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Abstract
An ion thruster is a form of electric propulsion used for spacecraft propulsion that creates thrust by accelerating ions.

Electric propulsion thrusters are external combustion engines using electric power and generate a thrust force by means

of a physical reaction of exhaust propellant. Electric propulsion thrusters typically use much less propellant than chem-

ical propulsion thrusters because they operate at a higher exhaust velocities. These characteristic enable spacecraft to

achieve low-cost, long-distance missions due to weight savings. The unmanned Japanese asteroid sample-return mission

of Hayabusa is a deep-space mission. The Hayabusa asteroid explorer spacecraft is the first spacecraft to use an electron

cyclotron resonance (ECR) microwave discharge ion thruster as the primary propulsion system. The total accumulated

operation time of Hayabusa’s four ”µ10” ion thrusters reached approximately 40,000 hours. This achievement depends to

a large extent on the ECR discharge method. In this plasma generation method, electrodes in the discharge chamber are

not subject to erosion, which is the typical failure mechanism in conventional ion thrusters. However,µ10 experienced an

autonomous stop during the final phase of the Hayabusa project due to degradation of the neutralizer. The neutralizer is a

critical element that limits the lifetime of the thruster. Therefore, it is necessary to enhance the endurance of the neutralizer

in order to extend the lifetime of the spacecraft.

The objectives of the present study are to clarify the mechanism of performance degradation of the neutralizer and to

determine methods by which to extend the lifetime of the neutralizer for the next-generationµ10 thrusters. In order to

achieve these objectives, we

• assume and verify the degradation mechanism of the neutralizer,

• propose a novel neutralizer that uses countermeasures to reduce performance degradation, and

• demonstrate the performance of the novel neutralizer through long time experiment.

We first investigate the neutralizer, which was subjected to a 20,000-hour endurance test, and for which degradation had

already occurred. The investigation revealed that the principal cause of the performance degradation of the neutralizer was

the contamination of the dielectric surface due to sputtering from flakes on the magnetic circuit. This degradation can be

avoided by suppressing the sputtering by means of a lower contact voltage and by inhibiting flakes formation.

In order to achieve a lower contact voltage, we determined which assembly should be improved by net ion current

distribution measurement. This measurement revealed which assembly is collecting ions, which is the counterpart of

electron emission. Based on these findings, we refurbished the magnet, and orifice plate, and suppressed the contact voltage

by 5 V, which extend 25% the lifetime ofµ10 flight model neutralizer. In order to investigate the long-term performance,

we conducted 10,000-hour class endurance tests.

In order to inhibit flake formation, we designed a full molybdenum-covered neutralizer. Moreover, we conducted a

1,500-hour endurance test in order to verify the long-term performance of the full molybdenum-covered neutralizer.





i

Contents

Chapter 1Introduction 1

1.1 Ion thruster. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1

1.2 Ion thruster types. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 DC ion thruster. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 RF ion thruster. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.3 Microwave ion thruster. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 µ− series microwave ion thrusters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Neutralizer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9

1.4.1 Hollow cathode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.4.2 ECR neutralizer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

1.5 Comparison of the hollow cathode and the ECR neutralizer. . . . . . . . . . . . . . . . . . . . . . . . . 11

1.6 Previous research on ECR neutralizers and position of this study. . . . . . . . . . . . . . . . . . . . . . 15

1.7 Outline of the present study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18

1.7.1 Objective of the present study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18

1.7.2 Progression of the present study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18

1.7.3 Contents of the present study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18

Chapter 2Hypothetical degradation mechanism 21

2.1 Performance degradation of the Hayabusa onboard neutralizers. . . . . . . . . . . . . . . . . . . . . . . 21

2.1.1 Performance degradation of the endurance test neutralizer. . . . . . . . . . . . . . . . . . . . . . 23

2.2 Inspection of the prototype model neutralizer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .24

2.3 Assumed degradation mechanism. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .25

Chapter 3Experimental facilities and errors 31

3.1 Experimental used neutralizers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .31

3.2 Neutralizer operating system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .33

3.3 Neutralizer operation system that includes an ion source. . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.4 Difference between neutralizers with and without an ion source. . . . . . . . . . . . . . . . . . . . . . . 37

3.5 Difference in performance between before and after rebuild the neutralizer.. . . . . . . . . . . . . . . . . 38

3.6 Difference in performance between different assemblies of the same design.. . . . . . . . . . . . . . . . 39

Chapter 4Verification of degradation mechanism 41

4.1 Magnetic performance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .41

4.2 Plasma loss caused by flakes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .42



ii Contents

4.3 Contamination of the dielectric. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .46

4.4 Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .47

Chapter 5Experimental investigation of the neutralizer conditions 49

5.1 Refurbished design assemblies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .49

5.1.1 Net ion current distribution measurement method. . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.1.2 Experimental results: net ion current distribution of the nominal neutralizer. . . . . . . . . . . . . 52

