21) uses a rotating magnggicl to produce a plasmoid using the RMF drive
mechanism where the plasmoid is driven from thester by j, x B, forces produced either by a
conical magnetic field gradient or by sequencingents in an array of flux coils [Slough, Kirtlepa
Weber 2009. Since the magnetic field of the plasmoid is ethsdetachment of the plasmoid from
the thruster magnetic field is complete and aspthemoid is uncharged, charge neutralization of the

departing plasmoid is not required.

Rotating magnetic

field N

RMF antenna 1

Azimuthal plasma
currents

field winding ~ (ff 95 V, cos(e1)

Diverging magnetic
field lines

RMF antenna 2

(90O to antenna 1)

V, sin(wt)

Figure 21 ELF rotating magnetic field thrustersexpfield reversed plasmoid that is acceleratethbyorentz
force produced by a conical solenoid surroundimgtlasma. The diverging magnetic field acts as gnmiic
nozzle that further accelerates the plasmoid angerts a proportion of the thermal energy of trespia into
directed kinetic energy that propels the space{®diugh, Kirtley and Weber 200§. The performance of this

device is shown in table 3.
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4.1.1.1 Lorentz force on the plasmoid in the ELF thruster

The plasmoid in the ELF thruster is subject to astant acceleration by the magnetic field produced
by the conical solenoid that surrounds the plasma.

In contrast, the force on the plasma in a pulsddative thruster that uses the Lorentz force betvaee
current induced in the plasma and the magnetid pebduced by a current in a planar coil decreases
as the inverse of the square of the distance bettireeplasma and the planar coil. (Fig. 22). Witk
figure appears to show that the ELF thruster isen@fective in accelerating a plasma than a pulsed
inductive thruster, the creation of the radial metgn field in the ELF thruster that heats and
compresses the plasma absorbs energy that may éowevrecovered in expansion through the

magnetic nozzle.

1.0 \
RMF thruster
0.8
Lorentz force
F, 0.6
FZO
0.4 -

0.2 — PIT thruster

0.0 | | | | |

Figure 22 The normalized Lorentz body force onglesmoid in an ELF thruster and on the plasma sheset
pulsed inductive thruster (PIT) as a function & #xial distance in units of initial radilE/ R,, (after Fig. 8

Slough, Kirtley and Weber 2009). The force on the plasmoid or plasma sheet imatized to the initial

maximum Fk at a small initial separation.

Studies of various propellants show that RMF acaéten contributes 80% of the directed kinetic

energy of the thruster while thermal expansion aoto for 16%. The thrust efficiencyy,, for a

30kW thruster when operating on water or 95% cadioride mixed with 2% nitrogen and 3% argon
is calculated from measurements and approximatodsreported to be 85+% [Kirtley et al 20%R

A later study of a sample return mission from thi@aon planet Ceres with a similar device (ELF-
160A) gives a thrust efficiency of 60% when opergton xenon for the outbound voyage to Ceres
and a thrust efficiency of 55% when using wateawtdd from Ceres for the inbound voyage to Earth
[Pancotti et al 20157.
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4.1.1.2 Erosion of walls in the ELF thruster

In experiments where the ELF thruster was fired3@00 discharges no erosion of the thruster walls
were detected [Kirtley et al 20£7. While these measurements suggest that erosioaroponents in
ELF thrusters is not likely to be a life-limitingdtor in the operation of these devices, much Ionge

duration testing is required to verify that claim.

4.1.1.3 Further developments

Other work on ELF thrusters has been aimed at dgitign the geometry and materials of the RMF
antennae and improving the plasma loading whidticang unwanted resistive coupling [Waldock et
al 2013%.

4.1.1.4 Martian atmosphere and water used as ELF thruster propellants

Carbon dioxide (the principal component of the Néartatmosphere) and water vapour have been
shown to be practical propellants for ELF thrus{éistley et al 2012%]. The operation of the ELF
thruster with both carbon dioxide and water vapmaduced plasmoids with velocities in excess of
15km/s.

Compared to operation with Xenon, the thruster iredua greater input energy and formed weaker,

lower pressure, and slower-moving plasmoids. Howethe report states that the thrust efficiemgy

was not reduced although the coupling of energy iné plasmoid declined from 85% with Xenon to
20-50% with carbon dioxide and water vapour. A #eanpulse in the range of 400 to 4000 s was
obtained with carbon dioxide and injection, preitation, and plasmoid formation was demonstrated

with a steady flow of gas without coking, formatioihdeposits, erosion, or clogging.

4.1.1.5 Current status of ELF thrusters

Although the original intent of the developmentElfF thrusters was to produce a working fusion
rocket and reactor [Miller, Slough and Hoffman 1998 that goal has receded. Instead, a practical
thruster that uses a rotating magnetic field drifrem an external power supply to heat and acceera
a plasmoid has been produced [Slough, Kirtley areb&¥ 2009°9. The following table (Table 3)

shows reported values for the figures of merit.

Parameter Measured value

Specific Impulseg, (s) 1000 — 6000 (N Air and Xe)
Thrust efficiencyn, 50+%

Thrust (N) Up to 1.0 mN-s per impulse bit
Lifetime (h) Not stated
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Table 3 Reported performance parameters for antBiLSter [Slough, Kirtley and Weber 2080

4.2 Rotating magnetic field thrusters with a helicon pasma source

The HEAT (Helicon Electrodeless Advanced Thrusf@gject has investigated the use of rotating
magnetic fields and an alternating axial magneaatdfto accelerate plasma produced by a helicon
plasma source [Kuwahara et al 2695fig 23).

In the rotating magnetic field experiment, the Ridigenerated by pairs of coils that are supplieti wi
AC currents that have a phase difference ¢f 8@ azimuthal plasma currenity produced by the

effect of the rotating magnetic field reacts witte tradial component of the axial field to produce
thrust through the Lorentz fordg = j, x B, . The RMF was found to accelerate the plasma by 19%
compared to the plasma velocity produced by a sithplicon plasma thruster [Furuawa et al 2.6

In the m = 0 mode in a helicon plasma the currensdy is at a maximum at the centre of the RF coill
and has azimuthal symmetry, an obvious advantagehruster. When an AC current is applied to the
m = 0 coil that is collinear with the axial fiel®it (fig 16), it generates an alternating axial meitc

field that, through Faraday’s Law, induces an azirauplasma currenj, that reacts with the radial
component of the axial field to produce thrust lieraating axial directions. The thrust produced by
one-half cycle accelerates the plasma out of thestér, the accelerated plasma produced by the

opposite half cycle collides with the rear walltloé discharge tube.

RF antenna

Field coils
(cut away)

m = 0 coil

RMF coils

Figure 23 Helicon plasma source with an RMF acester(after Kuwahara et al 20%%. The performance of

this device is shown in table 4.
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Parameter Measured value
Specific Impulseg, (s) Argon 2000
Xenon 1500
Power efficiencyrnp (MN/KW) Argon 8.3
Xenon 16
Thrust (mN) Argon 21
Xenon 41
Lifetime (h) Not stated

Table 4 Reported best performance parametersHeli@on plasma source with an RMF and an m = 0 RF

accelerator.

4.3 Rotating electric field thrusters (Lissajous thrusers)

Although a theoretical analysis of the Lissajousspia accelerator indicated that such a device would
produce a specific impulse of 10,000 [Matsuokal @041, in practice the measured performance
has been much less promising.

Work on an experimental thruster that used a rajagiectric field to accelerate plasma that hadhbee
produced by a helicon source in an expanding magfield found that the thrust — if any - produced
by the rotating electric field was below the nossgnal generated by the thrust stand [Matsuoka et a
2011'9. A later study found that the REF produced ashif 4.95N and concluded that such a
value was not useful for practical applications {daura et al 2012.

Those experimental results show a weak dependantte ion velocity as a function of the phase
difference of the voltages applied to the antenlaéep. That result indicates weak electromagnetic
acceleration of the plasma and it is consideredt i@st of the power is consumed in ionizing and
heating the plasma while the plasma acceleratiomisly due to expansion of the plasma through the

magnetic nozzle formed in the diverging field.

4.4Pulsed inductive plasma accelerators (PIT thrustens

Pulsed inductive plasma accelerators are spacgumdftlsion devices that store energy in a capacito
and produce thrust by coupling that energy intocg@llant by induction from a rising current in@ilc

that is in close proximity to the propellant [Polzt al 2007%). In some devices the electric field that
arises from the time varying magnetic field accoegdio Faraday’'s law E = —?ji:) ionizes the

propellant. In others, the propellant is ionizegasately but in both cases the Lorentz force betwee
an induced plasma current and the magnetic fieddyared by the coil current accelerates the ionized

propellant.
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Two inherent physical effects have obstructed #netbpment of efficient devices. Firstly, any delay
in the ionization of the propellant means that @ast of coupling into the ionized gas, energy is
dissipated in the coil. Secondly, the maximum anadfrenergy has to be transferred into the ionized
gas before it is driven away from the face of thé since the coupling between the coil and the
ionized gas is a function of mutual inductance ftkastrongly determined by their separation. The
effect is quantified by the Lovberg criterion [Dmjland Lovberg 199%5°] that states that the thrust

efficiency 7, of pulsed inductive thrusters is limited by thdiaaof the total change in circuit

inductanceAL to the initial circuit inductancé. That is:

s Eq. 65

The ratio% is maximised when the plasma forms as closelyrastipal to the surface of the
0

inductor without causing damage to the coil.

The delay in ionization may be addressed by preziog the propellant with a separate mechanism
since pre-ionization permits current sheet fornmatib lower voltages and discharge energies than in
pulsed inductive thrusters that rely solely upomapidly changing magnetic field to ionize the
propellant. The effect of declining mutual inductaras the plasma sheet moves away from the coil is
not so easily resolved and remains a limitatiohfiJ8996™.

In investigations dating back to the 1960s and pl@sar devices were constructed that had thrust
efficiencies that ranged from 5% (20cm cdi, = 1200s) to 18% (30 cm coils, = 1470s). Larger
devices developed in the 1980s were found to havatey thrust efficiencies and specific impulse (1
meter coil,, = 42% atls, = 1540s and}, = 50% atls, = 2240s) [Lovberg and Dailey 1981.

Further investigations using a thrust stand rewkediat the figures for the specific impulse andistir

efficiency for the larger device that were calcathtfrom measurements of current density and
magnetic fields were overstated by 24% and 42%edsely and demonstrated a fact often
overlooked in engineering projects: direct measer@mare more reliable than indirect calculations

based on unvalidated assumptions.
Since that time engineering developments such asasing the rate of current ris@}gt) and the

replacement of spark-gap switches with solid-stigiéces have led to significant improvements in the
performance of these thrusters although up untili2be PIT Mark Va developed in the early 1990s
remained the most efficient and best performingsgalinductive thruster = 55%,ls, = 6000s
[Polzin 2007*%] (Table 5).

More recent developments that utilize ion cyclotresonance ionization of the propellant at the face
of a conical theta pinch coil are intended to inmerthe thrust efficiency of these devices [Hallackl

Polzin **9. Interestingly, a recently developed model [Marfi016°9 that produced a qualitative
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agreement with results from tests of the PIT MKhuster showed that the optimum coil angle i% 90
that is, a flat plate although a PIT with a coigknof 60 may have some advantages in propellant

utilization that could compensate for any losshitust efficiency.

4.4.1 Planar pulsed inductive thrusters without pre-ionization

PIT thrusters without pre-ionization utilize a dimgnductive coil for both plasma generation and
electromagnetic acceleration (fig. 24-1) [Feldmad &houeiri 2011%]. Capacitors deliver a current
pulse to the primary coil windings that through déay’s law ionizes the propellant at the same time
as it is injected across the face of the coil g#32). The reaction between the magnetic fieldhim t

coil and the plasma current generates a Lorent2f(f, = J jjasma * B ieiq) that expels the plasma

producing a thrust that propels the spacecraftX4ig).

Propellant Current | Current sheet in plasma

)\ injector pulse

J

plasma

i
i
a :\m|"m,'ft//fl,l,{
N

Expelled
7 lasma
0 <
S
i Brield
ﬂ . Wires L F
Capacitors Propellant injection Bfield U S !

@ Current and propellant

pulse @ Acceleration of a plasmoid

@ Structure of the thruster

Figure 24 The three phases in the operation gbiadl planar pulsed inductive thruster without-preization.
Gaseous propellant is ionized by the electric figloiduced by the rapidly changing magnetic field tre
resulting plasma is driven from the thruster byltheentz force. The performance of several deviafahis

design are shown in table 5.

4.4.2 Planar pulsed inductive thrusters with pre-ionization

The FARAD (Faraday Acceleration with Radio-frequerssisted Discharge) thruster developed in
2004 is a device that typically uses Argon as g@itant, although water vapour, Ne, He, Kp, B;,
CO,,Cl, F and Xe are also possible propellants (fig. 2

The propellant is ionized by a Helicon dischargd #re resulting plasma then guided by a magnetic
field to flow radially outwards across the faceasf inductive coil. In operation, a large azimuthal

current, &, is pulsed through the coil at a ra%édCtL“ >10°A/s.

A current pulse of this magnitude induces a cursd@et in the plasma and the induced azimuthal
current Jasmain the current sheet interacts with the appliegmesic field, Beiq, resulting in a Lorentz

body force, dasmaX Brieis ON the plasma.
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The resulting force has two componentg,B, which is axial and accelerates the plasma, and
joB, which is radial and confines the plasma therebyimzing damage to the surrounding wall of

the thruster.

Thrust is produced by the Lorentz force betweennthgnetic field produced by the coil current and
the induced plasma current sheet [Choueiri andifP@B04%.

Reports of the performance of a 100 J per pulseAARboratory thruster have been disappointing.
Stated reasons for this outcome were that modteoptopellent was not ionized sufficiently for the
coil currents to couple to the plasma or was todréan the coil face and in addition, the curremeet
was not magnetically impermeable which also redubedacceleration of the propellant [Polzin, Rose
and Miller, 2008'%.

Dielectric

Axial field coils

Magnetic
mirror

Inductive coil spiral

Figure 25 FARAD (Faraday Acceleration with Radiegfuency Assisted Discharge) thruster that uses the
| x B force developed by the interaction between an iedygasma currentymaproduced by a changing
current J,; in the inductive coil spiral and a magnetic fidBjeq produced by the B4 coil. Magnetic pressure

pushes the plasma away from the coil. The perfooman this device is discussed in the preceding fafter
Choueiri and Polzin 20049.

Later designs have employed an electrodeless Bitec@yclotron Resonance (ECR) pre-ionization
scheme that, by a suitable arrangement of permanagiets, produce a seed plasma which is further
ionized by a current pulse through the inductivid. &y employing ECR pre-ionization, Microwave
Assisted Discharge Inductive Plasma AcceleratorAMPA) reduce the need for high voltages and

a current rise-time sufficient to ionize the cotdgellant [Hallock and Polzin 202¢f).

4.4.3 Conical PIT thrusters
The single stage FARAD [Feldman and Choueiri 281Jithruster (SS-FARAD) consists of a single

conical antenna coil through which both the ion@atnd acceleration pulse is applied to the gaseou

propellant (fig. 26). The SS-FARAD thruster elimies external magnetic fields as well as secondary
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antennas required for plasma generation and otmepanents required for ionization so is lighter and
less complex than previous designs, significanaathges for a compact spacecraft thruster. Recent
results indicate that thrusters of this type withaller conical angles produce greater thrust in
contradiction to the predictions of a previous nidgtallock et al 2012™Y. Initial measurements
made on a conical thruster with a half angle of &@d an applied voltage of 5kV produced a
maximum impulse of 0.097 mN-s with an Argon flonte®0 <m < 150 mg/s. The investigators
suggested that the low thrust of these devicesattebutable in part to a large inductive voltagep

in the transmission line from the capacitors to ¢b#. Other possibilities were a premature current
sheet decoupling caused by radial current sheebmeor by an initially radially-displaced current

sheet formation point in the thruster.

