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PREFACE

This thesis represents a broad study to characterize the heavy-particle
structure of the exhaust plume produced from a 1.5-kW-class Hall thruster. The
goal of this study was to provide an extensive data base of plasmadynamic
guantities to be used as an input to plasma-surface interaction models.
Additionally, conclusions drawn from analysis of these quantities yielded
insight regarding basic thruster performance mechanisms.

The plume characterization study employed the use of a variety of classic
plasma diagnostic techniques including Langmuir probes, retarding potential
analyzers (RPAs), and Faraday probes. Novel probes were also conceived of
and tested to evaluate previously un-obtained information regarding the plasma
components. These techniques included the development of a neutral particle
flux probe (NPF) to quantify the existence of high-energy neutral atoms and the
application of a heat-flux probe technique in the determination of ion and
neutral densities.

To complement the in-situ probe data, a unique molecular beam mass
spectrometer (MBMS) was designed and used to provide great insight into the
plasma species and energy structure of the Hall thruster plume. This system
provided simultaneous mass and energy measurement through the use of an

electrostatic energy analyzer in a time-of-flight mode. The MBMS data enabled



the measurement of propellant ionization states and the construction of species-
dependent ion energy distribution functions useful for evaluation of basic
thruster acceleration mechanisms.

Through an evaluation of the probe-based data in addition to the MBMS
results a collisional analysis of the ionic portion of the plasma plume was
performed. Through models and concepts developed in this thesis the products
of both elastic momentum transfer and inelastic charge-exchange collisions were
directly identified within the measured ion energy distributions. These results
confirmed the existence of both single- and multiple-electron transfers between
plume ions and parasitic neutral gas due to ground-test facility interactions in

addition to momentum transfer collisions between propellant ionic species.



TABLE OF CONTENTS

ACKNOWLEDGMENTS ... i

PREFACE ...t e e s e e e e e e e s e e e e e e e anares v

LIST OF FIGURES ... .ottt e e e e e e e e enannes IX

LIST OF TABLES ... .t e e XiX

NOMENCLATURE ..o XX
CHAPTER

L INTRODUCTION. ....oiiiiiiiiiieee ettt rr e e 1

1.1. Overview of Electric PropulSion CONCEPLS ......cooieiiiiiiiieeiiee et 1

1.2. Hall-effect Thrusters: Resear ch HiStOry .......cccooieiiiiiiniei e 6

1.3. Physics of Hall Thruster Operation ..........cccooeeeieeeiiieiiee et 10

1.4, ContributionS Of RESEAICN......ccueiiiiiiiiiiir e 15

1.5. Description of Experimental FaCilities..........ocoiiiiiiiiiiiiee e 17

2. PRACTICAL THEORY OF IN-SITU PROBES. ..., 20

2.1 INEFOAUCTION ...ttt ettt r e e ne e ne e r e ne s 20

2.2. Retarding Potential ANAlYZEr ........oooiiiiii e 22

2.3, LangmMUIT Probhe ... ..ottt ettt see ettt nb e saee e nare e 25

24, Faraday ProbDe.........o e 25

2.5 HEAL-FIUX Probe ... e 28

2.6. Neutral Particle FIUX Probe ... e 32

3. APROBE-BASED STUDY OF THE HALL THRUSTER ........cccceee.. 37

Vi



3.1. Experimental Set-up and APParatusS.........ccooieieieieieeaiiee e siee e sieeesieeesresseeeeees 37

3.2. Probe Data and RESUIES.........ciiiiiiiiieee e 40
32,2, LangmMUIT PrODE.......vei ittt ettt ettt et e e sba e e saee e sneeans 40
3.2.2. Retarding Potential ANAlYZEN .........coooiiiiieie e 42
3.2.3. Faraday PrODE........cueiiieee ettt 48
324, HEAt-FIUX Probe......coeeeieeee e 49
325, NPF PrODE......eceeeeee et 52

3.3. Interpretation of Probe Resultsand Derived Quantities..........cccoevevrieeeieenien i 55
3.3. L 10N ENENQY SLIUCKUIE .....coiiiiee ettt et e e e a e snree s 55
3.3.2. Density DiStriDULION .......cooueiiiiiiii e 61
3.3.3. Neutral-PartiCle Properties........coo ettt 63
3.3.4. lon-Neutral Charge EXChange PrOCESSES........ccicuiriieiiiiieiieeriee et 66

. MOLECULAR BEAM MASS SPECTROMETER DESIGN ................ 70

4.1. Motivation Behind MBM SRESEAICh ......ccooiiiiiiicee e 70

4.2. Configuration Of APParalUS.......cccueeiieiirieieiit ettt sbe e b e e sbee e sane e sabeeans 73

4.3. ElectrostatiC ENergy ANAIYZEN .......coociiiiiiiiii ettt 79
4.3.1. Theory Of OPEIELION ........eeiiiiiiii ettt ettt ettt et e e sbe e s aee e sabe e sbeessbeeesaeeas 79
4.3.2. DESCIPtioN Of APP@raIUS......ccoiueiaieeieiiee e eieeestee et e steesbe e sbee e saee e sabeesbeeasbeeesaeeas 84

4.4, Time-of-flight Mass ANAIYZES ........oooiiiiiie e 85
4.4.1. Theory Of OPEIELION ........oeiiiiitii ettt ettt et sbee e saee e sabe e sbeeesbeeesaeeas 85
4.4.2. DESIGN PIINCIPIES ...ttt b e e be e saee s 88
4.4.3. Practical Design CONSIAEIatiONS ..........ueeiiiiiiiieiie ettt 95
4.4.4. DESCIPtion Of APParaUS........cceeirueieiieeriiaeieeesieeesieeesibeesteessreessaee e saee e sabeesseeeees 100

. MBMS ENERGY DIAGNOSTICS........cooiiiiieieee e 106

5.1 EXPErimMENTAl SEE-UP .uveeieiieiiee ettt ettt saee e et e e be e sane s 107

5.2.1on Energy Measurementsin an SPT-100 at 0.5 M......ccocoeiiiiiiiiiinie e 110

5.3.1on Energy Measurementsin an SPT-100 at 1.0 M.....c.cooceiiiiriiieeniee e 119

5.4. Discussion of 1on Voltage DistribUtioNS..........ccoeiiiiiiiiieeee e 131
5.4.1. CompariSon With RPA ........ei it 133
5.4.2. 10N TEOMPEIBIUIE. ....cciitteie ettt ettt e e e bbe e e s sab e e e e sanbe e e e sanre e e s annes 137
5.4.3. MOst Probabl@ VOItage. ........coieeeiiiieiee et 145
5.4.4. Two-stream Instability ANAlYSIS.....ccocueiiiiiiiiieiiee s 151
5.4.5. MUItiple PeaK SITUCTUIE.......oo ittt 153

. MASS SPECTROMETRIC STUDIES.........ccoiiiieeiee e, 154

6.1 EXPErimMeENtal SEE-UP ..veeeeiieiiee ettt ettt sbee e e et eebe e enee s 154

6.2. Measurementsin an SPT-100.........cccceiierieriereenee ettt sreesreesreesreens 156



6.3. Discussion of Mass Spectral Measur emMeNntsS..........ccooieeeiieeiierenee e 162

6.3.1. MiNOr SPECIES ANBIYSIS......ueiiiiieiiie ittt ettt et e b sbee e snee s 162
6.3.2. Propellant [0NIZatiON.........c..ie ittt 164

. PLUME ION COLLISION ANALYSIS ... 172
7.1. Overview Of ColliSION PrOCESSES.......ciiiiieiieeiiee ettt ettt st sbe e saee s 172
7.2.1. 10N Collision Probabiliti€S.........ccocueiiiiieii e 173
7.1.2. Elastic ColliSION SIGNALUIES ......cccuiiiiiieiei ettt 175
7.1.3. CE COlliSION SIGNBIUMES. ... .ceiiuieeiiieiiee et e etie et e st et e st saee e sabe e sbe e sbe e e snaeesneeas 187
7.2. Collision Evidence in SPT-100 PIUME........cociiiiiiiii e 192
7.3. 1on-Electron RecOmMBINGLION .........coiiiiiiiie it 214
7.4. Discussion Of PIUME COllISIONS.......coiiiiiiiieiiee et 216

. CONCLUSIONS ..o 224
8.1. Overall Hall Thruster PIUMe SEFUCLUN €........ooiieiiiiieiie e 224
8.2. 10N ENEI QY SLIUCLUIE....ce ittt ettt e e nr e e e b e e e e enreas 226
8.3. Facility Interaction CoNSIAEr @tionsS..........coiuieiieiiiieieiie et 228
8.4, PIUME ASYMIMELIY ...ttt ettt ettt ettt ettt ettt et e e e be e e saee e sabe e sabeeeabeeesaneas 229
8.5. SuUggestionNS fOr FULUrE@WOIK ........coiiiiiiieiec e 230

viil



LIST OF FIGURES

FIGURE 1-1. FINAL NET MASSDELIVERED TO GEO ASA FUNCTION OF LEO-TO-GEO TRIP TIME FOR VARIOUS
PROPUL SION OPTIONS BASED ON A 1550 KG ATLASIIAS-CLASSPAYLOAD WITH 10 KW ON-BOARD
POWER. <.ttt ettt e e et e e e ee e e e et et s e et e e ee s ee e e e et e e et e e et s et e e et s ee e et et s e et et enn et eeenne et eeenneeeenans 5

FIGURE 1-2. BASIC HALL THRUSTER COMPONENTS SHOWING LAYOUT OF ELECTRIC DISCHARGE BETWEEN
ANODE AND CATHODE, APPLIED MAGNETIC FIELD CIRCUITRY, AND ORIENTATION OF DOMINANT
ELECTRIC AND MAGNETIC FIELDS WITHIN DISCHARGE VOLUME. .....ecictiieitieesireeciteesteeesteeessneesaneesaneens 11

FIGURE 1-3. SCHEMATIC OF HALL THRUSTER COMPONENTS SHOWING A COMPARISON BETWEEN THE MAGNET
LAYER TYPE, SUCH ASTHE SPT-100, AND THE ANODE LAYER TYPE, SUCHASTHED-55...........cccuee 13

FIGURE 1-4. SCHEMATIC OF THE 9 X 6 M VACUUM CHAMBER. THE POSITION OF THE THRUSTER FOR THE
PROBE-BASED STUDY REPORTED IN CHAPTER 3 ISINDICATED ALONG WITH REPRESENTATIVE ARCS OF
0.5 M AND 1.0 M RADIUS SHOWN FOR PERSPECTIVE. ALSO SHOWN IS THE POSITION OF THE THRUSTER
RELATIVE TO THE MOLECULAR BEAM MASS SPECTROMETER (MBMS) ASREPORTED IN CHAPTERS 5
] PP PRPPP 19

FIGURE 2-1. SCHEMATIC OF THREE-GRID RPA UTILIZED TO OBTAIN ION ENERGY DISTRIBUTION FUNCTION. 24

FIGURE 2-2. FARADAY PROBE USED TO MEASURE THE ION CURRENT DENSITY . ...uuvtiriiiieeeiiiirinneneesesssnsvnnenas 28

FIGURE 2-3. HEAT-FLUX SENSOR SHOWING BOTH TOTAL- AND RADIANT-HEAT-FLUX TRANSDUCERS MOUNTED
IN' A WATER-COOLED PROBE HOUSING. ...cetttetiiuttitsessssssissstsseesaesssssssssssessssssssssssssesssssssnssssssessassssnnnnes 31

FIGURE 2-4. NEUTRAL PARTICLE FLUX PROBE SHOWING ELECTROSTATIC REPULSION GRIDS AND IONIZATION
PRESSURE SENSOR USED ASA DETECTOR. ....uuteeiuteeiteeesteeestseessteessessasesassesessseessessasessssessssssesssessssessns 34

FIGURE 3-1. LAYOUT OF APPARATUS FOR IN-SITU PROBE BASED STUDY OF THE SPT-100 SHOWING PROBE
MOUNTSTO AUTOMATED TRANSLATION SYSTEM AND COORDINATE SYSTEM SIGN CONVENTIONS. ........ 39

FIGURE 3-2. TYPICAL LANGMUIR PROBE CURRENT-VOLTAGE CHARACTERISTIC. THISTRACE WASTAKEN AT
1.0 M FROM THE SPT-100 AT 20 DEGREES OFF THRUSTER CENTERLINE .......cciscttttreeieeessiirinnersasessnnnes 41

FIGURE 3-3. PLASMA POTENTIAL IN THE PLUME OF THE SPT-100 AT 0.5 M AND 1.0 M RADIUS FROM THE

THRUSTER EXIT PLANE . c1tttuuuitieiitttttttieeessiesssssssesssesssssassssssesssssastsesseessssssseesssessssssseesssessssanieeesnes 41



FIGURE 3-4. RPA SAMPLE SWEEPS OF COLLECTOR CURRENT AS A FUNCTION OF ION REPELLING VOLTAGE IN
THE PLUME OF THE SPT-100 AT 0.5 M RADIUS FROM THRUSTER EXIT. UNCERTAINTY IN CURRENT AND
VOLTAGE ISLESSTHAN 1000, ..iiiiiiiiiie ettt e e s st e e e e s s st e e e e e s s sanb b e e e e e e e s s nnnnraneeas 43

FIGURE 3-5. |ON ENERGY DISTRIBUTION CURVES MEASURED WITH THE RPA IN THE PLUME OF THE SPT-100
AT 0.5 M RADIUS FOR POSITIONS WITHIN 35 DEGREES OF THRUSTER AXIS. .. .vtvvttiieeiiiinineensesesssnsssnens 45

FIGURE 3-6. |ON ENERGY DISTRIBUTION FUNCTION MEASURED WITH THE RPA IN THE PLUME OF THE SPT-100
AT 0.5 M RADIUS FOR ANGLES BETWEEN 40 AND 55 DEGREES OFF THRUSTER CENTERLINE.................. 46

FIGURE 3-7. |ON ENERGY DISTRIBUTION MEASURED WITH THE RPA IN THE PLUME OF THE SPT-100 AT 0.5 M
RADIUSAT A POSITION -60 DEGREES OFF THRUSTER CENTERLINE SHOWING HIGH LEVELS OF
UNCERTAINTY DUE TO EXTREMELY LOW MEASURED ION CURRENT. ...cccteieitiieiiteeiteeenteeesteeesnreesnree e 47

FIGURE 3-8. |ON ENERGY DISTRIBUTION FUNCTION MEASURED WITH THE RPA IN THE PLUME OF THE SPT-100
AT 1.0 M RADIUS FROM THE THRUSTER FOR POSITIONS WITHIN 50 DEGREES OF THRUSTER CENTERLINE.48

FIGURE 3-9. |ON CURRENT DENSITY MEASUREMENTS IN THE SPT-100 AND D-55 AT RADIAL POSITIONSOF 0.5
M AND 1.0 M. UNCERTAINTY IN CURRENT DENSITY ISLESS THAN 10%; UNCERTAINTY IN ANGULAR
POSITION IS 3 DEGREES. .. .uuttttttteeesisustesessesssisaustssessssssisasssssesssssssnnsssssessessssnmsssseesessssnmsssseesesessnnnes 49

FIGURE 3-10. RADIANT AND TOTAL HEAT FLUX MEASUREMENTSIN THE SPT-100 AT 0.5 M RADIUS FROM THE
THRUSTER EXIT. UNCERTAINTY IN HEAT FLUX ISLESSTHAN 10%; UNCERTAINTY IN ANGULAR
POSITION IS 3 DEGREES. .. uuutttttttesesisutttsessesssisssstssessssssiassssssesssssssnsssssseesessssnmssssessessssnnssssessessssnnsnes 51

FIGURE 3-11. RADIAL AND TOTAL HEAT FLUX MEASUREMENTSIN THE SPT-100 AT 1.0 M RADIUS FROM THE
THRUSTER EXIT. UNCERTAINTY IN HEAT FLUX ISLESSTHAN 10%; UNCERTAINTY IN ANGULAR
POSITION IS 3 DEGREES. .. uutttttttteeesisusttsessesssissstssessssssssasssssesssssssasssssseesesssssmsssssessessssnnssssessesessnnnes 52

FIGURE 3-12. NPF PROBE CHECK-OUT OPERATION IN THE PLUME OF THE SPT-100 AT 0.5 M RADIUSAND 15
DEGREES OFF THRUSTER CENTERLINE. PROBE WASUSED ASA TRADITIONAL RPA TO VERIFY
OPERATION OF ION AND ELECTRON REPELLING GRID SYSTEM. ....vieiitiieiteeeitieesireesreeesreeessneesanessresennns 54

FIGURE 3-13. NEUTRAL PARTICLE FLUX PROBE MEASUREMENTSIN THE SPT-100 AT 0.5 M AND 1.0 M.

UNCERTAINTY IN ANGULAR POSITION IS3 DEGREES. ......cctvtttuiiiiieiieesiisisiiessseesssiseesssessssseesseessne 55



FIGURE 3-14. AVERAGE ION VELOCITY IN THE SPT-100 OBTAINED BY INTEGRATING THE ION ENERGY
DISTRIBUTION FUNCTIONS MEASURED USING THE RPA. DATA ARE SHOWN FORBOTH 0.5 M AND 1.0 M
RADIAL DISTANCES FROM THE THRUSTER EXIT PLANE. A FEW SAMPLE ERROR BARS ARE SHOWN TO
INDICATE THE MAGNITUDE OF THE UNCERTAINTY INHERENT TO ALL DATA POINTS. ...ecoitireiiieesireesireeans 58

FIGURE 3-15. SCHEMATIC REPRESENTATION OF MECHANISM CAUSING HIGH-ENERGY ANNULUS AND LOW-
ENERGY CORE IN THRUSTER PLUME. |ON PRODUCTION REGION DENOTED AS ACCORDING TO BISHAEV
AND KIM.™ HIGH ENERGY IONS ARE FORMED CLOSEST TO THE ANODE. ......cevrvveeseseseseeseseseseesesesesens 60

FIGURE 3-16. COMPARISON OF CALCULATED PARTICLE DENSITY IN THE PLUME OF THE SPT-100 AT 0.5 M
RADIUS FROM THRUSTER EXIT PLANE. THE FARADAY-BASED VALUE IS CALCULATED ACCORDING TO
EON. 3-1 AND THE HEAT-FLUX BASED VALUE ISCALCULATED VIA EQN. 3-2. ..ccvvviiiiiiiiiiiiiiieinccee e, 62

FIGURE 3-17. COMPARISON OF CALCULATED PARTICLE DENSITY IN THE PLUME OF THE SPT-100 AT 1.0 M
RADIUS FROM THRUSTER EXIT PLANE. THE FARADAY-BASED VALUE ISCALCULATED ACCORDING TO
EON. 3-1 AND THE HEAT-FLUX BASED VALUE ISCALCULATED VIA EQN. 3-2. ...cvvvriiiiiiiiiiiiiiencceeceeeie 63

FIGURE 3-18. NEUTRAL PARTICLE FLUX IN THE PLUME OF THE SPT-100 MEASURED WITH THE NPF PROBE AT
0.5 M AND 1.0 M RADIUS FROM THE THRUSTER EXIT. ciiiiiiiittiiteteeeesiitrieeessesssssssssneessessssssssssesssssssnnnnes 64

FIGURE 3-19. CALCULATED NEUTRAL PARTICLE CONVECTIVE HEATING IN THE PLUME OF THE SPT-100 AT 0.5
M AND 1.0 M RADIAL POSITIONS FROM THE THRUSTER EXIT PLANE. ...vtvvttiieeiiiiiiiereeeeessssnsssnessassssnnnnes 66

FIGURE 4-1. SCHEMATIC OF OVERALL CONFIGURATION OF MBMS APPARATUS SHOWING ORIENTATION TO
MAIN VACUUM CHAMBER, THRUSTER MOUNT, AND SCALE SIZE. ....utiiiteieitieeiireeireesreeesreeesseeesanessnneens 75

FIGURE 4-2. TOP-VIEW PHOTOGRAPH OF MBMS INSTRUMENT SHOWING ELECTROSTATIC ANALYZER
CHAMBER AND ELECTRON MULTIPLIER DETECTOR PORT. 1...uveiiiteieiuteesureestesenseeesseeessseesnsessnsesessesessnens 76

FIGURE 4-3. SIDE-VIEW PHOTOGRAPH OF MBM S SHOWING OIL DIFFUSION PUMPS. ...ccieieiiiiiiieeeeeeesssivvseeeas 76

FIGURE 4-4. SCHEMATIC OF 45-DEGREE ELECTROSTATIC ION ENERGY ANALYZER. CONSTANT ELECTRIC
FIELD ISFORMED BY APPLYING REPELLING VOLTAGE TO TOP PLATE WITH BOTTOM PLATE GROUNDED.
FIELD CORRECTION PLATES ARE BIASED WITH A VOLTAGE DIVIDER TO FORCE BOUNDARY CONDITIONS

AT MID-PLANES TO PREVENT FIELD DISTORTION DUE TO SURROUNDING GROUND POTENTIAL. .............. 79

Xi



FIGURE 4-5. REPRESENTATION OF TYPICAL TIME-OF-FLIGHT SPECTRA ILLUSTRATING THE EFFECT OF THE
GATE PULSE WIDTH AND FLIGHT TIME ON THE MASS RESOLUTION. ...veeiiteeeitriesireesreeesreeessneesareesnresennns 89
FIGURE 4-6. ILLUSTRATION OF TOF SPECTROMETER CONCEPTS SHOWING GATE REGION AND FIELD-FREE
DRIFT REGION . ....uttttttteetsisttttsessassssasssbesesaaesssasassseeeeaeessanssseeeeeaesssassbeeeeeaeessassbeeeeaaeessnnsssaneesaeessnnsses 89
FIGURE 4-7. ALLOWABLE GATE LENGTH TO DRIFT LENGTH RATIOS FOR TOF MASS SPECTROMETER............ 93
FIGURE 4-8. ELECTROSTATIC BEAM GATE LAYOUT FOR TOF ANALY SIS SHOWING RELEVANT PARAMETERS. 95
FIGURE 4-9. THE INCOMING ION BEAM IS CONSIDERABLY DIVERGENT AFTER PASSING THROUGH THE
SAMPLING SKIMMER. THISDIVERGENCE GREATLY INCREASES THE AMOUNT OF DEFLECTION REQUIRED
TO STEER THE BEAM OUT OF THE COLLIMATING APERTURE DOWNSTREAM. ......c.veieiteeeiireesireesnreeereeenns 97
FIGURE 4-10. DESIGN CURVE ILLUSTRATING ALLOWED VALUES OF Tgare TO TRANSMIT AN ION WITH MASS OF
131 AMU AT FULL INTENSITY FOR DGate=1.3 CM. wittuiiiiiiiiiiiiiiii e eeeeeet s e s e s e eaabbs s e s s s s seabba s e e s sesnanes 99
FIGURE 4-11. ELECTRICAL SCHEMATIC OF CONTROLLING ELECTRONICSAND DATA SYSTEM FOR TOF
SPECTROMETER. .. uuttttttttee et sitttseeesasesssstbteeesaesssasssteeeeeaeessassseeeeeeaeessaassbeeeeeaeeesanssbeneeeaeessassbtneneanenan 102
FIGURE 4-12. TOF SYSTEM AMPLIFIER CIRCUIT DIAGRAM ....utttittieeiiiiuttiteesaessssssstssessssssssssssssessssssssssssssens 104
FIGURE 5-1. EXPERIMENTAL SET-UP DIAGRAM SHOWING ROTARY THRUSTER MOUNT AND LASER ALIGNMENT
OF BEAM LINE. 1t ttuttttttttee e s setttteeeta e e s ssst b teee s e e e s s asas b eeee e e e e s saaas b eeee e e e e e saase b eeeeeeeeesann s beeeeeaeessannnbeneneanenan 107
FIGURE 5-2. PHOTOGRAPH SHOWING SPT-100 MOUNT TO ROTARY TABLE FOR MBMS CHARACTERIZATION.108
FIGURE 5-3. |ON CURRENT AS A FUNCTION OF ION VOLTAGE AT 0.5 M RADIUS FROM THE SPT-100 ALONG THE
THRUST AXISAND FOR POINTSAT 10, 20, AND 30 DEGREES OFF AXIS....cccccurtreerieeesisnrinnersasssssssssnens 111
FIGURE 5-4. |ON CURRENT AS A FUNCTION OF ION VOLTAGE AT 0.5 M RADIUS FROM THE SPT-100 FOR POINTS
AT 40, 50, 60, AND 70 DEGREES OFF THRUST AXIS.....ciiicttttetieeesisistsneesesssssssssssessssssssssssssesssssssnsnnes 112
FIGURE 5-5. |ON CURRENT AS A FUNCTION OF ION VOLTAGE AT 0.5 M RADIUS FROM THE SPT-100 FOR POINTS
AT 80, 90, 100, AND 110 DEGREES OFF THRUST AXIS...iuutttreeteeesiiisrineeseesssssssssseessssssssssssssessssessnnnnes 113
FIGURE 5-6. |ON CURRENT AS A FUNCTION OF ION VOLTAGE AT 0.5 M RADIUS FROM THE SPT-100 FOR POINTS
AT 120, 130, 140, AND 150 DEGREES OFF THRUST AXIS. ..ttttttteeeiiiiurrreeseesssssssssseesssssssssssssnessassssnnnnes 114
FIGURE 5-7. |ON CURRENT AS A FUNCTION OF ION VOLTAGE AT 0.5 M RADIUS FROM THE SPT-100 FOR POINTS

AT 160, 170, 180, AND -170 DEGREES OFF THRUST AXIS...ctuttuiiiiiiiiietisiiniieesiiestsinisessseesssneesseessne 115

Xii



FIGURE 5-8. |ON CURRENT AS A FUNCTION OF ION VOLTAGE AT 0.5 M RADIUSFROM THE SPT-100 FOR POINTS
AT -10, -20, -30, AND -40 DEGREES OFF THRUST AXIS. ..1tttiiiiiiiiiuriireeiesssissssesesssssssssssssssssssssssssssens 116
FIGURE 5-9. |ON CURRENT AS A FUNCTION OF ION VOLTAGE AT 0.5 M RADIUS FROM THE SPT-100 FOR POINTS
AT -50, -60, -70, AND -80 DEGREES OFF THRUST AXIS. ..1tttiiiiiiiiuriereteesssiisssneessesssssssssnssssssssnssssssens 117
FIGURE 5-10. |ON CURRENT ASA FUNCTION OF ION VOLTAGE AT 0.5 M RADIUS FROM THE SPT-100 FOR
POINTSAT -90, -100, -110, AND -120 DEGREES OFF THRUST AXIS. ..uttttitieeesiiiurireersassssnsssnsnessssessnnnnes 118
FIGURE 5-11. |ON CURRENT ASA FUNCTION OF ION VOLTAGE AT 0.5 M RADIUS FROM THE SPT-100 FOR
POINTSAT -130, -140, -150, AND -160 DEGREES OFF THRUST AXIS. ..tvvttiieeiiiirrireersassssnssnnneessssssnnnnes 119
FIGURE 5-12. |ON CURRENT ASA FUNCTION OF ION VOLTAGE AT 1.0 M RADIUS FROM THE SPT-100 ON THE
THRUST AXISIN ADDITION TO POINTS AT 10, 20, AND 30 DEGREES OFF AXIS. .evvvviviiiviiieeeeeeesissnienenas 121
FIGURE 5-13. |ON CURRENT ASA FUNCTION OF ION VOLTAGE AT 1.0 M RADIUS FROM THE SPT-100 FOR
POINTSAT 40, 50, 60, AND 70 DEGREES OFF THRUST AXIS. 11uttitiiiiiiuriireriesesisssrnnessassssnsssssnesssssssnnnnes 122
FIGURE 5-14. |ON CURRENT ASA FUNCTION OF ION VOLTAGE AT 1.0 M RADIUS FROM THE SPT-100 FOR
POINTSAT 80, 90, 100, AND 110 DEGREES OFF THRUST AXIS. ..iiiiiiuuriirerieeesissrisnersasessssssssnesssssssnnsnes 123
FIGURE 5-15. |ON CURRENT ASA FUNCTION OF ION VOLTAGE AT 1.0 M RADIUS FROM THE SPT-100 FOR
POINTSAT -10, -20, -30, AND -40 DEGREES OFF THRUST AXIS. ...iiiicuttrrerieeesiinrinnensassssnsssssnessssssnnnnnes 124
FIGURE 5-16. |ON CURRENT ASA FUNCTION OF ION VOLTAGE AT 1.0 M RADIUS FROM THE SPT-100 FOR
POINTSAT -50, -60, -70, AND -80 DEGREES OFF THRUST AXIS. ...iiiicuttirerieeesiinrirnersassssnsssssneessssssnnnnes 125
FIGURE 5-17. |ON CURRENT ASA FUNCTION OF ION VOLTAGE AT 1.0 M RADIUS FROM THE SPT-100 FOR
POINTSAT -90, -100, -110, AND -120 DEGREES OFF THRUST AXIS. ..uttttttieeeiiirrirnereessssnssnsneessssssnnnnes 126
FIGURE 5-18. |ON CURRENT ASA FUNCTION OF ION VOLTAGE AT 1.0 M RADIUS FROM THE SPT-100 FOR
POINTSAT -130, -140, AND -150 DEGREES OFF THRUST AXIS. 1iiiiiiittiirerieeesisnrineensasessssssssnessassssnnnnes 127
FIGURE 5-19. EVOLUTION OF ION CURRENT TRACESAS A FUNCTION OF ANGULAR POSITION BETWEEN THRUST
AXISAND 20 DEGREESAT 1.0 M RADIUS FROM THE SPT-100. ......cuviiiiiiiiiiiiiieiiee e 128
FIGURE 5-20. EXPLODED VIEW OF ION CURRENT EVOLUTION BETWEEN 6 DEGREESAND 17 DEGREES OFF

THRUST AXISAT 1.0 M RADIUS FROM THE SPT-100. ...uuuuiiiiiiiiiiiiieeece ettt eeabb e 129

Xiii



FIGURE 5-21. |ON CURRENT EVOLUTION BETWEEN -5 AND -7 DEGREES OFF THRUST AXISAT 1.0 M RADIUS
FROM SPT=L00. ... tttetiteiiiittiiiet s e e e s ssiitee e e e s s s sttt e s e e e s s saaa b e e e e e e e e s aaanbbeeeeeaeesassbbaeeeaaessanssbbneeaaaessannnes 130
FIGURE 5-22. |ON CURRENT EVOLUTION BETWEEN -7 DEGREES AND -20 DEGREES OFF THRUST AXISAT 1.0 M
RADIUSFROM THE SPT=100. ...eiiiiiiiiiiiieiiie e sttt e s s sttt e e e e s s s snbbae e s e e s s s ssnbaaeesaaessnnsbnneeeasessnnnes 131
FIGURE 5-23. CoMPARISON BETWEEN RPA AND MBMS MEASUREMENTS OF THE ION VOLTAGEAT 0.5 M
RADIUSFROM THE SPT-100. RPA TRACES ARE SHOWN AS DASHED LINES CORRESPONDING TO THE
RIGHT VERTICAL AXES, WITH THE MBMS DATA SHOWN SOLID WITH UNITSON THE LEFT AXES. ......... 134
FIGURE 5-24. CoOMPARISON BETWEEN RPA AND MBMS MEASUREMENTS OF THE ION VOLTAGEAT 1.0 M
RADIUSFROM THE SPT-100. RPA TRACES ARE SHOWN AS DASHED LINES CORRESPONDING TO THE
RIGHT VERTICAL AXES, WITH THE MBMS DATA SHOWN SOLID WITH UNITSON THE LEFT AXES. ......... 135
FIGURE 5-25. VARIATION OF DEFINED ION TEMPERATURE, T,, ASA FUNCTION OF ANGULAR POSITION AT 0.5 M
RADIUSFROM THE SPT=100. ...ciiiiiiiiitiieiiie sttt s e s sttt e s e e s s s ssntbae e e e e e e s ssnbaaeeaaaessnnsbnneeeaeessnnnnes 141
FIGURE 5-26. VVARIATION OF DEFINED ION TEMPERATURE, T,, ASA FUNCTION OF ANGULAR POSITION AT 1.0 M
RADIUSFROM THE SPT=100. ...ciiiiiiiiitiieiiie sttt s e s sttt e s e e s s s ssntbae e e e e e e s ssnbaaeeaaaessnnsbnneeeaeessnnnnes 142
FIGURE 5-27. NEUTRAL PROPELLANT DENSITY AND LOCAL PLASMA POTENTIAL WITHIN THE HALL THRUSTER
ACCELERATION LAYER ASMODELED BY BARANOV, ETAL. 3 ..ot 143
FIGURE 5-28. MOST PROBABLE ION VOLTAGE (ENERGY/Q) ASA FUNCTION OF ANGULAR POSITION IN THE
PLUME OF THE SPT-100 AT 0.5 M AND 1.0 M RADIUS FROM THRUSTER EXIT...uuvvvierieeesinirirnensasessnnnnes 145
FIGURE 5-29. MEAN ELECTRIC FIELD COMPONENTS IN THE AZIMUTHAL AND RADIAL DIRECTIONSIN THE SPT-
100 PLUME AT 0.5 M RADIUSAND 1.0 M RADIUS. POSITIVE E; DENOTES THE DIRECTION POINTING BACK
TOWARDS THE THRUSTER, WHILE POSITIVE E, REFLECTS A VECTOR POINTING IN THE DIRECTION OF
INCREASING Q. .eiivttttiiiiesiiistttuieesssessssaatessstesssaaasseesssessssaassesssessssaasssesseesssssssseeessesssssnssseesseessses 147
FIGURE 5-30. MEAN ELECTRIC FIELD VECTORSAS A FUNCTION OF ANGULAR POSITION ABOUT THE SPT-100.148
FIGURE 5-31. |LLUSTRATION OF FORMATION OF ACCELERATION LAYER WITHIN SPT-100 DISCHARGE
CHAMBER. 111ttt ittt sttt ettt e e e s s ettt et e e e s sa e bt e ee e e e e s saaas e eeeeeae e s sa s s b b ee e e e e e e e sanss e eeeeeeeeesansbbeeeeeeeesannnbeneeeanenan 149
FIGURE6-1. TYPICAL TOF SPECTRA FOR 280 V IONSAT 0.5 M RADIUS FROM THE SPT-100 FOR THE POINT 5