5.2 Improvement of the neutralizer performance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .56

5.2.1 Antenna. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .56

5.2.2 Orifice plate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .60

5.2.3 Dielectric orifice neutralizer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .66

5.2.4 Stronger magnet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .67

5.3 Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .72

Chapter 6Lifetime enhancement 73

6.1 Estimation of the neutralizer lifetime. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .73

6.1.1 Degradation rate measurement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .73

6.1.2 Discussion of flake forming speed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .74

6.1.3 Indicator of the neutralizer lifetime. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .77

6.2 Lower-contact-voltage neutralizer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .79

6.2.1 Extension of the lifetime of a lower-contact-voltage neutralizer: preliminary study. . . . . . . . . 79

6.2.2 Demonstration of lower-contact-voltage neutralizer lifetime enhancement: endurance test. . . . . . 88

6.3 Molybdenum-covered neutralizer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .91

6.3.1 Demonstration of non-flake neutralizer lifetime enhancement: Preliminary study. . . . . . . . . . 91

6.3.2 Demonstration of non-flake neutralizer lifetime enhancement: endurance test. . . . . . . . . . . . 94

6.4 Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .98

Chapter 7Conclusion 99

Reference 101



iii

List of Figures

1.1 Schematic diagram of the ion thruster.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Cross section of Xe. [1] [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Schematic diagram of the plasma connection.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Schematic diagram of the DC ion thruster.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.5 Schematic diagram of theµ10 microwave ion thruster system.. . . . . . . . . . . . . . . . . . . . . . . . 6

1.6 Fourµ10 microwave ion thrusters installed in Hayabusa.. . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.7 Schematic diagram of the hollow cathode.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.8 Schematic diagram of theµ10 prototype model neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . 11

1.9 Contact voltage v.s. flow rate of ECR neutralizers and hollow cathodes. [3] . . . . . . . . . . . . . . . . . 12

1.10 Neutralization cost v.s. gas utilization efficiency of ECR neutralizers and hollow cathodes. [3] . . . . . . . 13

1.11 Flow rate v.s. emission current of ECR neutralizers and hollow cathodes. [3] . . . . . . . . . . . . . . . . 13

1.12 Neutralizer power v.s. emission current of ECR neutralizers and hollow cathodes. [3] . . . . . . . . . . . 14

1.13 Schematic diagram of the waveguide type ECR heating plasma generator.. . . . . . . . . . . . . . . . . 16

1.14 Schematic diagram of the axisymmetric type ECR heating plasma generator.. . . . . . . . . . . . . . . . 16

1.15 Schematic diagram of the neutralizer and measured position of the plasma parameter.. . . . . . . . . . . 17

2.1 Performance transition of Hayabusa onboard neutralizer B.. . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2 Performance transition of Hayabusa onboard neutralizer C.. . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3 Performance transition of Hayabusa onboard neutralizer D.. . . . . . . . . . . . . . . . . . . . . . . . . 23

2.4 Performance transition during the endurance test of the Hayabusa prototype model neutralizer. The mi-

crowave reflection power is in arbitrary units. It is less than 1W in maximum. . . . . . . . . . . . . . . . 23

2.5 Assumed degradation mechanism. Sequential form.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.6 Assumed degradation mechanism. Fault tree analysis form.. . . . . . . . . . . . . . . . . . . . . . . . . 28

2.7 Sputtering yield from inner plasma of neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.1 Schematic diagram of theµ10 experimental neutralizer. . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Schematic diagram of the neutralizer performance measurement system.. . . . . . . . . . . . . . . . . . 33

3.3 Photograph of the neutralizer performance measurement system.. . . . . . . . . . . . . . . . . . . . . . 34

3.4 Photograph of the neutralizer performance measurement system including the ion source.. . . . . . . . . 35

3.5 Vacuum chamber (diameter: 2m, length 5m). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .36

3.6 Difference in performance between the coupling mode and the diode mode.. . . . . . . . . . . . . . . . 37

3.7 Changes in performance before and after rebuilding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.8 Changes in performance between different assemblies of the same design.. . . . . . . . . . . . . . . . . 39



iv List of Figures

4.1 Change in performance before and after cleaning off the flakes in the prototype model neutralizer.. . . . . 43

4.2 Three arrangements of imitation flakes. The red lines indicate the flakes, and are parallel to the magnetic

field (Bpr), transverse to the magnetic field (Bt), or perpendicular to the magnetic field (Bpp). The dashed

lines indicate magnetic field lines.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .43

4.3 Results for each setup.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .44

4.4 Changes in the contact voltage and emission current with and without the imitation flakes (0.5sccm). . . . 45

4.5 Changes in the contact voltage and emission current with and without the imitation flakes (0.7sccm). . . . 45

4.6 Contamination on the dielectric surface.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .46

4.7 After grinding the dielectric surface.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .46

4.8 Performance before and after grinding the contamination from the dielectric surface.. . . . . . . . . . . . 46

4.9 Verified degradation mechanism. Fault tree analysis form.. . . . . . . . . . . . . . . . . . . . . . . . . . 47

5.1 Schematic diagram of the ECR neutralizer, which is composed of the magnets (black), an upstream mag-

netic circuit (red), an antenna (orange), a dielectric antenna holder (white), a sidewall (green), a down-

stream magnetic circuit (purple), and an orifice plate (blue).. . . . . . . . . . . . . . . . . . . . . . . . . 50

5.2 Schematic diagram of the net ion current measured at the orifice plate. When the neutralizer emits elec-

trons, the same charge of ions strike the surface, in this case the orifice plate, and is neutralized.. . . . . . 50

5.3 Difference in performance between nominal and insulated neutralizers.. . . . . . . . . . . . . . . . . . . 51

5.4 Schematic diagram of the net ion current measurement circuit. Summary of the electron current and the

net ion current is zero. The power source supplies the contact voltage.. . . . . . . . . . . . . . . . . . . 51