Magnetic

Propellant
injection
Induced
plasma
currents

Current pulse

Conical

windings
' ) A ------
% _~ Accelerated
\ ol .
ZAH plasmoid
@ s / @ \ " > Current pulse

Figure 26 Conical pulsed inductive thrusterwith8d Balf-angle. In frame 1 propellant gas is releasest the

e

—

surface of the conical windings that are assemiblédo layers such that the current flows from siealler
radius at the base of the cone to the front othihester and then returns in the same azimuthattian through
the lower winding. The windings are separated binanlating cheet. The rapidly rising current icggzhe
propellant through the electric field that arises the rapidly changing magnetric field accordind-araday’s
Law. In frame 2 the induced currents in the ionigad react with the magnetic field produced bycibie
currents and that interaction expels the plasnmght velocity. No other ionization process is reqdi[After
Hallock et al 20139

4.4.4 Erosion of components in the PIT thruster

The lifetime of thrusters that use induction toederate plasmas is not limited by erosion of etelds
and contamination of other spacecraft componentidproducts of erosion is said by the developers
not to be an issue in these thrusters althoughighesm assumption only in the absence of extended

testing.
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Investigations have been conducted to examinedhsilglity of using the components of the Martian

atmosphere, primarily carbon dioxide, as PIT theugiropellants derived from in situ resources

[Polzin 2012"9. These studies have shown that carbon dioxidizetefrom the Martian atmosphere

could be used as a propellant offering the podsilof using Martian resources to reduce the return

journey propellant mass required to be transpdrted Earth.

4.4.6 Current status of PIT thrusters

Thruster I (S) Thrust Energy (J) | Reference
efficiency per pulse

Plasmoid thruster | 500 to 4300 0.4 t0 49% 280 Eskridge and Mar

experiment (PTX) 2007

30 cm PIT* 1470 18% 675 Polzin 2017

1 meter PIT 1236 25.4% 4840 Polzin 2011

PIT Mk 1 (NH) 1360 (worst) 21.3% 4840 Dailey and Lovberg
2766 (best) 31.9% 5760 1993"1°

PIT Mk Va (NH;) | 6000 ~55% ~4000 Polzin 2011

PIT MK VI 2750 18.9% 4050 Polzin 2011°

Conical Theta Pinch1500 to > 4500 (Ar),| 5% (single 500 Hallock et al 2015

PIT 1000 - 2500 (Xe) pulse)

n

Table 5 Reported performance parameters for Pliistars. *Values calculated from field measurememés

probably an overestimate (section 4.4).

4 5Helicon thrusters

Helicon thrusters consist of a helicon-type antepwroviding energy to a plasma source attached to a

magnetic nozzle that transforms the randomizedrtakeenergy of the plasma into directed kinetic

energy (fig 27).
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/ Magnetic mirror

«— Diverging magnetic field B
forming a magnetic nozzle

Azimuthal electron currents
(1) Field coils N
(sectioned) —7

(2) RF ant Accelerated plasma
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Figure 27 Generalized Helicon type thruster showiggprincipal components: The field coils thatdwoe the
magnetic fieldB that forms the confining field and the magnetiezie and the helicon antenna, usually placed
inside the field coils, that supplies the RF potimat provides the energy to the generate the pléismathe
propellant. The plasma is accelerated by the magnezzle described in section 3.2.2. A magnetiicon

prevents plasma from flowing out of the rear of pteesma source.

In simple helicon-type thrusters, a significanttpafrthe thrust is produced by plasma pressure that
develops against the back wall of the thrusterrénes lost from the plasma to the back wall of the
thruster through the sheath and the bombardmetiteoback wall by the plasma causes damage by

sputtering as well as a reduction in the thrustiefficy 77, . Since nearly all of the energy supplied to

the thruster is consumed in ionizing the propellaogses to the back wall are nearly equal toltsit

to the plasma expelled from the exit, effectiveing the thrust efficiency. Plasma confinement by
magnetic mirrors (section 3.3) is well understoad & an effective means of reducing plasma losses
to the back wall and improving the thrust efficigrat a radio frequency heated plasma thruster.

The relatively low ion temperature of 0.3eV prodiit® helicon-type sources [Nakamura et al 2012
™ is another factor that reduces the effectivenefssimple helicon-type thrusters since, being
effectively an electrothermal thruster, the specifnpulse is proportional to the square root of the
plasma energy and therefore its temperature. laltsence of other means of accelerating the plasma,

the specific impulsd g, of approximately 200s is not less than that of memgmical rockets [Cohen

et al 2006%.
A recent review [Navarro-Cavalle et al 2014 has summarised the performance of representative
helicon-type thruster prototypes and highlighteel design parameters: The following table (Table 6)

is an extract from that paper with some additions.
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Prototype Isp(s) | mt (%) | Thrust | Life (h) | nm (%) | Power Ref.

Mini Helicon Thruster 1000 - | 18to | 10mN | Not 90 700W to| Batishchev 2009

Experiment (mMHTE) | 4000 | 20 given 1100w | *°

Helicon Plasma 1200 13 1.5mN| Not 90 50W Pavarin et al 20(

Hydrazine Combined given 120

Micro (HPHCOM) 422 13 0.5mN| Not - 8w Trezzolani et al
given 2013

Permanent Magnet | 500 1 3mN Not <50 700W Takahashi et al

Expanding Plasma given 2011'%

(PMEP)

High Power Helicon | 4750 - - Not - 30kwW Ziemba et al 200

Thruster (HPHT) (Hy) given 123

Helicon Double Layer 280 <1 1lto Not - 250W to | Pottinger et al

Thruster (HDLT) 2.8mN | given 650W | 2011

Permanent magnet | 2000 7.5 15mN | Not - 2kwW Takahashi et al

helicon plasma given 2013

thruster (PM-HPT)

Table 6 Summary of prototype helicon-type thruspsievarro-Cavalle et al 201'3% and othersy, is the

propellant utilization efficiency. Values are givehere available.

4.5.1 Helicon double layer thruster (HDLT)

In 2003 a group at the Australian National Uniuvigrdiollowing earlier work [Hairapetiat and
Stenzel 1991%9, reported that an electric double layer (DL) thatnfed in a plasma in a

diverging magnetic field appeared to produce anbieam, useful as a thruster [Charles 2003

129 (fig. 28). An RF antenna that was wave coupleth®propellant gas produced the plasma.

A calibrated pendulum thrust stand whose displac¢mvas determined by the deflection of a

laser beam measured the thrust and a retardindiergy analyser (RFEA), in its basic form

consisting of a grid and a plate, measured thd aglacity of the exhaust. The graph shows

the step in the plasma potential created eithearbglectrical double layer [Charles 2063

or by a pre-sheath acceleration of ions [Chen 26106

The use of magnetic fields to create high-speed plasma jets for spacecraft propulsion. S. Bathgate 2017
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Figure 28 Helicon double layer plasma thruster shgwhe main components of the ANU experiment.
The curve below the device shows the step in pialeihiat occurs between the plasma and space as the

plasma expands.

4.6 Plasma thrusters using traveling waves in a transmssion line

Plasma can be accelerated by the Lorentz forceciassd with a moving magnetic field
produced by travelling waves of voltage and curtbat propagate along transmission lines
when either a pulse of current or a source of rdtimg current is applied to one end of the

line. In either case, the propagation velocityiieg by:
VvV, = Eq. 66
P }/ JLC q

WhereL andC are respectively the inductance and capacitantieecgélements of the line (fig
29).

In most systems the propagation velocity is of dnger of 14 m/s to 16 m/s [Fabris and
Capelli**.
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Figure 29 Traveling wave plasma accelerator. Plageraerated for instance by an electron cyclotron
resonance source, is accelerated by the travetiagraagnetic field produced by the waves that
propagate along the transmission line when altergaurrent or a current pulse is fed into the.life

prevent reflections of the waves, the transmisBianhas to be terminated with a characteristic

impedance £(inset 1).

Transmission line accelerators using helium asopgitant were investigated in the 1960s
[Helfinger et al 1965 however those were high power (160kW) devices &maployed
large currents to generate a magnetic field stresgfficient to accelerate plasma in a water
cooled thruster tube. A slightly later investigati@almer and Jones 196%)] reported lower
efficiencies that were ascribed to the fact that dievice was limited to operating at a much
lower power (13kW) since the accelerator tube watswater cooled. In those experiments,

the greatest thrust efficiency, (7.5%) was obtained when operating with argon as a

propellant when the accelerator length corresportded ¥ wavelength of the RF input

whereas when xenon was used the greatest thruseefly 77, (6%) was obtained with an

accelerator length of one wavelength. The spedctfijgulse obtained with argon was 2200 s
and for xenon, 1200 s.

A low power device developed in a more recent itigation [Feraboli et al 2015 uses
either an ion cyclotron resonance or helicon plasmace to produce an argon plasma. The
plasma is accelerated by propagating magneticsfigith velocities from 5,000 m/s to 25,000
m/s that are produced by pulses applied to a s¢igileswitched series of coils at a repetition
rate of 5Hz. The energy of the pulses deliveredatch coil was 0.014J and the overall power
was 9.8W.
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An interaction between the plasma and the propagatiagnetic field has been observed
however, no measurements of specific impulse, thefficiency or thrust have yet been

published.

4.7 Plasma thrusters using a HiPIMS ion source with a mgnetic nozzle

The development of high power impulse magnetronttepng discharge technology
(HIPIMS) [Kouznetsova et al 1999, Gudmundsson et al 20129 together with
improvements in the understanding of the physics)afinetic nozzles [Takahashi et al 2014
3% has encouraged this investigation into the comim of these devices with the intention
of producing a thruster with greater thrust effilci¢ and thrust than existing solid propellant
plasma thrusters.

The HiPIMS thruster [Bathgate et al 20§ (fig. 30), utilizes ions of target material andsh

no electrodes that may be subject to ion bombartr@her than the metallic propellant
mass). Copper was used in this device since it knmasupport self-sputtering [Anders and
Andersson 2008%. That is, once sputtering has been initiatedegithith a pulse of gas or
with a laser, the process will continue to prodthzest without the need to re-start sputtering
and importantly for a spacecraft, the thruster wgkrate continuously in a high vacuum. At
high power intensities the density of the sputter@gper atoms is so great that a considerable
number of copper atoms are ionized by collisiorth wlasma electrons. These copper ions are
accelerated by the cathode voltage and sputteraiger target even in a vacuum [Kukla et al
1990 **9. The emission of ions and electrons from the re&igm source is initiated by
bombardment of the target with argon ions from &sewf gas that is energized by a high
intensity current pulse. Thrubt is produced by the acceleration of copper ionthbylLorentz

force in the magnetic nozzle that are expelled ftoentarget.
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Figure 30 A HIPIMS plasma source located at onedradcurrent-carrying solenoid produces ions and

electrons that are accelerated by the divergingnetagyfield that exists at the ends of a solenoid.

Parameter Measured value
Specific Impulsed, () 1543 (Copper)
Thrust efficiencyr, 6%

Thrust (N) @ input power 3.1N @ 3.6kwW
Lifetime (h) Not evaluated

Table 7 Measured performance of a HiPIMS coppethonster [Bathgate et al 2018].
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5 Power supplies for plasma thrusters

A description of the power supplies used to drilesma thrusters and an
analysis of the disposal to space of waste healuged by those devices.

Unlike chemical rockets where the energy conterthefpropellant is fixed, the total energy
available to a plasma thruster may be much greatee it is only limited by the durability of
the power supply that generates the electricalggneeeded to produce and accelerate the
plasma. Presently, only nuclear reactors, radiopotthermoelectric generators and solar
photovoltaic cells are capable of generating elmdtpower for the length of time required to

produce significant velocity increments for spaaéiqoropelled by plasma thrusters.

5.1Nuclear reactors

Space rated nuclear power supplies have been gexktbnd deployed in the past and NASA
is currently developing a 100kW electrical generai@sed on a small fission reactor that has a
mass of 512kg. The SAFE 400 (Safe Affordable Fisdimgine) (Poston et al 2002,
reactor is used as a heat source to drive a clnsge gas turbine engine (Brayton cycle) that
has a thermal efficiency of 25% [Russell and Cop@h2*%. The objective of the project is
to demonstrate an integrated propulsion systemdhaterts thermal energy from a nuclear
heat source into jet power using a heat enginandyian electrical generator and a plasma

thruster.

5.2 Radioisotope thermoelectric generators

Radioisotope thermoelectric generators have begrioged as electrical power sources in
United States spacecraft since 1961 [Rinehart 28pand all have used the natural decay of
the isotope Plutonium-238 as a source of heafidt@inverted to electrical energy through the
Seebeck effect by an array of thermocouples. Ren&stions including Galileo (to Jupiter),

Ulysses (that orbited the Sun), Cassini (to Satant) New Horizons (to Pluto) employed the
General Purpose Heat Source-RTG (GPHS-RTG) thatrgss a nominal 285 watts of

electrical power with an efficiency of approximateéi%. To date no RTG power supplies

have been employed as energy sources for plasostdhs.

5.3 Solar photovoltaic power supplies

To date, the largest solar photovoltaic systemajegal in space is the 260kW power supply
installed on the International Space Station [Byophal 2011*}. Larger systems suitable for
missions beyond low Earth orbit are under constdmraand investigators working for

NASA’'s Human Exploration Framework Team (HEFT) haleeloped a conceptual design
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of a 300-kW solar electric propulsion (SEP) systesing state of the art equipmeiite
HEFT study concluded that the use of high-power Syftems makes the architecture
significantly less sensitive to mass growth in otiespace elements, improves mission
flexibility, provides more graceful propulsion sgst failure modes, makes substantial power
available at the destination and during coast geriand has the potential to be reusable
[Brophy et al 20114Y.

The application of electrodeless thrusters is pritiseonstrained by the large currents that are
required to produce significant acceleration fieklsd are restricted to pulsed operation
because of limitations in the output of power siggptiriven by SEP systems.

In turn, the limited output of SEP power supplieguires that for a typical mission, the power

train must be capable of producing more thahpl@ses [Dankanich and Polzin 200§.

5.4 Limitations on spacecraft power supplies imposed byadiator size.

Given that no power supply is 100% efficient, apation of the energy produced by a
spacecraft power supply is lost as heat that hae temoved since the temperature of power
supply and related components usually has to belepw 76C [de Grys et al 20057. In
space, waste heat can only be shed to space theowggiiator and as the size of the power
supply increases, the size of the radiator inceaseroportion and eventually becomes a
limiting factor [Semyonov 2014*.

An ideal radiator emits thermal radiation with @dd body spectral distribution where the

radiated powefR, is given by Stefan’s Law:
P, =S o,T" win? Eq. 67
WhereS is thearea of the bodygg = 567 x 108 W/m?K* is the Stefan-Boltzmann constant

andT is the temperature.

So long as the radiator surface is orientated tomise the effect of solar heating, the ambient
radiation received by the radiator will be from thlack body background of the universe that
has a temperature af,,,, = 27K [Hawking and Ellis 1968"].

The area of an ideal radiator required to coolagycsupply with an outpul; is then:

S, =P.(1-¢ )l ga¢, (T4 -T2,) Eq. 68

Where ¢; is the internal efficiency of the power supply, is the thermal emissivity of the
radiator andT, is the radiator temperature.