DEGREES OFF THRUSTER AXIS. THE DASHED LINE REPRESENTS THE BEAM GATE POTENTIAL AND

Xiv



CORRESPONDS TO THE RIGHT AXIS. THE SOLID LINE REFLECTS THE CEM OUTPUT CURRENT, WHICH IS
SCALED ON THE LEFT AXIS. 11uutttttttteesiiastseeessesssasussssessessssasssssesssssssnmsssssesssssssamsssssessessssnmsssseeseeens 156
FIGURE 6-2. TYPICAL MASS SPECTRA FOR 260 V IONSAT 0.5 M RADIUS 5 DEGREES OFF THRUST AXIS........ 158
FIGURE 6-3. MINOR SPECIESIDENTIFICATION FOR 260 V IONSAT 0.5 M FROM THE SPT-100 FOR THE POINT 5
DEGREES OFF THRUST AXIS. 11tttttitiiitttttettasssissustsnessassssassssssessasssinssssssessesssissssssseessssssnmsssseesessssnnnnes 159
FIGURE 6-4. MASS SPECTRA FOR EVALUATION OF XENON IONIZATION STATES FOR IONSWITH 180, 280, AND
380 V ACCELERATION IN THE SPT-100 AT 0.5 M RADIUS, 5 DEGREES OFF THRUST AXIS. ....vvvvveereenn. 161
FIGURE 6-5. NUMBER DENSITY FRACTIONS OF XE*, XE**, AND XE>* AS A FUNCTION OF ION ENERGY AT 0.5 M
RADIUS AND 5 DEGREES OFF THRUST AXISIN THE SPT-100. ALSO SHOWN IN THE TOP CURVE ISTHE
VALUE OF TOTAL ION CURRENT AS A FUNCTION OF ION VOLTAGE FOR COMPARISON OF TOTAL DENSITY.166
FIGURE 6-6. THE ION VOLTAGE DISTRIBUTION FUNCTION FOR EACH PROPELLANT IONIZATION SPECIESIN THE
SPT-100 AT 0.5 M RADIUSAND 5 DEGREES OFF THRUST AXIS. 1uvtiiiiiiiiiiiieenieessisssisnessssssssssssnessasenns 168
FIGURE 6-7. RESULTS OF BARANOV MODEL*! OF PLASMA PARAMETERS IN HALL THRUSTER DISCHARGE
CHAMBER INCLUDING NEUTRAL ATOM DENSITY (LEFT AXIS), ELECTRON TEMPERATURE (LEFT AXIS), AND
PLASMA POTENTIAL (RIGHT AXIS) . tettutetetetastttesuteasuteaateeasseeasseeesasessnsesssesaaseesssseesaseesasessnseesssesssssens 169
FIGURE 7-1. A COMPARISON OF THE RELATIVE PROBABILITIES OF CHARGE-EXCHANGE COLLISIONS, Scg, TO
ATOMIC IONIZATION COLLISIONS, Ss, ASA FUNCTION OF THE ENERGY BETWEEN COLLIDING PARTICLES.*®174
FIGURE 7-2. COMPARISON OF TOTAL, CE, AND ELASTIC COLLISION PROBABILITIESASA FUNCTION OF INTER-
PARTICLE ENERGY . 1ettttttiiutttttttsesssiassttseesassssssstssessassssassssseessassssassssneesessssssssssnesssssssnnsssnessesessnnnnes 175
FIGURE 7-3. ILLUSTRATION OF TAIL FORMATION MECHANISM IN THE ENERGY DISTRIBUTION THROUGH
ELASTIC COLLISIONS BETWEEN TWO MONO-ENERGETIC SPECIES. ....cccvieiteeesteeestreesareesresereeesseeesanens 178
FIGURE 7-4. PRE-COLLISION ENERGY OF A TWO-SPECIES FLOW HAVING SEPARATE GAUSSIAN DISTRIBUTIONS.178
FIGURE 7-5. PRE-COLLISION ENERGY DISTRIBUTION OF SPECIES 1 SHOWN WITH THE PROBABILITY OF POST-
COLLISION VELOCITIES FOR SPECIES 1 WITH A HIGHER ENERGY COLLISION PARTNER. ......veceuveeenreennne. 180
FIGURE 7-6. PRE-COLLISION ENERGY DISTRIBUTION OF SPECIES 2 PARTICLES SHOWN ALONG WITH THE

PROBABILITY OF FINDING A SPECIES 1 PARTICLE WITH POST-COLLISION ENERGY OF B ...vvvvviiiiiiinne, 181

XV



FIGURE 7-7. GRAPHICAL REPRESENTATION OF THE PRE-COLLISION ENERGY DISTRIBUTION OF THE REACTANTS
AND THE ENERGY DISTRIBUTION OF THE POST-COLLISION PRODUCTS OF ELASTIC COLLISIONS. ........... 182
FIGURE 7-8. ILLUSTRATION OF “TAIL" FORMATION ON PRE-COLLISION ENERGY DISTRIBUTION DUE TO
ELASTIC COLLISIONS. 11t ttiuuttttteteee et ssusttesesaessssssssbaeesaeesssassstaeeaaeeesaaasbbaeeeeaessassbbaeeeaeessassbsnnesaeessananes 183
FIGURE 7-9. VOLTAGE DISTRIBUTIONS OF SINGLY AND DOUBLY CHARGED IONS FORMED BY IDENTICAL
PROGCESSES. .. utttttettassssusttesessasssasssseeesaaessaasssseeesaeessaassseeeeeaeeesaaassseeeeeaessaassteaeeeaeessanssbanneeaeessannnes 185
FIGURE 7-10. SIGNATURE OF ELASTIC COLLISIONSBETWEEN SINGLY AND DOUBLY CHARGED IONSAS SEEN IN
THE ION VOLTAGE DISTRIBUTION FUNCTION. 111tttteitiiittraeessessssssssssnesssssssssssssessssssssssssssesssssssnssssssenes 186
FIGURE 7-11. POST-CE-COLLISION ENERGY DISTRIBUTIONS FOR THE INTERACTION OF DOUBLY CHARGED
IONS (SPECIES 2) WITH SINGLY CHARGED IONS (SPECIES 1) OF THE SAME PRE-COLLISION VOLTAGE
DISTRIBUTION. 1.uttttttttaeesiustussessesssassssssessesssssssssssesasssssnsssssessssssasssssssessesssansssseesessssnnssssneesesessannnes 188
FIGURE 7-12. TOTAL POST-CE-COLLISION VOLTAGE DISTRIBUTION FUNCTION ARISING FROM CE COLLISIONS
BETWEEN DOUBLY CHARGED IONS (SPECIES 2) WITH SINGLY CHARGED IONS (SPECIES 1). ....cevveennee. 189
FIGURE 7-13. TOTAL ION VOLTAGE DISTRIBUTION MEASURED AT 0.5 M FROM THE SPT-100 AT 5 DEGREES
OFF THRUSTER CENTERLINE WITH PROPOSED FORMS OF THE PRE-COLLISION DISTRIBUTIONS OF SINGLY
AND DOUBLY CHARGED IONS. 1.1ttt iiuttttttttaesssssstsseesasssssssstseessaesssssssssssesasssssssssssesssssssnssssssessesessnnnnes 194
FIGURE 7-14. CONVOLUTION OF ASSUMED PRE-COLLISION GAUSSIAN DISTRIBUTIONS OF XE* AND XE?* INTO
THEIR COMBINED POST-COLLISION SHAPE COMPARED WITH MBMS-MEASURED DATA AT 0.5 M RADIUS
FROM THE SPT-100 AND 5 DEGREES OFF CENTERLINE. ...uutttttteessiiiurreeeseessssssssssessssssssssssssesssssssnnnes 195
FIGURE 7-15. COMPARISON OF MBMS DATA WITH CONVOLUTION OF PROPOSED PRE-COLLISION GAUSSIANS
FOR XE* AND XE** AT 0.5 M FROM THE SPT-100, 5 DEGREES OFF CENTERLINE. .......vevvvevreeereeesesnenes 197
FIGURE 7-16. |LLUSTRATION OF COULOMB INTERACTION PREFERENCE FOR LOW ENERGY TRANSFER IN A
BINARY ELASTIC COLLISION BETWEEN IONS.....uuutttttteeetiiiuuttneesessessssssseessessssssssssesssssssnssssssessssessnnnes 201
FIGURE 7-17. |ON VOLTAGE DISTRIBUTION AT 0.5 M FROM THE SPT-100 FROM 10 DEGREES TO 90 DEGREES
OFF CENTERLINE SHOWING COLLISION SIGNATURE EVOLUTION FROM ELASTIC BEHAVIOR TO CE

23T 2 YA T = TN 203

XVi



FIGURE 7-18. PROPOSED PRE-COLLISION GAUSSIAN DISTRIBUTIONS FOR XE® AND XE** FOR THE DATA AT 0.5
M FROM THE SPT-100, 90 DEGREES OFF AXIS. ..vtttttieeesiiitrrreereasssissssssnessasssisssssssesssssssnmsmssessessssnnnnes 205
FIGURE 7-19. POST-COLLISION DISTRIBUTION RESULT OF CE REACTION BETWEEN SINGLY AND DOUBLY
CHARGED BEAM IONS BASED ON ASSUMED GAUSSIAN PRE-COLLISION DISTRIBUTION. ...cccveeiuveeenreennne. 206
FIGURE 7-20. PROPOSED PRE-COLLISION DISTRIBUTION OF XE** COMPUTED FROM THE MBMS DATA AT 0.5
M, 90 DEGREES OFF AXISIN THE SPT-100. THE PROPOSED DISTRIBUTION WAS CALCULATED ASA
FRACTION OF THE ORIGINAL DATA BETWEEN O AND 300 V. ..ciiiiiiiiiiiiiiece ettt 208
FIGURE 7-21. ILLUSTRATION OF IDENTICAL SHAPE IN TAIL AND MAIN BODY OF VOLTAGE DISTRIBUTION DATA
MEASURED AT 0.5 M RADIUS AND 90 DEGREES OFF CENTERLINE IN THE SPT-100.........cccciicvveeiiiiins 209
FIGURE 7-22. |ON ENERGY DISTRIBUTION MEASURED AT 1.0 M RADIUS FROM THE SPT-100 FOR ANGLESAT -
7, -9, AND -11 DEGREES OFF THRUST AXIS. CLEARLY EVIDENT ARE THE HIGH-VOLTAGE PEAKSAT
3V/2, 2V, AND 3V PRODUCED ASA RESULT OF CE COLLISIONSWITH NEUTRAL ATOMS. ....uvvnnnnnnee. 213
FIGURE 7-23. |ON VOLTAGE DISTRIBUTION AT 1.0 M RADIUS FROM THE SPT-100 PLUME AT 11 DEGREES OFF
AXIS SHOWING PEAKSAT 4V /3, 3Vl2, 2V, AND Vg cooieeiieeeeeeeeeeeeeeeeeeeeeeee 213
FIGURE 8-1. HEAVY-PARTICLE STRUCTURE OF SPT-100 PLUME. THE SPT-100 BODY OUTLINE INCLUDING
THE CATHODE AND SUPPORT STRUCTURE ISDRAWN TO SCALE WITH THE 0.5 M AND 1.0 M RADIUS ARCS
SHOWN. AZIMUTHAL INCREMENTS OF 10 DEGREES ARE INDICATED. QUANTITIESLYING NEAR THE
INNER CIRCLE DENOTE THOSE VALUESAT 0.5 M RADIUS, WHILE QUANTITIES ABOUT THE OUTER CIRCLE

REPRESENT 1.0 M RADIUSVALUES. ....cctttttiiiiieiiiettiiiiiieesieestsassseesssesssaassesssesssbaansesssesssssssseesseessses 225

XVil



LIST OF TABLES

TABLE 1-1. COMPARISON OF STATE-OF-THE-ART CHEMICAL THRUSTER WITH COMPETING ELECTRIC
PROPULSION DEVICES. ...ttt s s s s a e s s s s s b e s s e b s e s b s e s s s s s b s s s s b nass 3

TABLE4-1. PHYSICAL CHARACTERISTICS AND RESOLVING POWER OF 45-DEGREE ELECTROSTATIC ENERGY

F N Y 4 = = TN 85
TABLE 4-2. PHYSICAL PARAMETERS OF MBMS TIME-OF-FLIGHT COMPONENTS. ....iiiiiiiiiiiniieeeeeesviinneeeeees 101
TABLE 4-3. VALUE OF CIRCUIT ELEMENTSIN TOF AMPLIFIER. NOTATION REFERSTO FIGURE 4-12........... 104

TABLE6-1. COMPARISON BETWEEN MBM S-MEASURED IONIZATION FRACTIONS WITH VALUES DERIVED FROM
MANZELLA’SSTUDY USING OPTICAL EMISSION SPECTROSCOPY. UNCERTAINTY IN MBMS VALUESIS
APPROXIMATELY 500, .uttitiiiie i i ittt s e e s sttt s e e e s s st e e e e e e e s sb bt e e e e e e e e s saabbee e e e e e e s snnnbbaneeeaeessnnnnes 167

TABLE 7-1. POSSIBLE REACTANT AND PRODUCT COMBINATIONS FOR CE COLLISIONS OCCURRING BETWEEN
TWO HIGH-ENERGY BEAM IONS, EACH WITH VOLTAGE Vg, tiiiiiiiiiiiiiiie ettt ssivinne e e 191

TABLE 7-2. POSSIBLE REACTANT-PRODUCT COMBINATIONS FOR THE CE COLLISION BETWEEN A BEAM ION

WITH VOLTAGE V5 AND A STAGNANT BACKGROUND NEUTRAL ... ciiiiietttiiiieeeeeeestrissseesseessssssseesseessses 191

Xviii



NOMENCLATURE

Ac Area of current collector (m?)

A Arbitrary constant

bo Landau length (m)

c Speed of light in vacuum (3.00x108 m/s)

d Electrostatic energy analyzer plate separation (m)
ot Time-of-flight path length (m)

dm Hard sphere collision diameter (m)

Ds Diameter of MBMS sampling skimmer (m)

Deon Diameter of MBMS collimating skimmer

e Elementary charge (1.6022 x 10-1° C)

Ei Energy of ion (eV)

= Bulk drift energy of ion distribution (eV)

Ecoi Relative interparticle collision energy (eV)

Ei. Pre-collision energy of atoms species 1, 2 (eV)
Ei2’ Post-collision energy of species 1, 2 (eV)

(V) lon voltage distribution function (s/m)

Fesc Velocity distribution function of escaping particles (s/m)

XiX



f(E)
f'(E)

Geem

Isp

lcem

Kas
K12
ke

Kw

Me

mi

M
Mmax

Np

Pre-collision energy distribution function (s/m)
Post-collision energy distribution function (s/m)
Current gain of channel electron multiplier

Planck constant (6.63x10-34 ] s)

Current (A)

Specific impuse (sec)

Current output of channel electron multiplier (A)
Boltzmann constant (1.3807 x 10-2 J/kg K)
Spectrometer constant of 45-degree energy analyzer
Constants for evaluation of CE cross section
Coefficient of thermal conduction for heat-flux sensor
Wave number (m-?)

Inter-slit distance of 45-degree energy analyzer (m)
Electron mass (9.11x10-3 kg)

Mass of ion (kg)

Mass of particle (kg)

Mass of neutral (kg)

Mass of proton (1.6605 x 1027 kg)

Reduced mass of two-particle system

Atomic weight of ion (amu)

Atomic weight of heaviest ion (amu)

Density of “bump” population (m-)

XX



Qtotal

Qion conv"'

Qe convi’r
qradianti’r

Qion/elec recomb

Qablative

Qion convnet

Qradiantnet
Qionnet

Qneutral

a, i

R

S

Te

Electron density (m-3)

lon density (m-)

Neutral density (m-3)

Measured density (m-3)

Measured pressure (Pa or torr)

Probability of collision

Post-collision distribution of products

Total heat-flux incident to probe (W/m?)
Incident/reflected ion convective heat-flux (W/m?2)
Incident/reflected electron convective heat-flux (W/m?2)
Incident/reflected radiant-heat-flux (W/m?2)

Incident heat flux of ion-electron recombination (W/m?2)
Ablative heat-flux (W/mz2)

Incident minus reflected ion convective heat-flux (W/m?2)
Incident minus reflected radiant heat-flux (W/m?2)

Net heat flux due to ions (W/mg2)

Heat-flux due to neutrals (W/mz2)

Integer ion charge state

Mass spectrometer resolving power

Differential cross section (m?)

lon path length or inter-electrode spacing (m)

Electron temperature (K)

XXI



Tm Measured temperature (K)

Tp Surface temperature of heat-flux sensor (K)
Th Temperature of neutrals (K)

t Time (S)

to Initial time (s)

Tror Mass spectrometer time-of-flight (sec)

ta lon residence time in gate region (sec)

tgate Duration of gate opening pulse (sec)

Tev lon temperature (eV)

Ucoll Relative collision speed (m/s)

Ui lon velocity (m/s)

Un Neutral velocity (m/s)

Um Velocity of measured particles (m/s)

Ud Bulk drift velocity of distribution (m/s)

\/ Voltage (V)

Vxy,z Cartesian atomic velocity vectors (m/s)

Vp Voltage of 45-degree analyzer repelling plate (V)
Vi lon voltage (V)

Vo Drift velocity of “bump” distribution (m/s)
Vgate Voltage applied to beam gate electrode (V)
Vm Most-probable voltage of ion distribution (V)
Vb Voltage of primary beam ions (V)

XXil



w 45-degree analyzer slit width (m)

X,y Cartesian spatial coordinates (m)

Yd lon beam deflection at gate exit (m)

a lon-electron recombination coefficient (mé/s)

ac Collisional recombination coefficient (mé/s)

ar Radiative recombination coefficient (m¢/s)

an(V) Voltage-dependent fraction of Xen*

b Constant equal to m/2kT

e Plasma dielectric function

€ Permittivity constant (8.85x10-12 F/m)

q Divergence angle (deg), scattering angle (rad)

t Pre-amplifier time constant (sec)

trs Two-stream instability growth period (s)

ti Mathematically defined ion temperature (V)

Sc General charge-exchange cross section (m2)

Sce Charge-exchange cross section between Xe* and Xe (m?)
Sp lonization cross section due to atomic collision (m?)
w Plasma wave frequency (1/5)

Wi lon plasma frequency (1/5s)

Wh lon plasma frequency of “bump” population (1/5s)

I Mean-free-path (m)
Fn Total ion fraction of flow

XXili






1. INTRODUCTION

The field of electric space propulsion has undergone a recent renaissance
in the field of aerospace engineering. The renewed interest in this technology is
a result of simultaneous increases in on-board electrical power with commercial
demand for more efficient spacecraft. Many of the concepts which make EP
attractive are unique to these systems. This chapter provides a comparison
between EP and traditional propulsion, a brief discussion of the operating
principles of EP devices, and an account of research history leading up to this

study.

1.1.  Overview of Electric Propulsion Concepts

Traditional space propulsion systems achieve thrust by accelerating
heated propellant through a nozzle under the action of fluid pressure forces
generated in the propellant. The energy to heat the propellant is stored within
the chemical bonds of on-board fuel and oxidizer; this energy is released
through chemical combustion of the reactants in the thrust chamber and

transferred to the products. The fuel and oxidizer can take on a variety of forms



depending upon the specific device; these include solids, storable cryogenic
gases, and hypergolic liquids. The amount of energy that can be delivered to the
propellant to produce thrust is limited by that available in the chemical bonds of
the reactants; hence traditional propulsion is referred to as Chemical Propulsion.

Electric Propulsion (E.P.) utilizes electrothermal, electrostatic, or
electromagnetic forces to accelerate ionized propellant producing a reactive
thrust. The energy required to produce the acceleration is obtained from on-
board electrical systems in the form of batteries or solar arrays. The energy
available for thrust is therefore de-coupled from the propellant and is limited
only by the size and efficiency of the on-board electrical supply. Rather than
paying to launch all of the required propellant and energy (in the form of fuel
and oxidizer) from the Earth, an E.P. system can realize a mass savings by
launching only the propellant, while obtaining the energy on orbit through solar
arrays. Furthermore, E.P. systems typically achieve much higher propellant
exhaust velocities than chemical systems, thereby increasing the available
impulse from a given propellant mass. To realize a benefit over chemical
systems the propellant mass savings must outweigh the added mass of the PPU
that is required to condition and deliver the electrical power.

The fundamental operating principles of many current E.P. devices are
outlined briefly in the text by Hill and Peterson.! Basically, E.P. systems can be

classified as electrothermal (e.g. arcjet), electrostatic (e.g. gridded ion engine), or



electromagnetic (e.g. Hall thruster). Table 1-1 compares typical state-of-the-art

thrusters from each category with a chemical bi-propellant rocket.

Chemical 2.4 kw 1.5 kW 2.5 kw
Bi-prop Arcjet Hall Thruster lon Engine
lsp 328 sec 600 sec 1600 sec 3000 sec
Efficiency N/A 32% 50% 62%
Thrust 400 N 0.270 N 0.085 N 0.100 N
Propellant N2H4/N204 N2H4 Xe Xe

Table 1-1. Comparison of state-of-the-art chemical thruster with competing electric
propulsion devices

As can be seen from Table 1-1, E.P. devices can be broadly classified as
high Isp, low thrust systems when compared with typical chemical thrusters. The
Efficiency is defined as the ratio of input electrical power to usable thrust power
(and is therefore not applicable to the chemical system); typical E.P. devices vary
in efficiency from 30% to over 60%. The figure of merit in the above comparison
is the specific impulse. Interpreted broadly as a "fuel efficiency rating,” the
inherent advantage of E.P. over chemical thrusters stems from their large
achievable Isp.

Due to their high I, E.P. thrusters can be used to provide enhancing or
enabling technology to many space missions. Several E.P. options have been
found to provide specific benefit to missions encompassing the "New
Millennium™ program currently envisioned for solar system exploration.234
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These missions are characterized by small scientific payloads (10 kg to 50 kg)
utilizing advanced technologies and relatively low cost ceilings. As an example,
both Hall thrusters and ion engines were found to enable a Vesta main-belt
asteroid rendezvous, which could not be performed by conventional chemical
propulsion. Additionally, arcjets were found to provide significant net payload
mass increase for a Nereus sample return mission. E.P. showed less significant
net payload mass benefit to lower DV missions, such as Mars and Venus
rendezvous missions where aerobraking is used to achieve final orbit, however,
E.P. may be able to reduce the risk for these missions by eliminating the need for
aerobraking.*

Although E.P. can benefit many solar system and deep space missions the
most immediate interest in this technology has been generated by the
commercial space industry for use in orbit-transfer and station-keeping of
communications satellites. For this application, attention has been focused
specifically on the Hall thruster and ion engine.>67 Results of a study performed
by Oleson, et al.,” demonstrate the performance enhancements made possible
through the application of E.P. systems to geostationary satellite missions. This
study analyzed the use of E.P. systems for both orbit-raising and north/south
station-keeping (NSSK) of geostationary communications payloads. By simply
replacing the chemical NSSK system of a geocomsat with an E.P. system a net
payload increase on the order of 15% can be realized. Due to the inherent low

thrust levels associated with E.P., the transfer time required to raise a payload



from Low Earth Orbit (LEO) to Geostationary Earth Orbit (GEO) using E.P. is
much greater than with a high-thrust chemical system. However, the study
shows that if the mission is capable of tolerating a longer LEO-to-GEO trip time,
some of the chemical propulsion apogee engine fuel can be reduced by
supplementing the orbit-raising duties with E.P. systems. The net result is an
increase in payload delivered to GEO at the expense of trip time. These results
are summarized in Figure 1-1. As evidenced in the graph, if a 60 to 90 day trip
time to GEO is tolerable, the use of a Hall thruster to supplement the chemical
orbit raising engine in addition to NSSK can deliver 30% more payload to GEO

than state-of-the art chemical systems alone.
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Figure 1-1. Final net mass delivered to GEO as a function of LEO-to-GEO trip time
for various propulsion options based on a 1550 kg Atlas I1AS-class payload with 10
kW on-board power.”



1.2.  Hall-effect Thrusters: Research History

The field of electric space propulsion began during the 1960-70 time
period. Based on interest in interplanetary travel and projections of future
availability of light-weight electrical power supplies, the goal was to produce
devices with specific impulse in the range of 5,000-10,000 sec. At this value of
Isp, electrothermal devices (such as arcjets) become unfeasible due to excessive
excitation and ionization losses. The Hall-effect thruster, although identified as
a possible candidate for such use, demonstrated anomalously high electron
diffusion to the anode when operated at such high values of Is,. This electron
backflow caused excessive anode heating and, compared to the gridded ion
engines of this same period, much lower efficiencies. As a result much of the
early work on Hall thrusters ceased in the western hemisphere around 1970;
effort was instead focused on the development of gridded ion engines.?

During this time, however, Hall thruster research in the Soviet Union
flourished.®101112 The best documentation for Hall thruster technology in the
Soviet Union during the 1970's and 80's can be found in the proceedings of the
All-Union Conferences on Accelerators and lon Injectors.’3 The first operation of
a Hall thruster in space occurred in February 1972 on board the Soviet Meteor
spacecraft.’* Following this initial operation approximately 100 Hall thrusters
were used operationally on Soviet satellites.

After the collapse of the Soviet Union in the early 90's the Russian Hall

thruster technology was made available to western spacecraft manufacturers in



the form of the SPT-100 (Stationary Plasma Thruster), a thruster built by the
Russian firm Fakel.’> Driven by commercial interest and the potential benefit to
U.S. industry, the Ballistic Missile Defense Organization (BMDO) sponsored a
team comprised of electric propulsion specialists from three U.S. government
facilities; this team traveled to Russia and evaluated the performance of the SPT-
100 at two Russian test facilities. The results of these tests confirmed and
documented the Russian claims on thruster performance and efficiency.®
Buoyed by the preliminary results, the BMDO acquired an SPT-100 for
independent evaluation at two U.S. facilities: the Jet Propulsion Laboratory
(JPL) and NASA-Lewis Research Center (LeRC). These tests further verified the
performance parameters of Is, = 1,600 sec, thrust = 83 mN, and efficiency = 50%
for the SPT-100.1718 Further tests performed at JPL established the operating life
of the thruster as greater than 5,000 hrs (the test was voluntarily terminated with
no thruster failure),’® which is sufficient to supply the total impulse of 1.5 million
Newton-seconds required by the large long-lived spacecraft that would most
benefit from the SPT.22 These operating parameters of the SPT-100 were nearly
ideal for its application as a station-keeping thruster on western geostationary
communications satellites with increased payload masses, extended mission
lifetimes, and reduced launch vehicle costs as the potential benefits of using the
SPT rather than chemical thrusters.

With the operational parameters and thruster lifetime of the SPT-100

established, the next step towards application of this device to western



spacecraft was a study of the interaction between this fundamentally new
thruster and existing satellite designs. Although the Russian manufacturers had
performed spacecraft interaction characterization previously, more extensive
testing was required due to longer lifetimes of western spacecraft and differing
spacecraft configuration design philosophies which increase the criticality of
accurate exhaust plume characterization relative to Russian spacecraft.2

Of primary concern with the use of the Hall thruster was the effect of the
highly energetic plasma exhaust plume on spacecraft surfaces. Specific issues
included the erosion of solar array material due to incident high energy
propellant ions,212223 coating and contamination of solar arrays and other
surfaces due to efflux of thruster self-erosion material, heating of sensitive
spacecraft components, and uneven spacecraft charging due to impinging
propellant ions. In order to fully quantify and understand these phenomena
extensive characterization of the plasma plume was necessary.

The initial effort towards characterizing the Hall thruster plume was
undertaken by a joint industry team comprised of Russian and U.S.
researchers.2* This test utilized a set of sample slides representative of spacecraft
surfaces placed in the plume flow to model erosion and contamination in
addition to the use of a Faraday probe to measure ion current density and a
gridded Retarding Potential Analyzer (RPA) to measure the ion energy
distribution. Due to the rapid decay in ion density with increasing distance

from the thruster centerline (thrust vector), these diagnostics were limited to



points lying within 60 degrees of the thrust vector. Within this volume,
however, the RPA data demonstrated some intriguing trends: although the
thruster discharge voltage was set to 300 V, the ion energy distribution curve
showed a significant "tail" representing ions accelerated through potentials as
great as 350 to 400 V. Possible reasons for the existence of this anomalous high-
energy population were not addressed. More plume characterization testing
followed: Myers and Manzella performed additional measurements using an
RPA, but the data was limited to very few spatial locations within the plume and
again was confined to points within 60 degrees of the axis.?> These data, as well,
suggested the existence of ions with voltages greater than that supplied by the
applied discharge. The region of with plume with the greatest interest for
spacecraft designers was the far off-axis region (angles greater than 60 degrees
from centerline) due to the probable location of spacecraft surfaces; the ion
current density in this region (out to 100 degrees) was probed by Manzella and
Sankovic,? however the low signal-to-noise levels present in the RPA at such
angles prevented the recording of ion energy. Continued studies of plume-
induced erosion and contamination were performed utilizing more extensive test
matrices comprising a wide array of representative spacecraft materials exposed
to a large volume of the plasma plume, including the far off-axis region.2728 For
the most part, these studies were addressed not at deepening the knowledge of
the plasma properties within the plume, instead they documented the

erosion/contamination problem from a top-level perspective by simply



measuring the net effects of the plume on representative spacecraft materials.
For near-term applications of the SPT-100 these top-level studies provided
sufficient data bases to enable integration of the Hall thruster with western
satellites. However, in order to prevent the need for further extensive sample
testing to accommodate new spacecraft materials or design configurations in the
future, it was apparent that a more thorough understanding of the underlying
physics and properties of the plasma plume was required. To this end Manzella
approached the problem of characterizing the plume using optical diagnostics:
through emission spectroscopy of the self-luminous plume estimates of
propellant ionization fractions were made,? while a Laser-induced Fluorescence
(LIF) technique was employed to measure the propellant ion velocity
distribution function.?® When compared with previous indications of ion
velocity derived from RPA data, the LIF data displayed striking dissimilarities.
The LIF data did not indicate any population of anomalous high-energy ions as
seen with previous RPA studies. Furthermore, the width of the velocity
distribution as measured through LIF was an order of magnitude narrower than
that measured using RPA probes. An explanation to account for these

discrepancies was not attempted.

1.3.  Physics of Hall Thruster Operation

The closed-drift Hall thruster, known as a CDT or simply a Hall thruster,

is a coaxial device in which a magnetic field that is produced by an
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electromagnet is channeled between an inner ferromagnetic core (pole piece) and
outer ferromagnetic ring. A schematic showing the basic components of a Hall

thruster is presented as Figure 1-2.