5.5 Net ion current distribution of the nominal neutralizer. The colors correspond to those described in Fig.5.1. 52

5.6 Net ion current distribution of the nominal neutralizer as a percentage. The colors correspond to those

described in Fig.5.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .53

5.7 Net ion current density distribution of the nominal neutralizer. The colors correspond to those described

in Fig.5.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .53

5.8 Orifice electron current and contact voltage with respect to the change in the orifice voltage.. . . . . . . . 55

5.9 Variation in the antenna electron current with respect to the change in the antenna voltage.. . . . . . . . . 55

5.10 Net ion current distribution of the floating antenna neutralizer. The colors correspond to those described

in Fig.5.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .56

5.11 Net ion current distribution of the floating antenna neutralizer. The colors correspond to those described

in Fig.5.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .57

5.12 Net ion current density distribution of the floating antenna neutralizer. The colors correspond to those

described in Fig.5.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .57

5.13 Change in performance with and without the floating antenna.. . . . . . . . . . . . . . . . . . . . . . . . 58

5.14 Floating antenna voltage.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .58

5.15 Schematic diagram of the three-sectioned orifice plate neutralizer. The radial thickness of the red area is 1

mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .60

5.16 Net ion current distribution of the three-sectioned orifice plate neutralizer. The colors correspond to those

described in Fig.5.15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .60

5.17 Performance of nominal neutralizer and the three-sectioned orifice plate floating neutralizers.. . . . . . . 61

5.18 Schematic diagram of the four-sectioned orifice plate neutralizer.. . . . . . . . . . . . . . . . . . . . . . 61

5.19 Performance of the nominal neutralizer and the four-sectioned orifice plate floating neutralizers.. . . . . . 62



v

5.20 Performance of the nominal neutralizer and the four-sectioned orifice plate downstream floated neutralizer

with an ion source.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .62

5.21 Space voltage image of the floating orifice or not.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.22 The axial electric field as function ofpR. [4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .64

5.23 The space voltage of the downstream.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .65

5.24 Schematic diagram of the dielectric inner orifice plate neutralizer.. . . . . . . . . . . . . . . . . . . . . . 66

5.25 Performance of the nominal neutralizer and the dielectric inner orifice plate neutralizer.. . . . . . . . . . 66

5.26 Net ion current distribution of the neutralizer with a 1.2-times stronger magnet. The colors correspond to

those described in Fig.5.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .67

5.27 Net ion current distribution of the neutralizer with a 1.2-times stronger magnet as a percentage. The colors

correspond to those described in Fig.5.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .68

5.28 Net ion current distribution of the neutralizer with a 1.2-times stronger magnet. The colors correspond to

those described in Fig.5.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .68

5.29 Performance of the nominal neutralizer and the neutralizer with a higher magnetic flux density (0.5sccm). 69

5.30 Performance of the nominal neutralizer and the neutralizer with a higher magnetic flux density (0.7sccm). 69

5.31 Relationship between the performance of the nominal neutralizer and the neutralizer with a higher mag-

netic flux density (0.5sccm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .71

5.32 Neulization cost v.s. gas utilzation efficiency of higer magnetic flux density neutralizer and the other

cathodes. [3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .71

6.1 Variation in upstream magnetic circuit weight measurement.. . . . . . . . . . . . . . . . . . . . . . . . . 74

6.2 Sputtering yield ratio of iron.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .76

6.3 Degradation rate of the upstream magnetic circuit.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.4 Model of sputtering and reattachment.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .77

6.5 Variation in parameters in 20,000-hour endurance test.. . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.6 Sputtering yield ratio of molybdenum. [5] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .81

6.7 Sputtering yield ratio of nickel.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .81

6.8 Sputtering yield ratio of tungsten.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .82

6.9 Difference in calculated antenna weight degradation rate with antenna conditions.. . . . . . . . . . . . . 82

6.10 Difference in net antenna weight degradation rate with antenna conditions.. . . . . . . . . . . . . . . . . 83

6.11 Expected antenna lifetime with antenna conditions.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.12 Change in upstream magnetic circuit weight.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .85

6.13 Flake effects and magnetic field (0.5 sccm).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .86

6.14 Flake effects and magnetic field (0.7 sccm).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .87

6.15 Performance transition of the×1.15 stronger magnet neutralizer.. . . . . . . . . . . . . . . . . . . . . . 88

6.16 Sputtering rate of the×1.15 stronger magnet neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.17 Expected lifetime of the×1.15 stronger magnet neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . 90

6.18 Schematic diagram of the nominal experimental neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . 92

6.19 Schematic diagram of the molybdenum covered neutralizer of the preliminary study.. . . . . . . . . . . . 92

6.20 Performance of neutralizers with and without a molybdenum cover. Normal magnetic force.. . . . . . . . 93

6.21 Performance of neutralizers with and without a molybdenum cover. Strong magnetic force.. . . . . . . . 93

6.22 Schematic diagram of the fully molybdenum-covered neutralizer.. . . . . . . . . . . . . . . . . . . . . . 94



vi List of Figures

6.23 Performance transition of the molybdenum-covered neutralizer.. . . . . . . . . . . . . . . . . . . . . . . 94

6.24 Sputtering yield from inner plasma of neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.25 Model of sputtering and reattachment with the antenna.. . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.26 Expected lifetime of the non-flake neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .98



vii

List of Tables

1.1 Specifications of the NEXT ion thruster.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Specifications of the RIT-10 ion thruster.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Specifications of theµ10 microwave ion thruster.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Surface area of the neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