If a spacecraft’s energy is produced by a heatcsosuch as a 400kW (thermal) nuclear
reactor like the SAFE 400 [Poston et al 2003, a heat engine is required to generate
mechanical power and a radiator is required toadisf the waste heat from that engine. This

means that the size of the radiator is determinetthé Carnot efficiency of the heat engine in

63



64

addition to the energy efficiency of the power dypghat may be an alternator driven by the

heat engine. The Carnot efficiengy is defined as:

e = Ti _;inTout Eqg. 69
WhereT,, is the heat engine inlet temperature dpdis the outlet temperature, in this case
corresponding ideally to the radiator temperaiiyre

Since the Carnot efficiency of a heat engine isr&ction of the difference between the inlet
and outlet temperatures and the inlet temperaiyis limited by materials, making the outlet

temperatureT,,; as low as possible is desirable. However, simee radiated power is
proportional toTr“, the radiator size increases rapidly with fallnagiator temperature so that

a small gain in Carnot efficiency may require géaincrease in radiator size. For instance, if
a 100kW heat engine has an inlet temperature oK7@ED(®C), reducing the radiator
temperature from 323K (80) to 298K (25C) will increase the thermal efficiency from 58%
to 61% however the radiator surface area will ntben double from 161frto 361mM. The
required radiator surface area thus becomes inogdasignificant as the output of the power
supply increases and places a practical limit ensilae of the power supply. In practice, the
radiator temperature varies from the inlet to thédab as heat is lost so that the radiated power
varies across the radiator surface. For examptdosed Brayton Cycle system [Harty et al
1994 '*9 has a radiator inlet temperature of 401K and atieb temperature of 283K, a
difference of 118K across the radiator. The follogvichart shows the effect of radiator

temperature and internal energy efficiergyCarnot efficiency x power supply efficiency) on

radiator dimensions (fig. 31).
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Figure 31 Surface area of a radiator used to capagecraft power supply as a function of the power

supply output for internal energy efficiencies of 25%, 50% and 75% at two different radiator

temperatures, ,;T= 298.15K and T= 323.15K Solid lines are for radiator temperasuof 323.15K

(50°C). Dotted lines are for radiator temperatures3f.25K (25C). The emissivitys, = 0.9 and the

black body temperature of space is 2.7K. The isBetvs the proportion of output of the power supply

P;(1- & )thatis lost as heat that has to be radiated tcespa
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6 Erosion in thrusters with electrodes

A description and analysis of the erosion of ets#is by sputtering in
plasma thrusters with electrodes.

Erosion of electrodes is the primary factor thatité the life of gridded ion, Hall and MPD
thrusters. As thruster powers grow and mission tchirs extend, electrodeless thrusters that
are not limited by erosion of electrodes will beeommore important. Thrusters may be
required to operate for as much as 120,000 houie vexpelling 2000Kg of propellant
[Rovey and Gallimore 20087, a requirement that exceeds the capacity of iegishrusters
with electrodes (Table 2).

6.1 Erosion in gridded ion thrusters.

Low thrust gridded ion thrusters such as the tygedun Dawn [Brophy et al 2006%] must
operate for tens of thousands of hours in ordeadimieve the velocity increment required.
Although the grids are highly durable, significgntreater specific impulses required for
extended missions will aggravate the known wearhaeisms of gridded ion thrusters. Of
primary concern are the effects of charge-exchamggthat are generated between the screen
grid and the accelerator grid. Subject to the strioter-grid electric field, these ions achieve
kinetic energies sufficient to erode the accelergtm and their energies and those of charge-

exchange neutrals are roughly proportional to {ygli@d acceleration voltag€g since the

exhaust velocity, and hence the energy of the ions is a functioh@fstjuare root 0¥ :

v, = |20V Eq. 70
mon

Ispis given by:

|Sp = i ’% Eq. 71
90 Mign

So that the required acceleration voltagefor a particulads, and ion mase, is then:

_m 2,2
Vg = 2;“ 95l 5, Eq. 72

Erosion of the accelerator grid by charge-exchaige is one of the major failure
mechanisms that limit the life of gridded ion thers and since the energies of charge-
exchange ions increase witfy, damage to the accelerator grid grows as the squiathe
specific impulsds, (Eq. 72) [Brophy et al 20027 (fig. 32).

Measurements show that the erosion rates of grignais are either linear withz or fit a
polynomial of power approximately 1\ [Duchemin et al 2008. Other reports state that

to operate thrusters with molybdenum grids for mibr@n a few thousand hours, the beam
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current densities have to be operated at leveldirtass than the maximum possible because

the grid erosion rate increases with beam denisigsgrole 2001°Y.

eCel
griq "

ator

Figure 32 Erosion mechanisms in gridded ion thrgstearticles (ions and neutrals) produced by @arg
exchange and elastic collisions in ion thrusterslmdirected toward the accelerator and/or desteler
grid with very high energies. The impact of theaetiples erodes the grids and the end of life a&hed
when either the holes in the accelerator grid becsmlarge that ion extraction is greatly affedigd

electron back streaming or structural failure osdarthe grid.

Electrodeless thrusters can, according to theield@ers, be operated at powers far greater
than a few kilowatts and are inherently immunehis type of malfunction.

6.2 Erosion in Hall thrusters.

Hall thrusters generate thrust by the interactibrar electric current in a plasma with an

applied magnetic field that is radial and perpeuldicto the discharge channel walls (fig. 33).

This interaction creates an electric field thatrigstly parallel to the walls of the discharge

channel and it is this electric field that accdiesahe ions to high velocities and produces the
thrust. Hall thrusters are effectively gridless ihrrusters. The plasma produces an electric
field parallel to the radial magnetic field linesdathis field accelerates ion towards the

discharge chamber walls causing erosion by spngtefrosion of the covers protecting the

magnetic circuit components from the dischargerptass the principle failure mechanism of

Hall thrusters [Chengnd Martinez-Sanchez 2067
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Figure 33 Section through a Hall thruster shoviing B drift of electrons in crossed electric and
magnetic fields (Inset 1) and erosion of walls arit rings that protect the magnetic components In
Hall thruster, electrons are emitted from a catHodated at the exit of the thruster while neutral
propellant is admitted into the base of the disgaahamber. Some of the electrons enter the digehar
chamber and are trapped along the magnetic fiedds land create a Hall current in the B direction.
The resulting increase in electron residence taadd to an efficient ionization of the propellamnd an
increase of the axial electric field that accelesahe ions that are neutralized by other electeomged

by the cathode.

Recent investigations have shown that a uniqueigaration of the magnetic field and
channel geometry near the wall of Hall thrusteadled “magnetic shielding”, can be used to
reduce wall erosion by orders of magnitude [Goetiehl 2013". A Hall thruster with
magnetic shielding and with a specific impulse @@ s operated for a wear test of 113 hours
at a power density 50% higher than nominal witrsignificant damage [Hofer et al 20%3).

The use of magnetic shielding allows the replacaérm&reramic walls in Hall thrusters with
graphite or temperature resistant metals withogniicant performance penalties and may
open the design space for lighter, higher-powewelecost Hall thrusters that are not
significantly life limited by wall erosion [Goebedt al 2013'%9. Despite this advance,
sputtering erosion of the cathodes may still lithé durability of Hall thrusters.
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6.3 Erosion in Magneto Plasma Dynamic (MPD) thrusters

The development of early versions of magneto pladgmamic thrusters was hampered by
thermal and chemical erosion of the electrodesvaall$ of the devices (fig. 34).

Figure 34 Section of a self —field MPD thrusterwhay erosion of the anode and cathode. Neutral
propellant is introduced into the discharge chamtideere it is ionized and then driven from the theus
at high velocity by the Lorentz force produced bg interaction of the ions and the magnetic fibkat t

results from the passage of a current betweenrtbéeaand the cathode [After Sankaran et al 2603

Since then, the development of MPD thrusters has lberther hampered by poor efficiency
primarily caused by energy being deposited intoahede by electrons accelerated into the
anode surface by the anode fall voltage that degeio the region near the anode surface.
Investigations have shown that the Hall term in Ghlaw causes depletion of the plasma
near the anode surface which produces the anotlerdiibge and current and voltage
oscillations that are associated with rapid eletgrerosion [Hoyt 20059.

The low thrust efficiencyy, that results from frozen flow losses and the ldrgetion of the
input power that is dissipated as heat in the amdempounded by the fact that the regime in
which MPDs start to become efficient is also thmatvhich cathode erosion rates tend to be
prohibitive [Choueiriand Ziemer 200%°7.

Recent investigations that show that electrodei@nds not significant in MPD thrusters with
thrust efficiencies of 6% to 12% may support thessier findings [Boxberger et al 2017).

High power 30 kW) applied-field MPD thrusters running on ammaoand lithium have
been operated successfully for 100 and 500 howggeotively, although significant erosion
was measured. There is some evidence that a mageed magnetic field can reduce

erosion and increase lifetime in high power MPDsdits and Choueiri 200%].
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7 Summary and conclusions

An analysis of the reported performances of thetipammnising
electrodeless thrusters and a discussion of fudéeelopments.

The following table lists the performances of tHect&odeless thrusters discussed in the

previous section that have reached a stage of @@weint where some may be considered for

deployment (Table 8).

Thruster I (S) Thrust Thrust Specific mass
efficiency 7,
Electrodeless Lorentz Force| 1000 to 6000 50+% Up to 1.0 | 0.7kG/KW (Brown et al 201¢
thruster (ELF) mN-s per | > scaled to 200kW
impulse bit
Pulsed Inductive Thruster | 6000 55% - 8kG/kW
(PIT) Mk Va (Lovberg and Dailey 1996
1013

Plasmoid thruster experiment500 to 4300 0.4 to 49% - -
(PTX)
Helicon Plasma Hydrazine | 1200 13% 1.5mN -
Combined Micro (HPHCOM
Conical Theta Pinch PIT 1500 to > 4506% (single | 1.5mNs -

(Ar), pulse) (Ar)

1000 to 2500

(Xe)

Table 8 Summary of electrodeless plasma thrusteiered by performance with values that are given

where available.

It is evident that the Electrodeless Lorentz Forbeuster has the greatest potential for near-
term deployment since even though the specific mas$se thruster may have been reduced
by the effect of scaling, it is approximately am@r of magnitude better than the next best
device, the PIT MkVa pulsed inductive thruster, eleped in the 1990s that has a similar
specific impulse. The development of the ELF hasilted in a useful device while progress
in developing new forms of the pulsed inductiveugter with greater thrust efficiency have

been hampered by difficulties in understandingghgsics of those devices. That concern is
exemplified by the results of tests of conical Bfifusters while a recently published model

has shown that the most thrust efficient PIT theuit similar to the original flat plate devices
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and suggests that attempts to improve conical Rillgprove difficult although the conical
PITs may have some advantages in propellant utdizafficiency.

A similar device, the pulsed plasmoid thruster (PTathieves a thrust efficiency approaching
that of the ELF although it is still in an earlyage of development. Considering its similarity
to conical PITs, the high thrust efficiency clainfedthat device needs to be confirmed.

Much effort has been expended in the developmehelaton thrusters that have the attraction
of simplicity yet the low plasma temperature of dbodevices continues to impede their
development. Some improvement in thrust efficiei@s been achieved by adding an
acceleration stage to the outlet of the deviceoaljh at the cost of increased complexity. The
electric double layer that forms in plasma in dgireg magnetic fields was initially believed to
be responsible for the acceleration of plasma gearslysis has shown that the increase in
velocity in plasma in the helicon double layer gten is more likely caused by the effect of
the magnetic nozzle that forms in the diverginddfi&kecent work with high power helicon
plasmas has demonstrated the formation of a ddapér that apparently produced an ion
beam with energies in excess of 65eV suggestinghiadouble layer is responsible for some
fraction of the observed acceleration. More worlkdguired to establish these devices as
useful thrusters.

Other electrodeless thruster mechanisms — suctawealling wave accelerators — may prove
practical however much work will be required beftinese devices are able to challenge the
most developed technologies.

Extended lifetime measurements are still required dach of these devices however the
absence of electrodes that may be subject to ercmiml the preliminary data available
suggests that electrodeless plasma thrusters meillgminate as mission durations extend and
power levels increase.

As this investigation has shown, new technologiestinoue to be developed, with some
building on progress in different fields such as thtating magnetic field thrusters where the
device was originally conceived as a means of hgatnd confining plasma for fusion. The
HIPIMS thruster discussed in this thesis falls ititat category of devices. Others, like the
pulsed inductive thrusters, are part of a long-tgmocess of improvement of an original
design while at the same time entirely new deviresh as the magnetic reconnection thruster
discussed in this thesis have their origins initlvestigation of phenomena that produce jets
of high-speed particles in astrophysical objects.

And while the advent of a fusion rocket would remaclectric thrusters from the role of
primary thrust producers, until that time electticusters will continue to displace chemical
thrusters for satellite station keeping and foeliptanetary missions requiring a high specific
impulse [Cassibry et al 20158].
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8 A plasma thruster using a magnetic nozzle with a
HiPIMS plasma source

A report on the development of a plasma thrustat tises high-power
impulse magnetron sputtering (HIPIMS) together vatinagnetic nozzle
to produce a high velocity jet of ionized copper.

8.1 Introduction

Plasma thrusters that use solid propellants, suchtha Teflon pulsed plasma thruster

[Martinez-Sanchez and Pollard 195], have been used for several decades to manoeuvre
spacecraft. Although the thrust efficienay, J and the thrust of such devices; () [Markusic

et al 2005% are low, their simplicity and reliability haveaude them useful for tasks such as

station keeping and attitude control for commundiret satellites.

The development of high power impulse magnetronttepng discharge technology
(HiIPIMS) [Kouznetsova et al 199%, Gudmundsson 20183 together with improvements in
the understanding of the physics of magnetic nez4lEakahashi et al 2014*] has
encouraged this investigation into the combinatidrthese devices with the intention of
producing a thruster with greater thrust efficieraryd thrust than existing solid propellant
plasma thrusters. A HiIPIMS plasma source produck®faly ionized flux of the sputtered
material effectively coupling the propellant to agnetic nozzle. Justifying the development
of such devices, recently deployed plasma thrustax® demonstrated velocity increments

(Av) per kg of propellant defined as propellant effif@y (£,) 10 times that attainable with

chemical thrusters. Laboratory experiments havevehthat the incorporation of a magnetic

nozzle into a plasma thruster may increase theifgpeopulse I, by as much as 30% by

converting a proportion of the thermal energy af fbt into directed kinetic energy in a
process analogous to the effect of a De Laval eopd the velocity of the propellant in

chemical rockets [Winglee et al 2087.

This discussion is a report on the first evaluabba prototype plasma thruster that combines
a solid propellant HiIPIMS plasma source, a devimepneviously employed as a thruster, with
a magnetic nozzle (fig 35). A DC magnetron souraepted to a magnetic nozzle has been
previously reported [Madocks 20087 however that device ionizes a gas flow instead of
producing ions from the target. The aim of this dstigation was to demonstrate the
advantages of the HiPIMS thruster since it utilizess of a target material and has no
electrodes that may be subject to ion bombardnahel than the metallic propellant mass)

and to determine if it has a greater specific impuhan existing chemical thrusters.
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A similar experiment measuring the effect of anabxnagnetic field on the deposition of
aluminium from a HiPIMS discharge has been previoteported [Bohlmark et al 20067.
Those measurements reported an increase in thesiiepaate of 80% in the area of the
substrate that was aligned with the axis of thersmtl and much lower deposition away from
the axis. The aim of this investigation was toed®ine the characteristics of a thruster
consisting of a HiIPIMS ion source coupled with agmetic nozzle that takes advantage of the
axial concentration of the ion beam. Such a deki® the advantage that it lacks electrodes
(other than the metallic propellant mass) that magubject to ion bombardment.

Copper was selected for this study since it knowrsupport self-sputtering [Anders and
Andersson 2008%) although sustained self-sputtering was not attethjin this experiment
since inadequate cooling made it impractical to than discharge at the high average power
levels required. In self-sputtering once sputtehiag been initiated either with a pulse of gas
or with a laser, the process will continue to preuhrust without the need to re-start
sputtering and importantly for a spacecraft, theigter will operate continuously in a high
vacuum. At high power intensities the density @& fputtered copper atoms is so great that a
considerable number of copper atoms are ionizedallisions with plasma electrons. These
copper ions are accelerated by the cathode volagdesputter the copper target even in a
vacuum [Kukla et al 1990 169].