Th ionic Emitti
Hoﬁg)r\]/qvl%nelt?hogg nd Electrons captured by

radial magnetic field
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electromagnet
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Electromagnet Anode
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Backplate

Xenon propellant
ions accelerated
by axial E field

Neutral Xenon injection
through anode backplate

Figure 1-2. Basic Hall thruster components showing layout of electric discharge
between anode and cathode, applied magnetic field circuitry, and orientation of
dominant electric and magnetic fields within discharge volume.

This configuration results in an essentially radial magnetic field with a peak
strength of a few hundred gauss. This field strength is such that the heavy ions
experience negligible influence due to the magnetic field, while the trajectory of
the much lighter electrons is significantly affected. In addition to the applied
magnetic field, an axial electric field is provided by applying a voltage between
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the annular anode backplate and the downstream cathode. As the electrons
proceed from the cathode to the anode under the action of the applied electric
field, the magnetic field configuration results in an E x B drift (Hall current) in
the azimuthal direction impeding their progress to the anode. The electrons are
effectively trapped in a closed-drift azimuthal orbit with only collisions between
electrons, ions, neutral particles, and the channel walls permitting a slow
diffusion back to the anode. Due to the highly suppressed axial mobility of the
electrons the plasma can support a very large axial electric field with a potential
difference close to the applied voltage between the electrodes. Propellant atoms
(usually xenon) are introduced to the discharge volume through small holes in
the annular anode. Through collisions with the trapped electrons, these atoms
are ionized shortly after entering the discharge; the ionized propellant is then
accelerated through the large axial electric field producing a reactive thrust. For
more detail regarding the Hall thruster operation the reader is referred to the
literature. 831323334

Hall thrusters (of the closed-drift variety discussed above) essentially
come in two variations: magnetic layer types and anode layer types. An
excellent discussion of the subtle but important differences between these
thrusters has been given by Kaufmang and Zhurin, et al.3* A comparison between

the two types of thrusters is shown in Figure 1-3.
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Figure 1-3. Schematic of Hall thruster components showing a comparison between the
Magnet Layer type, such as the SPT-100, and the Anode Layer Type, such as the D-55.

The fundamental difference between the two thruster types lies in the length of
the acceleration channel and the material comprising the channel walls. The
magnet layer type, such as the SPT-100, utilizes an extended acceleration channel
with length comparable to or longer than the channel width. This channel is
coated with dielectric walls; the main purpose of which is to minimize plasma
erosion of the ferromagnetic pole pieces. The anode layer type, such as the D-55,
has a very short acceleration channel; consequently the discharge plasma
occupies a volume downstream of the thruster exit plane and dielectric
protection for the magnetic circuitry is not necessary.

Although very similar in layout and principle, the materials and
configurations used in the acceleration channels of the magnet layer type and

anode layer type have profound effects on the underlying operational physics.
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The dielectric material used to protect the walls of the magnet layer thruster has
a secondary electron emission coefficient due to impacting electrons of
approximately unity. Due to the high electron re-supply rate from secondary
emission the potential drop across the plasma sheath adjacent to the wall is very
small and a considerable number of discharge electrons are capable of reaching
the wall. The net effect of the dielectric material is to limit the temperature of the
confined electrons within the discharge chamber: as trapped electrons diffuse
toward the anode they undergo an increase in temperature driven by the
applied electric field. When one of these hot electrons impacts the dielectric wall
it is absorbed and a much colder secondary electron is emitted; the result is that
the dielectric wall serves to "trade" hot electrons for cold electrons. By limiting
the discharge electron temperature, a smooth continuous variation in plasma
potential results between the anode and the cathode. The anode layer thruster,
on the other hand, does not employ dielectric walls. Instead, the discharge
chamber walls in this thruster are made of a conducting metal with a much
lower secondary electron yield; furthermore, these walls are maintained at
cathode potential greatly reducing the incidence of electron impact with the
walls. As the electrons diffuse towards the anode their temperature increases
significantly. At a given location near the anode the electrons become hot
enough that the upstream thermal diffusion (back towards the cathode) becomes

equal to the applied electric field diffusion towards the anode. At this point a
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very abrupt, discontinuous potential jump occurs in the plasma over a very thin

layer near the anode, thus the term anode layer thruster.

1.4. Contributions of Research

The research reported in this volume has been motivated by the need to
fully characterize the plasma exhaust plume of a Hall thruster to facilitate
spacecraft interaction studies. The goal of this research has been to combine a
broad array of diagnostic techniques to both directly measure and indirectly
derive properties associated with the transport of propellant ions and neutral
atoms. Whereas previous research has utilized classic plasma diagnostic
techniques over a very limited spatial volume of the plasma plume, this research
extends these techniques to a much broader volume of plasma creating complete,
self-consistent data sets with which to characterize the Hall thruster plume
properties. In addition to a broad array of proven classic techniques, this
research developed diagnostics and data interpretation schemes enabling the
guantitative analysis of heretofore un-obtained plasma quantities. Specifically,

this research provided the following contributions.

- A probe-based study greatly extended the data archive of ion current
density and RPA-measured ion energy distribution over an expansive

volume of the SPT-100 plume.

15



A new probe technique was designed and developed to provide the first
ever direct measurement and documentation of the existence of high-
energy neutrals resulting from charge-exchange collisions between plume
ions and neutrals.

A new diagnostic technique and data interpretation scheme involving
measurement of the heat-flux was developed to quantify both ionic and
neutral particle properties within the plasma.

The first spatial map of the local electric fields within the plasma plume
was constructed based on probe data enhancing the understanding of the
plume structure.

A custom molecular beam mass spectrometer was constructed and used
to measure the ion energy distribution structure with unprecedented
accuracy and resolution. Furthermore, this diagnostic produced the first
ever measurements of the ion energy at large angles off centerline
including the region directly behind the thruster due to backflow.

Mass spectral measurements produced the first direct measurements of
the propellant ionization state and species fractions. This research
produced the first (and only) evidence of the existence of triply and
quadruply ionized propellant atoms, suggesting elevated electron
temperatures within the thruster discharge.

A comprehensive collisional model was developed which provides the

first explanation of the heretofore anomalous high-voltage tail of previous
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ion energy distribution measurements. This collisional analysis revealed
direct evidence of elastic collisions between multiply charged plume ions
in addition to evidence of multiply charged ion charge-exchange
collisions with ambient neutral particles involving both single and double

electron transfer.

1.5. Description of Experimental Facilities

An extensive description of the facility used for the reported research can
be found in Gallimore, et al.;3% for convenience this description is reproduced in
this section. All experiments reported were performed in a 9-m-long by 6-m-
diameter stainless-steel vacuum chamber. A schematic of this chamber is shown
in Figure 1-4. The facility is supported by six 81l-cm-diameter oil diffusion
pumps (with water-cooled coldtraps) rated each at 32,000 I/s on nitrogen,
backed by two 2000-cfm blowers, and four 400-cfm mechanical pumps. These
pumps give the facility an overall pumping speed of over 180,000 1/s at 10 torr.
In addition, a Polycold PFC-1100 closed-loop water cryopump doubles the water
pumping speed of the facility to over 150,000 I/s, greatly reducing the required
pumpdown time.

Chamber pressure is measured with MKS model 919 hot-cathode
ionization gauges, that were corrected for xenon, located on vacuum ports on
either side of the chamber. Chamber base pressure is roughly 2 x 10° torr.

Background chamber pressure was maintained at less than 5 x 105 torr when the
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Hall thrusters under evaluation were operating on approximately 5 mg/s of
xenon.

Propellant is supplied to the Hall thrusters from compressed gas bottles
(99.999% purity) through stainless-steel feed lines. Xenon propellant flow is
controlled and monitored with MKS 1159B mass flow controllers specifically
calibrated for xenon. The system is capable of providing up to 120 SCCM of
xenon with an accuracy of 1%. Through the use of multiple propellant feed lines
and valves it was possible to monitor and control both main discharge (anode)
flow and cathode flow of a Hall thruster separately and simultaneously. The
flow controllers were periodically calibrated with an apparatus that measures
gas pressure and temperature as a function of time in an evacuated chamber of
known volume.

A Macintosh computer-based data acquisition system was used to record
and analyze all data. Analog voltage signals were read through a 16-bit A/D
card manufactured by National Instruments (model NB-MIO-16XH) utilizing
adjustable filtering and signal amplification through external signal conditioning
modules. High-speed data signals were recorded on a 1 GHz digitizing
oscilloscope (Tektronix model TDS-540) and transferred to computer via IEEE-
488.2 (GPIB) interface.

Many of the plume diagnostics were performed through the use of a
custom-made probe positioning system. This remotely-controlled table contains

two rotary platforms on a 1.8-m-long linear translation stage mounted radially
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on a 0.9-m-travel axial stage allowing data to be obtained over an extensive

volume of the plume. The system allows for sweeps of over 60 cm/s with an

absolute position accuracy of 0.15 mm.
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Figure 1-4. Schematic of the 9 x 6 m vacuum chamber. The position of the thruster for the
probe-based study reported in Chapter 3 is indicated along with representative arcs of 0.5 m
and 1.0 m radius shown for perspective. Also shown is the position of the thruster relative to

the Molecular Beam Mass Spectrometer (MBMS) as reported in Chapters 5 and 6.
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2. PRACTICAL THEORY OF IN-SITU PROBES

Much information regarding plasma properties can be obtained by
interrogating a local volume of plasma using a probe sensitive to some property
of the particle flux. Numerous techniques exist for such measurements. This
chapter provides a discussion of the various techniques applied in this research

along with practical considerations relevant to their use in a Hall thruster plume.

2.1. Introduction

Historically, the most widely used method of diagnosing plasma
properties has been to insert a probe in the plasma region of interest. These
probes come in many varieties and are, for the most part, sensitive to some
property based on the plasma particle flux. As an example, one of the most
successfully utilized techniques in plasma research has been the electrostatic
probe developed by Irving Langmuir which bears his name. The limitations to
such techniques lie in the fact that in-situ probes can only be used to diagnose
plasma regions in which the probe itself can survive and are, therefore, limited
to cool plasmas. The benefit of in-situ probes is the realization of directly

measured values of localized plasma quantities. Fortunately the plasma plume
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region of interest to this research comprised a plasma in which probe techniques
were successfully applied.

A variety of probe-based plasma diagnostic techniques were utilized to
characterize the energetic heavy-particle (ionic and neutral) transport properties
within the Hall thruster plume. From a transport-property perspective, any gas
guantity of interest can be determined if a full set of the moments of the velocity
distribution function is known; thus the goal was to directly measure various
moments of the distribution function and attempt to derive secondary transport
properties based on these values. To this effort, a Retarding Potential Analyzer
(RPA) was used to measure the ion energy distribution function, which is closely
related to the velocity distribution function, a planar Faraday probe measured
the ion current flux, or the first moment, and a heat-flux sensor was used to
measure the third moment of the distribution function. Due to practical
instrument considerations it was not feasible to measure the second moment of
the distribution function, represented by the plasma pressure. In conjunction
with the RPA, Faraday probe, and heat-flux sensor, various other probes were
utilized to quantify other plasma properties of interest. This chapter introduces
the wvarious probe techniques, derives the relations necessary for data

interpretation, and presents practical considerations for their use.
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2.2. Retarding Potential Analyzer

The most fundamental quantity from a gaskinetic standpoint for any flow
is the velocity distribution function of the flow constituents. This function, when
combined with the particle density, can be theoretically used to calculate any
flow property of interest.

For this investigation a gridded Retarding Potential Analyzer (RPA) was
used to determine the ion energy distribution in the plume. This well-known
technique uses a series of electrostatic grids upstream of a current-collecting
surface to selectively repel plasma constituents. An account of RPA operational
theory can be found in most plasma-diagnostic texts.3® By removing all plasma
electrons from the flow and selectively filtering out all ions with energies less
than a value determined by the ion retarding grid, the ion current incident on

the collector is given as

I(V)=Agen, pf(u)dy,
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Differentiating both sides of Egn. 2-1 in terms of the repelling voltage, V, yields

Eqn. 2-2 - % I%f(V).

Data are obtained by varying the ion retarding grid potential and
recording the collected ion current as I(V) vs V. For a single species flow, i.e.
gi=constant and mi=constant, Egn. 2-2 shows that the negative derivative of these
data is directly proportional to the ion voltage distribution function, f(V). Since
V=Ei/qi, where E; is the ion Kinetic energy, and we have assumed constant g the
function f(V) = f(EiZq) is identical to the ion energy distribution function. It
must be emphasized here, however, that interpretation of the RPA data as ion
energy distribution is only valid in the case of same species (mass and charge)
ions. In the more realistic case of ions with the same mass but different charge
states the numerical differentiation of Eqgn. 2-2 yields only the ion voltage
distribution function, e.g. doubly-charged ions with energy Ei appear
indiscernible from singly-charged ions with energy Ei/2. Furthermore, the
magnitude of the dI/dV curve must be moderated by a value of g2 for each ionic
species.

The RPA used in this investigation employed three grids: the first grid
(and probe body) was electrically isolated and allowed to float, thus minimizing
disturbance to the plasma from the strong electric fields generated within the
probe. The second grid was biased at a constant negative potential of sufficient

strength to repel all plasma electrons from the collector. The third grid was an

ion-retarding grid connected to a variable high voltage power supply. The
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potential of the ion-retarding grid was varied from zero to 500 V; this grid
repelled all plume ions with voltages less than that set by the power supply
voltage from reaching the collector and being recorded as current.

A schematic of the probe used in this study is shown as Figure 2-1. The
probe body, grids, and collector were fashioned from stainless steel. The
insulators between grids were made of Teflon and ceramic. The entire probe
was approximately 2.5 cm in diameter and 1 cm in depth from first grid to
collector. The grid mesh sizes were as follows. Floating grid: 0.112 mm-dia.-
wire spaced at 0.266 mm on center; electron retarding grid: 0.028 mm-dia.-wire
spaced at 0.056 mm on center; and ion retarding grid: 0.042 mm-dia.-wire

spaced at 0.225 mm on center.
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- Electron Retarding

/ Floating
|

Collector

Figure 2-1. Schematic of three-grid RPA utilized to obtain ion energy distribution function.
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2.3. Langmuir Probe

The Langmuir probe is one of the most widely used, and therefore widely
documented plasma diagnostic techniques.3® Such a probe consists of a biased
conductor (wire) inserted in the plasma. The potential of the conductor is varied
while monitoring the current induced on the probe by the surrounding electrons
and ions. Quantities available from this technique include plasma density as
well as electron temperature.

For the Hall thruster plasma a single cylindrical probe technique was
used. The probe size was chosen such that it was much larger than the local
debye length of the plasma, enabling the use of thin-sheath theory for data
interpretation. The Hall thruster discharge employs magnetic fields to achieve
propellant acceleration, however the region of plume probed in this study was
between 0.5 and 1.0 m from the thruster discharge region; thus, the magnetic
field at these locations is insignificant and the plasma can be considered

unmagnetized.

2.4. Faraday Probe

The ion current density, which comprises the first moment of the ion
velocity distribution function since ji=<gieniui>/A., can be measured in a
straightforward manner through the use of a simple planar probe known as a
Faraday probe. In essence, the Faraday probe is a planar conducting surface

exposed to the plasma; the current incident on this collector due to the
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impinging ions is recorded and divided by the total collector surface area to
provide a measure of current density, ji. In practice, however, there are some
subtle points that must be considered and corrected in order to obtain accurate
ion current flux data.

The plasma flow of interest to this research contained a very energetic
stream of ions which provide an easily measurable current on the probe.
However, the electrons are much more mobile and hence the negative electron
current incident to the probe surface will significantly obscure the current due to
the ions. The electron current, therefore, must be eliminated from the probe.
This is accomplished by biasing the probe to a suitably large negative potential
with respect to the local plasma to repel all plume electrons. At the same time,
this potential will attract ions from regions in space immediately surrounding
the collecting surface; this effective ion current collection area, which is now
larger than the actual surface area of the collecting electrode, induces an
uncertainty to the value of calculated current density. To correct for this field-
enhanced ion collection a shield electrode surrounds the edges of the collector
electrode. This shield is biased at the same potential as the collector, but is
electrically isolated from the ion collection circuitry. The effect of the shield is to
create a uniform, planar electric field upstream of the collector electrode such
that ion current is drawn only from an area equal to the collector surface area.

Additional complications to the Faraday technique arise due to the high

energy of the plume ions. When a high-energy ion strikes a conducting surface
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it will cause the conductor to emit a secondary electron into free space in
addition to the electron pulled from the conductor by the ion for recombination.
This effectively makes “one” ion appear as “two” ions when the net current to
the collector is measured. The probability of producing a secondary electron per
incident ion is a function of the conductor metal and is known as the secondary
electron yield. In order to minimize this uncertainty a conductor with a very
low secondary electron yield must be used for the Faraday probe.

The Faraday probe used in this research had a circular collector electrode
fashioned from stainless steel with diameter of 2.4 cm. This collector was spray-
coated with tungsten, which has a very low secondary electron yield. This disk
was mounted flush with the end of a stainless steel cylindrical body which
served as a shield electrode, eliminating edge collection effects. A schematic of
the probe is shown in Figure 2-2. The collector and body of the Faraday probe
were biased with a negative voltage of sufficient strength to repel all plasma

electrons so only ions were collected.
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Figure 2-2. Faraday probe used to measure the ion current density.

2.5. Heat-Flux Probe

The convective heat-flux, or power density, is related to the third moment
of the particle velocity distribution function, however, measurement of this
mode of energy transfer to a surface contains other complicating phenomena.
For an isolated surface exposed to the plasma flow of interest to this research the
heat transfer can be modeled as
Egn. 2-3

Qtotal = qiion conv ~ qrion conv t qie conv ~ qre conv t qiradiant - qrradiant + CIion/eIec recomb ~ Qablative

where a superscript “i”’ represents incident quantities and “r” denotes reflected
guantities. The first two terms of Egn. 2-3 represent the net convective (kinetic)
heat flux due to impacting ions, the next two terms represent the net convective

heat flux due to impacting electrons, Qradiant represents the radiant energy due to
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the hot plasma and thruster components, Qionselec recomb denotes the energy
deposited to the surface due to recombination of the incident ion with a surface
electron, and Qaiaiive 1S the energy carried away from the surface due to ablated
(sputtered) surface material.

For this investigation considerable simplifications to Egn. 2-3 are possible.
Among the heat-transfer phenomena, convective and radiant heating dominate
the transport of energy due to the high exhaust velocity of the thruster in
addition to the intense radiation produced by both the plasma and the hot
thruster body. For ion-electron recombination heating, each ion deposits energy
equal to the Xe* ionization energy (12 eV) to the surface as it recombines with an
electron from the probe. Calculations show that this mode of probe heating
comprises approximately 2% of the convective heating and is therefore ignored
in this analysis. Elimination of electron current heating is achieved by biasing
the probe to ground potential, which was found to be between 5 and 8 volts
lower than plasma potential. Previous studies have measured the electron
temperature to be close to 3 eV in the plume;® the grounded probe therefore
collected negligible electron current while inducing only a very small energy
addition of 5 volts on the high-energy (200-300 V) ions. The ablative cooling is
assumed to be insignificant in this model. Under this simplified model, Eqn. 2-3

becomes

Eqgn. 2-4 Qtotal = J"®%on conv + Q"®Yradiant -
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Furthermore, the ion convective heat flux can be written in terms of the flow

properties as
Eqn. 2-5 qe = n.% m.z‘)f’f(u.)du. - 2kT z‘p.f(u.)du.?
- |

A heat-flux sensor was constructed based on commercially-available
transducers. The probe is shown in Figure 2-3. The probe consisted of a water-
cooled housing containing two identical heat-flux transducers placed 5 mm
apart. The transducer chosen was a Schmidt-Boelter thermopile type device,
where the flat surface of a plate is exposed to a heat source. The heat is then
conducted in a direction normal to the exposed surface through the plate. The
heat flux to the face is then given by Qw0 = KcDT/t where K is the coefficient of
heat conduction for the plate material, DT is the temperature difference between
the front and back face, and t is the plate thickness. The housing was
instrumented with a thermocouple to provide a measurement of probe surface
temperature. Each transducer was coated with optical black to minimize
reflected radiation. One transducer was exposed directly to the environment to
obtain a measure of total heat-flux. The second identical transducer was covered
by a sapphire window; this window shielded the device from convective heat-
flux. The useful transmission-wavelength range of sapphire is 200-5500 nm.
Previous research has shown the plasma emissions in the SPT-100 plume to be

confined mostly to 400-700 nm,2%37 while the black-body radiation from the hot
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thruster has an expected peak between 1,000 and 5,000-nm. It follows that the
sapphire window is effectively transparent to the dominant forms of radiated
energy within the plume and provides an effective measure of radiant-heat-flux.
Calibration of these transducers, including the sapphire window configuration,
was performed by the manufacturer to NIST-traceable standards over the

heating and wavelength values expected in this test.

Sapphire
Window
Water cooling
lines i
- |~\V\
2.5cm dia.
-
Transducers *
Copper body

Figure 2-3. Heat-flux sensor showing both total- and radiant-heat-flux transducers mounted
in a water-cooled probe housing.

By subtracting the measured radiant-heat-flux from the measured total
heat-flux and approximating the heat transfer as in Eqn. 2-4, the net ion
convective heating can be calculated. As shown in Eqn. 2-5 a measurement of
the net ion convective heating combined with known values for the first and
third moments of the ion velocity distribution function and the probe body
temperature can be used to solve for the ion density.

It is important to note that the heat-flux probe employs no retarding

electrostatic fields, nor does it rely on charge-carrying particles for detection.
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Therefore, even though Eqgn. 2-4 is written solely in terms of ion properties, the
measured convective heat flux is actually due to both ions and neutral particles.
It is possible (as will be shown in Chapter 3) to calculate information about the
neutral plasma component by comparing the heat flux-derived ion density to the

Faraday probe-derived ion density.

2.6. Neutral Particle Flux Probe

Electrostatic probes have widespread application in plasma diagnostics.
These probes, such as Langmuir probes and Retarding Potential Analyzers
(RPA's), rely on the electric charge of ions and electrons for both energy filtering
and particle detection. Neutral particles, however, are unaffected by electric or
magnetic fields and are difficult to detect.

Although neutral particles are very elusive, they play an important role in
many plasma processes. In E.P. devices such as the Hall thruster neutral
propellant is ionized and accelerated by electromagnetic fields. Any propellant
that is not ionized will therefore not be accelerated and will be unavailable for
electromagnetic thrust production. Optimizing the efficiency of such thrusters
requires knowledge of the neutral propellant distribution. In addition to
thruster optimization, neutral particle analysis is required to determine the
exhaust plume distortion due to ground-based test facilities. In any ground-
based vacuum facility there will exist a low density background neutral gas that

is due to pump limitations. These neutral particles may collide with energetic
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plume particles through charge exchange collisions; such a collision produces an
energetic neutral and a slow ion.

The only directly detectable properties carried by neutral particles are
momentum and energy. The momentum of the particles, represented by the
particle flux, can be detected with a highly sensitive vacuum pressure gauge.
However, the plasma flow of interest may have a very large ratio of charged-to-
neutral particles. These charged particles also carry momentum and energy in
addition to charge. The ions must therefore be filtered out by an electrostatic
field prior to particle detection.

The Neutral Particle Flux probe, or NPF, is essentially a hybrid between a
vacuum pressure sensor and a traditional gridded RPA. An off-the-shelf MKS
tubulated hot cathode ionization gauge was used as the detector for this probe.
Affixed to the inlet of the gauge tube was a set of four grids. By varying the
potential on these grids, charged particles could be selectively admitted or
denied access to the tube collector. A schematic of the probe is shown in Figure

2-4.
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Figure 2-4. Neutral particle flux probe showing electrostatic repulsion grids and ionization
pressure sensor used as a detector.

The operation of the grid system in the NPF is identical to that in a
traditional RPA as discussed in Section 2.2: an electron retarding grid is used to
scrub plasma electrons from the inlet flow and an ion retarding grid is used to
remove the ions. A slight change to the RPA configuration involved grounding
the first grid of the NPF to eliminate electromagnetic noise generated in the
plume from entering the ionization gauge and also placing a grounded grid
between the ion retarding grid and the sensing gauge to prevent the strong
fields generated by the grids from interacting with operation of the ionization
pressure gauge. By dialing the ion retarding grid to a suitably large positive
voltage all plume ions will be repelled from the sensing volume; thus only

neutral particles will pass unimpeded through the electrostatic grids and will
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enter the sensing gauge volume appearing as a rise in pressure on the ionization
pressure sensor.

As an output, the NPF probe measures the neutral pressure within the
ionization gauge tube. In order to glean useful information from this a relation
must be derived relating the measured pressure to the free stream neutral
particle flux. This can be accomplished by using free molecular theory to
establish a flux balance.

At equilibrium conditions, the total flux of neutral particles entering the
ionization gauge tube must be equal to the total flux of particles exiting the tube.

Specifically,

Egn. 2-6 Nn<Un=Zin = Nm<Um>out

The flux of particles leaving the tube can be analytically evaluated. In
order to do this we assume the ionization gauge tube can be modeled as a gas
reservoir containing a macroscopically stagnant equilibrium gas. Additionally
we neglect the effects of the finite length entrance to the tube and model it as an
ideal orifice. If the mean free path of the gas within the tube is larger than the
dimensions of the inlet orifice, then intermolecular collisions can be neglected.
This is an accurate approximation: at a measured pressure of 1 x 104 torr within
the tube the mean free path is greater than 10 cm while the inlet orifice has a
diameter of 1 cm. The escaping molecules, therefore, move through the entering

molecules without interaction, and the quantities can be evaluated separately.
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Denoting the positive z direction exiting the orifice and assuming the gas
in the ion gauge tube to be Maxwellian, the velocity distribution of molecules

escaping from the ideal orifice is

EZ m 0 -m(2evzev2)i2kT
Eqn. 2-7 Fo=n L@ gnlingniyew,

for v;>0, and F.sc:=0 otherwise. The escape flux of particles is then integrated as

¥ ¥ ¥
Eqgn. 2-8 nm<um>out = c\jjvx C\fjvy djVZVZF&%(V)'
-¥ -¥ 0

Combining Eqgn. 2-6, Eqn. 2-7, and Egn. 2-8 yields

Egn. 2-9 n\u

Finally, using the ideal gas law to relate the measured pressure within the gauge
volume to the density closes the relationship between NPF sensor output and

neutral particle flux

P

Eqn. 2-10 n(u,) ===

- J2pmkT

It is apparent from Eqn. 2-10 that if the temperature of the measurement volume,
Tm, remains constant then the measured pressure is directly proportional to the

flux of neutral particles entering the probe.
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3. A PROBE-BASED STUDY OF THE HALL THRUSTER

The Hall thruster plume plasma was characterized using numerous
different in-situ probing techniques, many of which were discussed in Chapter
2. These diagnostics were performed at distances of 0.5 m and 1.0 m from the
SPT-100, representing the mid- to far-field of the exhaust plume. The data
obtained from these diagnostics reveals the underlying plume structure as well
as providing insight to processes occurring within the thruster discharge
chamber. This chapter presents the results of these probe-based diagnostics and

discusses the implications of these data.

3.1. Experimental Set-up and Apparatus

The probe investigations were performed in the University of Michigan
Plasmadynamics and Electric Propulsion Laboratory’s (PEPL) large vacuum
chamber as described in Section 1.5. For each test, three probes were mounted
simultaneously to a rotating boom apparatus on a computerized remote
positioning system. An overview of the set up is shown as Figure 3-1. The
instruments were positioned 0.5-m from the boom pivot point. By positioning
the pivot point directly beneath the thruster exit plane it was possible to obtain

probe data at various angles off thruster centerline at a constant radial distance
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of 0.5-m by simply rotating the boom. As indicated in Figure 3-1, positive angles
off centerline indicate measurements taken on the cathode side of the thruster,
while negative angles denote the non-cathode half plane. This convention will
be followed throughout this thesis. By translating the pivot point of the
instrument boom in addition to rotation, data were collected at a radius of 1.0 m
from the thruster exit plane while ensuring that the probes remained normal to
the flow. Angular resolution of the traversing mechanism was better than 0.1
deg.; however initial alignment of the probes with the “zero” point (thruster
axis) could only be confidently performed to within 3 deg. The relative
uncertainty in angular position between data points is thus 0.1 deg., but the 3
deg. absolute offset has been conservatively indicated as an error bar for all data

points.
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Figure 3-1. Layout of apparatus for in-situ probe based study of the SPT-100 showing probe
mounts to automated translation system and coordinate system sign conventions.

The thruster used for all experiments was a flight model SPT-100 magnet
layer Hall-effect thruster manufactured by the Fakel Design Bureau of Russia.
Nominal operating conditions of 300 V discharge at 4.5 A were used for the SPT-
100 thrusters. The thruster electrical discharge and magnetic field circuitry was
controlled by a power processing unit (PPU) manufactured by Space
Systems/Loral.22 For the SPT-100 a total xenon flow rate of 56 SCCM was
supplied to the propellant distribution system on the thruster which split 7% of

this flow through the cathode. Main vacuum tank pressure was maintained at
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less than 5 x 105 torr true Xe pressure during all testing as determined by two

hot-cathode ionization gauges.

3.2.  Probe Data and Results

3.2.1. Langmuir Probe

Plasma potential was investigated using a single cylindrical Langmuir
probe technique for an unmagnetized plasma.3® The probe was constructed of a
0.42-cm-diameter by 5.1-cm-long cylindrical molybdenum mandrel which was
vapor-coated with rhenium. Compared with the local debye length this probe
dimension allowed a thin-sheath analysis of the data. Langmuir probe 1(V)
traces were obtained at 0.5-m and 1.0-m radius from the SPT-100 for angular
positions within 120 degrees of the thrust axis. These traces were used to
calculate the plasma potential as a function of angular position. A typical probe
trace is shown as Figure 3-2, with the resultant compiled distribution of plasma

potential shown in Figure 3-3.
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Figure 3-2. Typical Langmuir probe current-voltage characteristic. This trace was taken at
1.0 m from the SPT-100 at 20 degrees off thruster centerline

Plasma Potential (V wrt ground)

Angle off Thruster Centerline (deg)

Figure 3-3. Plasma potential in the plume of the SPT-100 at 0.5 m and 1.0 m radius
from the thruster exit plane.
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3.2.2. Retarding Potential Analyzer

RPA data were collected in the negative half-plane (non-cathode side) of
the SPT-100 from centerline out to -60 deg. Beyond 60 deg. off axis the collected
current fell to levels for which the numerical differentiation required for data
reduction produced unacceptably large error-to-measurement ratios. The
electron retarding grid was biased to 30 V below local plasma; this potential
was sufficient to repel all plasma electron current from the probe collector.> For
the 0.5-m data set, sweeps of ion current vs. retarding voltage were recorded
every five deg., with sweeps every ten deg. for the 1.0-m data. Peak ion current
values were in the range of tens of mA near centerline down to hundreds of nA
far off centerline for both 0.5-m and 1.0-m sweeps. Examples of these sweeps are
shown as Figure 3-4 for the 0.5-m data set. The 10% measurement error
represents uncertainties in the collected current. These uncertainties were then
propagated through all plume analyses incorporating integrated values based on

RPA measurements.
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Figure 3-4. RPA sample sweeps of collector current as a function of ion repelling voltage in
the plume of the SPT-100 at 0.5 m radius from thruster exit. Uncertainty in current and
voltage is less than 10%.

In order to ensure the accuracy of the ion energy distribution a discrete
but important correction must be applied to the RPA data. In the plots of Figure
3-4 the ion current is recorded as a function of ion repelling potential with
respect to facility ground. As can be seen in Figure 3-3 the local potential of the
plasma is above facility ground; the ions thus experience an imposed energy
shift as they fall from the undisturbed local potential of the plume to the
reference ground potential of the RPA. The magnitude of this shift must be
accounted for by subtracting the value of plasma potential as measured by the

Langmuir probe from the I(V) vs. V data.
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The corrected ion energy distribution curves as derived from data shown
in Figure 3-4 according to the technique outlined by Eqgn. 2-2 are shown as

Figure 3-5 through Figure 3-8.
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Figure 3-5. lon energy distribution curves measured with the RPA in the plume of the SPT-
100 at 0.5 m radius for positions within 35 degrees of thruster axis.
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Figure 3-6. lon energy distribution function measured with the RPA in the plume of the SPT-
100 at 0.5 m radius for angles between 40 and 55 degrees off thruster centerline.
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Figure 3-7. lon energy distribution measured with the RPA in the plume of the SPT-100 at 0.5
m radius at a position -60 degrees off thruster centerline showing high levels of uncertainty
due to extremely low measured ion current.
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Figure 3-8. lon energy distribution function measured with the RPA in the plume of the
SPT-100 at 1.0 m radius from the thruster for positions within 50 degrees of thruster
centerline.