1.5 Specifications of theµ10 neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11

1.6 Parameters of the ion thruster neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .12

1.7 Plasma parameters of the neutralizer.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .17

2.1 Specifications of the scanning electron microscopy and X-ray energy dispersion facility.. . . . . . . . . . 24

3.1 Specifications of the vacuum chamber of the neutralizer performance measurement system.. . . . . . . . 33

3.2 Specifications of the vacuum chamber used in the endurance test.. . . . . . . . . . . . . . . . . . . . . . 36

4.1 Specifications of the magnetic probe.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .41

5.1 Ion saturation current of each assembly.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .54

5.2 Plasma densities of inside discharge chamber.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .55

5.3 Floating voltage for each condition.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63

5.4 Space voltage of the downstream.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63

5.5 Results of countermeasures to realize lower contact voltage.. . . . . . . . . . . . . . . . . . . . . . . . . 72

6.1 Promising measures for reducing the contact voltage.. . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

6.2 Weight change and degradation or accumulation rate of each assembly. When the parameter is positive, it

indicates accumulation.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .95





1

1
Introduction

The ion thruster is an electric propulsion system used in spacecraft propulsion that creates thrust by accelerating ions.

Electric propulsion thrusters are external combustion engines using electric power and generate a thrust force by means of

a physical reaction of exhaust propellant. Electric propulsion thrusters typically use much less propellant than chemical

propulsion thrusters because electric propulsion thrusters operate at higher exhaust velocities. These characteristic enable

to low-cost, long-distance missions due to weight savings [6] [7].

The unmanned Japanese asteroid sample return mission aboard Hayabusa is a deep-space mission. The Hayabusa asteroid

exploration spacecraft is the first spacecraft that uses an electron cyclotron resonance (ECR) microwave discharge ion

thruster [8] as the primary propulsion system. The total accumulated operation time of Hayabusa’s four ”µ10” ion thrusters

reached approximately 40,000 hours [9]. This achievement depends to a large extent on the ECR discharge method. In

this plasma generation method, electrodes in the discharge chamber can be released by erosion of the chamber, which is a

typical failure of conventional ion thrusters [10]. However, theµ10 experienced an autonomous stop during the final phase

of the Hayabusa project as a result of degradation of the neutralizer. The neutralizer has been found to be a critical element

that limits the lifetime of the thruster. Therefore, it is necessary to extend the lifetime of the neutralizer in order to extend

the lifetime of the spacecraft [11] [12]. In this chapter, fundamentals of ion thurster and neutralizer are firstly introduced,

and the objective of present study is also introduced in detail.

1.1 Ion thruster

[13] [14] In this section, the principal of ion thrusters is explained. Ion thrusters create very small levels of thrust

compared to conventional chemical rockets but achieve very high specific impulses, or propellant mass efficiencies. An ion

thruster basically consists of three components: a plasma generator, accelerator grids, and a neutralizer, which acts as an

electron source. Fig.1.1 shows a schematic of an ion thruster. Plasma is generated by the plasma generator, and ions are

accelerated by the grid system and are neutralized by the neutralizer, which acts as an electron source.
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Plasma generator

The power consumption of plasma generation does not contribute to the thrust force. Thus, in terms of thruster efficiency,

the power consumption should be low. Ion thrusters are classified according to the plasma generating process, i.e., the

primary electron generation process. This is because the ion production process is the same in all ion thrusters and uses

ionizing collisions by electrons. For effective ionization, a low ionization energy and a high collision cross section are

important. Xenon, which is the conventional propellant used in ion thrusters, satisfies these requirements. In addition,

xenon has a large molecular size, which has two advantages, The first is a relatively low thermal velocity, which provides

a higher efficiency of ion confinement in the discharge chamber, and the second is that the thrust force can be more easily

increased by increasing the specific impulse, as compared to an atom having a smaller molecular size. Fig.1.2 shows the

excitation and ionization cross-section of xenon [1] [2]. A primary electron energy of approximately 30 eV is optimal for

ionizing xenon with high efficiency. Accelerating multiple ionized xenon atoms requires more energy, but its velocity which

produce thrust force increases with the square root of multiplied charge. Thus, singly ionized xenon atoms are the most

effective means of producing a thrust force. In addition, the energy of excitation does not contribute to the thrust force. As

such, the energy consumption of excitation must be lower than the energy consumption of ionization.

Ion accelerator

The ion velocity is accelerated by the electrostatic field formed by the difference in the grid voltage. The velocity thrust

force of the ion thrusterF is given as follows:

F = Jb

√
2miVb

q
(1.1.1)

whereJb is the ion beam current flux inA/m2, mi is the mass of the ion, q is the quantum of electricity, andVb is the voltage

between the grids. This ion beam current flux is defined by the grid design and the plasma parameters. The ion current flux

from the plasma is given as follows:

j i = qe−
1
2 n0

√
kTe

mi
(1.1.2)

where j i is the ion current flux inA/m2, n0 is number density of plasma,k is the Boltzmann coefficient, andTe is the

electron temperature. However, the maximum ion current fluxjmax that can obtained from the electric field formed by two

plane electrodes is given as follows:

jmax=
4
9

ε0

√
2q
mi

V
3
2

L2 (1.1.3)

whereε0 is the vacuum permittivity, andL is the electrode gap distance. The grids are designed to consistently maintain

j i = jmax. The flux isJb.

However, the grids are sputtered by ions that are generated by charge exchange collision due to accelerated ions. This is

one factor that limits the thruster lifetime.