Magnetic nozzle Magnetron

windings (cut away) F

Coil shield
(half section)

o~

/ t
’\ Copper
target

Plasma jet

_

x7

Accelerated plasma

Figure 35Schematic of the HiPIMS thruster. The magnetrorrcs@ilocated at one end of a current-
carrying solenoid produces ions and electrons #nataccelerated by the diverging magnetic field.
Plasma is initiated from a pulse of gas that iggimed by a high intensity current pulse. ThrEsts

produced by the acceleration in the magnetic noatleopper ions that are expelled from the target.

The shape of the jet is an approximation derivedhfimages of actual devices.
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8.2 Methods

Copper ions were produced from a target in an AJfgmatron sputtering system using a
chamber filled with argon at a constant pressure.@smTorr. The copper targetvas
subjected to 200uS current pulses at 600V that mer@uced by a RUP-7 pulse generator at a
frequency of 100Hz. The resulting ions were acetéet by the solenoid field and were
detected by a simple retarding field energy anal{REEA) (fig. 36). The RFEA, mounted
25mm above the top of the solenoid, consisted dOram diameter disc-shaped probe that
was located 5mm behind a grid with a mesh apexbir@proximately 50um and mounted
inside an enclosure that surrounded the probe. tYpis of particle energy analyser has been
commonly used to measure ion energies in streambafjed particles although the physics

are not completely understood [Simpson 1981

(6) Detail of RFEA

(5) RFEA
(4) Solenoid
windings

SORNNSNNNNANN

(3) Target (2) Chimney

(1) Magnetron
magnet array

Figure 36. Schematic of the experimental apparstiosving (1) Magnetron magnet array, (2) Chimney
(cut away to reveal magnetron magnets), (3) 3.0@rhdter copper HiPIMS target, (4) Solenoid
windings (12 turns), (5) Retarding Field Energy Asar (RFEA), and (6) a tilted detail section of th
RFEA. Target ions produced by the HiIPIMS dischargee accelerated by the magnetic field of the
solenoid windings and were detected by the RFEA@rdhe walls of the chamber formed the anode.

lon energy was determined by varying the voltaggdied to the RFEA grid and probe.

2 Copper target, Cu, 99.999% pure, 3.00" diameter0.250" thick, Kurt J. Lesker Part
#EJTCUXX503A4
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The propellant flux was determined by measuringdiigosition of metallic copper on a small
silicon wafer attached to the probe inside the RAB#ing these measurements, the grid was
grounded and the probe was either grounded in dadewollect both neutral and ionized
species or held at a voltage sufficient to repeksioThe repelling voltage of +100V was
established from the measurements of current aacién of probe and grid voltages and set
a lower limit for ion energy. Experimental condit®are summarised in the following table
(Table 9)

Parameter Value

Argon pressure 2.75mTorr

HiPIMS pulse repetition rate 100Hz

HiPIMS pulse length 20

RUP-7 pulse generator voltage 600V

HiPIMS peak current 6A

Target Copper 99.999% pure, 3.00” diameter x 0.2b@k
Grid voltage -160V

Distance of RFEA from coil 25mm

Table 9 Summary of experimental conditions.
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Figure 37Experimental current and voltage waveforms meastioec copper HiPIMS discharge with
RFEA grid voltage = 0V, probe voltage = -50V, aailrrent = 60A and a 600V pulse of &&c
duration. The target current and target voltagepitied on the same scale. A 50-point moving ayera

filter was applied to the ion current data. Thewrftow lasts for approximately 65uS.
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8.3Physics of a Retarding Field Energy Analyser (RFEA)

In this investigation particles with positive charg are assumed to enter the analyser from

below with kinetic energyE = e\,. They are retarded by the axially directed eledield

that forms between the grid and the probe platereviigey are collected. Nyq = 0 and
Vo > Vprone then the charged particles will be collected aiitiappear as a currenty,gpe. If
Vgria =0 andVy < Ve, they will be repelled. Neglecting the work fumetiof the probe
(iron, 4.5eV), the total kinetic energy of the paes is eVygpe = €. In the absence of a

magnetic field and assuming a parallel beam, thnitdtion on the energy resolution of a
simple RFEA such as that used in this investigasioses from the deviation of the particles
from the axis of the beam by an andle

The division of the momentum of the particles irawial and transverse components is
described by the following relationship [Simpsor614°]:

transverseenergy _ (tan 9)2
axial energy

Eqg. 73

Only the axial component of momentum overcomes rétarding potential however the
divergence of particles from the axis of the beamt #hus the transverse component may be
reduced by applying an axial magnetic field. Théeafve angular aperturéd is then
dependent upon the strength of the field as wethasdlimensions of the physical aperture of
the analyser.

When the RFEA is operated in an axial magnetidftbe effect of the field is a reduction of
the ion flux into the analyser through the analymserture. Depending on the field strength,
ions with a certain momentum will be passed bydtieance aperture while ions with an axial
momentum above and below that value will be refefmpson 1961. Here it is assumed
that the ions of interest in this experiment — éhesth a high axial velocity and small radial
velocity — were not obstructed by this effect.

In a RFEA a negatively biased entrance aperturaraggs ions from electrons by repelling the
electrons. The measured energy of the resultinglionis reduced by (1) the retarding effect
of a negative plasma potential outside the analgser (2) by the presence of a repelling
positive space charge between the entrance gridtangblate that is produced by the ions
within the analyser [Grondona et al 2681 Rusteberg et al 19987. Although a simple
RFEA as used in this experiment does not suppexsmdary electrons generated inside the
RFEA, the secondary electron emission coefficisrgmall (< 10) for ions with energies <
100eV [Grondona et al 200%" while the grid voltage (-160V) was sufficient tepel

electrons accelerated by the magnetic nozzle. Thbepand the grid were connected to
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separate voltage sources and the probe voltageavias in order to determine the ion current
collected by the probe as a function of the pratmbgrid voltages.

Other investigators have shown that the voltagéherelectron-repelling grid does not affect
the measured ion energy [Ingram and Braithwaite819Y. In that report the experimental
apparatus consisted of a single grid RFEA that oredsthe ion energy in an argon plasma at
the same time as the plasma potential was measitfed separate Langmuir probe. Both the
maximum ion energy measured by the RFEA and then@aspace potential measured by the
Langmuir probe were similar for gas pressures betwd0’® and 10' millibars and
demonstrated that the ion energy measured witlRfFIEA was approximately equal to that
imparted to the ions by acceleration in the plasheath surrounding the Langmuir probe.
The data were collected for a range of probe vekaxs a function of current in the 12 turns of
the solenoid that formed a magnetic nozzle (fig B&ure 37 shows experimental current and

voltage waveforms.

8.4Measurement errors in a simple RFEA

The limiting resolution if a simple RFEA is a fuimt of the divergence of a particle beam as

it passes through an entrance aperture of ragiasd is given by [Simpson 1969

— cin?
AE/E =sin“(r, /4d) Eq. 74

In this experiment, is the grid aperture (50um) and d is the separdieween the grid and

the probe (0.005m). This gives a value A8/E = 6.2 x 16 which is negligible and could be

discounted.

8.5Measuring ion energy with a simple RFEA

The energy distribution of ions entering an RFEAyrha determined from the probe current
as a function of probe voltage for a fixed gridtagk. If the grid voltage is sufficiently
negative to repel electrons then provided that ghebe voltage relative to the grid is

insufficiently positive to repel ions, a currentiviie measured (fig. 38).
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Figure 38 Electrons and ions in a RFEA. In franeand2, the electrons are repelled by the negatively
charged grid while ions either strike the grid wigg pass through. [hy the probe voltage with respect
to the grid is insufficiently positive to repel mand an ion current is detected?]rthe probe voltage
with respect to the grid is sufficiently positiverepel ions and no current is detected. The prodped
voltage difference where this occurs gives theepeargy. The grid wire spacing is less than or etpal
the Debye lengthy. Frame3 shows a section through the analyser togetherthvithpaths of the

electrons (curved) and ions (direct).

8.6 Physics of HiPIMS plasma sources

The high power impulse magnetron sputtering diggh@HiPIMS) is a contemporary addition
to plasma sputtering techniques [Kouznetsova £899High power unipolar current pulses
are applied to a magnetron target with a duty cilede keeps the time-averaged power about
two orders of magnitude less than the peak powss.résulting plasma has a high density and
ionization fraction that makes a HiPIMS dischargeful as an ion source for a plasma
thruster (fig. 39).

Positive argon ions produced in the plasma arelerated towards the cathode target
producing a cloud of neutral and ionized metal @&doy sputtering. Magnetized secondary
electrons are accelerated by the potential differdretween the target and plasma and move
along the magnetic field lines created by the whguter magnets and single inner magnet.
Electrons spiral along the field lines until thegllicle with neutral argon atoms producing
more ions. The un-magnetized ions have a LarmodiusaR. (Eq. 75) greater than the
dimensions of the magnetron and so escape the m@afjell and produce a flux that can be

used to produce thrust.

V
R = MonVo. Eq. 75

|dB
Where v;is the velocity of the ion (with chargg and massm,,) perpendicular to the

magnetic fieldB. In a vacuum, self-sputtering driven by copper isnstains the process

without the need for argon gas to reinitiate thepew ion flux.
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Figure 39 Schematic diagram of a HiPIMS plasmaa®im argon with a copper cathode target.

8.7 The magnetic field structure of the experimental aparatus.

The experimental apparatus consists of a magngti@sma source and a solenoid located
above the magnetron situated in a vacuum chamber.

The solenoid had 12 turns of 3 mm diameter copper mounted on a former of 104 mm
diameter with a length of 100 mm. The first turntleé solenoid former was located 135 mm
above the face of the magnetron magnets that weaeged in a circle in a 76.2 mm (3.00”)
diameter mounting. The 16 outer magnetron magreeth Bad a field strength of 0.2T with
the north poles facing outwards while the singleti@emagnet had a field strength of 0.3T
with the south pole facing outwards. A plot of theld lines (fig. 40) demonstrates that
although the field of the solenoid had a significaffect on the magnetic field of the
magnetron, it was not sufficient to disrupt the metgon’s operation. The calculated field
strength at the centre of the face of the probe®&ag 10-3 T and the maximum field strength
inside the solenoid was 19.2 x 10-3 T.

The magnetic field lines were plotted using thetBavart law to calculate the magnetic field
strength arising at particular points from the entrloops. A 4th order Runge-Kutta method
was used to approximate the solution of the firdieo differential equation that describes the

magnetic field.
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Figure 40 Experimental configuration: Magneticdidhes arising from a current of 120A in the
solenoid interacting with the fields of the magoatpermanent magnets. The magnetron magnets are
represented by single coils and the field linesanmiculated with a 4th order Runge-Kutta iteration

determine the paths. Only the static field lined selevant parts of the apparatus are shown.

A further plot of the field lines showed that ifetlsolenoid field was reversed with respect to
the magnetic polarity of the magnetron outer ringgnets, the magnetic field lines on the
cathode surface near the racetrack region arecakbdind therefore do not provide suitable
conditions for electron confinement and hence miignesputtering. The observation that no
plasma was produced during operation of the HiPti&8harge when the solenoid field was

reversed confirmed this finding.

8.8 Measuring the ionization fraction of copper

The ionization fraction of the copper reaching REEA was determined by measuring the
thickness of the deposition of copper on a smoititos wafer attached by conducting tape to
the probe plate mounted in the same arrangemeniviigaused for ion current measurements.
The HIPIMS plasma source and the solenoid (operattna current of 120A) were operated
for intervals of 15 minutes with the grid and prgilate grounded or with the grid grounded
and the plate held at a voltage of +100V, suffitiem repel ions. The thickness of the
deposited copper was measured with a profile naatdrthe difference between the deposits
(40nm with grid and plate grounded, 6.1nm with gral grounded and the plate held at
+100V) was directly related to the ionization fiantwhich was determined to be 87%. This

figure was a lower limit.
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8.9 Results

The following figures show the results of measunetm®f copper ion currents produced by a
HiPIMS discharge in argon. Figure 41 shows ionenis as a function of solenoid current and
the voltage difference between the RFEA grid aral phobe plate. lon currents increase
roughly in proportion with the solenoid current abhdcome more stable as the solenoid
current increases. The measurements were filteittd av50 point low-pass finite impulse
response filter with a cut off frequency of 50kHmdathe maximum currents for each
increment of voltage between the grid and the ppate were plotted as points in Figure 41.
In order to obtain a reasonable representatiorhefion energy distribution, a 6th order
polynomial was fitted to the plot of each ion cutrén order to reduce the noise in the ion
current data (fig. 42). The resulting ion energgtribhution function was plotted as the
negative derivative of that data. The calibratkd ghows that an increasing solenoid current
causes an increase in ion energy and a narrowitttgeoénergy distribution (fig. 43) although
non-linearities in the RFEA mean that the valuesemeined for the ion energy are
approximate rather than exact.

Note that the plate stopping potentials for all coirents are less negative than the potential
on the grid but still below ground potential. Thgsinterpreted as indicating that the grid
potential is not maintained across the openingshim grid. This effect was observed
previously and it occurs when the grid wire spadmgreater than the Debye length of the
plasma [Bilek et al 1998™]. For plasma electron densities typical of HiPIMBe Debye
length is less than distance between the grid virdlsis experiment (5(m) [Bohlmark 2006
175]_

The ion energy distribution that was found whendbik current was zero was calibrated using
measurements of ion currents from a HiPIMS souneé were made under similar conditions
[Vlcek 2007'°]. In that experiment, the ion energy distributiohthe copper ions was
determined from 350 individual values of ion enetbgt were measured with an energy-
resolved mass spectrometer (EQP 300 Hiden Analytithat data was digitized and those
values were incorporated as a smoothed curve aligrith the measurements for the ion
energy distribution made in the absence of a magheld.

Assuming reasonable linearity, the calibration wasd to determine the approximate ion
energy distributions arising from higher coil cum® as shown in figure 43. Given that
solenoid coil currents are known to lower the plaspotential, it is expected that the ion
energy measurements are increasingly underestimastéae coil current increases, hence the
values shown in the Figure are to be regardedvaarlbmits for the ion energies at non-zero
coil currents [Bilek et al 19987].
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Figure 41 Copper ion currents from a magnetron eofgrget as a function of solenoid current and the

voltage difference between the grid and the prdagpThe grid voltage was set at -160V. The ion

current falls to zero when the plate potential wéthpect to the grid is sufficient to repel all tbes.

The ion current as measured by the RFEA increagbgive solenoid current showing that an

increasing solenoidal magnetic field strength poedua larger ion current. 2500 samples per poing we

taken and smoothed with a 50-step finite impulspoease filter.
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Figure 42Copper ion currents from a magnetron copper taget function of solenoid current and the

voltage difference between the grid and the prdag pA 6th order polynomial was fitted to the raw

data shown in fig. 5 in order to make the resulte calculation of the derivatives less sensitive

irregularities in the measurements.
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Figure 43 Calibrated copper ion energy distribugias a function of solenoid current and the voltage
difference between the grid and the probe plate.distribution function is the negative derivatofe
the ion currents shown in fig. 6. The width of thstribution functions is reduced and the height
increased with larger solenoid currents demonsatiat the increasing solenoid magnetic field
strength increases the directed energy of thedadsreduces the spread of their energies. The ion
energy distributions are calibrated against a knmmrenergy distribution for copper (copper IED)

obtained under similar conditions and in the absaia magnetic fiel§Vicek 2007*79.