3.2.3. Faraday Probe

The Faraday probe as discussed in Section 2.4 was used to probe the ion
current density in both the SPT-100 and the D-55 thruster. The probe collector
and shield electrode were biased to 30 V below plasma potential; this value was
sufficient to repel all plasma electron current from the probe ensuring collection
of ions only. By using a sensitive picoammeter (Keithley 486) these data were

successfully measured for points located 360 degrees about the SPT-100 at radial
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positions of 0.5 m and 1.0 m. The results of the Faraday probe survey are shown

in Figure 3-9.
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Figure 3-9. lon current density measurements in the SPT-100 and D-55 at radial positions of
0.5 m and 1.0 m. Uncertainty in current density is less than 10%; uncertainty in angular
position is 3 degrees.

3.2.4. Heat-Flux Probe

Data were obtained with the heat flux probe in the SPT-100 at 2-deg.
increments from -60 deg. to 60 deg. at 0.5-m radius from thruster exit and five
deg. increments at 1.0 m. The heat-flux probe water-cooling lines were
connected to a closed-loop thermostatically controlled refrigeration system. The
probe body maintained a temperature of between 5 and 6 deg. C for all test
points. For the positions of -2, 0, and 2 deg. at 0.5 m, the measured total heat-

flux exceeded the calibrated range of the sensor. Total heat-flux data are
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therefore unavailable for these points. The radiant- and total-heat-flux data are
shown in Figure 3-10 and Figure 3-11. Due to plasma sputtering, the surface
texture and therefore the transmission properties of the sapphire window are
expected to change over time. However, the entire data set reported required
the heat-flux probe to be exposed to the plasma for less than 60 seconds. Over
this short period no appreciable variation in the window surface was expected,;
post-test visual inspection confirmed the absence of window damage. The 10%
error indicated in Figure 3-10 and Figure 3-11 represents uncertainties in
calibration as reported by the transducer manufacturer over the measurement
range of interest, with an additional 2% error to reflect neglect of ion-electron
surface recombinative heating (see Section 2.5 for discussion of heat transfer

model).
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Figure 3-10. Radiant and total heat flux measurements in the SPT-100 at 0.5 m radius from
the thruster exit. Uncertainty in heat flux is less than 10%; uncertainty in angular position is
3 degrees.
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Figure 3-11. Radial and total heat flux measurements in the SPT-100 at 1.0 m radius from the
thruster exit. Uncertainty in heat flux is less than 10%; uncertainty in angular position is 3
degrees.

3.2.5. NPF Probe

Since the NPF probe represented a new design initial troubleshooting was
performed to asses such aspects as cable design, EMI minimization, and thruster
thermal impacts. In order to allow remote positioning of the NPF probe within
the volume of the vacuum chamber a custom set of power cables was
constructed to operate the vacuum pressure sensor used as a detector. These
cables, fed through the vacuum chamber wall, had an overall length of
approximately 20 m. The NPF probe ionization gauge operation was verified by
simply comparing the pressure measured at stagnant vacuum (no plasma flow)

to the pressure measured by existing ionization gauges on the tank. During this
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initial verification it was discovered that the NPF probe ionization gauge
indicated a measured pressure of around 3x107 torr while the tank pressure was
actually at 4x10 torr. The cause of this was identified as signal power loss in
the lengthy cables. This problem was remedied by shortening the cables to
approximately 10 m. After this configuration change the NPF ionization gauge
confirmed the pressure measured by the tank gauges. Pressure measured by the
ionization gauge showed absolutely no change when voltage was applied to
either ion or electron retarding grids in the absence of plasma.

The effectiveness of the retarding grids in removing charged particles was
investigated by operating the NPF as a traditional RPA; in this mode of
operation the electron retarding grid was set to a constant negative potential of
sufficient strength to repel plasma electrons. By adjusting the potential of the
ion retarding grid ions were permitted to enter the ionization gauge tube
according to Eqn. 2-1. The ion current was incident upon the collector wire of
the ionization gauge; the gauge controller interpreted this ion current as an
equivalent “pressure” which was directly proportional to the ion current. Thus,
a curve of pressure (current) vs. retarding potential was obtained identically to
the technique used for the RPA. This current was then numerically
differentiated according to Eqn. 2-2 to provide an estimate of the ion energy
distribution to verify operation of the repelling grid system. A plot showing a
typical check-out trace of the NPF probe operated in this RPA mode is shown as

Figure 3-12. By comparing Figure 3-12 with Figure 3-4 and Figure 3-5 it is
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apparent that the NPF probe operation was very similar to that of the RPA as
expected. Although the energy distribution obtained with the NPF probe is
slightly different than that obtained using the RPA (which was specifically
designed for such measurements) it is apparent from Figure 3-12 that an ion
repelling potential of 500 V applied to the retarding grid of the NPF was

sufficient to repel all plasma ions from the sensing volume.
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Figure 3-12. NPF probe check-out operation in the plume of the SPT-100 at 0.5 m radius and
15 degrees off thruster centerline. Probe was used as a traditional RPA to verify operation of
ion and electron repelling grid system.

With the electron retarding grid set to 30 V below plasma potential and
the ion retarding grid set to 500 V, NPF probe data were obtained in the plume
of the SPT-100 at 2-deg. increments in the half plane from -60 deg. to 0 deg. at 0.5
m and at 5-deg. increments at 1.0 m. The over-pressure protect set point for the

hot-cathode tube was set for 6 x 103 torr. Above this pressure, the tube de-
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energized in order to prevent damage to the filament. Because of this, data
within 10 deg. of centerline could not be obtained at either 0.5 m or 1.0 m. The
raw output of the NPF probe is shown in Figure 3-13. Error bars reflect
uncertainty in calibration of total pressure gauge as supplied by the

manufacturer.
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Figure 3-13. Neutral particle flux probe measurements in the SPT-100 at 0.5 m and 1.0 m.
Uncertainty in angular position is 3 degrees.

3.3. Interpretation of Probe Results and Derived Quantities

3.3.1. lon Enerqy Structure

As derived in Section 2.2 interpretation of the RPA data as the ion energy

distribution requires that the flow consist of a single species of ion (i.e. identical
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charge and mass). Although the plume of the SPT-100 is comprised entirely of
one ionic mass species (xenon) the distribution of ionic charge states likely
includes ions with g=1+, 2+, etc. Indeed, using an emission spectroscopic
technique Manzella?® estimated the plume to be comprised of nearly 90% Xe*
with Xe2* occupying approximately 10% of the total flow. Based on the
spectroscopic study, the data reduction procedure utilized for the research
reported here simplifies the physics by assuming the flow to consist entirely of
Xe*. Although technically the derivative of the RPA 1-V characteristic is the
voltage (Ei/Zqie) distribution, it has been assumed here that g=1 so that dI/dV is
equal to the ion energy distribution. This assumption presents considerable
limitations to the data analysis which will be discussed more fully in Chapters 5
and 6, however the simplification achieved permits valuable knowledge of the
plasma properties to be obtained through simple probes without requiring the
use of complicated emission or mass spectrometric diagnostics.

For angles near centerline of the SPT-100 the ion energy distribution is
sharply peaked near a most probable energy of around 230 V, with a full-width-
at-half-max (fwhm) of 100 V at -30 deg. off centerline. For larger angles, the
distribution becomes much broader due to the appearance of a population of
lower energy ions. Although the most probable ion energy remains 230 V, the
fwhm is increased to more than 150 V at -45 deg. This broadening of the energy
distribution for large angles was evident in all data points for both 0.5-m and

1.0-m data sets, however the most probable ion energy remains very near 230 V
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for each trace. The discharge voltage of 300 V was applied to the thruster
between the anode and the cathode; the cathode itself floated about 22 V below
facility ground and the local plasma potential for points in the plume at 0.5 m
and 1.0 m radius was approximately 7 V above ground (see Figure 3-3). This
represents an available accelerating voltage of about 270 V for the propellant
ions. However, a high energy “tail” representing ions accelerated through
potentials greater than 270 V can be seen in all RPA traces (see Figure 3-5
through Figure 3-8). The size of this tail was largest for angles near thruster
centerline and decreased with increasing angle. Furthermore, the tail was
smaller in the 1.0-m data sets than for corresponding angles in the 0.5-m data.
The existence of this tail has been documented previously by other researchers
and has been the subject of much controversy,?4253839 however, an explanation
and account for the phenomena has not been attempted prior to this study.
Chapters 5 and 6 of this volume contain a detailed explanation for the physical
processes responsible for this tail.

Quantitatively, the ion energy distribution curves can be better
understood by numerically evaluating the first feww moments. Taking advantage
of the assumption that the plume is entirely composed of singly ionized xenon, it
is trivial to convert the ion energy distributions, f(Ei/qg), to ion velocity
distributions, f(uj). The moments of these velocity distributions can then be
evaluated and utilized to calculate ionic transport properties. The first moment,

or average ion velocity, was computed numerically and is shown in Figure 3-14
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for both 0.5 m and 1.0 m radius. The error bars of Figure 3-14 represent the
propagation of original measurement uncertainties through the numerical

integration.
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Figure 3-14. Average ion velocity in the SPT-100 obtained by integrating the ion energy
distribution functions measured using the RPA. Data are shown for both 0.5 mand 1.0 m
radial distances from the thruster exit plane. A few sample error bars are shown to indicate
the magnitude of the uncertainty inherent to all data points.

A striking result of this analysis was the discovery of a very narrow low-
energy core surrounded by a slightly higher-energy annulus with a peak at -20
deg. in the plume at 0.5-m radius from thruster exit. Although such a topology
would be expected in the near field of the thruster due to the annular shape of
the discharge chamber, it was believed that the divergence of the ion beam

would smear out this configuration very rapidly. On the contrary, the average

58



ion velocity on centerline at 0.5-m is less than the velocity computed for any
other point measured in the 0.5-m data set. This low-energy core is very narrow,
limited to a region in space with a half angle of 5 deg. about thruster centerline.
It should be noted, however, that this annulus structure was not uncovered in
the Faraday probe data (see Figure 3-9). Since the Faraday probe measures
gieni<ui>/A., the rapidly increasing ion density near centerline overwhelms the
dip in <u;> and a monotonically increasing ion current density results. The
high-energy annulus/low-energy core structure is not present in the 1.0-m data
set. At this downstream location the beam divergence has completely filled in
the core. In addition to the smearing of the spatial energy structure, the ion
velocity for large angles (greater than 30 deg.) is less at 1.0 m than at 0.5 m.

The existence of a high-energy plasma annulus with low spatial
divergence is consistent with thruster discharge chamber geometry and field
topology. The high-energy ions are formed closer to the anode and hence,
further back inside the discharge chamber. These ions, in order to escape the
discharge chamber without colliding with the wall, must have their velocity
vectors geometrically contained within a defined solid angle. Those ions formed
near the end of the discharge chamber farther from the anode will have lower
energy as a consequence of the field topology, and will also have their velocity
vectors distributed about a larger allowed solid angle.

The low-energy core in the mid-to-near field is most likely due to the

distribution of ion production within the discharge chamber. According to data
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obtained by Bishaev and Kim,! the majority of the ionization within the thruster
occurs very near the inner wall of the discharge chamber. In order for these ions
to escape the discharge chamber without colliding with a wall and being
neutralized, their velocity vectors must be directed largely away from thruster
centerline. Such a distribution of velocity vectors would produce a depletion of
high-energy ions on thruster centerline until a considerable distance
downstream. Such a scenario is depicted conceptually in Figure 3-15, with the

high-ion-formation region of Bishaev and Kim?! indicated.
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Figure 3-15. Schematic representation of mechanism causing high-energy annulus and low-
energy core in thruster plume. lon production region denoted as according to Bishaev and
Kim.11 High energy ions are formed closest to the anode.
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3.3.2. Density Distribution

With the broad inter-related suite of data obtained in this study, it was
possible to calculate two measures of particle density. In the first method, the
Faraday probe-measured ion current density, ji, is combined with the RPA-
derived first moment of the ion velocity distribution function, <u;>, and used to

predict the ion density according to

Egn. 3-1 n =

The second method is based on the heat-flux-probe data: by subtracting
the measured radiant heat-flux from the measured total heat-flux, the value of
particle convective heating, Qconv, is Obtained. Combining geconv With numerically
calculated values of <u;> and <u;®>, and recalling that the heat-flux probe is
sensitive to both neutrals and ions, the total particle density (ion and neutral) can

be calculated according to

Eqn. 3-2 N = T Go .

2 mi<u?> B 2kTp<ui>

Based on the methods outlined above, two separate values of particle
density are presented in Figure 3-16 for the 0.5-m data, and

Figure 3-17 for the 1.0-m data. The error bars in Figure 3-16 and

Figure 3-17 represent the propagation of all original measurement

uncertainties. As can be seen in the figures, both methods of calculating particle
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density produce comparable results indicating that neutrals represent only a
small fraction of the flow. The maximum difference between the values at 0.5 m

is approximately 25% at -5 deg., with a somewhat larger discrepancy of 40% on

centerline at 1.0 m.
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Figure 3-16. Comparison of calculated particle density in the plume of the SPT-100 at 0.5 m
radius from thruster exit plane. The Faraday-based value is calculated according to Egn. 3-1
and the heat-flux based value is calculated via Eqn. 3-2.
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Figure 3-17. Comparison of calculated particle density in the plume of the SPT-100 at 1.0 m
radius from thruster exit plane. The Faraday-based value is calculated according to Egn. 3-1
and the heat-flux based value is calculated via Eqn. 3-2.

3.3.3. Neutral-Particle Properties

The neutral component of the plume was evaluated in this investigation
using two methods: direct measurement of neutral particle flux using the NPF
probe, and calculation of neutral particle properties based on the inter-relation of
other probe data. The measured neutral pressure within the NPF probe
displayed as Figure 3-13 can be converted via Egn. 2-10 to provide a measure of
neutral particle flux. This quantity is plotted in Figure 3-18 for both the 0.5-m

and 1.0-m data sets.
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Figure 3-18. Neutral particle flux in the plume of the SPT-100 measured with the NPF probe
at 0.5 m and 1.0 m radius from the thruster exit.

The NPF data suggest a region of high neutral particle flux near plume
centerline. Although the data sets are limited to angles larger than 10 deg., it is
evident that a well defined core of neutral particles is present in the plume. This
core is surrounded by a region of depressed neutral flux bottoming out at about
-25 deg., followed by a subsequent rise to ambient background pressure outside
of about -40 deg. The region of depleted neutrals near -25 deg. corresponds
loosely with the high-energy ionic annulus shown in Figure 3-14 at 0.5 m. The
relationship between the depressed neutral flux and elevated ion energy is not

fully understood at this writing.
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The second method of determining neutral properties stems from the
inherent difference between the Faraday probe and the heat-flux probe. By
subtracting values calculated on the basis of Faraday data from values calculated
from the heat flux data, it is possible to quantify the contribution of the neutral
flow. This method was used to evaluate the neutral particle heat-flux. The value
of convective heat flux, geonv , due to both neutrals and ions was calculated from
the heat-flux probe data by subtracting the measured radiant heat-flux from the
measured total heat-flux. The ionic contribution to the convective heat flux was
derived according to Eqn. 2-5 with the ion density calculated from the Faraday
probe and RPA data via Egn. 3-1. Subtracting the derived ionic heat-flux from
the measured convective (ion and neutral) heat-flux yields the value of neutral

particle heating

Eqgn. 3-3 Oreura = Aoy néém(uf)- 2kTp<ui>8.

This quantity is plotted in Figure 3-19 for both 0.5-m and 1.0-m data sets,
with error bars representing the propagation of all measurement uncertainties.
As expected, the neutral particle heating is greater at 0.5 m than at 1.0 m.
Furthermore, the neutral heating is confined to a region within 25 deg. of
thruster centerline falling off to negligible values sharply for larger angles. This
corroborates the NPF data which also showed the neutral flux to be contained

within a well-defined region with a half angle of 25 deg.
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Figure 3-19. Calculated neutral particle convective heating in the plume of the SPT-100 at 0.5
m and 1.0 m radial positions from the thruster exit plane.

3.3.4. lon-Neutral Charge Exchange Processes

The neutral and ionic portions of the plasma flow are linked through the
process of resonant charge exchange (CE). In this process a high energy ion
interacts with a low energy neutral of the same species. On a quantum
mechanical level this interaction causes the transfer of an electron from the slow
atom to the fast ion. The net result is a slow ion and fast neutral atom. In
equation form this can be represented as

Xet + Xe --> Xe + Xet
where bold face is used to indicate the high energy particle. The process is

termed to be resonant since the energy liberated by the electron-ion
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recombination is equal to the first ionization potential of the neutral; no third
body is required. This process can occur within the thruster acceleration region
due to entrained ambient background gas or un-ionized propellant, or it can
occur downstream of the acceleration zone due to ambient background gas.
There are basically two approaches that can be used to detect CE: one can either
look for the slow ion products or the fast neutral products since their production
rates are one-to-one. In this investigation both methods of detecting CE products
were attempted.

Analysis of the neutral component of the plasma is missing one vital piece
of information to close the CE analysis: the value of the neutral particle velocity
distribution function. However, some insight to the neutral component can be
derived from available quantities. From a top level perspective, it would be
valuable to know whether the neutrals detected by the NPF are "slow" ambient
background particles, or "fast" CE products. If we assume that the neutrals are
slow, macroscopically stagnant Maxwellian particles at temperature T,, then the

free molecular convective heating to the water cooled probe is computed as

1
Eqn. 3-4 qneutrd = Znn<un>k(Tn - Tp)
where
Eqgn. 3-5 (u,) = SKT. :
pm,
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Since the flow has been assumed to be stagnant, the pressure measured by the
NPF probe would be the true ambient neutral pressure; this can be converted
via the ideal gas law to obtain n,. Evaluating Eqn. 3-4 for the sample point at -15
deg. from centerline at 0.5 m where P, = 0.8 Pa (6 x 103 torr from Figure 3-13),
and assuming a neutral background temperature T,=300 K yields a value of
neutral particle convective heating of 3.2 x 104 W/cm2. This is 250 times lower
than the value of 0.08 W/cm? derived from the data for the neutral heating at
this location (see Figure 3-19). Even if the assumed background neutral
temperature is increased in order to agree with the data-obtained heating, the
neutrals would have to have an unrealistically high temperature of over 100,000
K (8.6 eV) at this sample point to account for the 0.08 W/cm?2 measured neutral
heating. It is apparent that a distribution of slow neutrals cannot account for the
measured neutral convective heating and that the neutrals measured with the
NPF probe are most likely highly-energetic CE products.

The appearance of CE products is supported by a statistical collision
analysis of the plume/background gas interaction. The charge exchange

collision cross section for Xe*-Xe can be computed according to*°

Eqn. 3-6 Sc= (K1 In C; +K3)2 x 10-20 m2

with K;=-0.8821 and K;=15.1262. For this investigation, with an average
relative interparticle speed C; = 17 km/s and a tank background pressure of 6 x

103 Pa (5 x 10 torr), the CE mean free path is approximately 1.5 m. Although
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this mean free path is longer than the largest path length in this investigation (1.0
m), examination of the collision statistics reveals that the effect of CE is not
negligible. The fraction of particles which undergo a collision within a path

length "s" is given by the well-known survival equation as

Eqn. 3-7 Peon(s)= (1 - es/').

Egn. 3-7 shows that at 0.5 m from the thruster exit, almost 30% of the
emitted plume ions have suffered a CE collision; this increases to a value of
almost 50% of the ions undergoing a CE collision by 1.0 m. In reality, the tank
background pressure of 6 x 103 Pa is not composed entirely of neutral Xe. Due
to facility base-pressure limitations, a portion of this background pressure is
residual air. Although accounting for this lower background Xe density would
increase the computed Xet*-Xe mean free path, other non-resonant collisions
between particles of dissimilar masses must be accounted for; these collisions

would likely affect the plume ions similarly to the ideal case considered here.
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4, MOLECULAR BEAM MASS SPECTROMETER DESIGN

Very little research has been performed to date to characterize the species
constitution of the Hall thruster plasma plume. The only study to attempt to
identify plasma species was an emission spectroscopic investigation that utilized
a complicated equilibrium model to estimate flow fractions from data. Based on
this lack of data, and the insensitivity of probe-based techniques to plasma
species, an effort was undertaken to construct an instrument to make direct
measurements of the mass and charge composition of the Hall thruster plume.
This chapter reports on the design of the instrument used in this research and

discusses general principles that may be valuable to future investigations.

4.1. Motivation Behind MBMS Research

As discussed in Chapters 2 and 3, in-situ plasma probes constitute a
simple method through which detailed plasma properties can be evaluated.
However, these probes provide no insight to plasma species (charge state and
mass) composition. Indeed, the RPA technique of measuring the ion energy
distribution function is not merely insensitive to flow species, rather its

interpretation is only valid for a single species. Although RPAs enjoy
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widespread use in plasma diagnostics it must be recognized that in a multiple-
species flow differentiation of the 1(V) vs V data does not produce a function

directly proportional to the energy distribution as widely accepted, instead

dl :

Eqn. 4-1 d—vug]—if(E/qi).
The non-trivial relationship between the RPA data and the ion energy places a
limitation on the rigor with which the resultant quantities can be applied.

Further complicating the understanding of RPA data has been the
extensive documentation of a high-energy “tail” of ions with accelerating
voltages much greater than that applied between the anode and cathode of the
Hall thruster. This tail has been the subject of much controversy and confusion
of late; postulates to explain its existence included plasma instability-driven
turbulence within the thruster discharge as well as recombinative or charge-
changing collisions within the exhaust plume. Exploration of these hypotheses
required species-dependent analysis of the plasma. In addition to the data
interpretation issues, the numerical differentiation required with the RPA
technique produced unavoidably “noisy” distribution functions (as can be seen
in Figure 3-5 through Figure 3-8) that impose further uncertainties in data
analysis.

As a means of quantifying the plasma species constitution and to obtain a
verification of the puzzling ion energy distribution, Manzella utilized

spectroscopic techniques to interrogate the Hall thruster plasma. In these studies
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emission spectroscopy was used to measure the xenon ionization fractions?®
while a laser-induced fluorescence (LIF) technique was used to obtain the Xe*
velocity distribution function.?® The emission study suggested that the fraction
of Xe* was between 76% and 89% of the total flow while Xe2* comprised between
19% and 12%. However, the author acknowledged that the Boltzmann
equilibrium model used to derive these values from the data was not suited to
the Hall thruster plasma. Although the correct model was identified as a
collisional-radiative equilibrium (CRE) model, no such model was developed for
several reasons attributed to the complicated atomic energy structure of xenon
coupled with a lack of experimental data regarding various excitation rates; the
accuracy and uncertainty of the derived ionization fractions is therefore
unknown. The LIF investigation produced accurate values of the average ion
velocity. Additionally, the shape of the fluorescence excitation spectrum was
evaluated to assess other plasma parameters. However, the results implied by
this shape analysis were in striking disagreement with the RPA data: the LIF
study implied a width in the distribution function corresponding to a 3 eV
spread in ion energy while the RPA data implied a spread on the order of 100-
150 eV. Again, although the uncertainty in the ion velocity measured with the
LIF technique was excellent, interpretation of the spectral shape required a
complicated equilibrium model based on a large number of individual atomic
transitions; many constants required to model these transitions were

unavailable and had to be estimated.

72



The state of research preceding the study reported here reflected
conflicting and poorly understood information regarding the ionic composition
and energy within the Hall thruster plume: the only species analysis performed
required the use of a complex and admittedly inappropriate model to achieve
estimates of propellant ionization fraction, while the two existing measurements
of ion energy distribution were in disagreement. It was apparent that a
technique was required to (1) provide a direct measure of the propellant
ionization fraction independent of a model regarding the plasma equilibrium
state and (2) directly measure the energy distribution function of each species
using a method that is sensitive to ionic charge and mass. Based on this need the
construction of a custom-built molecular beam mass spectrometer for Hall

thruster plume studies was initiated.

4.2.  Configuration of Apparatus

There are three fundamental methods by which atomic and molecular
particles can be filtered and analyzed according to mass. A discussion of these
methods and their development histories can be found in the text by Duckworth,
et al.*t and the collection edited by Reed.”2 The first and possibly earliest
developed method is known as magnetic sector mass spectroscopy. In this
technique a strong magnetic field is used to separate ions into mass-dependent
semi-circular trajectories for subsequent ion collection. Another method which

is currently enjoying great popularity among commercial instrument
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manufacturers is quadrupole mass analysis (QMA). QMA instruments utilize a
set of four conducting rods with hyperbolic or circular cross sections to establish
a quadrupole electrostatic field. A combination of DC and RF electric potentials
are applied to the quadrupole lens such that a stable rectilinear trajectory from
the instrument entrance to the current detector is possible only for a single ionic
mass species. The third type of mass analysis is referred to as time-of-flight
(TOF) spectroscopy. Although the basic operating principles of this technique
have been known and discussed since the beginning of atomic physics it is only
recently that high-speed, high-sensitivity electronics have matured sufficiently to
make TOF techniques feasible; as a result the field of TOF mass spectroscopy
has experienced a period of rapid growth of late.*34445 TOF spectroscopy relies
on the principle that ions of equal energy but different mass will travel at
different velocities. By timing the trajectory of an ion with known energy over a
known path length it is possible to calculate the ion velocity and, therefore, the
ionic mass.

In the initial effort to construct an MBMS for Hall thruster plume studies
an attempt was made to incorporate a commercially available QMA to
accomplish the ionic mass filtering. This effort, however, was unsuccessful due
largely to incompatibility between the ion energy in the Hall thruster plume and
the ion energy required by the QMA for mass analysis. The technique chosen
for the custom-built Hall thruster MBMS was the TOF method with an

instrument configuration similar to that developed by Pollard for analysis of
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gridded electrostatic ion thrusters.¢ A detailed discussion of the components of
this system will be presented in Sections 4.3 and 4.4, however, an overview of
the system configuration is shown schematically in Figure 4-1 with photographs

of the actual system in Figure 4-2 and Figure 4-3.

THRUSTER
GATE VALVE

BEAM GATE —

SKIMMER

OILDIFFUSION PUMP

— 45DEG.ENERGY ANALYZER

SELECTED ENERGY IONS
PASS THRU

COLLIMATING,
SKIMMER

VACUUM AIR

MAIN VACUUM I i

TANK WALL \
ELECTRON

MULTIPLIER

Figure 4-1. Schematic of overall configuration of MBMS apparatus showing orientation to
main vacuum chamber, thruster mount, and scale size.
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Figure 4-2. Top-view photograph of MBMS instrument showing electrostatic analyzer
chamber and electron multiplier detector port.
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Figure 4-3. Side-view photograph of MBMS showing oil diffusion pumps.
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The MBMS system used a set of orifice skimmers to admit a beam of
plume ions from the main vacuum chamber into an array of differentially
pumped sub-chambers. The sub-chambers were maintained at high vacuum to
minimize and effectively eliminate collisions involving ions within the beam. A
sampling skimmer orifice was mounted on the upstream end of the MBMS; this
orifice skimmed off a small diameter ion beam into the first sub-chamber. This
beam was then collimated by a second orifice at the downstream end of the first
sub-chamber. The collimated beam then passed through the entrance slit of a 45-
degree electrostatic energy analyzer. This analyzer employed a constant electric
field such that only ions with a pre-selected energy have a trajectory which
permits them to traverse the exit slit and impinge upon a detector. By recording
the output current of the detector as a function of the electric field strength
within the 45-degree analyzer the ion energy distribution function was
evaluated. This system will be discussed in detail in Section 4.3. Mass analysis
was obtained by using an electrostatic beam gate to “chop” the ion beam
immediately downstream of the inlet skimmer and record the time required for
an ion to pass from the gate to the detector: since the 45-degree analyzer admits
only ions with a pre-selected value of mjui2/2 to the detector, ions of different
mass but the same energy will have different velocities and, hence, will arrive at
the detector at different times. Through the TOF principle discussed thoroughly

in Section 4.4 the ionic mass can be distinguished.
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Both the sampling and collimating skimmers were fashioned from 304 SS
plates drilled and countersunk from the downstream face. This created a very
thin-edged orifice to minimize skimmer wall effects. The sub-chambers were
constructed from standard conflat vacuum hardware composed of eight-inch-
inner-diameter 304 SS tubing, with the exception of the portion of the beam
forming chamber lying within the main vacuum tank which was constructed of
six-inch-1.D. tubing. The first sub-chamber was evacuated by a ten-inch-
diameter oil diffusion pump (Varian model HS-10) operating on Dow-Corning
705 vacuum fluid and the chamber housing the electrostatic energy analyzer was
evacuated using a six-inch-diameter oil diffusion pump (Varian model M6) also
operating on Dow-Corning 705. Both oil diffusion pumps were fitted with
conductively cooled “halo” baffles at the inlet to reduce oil backstreaming into
the MBMS volume. The two diffusion pumps were backed by an 80-cfm rotary
mechanical pump (Kinney model KDH-80). The MBMS vacuum was monitored
by one thermocouple pressure sensor and two hot-cathode ionization pressure
gauges; this system enabled an internal base pressure within the MBMS system
of 3 x 107 torr which was achievable after approximately one hour of pumping.
A large diameter (eight-inch) stainless-steel gate valve was placed between the
energy analyzer chamber and the main vacuum tank enabling rapid venting and
re-pumping of the MBMS for configuration adjustments without compromising

the main tank vacuum.
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4.3.  Electrostatic Energy Analyzer

4.3.1. Theory of Operation

The 45-degree electrostatic energy analyzer is a flexible, robust method
for particle energy filtering that has been used widely in beam physics
research.46474849 A schematic of the system utilized in the MBMS is shown in

Figure 4-4 with coordinate system and relevant dimensions defined.

/_ Field Correction
’ Plates

aall

lon Trajectory | \,
- Detector

Figure 4-4. Schematic of 45-degree electrostatic ion energy analyzer. Constant electric field is
formed by applying repelling voltage to top plate with bottom plate grounded. Field
correction plates are biased with a voltage divider to force boundary conditions at mid-
planes to prevent field distortion due to surrounding ground potential.

The ion beam is admitted through the entrance slit of the analyzer and
immediately enters a region of constant electric field of magnitude V,/d
oriented at an angle g to the direction of travel. The ions thus experience a
constant acceleration in the negative y-direction such that the spatial equation of
their trajectory is
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Since q = 45 degrees and ui2 = 2E;/m; Eqn. 4-2 becomes
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p
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R

x2.

Egn. 4-3 y =X

In order for an ion to pass through the analyzer and escape through the exit slit
to the detector it must intersect the point y=0, x=I; this pass constraint is defined

as the spectrometer constant, Kss , and is given by

Eqn. 4-4 Kg?®

The analyzer thus performs the function of an energy-per-charge filter, Ei/qgie.
Since the beam ions within the Hall thruster plume experienced a discharge
acceleration according to gieV; = 1/2 mjui? , the value of energy-per-charge for an
ion is equivalent to the acceleration voltage, Vi. For a given value of repelling

plate voltage, only ions with

_hmuf _
g.e

Eqn. 4-5 V.

Vo
K45
will reach the collector and be recorded as ion current.
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The current detector employed by the MBMS was a ceramic channel
electron multiplier (CEM) capable of amplifying the input ion current by a factor
greater than 1 x 108 (K-M Electronics model 7550m) with a maximum output
current of approximately 5 mA. The multiplier operates by applying a large
negative potential (on the order of -2 kV) to the inlet of a semi-conducting
channel while monitoring the current at the grounded exit of the channel. The
material coating the channel walls has a high secondary electron impact yield
due both to impacting ions and electrons. The high negative voltage input bias
serves to efficiently collect incoming ions and draw them into the channel at
high energies. These ions impinge on the channel walls and eject a number of
secondary electrons. The electrons climb through the applied field towards the
grounded channel exit, impacting the walls and ejecting more secondary
electrons, thus greatly amplifying the current. The gain of the instrument can be
adjusted by varying the applied high voltage potential on the inlet between -1.6
kV and -2 kV.

An important consideration was necessary when using the CEM in a
multi-component ion beam: the initial “charge event” starting the electron
cascade was due to secondary electrons ejected from an ion-wall collision. The
number of electrons ejected per ion impact is a function of the material
properties of the channel coating. Therefore an ion of charge q=2 does not cause

twice as much electron current as a singly charged ion (as is the case in a
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conducting metal collector such as an electrostatic probe). Therefore the CEM
serves essentially as an ion counter rather than a charge counter.