Neutralization

Ions from the plasma generator are accelerated at the grids and form the thrust beam. The neutralizer provides electrons at

the same rate as the ions in order to avoid a charge imbalance with the spacecraft. The neutralizer does not contribute to the

thrust force, the low operational gas consumption and power consumption are required. The neutralizer is placed near the

ion beam, but not in the ion beam, so as to avoid degradation by ion beam sputtering. The electrons are provided to the ion

beam plasma by the plasma inside the neutralizer. The electrons from the neutralizer are provided by the voltage difference
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between the neutralizer and the ion beam. This is referred to as the contact voltage. However, if the neutralizer is emitting

only electrons, the emission current is limited by the space-charge-limited current. In order to achieve the mitigation of

the limited current, plasma connection of the ion beam plasma and the plasma inside the neutralizer is required. This

connection is achieved by additional plasma generated by collisions between neutral particles and emitted electrons, which

are sketched in Fig.1.3. This is referred to as a plasma bridge. The plasma bridge realizes a low contact voltage.

Figure1.1:Schematic diagram of the ion thruster.
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1.2 Ion thruster types

As mentioned in1.1, ion thrusters are classified according to the primary electron generation method. These methods

include direct current (DC), radio frequency (RF), and microwave discharge (Microwave). DC ion thrusters, which use

hollow cathodes as an ion source and a neutralizer, are the most common type of ion thruster. The most serious problem

associated with DC ion thrusters is that the lifetime of the thruster is limited by the lifetime of the hollow cathodes and the

lifetime of the grids. In order to eliminate the limit caused by the lifetime of the cathode, RF or Microwave heating are

adopted for plasma generation.

1.2.1 DC ion thruster

DC ion thrusters are classified according to the geometry of the magnetic field. Fig.1.4shows the cusp and Kaufmann type

thrusters, which are typical DC ion thrusters. Permanent magnets are placed on the wall in the cusp type ion thruster. The

discharge cathode, which is a hollow cathode, is placed in the discharge chamber, and thermionic electrons are generated

as the primary electrons. In order to increase the probability of ionization collisions, a magnetic mirror is formed in order

to decrease the probability of extinguishing thermionic electrons by collisions with the wall. The magnetic mirror is also

used for plasma confinement. The NEXT ion thruster, which has the longest lifetime, is this type of ion thruster. Table

1.1 lists the specification of the NEXT ion thruster [15]. The Kaufman type ion thruster has a divergent magnetic field

from upstream to downstream. The primary electrons twist around the magnetic lines and are electrostatically reflected by

the grid. The reflected electron is again reflected by the potential of the discharge cathode. This system enables a higher

ionization probability.

Figure1.4:Schematic diagram of the DC ion thruster.

1.2.2 RF ion thruster

RF thruster consists of a dielectric wall discharge chamber and an induction coil, which is wrapped around the chamber.

Applying an alternate current to the coil, the magnetic field is formed in the axial direction. This magnetic field leads to
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an inductive electric field. This electric field provides energy to the electrons, which ionize the propellant. This thruster

requires a hollow cathode in order to ignite the plasma in the discharge chamber. The plasma is maintained by the thermionic

electrons that are generated by ionization. The RIT-10 is a space-qualified RF ion thruster. Table1.2shows the specifications

of the RIT-10 thruster [16] [17] [18] [19].

1.2.3 Microwave ion thruster

The typical microwave ion thruster is an electron cyclotron resonance (ECR) discharge ion thruster. This thruster gen-

erates primary electrons by ECR. An electron in a static, uniform magnetic field will move in a circle due to the Lorentz

force. The angular frequencyωce of this circular motion for a given magnetic field strengthB is given by (1.2.1)

ωce =
qB
mi

. (1.2.1)

whereq is the elementary charge andmi is the mass of the electron. Whenωce matches the microwave frequency, electrons

are continuously accelerated by the microwave electrical oscillations because electrons always feel the accelerating electric

field to the velocity direction results in electron acceleration. The electrons that ignite the plasma are the electron that exist

in the discharge chamber. The plasma is maintained by the thermionic electrons that are generated by ionization. Theµ10

space-qualified thrusters installed on Hayabusa were developed at the Institute of Space and Astronautical Science (ISAS).

1.3 µ− series microwave ion thrusters

[20] [21] [22] Microwaves provide an alternative method by which to produce plasma without the need for a hollow

cathode. Fig.1.5shows a schematic diagram of aµ10 microwave ion thruster. The ISAS has developed microwave thrusters

of various sizes, ranging from the 1-cm class ”µ1” to the 20-cm class ”µ20”. Fourµ10 thrusters, labeled A through D were

installed in the asteroid explorer spacecraft Hayabusa as a primary propulsion system, as shown in Fig.1.6. Table1.3 lists

the nominal specifications of theµ10 thruster. On the way to the Itokawa asteroid, Hayabusa successfully conducted a

swing-by using its ion thrusters. In total, the thrusters operated for 40,000 hours and consumed 45kg of xenon by the end

of the mission [10].

Figure1.5:Schematic diagram of theµ10 microwave ion thruster system.
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Table1.1:Specifications of the NEXT ion thruster.

Parameter

Beam diameter, cm 36

Electric power, W 6,830

Specific impulse, sec 4,160

Thrust, mN 236

Propulsion efficiency, % 70.7

Mass utilization efficiency, % 89

Screen voltage, V 1,800

Beam current, mA 3,540

Table1.2:Specifications of the RIT-10 ion thruster.

Parameter

Beam diameter, cm 10

Electric power, W 459

Specific impulse, s 3,400

Thrust, mN 15

Propulsion efficiency, % 52

Mass utilization efficiency, % 69.3

Screen voltage, V 1,500

Beam current, mA 234

Table1.3:Specifications of theµ10 microwave ion thruster.