The peak of the ion energy distribution for a enitrent of 120A is 75 eV, corresponding to
an ion velocity of 19.8km/s and a specific imputfe2017s. A solenoid current of 120A,
corresponding to a maximum field strength inside ghlenoid of 19.2 x 10T, increased the

height of the ion energy distribution function bgpaoximately 2.3 times compared to a

solenoid field strength of zero.

8.10 Analysis

Maxwell-Boltzmann ion energy distribution curvesrerecalculated for ions with energies
similar to those measured in the experiments ##). An offset was added to each curve to
account for the acceleration imparted to the iopshie magnetic nozzle with the result that
the plotted curves closely resembled those calkedltbm the RFEA measurements (fig. 43).
This outcome demonstrated that ions with a smaltesrgy distribution corresponding to
lower ion temperatures were travelling at highdoeities. Further, it showed that the effect
of the magnetic nozzle is analogous to that ofeargébal rocket where the nozzle converts the

thermal energy of the propellant into a gas witlectied kinetic energy at a lower temperature.
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The inset in figure 44 illustrates the decline am temperature with increasing velocity and
shows that the ion flux is accelerated adiabatidajithe magnetic nozzle.

Hecimovic et al 20088, have demonstrated that the energy distributidorf produced by a
HiPIMS discharge is the sum of two Maxwell-Boltzmaghistributions, one generated during
the discharge that produces a high energy tail aarather produced in the afterglow that
contributes to the main peak. In contrast, thesmesaments reported here show that the effect
of a magnetic nozzle produces ions with a singlakpthat has an energy principally
determined by the acceleration produced by the ptagnozzle. As the nozzle field increases,
the ion energy distribution narrows while the icglocity increases with the field strength.
Equipment constraints limited the nozzle currentthis investigation to 120A. These results
suggest that much larger nozzle currents may sigmifly increase the attainable ion velocity

and hence the specific impulse.
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Figure 44 Maxwell-Boltzmann ion energy distributiourves with velocity offsets to account for the
acceleration of the ions in the magnetic nozzle @ilrves show that the ions with the greatest itgloc
have curves equivalent to the lowest energy iodsd@monstrate that the thermal energy of the ions
have been converted to directed kinetic energyutiindhe effect of the magnetic nozzle in a
mechanism analogous to de Laval nozzles used michérockets. The labels on each curve indicate
the temperature of each distribution in eV. Theirshows the decline of ion temperature in eV with
velocity as the plasma expands through the magnetizle. The error bars in the inset show the

standard error.
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8.11 Discussion

These measurements have demonstrated that a stEbmeagnetic field that has its axis
normal to the centre of a cylindrical HIPIMS targatreases the magnitude and the velocity
of the flux of ions and neutrals produced by thé&IMiS discharge along that axis. The
measurements demonstrate that the flux is propattim the solenoid current. The following
table (Table 10) summarizes the principal findinbse thrust will have been underestimated
since the solenoid current reduces the plasma f@iteand this effect was not taken into

account.

Measured or calculated performance parameters (IcbiE 120A) Value
lonization fraction (lower limit) 87%
Exhaust velocityv, (measured) 15.1km/s
Thrust efficiencyr, (calculated) 6%
Specific impulsel ¢, 1543s
Total thrustF, (calculated) 3.77x1C°N

Table 10 Measured, calculated and estimated valuthe performance parameters of a HiPIMS
thruster. lonization fraction and exhaust velogigre measured with a retarding field energy analyse
and specific impulse was calculated from the exheelscity. The thrust was estimated from the
measured rate of deposition of copper (neutralsi@ms) over an area of 0.005that corresponded to
the aperture of the solenoid former with the asgionghat the flux of copper was uniform over that

area.

These findings demonstrate that a HiPIMS coppesmpéasource coupled with a magnetic
nozzle forms a useful solid-fuel plasma thrustet tould find application in various missions
including satellite position keeping as well asi@mbmanoeuvres and interplanetary probes.
The fact that copper self-sputters in a vacuum rgiatly reduces the complexity of the
thruster that is driven by a pulsed current sotwmgether with a means of triggering the initial
discharge, either a small gas supply or a lasdiké&gridded ion thrusters, there appears to be
no fundamental limit to the size and thrust of éhdevices.

The HiPIMS thruster has a specific impuldg, € 1543s), comparable to already deployed
Hall thrusters (Isfid 2000s) [Hofer 2016") and does not exhibit the disruptive instabilitat
can affect those thrusters [McDonald and Gallin20&1'®. In particular, spoke instability
in cylindrical Hall thrusters has been linked toss B-field currents and a drastic reduction in

thruster efficiency associated with large increasdsack-streaming electron currents [Parker
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et al 2010'*Y. So far, the physics of those instabilities i fudly understood [Kapulkin and
Behar 2013%%. Similar instabilities can occur in HiPIMS disehas as cross B-field currents
and appear as rotating spokes or ionization zobeseathe target [Hecimovic 2018
although no instability was observed in the experita reported in this paper. The electric
field of the potential hump associated with thekgsodisplaces ions in all directions although
unlike Hall thrusters, that instability is not safént to disrupt the operation of the HIPIMS
thruster since the acceleration of the ions dodsdepend upon the axial electric field
produced by magnetized electrons retarded by thialnmagnetic field.

The collimation and intensity of the plasma beamtaiming copper ions produced by the
HiPIMS source in conjunction with a magnetic nozlggests that it could find application in
the semiconductor industry where copper metallizats used for interconnects in integrated
circuits where its high conductivity significantigcreases the performance of those devices
[Havemann and Hutchby 2006%].

These results suggest that larger solenoid maghelfits beyond the capacity of the present
solenoid current pulse generator used in theseriexpets may result in an ion energy

distribution function with a greater mean ion vétpand a resulting highet,

8.12 Conclusions

This investigation has demonstrated that a HiPIM@&= can be used to produce ions from a
solid target that could be used as propellant irel@ctrodeless thruster. It has shown that
adding a magnetic nozzle to a HiPIMS plasma sogrreatly increases the directed ion energy
by converting random thermal energy in the plasm&inetic energy in the jet. A simple
retarding field energy analyser has been able tawsthat that the width and therefore
temperature of the ion energy distribution decreasethe directed velocity increases.

As well as applications in space technology, tlegick could be useful in thin film deposition

and ion implantation where a directed beam witlamaw energy range is useful.
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9 A thruster using magnetic reconnection to create a
high-speed plasma jet

A report on the development of a plasma thrustarikes magnetic
reconnection in a plasma to produce a high velgettpf charged
particles.

9.1 Introduction.

Magnetic reconnection (Priest and Forbes, 269®000, Biskamp, 20089 is a topological
rearrangement of field lines that produces a logregrgy configuration by the acceleration
and heating of charged particles in highly condictplasma that contains embedded
magnetic fields (Yamada, Kulsrud, and Ji 20%0. Reconnection is probably the best
explanation for large scale, dynamic releases ofjmeic energy in celestial objects and
magnetic reconnection is the most likely drivingamenism of solar flares that produce high-
energy plasma jets in the solar atmosphere (Yam@darud, and Ji 2018"). As field lines
break and reconnect in the solar atmosphere, mageeérgy is converted into random
thermal and directed kinetic energy of a plasmprofons and electrons that can be expelled
at speeds of 300kni*drom a current sheet that forms between magnetinains (Sui and
Holman 2003'%%. Magnetic reconnection is observed in the boundetween the Earth’s
magnetic field and the magnetized plasma of tharseind and produces an accelerated
plasma that moves Earthwards that can cause aogelopoulos et al, 2008%. Magnetic
reconnection also appears to be responsible forteath instabilities in Tokamak fusion
reactors that cause the plasma to escape fronottimement field. Magnetic reconnection is
an active field of research in astrophysics angbgsics. However as far as it is possible to
determine, there are no reports of reconnectian @sssible mechanism for the production of
high speed plasma jets in thrusters for spacecraft.

Magnetic reconnection was first put forward as thechanism for the acceleration of
particles in solar flares by Ronald Giovanelli (Gioelli 1946'°). Electric fields induced by
changing magnetic fields had been proposed as eglesating mechanism in solar flares.
However the difficulty with that proposal is thdiarged particles subject to effects such as
betatron acceleration are often naturally confibgdnagnetic fields. Giovanelli suggested
that, instead, acceleration occurs near magnetils mu neutral points where opposing

magnetic fields cancel (fig. 45).
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Figure 45 A 2-D Matlab plot of the vector sum ofmalized magnetic field componentg &d B, of

opposing magnetic fields showing cancellation effields at a null or neutral point marked®y

Following Giovanelli's work, a magneto-hydro-dynan(iMHD) theory of reconnection at
magnetic neutral points was developed that hadmalaand magnetic flux flowing into
regions where the oppositely directed flux compdsieme destroyed and the energy in the
magnetic field is converted into that of heatechhiglocity particles (Dungey 195%).

Dungey, a student of Sir Fred Hoyle, was the ficssuggest that “lines of force can be

broken and re-joined”.
By 1958 Sweet and Parker had introduced the idatarétonnection can occur in a current

sheet whose half thickne$ss much less that the global scale lerigi{fig. 46). In that model

the breaking and reconnection of field lines ocanty within the current sheet where inertia
is important and the out-flowing plasma is accetxiao speeds comparable to the Alfven
speed (Sweet, 19582 Parker, 1957%). The effect of reconnection is to convert the
magnetic energy of the inflowing plasma into a fowgjui-partition between the kinetic and

thermal energies of the accelerated particles{Paied Forbes, 2008)).

B

Ho
the field strength angb is the plasma density.

is the velocity of MHD waves that occur in magretl plasmaB is

® The Alfven speedv, =

gl
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Figure 46 The Sweet-Parker model of reconnectiopgses that collisions between two separate
magnetic domains in plasma produce plasma jetedynnection of magnetic field lines in a current
sheet or diffusion region that forms between thmaios. At t < 0 inflowing plasma with embedded
magnetic flux initiates the process. At t = 0 atyie magnetic null is produced by the interactiébn o
opposing magnetic field lines. The limiting fieidés are known as separatrices and form an “X” from
which the term “X” type null point is derived (Psteand Forbes 2006%. At t > 0 a current sheet
forms, jets of heated plasma are ejected from tineent sheet, lines of force are broken and refbine

the current sheet and four separate magnetic dsraaéncreated.

The evolution of the magnetic field in a resistMétD plasma is governed by the following
magnetic induction equation which, derived from demy’'s Law, together with the
generalised Ohm'’s law and Ampere’s Law, describesnotion of magnetic field lines in an

MHD plasma with uniform conductivity, (Priest and Forbes, 206%):

a_B:Dx(va)+ 0°B
ot

HoGo Eq. 76

where Bis the magnetic field,v is the bulk flow velocity, andy, is the magnetic
permeability of free space.

This basic MHD equation states that the magnegid ithanges are the sum of the effects of
the transport of the plasma (the first term onrigbt hand side) and of the diffusion of the
magnetic field through the plasma (the second terrthe right hand side). If the conductivity
0oy is high then the magnetic field is frozen into fh@sma and the field lines move with the
plasma. This result shows that electrically coniglectplasma is a prerequisite for

reconnection.
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If Vp and L, are typical velocity and length scales respedtivislen the ratio of the first to
the second terms on the right hand side of equdtisrthe dimensionless magnetic Reynolds

numberR,,, defined as the ratio of convection to diffusion:

V,
Rn - LO 0

m Eq. 77
wheren = is the magnetic diffusivity/is the permittivity of free space angis

HoOp
the plasma conductivity.

Reconnection occurs in magnetized plasma wRgr>>  (Prikst 2004*) so that the

induction equation (equation 1) reduces to:

‘;—?:Dx(va) Eq. 78

When the plasma velocity is large and equal toAtteen velocity, thenV, = v, and the
magnetic Reynolds number is called the Lundquishlmer S, the ratio of the length scale
L, with the Alfven time to the magnetic diffusion tirge

s = lova Eq. 79
n

Table 11 summarizes the conditions under whicbhmeection can occur.

Parameter Condition Reference
Magnetic Reynolds number|  >>1 Priest 2084
Collisions Reconnection rate increases in Yamada 2007%°

collisionless plasma

Conductive plasma Field lines are frozen in topglesma | Priest and Forbes,
2000*%
Lundquist number10® Large values of the Lundquist numheYamada et al 1997
indicate highly conductive plasma. | **°
lon gyroradius < plasma Allows true MHD flows to develop Yamada et al 1997
scale length 196

Magnetic and electric fields| Large magnetic fietddjents and Priest 1990°’

electric fields.

Table 11 Summary of conditions under which recotiaeanay occur
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The scale of the experiments discussed here islenthln the ion inertial length and
therefore not in the MHD regime where processesheadescribed by fluid equations. That
means that the Lundquist number is not relevantpandesses taking place in the diffusion
region must occur in the kinetic or whistler reginMagnetic reconnection with resulting
kinetic Alfven waves is probably occurring in thegions between the thruster tubes.

Table 12 shows the range of values for various rpaters of magnetised plasmas in
astrophysical objects and in laboratories wherenag reconnection is either likely to occur
or is known to occur.

In particular, the 420s timescale for reconnectiothe Earth’s magnetosphere was observed
by the International Sun-Earth Explorer-1 satelliiat detected flux transfer events (Russell
C. T. et al, 1997%). In that paper the authors state that flux trnsivents (FTEs) “are
clearly due to reconnection” in the magnetopaugse that the flux transfer events do “not
occur unless the magnetic field at the magnetophasebeen southward for the order of 7
minutes [420s] or more and that this time scaleastrolled by the magnetopause or the
magnetosphere.” The conclusion drawn is that “FO&=Ir in a quasi-periodic manner under
steady solar wind conditions” and that “discoverihg reason for this apparent time scale for
reconnection at the magnetopause is important andprovide clues as to why at times the
magnetopause reconnects in a quasi-steady mantext ather times reconnects in a quasi-
periodic manner”.

In general, the greater the length scale then timger the time scale so that while
reconnection may take many minutes in the solaogpimere and in the interface between the
Earth’s magnetosphere and the magnetic field emtdain the solar wind, reconnection is

observed to occur in hundreds of microsecondshorbtory apparatus (fig.47).
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Location Lundquist | Particle | Temperature Energy Global | Magnetic | Reconnection
number S | density of scale | field time scale
(per m?) particles strength
(G)

Solar >10" 10" - ~2eV - lons: 1 x| 1°m | 2x10 2x16-2x10s
atmosphere | Yamada ef 10" ~1700eV 10%eV Priest | Yamada | Yamada 1999°
al 1997'*° | Hansteen Erdelyi and Electrons:| and et al 2010

etal 1997| g i og720 | 1x10eV | Forbes,| **
199 Yamada | 2000
et al 2010| **
201
Earth’s 01-10 |7 x 10 |0.1eV leV -3 x| 10'm |[3x10° | 420s
magnetospheréCattell 1996 | Russell, | (ionosphere) - | 10° eV Priest | At10 R, | Russell, 1997%
P04 2000 | 1x1C0eV Young, | and Russell

(outer 1986*”" | Forbes,| 2000%%°

magnetosphere 2000

Burch 1999 202
Tokamak >10 107 1¢ (K) 700keV | 1m 2x10 1x10%s
(JET) Yamada et Chen et al
Priest and al 2010°** 1988°%
Forbes 2000
202
LPD Stenzel | 1-10 106° T=10eV | .o 2m 20 1 x10s
and Gekelman
1984°%
MRX Yamada | 10°- 10 | 0.1 — 2 x| Te=10eV- 30eV| Electrons{ 1 m 300-600| 1xIbs
et al 1999 10°° 15eV
SSXBrownet| <1x1G |5x10° | T,=20eV 50eV 0.1m | 500 32 - 64 XX

al 2002%1°

Table 12 Conditions where magnetic reconnectidikédy to occur. Magnetic reconnection occurs in

magnetized plasma in large-scale astrophysicacthgeich as the solar atmosphere and the Earth’s

magnetosphere where it interacts with the magreenéar wind as well as in laboratory scale

apparatus. ldeal MHD physics is applicable wherLilnedquist number S >> 1. Abbreviations: JET =

Joint European Torus, LPD = Linear Plasma DevicBXM= Magnetic Reconnection Experiment,

SSX = Swarthmore Spheromak Experiment.
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Figure 47 Reconnection time as a function of lersgtie.