For a single species flow the 45-degree electrostatic analyzer technique
produces an ion current vs. repelling voltage trace which is directly proportional
to the ion energy distribution function, analogous to the RPA technique.
However, unlike the RPA technique, the 45-degree analyzer requires no
numerical differentiation of raw data to obtain the distribution and the resultant
curves are therefore much more precise and smooth. Unfortunately, like the
RPA, the existence of multiple ion species in the beam considerably complicates
interpretation of the data. This can be demonstrated by analyzing the output of
the CEM. Since the CEM produced a current proportional to the number of ions

incident on the collector, the current output can be written as

Eqn. 4-6 I = GCEMAcni<ui>'

According to Eqgn. 4-5 only ions with a discrete voltage, V; ,will be detected by

the CEM such that

Eqn. 4-7 (u) :< J 2qrineivi> _ \/quineivi

so that now the current output of the CEM for a single value of ion voltage is

written as

Eqn. 4-8 1.(V,) = Gy AN (V) —'—Lm L
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where ni(Vi) is the number density of ions with voltage V; which is precisely the
ion voltage distribution function, ni(V;) = f(Vi) = f(Ei/qgie). Realizing this fact it is
apparent from Eqn. 4-8 that the ion current vs. voltage is not directly
proportional to the ion energy distribution function as is widely accepted.
Rather, in a multi-component ion beam the 45-degree energy analyzer yields

data which is related to the voltage distribution function according to

i (Vi)
qev,

Eqn. 4-9 F(Vi)

Even with the complications imposed on the data interpretation scheme
by the effects of a multi-component flow, the 45-degree electrostatic energy
analyzer yields great insight to the ion dynamics. Of considerable interest to this
research is the ion voltage: by analyzing the ion voltage distribution information
is gained regarding the acceleration of ions within the thruster discharge
chamber. Eqn. 4-9 shows that by dividing the recorded ion current by the
square root of the ion pass voltage a function very nearly equal to f(V;) is
obtained; the existence of multiply charged ions only weakly affects the
interpretation of these data for most flows. For example, the Hall thruster
plasma has been estimated to consist of roughly 10% ions with g=2. The results
of Eqgn. 4-9 would then dictate that for a given value of measured ion current, a
10% fraction of the total current magnitude should be moderated by a factor of

0.707 (corresponding to 2-1/2). This constitutes a very small correction and thus,
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the measured ion current vs. voltage curve is very nearly equal to the voltage
distribution function, f(Vi). A more detailed discussion of the proper data

interpretation will be presented in Chapter 5.

4.3.2. Description of Apparatus

The 45-degree electrostatic energy analyzer was constructed of 1.5-mm-
thick aluminum plates. In order to eliminate field distortion within the analyzer
due to the surrounding ground potential of the vacuum chamber walls and to
ensure a homogeneous electric field a set of seven centrally slotted field
correction plates were mounted intermediate to the repelling plate and the
entrance ground plate. These correction plates were biased using a resistor
string voltage divider to force the field equipotentials at the mid-planes and
minimize field leakage. The entire plate system was supported on a frame
constructed of 3/16-inch-diameter nylon threaded rods to ensure electrical
isolation of each plate.

The resolving power of the analyzer is dictated by geometric parameters

and is given by

DV, wsn
Eqn. 4-10 7 = | g .

The desired voltage resolution was used to select the proper values for | and w.

The depth of the analyzer, d, was then dictated by the parabolic trajectory of the
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ions which pass through the analyzer to the exit slit: the apex of this trajectory

must not intersect the repelling back plate. Manipulation of Eqn. 4-3 yields the

necessary condition that d > I/4. The pertinent parameters of the 45-degree

electrostatic energy analyzer used in the MBMS for this research are presented in

Table 4-1.
Parameter Value
d 160 mm
| 584 mm
w 3mm
Kss 0.549
DVi/Vi 0.004

Table 4-1. Physical characteristics and resolving power of 45-degree electrostatic energy

analyzer.

4.4. Time-of-flight Mass Analyzer

4.4.1. Theory of Operation

Time-of-flight mass spectrometry is based on the principle that particles

with the same energy but different mass travel at different velocities and, hence,

will take a different amount of time to traverse a known path length.

Specifically,

Eqn. 4-11 Lot =

With u; given as
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Eqn. 4-12 u =. :

where M; indicates the ionic atomic mass number and m; is the mass of a proton

it follows that

Mimp dzf
Eqn. 4-13 — =
2geV, t

tof

This relation is in general, however, the MBMS employs a 45-degree electrostatic
energy analyzer to filter out all ions with the exception of those having a pre-
selected value of V; from detection. Therefore, by combining Eqgn. 4-5 with Eqn.
4-13 a relation is derived relating the mass of the collected ions to their flight

time through the MBMS:

M, Lo

2eV,
Eqn. 4-14 — =
qi mpK45 tof

In Egn. 4-14 e and m, are fundamental physical constants, Kss is the spectrometer
constant of the 45-degree analyzer, V, is the voltage applied to the repelling
plate of the analyzer, and ds is the path length traveled by the ion through the
MBMS which can easily be measured. It is apparent, then, that the time required
for an ion to travel through the MBMS and reach the collector can be used to
directly determine the ion mass-to-charge ratio.

Mass spectra is obtained in TOF mode by “chopping” the ion beam within

the MBMS. Immediately downstream of the inlet skimmer is located an
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electrostatic beam gate. This gate, which will be discussed more thoroughly in
Section 4.4.2, creates a strong electric field transverse to the ion beam direction
which deflects the ion beam uselessly into the wall, effectively closing the gate.
For a brief instant on the order of 1 nsec the gate is opened by negating the
electric field and a burst of ions of all energies are sent towards the CEM
detector; this gate opening sets the zero time for the ion “stopwatch” and
denotes the beginning of the flight path. The 45-degree electrostatic energy
analyzer then removes all ions with the exception of those having a single value
of accelerating voltage which it transmits to the CEM detector. The temporal
current output of the CEM detector is monitored to record the ion arrival; ions
of the same voltage arrive at the detector “bunched” in time according to their
atomic mass-to-charge ratio via Egn. 4-14, therefore the form of the CEM output
current is that of a zero current baseline punctuated by well-defined current
peaks representing the arrival of different ionic mass species. This current vs.
time spectra is easily converted to a current vs. mass-to-charge spectra where the
current is directly proportional to the species density.

The flexible design of the MBMS used in this research enabled an energy-
dependent analysis of plasma mass composition through the simultaneous
measurement of ion energy and mass. The desired ion voltage was selected via
the 45-degree analyzer and the TOF technique was then used to take a

“snapshot” of the mass composition of ions with this pre-selected voltage. Thus,
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individual mass spectra could be evaluated for ions with any desired

acceleration voltage by varying the pass energy of the 45-degree analyzer.

4.4.2. Design Principles

The details of the TOF design can be best understood by examining the
representation of the time-of-flight spectra shown in Figure 4-5 along with the
concepts defined in Figure 4-6. The electrostatic gate of Figure 4-6 consists of
two planar electrodes of length dgae placed on opposing sides of the ion beam.
A large voltage difference is applied between the plates creating a strong electric
field perpendicular to the ion beam line. This field deflects all ions such that
their trajectories intersect the chamber wall and they are lost. At timet =0 in
Figure 4-5 this electric field is removed for a period of time lasting tgae , Opening
the gate and admitting a pulse of ions to the field-free drift region of length dyr.
According to the ionic mass-to-charge ratio, each ion species arrives at the

detector a time tyr after the start of the gate pulse.
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Figure 4-5. Representation of typical time-of-flight spectra illustrating the effect of the gate
pulse width and flight time on the mass resolution.
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Figure 4-6. Illustration of TOF spectrometer concepts showing gate region and field-free drift

region.

The length of the gate region and the duration of the gate pulse have a

strong effect on the TOF spectra. When the gate field is removed at time t =0, all
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ions lying within the gate region of length dgae have already been deflected
somewhat and will not reach the collector; therefore the leading edge of the ion
pulse begins its journey from the entrance of the gate region and travels a
distance dwr. When the field is re-applied and the gate closes at time t = tgae all
ions lying within the gate region will be deflected and removed from the pulse,
so that the trailing edge of the ion pulse has only to travel from the end of the
gate region to the detector for a flight distance of diwr - dgae. Thus the width of
the ion pulse arriving at the detector is the width of the gate pulse, tgae , minus
the length of time it takes an ion to travel through the gate region, ts=dgaee/Ui. In
the case where tgae>>tq the ion pulse is transmitted at full intensity and the TOF
peak reflects the true density of the ion species. However, if the gate pulse is too
short (or the ion is too slow) such that tgae<ts then the ion will not have
sufficient time to travel from the entrance of the gate region to the exit before the
gate is closed again; in this case the ion will not be detected. For cases where
tgae 1S just slightly longer than ty the leading edge of the ion pulse will
successfully traverse the gate region, however the trailing edge of the ion pulse
will be “clipped” and the resultant ion current peak at the detector will not
reflect the true density of the species.

Although the use of a long gate pulse is desired to achieve a measure of
the true intensity of an ionic species, the mass resolution of the MBMS is
inversely proportional to the length of the gate pulse and, thus, a trade-off exists.

This can be easily seen from Figure 4-5. In this figure Dtwr represents the
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difference in time between the arrival of ions with equivalent mass Mi/qi and
ions with mass (M;i+1)/gi. When the peak width of the lighter ion, which is
equal to tgae-tq, becomes greater than Dt the trailing edge of the light ion peak
will merge with the arrival time of the next heaviest ion and the peaks will
become unresolvable. It follows, then, that the best mass resolution is achieved
by employing a very short gate pulse such that the ion mass peaks are narrow.
The concepts affecting ion pulse throughput and mass peak resolution can
be evaluated quantitatively. As discussed previously, the duration of the gate
pulse must be much longer than the time it takes the slowest (heaviest) ion of

interest in the spectra to traverse the gate region:

M, M
Eqn. 4-15 taxe >> e ’ﬁ :

However, the competing criteria for mass resolution requires the gate pulse to be
shorter than the difference in arrival times between two adjacent mass species,

Tgate < Dtior -
Eqgn. 4-16

Dty = dy|—= - dyo| ——=
tof tof quevi tof 2 qzevi

where M;=M,+1 for adjacent mass species, so that
m_ &M M 0
Eqn. 4-17 Dt,, :dgae./ : 9/—1 - ,—l <
2¢eV, e\ q, qgq o

91




Apparent from Eqn. 4-17 is the fact that the smallest difference between adjacent
- - - - - - Ml Ml
species arrival times will occur for the heaviest ions such that w” /9" 1.
1 1
It follows that the design constraint for well-resolved mass peaks will be most

difficult to achieve for the heaviest ions of interest in the mass spectra. Thus, the

minimum time interval between adjacent peaks is given as

m_se e
Eqn- 4-18 Dttof min = dtofxlze\p/ QJM(JM - \/qu - 19
Y i€ i i 7]

Combining Eqn. 4-15 and Eqgn. 4-18 places an upper and lower limit on the gate

pulse duration

M, M m, & 0
Eqn. 4-19 e 2 eVp <<t << dtOf\/Ze\p/ 9\/%‘““ - \/qu -1+,
Vi i € i i 9

The criteria defined by Eqn. 4-19 effectively places a design constraint on the
geometry of the TOF system in the MBMS; in order to transmit full intensity ion
pulses with the ability to resolve 1 amu at the heaviest species of interest in the

flow the gate and drift regions in the MBMS must satisfy the relation that

Eqgn. 4-20
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As an illustration of this constraint Figure 4-7 shows a design curve representing
the allowed MBMS geometry as a function of the maximum resolvable mass

peak in the flow.

0.1

6+ Peak Attenuation Region

dgate /d tof

0.01

a- Design Region

0 50 100 150

Max Resolvable Mass Peak (amu)

Figure 4-7. Allowable gate length to drift length ratios for TOF mass spectrometer.

The geometry of the TOF system is therefore dictated by the heaviest ion
in the flow that must be resolved to within 1 amu. Once this geometry is chosen,
the duration of the gate pulse can be determined as a function of the ion voltage
under consideration. It follows from the constraint imposed by Eqn. 4-19 that
the optimal gate pulse duration lies halfway between the lower bound, tq4 , and

the upper bound, Dtiof min:
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Once the geometric ratio of the TOF system is determined the value of the
required gate voltage can be calculated by analyzing the effect of the constant
electric field in the gate region on the ion beam. A schematic of the electrostatic
gate design employed for this research is shown in Figure 4-8. The equation

relating the beam deflection at the exit of the gate region to the applied voltage is

_ dsyqV,

Eqgn. 4-22 Vgete &
gate

In order to “close” the gate such that the ion beam is not detected by the CEM
the beam deflection must be approximately equal to the diameter of the
collimating orifice at the inlet of the 45-degree electrostatic analyzer. It is
apparent from examining Egn. 4-22 that the magnitude of the beam deflection is

independent of ion mass and varies only as a function of ion energy.
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Figure 4-8. Electrostatic beam gate layout for TOF analysis showing relevant parameters.

4.4.3. Practical Design Considerations

Selection of the TOF path length and overall instrument size for this
research was based on practical considerations involved in measuring the high-
frequency, low amplitude TOF signal. Based on available instrumentation, a
baseline flight time of approximately 100 nsec for the heaviest ion species was
chosen as the design target; since the main component of the flow to be
analyzed was xenon (amu 131) accelerated through roughly 300 V the beam ions
would have velocities approaching 20 km/s. This necessitated a path length on
the order of 2 m. Due to available vacuum hardware the final instrument had a
flight path length of dw=2.35 m.

By defining xenon as the heaviest ion mass to be analyzed the relations
derived in Section 4.4.2 can, in principle, be used to select the optimum

geometry for the MBMS. From Figure 4-7 and Eqn. 4-20 for Mmax = 131 the ideal
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geometric ratio of gate length to drift length must be less than dgae/diwr = 3.8 X
103, With the drift length set to diwr = 2.35 m the gate length is fixed to be smaller
than 0.9 cm. This length sets the starting point for the gate design. The diameter
of the beam passing through the gate electrodes was defined by the diameter of
the sampling skimmer orifice, which was 5 mm; this dimension set a minimum
on the inter-electrode spacing of the gate, s, such that the gate electrodes did not
obscure the beam line. A value of s = 1 cm was chosen to minimize the required
gate voltage without interfering with the beam. The diameter of the collimating
orifice at the inlet of the 45-degree analyzer was 3 mm; therefore, for a 300 V ion
to be deflected 3 mm within the gate region Eqn. 4-22 mandates a gate electric
field strength of approximately Vgae/s = 50 kV/m; this suggested a required gate
repelling voltage of Vgae = 500 V. However, in practice the beam passing
through the gate region was not cylindrical and collimated as the deflection
voltage calculation assumed. Instead, the beam experienced a considerable
divergence upon passing through the sampling skimmer, as illustrated in Figure
4-9. This greatly increased the repelling voltage required to completely divert all

of the ion beam from entering the 45-degree analyzer.
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Figure 4-9. The incoming ion beam is considerably divergent after passing through the
sampling skimmer. This divergence greatly increases the amount of deflection required to
steer the beam out of the collimating aperture downstream.

Because of this divergence, experimental evaluation showed that the gate
repelling plate voltage had to be greater than -2 kV in order to completely divert
the beam. This high voltage caused an electrical breakdown between the gate
electrodes and interfered with the normal operation of the MBMS. It was
realized that in order to reduce the required repelling voltage the length of the
gate region, dgae, Would have to be increased beyond the optimal value set by
Eqn. 4-20.

Through trial and error a final gate length of 1.3 cm was chosen; this set
the ratio of dgaee/diwr to 5.5 X 103, As can be inferred from Figure 4-7 this implies
a maximum resolvable mass peak of approximately 92 amu. Although this
seems to be unacceptable since the primary species of interest to this research is

xenon with M;=131 amu, the results of this compromise have little impact on the
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goals of this study. The optimum criteria of Eqn. 4-20 define the geometric ratio
necessary to resolve the heaviest species of interest to within 1 amu while
transmitting the peak at full intensity. By exceeding the optimum ratio of
dgae/dior the TOF system will resolve the heaviest species within 1 amu,
however, the peak will not be transmitted at full intensity since the gate pulse
duration was too brief (or equivalently the gate region was too long). By simply
relaxing the resolution criteria of the heaviest species of interest to greater than 1
amu, the gate pulse duration can be increased such that the peak is transmitted
at full intensity; the result is that the peak will still arrive at the detector at the
same time, twr, however the width of the peak will now be wider than 1 amu.
Since the heaviest mass species of interest to this flow had a molecular weight of
131 amu and there were no other flow constituents with comparable masses,
allowing the 131 peak to spread wider than several amu posed no difficulty in
spectra analysis; arrival of the leading edge of the ion current peak determined
the particle mass-to-charge ratio, while the peak width was limited to a few
amu.

Of primary interest to this research was the quantitative measurement of
propellant ionization fractions; this goal required that all ionization states of the
primary species, xenon, be transmitted through the spectrometer at full intensity
such that the current output of the CEM detector was representative of the true
ion density fraction. As previously discussed, the mass resolution criteria for the

MBMS was relaxed to greater than 1 amu since no isotopic analysis was desired.
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Therefore, in order to ensure full transmission of all of the xenon ions, Egn. 4-15
was applied as the criteria for choosing the gate pulse duration with 131 amu
representing the slowest species. This set a lower limit on the gate pulse as a
function of ion voltage as illustrated in Figure 4-10. For example, from Figure 4-
10 it is apparent that for analyzing a 100 VV Xe* ion the gate pulse must be longer
than 1 nsec in order to avoid clipping the ion pulse and recording an artificially

low current peak.
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Figure 4-10. Design curve illustrating allowed values of tg. to transmit an ion with mass of
131 amu at full intensity for dgate=1.3 cm.

If the constraint illustrated in Figure 4-10 is satisfied, Eqn. 4-14 can be
used to derive the mass resolving power of the MBMS for a given tgae and dor.

Defining the resolving power, R, as

99



@‘Ai 0
R0 De Aiﬂ
M;

Eqgn. 4-23
/4

and employing Eqn. 4-14, the resolving power is derived as
2t e |20,€V,
Eqn. 4-24 R= 2 |4
dtof IVlirnp

Although the resolving power is a measure of the width of any given mass
species peak, it does not necessarily represent an uncertainty in determining the
ionic mass: the leading edge of the ion mass current peak is used to set the value
of tiwr to provide an unambiguous calculation of Mi/q;, and R simply describes
the width of the peak after the arrival of the leading edge. It is only in the case
where tgare IS Of sufficient duration that the trailing edge of one current peak runs
into the leading edge of the next heaviest peak that the value of R represents the

uncertainty in evaluating the ion Mi/q;.

4.4.4. Description of Apparatus

As a result of the previously discussed practical considerations in the TOF
system design (Section 4.4.3) Table 4-2 presents the final instrument

configuration.
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Parameter Value

dior 2.35m

dgate 1.3cm
S lcm

Ds 5mm

Do 3mm

Table 4-2. Physical parameters of MBMS time-of-flight components.

The keystone of the TOF system was the high-speed electronics used to
control the flight timing and analyze and record the low-level ion current pulses.
A schematic of the controlling instrument set-up is shown as Figure 4-11. The
gate repelling voltage was supplied by a high-voltage pulser (Directed Energy,
Inc. GRX-3) controlled by a low-voltage pulse generator. This pulser was
capable of producing up to 3 KV square output pulses with a rise time of 20 nsec
and settling time of 40 nsec. The low-voltage pulse generator was used to
program the pulse duration and duty cycle of the high-voltage pulser. The
leading edge of the high-voltage gate pulse triggered a 1-GHz digitizing
oscilloscope (Tektronix TDS-540) and began the TOF waveform timing

acquisition sequence.
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Figure 4-11. Electrical schematic of controlling electronics and data system for TOF
spectrometer.

The output current of the CEM detector was input to a set of two
amplifiers performing a high-speed current-to-voltage conversion; the output
voltage of the post-amplifier was then sent to the oscilloscope which recorded
the transient current peaks corresponding to the ion species arrival times. The
oscilloscope waveform was transferred via GPIB protocol to a data acquisition
computer. The computer applied the physical parameters of the MBMS system
to the raw TOF data and converted the current vs. time waveform into a spectra
of current vs. mass-to-charge for data archive.

The design of the pre- and post-amplifiers for the CEM were critical for
overall system performance and hence were the subject of considerable analysis.
The output current pulses of the CEM ranged from 1 nA to about 1 mA
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maximum; these low-level current pulses had durations of approximately 1 nsec
with rise and fall times of approximately 20 nsec. Utilization of high-speed, low-
noise electronics was paramount to the acquisition of clean data; fundamental
principles of high-speed amplifier design can be found in a number of texts.5051
The overall amplifier circuit chosen is shown in Figure 4-12 with the values of

the circuit components given in Table 4-3.
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Figure 4-12. TOF system amplifier circuit diagram.

Component

Value
FET 2SK152
Ra 1 kw
Rs 50 W
+Vs 6V
-Vs -6V
Ra 50 kW
Ct 2 pF
Cb 0.1 nf
Rb 1 kw
Ri 1 kw
Re 50 kW

Table 4-3. Value of circuit elements in TOF amplifier. Notation refers to Figure 4-12.

The pre-amplifier chosen for this system was an Amptek model A250.

The A250
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preamplifier with a fast rise time of 2.5 nsec; this represents the current state-of-
the-art in amplifier design. By suitable choice of feedback components the A250
was configured as a transimpedance (current-to-voltage) preamplifier. In this
configuration the voltage output is determined by the input current according to
V=IlemRn; use of the feedback capacitor, Cs, is required to prevent unstable
oscillation of the amplifier, however this combination of feedback capacitor and
resistor sets the time constant of the output pulse such that t=RuxC:. Thus,
increasing the gain of the A250 simultaneously decreases the amplifier frequency
response. For this reason, the A250 circuit could not provide the gain required
of the TOF detection system while simultaneously preserving the high-frequency
of the spectra. A post-amplifier was therefore needed to perform a voltage-to-
voltage amplification of the A250 output. The post-amplifier chosen was an
ADB829 manufactured by Analog Devices. This device is a low-noise, high-speed
op-amp designed for use in video applications. The AD829 had a noise level of
less than 2 nV/Hz/2 with a gain-bandwidth-product of 750 MHz with feedback
components as indicated in Figure 4-12 and Table 4-3.

The A250 pre-amplifier, as constructed with feedback components, had a
current-to-voltage conversion factor of 50 mV/mA; similarly, the AD829 had a
closed-loop gain of 50 for an overall conversion of 2.5 V/mA. Combined with
the gain of the CEM this circuit comprised an amplification of the true ion

current to a level of 2.5 x 1014 V/A.
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5. MBMS ENERGY DIAGNOSTICS

For acquiring and analyzing ion energy distributions within the plume of
the SPT-100 the MBMS was operated in a quasi-steady mode: the ion beam gate
required by the TOF system was completely de-energized such that a continuous
beam of ions was admitted to the 45-degree electrostatic energy analyzer. The
electric field within the analyzer was varied slowly, while the ion current
incident on the CEM was monitored. This chapter describes experiments
performed to measure the ion energy distribution within the plume of the SPT-
100 at distances of 0.5 m and 1.0 m from the thruster exit plane.

As discussed in Chapter 3 previous ion energy diagnostics were limited to
angular positions lying within 60 degrees of the thruster plume centerline due to
low ion densities at larger angles. A goal of the MBMS energy diagnostics was
to measure the ion energy at very large angles from the plume centerline
including and exceeding 90 degrees. These regions, representing oblique- and
back-flow from the thruster, will be critical for spacecraft designers in evaluating

the effects of thruster ion impingement of surrounding spacecraft surfaces.
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5.1. Experimental Set-up

The SPT-100, discussed in Section 3.1, was mounted to a rotary table such
that the rotation axis coincided with the center of the exit plane of the thruster.
Therefore, by rotating the thruster relative to the fixed MBMS skimmer inlet the
plasma plume could be sampled as a function of angular position at a fixed
radial distance, r, from the exit plane. This set-up is illustrated schematically in

Figure 1-4 and Figure 5-1 with a photograph of the setup shown in Figure 5-2.

‘ < r > \ Energy Analyzer \
45 deg\
— Cathode
Center of

Rotation TOP VIEW AN

Rotary Table Skimmer
I / Collimator
A = |
— I

Laser w I I

SPT-100
SIDE VIEW

Laser

Figure 5-1. Experimental set-up diagram showing rotary thruster mount and laser alignment
of beam line.
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Figure 5-2. Photograph showing SPT-100 mount to rotary table for MBMS characterization.
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The centerline (thrust axis) of the thruster was denoted as zero degrees, with
positive theta values representing points in the cathode half-plane of rotation
(the angular position shown in Figure 5-1 represents q=+90 degrees). The
angular alignment of the thruster and MBMS was achieved by using a laboratory
laser to establish the MBMS beam line. The laser beam line was used to verify
the angular orientation of the 45-degree electrostatic analyzer to within 0.5
degrees; similarly, the thruster was rotated such that the laser beam line was
precisely aligned with the center of the exit plane of the thruster, as shown in
Figure 5-1, establishing the 90 degree position of the SPT-100 to better than 0.5
degrees. Since the relative uncertainty in angular position of the rotary table
was 0.1 degrees, the uncertainty in position for all data points is +,- 0.5 degrees
due to initial alignment uncertainty. By re-locating the rotary table mount
between tests, data were obtained as a function of angular position for radial
distances from the thruster of r=0.5mand r = 1.0 m.

The 45-degree analyzer repelling voltage was supplied slowly varying the
output of a high-precision sourcemeter (Keithley 2410). The sourcemeter
provided regulated voltage with better than 0.012% accuracy over a range of
zero to 1100 V. Since ion current sweeps were obtained in a very low speed
acquisition the fast amplifier circuit as discussed in Section 4.4.4 was not
necessary to monitor the output current of the CEM. Instead, the current was

measured with a sensitive picoammeter (Keithley 486) and recorded as a
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function of 45-degree analyzer pass voltage. By utilizing the picoammeter, the
high-gain CEM, and long sampling times true ion currents as low as 1 x 10° A
could be accurately measured; this represents an ion flux on the order of 1 ion

per second incident on the CEM.

5.2.  lon Energy Measurements in an SPT-100 at 0.5 m

The ion current incident on the CEM was recorded as a function of ion
voltage by varying the repelling potential on the 45-degree energy analyzer. In
this fashion curves were obtained at a radial distance of 0.5 m from the thruster
exit plane as a function of angular position about the thrust axis in 10-degree
intervals. The high-gain attributed to the picoammeter and CEM enabled data to
be obtained in a complete 360-degree envelope about the SPT-100. Peak ion
current values fell as low as 1 x 1018 A for points directly behind the thruster.
These sweeps are shown in Figure 5-3 through Figure 5-11. The abscissa of the
ion current curves have been corrected for the energy imparted to the ions as
they fell from ambient plasma potential through the skimmer inlet to ground
potential; the magnitude of the required correction was measured as discussed

in Section 3.2.
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Figure 5-3. lon current as a function of ion voltage at 0.5 m radius from the SPT-100 along the
thrust axis and for points at 10, 20, and 30 degrees off axis.

111



o 120 =
© 80
o i 70 Deg.
<
— 40
0
200 -
s 150
S 100 60 Deg.
2
= 50 —
0
~ 300 -
© 4
200 —
= ] 50 Deg.
x
< 100
0
800 —
2
" 600 —
40 Deg.
9 —
< 400
<
— 200
O Illll|llll|llll|llll|llll|llll|llll
0 200 400 600

lon Energy/q (volts wrt plasma)

Figure 5-4. lon current as a function of ion voltage at 0.5 m radius from the SPT-100 for points
at 40, 50, 60, and 70 degrees off thrust axis.
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Figure 5-5. lon current as a function of ion voltage at 0.5 m radius from the SPT-100 for points
at 80, 90, 100, and 110 degrees off thrust axis.
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Figure 5-6. lon current as a function of ion voltage at 0.5 m radius from the SPT-100 for points
at 120, 130, 140, and 150 degrees off thrust axis.
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Figure 5-7. lon current as a function of ion voltage at 0.5 m radius from the SPT-100 for points
at 160, 170, 180, and -170 degrees off thrust axis.
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Figure 5-8. lon current as a function of ion voltage at 0.5 m radius from the SPT-100 for
points at -10, -20, -30, and -40 degrees off thrust axis.
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Figure 5-9. lon current as a function of ion voltage at 0.5 m radius from the SPT-100 for
points at -50, -60, -70, and -80 degrees off thrust axis.
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Figure 5-10. lon current as a function of ion voltage at 0.5 m radius from the SPT-100 for
points at -90, -100, -110, and -120 degrees off thrust axis.
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Figure 5-11. lon current as a function of ion voltage at 0.5 m radius from the SPT-100 for
points at -130, -140, -150, and -160 degrees off thrust axis.

5.3.  lon Energy Measurements in an SPT-100 at 1.0 m

The ion energy distribution function was evaluated at a radial distance of
1.0 m from the thruster exit plane by repositioning the thruster/rotary table

mount relative to the MBMS inlet skimmer. At this distance curves were
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obtained as a function of angular position about the SPT-100 thrust axis. Due to
the much lower ion densities at 1.0 m as compared with those at 0.5 m, data
could not be obtained in a complete 360-degree arc about the thruster. The
region behind the thruster at positive angles greater than 110 degrees and
negative angles of magnitude greater than -150 degrees represented ion currents
less than 5 x 10-1® A; due to the low currents this region could not be evaluated.
The resulting data are shown in Figure 5-12 through Figure 5-18. These curves
have been corrected for the parasitic energy addition imposed to the ions as they

fell from local plasma potential through the inlet skimmer to ground potential.
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Figure 5-12. lon current as a function of ion voltage at 1.0 m radius from the SPT-100 on the
thrust axis in addition to points at 10, 20, and 30 degrees off axis.
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Figure 5-13. lon current as a function of ion voltage at 1.0 m radius from the SPT-100 for
points at 40, 50, 60, and 70 degrees off thrust axis.
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Figure 5-14. lon current as a function of ion voltage at 1.0 m radius from the SPT-100 for
points at 80, 90, 100, and 110 degrees off thrust axis.
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Figure 5-15. lon current as a function of ion voltage at 1.0 m radius from the SPT-100 for
points at -10, -20, -30, and -40 degrees off thrust axis.
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Figure 5-16. lon current as a function of ion voltage at 1.0 m radius from the SPT-100 for
points at -50, -60, -70, and -80 degrees off thrust axis.
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Figure 5-17. lon current as a function of ion voltage at 1.0 m radius from the SPT-100 for
points at -90, -100, -110, and -120 degrees off thrust axis.
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Figure 5-18. lon current as a function of ion voltage at 1.0 m radius from the SPT-100 for
points at -130, -140, and -150 degrees off thrust axis.

The ion current traces obtained for the points at 10 degrees and -10
degrees were strikingly dissimilar to the overall trends exhibited as a function of
angular position. This contrast is easily seen by examining Figure 5-12 and
Figure 5-15. In order to more fully interrogate this region of the plume data
were obtained with much finer angular resolution for points within 20 degrees
of the axis. Figure 5-19 illustrates the overall trend in ion current between the

thrust axis and 20 degrees, with Figure 5-20 included as an expanded view of the
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evolution between 6 degrees and 17 degrees. Figure 5-21 and Figure 5-22
present the ion current evolution for the positions between -5 degrees and -20

degrees.
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Figure 5-19. Evolution of ion current traces as a function of angular position between thrust
axis and 20 degrees at 1.0 m radius from the SPT-100.
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Figure 5-20. Exploded view of ion current evolution between 6 degrees and 17 degrees off
thrust axis at 1.0 m radius from the SPT-100.
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Figure 5-21. lon current evolution between -5 and -7 degrees off thrust axis at 1.0 m radius
from SPT-100.
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Figure 5-22. lon current evolution between -7 degrees and -20 degrees off thrust axisat 1.0 m
radius from the SPT-100.