Parameter

Beam diameter, cm 10

Electric power, W 350

Microwave frequency, GHz 4.25

Specific impulse, sec 3,200

Thrust, mN 8.0

Propulsion efficiency, % 36

Mass utilization efficiency, % 85

Microwave efficiency, % 55

Screen voltage, V 1,500

Beam current, mA 135
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Figure1.6:Fourµ10 microwave ion thrusters installed in Hayabusa.
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1.4 Neutralizer

Two types of neutralizer are described in this section. One is the typical neutralizer, i.e., a hollow cathode, and the other

is the ECR neutralizer, which is primarily discussed herein.

1.4.1 Hollow cathode

A hollow cathode is typically used as the discharge cathode of the DC and RF ion thrusters and is also typically used

as an electron source. Fig.1.7shows a schematic diagram of the hollow cathode. The hollow cathode has an electrode for

emitting thermionic electrons inside the discharge chamber, which has an orifice on the downstream side. The electrode,

referred to as the insert, which is heated by a heater, emits a thermionic electron current fluxJt A/m2 determined by the

Richardson-Dushman equation:

Jt = AT2e
−qφw

kT (1.4.1)

whereA is the thermionic emission coefficient,T is the insert temperature inK, andφw is the work functionV of the insert.

For the low work function, the common design of the insert, which consists of a porous tungsten matrix impregnated with

a mixture of barium oxide [23]. LaB6 is common used as a material for the insert. This material can achieve an ion current

flux of 10 A/cm2 at 1,800K. A keeper electrode exists in the downstream side. The thermionic electrons from the insert

accelerated by the electric field between the keeper electrode and the discharge chamber ionize the operational gas. Only a

heater is needed for ignition. Once the plasma is ignited, the insert maintains the temperature through self-heating, which

is achieved by Joule heating by means of the plasma discharge passing through the orifice due to the high internal pressure,

and the ion and electron bombardment against the insert surface. Cathodes operate in two characteristic modes, i.e., spot

mode and plume mode. The spot mode is characterized by relatively low oscillations in the electron current. As the pgas

flow rate is reduced for a given discharge current, the cathode begins to transition to the plume mode, in which the contact

voltage and oscillation increase. The spot mode is used in the ion thruster in order to achieve a long lifetime [23].

The hollow cathode can emit a large amount of electrons with low energy and low consumption of the operating gas.

Hollow cathodes can have lifetimes exceeding 40,000 hours, but have problems of erosion of the insert, handling in the

oxygen atmosphere, and compatibility of operational gases due to the insert material.

Figure1.7:Schematic diagram of the hollow cathode.
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1.4.2 ECR neutralizer

The ECR neutralizer generates plasma by ECR heating, as mentioned in Section1.2.3. In this method, plasma is generated

without a cathode, and electrons are emitted by the applied negative voltage of the neutralizer. Ions are generated at the

same rate that the electrons bombard the inside of the neutralizer. Therefore, erosion of the inside of the neutralizer is of

concern. However, the ECR neutralizer can permanently supply electrons in the existence of the operational gas because the

electrons are supplied by the generated plasma, not the thermionic electrons emitted from the low-work-function material.

Thus, ECR neutralizers are space-qualified alternatives to hollow cathodes [10]. Fig.1.8 shows aµ10 prototype model

neutralizer, which consists of magnets, magnetic circuits, a discharge chamber, an antenna, and an orifice. Table1.4 lists

the surface area which contact to the plasma. Microwaves are transmitted from the antenna to the discharge chamber at a

frequency of 4.25GHz. A magnetic circuit generates an azimuthal mirror-like magnetic field, within which a region with a

field strength of 0.15T gives rise to ECR. Xenon operating gas is injected into the discharge chamber, where electrons are

continuously accelerated by the microwave electrical oscillations and are trapped by the mirror magnetic field due to the

ECR. As a result of the electron-neutral collisions, an ECR plasma is formed. During ECR heating, high-energy electrons

exhibit three types of motion: Larmor motion around the magnetic field lines, reciprocating motion between the magnetic

mirrors, and azimuthal motion due to the curvature and gradient B drifts. The ECR neutralizer generates a plasma, from

which electrons are emitted into the ion beam by the negative applied voltage. Thus, if the neutralizer cannot emit the

amount of electrons required for a certain applied voltage, the negative applied voltage will be increased. This is why

degradation of the neutralizer occurs as the contact voltage between the neutralizer and the plasma increases. Ions, which

are generated at the same rate at which the electrons are ejected, bombard the interior of the neutralizer so as to complete the

electrical circuit. These ions are reused as an operational gas after bombardment and recombination. However, thermionic

electrons are not dominant in the ECR neutralizer. Ion bombardment in the interior arises from sputtering.

Table1.5 lists the nominal specifications of theµ10 neutralizer. The operational range is 85 to 135mA for the electron

emission current. Degradation of the neutralizer produces an increase in the contact voltage between the neutralizer and

the plasma. The neutralizers onboard Hayabusa stopped working due to the excess contact voltage above the capacity

of the power sources after 10,000 hours of space operation [24]. The neutralizer is also installed on the Dubai-sat 2 for

cathode of Hall Effect Thruster as a primary propulsion [25]. DubaiSat-2 is an electro-optical Earth observation satellite

built by the Emirates Institution for Advanced Science and Technology under an agreement with Satrec Initiative, a satellite

manufacturing company in South Korea. It was launched in 21th November 2013, and the mission duration is 5 years. The

neutralizer was provided by ISAS/JAXA. This neutralizer emits 500mAwith in 1.2sccmoperational gas flow rate.