Early simulations of reconnection were 2-D (Sonpet@70%") although more recent work
has focused on 3-D simulations (Daughton et al 28L1in both cases it has been found that
reconnection in 2-D and 3-D models produces fasgtoyujets from the reconnection site and
reconnection occurs in current sheets where digsipransforms magnetic energy into heat
and the kinetic energy of the jets (Drake 260p.

The dimensions of the experimental device (35 mmlggtween tubes) were smaller than the
ion gyro-radius (0.09 m for 4eV ions) and the iaeriial length ¢ = 0.67m forn, = 4.5 x
10"¥m?) although much larger than the electron ineréaigth ¢, = 2.5mm). It is probable
that the processes occurring in the space betweenurrent-carrying tubes are likely to be
occurring in the Hall/whistler regime that is assaihto be responsible for the acceleration of
electrons by cyclotron resonance.

Reconnection appears to be initiated by the diahee of an anisotropic bi-Maxwellian

population of electrons witfi, / T > 1 in the diffusion region that through a processhsuc
as Wiebel instability, converts the energy in thagmetic field into waves that couple with

and drive the thermal and kinetic energy of thetetms. If the electron plasma temperature
wyeis greater than the electron cyclotron frequeh‘ay| and the electrons are sufficiently

hot, the whistler mode has the lowest anisotropgstiold and has a maximum growth rate
parallel to the background magnetic fisdg (Gary and Cairns 1999

Since whistlers are dispersive ¢ ), the waves driving the outflow are faster at semal
scales (Mandt et al 199%). Evidence from the Cluster satellite observatiphei et al 2013
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219 suggests that in the absence of a magnetic fi@dnetic reconnection is driven by
whistlers produced by electron cyclotron resonambée laboratory experiments show that
large-amplitude electromagnetic waves which haweélai properties to kinetic Alfven waves
are produced when a magnetic guide field is pre@eomoto et al 2013"). Other Cluster
satellite observations show the presence of a stipeknic electron outflow jet at
least 60 ion skin depths downstream from the X{Plean et al 2007).
Simulations of large-scale reconnection in thedsglhere show that reconnection is limited
to regions where those where the interstellar magitield lies nearly anti-parallel to the
heliospheric field (Swisdak et al 201). This finding suggests that the anti-paralleldie
that arise within the annulus of the thruster @eatonditions that facilitate reconnection.
Although understanding has greatly increased sBiosanelli’'s work (Giovanelli 1946,
four key issues remain (Zweibel and Yamada, 696
1. The rate at which reconnection develops. Obsemsitdd phenomena such as solar
flares show that the processes occur much mordlyapian predicted by theory.
2. The triggering of reconnection following the accuation of magnetic energy is
not well understood.
3. The mechanism that leads to the apportioning ofnatig energy between the jets
and the heating of the plasma is still to be resahlv
4, The integration between the large scale MHD prazeasd the small scale kinetic
interactions in which reconnection occurs has tegiablished on firm theoretical

grounds.

In the experiments reported herey,, = 191x10'°Hz and Q, = 280x10°Hzso that
wye > Qcand whistlers are likely to be driving the energetectrons that were detected.

Evidence from the Cluster satellite observationsi(\&t al 2013%*) suggests that in the

absence of a magnetic field magnetic reconnectoomriven by whistlers produced by
electron cyclotron resonance while laboratory expents show that large-amplitude
electromagnetic waves which have similar propertiekinetic Alfven waves are produced
when a magnetic guide field is present (Inomotal €013*%).

A simulation of whistler wave mediated reconnect®imows that the development of a
component of the magnetic field out of the planetled current sheet is an observable

signature of whistler driven reconnection. (Manidalé™).

9.2 Magnetic reconnection experiments in the laboratory

Magnetic reconnection has been the subject of &#bor investigations for some time with
the aim of the investigation being the elucidatiminthe physics of the phenomena near

magnetic null points with a focus on the vicinitiytibe neutral sheet.

94



95

In earlier experiments (Stenzel and Gekelman F88W85%21990%%)) a neutral sheet was
created by applying a pulsed magnetic field thatdpced an X-type null point within a
plasma that had been formed in gases (Ar, He, Kapressure (1 x 1fTorr) in a discharge

in a large (1.5m diameter, 2.0m length) experimecit@amber (fig. 48). The reconnecting
magnetic fields were produced by pulsing 10kA cuisewith a rise time of 1Q& through
insulated parallel plate electrodes that were sépdrby a gap of 320mm. In those
experiments the formation of current sheets weeeded and the reconnection of field lines
and the acceleration of particles was establishe three dimensional time resolved field
and flow measurements. The dimensions of the devere less than the ion inertial length
although much larger than the electron inertiagterso that the processes occurring in the
space between the current-carrying plates in thegnce of a guide field were likely to have
produced kinetic Alfven waves that acceleratedalasma.

In those experiments the formation of current sheetre observed and the reconnection of
field lines and the acceleration of particles waglglished from three dimensional time
resolved field and flow measurements. The experismeported here were similar in that the
dimensions (0.15m) were smaller than the ion iakténgth (estimated to be 0.67m in Ar
with a magnetic field of 0.2T and a particle densif 4.5 x 1018/m3) although three

dimensional measurements were not performed.

Electrodes

Figure 48 Magnetic reconnection was observed irenrgents that were conducted in a chamber at low
pressures (1 x 10Torr) where large currents (10kA) were passedutpncelectrodes embedded in
plasma created by a discharge in Ar, He apdTiHe purpose of the experiments was to examine the
physics of reconnection under controlled laboratmyditions and was not designed as part of the

development of a plasma thruster. (After Stenzal 885 fig.1*%)
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More recently, an experiment with a similar geométas been designed to investigate driven
magnetic reconnection in collisional and near swlhless regimes for the purpose of
studying: (1) fluctuations associated with recomioec (2) the effects of boundary conditions,
(3) three dimensional reconnection and (4) theuarfite of a guide field (Bohlin et al 2014
2 Plasmas with densities ranging fram= 1 x 16° to 1 x 13° m*with T, < 6eV were
created by RF energy radiating from either a haliaotenna or a spiral antenna in a chamber
1.5 meters in length that had a strong axial gdield (B < 100mT) produced by external
windings. Two parallel conductors 100mm wide thatried a current of 1kA were each
located 150mm from the axis of the chamber and elm@connection by compressing the
axial magnetic field towards the central axis dmree scale of 1(0s.

Magnetic reconnection experiments carried out imdeton and Tokyo (Yamada et al
199G*9 were similarly designed to elucidate the physi€she phenomena rather than to
develop a thruster and used the collision betweagnetized toroidal plasmas as a means of
inducing reconnection. In those experiments twoumplasmas with identical poloidal
fields and toroidal currents were formed arouna ftores and the reconnection forces were
determined by the rate at which the toroidal curvess induced into the annular plasma that
caused the plasmas to expand until they collidedr(&da et al 19977 (fig. 49).

Figure 49 Colliding toroidal plasmas produced by
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current sheet to form, field lines to reconnect and
flux of particles to be accelerated to the Alfven

speed by the associated electric field.

Flux cores”  Accelerated  Toroidal plasmas

particles
Other investigations that investigated the trigggriof magnetic reconnection used an
arrangement of toroidal coils to produce an X-tge®metry in plasma in the strong guide
field regime (Katz et al 2016°).
None of these previously reported magnetic recdrore@xperiments have been directed
towards creating high speed plasma jets that doildsed in thrusters for spacecraft, the aim

of this work.
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9.3 Methods

An experimental apparatus consisting of concergapper tubes connected electrically in
parallel and mounted inside a low-pressure chamtmmtaining argon plasma was
constructed. The tubes were 120 mm long with then@imck inner tube having an outer
diameter of 60 mm and the 3mm thick outer tuberigaain outer diameter of 150 mm.

Current pulses of up to 2000 amps with a duratioapproximately one millisecond were fed
into the tubes from a capacitor bank and the eféédhe resulting magnetic field on the
plasma was measured with a 20mm diameter disk dhagregmuir probe and with a single

grid retarding field energy analyzer (RFEA) thakedisthe same probe (figs. 50 & 51).

Insulation
RF cover

Retarding field ~ Axial field
energy analyser windings
(sectioned)

Viewport

Inset 2

Matching
network

Quartz tube

Thruster ProbeV
tubes l/
Current

feed N Grid

300 mm

Inset 1

Figure 50 Sectioned schematic of the magnetic m@ction experimental apparatus showing the
installation of the concentric thruster tubes irsidvacuum chamber. The thruster tubes were usually
covered with Teflon insulation that is not showronder to expose the structure of the thrustessrRéa
was produced in argon by a helical antenna outkieleuartz tube that was fed with radio frequency
energy through a matching network at 13.56MHz. tAnding field energy analyzer (RFEA) and a
Langmuir probe that either faced the annulus betwie thruster tubes or the center of the tubes
detected the ions accelerated by a current puteedh the thruster tubes. Inset 1 shows the streictiu

the RFEA without Teflon insulation. Inset 2 showsrass section of the Teflon insulated thrusteesub
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Magnetic field lines——>

Outer tube

Current paths

Figure 51 Concentric slit copper tubes carryingents in the same direction create opposing magneti
fields in the gap between the tubes. When surradibgieplasma, magnetic reconnection occurs in a
concentric current sheet that is formed betweerntier and outer tubes. Magnetic energy is congerte
into heat and kinetic energy of a high velocityspha jet. Plasma is ejected from the concentric gap
between the tubes. The energy of the jet is medswite a Retarding Field energy Analyzer (RFEA).

The Teflon insulation that covered the tubes to@né shorting to the plasma is not shown.

An argon plasma was formed within the chamber aas @xcited by 13.56 MHz RF energy
that was coupled into the plasma by a 10-turn aeboitenna mounted on the outside of a
200mm diameter quartz tube. The antenna, with gedance of approximatelydwith a
phase angle of approximately #88as fed from a purpose-built matching network thas
attached to one end of the plasma chamber. Theafdrpower delivered to the plasma was
measured with a wattmeter that was part of the 8MB6MHz Henry Radio power supply
that delivered up to 250W through a(k@able to the matching network. The antenna was
matched to the power supply at an impedance 6 &@h a phase angle of G.Qsing a
Hewlett Packard 4193A vector impedance meter bef@gower supply was connected.
Argon was chosen as the experimental gas sinceast niwadily available and inexpensive
compared to xenon, a commonly employed spacea@iefant.

The chamber was evacuated to approximately 5 % T6rr before argon was admitted
through an MKS type 247 flow controller set to nain pressures ranging from 5 xIDorr

to 5 x 10° Torr that was measured with a Pfeiffer Single Gapigessure gauge.
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9.4 Measurements with a Langmuir Probe

No magnetic field was present when the Langmuitbpraneasurements were made and
Langmuir probe measurements were made when thenplass stable and no current was
being passed through the thruster tubes. The m&asut circuit consisted of the Langmuir
probe that was connected to a ramp generator tloeeda high voltage amplifier and a
difference amplifier that measured the probe curréhe probe current was detected as a
voltage across a resistor and that voltage wasdaedowith a digital oscilloscope that was
connected to a computer running a Labview progrétme. accuracy of the measuring system

was determined by replacing the Langmuir probe waitixed resistor.

The plasma density inside the experimental chamlasr measured with a Langmuir probe
that was connected to a saw tooth wave generaabhtd a + 150V output at a frequency of
30Hz. The resulting ion and electron currents thatsed through a 582 resistor were
determined with an INA117 difference amplifier tltain measure small differential voltages
in the presence of common mode signals as high 260V.

The method of determining the ion saturation currére electron temperature (in electron
volts) and the plasma density from the Langmuibpraneasurements is shown in figure 54
and was based on the following calculations (Eq- &2j. 82).

If the electrons are Maxwellian, the electron cattgis given by (Chen 200%°

|, = Iesex;(e(vp _V%BT j , Eq. 80

wherelg is the electron saturation curre¥f, is the probe voltagd/s is the plasma potential,
ks is Boltzmann’s constant afd is the electron temperature in Kelvin.

The electron temperature is then be determined frmmslope of the current-voltage curve

via
les
e/k,T :In( A% Eq. 81
B'e 0 _Vs) .

Which is equal to T whereT,y is the electron temperature in electron volts.
eV

Assuming that T>> T, the ion temperature, the plasma densitycan be calculated using

Bohm’s approximation for the ion saturation currierifMerlino 2007%9:

| = 061N€A o, /% , Eq. 82

wheree is the electron chargéy,qe is the probe area amg is the ion mass.
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Figure 52 Determination of ion saturation currehéctron temperature and plasma density from a plot
of the current drawn by a 20 mm diameter Langmtobp in argon plasma created by radio frequency
energy at 13.56MHz. The plot shows two lines (linend 2) that are used to determine the electron
temperature. The intersection of lines 1 and 2rd@hes the electron saturation current and theeslo

of line 1, the natural logarithm of the electromrent, gives the electron temperature directly\in e
(Chen 20039,

In a typical experiment, the Langmuir probe measem of the plasma density was made
and then immediately followed by a measurementgutie same probe of the average ion
current resulting from 100 current pulses passeautgh the thruster tubes.

At a forward power of 100W from the 13.56MHz poveeipply, the ion saturation current
was 1.43 x 10 A, the electron temperature was 16eV and the m@asiensity was
4.35 x 16%m®. The range of experimental plasma densities wiag 10°to 2.5 x 16° /m®

Noise was filtered from the data with a 50-poiwpass finite impulse response filter with a
cut-off frequency of 50 kHz. Measurements were madk the 20mm diameter Langmuir
probe of (1) the ion current from the centre of theuster tubes (theta pinch) and (2) the ion
current from a section of the annulus.

The current overshoot observed in the current-gelzharacteristic of the Langmuir probe is
evidently a well-known feature that occurs when phebe voltage is rapidly swept with a
positive voltage ramp. It is apparently the regilthe inertia of ions in a sheath when it
changes from an ion-rich to an electron rich emuiment and has been observed previously
[Stenzel and Urrutia 1997Y.
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Figure 53 lon currents were measured with a 20mamdter Langmuir probe situated 25mm away
from the face of the aperture between the innerauidr tubes of the thruster and at the same axial
distance from the center of the concentric tub&ég durrent was measured with a difference amplifier
and averaged over 100 driving current pulses segpb the tubes. The total charge was determined by
integrating the ion current over the duration of tiriving current pulse. The Teflon insulation that
covered the copper tubes and connectors is notrshbwe area of the annulus is 4.6 times that of the
area inside the inner tube. The®3@ctor that was cut out of the tubes to createdrther and outer
circuits reduced the magnetic field strength inahaulus and in the center tube by 27% compared to

solenoid of the same diameter. The drawing is &besc

9.5Measurements with the Retarding Field Energy Analyer

A single grid retarding field energy analyser wased to measure the energy of ions
accelerated by the thruster; RFEAs are commonly tiseneasure the energies of ions in
beams of charged particles (Simpson 151

Depending upon the field strength, an axial magnfiild may affect the passage of ions
through the aperture of a RFEA so that ions wigadicular momentum will enter the RFEA

while those with a momentum above and below thatevanay be rejected (Simpson 1961
23 It was assumed that ions with a small radial memm and high axial momentum, those
of particular interest in these experiments, weoe obstructed by that effect. Similarly,

although the acceptance angle of a RFEA can hasigrificant effect on the number of

particles entering the device, it was assumedttieatarge entrance aperture (25mm) would
have greatly reduced any effect of the acceptangke @n the ion flux entering the RFEA.