5.4. Discussion of lon Voltage Distributions

The relation linking the I(V) curve to the ion voltage distribution function
was derived previously: as evidenced by Eqn. 4-9 calculation of the voltage
distribution in a multi-species flow requires knowledge of the ionization-state-

dependent current as a function of voltage. Specifically,
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Eqn. 5-1 f(V)piM +I(V—’qzz +9
JV @ Jq_l Jq_z o
where 1(V,gn) denotes the current due to ions with voltage V and charge qn.
Since ion velocity increases with g, a population of high-g ions will produce a
larger current than an equal number of low-q ions: The inclusion of g/2 in Eqgn.
5-1 is therefore required to account for the disproportional contribution of high-q
ions to the total ion current. The data reported in Section 5.2 and 5.3 reflect the
total current due to all ion charge states as a function of ion voltage, therefore
they cannot be directly manipulated to yield f(V). If the flow under
consideration was composed almost entirely of one species of ion (q = 1) then it
would be possible to obtain a good approximation of (V) by neglecting the
contribution due to the higher charge states. This approximation has previously
been applied to the RPA technique allowing valuable estimations of ion density
and velocity to be made in the region of the plume near thruster centerline (see
Section 3.3). However, as will be discussed in Chapter 6 and 7, investigations of
the plume at extremely large angles off axis (60 degrees to 180 degrees) enabled
by the high gain of the MBMS showed the assumption of a majority charge state
to be possibly inappropriate.
Although the I(V) curve is not directly proportional to f(\V) for reasons
discussed above, it should be kept in mind that these two functions are very
closely related. For example, if a portion of the (V) curve was known to result

entirely from ions with q = 2, attenuation of this portion of the curve by a factor
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of 0.707 would yield the value of f(V). Allowing for the existence of ions with
charge states up to g = 4 in the flow ensures that the value of 1(V) is never more
than a factor of two larger than f(V). Therefore, although it may be
inappropriate to substitute I(V) for f(V) in detailed calculations, when discussing
the overall shape and data trends it is reasonable to speak of the two functions

interchangeably.

5.4.1. Comparison with RPA

A cursory examination of the I(V) traces presented in Section 5.2 and 5.3
reveal a much improved resolution over the widely used RPA technique. The
RPA data reduction process required numerical differentiation and hence
produced very noisy distribution curves. The inherently different 45-degree
analyzer technique required no differentiation and therefore produced much
smoother, more accurate results. Additionally, the uncertainties associated with
measuring the ion current in the RPA experiment combined with the noisy
differentiation yielded data with unacceptable signal-to-noise ratios for angular
positions exceeding 60 degrees from the thrust axis. The high gain of the
CEM/picoammeter detector circuitry enabled measurement of the ion energy at
points up to 180 degrees off thrust axis (directly behind the thruster). These far
off-axis regions of the plume are especially critical in evaluating plume

impingement on surrounding spacecraft surfaces.
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A direct comparison between the MBMS and RPA data demonstrates a
disagreement in the measured ion energy. Figure 5-23 shows a comparison of
the two techniques at 0.5 m radius, while Figure 5-24 represents the points at 1.0

m radius.

o
—_ — 20 S
s 300 2
- — 15 =
>
o — 10 2
< —
= 100 — 05
0 0.0
— — 25 Q
_ 3.0 <
. . — 20 £
20 | >
15
o - -30 Deg. S
< — 10 S
x
< 1.0 —
g J — 5
0.0 ™ 0
~ 40 — — 200 2
o 3
' 30 — — 150 <
o 4 >
S 20 10 Deg. L 100 S
< =
— 10 — — 50
O Illll | LI B I ) I LI I B ) |l L ) ll LI B A ) | LENLIL I | I LI O
0 200 400 600

lon Energy/q (volts wrt plasma)

Figure 5-23. Comparison between RPA and MBMS measurements of the ion voltage at 0.5 m
radius from the SPT-100. RPA traces are shown as dashed lines corresponding to the right
vertical axes, with the MBMS data shown solid with units on the left axes.
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The difference between the MBMS-obtained energy distributions and the
in-situ RPA probe data exposed a shortcoming in the probe technique as applied
to a high-density, high-velocity plasma such as the Hall thruster plume.
Physically, the RPA probe resembled a cylinder closed on one end by a current
collector, with the open end exposed to the flowing plasma (see Figure 2-1).
Gate grids were located along the axis of the cylinder to selectively repel and

filter out charged particles of both signs, while admitting a select energy range
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of ion current to the collector at the back of the probe. The problem with this
technique arises when the plasma flow velocity and density increase sufficiently
to “choke” the closed internal volume of the probe. It was shown using a neutral
particle flux probe in Chapter 3 that the internal pressure due to neutral Xe
within the probe can exceed 10 or 20 mTorr in the SPT-100 plume near centerline
at 0.5 m. This stagnation pressure rise was due to the ram effect of the flowing
high density plasma entering the probe and being neutralized by collisions with
the probe walls or current collector forming a high-density trapped gas volume.
This relatively dense target gas scatters the incoming plume ions through both
charge exchange (CE) and momentum transfer collisions. Any collision
involving a plume ion and a stagnant target particle results in energy loss for the
plume ion; the net effect is an attenuation of the energy peak and a broadening
of the distribution in the direction of lower ion energy.

Although detailed cross sections for all collisions likely to occur within
the RPA volume were not available, an estimation of the effect of ram gas build-
up was made based on those that were. For example, the dominant collision
mechanism is likely to be CE between singly ionized xenon plume ions and
background xenon neutrals; the cross section for this reaction can be calculated
according to Egn. 3-6. Assuming that the internal probe pressure is 20 mTorr
with a temperature near that of the probe walls (300 K), an incoming 300 V Xe*
ion experiences a CE mean free path on the order of 3 mm. The RPA probe had

a path length from inlet to collector of approximately 2 cm: this would cause
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over 90% of the plume ions to suffer a CE collision prior to detection as
calculated from Eqgn. 3-7. On the other hand, differential pumping allowed the
MBMS to maintain an internal vacuum of approximately 1 x 10°¢ torr during
operation; this equates to a mean-free-path on the order of 70 m for the CE
collision. For ions traveling the 2.35 m path from the MBMS inlet to the detector
this equates to a collision probability of approximately 3%. It is therefore
justified to assume that collisional broadening of the ion energy within the
MBMS is negligible.

The collisional broadening and attenuation within the RPA should be
greatest for regions of high density and high velocity. From an examination of
Figure 5-23 and Figure 5-24 this is seen to be true. The energy shift between the
RPA and MBMS data was of greatest magnitude for the near centerline traces
where the ion density was highest. Furthermore, the shift in the near centerline
data is more severe for the data taken at 0.5 m from the thruster than for the 1.0

m data set

5.4.2. lon Temperature

Since the I(V) traces obtained with the 45-degree analyzer very closely
approximate the ion voltage distribution function it is perhaps instructive to
describe their shape in terms of an ion temperature. However, the driving
mechanism defining the shape of the 1(V) curves is due to an overlap between

the ionization region and acceleration region within the SPT-100 discharge
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chamber: ions are created throughout a region in space over which the potential
varies greatly, thus the spread in the I(V) curve reflects the fact that ions are
“pborn” in regions of different potential and therefore experience different
acceleration voltages. This spread is in no way equal to the traditional thermal
variation in ion energy. The definition of ion temperature to be used in this
report is therefore strictly mathematical and in no way implies any form of
thermal equilibrium.

The ion temperature will be defined analogous to that of a traditional
Maxwellian thermal distribution. The one-dimensional Maxwellian distribution

written in terms of ion velocity is

Eqn. 5-2 f(u) =\E exp(- bu;)

with b = mi/2kT:. For a distribution imposed on a macroscopic bulk drift

velocity, uq, Egn. 5-2 must be written in terms of the peculiar velocity, ui-uq:

Eqgn. 5-3 f(u) :'\/E eXp(' b(Ui - Ud)z)-

written in terms of energy the peculiar velocity is

_882; V(Ei' Ed) S

Egn. 5-4 U - uy =
m

e i [}

so that now
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Substituting for b and recognizing that kTi/e is the equivalent temperature in
electron-volts, Tev, yields the final result

é .20
- |&®E -E)/ 6
€ g( d/qeﬂu

EqQn. 5-6 f(E) =4/~ expé& G
p Ta .

a

a

D: D

According to Eqn. 5-6 for a Maxwellian energy distribution, the ion temperature
in eV represents the half-width of f(E;) at the point where f(E;) has a value of e!
times the peak value (where E; = Eq at the peak). Mathematically,

E -E)/ 06
TeV B

Egn. 5-7

where f(Ei) = 0.37 f(Ea).

In the context of the Maxwellian analysis, the temperature of the I(V)
distributions obtained with the 45-degree analyzer will be defined as the half
width of the I(V) distribution at the point in the curve where I(V) is equal to 0.37
times 1(Vm), where Vn, represents the most probable voltage such that 1(Vn) is a
maximum. This value of ion “temperature” will be denoted as t;, but, as stated

earlier, usage of the term does not imply any type of equilibrium. Instead, t;
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simply reflects an indication of the width-to-height aspect ratio of the I(V)
distribution.

With this in mind trends in the extensive I(V) data sets were evaluated. In
order to define a unique temperature the definition of t; requires the 1(V)
distribution to be symmetric about the drift energy, Eq. Since the curves
obtained in this research were non-symmetric the definition of t; implied two
distinct temperatures corresponding to the 0.37xf(Eq) point on either side of the
peak. For reasons that will be made clear in Chapter 7 the temperature was
defined as the 0.37xf(Eq) point such that E > Eq4 (to the right of the peak).

The 0.5-m (V) data sets exhibited interesting general trends in ion
temperature. The interpretation of t; was somewhat confused by the existence of
multiple peaks for the angular positions centered around 90 and -90 degrees; for
these traces it was unclear which peak defined the main distribution. However,
for many of the angular positions the distribution was characterized by a single
dominant peak which was used to calculate ti. Figure 5-25 shows a plot of t; as a
function of angular position for points lying 0.5 m away from the SPT-100 exit
plane. Values of t; were not calculated for points in which the choice of

dominant distribution peak was unclear.
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Figure 5-25. Variation of defined ion temperature, t;, as a function of angular position at 0.5
m radius from the SPT-100.

Variation in the ion temperature for points lying along the 1.0 m radius was also
analyzed. However, the anomalous distributions found between 5 degrees and
20 degrees of thrust axis prevented calculation of a meaningful t; for these
points: the distribution in this regime consisted of multiple current peaks with
comparable magnitudes such that the choice of a dominant distribution was not
clear. This fact created “gaps” in the t; vs q plot shown as Figure 5-26 and

hindered the identification of trends.
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Figure 5-26. Variation of defined ion temperature, t;, as a function of angular position at 1.0
m radius from the SPT-100.

The calculated values for t; shown in Figure 5-25 and Figure 5-26
demonstrate excellent agreement with the currently accepted structure of the
ionization and acceleration regions within the SPT-100 discharge chamber.
Baranov, et al.3! have recently developed a comprehensive model of the
acceleration layer formation within the Hall thruster. This model was used to
predict plasma parameters such as electron temperature, plasma density,
collision frequencies, and electric field within the acceleration region of a Hall
thruster very similar to the SPT-100. The neutral atom density and plasma

potential predictions resulting from this model are reproduced as Figure 5-27.

142



- 35 —300 2
3 2
o sV
— 30 —250 g
8 o
o 25 7] - 00 2
o )
x —~
™ 20 — <
— 150 3
g 15 — —&— Density 2
= - © - Potential §
8 10 - 100 2
E Nt
- —
2 o — 50
zZ
| | | | |
Anode 0.5 1.0 15 2.0 25 3.0 Cathode

Distance from Anode (cm)

Figure 5-27. Neutral propellant density and local plasma potential within the Hall thruster
acceleration layer as modeled by Baranov, et al.3!

In this model, as in actual Hall thruster operation, neutral propellant is injected
through the anode. This propellant is then ionized by electron collisions as the
neutral atoms travel towards the cathode. The decay in neutral atom density
with distance from the anode therefore corresponds to the disappearance of
neutrals due to ionization. As can be seen from the model, most of the
propellant is ionized within a region extending 2.5 cm from the anode. Within
this ionization region the local plasma potential varies from 300 to 250 V; thus
the ions that are “born” within this region will have a voltage spread of
approximately 50 V upon exiting the discharge chamber. This agrees well with
the measured values of t; (half-width) of approximately 20 to 40 V for the main
discharge ion beam within 90 degrees of thrust axis shown in Figure 5-25 and

Figure 5-26. Furthermore, many of the ions formed within the first 2.5 cm of the
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anode will suffer a neutralizing collision with the discharge chamber wall
downstream, followed by a second (or even third) ionizing electron collision;
these ions will increase the spread in the exhaust voltage distribution beyond
that induced by the 2.5 cm ionization zone.

The population of ions behind the thruster (at angles greater than about
100 degrees) posses considerably lower temperature than the main beam ions as
expected. However, this backflow plasma still has a value of t; ranging between
2 and 5 V. Although no investigations of the Hall thruster backflow regions
were performed prior to this study, it was widely accepted that this region most
likely consisted of macroscopically stagnant plasma arising from charge-
exchange collisions between plume ions and background facility gas due to
vacuum chamber pumping limitations; thus the distribution would have a
width on the order of the local ambient neutral temperature (300 K, or about 0.03
eV). However, it is very unlikely that the high temperature implied by the
width of the measured voltage distribution in the backflow (of roughly 58,000 K)
represents a true thermal spread within a macroscopically stagnant plasma as
would be expected to exist behind the thruster. The physical mechanism
producing such a wide energy spread in the backflow ions is unknown as of this

writing. Further characterization of the backflow region is thus necessary.
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5.4.3. Most Probable Voltage

As another measure of the ion energy structure the most probable ion
voltage was compiled as a function of angular position. This voltage was easily
defined and identifiable on all plots as the voltage (energy/q) corresponding to
the maximum in the I1(V) vs V curve. This quantity is plotted for both 0.5 m and

1.0 m in Figure 5-28.
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Figure 5-28. Most probable ion voltage (energy/q) as a function of angular position in the
plume of the SPT-100 at 0.5 m and 1.0 m radius from thruster exit.

The angular energy structure displayed in Figure 5-28 exhibits some
intriguing qualities, the most striking of which is the existence of high-energy
ions at angles exceeding 90 degrees from the thrust axis: ions with Vi, on the
order of 250 V persist out to 100 degrees, while particles with Vn, nearly 100 V

extend to nearly 130 degrees at 0.5 m. Although the 1.0 m data show high
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energy ions up to 100 V at angles of 100 degrees, the extent of the 250 V ions is
narrower at 1.0 m then at 0.5 m, with these high-energy ions decreasing at 70 to
80 degrees off axis. In general, the trends in angular evolution of most probable
ion energy at 1.0 m appears to be a “pinched” version of that at 0.5 m.

This pinching effect corresponds to the trend in plasma electric field. The
plasma potential was presented as a function of angular position earlier as
Figure 3-3. Based on this plot the component of mean azimuthal electric field
was computed for each radial position, while the potential difference between
the 0.5 m and 1.0 m data sets were used to calculate the mean radial electric

field. These quantities are shown in Figure 5-29.
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Figure 5-29. Mean electric field components in the azimuthal and radial directions in the
SPT-100 plume at 0.5 m radius and 1.0 m radius. Positive E, denotes the direction pointing
back towards the thruster, while positive Eq reflects a vector pointing in the direction of
increasing q.

Based on the calculated components of electric field a diagram has been
constructed as Figure 5-30 indicating the magnitude and direction of the electric
field about the SPT-100. This diagram is based on the value of Eg at 0.5 m radius
and the mean value of E.. Since the azimuthal trends in Eq for the 1.0 m radial
position are nearly identical to those at 0.5 m a single figure provides an

acceptable visualization of the field structure in the 0.5-to-1.0-m range.
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Figure 5-30. Mean electric field vectors as a function of angular position about the SPT-100.

It is apparent from the field diagram that the plasma electric field
represents a “pinching” of the ion trajectories toward thruster centerline.
Therefore, ions emitted in a purely radial direction will experience a push in the
azimuthal direction towards centerline creating a slighly curved trajectory. The
MBMS skimmer system only samples ions with purely radial trajectories, with
an acceptance cone of half-angle 95 mrad, thus the slight curvature imposed by
the mild plume electric fields curves the high energy ions out of the MBMS

acceptance cone by 1.0 m radius.
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Although the plasma electric field explains the narrowing of the highly
divergent ions between 0.5 m and 1.0 m, the existence of such high-energy ions
at angles exceeding 90 degrees off axis is still puzzling. lons with acceleration
voltages on the order of the discharge voltage of 300 V must be formed near the
upstream end of the thruster acceleration layer and, thus, well upstream of the
thruster exit plane. In order for these ions to be emitted at angles near and
exceeding 90 degrees off axis they would have to undergo a considerable
curvature in their trajectory upon exiting the thruster since there is no direct line-
of-sight from these points to the inside of the discharge chamber. Such a

scenario is depicted in Figure 5-31.
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Figure 5-31. Illustration of formation of acceleration layer within SPT-100 discharge chamber.

With this picture of the acceleration layer formation it is apparent that a

significant force would be required to deflect high-energy ions originating from
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deep in the discharge chamber out to trajectories approaching and exceeding 90
degrees off axis. The existence of such a force is improbable. It is more plausible
that a small amount of propellant ionization and radial acceleration occurs
downstream of the discharge chamber exit, external to the thruster. Since the
electron mobility is very large along magnetic field lines within the discharge
chamber these magnetic field lines represent electric equipotentials. Thus ions
are formed and accelerated into trajectories normal to the magnetic field line at
the ion formation point. Bending of the magnetic field lines further outward
from the exit plane than shown in Figure 5-31 would produce a magnetic field
fringe with a normal approaching 90 degrees. lons formed within this
downstream region would experience an acceleration force perpendicular to the
thrust vector and would therefore appear at large angles. However, although
conceptually this scenario seems plausible, previous modeling and experimental
probing of the near-exit-plane region in Hall thrusters has not documented
electric and magnetic fields downstream of the discharge chamber of sufficient
strength to produce ions with radial voltages on the order of the applied
discharge voltage. It is clearly apparent that this phenomenon is poorly
understood and requires further investigation.

The most-probable voltage at 1.0 m radius exhibits peaks of
approximately Vm =520 V at 10 degrees on either side of centerline. These peaks

are believed to stem from CE collisions between the plume ions and background
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ambient neutral atoms. A detailed discussion of this structure is postponed to

Chapter 7

5.4.4. Two-stream Instability Analysis

The measured ion energy distribution function displays a prominent
“bump-on-tail” structure in many of the points interrogated using the MBMS
(see Figure 5-4). Such a structure represents a “two-stream” plasma instability.
In this unstable normal mode, a plasma wave travelling with phase velocity near
the “bump” wvelocity will interact strongly with the ions in the “bump”
population. These ions will lose energy to the plasma wave, and thus the wave
energy will grow. For large times, the ion energy available to “feed” the wave
will deplete and the result is a disappearance of the bump population and a
smoothing of the distribution tail.

Denoting the bulk drift velocity of the bump distribution as Vo the
dielectric function for this two-stream system is

2 2
W, w
Eqgn. 5-8 ek, ,w)y=1-—+L.—7>b —
a (ko) w?  (w- k,V,)
where w represents the ion-plasma frequency of the main distribution and w, is

the same quantity for the bump distribution. The normal modes of the plasma

are given as the zeros of the dielectric function. The unstable wave numbers of
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interest to the two-stream instability are those for which kwVo=w,.2 The

dispersion relation then becomes

Eqn. 5-9 W =- _Win.

Since the wave energy will evolve according to e, any roots with Im(w)>0 will
grow like em™t and will be unstable. The instability growth period, trs, is
defined as the time for the wave amplitude to reach e! times its initial value.
Since Egn. 5-9 contains an unstable root at

2W .1/3 . 2W 1/3
Eqgn. 5-10 w= LEW,0 +i§3§"_|2_n

5
2¢ 2 @ [}

the instability growth period is described by

1 Bavws
Eqn. 5-11 —=—§®—V'—“0 .
t, 2€ 2 @

Expressing the ion-plasma frequencies in terms of the ion densities yields the

following form for the growth period

0o
e n?/snt/es.
7]

Eqgn. 5-12 — =
It is apparent that the two-stream instability will grow fastest in regions of
highest density. As an estimate of this process the point at 0.5 m radius on the

thrust axis is considered, where ni=2x101 m=3. As an approximation the bump
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density is estimated as one-fifth of the main density, so that n,=4x10% m-=3. This
implies an instability growth period of 11 ms. As compared with the ion transit
time in the region of the plume studied in this report (17 km/s over 0.5 m yields
t=30 ns) this growth period is very long. Thus, over the plasma volume covering
the region within about 1.0 m radius of the thruster the two-stream instability
will experience only negligible growth and the bump-on-tail distribution can be

considered stable.

5.4.5. Multiple Peak Structure

Possibly the most striking feature uncovered in the analysis of the ion
energy distribution function as approximated by 1(V) curves was the existence of
multiple current peaks suggesting discrete distributions for many angular
positions. As can be seen from examining these structures these peaks always
occurred at discrete multiples of voltage, e.g. a primary peak at Vi, with
secondary peaks at Vi/3, Vi/2, 3Vi/2, 2V;, and 3Vi. The explanation for this
structure is based on the hypothesis of charge-exchange collisions occurring
within the plume plasma. However, since the concepts required to discuss such
a collisional analysis involve the existence of multiple ion charge states, an
explanation for and discussion of this phenomenon has been postponed until

Chapter 7.
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6. MASS SPECTROMETRIC STUDIES

The MBMS instrument constructed for this research was capable of
simultaneously measuring ion mass composition and energy. Mass diagnostics
were performed through a time-of-flight principle with a 45-degree electrostatic
energy analyzer functioning as an energy filter. This chapter discusses the
technique used to quantify the mass species within the SPT-100 plume and

presents the results of the species characterization.

6.1. Experimental Set-up

The MBMS was configured for operation in TOF mode as discussed in
Chapter 4. In this mode a low-voltage pulse generator was used to program the
gate width and duty cycle of the high-voltage pulser driving the electrostatic
beam gate. The ion current bursts were measured by the CEM and amplified
using the pre- and post-amplifier circuitry shown in Figure 4-12. The thruster
was mounted and laser-aligned in the same manner as described in Section 5.1
such that the angular uncertainty was 0.5 degrees.

Although the extremely high gain attainable with the CEM/amplifier

detection circuitry allowed the analysis of ion energy distributions to be made in
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regions of extremely low ion density (and hence, ion current) the basic operating
principles of the TOF system greatly limited the spatial extent of the plume that
could be interrogated using mass spectrometry. As an illustration of this
limitation consider the ion energy curves obtained near thruster centerline at 0.5
m radius (see Figure 5-3). The peak ion current recorded at this point is
approximately 1 x 10 A. In energy analysis mode this current was nearly
steady state and was therefore easily measured using the high-gain CEM and
picoammeter. However, on an atomic level, this current represents a flux of only
about 62,000 singly charged ions per second. The gate pulse durations utilized
in TOF mode were on the order of 3 nsec (see Figure 4-10), therefore a single
gate opening admits, on the average, approximately 0.2 ions toward the CEM.
Thus it required 5 gate opening/closing sequences to obtain a single ion for
current measurement. Measurement of a meaningful TOF current spectra
required the CEM output current waveform to be averaged over a large number
of gate opening and closing sequences (up to 10,000) repeated over a fast duty
cycle.

With the low-current limitation driving the TOF signal acquisition it was
only possible to obtain mass spectra for points very near the thruster centerline
at 0.5-m radius. The point at 5 degrees off thrust axis was chosen for species
evaluation. The spectra reported at this location represent a signal that was
waveform averaged by the digitizing oscilloscope over 10,000 acquisitions with a

duty cycle of approximately 5 kHz. For all values of ion voltage analyzed Figure
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4-10 was used to determine the proper gate pulse duration, tgae. AS an
additional verification that the ion current peaks were transmitted at full
intensity representative of the species density the gate pulse duration was varied
while the heaviest species peak was monitored to ensure that the peak height

was not affected by increasing tgate.

6.2. Measurements in an SPT-100

As a demonstration of the data interpretation principles for the TOF
system Figure 6-1 shows a typical TOF spectra obtained for a 45-degree analyzer

ion pass voltage of 280 V at a position of 0.5 m radius and 5 degrees off axis.
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Figure 6-1. Typical TOF spectra for 280 V ions at 0.5 m radius from the SPT-100 for the point
5 degrees off thruster axis. The dashed line represents the beam gate potential and
corresponds to the right axis. The solid line reflects the CEM output current, which is scaled
on the left axis.
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The potential difference across the gate electrodes was maintained at 1.5 kV
nominally. At time t = 0 this potential difference was removed with a rise time
of 40 nsec, opening the ion gate for a time tgae = 5 nsec. This high-voltage
transient induced “shot noise” into the facility ground plane which appeared as
a noise burst in the CEM amplifier circuitry; this noise rapidly decayed after the
pulse returning to a zero-current baseline. The transient current peaks
appearing in the CEM output signal represent the arrival of different ion species
at the detector. For example, from Eqn. 4-13 for 280 V ions, singly ionized xenon
with Mi/Zq; = 131 amu would take 120 nsec to travel the 2.35 m path and arrive at
the detector; this species is seen as the dominant peak. Doubly ionized xenon
has Mi/Zqi = 65.5 and therefore corresponds to the peak seen at t = 85 nsec. Since
the spectrometer was operated such that tgae >> tg the current peaks have a
width very close to tgae. The conversion between time and amu can be
performed yielding a mass spectra as shown in Figure 6-2. In this figure the
baseline offset displayed after an intense current peak was due to pre-amplifier

undershoot.
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Figure 6-2. Typical mass spectra for 260 V ions at 0.5 m radius 5 degrees off thrust axis.

This mass spectra shows the first three ionization states of the propellant, xenon,
along with a small population of light gasses with amu less than 30. Many of the
characteristics illustrated in this spectra are typical of all data points. As a result
of the quadratic conversion between arrival time and species mass the heavier
mass peaks, although equal width in time, are wider in terms of amu than the
lighter masses. Although the peak widths are on the order of 10 amu, this width
does not impose any difficulty with mass identification or propellant ions: the
leading (left) edge of the mass peak marks the arrival time of the species and,

therefore, the species mass.
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In an attempt to better identify the light gasses evidenced in Figure 6-2
the gate pulse was narrowed and the oscilloscope was configured to obtain
better resolution for these minor species. The resultant minor species spectra is

shown in Figure 6-3.

N+
0.6 T
OHT
0.5 T
O+
2 H20+
o —]
— 04
>
o
5
2 +
= g3 |H
8 H2+ C+
0.2 T N2+02+ WL\J
0.1 LA L L A (A

5 10 15 20 25 30
Mass/q (amu)

Figure 6-3. Minor species identification for 260 V ions at 0.5 m from the SPT-100 for the point
5 degrees off thrust axis.

Through the use of a very narrow gate pulse this spectra allows excellent species
identification for the light gasses. However, the extremely short tgae Necessary to
obtain this degree of mass resolution was insufficient to transmit these peaks at
full intensity; therefore no quantitative assessment based on current peak height
was possible.

Based on the problems involved with deriving quantitative information

for light gas species it was decided to limit all quantitative analysis to the
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ionization states of the heavy propellant, xenon. Thus, mass spectra were
obtained at the fixed position of 0.5 m, 5 degrees, as a function of ion voltage
with the gate pulse duration sufficient to resolve the ionization states of xenon
with full transmission of current peaks. This was accomplished by using the 45-
degree analyzer to define the pass voltage and taking a TOF mass spectra for
only ions with this voltage. In order to avoid possible confusion it is emphasized
that the thruster operation parameters of 300 V applied discharge at 4.5 A were
not changed during testing; the voltages indicated for the TOF spectra
correspond to the ion energy/q being analyzed in the MBMS for the fixed
thruster discharge. Figure 6-4 illustrates the mass spectra obtained for ions with

voltages of 180, 280, and 380 V.
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Figure 6-4. Mass spectra for evaluation of xenon ionization states for ions with 180, 280, and
380 V acceleration in the SPT-100 at 0.5 m radius, 5 degrees off thrust axis.

It should be noted that in Figure 6-4 no attempt was made to obtain narrow
peaks of high mass resolution; on the contrary, the gate pulse duration was set
excessively long in order to ensure the full transmission of the ion current pulses

such that the peak height indicated a true measure of ion density fraction.
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6.3.  Discussion of Mass Spectral Measurements

6.3.1. Minor Species Analysis

The spectra obtained for identification of the minor species, shown in
Figure 6-3, shows results consistent with previous investigations. In an emission
spectroscopic study Manzella documented clear evidence of the ingestion and
ionization of background gas from the vacuum facility within the SPT-100
discharge.?®* Due to facility pumping imperfections a trace amount of parasitic
background gas exists within the chamber during testing. This gas consists
mainly of atmospheric components, i.e. nitrogen and oxygen, with a
disproportionate amount of hydrogen and water vapor owing to pumping
difficulties with these gasses. The neutral background gas diffuses into the
thruster discharge chamber where it is ionized and accelerated back out with the
propellant ions. Manzella estimated a quantity of entrained background ions
equivalent to 2% of the main propellant flow.

The minority species evaluation reported here supports the finding of
ingested facility gasses. Due to the molecular “cracking” signature of the water
molecule, electron impact ionization of this species produces dissociated peaks at
M/q = 18 (H.0%), 17 (OH*), and 1 (H*). Likewise, an electron impact ionization
reaction involving molecular nitrogen and oxygen would most likely produce
atomic ions: the reason for this is that the bond energy of the diatom (5 eV for O,
and 9 eV for Ny) is much less than the ionization potential of the molecule (12 eV

for O, and 15.6 eV for N,).5® Thus electron impacts are much more likely to
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dissociate the diatom into constituent neutral atoms (which are subsequently
ionized) than direct ionization of the molecule. The existence of singly ionized
carbon in the plume signature arises from facility effects, as well. In order to
prevent material damage to the vacuum chamber walls immediately behind the
MBMS inlet skimmer due to impacting high-energy ions these surfaces were
extensively coated with low-sputter-yield flexible graphite sheets. Evidence of
substantial ablative sputtering of the graphite was apparent as a thin gray film
deposited on metallic facility surfaces during post-test inspections and re-
configurations; this graphite is the likely source of the M/q = 12 signature in the
minority spectrum.

It is important to note that the spectroscopic study by Manzella found no
evidence of singly ionized nitrogen in the emission spectra, although clear
evidence of N.* was documented. This is contrary to the mass spectra obtained
in this study showing a substantial peak at M/q = 14 with a negligible signature
at M/q = 28. There are two possible explanations for this disagreement: (1) the
facility background pressure in the Manzella study was an order of magnitude
lower than the pressure in the study reported here possibly causing trace
amounts of N* to be below the optical detection limit; and (2) the gate pulse
duration utilized to obtain the minority spectra reported here may have too short
to permit the heavy M/q = 28 ion to successfully be detected, while allowing the

lighter N* ion to pass through the MBMS.
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6.3.2. Propellant lonization

Analysis of the propellant ionization state was accomplished by recording
individual mass spectra for ion voltages ranging from 100 V up to 650 V at 10 V
increments. Such a data set enabled the ionization fraction of each xenon species
to be calculated as a function of ion voltage. The ion species current peaks are
related to their respective ion densities through the value of ion charge state: the

current output of the CEM for a given ion voltage and charge state ion is

Eqgn. 6-1 I.(Vi,di) = Geemveniy; (V, )

noting that although u; is a function of g;, the CEM acts as an ion counter rather
than a charge counter so that I; is not directly proportional to gi (see Section
4.3.1). Expressing the ion velocity in terms of ion charge state and voltage yields

2q.eV, .

Eqn. 6-2 1i(Vi,0;) = Geenen,

Thus for a given species current peak the density and the current are related

according to

Eqn. 6-3 n (q) p 49

o

Defining the number density fraction of Xen* having energy/q = Vi as an(Vi)

yields
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(V1)
Eqgn. 6-4 an(Vi) :ﬁ.

IVAC
In the analysis of the propellant mass spectra xenon ions up to q = 3 were readily
measured, with no conclusive evidence of Xe** exhibited in the spectra;
complicating the search for Xe** was the fact that the mass-per-charge of this ion
is 32.2 amu, which is very close to the 32 amu attributable to singly ionized O;
present due to parasitic facility gasses. Therefore the mass spectra were
inconclusive in identifying quadruply ionized xenon. The values of an were
calculated from an assembly of mass spectra obtained at 10 V intervals of ion
voltage (such as those shown in Figure 6-4 for ion voltages of 180, 280, and 380
V); the results are compiled as Figure 6-5, which shows a plot of the number
density fraction of the first three ionization states of xenon plotted as a function

of ion voltage. Compared with this plot is the total (species independent) ion

voltage distribution function.
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Figure 6-5. Number density fractions of Xe*, Xez+, and Xe3* as a function of ion energy at 0.5
m radius and 5 degrees off thrust axis in the SPT-100. Also shown in the top curve is the
value of total ion current as a function of ion voltage for comparison of total density.