Table1.4:Surface area of the neutralizer.

Name Surface areamm2

Antenna 70

Upstream magnetic circuit 400

Side wall 600

Downstream magnetic circuit 300

Orifice plate 300
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Figure1.8:Schematic diagram of theµ10 prototype model neutralizer.

1.5 Comparison of the hollow cathode and the ECR neutralizer

Table1.6, Fig.1.9, and Fig.1.10, Fig.1.11, and Fig.1.12shows the parameters of the neutralizers of the ion thruster [3]

[26] [27]. The neutralization cost and gas utilization efficiency are given as follows:

CcHC =
IkVk + IeVc

Ie
(1.5.1)

or

CcECR=
P+ IeVc

Ie
(1.5.2)

ηg =
Ie
ṁ

(1.5.3)

whereCcHC is the neutralization costW/A of the hollow cathode,Ik is the keeper currentA, Vk is the keeper voltageV, Ie

is the electron emission currentA, Vc is the contact voltageV, CcECR is the neutralization costW/A of the ECR neutralizer,

P is the input microwave powerW, etag is the gas utilization efficiency, and ˙m is the neutralizer flow rateAeq. Although,

the electron current of the ECR neutralizer is significantly lower than that of the hollow cathode, the neutralization costs

are equivalent. The gas utilization efficiency of the ECR neutralizer is lower than that of the hollow cathode because, in the

ECR neutralizer, thermionic electrons do not contribute to the electron emission, i.e., it can be operated without thermionic

electron emission material so that it is released from the problems due to it as mentioned in1.4.2. Thus, the gas utilization

efficiency is sacrificed for robustness.

Table1.5:Specifications of theµ10 neutralizer.

Parameter µ10 neutralizer

Microwave frequency, GHz 4.25

Xenon flow rate, sccm,µg/s 0.5, 0.49

Electron emission current, mA 135 at 8 mN

Contact voltage between neutralizer and beam plasma, V 22
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Table1.6:Parameters of the ion thruster neutralizer.

Ion thruster NSTAR NEXT µ10 µ20

Electron current, A 1.76 3.84 0.135 0.5

Contact voltage, V 13.4 10.25 22 40

Neutralization cost, W/A 25 70 81 72

Gas utilization efficiency 8.2 12.2 3.8 5.8

(Thrust force of ion source, mN) 92 237 8 30
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Neutralization cost

In this section, the maximum theoretical performance of the neutralization cost of ECR neutralizer is explained as the

following:

Cn =
Pµ

In
(1.5.4)

whereCn is neutralization costW/A, Pµ is microwave input powerW, andIn is electron emission currentA. Define the

plasma ion production cost as

Cp =
IFVµ

Ip
(1.5.5)

whereCp is plasma ion production costW/A, IF is primary electron currentA, Vµ is accelerated voltage of the primary

electronV, andIp is produced ion currentA. It is known that 60 % of microwave power contributes to accelerate the primary

electron [28]. Assuming of the produced ion current produce the electron emission current,Ip = In. Cp is also written as

the following:

Cp =
ε∗p

1−exp(−σnL)
(1.5.6)

whereε∗p is baseline plasma ion energy costeV which is the theoretical minimum energy to produce an ion,σ is the

summary of the cross section of ionization and excitationm2, n is the plasma density 1/m3, and L as the mean free pathm

to be accelerated to 30 eV in ECR area while doing a round trip between magnetic mirror.ε∗p is 40eV [29], σ is 7·10−20

m2, and n is 1020 1/m3, L is much more than 0.5m. This results inCn is approximately 66W/A.
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1.6 Previous research on ECR neutralizers and position of this study

The ECR neutralizer is new application of the technology of plasma cathode which was used for plasma ignition. In

our laboratory, the ECR neutralizer was developed alongside the ECR ion source [30] [31] [32]. This is the currentµ10

system. The goal of the present research was to realize a microwave discharge ion thruster. The motivation for the present

research is, as mentioned in Section1.4.2, this ion thruster is cathodeless and so does not have the problems of handling

difficulty in an oxygen atmosphere, propellant compatibility due to the insert material, and poor response speed of ignition

due to heating. The first microwave discharge ion thruster developed in our laboratory was the YOSHINO-I, a resonant

cavity microwave discharge type ion thruster. Microwaves are injected from a standing wave in the cavity, and electrons are

accelerated in a short time. The ion production cost of this ion thruster exceeds 3,000eV/ion and the propellant utilization

efficiency is less than 40%. Because of these performances, the other plasma generating method was concerned, using the

heritage of microwave heating technology. This was the ECR heating. As shown in Fig.1.13and Fig.1.14, two types of ECR

heating, i.e., the waveguide type and the axisymmetric type, which are classified according to the shape of the discharge

chamber, were developed. By adopting ECR heating in the newly developed thruster, YOSHINO-III had an ion production

cost of less than 1,000eV/ion and a propellant utilization efficiency of more than 40%. From the positive prospect of

ECR discharge ion thruster, the ECR neutralizer was developed along with the ECR ion source because of the advantage of

the simple structure of the ion thruster system provided by the compatibility of the ECR ion source and the power source.

The waveguide type plasma generator was developed into theµ10 ion thruster ion source, and the axisymmetric type was

developed into theµ10 ion thruster neutralizer.