In order to separate ions from electrons in a dthngarticle beam entering the RFEA, a
negatively charged grid at the entrance is userepel the electrons. However secondary
electrons generated inside the RFEA may contriiotehe measured current. In this
experiment, the secondary electron emission caeficis small (<18) for ions with an

energy less than 100eV (Grondona 268 while the grid voltage (-150V) was expected to

101



102

be sufficient to repel electrons at the thrusteergies investigated. As discussed below,
repelling space charge between the grid and tHeatot plate, created by ions inside the
analyzer, may have reduced the measured enerpe adri flux.

Although ion currents were measured with the RFE®y were smaller than anticipated
from the Langmuir probe measurements. In ordeettuce the loss of ions to the negatively
charged body of the RFEA that was connected dyr¢atthe grid, the body of the device was
completely insulated with a Teflon cover. A prewsatudy of a theta pinch thruster reported
similar difficulties in obtaining repeatable meamuents of ion energies using a similar
energy analyzer that consisted of a negativelyebigsobe inside a Faraday cup with a small
entrance aperture (Turner 1989. The assembled probe complete with the Faradayhad
been calibrated in stable plasma. Modificationddth the probe bias voltage and aperture
size made no difference to the measurements that ma considered reliable. The reasons
for this difficulty are not apparent.

In contrast, the equipment used to measure th#urrand ion energy in this experiment had
been tested in an entirely different investigaiiBathgate et al 2018 and the accuracy of
the entire measurement system was verified withcavk current source (fig. 61).

Table 13 is a summary of the measured and calciéageerimental parameters.

Experimental parameters and conditions

Value

Argon pressure range

5x 10°to 5 x 10° Torr

Current pulse repetition rate

1.0Hz

Current pulse length 1.0msec
Plasma density range 1.0 x 16°to 2.5 x 16° /7’
lon saturation current range 1.4-28%10

Alfven velocity atl; = 1540A,n,= 1.0 x 16%to 2.5 x 16° /m®

3.8x10 to 7.6 x 16 m/s

Total inductance of tubes (calculated)

2.2 ¥H0

Resistance of outer tube (calculated) 4.0 x 10°Q
Resistance of inner tube (calculated) 8.0x10°Q
Resistance of tubes in parallel (calculated) 6.7 x 10°Q
Distance of probes from aperture 25mm
Langmuir probe diameter 20mm

Low pass 50 point finite impulse response daterfilt 50 kHz roll off

Table 13 Summary of experimental parameters anditons
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Table 14 shows that the experimental conditionsewasmparable to those obtained in

previous magnetic reconnection experiments ligtethible 12.

Particle density Electron Global Field Reconnection
(per m®) temperature scale strength time scale
(1500A)

1x10°-3x16° | 14eV -16eV| 0.12m 0.0114T | <1ms
(114G)

Table 14 Conditions in the experimental apparafus. particle density and electron temperature were
determined from Langmuir probe measurements. e §itrength inside the outer tube is calculated
from a formula derived from the Biot-Savart law focoil with a 30 segment removed. The

reconnection time scale is taken as the duratigheoflriving current pulse.

9.6 Magnetic field structure of the thruster

The magnetic field strength arising from the cutsen the thruster were calculated at points
inside and outside the tubes using the Biot-Sdamart The 4 order Runge-Kutta method was
used to approximate the first order differentiali@ipn that describes the magnetic field and
those values were used to plot the field lines G#). The tubes were connected in series so
that the currents were the same in both althouglexact distribution of those currents in the
tube walls was uncertain. For the purpose of catmr the 1500A current in the tubes was
divided between 121 single turn coils each sepadrayel.0 mm. A plot of the magnitude of
the field strength from the central axis of theutiter to the outside of the thruster was made
using the values obtained from the plot of thedfigies (fig. 55).

The magnetic field plots show that partial can¢elfabetween the magnetic fields inside the
thruster occurs for much of the length of the tteusmplying that the fields are anti-parallel
and so, in accordance with Swisdak’s (Swisdak €04i0**) requirement for anti-parallel
fields, reconnection should occur in that region.

The field strength was at a minimum at a radiug®imm and accordingly, the axes of the
retarding field energy analyzer and the Langmuabprwere placed at that position to record

the ion and electron currents produced by theaotam of the opposing magnetic fields.
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Figure 54 Cross section of the magnetic field arising framrents in the inner and outer walls of the

thruster. The calculated field strength is showthancenter of the tubes and is the sum of the
magnitude of the fields arising from equal curréntthe inner and outer tubes. Field strength talla
minimum in the annulus between the tubes and iptasence of a plasma, reconnection between the

opposing magnetic fields drives electron and iomexis out of the thruster.
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Figure 55 Plot of the magnetic field strength along a ratife from the axis of the thruster to the outer
tube wall. The magnetic field strength reachesm@mim in the gap between the inner and outer tubes
where the opposing fields cancel. Reconnectiompeeted to occur at the field minimum located

approximately 40 mm from the axis of the thruster.
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9.7 Results

9.7.1 lon currents as a function of Argon pressure.

lon currents produced by current pulses of 425+1tha were passed through the thruster
tubes that were connected in parallel (fig. 53)enmeasured with a Langmuir probe at argon
pressures of 5x19 1 x 10" and at 3 x 10 Torr at forward powers of 100W, 150W, 200W
and 250W (fig. 56). The ion current increased wiétreasing pressure corresponding to an
increase in the mean free path of the ions. Theiwrents were integrated over time from the
beginning of the driving current pulse to the eridtiee sampling interval. The resulting

integrated charge was plotted as a function ofnpdadensity for three different pressures.

4.0x107T
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25x 107 . ¥ 10° Torr 200%
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2.0x 107 1x 10 Torr 150W
F—& A

L5x 1071 \1 x 107 Torr 100W | 10° Torr 200W A A T
i 1x 107 Torr 250W

Integrated charge (C)
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i | 3% 10-4 Torr 150W )
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3 St _eo" 2 X
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"3 x 107 Torr 250W

1.0x10"  350x10"  6.00x10" 85010 1.10x10° 1.35x10° 1.60x10" 1.85x10° 2.10x10° 2.35x10"
Plasma density (n;/m”)

Figure 56 Integrated charge (measured with a Langmuir prpbejuced by a thruster current pulse of
425t10 A at three pressures. At each pressure, totagehaollected by the probe was measured as a
function of plasma density and RF forward powere Thllected charge increased significantly as the

pressure was reduced. The difficulty in maintaintogstant low pressures is the cause of the s¢atte

the data. Each data point is an average of 100ureaents and is labeled with the average argon

pressure over the sampling time. Trend lines fohgaessure series are indicated with callouts.

9.7.2 lon Currents from the Theta Pinch zone and from the Annular

reconnection zone

lon currents produced by current pulses throughpidmallel connected thruster tubes at a
constant RF forward power (200W) and at a congisegsure (2 x 10+ 1 x 10* Torr) were
measured with a 20mm diameter Langmuir probe fodifferent capacitor bank voltages
(+20V to +120V in steps of 10V). The probe was kepta voltage of -150V for all

measurements. The total charge flowing into theghauir probe — determined by integrating
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the ion current over the duration of the drivingreat pulse — was found to be approximately
3.5 times larger when the probe faced the annelgion between the tubes than when the
probe faced the center of the inner tube (seé8dor the probe locations).

The probe facing the annulus detected a substaaiieiron current with an energy > 150 eV
— as shown by the initial negative going excursibthe probe current (fig. 57) — while the
probe facing the centre of the tubes only showedhall electron current and an ion current
similar in magnitude to that detected by the priameng the annulus (fig 58). The appearance
of a significant electron current within microsedsnof the rising current and resulting
magnetic field within the thruster tubes is str@wvidence for the acceleration of electrons by
magnetic reconnection in the annular region.

Noise induced in the probe caused by the changemgnetic field in the thruster tubes was at

least 2 orders of magnitude smaller than the signal
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1600 - T/
Inset 1 il L 1sx10
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50x10760x107
. 1200+ Loy 10
1 10x .
< <
€ 1000 - =
o c
= o
3 800+ +05x10 5
% Electron current| LC’
= 600+ coincident with IS
o rising magnetic i 100
400 - field.
200 »///ﬂ 0.5 x10*
l' T-0.0 X
0 RN e v
00 50x10° 1.0x10° 1.5x10° 2.0x10° 25x10° 3.0x 10* 3.5x 10° 4.0x 10° 4.5% 10°
-200 -1.0x 10*
Time (s) - = = Pulse current (A) lon current (A) \

Figure 57 Current detected by a Langmuir probe placed fattisgannulus (see fig. 53) at a constant
RF forward power (200W) and at a constant presurel0* + 1 x 10* Torr). The initial negative
excursion of the probe current is presumed to eetins with an energy > 150 eV since the probe was
kept at a voltage of -150 V. The total charge detktby the probe was determined by integrating the
probe current from the time where the negative gpirobe current was greatest (the baseline) il t
end of the sampling period, 2.5 x 30 The inset (Inset 1 on a different scale) shdwscbincidence of
the initial electron current and the rising thrustde current. The baseline was used as the zerent
reference for the numerical integration of the entr

The integrated charge measured with the Langmobeat the face of the annulus and at the

center of the thruster tubes were then measuradwagction of the energy discharged into the
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thruster by each current pulse. Clearly, the tokarge rises slowly with the applied pulse
energy. The peak current density measured in thalas was 0.47A/fmor 6.2 mA for the

area within the annulus (fig. 53).
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Figure 58 Current detected by a Langmuir probe placed fattingcenter of the tubes (see fig 53) at a
constant RF forward power (200W) and at a congteegsure (2 x Ib+ 1 x 10° Torr). The total

charge detected by the probe was determined bgrattag the current from the point where the digvin
pulse current exceed 100 A, the point that cornedpd to the rise of the probe current, and theoénd
the sampling period at 2.5 x 3@ The baseline was used as the zero current neefer the numerical

integration of the probe current.

The currents from the region of the annulus anthftbe region of the theta pinch measured
as a function of pulse energy input differed sigaifitly (fig. 59). The large peak in the
current from the annular zone at approximately w3 unlikely to be an artifact since the
measurements shown on the chart are the averag@dafamples at each point. The marked
differences between the currents detected from eanhk at lower energies may well be the
conseqguence of the different accelerating mechanggrarating in each zone. The decline in
the current from the theta pinch at a pulse endémgyt > 15J that is correlated with the
magnetic field strength may be the result of tHeatfof a magnetic mirror forming at higher
magnetic field strengths that obstructed the iar.fFurther investigation of these phenomena

is warranted.
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Figure 59 Total charge detected by Langmuir probes faciegatinulus and facing the centre of the
thruster tubes (theta pinch) at a constant RF fahwawer (200W) and at a constant pressure (2% 10
+1 x 10 Torr). Each point is the average of 100 separ@asurements made at 1 second intervals that

were then filtered and integrated to determinectrarge.

9.7.3 Currents from the Annulus measured with the RFEA

The RFEA was used to measure currents producdaebmagnetic interactions in the annulus
in a similar manner to previous magnetic reconnecgixperiments (Brown et al 2086%). In
that report the magnitude of ion currents alignétth whe Alfvenic outflow were much larger

(MA/m?) than those measured in experiments reportedisnpdper (0.5A/f) and were the

result of a large reconnection electromotive foree:jE-dI = vBLwhere L is a

characteristic length of the system along the etedield. In that cases = vBL < (10°
m/s)(0.05T)(0.1m) = 500V whekreis the ion velocity B the magnetic field strength ahdhe
global scale.

The reconnection electromotive force = vBL < (350m/s)(0.011T)(0.12m) = 0.5V in
experiments reported in this paper is much smdlan Brown's observations as is the
resulting ion energy. The inflowing ion velocityis estimated by using Faraday’s law to
obtain the electric field strength arising from tteanging magnetic field and then using the
formula for the E x B drift to determine the resulting acceleration @fid. The estimated
inflowing ion velocity is 350m/s.

The small currents measured by the RFEA, 2 ordersagnitude less than those measured

by the Langmuir probe, made it difficult to disciivate between the currents produced by the
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effects of different driving pulse energies. Howgwsnce an ion current was detected even
when the plate was 130V positive with respect toghid and thus would have repelled ions
of lower energy, it was evident that ions had baetelerated to energies > 130eV (fig. 60).
Despite that difficulty, it was clear from the Langir probe measurements that ion currents
were produced in the annulus by the driving pulserges (fig. 57) while the RFEA
measurements indicate that the energies of ions ine annulus exceeded 130eV in all cases.
The fact that the currents from the theta pinch andulus are similar suggest that the
magnitudes of the currents are a function of thpedarental equipment rather that any
limitation imposed by the physics of the devicelitsHigh power theta pinch thrusters have

been proposed for deep space missions (La Pon@&*20
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Figure 60 lon and electron currents from the RFEA facingdhaulus at a grid voltage of -150V and a
plate voltage of -20V indicated that ions were é&reded to energies > 130eV by the thruster at all
driving pulse energies since the probe being 13@verpositive than the grid, would have repellecsion
at lower energies . A poor signal to noise ratisauved the differences in the magnitudes of ion
currents at different driving pulse energies. Emticurrents greater than 150eV were detectedcat ea
pulse energy. 100 samples were taken at each puéggy and the data was filtered with a 50-step low

pass finite impulse response filter. The sourctnefapproximately 16kHz oscillation is unknown.

9.8 Analysis

The integrated charges that were measured withahgmuir probe were proportional to the
driving pulse current both in the annulus of theustter and at the centre, demonstrating that
the interaction between the magnetic fields inthimaster and the plasma accelerated charged
particles. The ion currents arising in the annudmsl reaching the Langmuir probe were

approximately 3.5 times larger than those measateithe center and were preceded by a
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relatively large electron current of brief duratiomereas the ion current observed at the
centre of the tubes was not preceded by any sigmifielectron current.

The observation of accelerated charge particles ftloe annulus suggests that magnetic
reconnection is accelerating the plasma out ofaimeulus since in a theta pinch thruster

where the plasma is tied to the magnetic fielddjribe plasma is accelerated by the combined

effect of magnetic pressure, of magnitut%/z,u0 and magnetic tension of magnitude

Bz/,u0 while in magnetic reconnection electrons are acatdd by whistlers or kinetic

Alfven waves. Figures 57 and 58 demonstrate thiferénce with a significant electron
current that corresponds with the rise of the dgwiurrent in the tubes appearing in the probe
facing the annulus. In addition, the presence ghignergy electrons that could have been
produced by magnetic reconnection is evident froenlarge electron current with energy in
excess of 130eV that flows into the probe afteridineflux finishes (the probe voltage is set at
-130V). A similar electron current flows into theope following the ion flux detected at the
centre of the tubes although whether the sourcthage electrons was the annulus or the
centre of the tubes could not be determined siga@eent constraints meant that the current
from the annular and theta pinch zones could nahéasured simultaneously.

Further evidence for magnetic reconnection is fofinch the ion speed calculated from the
RFEA measurements since those values are withiratige of Alfven velocities expected at
the peak pulse current and measured plasma deRsitynstance at a plasma density of n
2.65 x 10%m®, within the range of measured densities, andpatak pulse current of 1540 A,

the calculated Alfven speed,= 2.5 x 10 m/s, is consistent with the ion velocity measured

with the RFEA. In addition, the ~ 70:1 ratio of tastimated speed of the inflowing plasma
(350m/s) to the outflow speed, 2.4 X*1/s, is within the range expected for acceleratipn
magnetic reconnection.