Figure 6-5 indicates that the majority of the plume ions have undergone
accelerations through approximately 270 V; of these ions almost 90% are singly
ionized. Although the ion density decreases for voltages less than 270 V, a
greater fraction of these low-voltage ions are multiply charged with nearly 100%
of the 110 V ions consisting of Xe2*. The number fraction of Xe3* peaks at about
6% of the ions having voltages of 150 V. For voltages greater than the most
probable voltage the fraction of multiply charged ions experiences a slight
increase over the composition at 270 V.
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The total number density fractions for all ions in the plume can be
obtained by integrating the voltage-dependent flow fractions over all voltages.

Denoting the overall fraction of ions with charge gi = n+ as F,

Eﬁn(V)l(V)dV

Egn. 6-5 F_=

n

B(V)dv

The total flow fractions computed from the MBMS data according to Egn. 6-5
and the data of Figure 6-5 are compared with the fractions calculated by
Manzella using an optical emission spectroscopic technique at the thruster exit

plane; this comparison is shown in Table 6-1.

Species F» from MBMS F » from Manzella?®
Xe* 0.888 0.89
Xez* 0.110 0.119
Xes+ 0.002 (not measured)

Table 6-1. Comparison between MBMS-measured ionization fractions with values derived
from Manzella’s study using optical emission spectroscopy. Uncertainty in MBMS values is
approximately 5%.

The agreement between the two techniques demonstrated in the table is
excellent, exhibiting only negligible differences. Additionally, the MBMS system
provided the first ever documentation of the existence of Xe3* within the Hall

thruster plume.
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Further insight into the propellant ionization and acceleration mechanism
is possible through analysis of the TOF spectra. As discussed earlier and
evidenced by Egn. 4-9 the existence of multiple ion species presents considerable
difficulty in determining the ion energy distribution function using a method
insensitive to ion charge state. However, by compiling the species current peak
heights in the TOF spectra as a function of ion voltage it is possible to construct
true ion energy distribution functions independently for each ion species in the

flow. These data are shown in Figure 6-6.
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Figure 6-6. The ion voltage distribution function for each propellant ionization species in the
SPT-100 at 0.5 m radius and 5 degrees off thrust axis.
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The species-dependent energy distributions display some subtle, yet remarkable
features. The highest most-probable voltage is displayed by Xe*, with Vi, = 274
V, with the peaks in the multiple ions at lower voltages. This finding is
consistent with the ionization and acceleration processes within the thruster
discharge chamber. It has been widely documented that the electron
temperature within the discharge chamber attains a maximum in the region of
highest magnetic field strength, which occurs very near the thruster exit
plane.l131 Indeed, this behavior was displayed in the model by Baranov; Figure
6-7 shows the trends in neutral density and electric field that were previously

shown as Figure 5-27 with the addition of electron temperature.
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Figure 6-7. Results of Baranov model3! of plasma parameters in Hall thruster discharge
chamber including neutral atom density (left axis), electron temperature (left axis), and
plasma potential (right axis).
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The energy required for the first ionization of neutral xenon is 12.1 eV, while the
second ionization potential is 21.21 eV.53 Therefore, as the neutral atoms travel
from the anode towards the exit plane the initial electron collisions will have
sufficient energy for single ionization, but insufficient energy to form a multiple
ion; formation of the multiply charged ions will occur further downstream
where the electrons are hotter and, as a result of the distribution of plasma
potential, experience less accelerating voltage. The ionization potential of Xe3* is
32.1 eV.33 This would imply that the most-probable voltage of the triple ion
should be less than that of the double. However, Figure 6-6 shows the
distribution peak for the triple ion to be 255 V while the double exhibits a peak
at 235 V. This behavior is contrary to the ionization and acceleration mechanism
described above. The reason for this anomaly is believed to stem from
uncertainty in determining the peak heights corresponding to Xe3* in the TOF
spectra compiled as Figure 6-6. since the triply charged xenon ion represented
only 0.2 % of the total mass flow the current peaks were extremely small and,
occasionally difficult to resolve in the TOF spectra. Combined with the 20 V
resolution obtained by acquiring TOF spectra in 20 V intervals, this uncertainty
could be responsible for a 20 V uncertainty in most-probable voltage location for
the f(V) curve. Due to the larger, more easily resolved current peaks associated
with Xe* and Xez* TOF signatures, the uncertainty in most-probable voltage

location for these species is estimated at roughly 10 V.
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Consistent with the species ionization fraction analysis, Figure 6-6
demonstrates that almost all of the ions with voltages less than 200 V are doubly
charged. The high-voltage spectra are equally intriguing. The applied discharge
voltage between thruster anode and cathode was 300 V, while the cathode was
allowed to float with respect to plasma; measurements showed the cathode
potential to be approximately 20 V below plasma potential. This equates to a
maximum available acceleration potential of 280 V for all ions. The species
voltage spectra show that there exists a small tail of Xe?* with voltages greater
than 280 V along with a small, discrete population centered around 350 to 360 V.
The Xe* distribution displays a long, low magnitude tail of ions with voltages
greater than 280 V. It is noteworthy that the Xe3* distribution shows no evidence
of ions with voltages greater than 280 V. An explanation for the existence of

these high-voltage “tails” and “bumps” will be the subject of Chapter 7.
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7. PLUME ION COLLISION ANALYSIS

Interaction between the heavy propellant atoms in the flow has been
difficult to quantify experimentally. Many of the cross-sections required to
predict the extent of collisional events are not available for the ion-ion and ion-
neutral reactions important in the Hall thruster, i.e. xenon gas at impact energies
on the order of 100-300 eV. However, evidence of collisions can be observed as
distinct signatures in the mass and energy spectra of the exhaust constituents.
This chapter provides a discussion of possible collisions and their relative
probability in the Hall thruster plume, along with an analysis and discussion of

possible collision evidence found in this study.

7.1. Overview of Collision Processes

There are a number of possible collisions that may occur between
propellant atoms, both ionized and neutral, within the Hall thruster plasma.
Each reaction produces products which may or may not be directly measurable.
Identifying the most probable collision reactions aids in the search for their

products.
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7.1.1. lon Collision Probabilities

The two types of collisions which can occur between heavy propellant
species in the plasma are (1) elastic collisions in which the total kinetic energy is
conserved and (2) inelastic collisions involving some transfer of kinetic energy to
an alternate mode. In an elastic collision momentum is transferred between the
reactants resulting in products with changed velocities.

Possible inelastic collisions occuring between heavy particles within the
Hall thruster plasma that would significantly affect the ion kinetic energy are
ionizing collisions and charge-exchange (CE) collisions. lonizing collisions
require the ejection of an electron from one reactant due to the impact of another
reactant. Although this type of collision-induced ionization is very efficient for
electron-atom collisions at moderate impact energies, the two-atom collision
requires a large amount of energy between the heavy species to remove an
electron. On the contrary, CE collisions are most efficient when the reactant
atoms have nearly equal velocities such that their interparticle energy
approaches zero. This reaction involves a quantum-mechanical transfer of a
bound electron from one atom to the other with no appreciable transfer of
momentum; the electron transfer is most likely to occur when the reactant
interaction time is long, therefore the CE cross section decreases with increasing
interparticle energy. The probability of each of these reactions as a function of

relative atomic impact energy is shown as Figure 7-1. It is apparent that the
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dominant form of inelastic collision in the Hall thruster plume, which contains

atoms with inter-particle energies on the order of 100-500 eV, is the CE reaction.
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Figure 7-1. A comparison of the relative probabilities of charge-exchange collisions, scg, to
atomic ionization collisions, sp, as a function of the energy between colliding particles.36

It is further instructive to compare the dominant inelastic CE collision
with the probability of elastic collisions within the plasma. In the data compiled
by Brown this comparison is made in terms of the probability of collision and
shown as Figure 7-2.5 For the energy range of the Hall thruster plasma the
probability of CE collision is approximately an order of magnitude greater than

that for an elastic collision.
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Figure 7-2. Comparison of total, CE, and elastic collision probabilities as a function of inter-
particle energy.5*

Based on these evaluations it seems that the most common collision
within the plasma will be CE collisions, with elastic collisions accounting for
approximately 1 in 10 total collisions. Numerical cross sections are available for
singly charged ion-neutral CE (see Egn. 3-6) as well as Xe*-Xe* elastic collisions.
However, cross sections involving multiply charged xenon ions have not been
found in the literature; these reactions include single- and double-electron CE as
well as elastic momentum transfer collisions. Therefore an evaluation of these

collisions must rely on alternate means of detecting the collision evidence.

7.1.2. Elastic Collision Signatures

Knowledge of species densities along with all possible collision cross

sections would permit a detailed evaluation of collision probabilities and
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unambiguous determination of dominant collision processes. Unfortunately,
many cross sections relevant to this study are unavailable. The collision
dynamics within the plasma can be evaluated, though, by searching for evidence
of their occurrence within the mass and energy spectra. In order to provide a
framework within which the collision signatures can be evaluated this section
discusses the effect of the two types of collisions expected on the overall energy
and mass spectra.

For the sake of simplicity, the elastic collisions are approximated as hard-
sphere interactions. The differential cross section for a hard-sphere collision is
dm2/4, where dn is the effective hard-sphere diameter. Considering only binary
collisions and denoting the collision scattering angle as g, the fact that the
differential cross section is constant stipulates that all values of g are equally
possible in a hard-sphere collision. Therefore hard-sphere collisions produce
atoms with post-collision trajectories randomly distributed over all directions.

The energy lost by a particle of “type 1” due to an elastic collision with a

particle of “type 2” is a function of the scattering angle, q according to

m, .
Eqn. 7-1 DE = Em”—l-smZg

5 2
where m; and m. denote the particle masses and Econ is the energy of the
collision. The interactions of relevance to this study involve particles of identical
masses, such that m; = m,. Using E: and E: to represent the pre-collision kinetic

energies, and E;’ and E>’ representing the post-collision energies yields

176



Eqn. 7-2 E,=E,+(E,- El)sinzgz.

The effects of such an interaction can be easily envisioned by analyzing the
extreme cases: for glancing collisions in which q = 0, E;” = E; and the particles
are unaffected; for head-on collisions in which g = 180 degrees (complete
backscattering) E;” = E; and therefore E>’ = E;. It follows that since the collisions
will occur with equal probability for all values of g between 0 degrees and 180
degrees the post-collision energy of particles “1” will be equally distributed
between E; and E,. Similarly, since the collisions are elastic particles “2” will be
equally distributed over the same range of post-collision energies.

The effect of an elastic momentum transfer collision on the energy
distribution is most easily conceived through the analysis of the most simple
flow: collisions between two mono-energetic species. Figure 7-3 demonstrates
the evolution of the energy distribution function for the interaction between such
particles. The energy distribution of the entire two-species flow is shown at the
far left with mono-energetic particles of species 1 and 2. Allowing a fraction of
these particles to undergo elastic collisions produces the post-collision energy
distributions of each species shown to the right. As evidenced by this figure the
momentum transfer collision produces “tails” on the original pre-collision
distributions filling the energy regime between the two species. The relative

amplitude of these tails would be determined by the species density and
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collision cross section; in general the height of these tails will be much less than

the height of the original pre-collision distribution.

fE

Species 1
fE Species 1 fE
Species 2
Species 2
Collisions —I—
*
Eq =) E Eq =) Eq =)

Figure 7-3. Illustration of tail formation mechanism in the energy distribution through
elastic collisions between two mono-energetic species.

Interactions between two species having finite distributions of energy is

more difficult to envision than the pedagogical case between mono-energetic

species. For example, consider the interaction between two species with

gaussian energy distributions as shown in Figure 7-4.
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Figure 7-4. Pre-collision energy of a two-species flow having separate gaussian distributions.
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A particle 1 with energy E: that has collided with a particle 2 with energy E>
will have a post-collision energy somewhere between E; and E;; therefore Ei’
must be greater than E: (primed quantities denote post-collision values). Since a
collision product of species 1 having energy Ei’ must have originated as a
particle with pre-collision energy E; < Ei’, the probability of finding a post-
collision species 1 particle with energy E:’ is equal to the probability of finding a
pre-collision species 1 particle with E1 < Ei’. For example, in Figure 7-4 the
probability of finding a post-collision species 1 particle with an energy of 400 is
fairly large: this particle could have come from anywhere within the pre-
collision gaussian distribution of species 1. However, the probability of finding
a post-collision species 1 with an energy of 250 is very small, since this particle
must have originated from the small portion of the pre-collision distribution that
lies to the left of 250. Denoting the pre-collision energy distribution of species 1
particles as fi(E) and the probability of finding a post-collision species 1 particle

with energy E:’ as P:'(E1’) gives

E,¢
Eqn. 7-3 |:>1¢(El¢)— J.(e)de.
0

As an illustration of this Figure 7-5 shows the pre-collision energy distribution of
species 1 particles from Figure 7-4 along with the probability of post-collision
species 1 energy calculated according to Eqn. 7-3.
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Figure 7-5. Pre-collision energy distribution of species 1 shown with the probability of post-
collision velocities for species 1 with a higher energy collision partner.

Figure 7-5 illustrates the effect of the shape of the pre-collision energy
distribution on the post-collision energy for particles 1 colliding with a particle 2
of higher energy. However, the final shape of the post-collision energy
distribution will also be affected by the distribution of particle 2 energies. Since
E:” must be less than E;, a post-collision species 1 particle with energy E:” must
have collided with a species 2 particle with E; > E;’. Therefore, analogous to the
previous discussion, the probability of finding a post-collision species 1 particle
with an energy E:’ is equal to the probability of finding a pre-collision species 2
particle with energy greater than E:;. Denoting the pre-collision energy

distribution of species 2 as f»(E) yields
Eq¢

Eqn. 7-4 Pl¢(El¢): 1- f.(e)de .
0
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The constraint imposed by Eqn. 7-4 is illustrated in Figure 7-6. With these
principles it is possible to determine the shape of the resultant energy
distribution: the energy distribution of the post-collision species 1 products due
to a collision with species 2 is equal to the joint probability that (1) the products
will have energy greater than their pre-collision value and (2) the products will
have energy less than their species 2 collision partner. Utilizing Eqn. 7-3 and

Egn. 7-4 and denoting the post-collision energy distribution of species 1 as

fl'(El')Z
of ¢\ X ¢ = U
Eqn. 7-5 f; (El ): F.e)de- d- f,(e)deg.
0 e 0 G
1.0 —
0.8 —
06 7 PL(E ) ,(E )
0.4 —
0.2 —
0.0 =7 T | |
0 200 400 600 800
Energy

Figure 7-6. Pre-collision energy distribution of species 2 particles shown along with the
probability of finding a species 1 particle with post-collision energy of E;’.
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Eqgn. 7-5 defines the shape of the energy distribution for the collision
products of species 1. Since the collisions are elastic, the exact same mechanism
populates the post-collision energy distribution of species 2, therefore fi’ = f,’.
Figure 7-7 shows the pre-collision distributions of species 1 and 2 along with the
distribution of the post-collision products. The amplitude of the product
distribution, which is determined by the cross section, has been chosen

arbitrarily in this figure.
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Figure 7-7. Graphical representation of the pre-collision energy distribution of the reactants
and the energy distribution of the post-collision products of elastic collisions.

Finally, the resultant energy distribution of all species 1 particles due to
elastic collisions with species 2 is the sum of f;” and the distribution of those
species 1 particles that did not suffer a collision (f. attenuated for the loss of

some particles). Figure 7-8 shows the resulting energy distributions of species 1
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and species 2 due to elastic collisions. It is also interesting to consider the
pedagogical case of mono-energetic distributions discussed earlier: using Dirac
functions to represent the pre-collision distributions as d(E-E1) and d(E-E2) Eqn.
7-5 confirms mathematically that the resultant post-collision distribution is the
product of two Heaviside step functions, H(E-E1)H(E2-E), as the simplistic

conceptual analysis concluded.
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Figure 7-8. Illustration of “tail” formation on pre-collision energy distribution due to elastic
collisions.

In the preceding discussion of elastic collisions the magnitude of the

collisional interaction, which is defined by the collision cross section, was
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unavailable and was assumed arbitrarily for instructive purposes. Fortunately
many of the characteristics of the post-collision energy distribution are displayed
regardless of the value of the cross section. Indeed, two traits involving the
energy distribution function are fundamental: (1) the post-collision distribution
for species undergoing elastic collisions is distinguished by a slowly decaying
“tail” extending the species 1 distribution towards higher energy and decaying
to zero at the maximum pre-collision energy of species 2 (with a similar tail
extending to lower energies for species 2); (2) the “tail” decays monotonically
and no additional “bumps” (local maxima) arise in the reactant post-collision
energy distribution as a result of elastic collisions. Specifically, the post-collision
distribution of species 1 does not retain any of the species 2 pre-collision
distribution shape (i.e. there is no bump in f;’ corresponding to the most
probable energy of f,).

The elastic collision signatures have been discussed in terms of particle
energy, while much of the data reported in this study involves the voltage, or
energy/q distribution. The method of detecting the collision signatures in a
voltage distribution follows the same principles with minor considerations; in
fact, the initial pre-collision distributions illustrated in Figure 7-4 were
constructed with a discussion of the voltage analysis in mind. Consider an
ionization and acceleration process within the Hall thruster that produces ions
with g = 1 according to the energy distribution of species 1 in Figure 7-4. Since

the ions are singly charged, the energy axis in the figure is equivalent to the
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voltage axis (V = E/q = E). At the same time, assume that the thruster produces
ions with q = 2 in the same physical discharge such that the voltage distribution
of the g =2 ions is the same shape as that of the g = 1 ions, albeit at a reduced rate
such that fq=» = Afg=1 where A < 1. This voltage distribution is illustrated in

Figure 7-9.
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Figure 7-9. Voltage distributions of singly and doubly charged ions formed by identical
processes.

In terms of energy, the g = 2 ions will have twice the energy of the g = 1 ions,
therefore the most probable energy for the g = 2 ions will be shifted to a location
of twice the peak value for g = 1, or 600 eV. In addition to a pure translation, in
changing from E/q (volts) to E the q = 2 distribution will be broadened by a
factor of 2 (e.g. the base of the g = 2 voltage distribution extends from 200 to 400
volts, therefore the base of the energy distribution will extend from 400 to 800

eV, or twice the width). Thus the resultant energy distribution equivalent to the
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voltage distribution in Figure 7-9 is exactly that of Figure 7-4 with species 2
denoting doubly charged (g = 2) ions, species 1 representing singly charged ions,
and the horizontal axis in units of eV. The shape used for the species 2
distribution in Figure 7-4 is exactly the same shape as that of the species 1
distribution but shifted and broadened by a factor of two. It follows
immediately from this fact, then, that the post-collision energy distributions
shown as Figure 7-8 can be transformed into post-collision voltage distributions
simply by shifting and narrowing the species 2 distribution by a factor of 1/2.
The resultant measured curve of voltage distribution caused by elastic collisions

of singly and doubly charged ions is illustrated in Figure 7-10.
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Figure 7-10. Signature of elastic collisions between singly and doubly charged ions as seen
in the ion voltage distribution function.
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The tell-tale signatures of elastic collisions within the voltage distribution
are equivalent to those in the energy distribution: (1) elastic collisions produce a
high-voltage “tail” on the singly charged ion voltage distribution that decays to
zero at a voltage equal to twice the maximum voltage of the doubly charged ion;
(2) elastic collisions produce a low-energy “tail” on the doubly charged ion
voltage distribution that decays to zero at a voltage equal to one-half of the
minimum voltage of the singly charged ion; and (3) elastic collisions produce
tails that decay monotonically such that neither the high- or low-energy tails

exhibit “bumps.”

7.1.3. CE Collision Signatures

Consider again the flow composed of species 1 and 2 defined by the
equivalent energy and voltage distributions of Figure 7-4 and Figure 7-9 where
species 1 has g =1 and species 2 has g = 2. The definition of a CE collision is an
interaction between two particles during which one or more electrons is
transferred with no significant transfer of momentum. When an electron is
transferred from a g = 1 ion to a q = 2 ion the net effect is that the ions “swap”
identities: the ion that originated as species 1 with g =1 and energy E: is now a
species 2 ion with q = 2, but with energy still equal to E: while the original
species 2 ion with g = 2 and energy E; still has energy E, but now has charge q =
1 (it is a species 1 ion). Therefore the resultant post-collision energy

distributions now appear as indicated in Figure 7-11.
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Figure 7-11. Post-CE-collision energy distributions for the interaction of doubly charged ions
(species 2) with singly charged ions (species 1) of the same pre-collision voltage distribution.

Thus, rather than producing monotonically decaying “tails” as in elastic
collisions, CE collisions produce discrete distributions added on to the pre-
collision distribution with “bumps” corresponding to the most probable energy
of the collision partner. Indeed, these discrete distributions not only exhibit
bumps, instead the shape of the collision partner’s distribution is completely
conserved during the CE process (i.e. the “bump” in the tail of species 1 in
Figure 7-11 has the same shape as the original pre-collision distribution of
species 2).

The CE collision signatures within the voltage distribution can be

obtained by scaling the peak energy and width of the q = 2 energy distribution
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by a factor of 1/2; the resultant voltage distribution of all particles equivalent to

the energy distribution of Figure 7-11 is shown as Figure 7-12.
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Figure 7-12. Total post-CE-collision voltage distribution function arising from CE collisions
between doubly charged ions (species 2) with singly charged ions (species 1).

The analysis of CE collisions between ionic species demonstrates
fundamental qualities of the post-collision voltage distribution that can be used
as a signature to identify these processes in the data: (1) CE collisions produce
tail-like appendages that do not decay monotonically as in the case of elastic
collisions; (2) the tails of CE collisions exhibit “bumps” (local maxima)
corresponding to the energy distribution of the collision partners; (3) CE
collisions completely conserve the shape of the original pre-collision

distributions within the bumps of the post-collision tails.
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In discussing the effects of both elastic and CE collisions ions with charge
g =1 and g = 2 were considered. The concepts derived in these analyses can be
extended to interactions between ions with different charge states in a
straightforward manner. For example, a CE collision involving a two electron
transfer between a q = 3 ion and a q = 1 ion, both with the same voltage V=E/q,
will produce a g = 1 ion with voltage E/q = 3 and a g = 3 ion with voltage E/q =
1/3; the manipulation involved in transferring from an energy to a voltage
distribution, then, involves a shifting and narrowing by a factor of 1/3. The
elastic collision analogy for these ions will produce extended tails proportional
to the energy difference between the reactants.

In order to easily comprehend the implications of CE reactions it is
instructive to consider the Hall thruster plume flow as consisting of two
interacting components: (1) high-voltage (on the order of 50-300 V) “beam” ions
produced and accelerated within the thruster discharge chamber passing
through (2) a “background” gas consisting of very low-energy macroscopically
stagnant neutral particles due either to facility pumping limitations or un-
ionized propellant. The possible reactions then include collisions between two
beam ions and collisions between beam ions and neutrals. Considering all
possible reactions between q = 1, 2, and 3 beam ions yields ion products as
shown in Table 7-1 (considering only the formation of ions with q < 5) with

Table 7-2 tabulating the possible products of beam ion-neutral collisions. The
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MBMS can only detect ions with non-zero voltage, thus the products listed in

Table 7-2 are limited to these species.

Reactants at Vp, lon Products Electrons transferred
Xez+ + Xe* Xe+=2Vp with Xez*=Vyp/?2 1
Xez+ + Xe* Xe3*=2V,/3 1
Xez+ + Xe* Xe3*=Vp/3 2
Xesd+ + Xe+ Xe2+=3Vp/2 with Xez+*=V,/2 1
Xesd+ + Xe+ Xe4*+=3Vp/4 1
Xedt + Xet Xet=3 with Xe3*=V,/3 2
Xesd+ + Xe+ Xe4*=Vp/4 3
Xesd+ + Xe2+ Xe2+=3Vp/2 with Xe3+=2V,/3 1
Xesd+ + Xe2+ Xe4*+=3Vp/4 with Xe*r=2V, 1
Xesd+ + Xe2+ Xe+=3Vp with Xe4=Vp/?2 2

Table 7-1. Possible reactant and product combinations for CE collisions occurring between
two high-energy beam ions, each with voltage Vy.

Reactant ion at Vp lon products with Electrons Transferred
with 0 V neutral Energy >0

Xet + Xe none N/7A

Xez+ + Xe Xe+r=2Vp 1

Xedt + Xe Xezt=3Vp/2 1

Xe3+ + Xe Xe+=3Vp 2

Table 7-2. Possible reactant-product combinations for the CE collision between a beam ion
with voltage Vp and a stagnant background neutral.
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7.2.  Collision Evidence in SPT-100 Plume

The ion energy distribution functions reported in this study along with
previous measurements of ion energy in Hall thrusters have displayed the
common feature of a “tail” of ions having voltage greater than that applied to the
thruster discharge. Although initially dismissed as an experimental error, this
tail has appeared consistently in all probe diagnostics of ion voltage. Data
obtained with the MBMS suggested that this tail may be the result of atomic
collisions; various potential collision mechanisms to account for this tail are
presented in this section.

Initially, consider the near-centerline region of the plume at 0.5 m radius
displayed in Figure 5-3 and Figure 5-8. In light of the preceding discussion of
collision signatures, these data seem to display the trends associated with elastic
momentum transfer collisions: primary central distributions between
monotonically decaying tails. Drawing inspiration from the similarity between
the post-collision shape displayed in Figure 7-10 and the form of the ion voltage
distributions near centerline in Figure 5-3, assume that the measured voltage
distribution represents the post-collision form of the situation introduced in
Figure 7-9: a pre-collision voltage distribution of singly and doubly charged
ions obeying the same shape, but with the doubly charged distribution having
an amplitude of some fraction of the singly charged distribution. This situation

seems reasonable for the Hall thruster since both ion species are formed and
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accelerated within the same region according to the same processes, albeit with
the doubly charged ions produced at a reduced rate. Figure 7-13 shows such a
supposed case for the ion voltage measured at 0.5 m from the SPT-100 at 5
degrees off centerline with an assumed pre-collision distribution of Xe* and Xez*
chosen to match the central shape of the data, with the height of the Xe%
distribution set at 15% of the Xe* height. Although there is no physical basis on
which to choose a mathematical form for the pre-collision distribution, the
nature of the elastic collision process is such that the post-collision distribution
largely retains the pre-collision shape with the addition of tails attached to each
side. It is therefore reasonable to assume that the 220 to 300 V regime of the
measured distribution in Figure 7-13 reflects the same shape as the pre-collision
distribution; thus, a gaussian curve-fit was chosen to represent the pre-collision
distributions simply on the basis of providing a close mathematical

approximation to the center portion of the data.
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Figure 7-13. Total ion voltage distribution measured at 0.5 m from the SPT-100 at 5 degrees
off thruster centerline with proposed forms of the pre-collision distributions of singly and
doubly charged ions.

With the proposed pre-collision distributions of singly and doubly
charged ions in hand the method of Egn. 7-5 can be used to convolve the two
distributions into their combined post-collision shape. Figure 7-14 shows the
results of this convolution along with the sum of the two individual post-
collision distributions compared to the MBMS data; in this figure the amplitude
of the post-collision product distribution (height of the tail) was chosen
arbitrarily to match the tail in the data; physically, this tail height would be a
function of the collision cross section.

Even without the value of the elastic cross section between Xe* and Xe2*
the trends and qualitative behavior in the post-collision convolution of the
assumed distribution very closely match the data curve. Specifically, the high-

energy tail in the data decays in nearly the same manner as the tail in the
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proposed model, falling to a value of zero at the same value of voltage; the
shape of the low-energy tails also reach zero at the same voltage. Thus, although
the model contains no method by which to set the tail height, the overall width

and trends in the proposed convolution closely follow the data.
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Figure 7-14. Convolution of assumed pre-collision gaussian distributions of Xe+ and Xez* into
their combined post-collision shape compared with MBMS-measured data at 0.5 m radius
from the SPT-100 and 5 degrees off centerline.
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By utilizing the species-dependent data obtained from the MBMS it is
possible to evaluate the proposed elastic collision concepts discussed above more
extensively. Using the TOF mode of the MBMS the species-dependent voltage
distributions were measured at 0.5 m, 5 degrees for Xe*, Xe?*, and Xe3*; these
data were presented previously as Figure 6-6. Figure 7-15 shows a comparison
between the Xe* and Xez* post-collision distributions derived by convoluting the
assumed pre-collision gaussians (as plotted in Figure 7-14) compared with the

MBMS-measured voltage distributions of these same species.
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Figure 7-15. Comparison of MBMS data with convolution of proposed pre-collision
gaussians for Xe*+ and Xez+ at 0.5 m from the SPT-100, 5 degrees off centerline.

The similarity between the shapes computed based on the assumed pre-collision
distributions convoluted according to elastic collisions and the data is striking:
the Xe* distribution data exhibits a high-energy tail that extends and decays to
zero nearly identically with the computed curve, while the Xe#* distribution

displays the corresponding low-energy tail attributed to elastic collisions with
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Xe* that also follows the computed shape. It follows, then, that the ion voltage
distribution data at 5 degrees off centerline, 0.5 m from the thruster is consistent
with the description of the phenomena attributed to elastic momentum transfer
collisions between singly and doubly charged plume beam ions having a
gaussian-like pre-collision distribution: the high-voltage tail is formed by singly
charged xenon ions that have gained momentum from the higher-energy doubly
charged ions, while the low-energy tail is the corresponding appearance of
doubly-charged ions which have lost energy to elastic collisions. This
explanation seems plausible since the assumed pre-collision distributions shown
in Figure 7-13 resemble the intuitive shape of the ion voltage distribution that
would be expected to form within the plasma discharge described by the trends
shown in Figure 5-27: ion voltages ranging from 200 to 300 V with no ions
exceeding the applied discharge voltage. Although the pre-collision
distributions of Figure 7-13 exhibit a small population of ions greater than 300 V,
it must be remembered that these shapes were simply assumed with no physical
justification other than agreement with data. The curve-fit representing the pre-
collision shape complied with the data only up to about 290 V: the portion of the
pre-collision distribution greater than 300 V is therefore intangible.

The comparisons of Figure 7-15 show exceptional agreement for the
singly ionized xenon distributions, whereas the doubly charged distributions
display a slight offset. The reason for this disagreement is likely to arise from

the acceleration scenario discussed previously in Section 6.3.2 and illustrated in
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Figure 6-7: rather than having the same pre-collision shape and location as the
Xe+* distribution as assumed, the doubly-charged ions are likely to be formed
further downstream in the thruster acceleration layer and would thus have a
pre-collision voltage distribution that was shifted towards lower voltages. This
accounts for the offset apparent in Figure 7-15. However, the breadth of the low-
energy tail on the Xe?+ distribution is determined by the pre-collision voltage
distribution of Xe* and therefore shows good agreement with the data in spite of
the main peak offset.

The discussion of elastic collisions has thus far assumed hard-sphere
interactions, such that the differential collision cross section is constant. These
hard-sphere interactions serve to demonstrate many important features of the
collisions while being conceptually and mathematically simple. In truth, the
elastic collision between ions will be described by the differential collision cross
section calculated according to the Coulomb inverse power potential. Written in

terms of collision scattering angle

b,
Eqn. 7-6 Sq)=——=7
4sin 9/2

where the Landau length is defined as

2
e
Eqn. 7-7 b, = LA —.
4dpe,m Uy,
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The differential cross section, which describes the probability of an ion being
scattered into an angle g, can be combined with Eqgn. 7-1 describing the energy
transferred for a collision of angle q to predict the distribution of post-collision
energy transfer in a binary elastic collision. With DE denoting the fraction of the
collision energy transferred and recognizing that the Landau length (for

identical mass collision partners) can be written as

2
Eqgn. 7-8 b, = M,
4peOEcoII
yields
2.2 4
9.9,€
Eqn. 7-9 SDE)=—F——F——.
64p“e;(DE)®

Eqn. 7-9 states the probability of a binary Coulombic collision producing
an energy transfer of DE. The result implies that since the Coulomb differential
cross section favors small angle collisions, such interactions are more likely to
create products with small energy transfer. This is illustrated in Figure 7-16
which plots the normalized differential cross section (64Sp2e2/Qi120.2€%) as a
function of the normalized energy transfer (i.e. the fraction of total collision

energy transferred, or DE/Eca).
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Figure 7-16. Illustration of Coulomb interaction preference for low energy transfer in a
binary elastic collision between ions.

The effect of the true Coulomb interaction between ions can be easily understood
by examining Figure 7-14. Since the cross section favors collisions with small
energy transfer, the effect would be to “fatten” the portion of the post-collision
tail of Xe* in the 300-to-400 V range and the tail of the Xe?* tail would be
amplified in the region near 200 V. Thus, consideration of the true collision
dynamics would tend to bring the hard-sphere approximate model in closer
agreement with the data.

The measured ion voltage distributions at 0.5 m, 5 degrees demonstrate
considerable agreement with an elastic collision explanation for their origin. In
addition to the elastic behavior is evidence of CE collision signatures: as can be
seen in Figure 7-15 the measured Xe2* distribution displays a well-defined bump

at a voltage corresponding to 3/2 of the most probable voltage. An examination
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of Table 7-1 and Table 7-2 reveals three possible reactions within the Hall
thruster plume that are capable of producing a doubly charged ion with voltage
of 3/2 the beam voltage: (1) a Xe3* beam ion reacting with a Xe* beam ion; (2)
a Xe3* beam ion reacting with a Xe2* beam ion, or (3) a Xe3* beam ion reacting
with a background Xe neutral. The occurrence of the first reaction would
require the simultaneous production of a Xe?* ion with voltage of 1/2 the beam
voltage, while the second reaction must produce a Xe3* ion with 2/3 of the beam
voltage. An examination of Figure 6-6 and Figure 7-15 show no evidence of
these sibling populations. Thus, the most likely reaction producing the 3/2 Vy
bump in the Xe?* distribution is the CE collision between a triply charged xenon
beam ion with a background neutral. This conclusion is also intuitive: since
Xe3* represents the smallest fraction of the plume flow, the most likely reaction
involving this ion will occur with the most prevalent species in the flow, i.e.
neutral atoms.

The measured ion voltage distributions near centerline at 0.5 m seem to be
very consistent with a momentum-transfer elastic collision analysis between
plume beam ions, with slight evidence of CE occurrences. An examination of
Figure 5-3 through Figure 5-11 reveal that, for increasing angles off centerline,
the elastic collision signatures give way to clear CE signatures with distinct

bumps in the distribution tails. This trend is condensed in Figure 7-17.
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Figure 7-17. lon voltage distribution at 0.5 m from the SPT-100 from 10 degrees to 90 degrees
off centerline showing collision signature evolution from elastic behavior to CE behavior.

The 60 and 90 degree distributions exhibit a “bump on tail” shape, where the
voltage of the bump maximum is exactly twice the most probable voltage of the
distribution (denoting V, as the most probable beam voltage, V, = 235 V at 90
degrees with the bump occurring at V = 470 V). From Table 7-1 and Table 7-2
the possible reactions creating products with a voltage of twice the main beam
voltage are (1) the CE collision between a Xe* beam ion with a Xe2* beam ion (2)

the CE collision between a Xe3* beam ion and a Xe?* beam ion, and (3) the CE
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collision between a Xez* beam ion with a background neutral. The distribution
measured at 90 degrees will be used as a discussion tool to evaluate these
collisions.

The second reaction mentioned above involved a collision between two
minority species in the plasma. The probability of such a second-order collision
is much less than that involving one or more majority species, such as Xe* or Xe,
therefore either the first or the third reaction seems most likely to be observed. If
the reaction responsible for the peak at 2 V,, in the 90-degree data is of the first
type involving two beam ions, then a sibling bump must occur at a voltage of
Vu/2 = 117 V. The distribution does display a bump near 120 V, however the
width of this low-voltage bump is not supported by a CE analysis of the collision
between two beam ions. Following the same ideas presented previously in the
elastic collision evaluation of the data at 5 degrees, assume that the large central
peak in the 90-degree data reflects the pre-collision distribution of Xe* and Xe?*.
A gaussian curve-fit to this portion of the curve is shown compared with the

data at 90 degrees in Figure 7-18.
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Figure 7-18. Proposed pre-collision gaussian distributions for Xe* and Xe2* for the data at 0.5
m from the SPT-100, 90 degrees off axis.

The CE reaction between these two pre-collision distributions of beam ions
would then form a resultant post-collision distribution as shown compared with
the data in Figure 7-19; in this figure, as previously, the height of the post-
collision distributions has been chosen arbitrarily to match the data. The post-
collision distribution resulting from the CE collision results in a distribution with
the same shape as the pre-collision population shifted and broadened by a factor
of two coincidentally with a distribution shifted and narrowed by a factor of
1/2. It is apparent from the figure that even though the shape of the high-
voltage bump is well represented, the narrowed product distribution of doubly
charged ions does not account for the breadth in the low-voltage portion of the
data. Furthermore, arbitrarily choosing the peak height of the post-collision Xez*

distribution to match the data implies that the doubly charged CE products
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comprise nearly 50% of the pre-collision ions and hence, that the pre-collision

distribution of Xe?+* accounted for greater than 50% of the total flow.
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Figure 7-19. Post-collision distribution result of CE reaction between singly and doubly
charged beam ions based on assumed gaussian pre-collision distribution.

It is apparent that a CE reaction between two pre-collision gaussian-like
distributions of Xe* and Xe?* cannot account for the measured shape of the
voltage distribution function at 90 degrees. The other possible reaction
producing a bump at 2Vq is the collision between a Xe?* beam ion and a
background neutral. If the pre-collision distribution of Xe2* was gaussian-like as
discussed above, the beam ion/neutral collision would produce only a post-
collision distribution centered at 2 V. This reaction does not explain the portion

of the MBMS data below 200 V nor the portion between 300 V and 400 V (the
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resultant post-collision distribution would consist only of the central gaussian
and the “bump” on the far right of Figure 7-19).

The trends of the MBMS data suggest another shape for the pre-collision
distribution: the high-voltage tail above 300 V in the 90-degree data has a nearly
identical shape to the portion of the distribution less than 300 V. With this in
mind the following model is proposed. The portion of the 90-degree data curve
to the left of 300 V in Figure 7-17 represents the pre-collision distribution of
singly and doubly charged xenon created and accelerated in the same region,
while the high-voltage tail above 300 V represents Xe2* beam ions which have
gained an electron through a CE collision with a background neutral. The pre-
collision Xe2* distribution is thus calculated by multiplying the portion of the
MBMS data between 0 and 300 V by some fraction. This is shown graphically in

Figure 7-20.

207



1.0 —
MBMS data
0.8 —
Proposed pre-collision
0.6 — posecp .
< distribution of Xe obtained
= by attenuating original
0.4 — MBMS data from 0 to 300 V
0.2 —
0.0 —
| | | | | | | |
0 100 200 300 400 500 600 700
Volts

Figure 7-20. Proposed pre-collision distribution of Xez* computed from the MBMS data at 0.5
m, 90 degrees off axis in the SPT-100. The proposed distribution was calculated as a fraction
of the original data between 0 and 300 V.

A CE collision between the doubly charged xenon and background neutral
would then produce a distribution of singly charged product ions with the same
shape as the pre-collision distribution shifted and broadened by a factor of 2.
Figure 7-21 shows the post-collision distribution formed through such a shape-
preserving reaction compared with the data. In this plot the height of the post-
collision distribution has been chosen to match the data, but the distribution
shape was determined by “cutting and pasting” the original data and is thus an

exact duplicate of the portion of the curve between 0 and 300 V.
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Figure 7-21. Illustration of identical shape in tail and main body of voltage distribution data
measured at 0.5 m radius and 90 degrees off centerline in the SPT-100.

It is apparent from an examination of Figure 7-21 that the high-voltage tail
in the 90-degree ion voltage distribution is exactly the same as the shape of the
curve between 0 and 300 V; such a distribution can be explained through the
occurrence of CE collisions between doubly charged xenon ions and ambient
background neutrals. This result makes physical sense: the original pre-
collision distribution of ions produced in the Hall thruster goes to zero at 300 V
and thus does not contain any anomalous ions with voltages greater than that
applied to the discharge. The high-voltage portion of the measured distribution
function is the result of CE collisions occurring between the different ionic
species within the plasma, namely between doubly charged ions and

background neutrals.
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Discussion of the collision signatures within the plume ion voltage
distributions have been confined to the data recorded at 0.5 m radius from the
SPT-100 up to this point. The data trends in the 1.0 m data exhibit many of the
same tell-tale signatures of collisions, but the angular trends are much more
intriguing. Excluding the anomalous zones at 1.0 m between 5 degrees and 20
degrees off axis the data display much of the same angular trends as the 0.5 m
case. Referring to Figure 5-12 through Figure 5-18, the centerline voltage
distribution exhibits somewhat of a monotonically decreasing tail associated
with elastic collisions, with a CE-type signature superimposed. Ignoring, for
now, the region between 5 and 20 degrees, the elastic-looking collision
signatures evolve into typical CE structures very rapidly with increasing angle
from centerline, with a “bump on tail” existing at precisely twice the most
probable voltage of the main distribution. Furthermore, the height of these
bumps is a larger fraction of the main discharge peak than exhibited in the 0.5 m
data.

The voltage distributions measured between 5 degrees and 20 degrees,
and -5 degrees and -20 degrees exhibit fascinating structure. These data were
presented earlier as Figure 5-19 through Figure 5-22. The voltage distributions
of this region are characterized by extremely prominent CE peaks occurring at
voltages greater than that which can be considered the *“beam” voltage at
approximately 260 V. Referring to Table 7-2 it is apparent that this type of

signature can arise from collisions between beam ions and background neutrals.
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Although there are possible reactions between beam ions that would produce
peaks greater than V,, as can be seen from Table 7-1 these reactions produce
sibling products with energies less than V, simultaneously with the high-voltage
peaks. The data do not exhibit any peaks with voltage less than V.

Between 5 and 6 degrees and between -5 and -7 degrees the “primary”
distribution between 200 and 300 V associated with the thruster discharge
acceleration process decays abruptly in magnitude. This decay in the 260 V peak
is accompanied by a relative increase in the amplitude of the high-voltage peaks
associated with CE collisions. The physics responsible for this process are
straightforward. Consider a pre-collision distribution of singly, doubly, and
triply charged ions that have been accelerated through the same voltage of Vy. If
such a distribution were to pass through an ambient neutral background such
that 100% of the ions experienced a CE collision with the background gas, the
result would be all of the products listed in Table 7-2; 100% of the reactants
would become products and hence the “primary” pre-collision distribution with
peak at Vy would completely disappear, with only the product peaks at 3V,/2,
2V, and 3V, present in the voltage distribution. If somewhat less of the ions
experience a CE collision, say 50%, the peak height of the V,, distribution would
be comparable with the high-voltage peaks since an equal number of pre-
collision reactants and post-collision products exist. Thus, as the V, peak decays
due to de-populating CE collisions with background gas the product peaks with

voltage greater than V, will experience a simultaneous growth in amplitude.
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Furthermore, although the ionization fraction decreases with increasing ion
charge state (e.g. there is less Xe3* than Xe2*), the cross section for ion-neutral CE
collisions scales according to g3 so that highly charged ions will demonstrate a
disproportionate contribution to the CE signature.55:56

The data between 5 and 20 degrees off axis at 1.0 m display exactly such
CE behavior. For convenience, the data presented earlier is reproduced in part
here as Figure 7-22. The distribution peaks corresponding to the possible post-
collision voltage multiples are clearly visible in the region between -7 and -11
degrees. The peak locations represent all possible products of the reactions
considered previously in Table 7-2 along with the original population at V=260
V. Itis apparent, then, that the data at 1.0 m reflect extensive attenuation of the
plume ion beam by CE collisions with background neutrals. Subject to this
interpretation, the ion voltage data between 5 and 20 degrees reveal a unique
insight regarding the species distribution within the plasma. Consider the ion
voltage trace taken at 1.0 m, 11 degrees off axis shown in Figure 7-23. In this
trace a distribution peak with voltage equal to 4Vu/3 is clearly evident. The only
possible mechanism to account for this peak requires the existence of a
quadruply charged ion, i.e. Xe** exchanging a single electron with a background
neutral. This result, then, implies that the electrons within the thruster discharge

chamber are hot enough to produce Xe** ions.
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Figure 7-22. lon energy distribution measured at 1.0 m radius from the SPT-100 for angles at
-7, -9, and -11 degrees off thrust axis. Clearly evident are the high-voltage peaks at 3Vy/2,
2V, and 3V, produced as a result of CE collisions with neutral atoms.
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Figure 7-23. lon voltage distribution at 1.0 m radius from the SPT-100 plume at 11 degrees off
axis showing peaks at 4Vy/3, 3Vp/2, 2V, and 3Vp,.
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7.3. lon-Electron Recombination

The analysis of CE collisions within the Hall thruster plume has been
predicated on the assumption that the plasma ions acquire one or more electrons
from ambient neutral particles, thus reducing their positive charge state and
appearing with increased energy-per-charge in the ion voltage distribution.
Such behavior could be equally explained by bulk ion-electron recombination
within the plasma, where multiply charged ions combine with free electrons to
produce an identical effect on the ion voltage distribution.

The balance equation of the free electron density of a decaying plasma can

be written as

e

n
Egn. 7-10 % =-an’

where a is the generalized recombination coefficient. In a suitably dense plasma
a depends on collisions only, so that recombination occurs primarily through the
three-body process

Xet+e +e-->Xe+e.
The criteria for such collisional recombination is that the plasma must be under
local thermodynamic equilibrium (LTE). In terms of the plasma density, this

requires®’

3/2
3 (E1 B Ez)3 ?(TQQ 2pez
kT, €E, o emJc’h

e

Eqgn. 7-11 n, 3 1.15x10"(q +1)
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where E; is the energy of the ground state and E: is the energy of the first excited

state. For xenon Eqn. 7-11 can be written as

Eqn. 7-12 n, 3 1.73x10° /KT, .

From Myers and Manzella?®> the electron temperature within the plume in the
vicinity of 0.5 m radius from the thruster exit is Te = 1 eV (11,600 K), thus the
density must be greater than 7x102 m-= for LTE to hold. However it was found
in the probe-based study reported here that the density was less than 2x1016 m-3
and therefore the ion-electron recombination will not be fully collisional.

Since the plasma density is low, the contribution of radiative
recombination will be substantial. In this process, a free electron is captured into
an excited state of the ion, which then decays to the ground state through the
radiation of a photon,

Xet + e --> Xe"+ hn --> Xe + hn’
The bulk recombination coefficient, a, can thus be written as the sum of
collisional recombination and radiative recombination, a = a. + ar. Anders gives

approximations for the two terms of the collisional-radiative recombination for

Xenons’
Eqn. 7-13 ac=1.1x10-20T ;972
Eqn. 7-14 a,=3.0x10-16T¢3/4n L,
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Considering the plasma plume at 0.5 m radius on the thrust axis, Te = 1 eV and
Ne = 2x101 m-3, so that a. = 7x103° mé/s and a, = 1x103> m&/s. It is thus apparent
that radiative processes dominate the ion-electron recombination. According to

Eqgn. 7-10 the decay of the electron density is described by

1 1
— =2a(t-t,)+ .
n2(t- t,) (t- 1) n2(t,)

Eqgn. 7-15

Defining the recombination time, t;, as the time required for the electron density

to decay to one-half of its initial value yields

g
" 2an¥(t,)’

Eqgn. 7-16

For the conditions considered in the Hall thruster plume, t. > 260 seconds, while
the transit time for an ion to travel 0.5 m in the plume is 30 ns. It is readily
apparent, then, that the means by which plume ions obtain electrons is not
through bulk recombination with free electrons and must be due to CE with

ambient neutrals.

7.4. Discussion of Plume Collisions

A number of various potential collision processes within the Hall thruster
plasma have been evaluated. Through this evaluation distinguishing
characteristics of each process were identified and used to examine the possible
collision evidence within the measured data. Although not significantly

guantitative, these collision signatures showed considerable success in
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identifying collision products within the MBMS ion voltage distribution
measurements as well as the species-specific mass spectrometric studies.
Drawing on the vast body of data reported in this study it is possible to infer the
probable origins of these collisions.

The near-centerline region of the plume was seen to exhibit considerable
evidence of elastic momentum transfer collisions between singly and doubly
charged propellant ions. Although these collisions could have occurred
anywhere along the path length from the discharge chamber to the MBMS
detector, it is most likely that they originated from the region in which the
reactant density is greatest, i.e. the thruster discharge chamber. Furthermore,
the behavior of the post-collision voltage distributions stipulates that the elastic
collisions between Xe* and Xe2* must have occurred between high-voltage ions,
i.e. these collisions must have occurred downstream of the acceleration zone in
order to produce the tail lengths displayed in the data. It follows, then, that the
highest probability of elastic collisions between beam ions producing the
structure seen in the data will occur immediately downstream of the thruster
acceleration zone, or near the thruster exit plane.

The CE collisions involving zero-energy neutrals may have more varied
locations of origin. Specifically, there are three possible regions in which these
collisions may occur: (1) collisions between ions and un-ionized propellant
within the thruster discharge chamber; (2) collisions between beam ions and

ambient background neutrals due to facility effects within the plume; and (3)
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collisions between beam ions and the neutral “ram cloud” atoms immediately
upstream of the MBMS sampling skimmer. This last region is of most concern
from a diagnostics standpoint. The sampling skimmer of the MBMS represents
an essentially flat-plate obstruction to the high-velocity plasma flow in the Hall
thruster plume. lons impacting this obstruction will neutralize and reflect to
form a higher-density “ram cloud” build-up of neutral gas upstream of the
skimmer. CE collisions between plume ions and this target layer of neutrals will
produce parasitic collision signatures in the data that are not representative of
the undisturbed flow, but are instead an artifact of the measurement
disturbance. A rough estimate of the magnitude of this ram cloud effect is
possible with existing data.

The ion-neutral CE collision that is likely to be most prevalent involves
singly ionized xenon with its neutral counterpart. The cross section for this
reaction is available via. Eqn. 3-6. Although the neutral density of the ram cloud
is unknown, approximating the pressure within the ram cloud as being an order
of magnitude greater than the ambient vacuum pressure does not seem
unreasonable, with the neutral temperature equal to the obstruction surface
temperature. It is further assumed that this ram cloud will extend upstream of
the skimmer a distance on the order of the transverse dimension of the
obstruction, which was a 20-cm-diameter flange holding the skimmer. With
these crude approximations it follows that the mean-free-path for ion-neutral

charge exchange within the ram layer is 20 times larger than the thickness of the
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layer. Employing Eqn. 3-7 reveals that less than 5% of the ionic flow may suffer
a CE collision within the ram layer according to this crude approximation.

It seems that the obstruction imposed by the MBMS inlet skimmer does
not induce significant perturbation to the measured ion voltage distributions.
The data support this conclusion: if the ram cloud obstruction were responsible
for CE collisions with the beam ions then the effect would be most pronounced
for the highest density region in the plume, for it is this case which would form
the most dense, extensive build-up. On the contrary, the highest density point
considered in this study (0.5 m radius on thrust axis) shows no evidence of ion-
neutral CE collision products, while regions of considerably lower density (1.0 m
at 90 degrees from axis) demonstrate considerable ion-neutral CE signatures.

It follows, then, that the ion-neutral CE collisions evidenced in the data
occur along the path extending from the downstream end of the thruster
acceleration zone to the inlet of the MBMS skimmer. This implies that these
collisions are not inherent to the Hall thruster, rather they are due to
perturbations associated with an imperfect ground-test environment in the
vacuum chamber. The probability of CE collision between a plume ion and a
background neutral as a function of path length through the target neutral gas is
described by Eqgn. 3-7. Thus, the number of CE products detected in the ion
voltage distribution should increase with distance from the thruster, since this
represents a longer path of travel for the ion during which it has a higher

probability of collision. Consider the ion voltage distributions measured at 40
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degrees off centerline at both 0.5 m and 1.0 m as displayed in Figure 5-4 and
Figure 5-13 as a typical representation of the data. The collision analysis of this
chapter strongly suggested that the entire population of ions existing with
voltages above 300 V are the products of ion-neutral CE collisions. Therefore the
area under the I(V) vs V curve from 0 to 300 V is proportional to the number of
“virgin” ions which have not undergone a CE collision with a neutral, while the
area under the curve above 300 V is proportional to the number of ions which
have suffered a CE collision. Numerically evaluating these integrals reveals that
21% of the total ion population at 0.5 m are products of CE collisions, with CE
products accounting for 40% of the total flow at 1.0 m. These estimates agree
very well with the earlier prediction of Section 3.3.4 which, based on the
available cross section for Xe* - Xe and facility background pressure, predicted a
30% collision probability for ions traveling 0.5 m from the thruster and 50%
probability in the first 1.0 m of flight.

The estimates of 50% collision probability for the CE reaction between an
ion and a neutral at 1.0 m are reflected in the majority of the data sets. The
exception is the region at 1.0 m radius between 5 and 20 degrees of centerline. In
this region the population of CE products exceeds the “virgin” plume ions for
many traces indicating that well over 50% of the flow has suffered a CE collision.
Indeed, in many traces the amplitude of the 2V, population is nearly twice that
of the original distribution at V,. Such a large occurrence of CE collisions does

not seem to be supported by direct collisions with facility background gas. A
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possible explanation for this behavior is the existence of *“secondary” CE
collisions involving plume ions and the neutral products of the previously
discussed “primary” CE collisions.

For instance, CE collisions between plume ions and stagnant background
neutrals produce either high-voltage ions (which have been the subject of the
discussion to this point) along with zero voltage ions, or high-energy neutrals
along with zero voltage ions (e.g. the CE reaction between Xe* at V, and zero-
energy Xe produces Xe at V, with zero-energy Xe*). Thus a large occurrence of
ion-neutral CE collisions would produce a population of high-energy neutrals,
as discussed previously in Section 3.3.3. Since these high-energy neutrals were
originally plume ions that lost an electron, the density of these neutrals would be
greatest in the region of the plume with greatest plasma density, i.e. near
thruster centerline. In fact, the probe based study of Chapter 3 concluded that a
high-density core of high-energy neutrals existed within 25 degrees of thruster
centerline. These neutral products of one CE collision are therefore potential
partners for a second CE collision, creating a higher probability of CE collision
for a plume ion traveling near centerline than for an ion that travels off
centerline through only the background target gas. Furthermore, the cross
section for CE is greatest between atoms with zero relative velocity;>* therefore a
plume ion would have an increased chance of collision with a neutral traveling

at the same velocity, such as the fast product of a “primary” CE collision.
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The collision analysis of the measured ion energy distributions also
provides insight to the thruster acceleration layer behavior. Recall the collision
discussion of the ion voltage distribution at 90 degrees off centerline and 0.5 m
from the thruster presented earlier in this chapter. This distribution displayed a
CE tail with the exact same shape as the portion of the distribution between 0
and 300 V. This suggests that the pre-collision population of ions had the shape
displayed in the 0-to-300 V range of the plot, with the high-voltage tail simply a
subset of this population conceived through the gain of an electron through CE
with a neutral: the conclusion is that the part of the measured distribution below
300 V is not the result of facility interactions, rather a product of the thruster
itself. Thus, the thruster discharge produced a bi-modal distribution of ions
having a most-probable voltage of V=240 V with a lesser secondary population
having the same width, but centered at V,/2=120 V. This behavior was
observed on either side of the thruster near 90 degrees from the thrust axis. The
secondary distribution of ions with voltages near Vu/2 extend slightly further
past the 90-degree direction than the primary distribution. A postulate to
explain this behavior is not clear, but the implications are fascinating.

Contrary to the high-angle voltage distributions near 90 degrees, the near
centerline data suggest a gaussian-like pre-collision distribution emanating from
the thruster discharge. The secondary population at V,/2 begins to become
apparent at angles greater than 50 degrees off axis. These gaussian-like shapes

near centerline seem to display the evidence of elastic collisions involving
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multiply charged plume ions; such collisions are inherent to the thruster
operation and plume structure and are not a result of ground-test facility
interactions.

As discussed previously in Section 4.1 Manzella utilized a laser technique
to measure the Xe* ion velocity at the exit plane of the thruster.3® These
measurements indicated an ion velocity of 18.8 km/sec. Since the ion species
probed had g = 1, this equates to an acceleration voltage of 240 V. Indeed, an
examination of Figure 5-28 confirms that the most-probable ion voltage
measured with the MBMS agrees most convincingly with this result. However,
the LIF data implied an ion voltage distribution with a width on the order of 3 V.
As can be seen from Figure 5-25 and Figure 5-26 the width of the voltage
distribution measured in this study was on the order of 30 V. A means for

reconciling this difference is not presently known.
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8. CONCLUSIONS

The body of this report represents a large volume of plasmadynamic data.
Together these data allow a detailed model of the Hall thruster plasma plume to
be constructed. The motivation behind this characterization study was the need
for extensive data that is required to quantify the interaction between the Hall
thruster plasma and the supporting spacecraft. In gathering these data new
diagnostics were developed, while some widely used existing diagnostics were
revealed to be inappropriate for Hall thruster plumes. This chapter aims to
review the major findings of this study and suggest future research necessary to

investigate outstanding issues.

8.1. Overall Hall Thruster Plume Structure

Many quantities related to the heavy-particle flux within the Hall thruster
plume were measured using both in-situ probes and the MBMS. These data
include most-probable ion voltage, ion temperature, ion density, and neutral
particle flux. From these quantities evidence of both elastic collisions between

ions and inelastic CE collisions between ions and neutrals were documented.
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The overall structure of the Hall thruster plume as defined by

measurements is illustrated in Figure 8-1.
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Figure 8-1. Heavy-particle structure of SPT-100 plume. The SPT-100 body outline including
the cathode and support structure is drawn to scale with the 0.5 m and 1.0 m radius arcs
shown. Azimuthal increments of 10 degrees are indicated. Quantities lying near the inner
circle denote those values at 0.5 m radius, while quantities about the outer circle represent 1.0

m radius values.
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This figure indicates the evolution of plasmaphysical quantities as a function of
both azimuthal position and radial position from the thruster. For example, the
ion-voltage distribution was found to have a Gaussian-like shape at 0.5 m from -
30 degrees to 30 degrees away from the thrust axis; this structure evolved into a
bi-modal distribution existing between 60 and 80 degrees (on the cathode side)
and between -70 and -110 degrees (on the non-cathode side) consisting of a
dominant peak near 260 V with a second plateau with peak near 120 V. The ion
density at 0.5 m varied from a maximum of 2x10% m- on centerline to 1x10* m-
directly behind the thruster. The distribution existing between 110 degrees and -
140 degrees at 0.5 m was that of a macroscopically stagnant background plasma
with t; = 5 V. By following the various evolution contours about Figure 8-1 the

general trends in the plume can be understood.

8.2.  lon Energy Structure

One of the most interesting contributions of this research was the
measurement of the ion energy at angles exceeding 90 degrees off the thrust axis.
Although of utmost importance to spacecraft integration, this low-density
regime has historically been very difficult to probe. As can be seen by an
examination of Figure 8-1, Vi is nearly 260 V for all positions within 100 degrees
of the thrust axis at 0.5 m radius, with Vi, = 90 V extending all the way around to
-150 degrees at 1.0 m radius. The mechanism responsible for such high-energy

ions extending into the backflow of the plume is not understood. It was
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previously believed that such high-energy ions must be formed deep within the
thruster discharge chamber, and would therefore not have a direct line-of-sight
path to the plume backflow. Since the existence of the force required to produce
a trajectory with sufficient curvature to transport ions formed within the
discharge chamber into the backflow is not justified, it is likely that these high-
energy ions at large angles were formed downstream of the thruster exit plane
and accelerated transverse to the thrust axis at voltages comparable to the
applied voltage. These data suggest that the structure of the plasma acceleration
region downstream of the thruster exit plane is not accurately explained by
current models of Hall thruster operation.

A second remarkable finding regarding the ion energy distribution was
the discovery of a bi-modal distribution existing in the region of 90 degrees off
axis. Near thruster centerline the energy distribution was Gaussian-like with a
most-probable voltage near the applied discharge voltage. With increasing
angle off axis a secondary “hump” or plateau emerges on the low-energy side of
the main peak. This evolution continues such that between 70 and 100 degrees
and -70 and -110 degrees the ions posses two fairly distinct voltage distributions:
the main distribution centered near the applied discharge voltage, and a
secondary distribution of approximately one-half the magnitude of the main
peak centered near one-half the applied voltage. With further increases in
divergence angle this bi-modal distribution gives way rapidly to a stagnant

background population. Although the secondary low-energy population seems
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to be centered very near Vin/2, a CE analysis of this phenomena does not seem to
support the indicated width of the population. It is likely, then, that this
distribution shape is a result of the thruster acceleration process and not a

facility-induced error.

8.3.  Facility Interaction Considerations

This research demonstrated direct documentation of facility perturbances
on the Hall thruster plume structure. These parasitic effects were manifested by
CE collisions between plume ions accelerated within the thruster and ambient
background neutrals due to vacuum pumping limitations. The evidence for
such ground-test facility errors was the existence of both reduced-charge ions
and a corresponding flux of high-energy neutrals within 20 degrees of the thrust
axis. As expected, these effects became more pronounced with increasing
distance from the thruster.

The facility pressure during testing was approximately 3 x 105 torr,
representing a collision probability of 50% at 1.0 m from the thruster for the CE
collision between Xe* and background Xe. |If a facility with an order-of-
magnitude improvement in pressure were utilized the collision probability at 1.0
m decreases to 6%. It is apparent, then, that detailed plume characterization in
the far-field of Hall thrusters (approaching and exceeding 1.0 m) requiring high-

accuracy should be performed at pressures on the order of 1 x 106 torr or better
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to reduce parasitic signatures and more correctly quantify effects attributed to
the thruster.

Some Hall thruster plume characterization will be insignificantly affected
by these facility perturbations. For instance, measurements of plume sputtering
on sample materials are fairly insensitive to CE collisions. Since the sputtering
yield is dependent only on the incident atom energy (and not on the charge
state), the charge-changing character of CE collisions will not affect the incident

atom energy and the resultant sputtering rate will be unaffected.

8.4. Plume Asymmetry

Examination of Figure 8-1 reveals that the plume is not symmetric about
the thruster axis. This asymmetry is attributed to the location of the thruster
cathode. This asymmetry is most easily seen by an examination of the most-
probable ion voltage, V. At 1.0 m radius, ion distributions with Vi, of greater
than 90 V exist from 110 degrees off axis (on the cathode side) to -150 degrees off
axis (on the non-cathode side). Similarly, the macroscopically stagnant
background population of ions at 0.5 m radius is centered around 165 degrees
(to the back left of the thruster) rather than 180 degrees. Conceptually, the
overall ion energy structure seems to be rotated to the non-cathode side
(clockwise in the figure), with high energy ions existing at larger angles off axis
on the non-cathode side. This could possibly be due to a shadow effect of the

cathode. The bi-modal structure present in the points near 90 degrees off axis
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also extends further past 90 degrees on the non-cathode side. An additional
energy manifestation of the asymmetry is the slight depression of the ion
temperature on the non-cathode side. A second indication of the plume
asymmetry is displayed by the plasma electric field within the plume. This field
is much stronger with a magnitude on the order of 10 to 30 V/m in the cathode
half-plane than on the non-cathode side where the field is negligible.

Although significant asymmetries were discovered in the plume, it must
be noted that the overall ion current flux measured by the Faraday probe was
highly symmetric about the thrust axis. This indicates that the cathode-induced
asymmetries do not have significant impact on the thrust vector, which should
be closely aligned with the thruster axis. The asymmetries seem to be confined
mostly to the regions of the plume at large angles from the thruster axis where
the ion density is very low; these low-density regions have negligible effect on

the direction of the thrust vector.

8.5.  Suggestions for Future Work

As in most research, the conclusions of this work seem to leave more
questions than answers. This section presents possible directions for future
investigations regarding Hall thruster plumes and thruster performance in

general. Potentially interesting topics include

- Further investigations into the mechanism causing high-energy ions to be

emitted from the thruster at angles up to and greater than 90 degrees off
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axis. The discovery of such ions was counter-intuitive and may possibly
reveal new insight on the structure of the acceleration zone within the

thruster.

Examination of the bi-modal voltage distributions emitted from the
thruster at angles greater than 50 degrees off axis. The existence of a low-
energy sub-population of ions with the widths demonstrated in the data
is not supported by collisional analysis within the plume. It appears that
this bi-modal structure is a result of the ionization and acceleration

process within the thruster discharge.

Extension of LIF techniques to regions in the plume significantly
downstream of the thruster exit plane. This would enable a direct
comparison between MBMS/RPA type techniques of evaluating ion
energy with the LIF method. Although the voltage distributions obtained
with the MBMS more closely resemble existent LIF data than previous
RPA studies, a gap still separates the two techniques in the determination
of ion energy distribution width. It is possible that both MBMS and LIF
techniques are recording accurate measurements, albeit at distinctly

different regions of the plume.
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Modification of or improvement upon the MBMS system used to obtain
plume mass spectra. The instrument constructed and used for this study
was hampered by problematic arcing between the beam gate electrodes.
Due to this, the gate length was extended beyond the optimum value and,
hence, the quantitative evaluation of minority plume products was not
possible. Additionally, increasing the ion conservation between the
sampling skimmer and the collector would possibly enable the

identification of thruster self-erosion products in the mass spectra.
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