Based on the Langmuir probe measurements (fig.tB6)total charge accelerated across the
area of the annulus by an energy of 5.6 J correlsgptma current of 0.53 mA over a period of
1 msec. Using this result and the measured iorcitglof 2.4 x 16 m/s, it is estimated that
the thrust produced is 2.21 x 16 and the thrust efficiency is 4.7 x 1%.

9.9Discussion

This investigation has shown that a simple modiicato the well-known theta pinch plasma
accelerator improves the outgoing flux of ions byaator of approximately 4.6 at pulse

energy inputs > 20J assuming that the flux of isnzoportional to the ratio of the area of the
inner tube to the area of the annulus.

The experimental apparatus was constructed so dhetrically conductive plasma —

produced by RF energy in low-pressure argon — wpesed to a pulse of oppositely directed
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magnetic fields in the annulus formed between twmcentric copper tubes connected
electrically in parallel.

While the thrust and thrust efficiency of the exypental device is low, experience with theta
pinch thrusters has shown that an unimproved tpéteh thruster may achieve a thrust
efficiency of 16% (La Ponte 2008") which suggests that the similar reconnectionstenu
could be improved significantly. There are obviousdifications that could substantially
improve the performance of the experimental defriom the present thrust efficiency of 4.7
x 10%%.

Firstly, the resistances of the inner and outendtar tubes differ by a factor of 5 which
means that the bulk of the current runs throughldgtver resistance inner tube, significantly
reducing the symmetry of the reconnection regiorwa$f as the interaction between the
opposing fields. Secondly, assuming that the icngela temperature of 1.0eV, the width of
the annulus (43mm) is approximately half of thenested ion gyro-radius (82mm) at peak
field strength. Since the thickness of the difbusiayer in reconnecting plasma is of the order
of an ion gyro radius (Yamada et al 198%, a significantly larger device would be required
for the unobstructed formation of a diffusion layerorder to accelerate ions by magnetic
reconnection. The formation of a current sheet toed production of accelerated ions by
reconnection has been measured in much largeragevior instance between 750 mm wide
plates separated by 320mm carrying apB0ldng 10kA current in a 1.5 meter diameter by
2.0m long chamber (Stenzel et al 198% so it is reasonable to suppose that increasiag th
scale of the thruster would improve its performansiéhough we have shown evidence for
the occurrence of magnetic reconnection, it is egygahat the limitations of the experimental
device have restricted the acceleration of ionshig/process. Theory suggests that a device
in which the annulus is of a similar dimension @ tion gyro-radius could significantly

improve the performance of the thruster.

9.10 Conclusions

This investigation has shown that high velocityspha jets suitable for a spacecraft thruster
can be produced by magnetic reconnection in plassiteg a simple device that consists of

two concentric electrically conducting tubes in @ha pulsed electric current flows.

The high energy electron pulse (>150eV) that issoled coinciding with the rise of the tube
current is similar to observations of high enertgceons by the Cluster satellites that are
confidently regarded as being accelerated by magnetconnection. The Cluster
measurements show the presence of a similar supersic electron outflow jet at
least 60 ion skin depths downstream from the X{Plean et al 2007?). That no electron jet

was observed from the theta pinch region strongiggsests that the phenomenon was
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associated with magnetic reconnection and washeatesult of any effect of the current pulse
on the ICP source.

The evidence for the occurrence of magnetic reattiorein the annular zone is substantial.
(1) A significant electron current was detectedhia current from the annular region that
coincided with the rise of the magnetic field ire tthruster. (2) In accordance with known
reconnection physics, ion currents were found torease as the plasma became less
collisional. (3) The ratio between the estimateéeespof ions flowing into the diffusion layer
(350 m/s) and the measured speed of the out-floieing (2.50 x 1bm/s) was approximately
70. (4) lons with energies greater than 130 eVtesmonding to a speed of 2.50 X' if's
were detected with the RFEA and were comparabléh@éoexpected Alfven speed for the
plasma density and magnetic field strength obtaitifven speed = 3.8 x f0to 7.6 x 16

m/s atl, = 1540A,n;= 1.0 x 16° to 2.5 x 16° /).

These results provide strong supporting evidencéh®occurrence of magnetic reconnection
in the thruster.

Since both ions and electrons are accelerated tsinedusly, the thruster does not need a
neutralizer, a device that imposes life limits callthnd gridded ion thrusters. Assuming that
the ion current detected by the Langmuir probenifotm across the areas of the annulus and
inner tubes, the ion current accelerated by theulasnat a pulse energy input > 20J is
approximately 4.6 times that accelerated by th&atphimch.

The physics of magnetic reconnection indicate thatinherent thrust efficiengy of an

optimized thruster would be approximately 50%, tbgult of the conversion of the magnetic
energy into a rough equipartition between the tla¢rand kinetic energies of the accelerated
particles, a figure that would be increased byetfect of the magnetic nozzle formed by the
diverging magnetic field produced by the currentthie thruster.

So long as the rise time of the magnetic fielduBicently rapid to produce an electric field
that could ionize the propellant gas, no RF suppiyld be needed to ionize the propellant
and a device consisting of no more than the coricentbes, a capacitor, a switch, a gas

supply and a power supply could form a simple robusister (fig. 61).
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Figure 61 Schematic of a magnetic reconnectiorsthriunstalled on a spacecraft showing the most
significant components. So long as the rise timéhefcurrents in the concentric tubes is suffidient
rapid, the propellant gas will be ionized by thectdic field produced in accordance with Faradgis

and no other means of producing an ionized propei@uld be necessary. The resulting plasma would

be expelled by magnetic reconnection from the armahd by magnetic pressure and tension from the

theta pinch. The plasma would be further acceldrbyethe magnetic nozzle formed by the magnetic

field (not shown). A magnetic mirror coil could bsed to reflect plasma expelled from the spacecraft

end of the thruster.
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10Devices constructed for the investigations

10.1 Experimental apparatus (image)

network

Figure 62 Experimental thruster mounted in a thantber showing associated equipment including a
13.56MHz power supply connected to a matching netwat drives an antenna surrounding a quartz
tube that is under the plasma source cover. A otutransformer measures the current supplied by an
external pulsed high current generator to the thruend either a Retarding Field Energy Analyzea or
Langmuir probe measures the ion current producdtidyhruster when it is operated in an argon

plasma. The thruster was rotated by t8@acilitate the connections to the pulse generato
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Antenna

Quartz
tube

\

Flanges

Figure 63 CAD drawing of the structure of the plassource showing a helicon antenna mounted on
the outside of a 150mm quartz tube together wigipstting flanges that were bolted onto matching

flanges on the vacuum chamber.

10.1.1 Experimental apparatus (schematic)

13.56MHz supply
Matching network X/

/

High voltage

|
SUPPY Experiment

l\

Computer
and interface

!

Capacitor bank

Figure 64 Magnetic reconnection experimental agipar(schematic)
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10.2 Isolating interface for magnetic reconnection expeament

Computer connector Opto-isolators [solating
—— ey » pulse
transformer

f
j

240V AC
isolating
relays

| Bt

A

Figure 65. An interface box was constructed to Enattomputer running a Labview program to cortielexperimental apparatus that had componertspieaated at
high currents and voltages. The circuit had 4 lagitputs and used 4000V opto-isolators to drivedistors that (1) switched a 5V output to trigder oscilloscope (2)
switched a relay that was used to turn on a powgply for the magnet windings or (3) switched 030& 1QuS output pulse to trigger the high voltage pulseegator. The
output to the pulse generator was coupled thromgkdadating transformer. A computer connector waispased from National Instruments and a circuiirtavas designed
and constructed to interface between that connectbthe experimental equipment. The circuit diagasad the circuit board layouts are shown on tHeviing pages.
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Figure 66 Circuit diagram of interface box. A 5&%dr generates 14 pulses when triggered by the computer througb-gatiator U4 that Q14 delivers to an isolation
transformer T6 that delivers 30V trigger signalshe high current pulsed power supply that coulivdeup to 3500A to the thruster.
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Figure 67 PCB layout of interface box top layer
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Figure 69 PCB layout of interface box top overlagwing component locations
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10.3 +/- 160V DC power supply
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Figure 71 Circuit digram of the variable +160 V PGwer supply. The circuit was modified from angaral
design by Alexander Frank, ETH Quantumoptics (2008)
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® HV variobkle supply L
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Figure 72 PCB layout of 160V DC power supply bottiayer
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Figure 73 PCB layout of 160V DC power supply togay showing component locations
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10.4 Difference amplifier
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Figure 74 Circuit diagram of the difference aniplif13.56 MHz notch filter circuit from Wendt 206%]. The
notch filter blocked the 13.56MHz RF that was usegroduce the plasma as well as the second amti thi

harmonics.
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Figure 75 PCB layout of difference amplifier bottéager
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Figure 76 PCB layout of difference amplifier witl8.26MHz notch filter top overlay showing component
locations.
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10.5 Pulsed power supply
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Figure 77 Pulses from the isolating interface (&) to the trigger interface caused the SCR tmeonthe

charged capacitors connected to the pulsed ardystgthe thruster in the vacuum vessel.
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10.6 Retarding field energy analyzer

Figure 78 Components of the Retarding Field Enéngglyzer (RFEA) built for this project. With the exption
of the plate (mild steel) and its mounting rod (gep, all metallic parts were made from stainléesls The
insulators were made from Teflon. The grid wasdntact with and at the same potential as the hgushich
was connected to an external supply through ad#adhed to the back of the housing. The coppé¢nheigrid
retainer was the result of using the RFEA to meathe energy of copper ions in HiIPIMS experimentse

housing was insulated from the plasma with a Teflover when in use.

10.7 13.56MHz matching network

Antenna
[ ] " - " v v v

T 7. =1.0Q 88°
L2 s00pF

d ' 7,=50Q ("

1800pF ; -

— :

Matching network 13.56M Hz
supply

Figure 79 A matching network was constructed tociméite low impedance of the plasma chamber anteEnna
the characteristic impedance of th&bBansmission line that connected the antennagd 82556MHz Henry
Radio power supply.
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10.8 Digital filters

lon current data was filtered with a finite impulssponse filter (FIR filter) programmed in Visual
Basic.

Finite impulse response filters are a commonly engnted digital filter that is easily programmed.
Such filters produce an output that is the sumeadhyged samples, each multiplied by a weight that
controls the characteristic of the filter. In tlegidy, a Hamming window was used since it gives a
smoother roll off at the cut-off frequency and @ajer attenuation in the stop band than a simpler
rectangular window. It has better selectivity farge signals [Papoulis 1984 (fig. 80).

FIR filter 50kHz sine wave 50kHz cutoff FIR filter 50kHz sine wave 25kHz cutoff

0.8
0.6
0.4
0.2

0
-0.2 4
048
0.6F
0.8 -

0.8
0.6
0.4
0.2

0

0.2 ¢

0.4

0.6F

0.8

0.00007
0.00009
0.00011
0.00013
0.00015 -
0.00017
0.00019
0.00021
0.00023
0:00025

Simulated ion current (A)

Simulated ion current (A)

Time (S) Time (S)

Figure 80 Sine wave tests of a low pass finite ilspuesponse filter. A digitized 50kHz sine wave2600
samples with a sample frequency of 1.0 Mhz wasréli with a FIR filter of order 50, firstly withaut off
frequency of 50kHz and then with a cut off frequen€25kHz. The attenuation of the sine wave wad®Ber
octave. The same FIR filter with an order of 50&waed to filter the measurements in the magnetic

reconnection experiments.

10.9 Test of measurement system accuracy.

The measurement system was tested by replacingrtte with a resistor of known value and then

running a simulated plasma density and electrorpéeature experiment. The expected value of the
current was calculated and plotted against thadrded by the oscilloscope and processed by the
Labview program. The difference between the expected measured values was experimentally
insignificant (fig. 81).
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Currents (A)

Ramp voltage (V)

Test of difference amplifier and Labview program R = 11,040 ohms

Difference amplifier

Calculated current

127

Figure 81 Test of the fidelity of the experimerggstem using a 11,040 ohm resistor in place of #rgmuir

probe. The measured and calculated currents weyeclagse to the same values indicating that thessevno

large systematic errors in the measurement systanirtcluded a difference amplifier, digital ossdtope and

Labview program that scaled the current data aomdtit as a text file that was then plotted a&arel chart.
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11Computer programs

11.1 Labview program for controlling reconnection experments
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Figure 82 Front panel of the Labview virtual instrent used to control the magnetic reconnection raxgat.

Shown are four charts, the two on the left displeyimmediate measurements of pulse current anduoent,

the two on the right display the average of sudeesaeasurements of pulse current and ion cur€ntrols on

the left set the minimum threshold for recording@ncurrent, controls in the center run and stqpeeiments,

controls on the right set the number of pulsesfarh experiment and record measurements.

The program was written as a state machine witlidlh@wving states:

1. Standby. This state was used to set up the nuniiperses for an experiment and the

minimum value for an acceptable ion current.

Get data. This state sent set up data to the Trektoscilloscope through an IEEE488
connection. It then sent trigger pulses to the ciépabank to initiate a current pulse

in the thruster tubes. The interface box (fig. B®lated the computer and the high

voltage circuit. On completion of the preset numlmdr samples it read the

accumulated data from the oscilloscope and disdléyas the immediate data (left
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chart) and added the measurement to the averadgad(right chart). A complex
routine for communicating with the Tektronix osafitope was a subroutine of this
state.

3. Save data. This state wrote the averaged dat&eit le that could be later read and

displayed as an Excel chart.

The program was written in Labview as a virtuatimsient that used embedded functions from the
Labview menus.

129



130

11.2 HiPIMS data analysis

| Hipims data
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Figure 83 Front panel of aVisual Basic programteritto analyze results from HiPIMS measuremente. grbgram first compiles data from Excel files proed during an
experiment into an array containing data from safgameasurements. That array is then processedititeampulse response filter before being furth@nipulated for
instance as a display of ion currents as a fundfagrid — plate voltage differences or as ion ggetistribution functions. The processed dataésnttransferred to an Excel

spreadsheet for plotting.
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axial

12Nomenclature

Magnetic vector potential

Magnetic nozzle area

Magnetic flux density

Axial magnetic flux density
Azimuthal magnetic flux density

Magnetic mirror flux density

Radial magnetic flux density
Rotating magnetic flux density
Axial magnetic flux density
Resistive skin depth

Change in circuit inductance
Electric field oscillating component
Orbital manoeuvre time

Velocity increment

Electron charge

Magnetic field unit vector

Electric field strength

Electric field amplitude

Maximum amplitude of an accelerating wave field

Amplitude of REF penetration into a uniform magreti plasma

Electric field azimuthal component
Angular frequency ratio
Permittivity of free space

Plasma resistivity

Power efficiency

Thrust efficiency

Thrust

Non-linear ponderomotive force

Acceleration due to Earth’s gravity
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Arc discharge current
Plasma current

Specific impulse

Hall current
Mission difficulty parameter

Current density

Axial current

Azimuthal current density
Hall current

Boltzmann’s constant

Length of an accelerating region

Initial circuit inductance

Plasma wavelength

Electron mass

Final mass

Initial mass

My, lon mass

Rate of expulsion of propellant

Payload mass
Mach number

Dimensionless parameter
Magnetic moment

Relative permeability

Magnetic permeability of free space

Initial electron number density
Electron number density
Electron — ion collision frequency

Laser power

Propulsion system power
Charge

Plasma radius
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I:zcoil

GWRerF
WRmF

ni

Radial position
Radius of the magnetic coil
Axial coil radius

Gyration radius

Larmor radius

Net charge density

Radius of a laser beam spot
Electron temperature
Acceleration voltage

Initial REF voltage

lon velocity

Exhaust velocity

Propagation velocity
Plasma perpendicular velocity

Electron cyclotron resonant frequency

lon cyclotron frequency
Electromagnetic field frequency
Initial electron plasma frequency
Rotating electric field frequency
Rotating magnetic field frequency

lon cyclotron frequency
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