The ECR neutralizer was developed with the objective of emitting sufficient electrons to the ion source. In order to

efficiently emit electrons, a sufficient charge complement is needed. In the conventional hollow cathode, this is handled

by thermo-electrons. In the ECR neutralizer, Onodera et al. revealed that 95% of the charge is complemented by the

neutralization of singly charged ions through collisions with the wall. The secondary electrons, which were generated by

singly charged ion collisions, complement the several percent of the charge, which can be improved to 10% by using a

low-work-function material for the wall [33]. Onodera et al. also clarified the ECR neutralizer plasma parameters. Table

1.7 lists the parameters for each area shown in Fig.1.15. In this experiment, the space potential, electron temperature, and

number density of plasma were measured by single probe, number density of metastable Xe I was measured by 823nmlaser

absorption spectrometry, and the ratio of number density between singly ionized and doubly ionized xenon was measured

by quadrupole mass spectrometer outside the neutralizer.

These studies indicate that the ECR neutralizer has sufficient ability to emit electrons. In order to enhance the lifetime of

the ion thruster system, the ECR ion source configuration, e.g., the grid configuration [34], has been investigated. However,

the lifetime is limited by the lifetime of the ECR neutralizer, as mentioned in Section1.3. This is the first study that focuses

on improving the lifetime of the ECR neutralizer.
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Figure1.13:Schematic diagram of the waveguide type ECR heating plasma generator.

Figure1.14:Schematic diagram of the axisymmetric type ECR heating plasma generator.
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Figure1.15:Schematic diagram of the neutralizer and measured position of the plasma parameter.

Table1.7:Plasma parameters of the neutralizer.

Space Electron Gas/ion Xe+ Xe2+ Xem

Positon potential temperature temperature number density number density number density

V eV K ×1017m−3 ×1015m−3 ×1017m−3

Inside discharge chamber (a) 19.5 2.35 350 6.25 - 1.30

Inside orifice (b) 21.3 3.21 350 8.66 - 1.31

Outside neutralizer (c) 20.1 3.57 350 1.38 0.293 0.927
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1.7 Outline of the present study

1.7.1 Objective of the present study

The objectives of the present study are to clarify the mechanism of performance degradation of the neutralizer and to

find out the methods to extend the lifetime of neutralizer for the next generationµ10 thrusters. In order to realize these

objectives we

• assume and verify the degradation mechanism of the neutralizer, and

• propose a novel neutralizer and demonstrate its performance by means of a long-term experiment.

1.7.2 Progression of the present study

The present study was conducted as follows.

1. A neutralizer that had been subjected to a 20,000-hour endurance test, for which degradation had already occurred,

was investigated.

2. The degradation mechanism was assumed.

3. The degradation mechanism was verified experimentally.

4. Novel neutralizers that use lifetime-extending countermeasures were investigated and proposed.

5. The proposed neutralizers were evaluated through a long-term experiment.

1.7.3 Contents of the present study

The contents of the present study are as follows.

Chapter 1. Introduction

The objectives and contents of the present study are introduced. The ion thruster and the ECR neutralizer criteria are also

introduced.

Chapter 2. Hypothetical degradation mechanism

The degradation of neutralizers is explained, and the degradation mechanism is assumed.

Chapter 3. Experimental facilities and errors

Introduces the experimental facilities and errors.

Chapter 4. Verification of the degradation mechanism

The degradation mechanism is verified through experiments, and two countermeasures for endurance enhancement are

proposed.

Chapter 5. Experimental investigation

The countermeasures for endurance enhancement are proposed and discussed.
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Chapter 6. Lifetime enhancement

The lifetime enhancement of the neutralizer is described.

Chapter 7. Conclusion

The present study is summarized.
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2
Hypothetical degradation mechanism

In this chapter, the performance transition and degradation mechanism of theµ10 neutralizers will be explained.

2.1 Performance degradation of the Hayabusa onboard neutralizers

Fig.2.1, Fig.2.2, and Fig.2.3 show the performance transition of the three Hayabusa onboard neutralizers [35]. The

neutralizer is expected to sustain 18,000-hour on ground test, but onboard neutralizers didin’t sustain the performance for

that hours [36]. For neutralizer B, the emission current rapidly decreased three times, at 6,000 hours, 7,000 hours, and

9,000 hours of operation. The first and second times, the contact voltage also decreased with the decrease in the emission

current. These indicate decreases occurred when the ion thruster was throttled due to mission requirements. However, the

third time, the contact voltage increased despite the decrease in the emission current. After 9,000 hours, the contact voltage

could not be suppressed by emitting fewer electrons. Finally, at 10,000 hours, neutralizer B ceased to function because the

contact voltage exceeded the capacity of the power sources. Neutralizer D also ceased to function after 15,000 hours of

operation and experienced six decreases in the emission current at 5,000, 6,000, 7,700, 8,500, 10,500, and 14,500 hours

of operation, the first five decreases were due to mission requirements. Neutralizer C continued to function throughout the

Hayabusa mission, although its performance did decrease. After 11,000 hours of operation, the neutralizer could no longer

emit electrons at a constant contact voltage. The performance of the neutralizer had been got worse in several hundreds

hour despite performing at a constant level for thousands of hours.
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Figure2.1:Performance transition of Hayabusa onboard neutralizer B.
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Figure2.2:Performance transition of Hayabusa onboard neutralizer C.
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Figure2.3:Performance transition of Hayabusa onboard neutralizer D.

2.1.1 Performance degradation of the endurance test neutralizer

The prototype model neutralizer was subjected to a 20,000-hour endurance test. The experimental facility is described in

Section3.3. During the final 2,000 hours of the 20,000-hour test, the performance of theµ10 prototype model neutralizer

decreased abruptly and became exponentially worse for each 20-V increase in the contact voltage, as shown in Fig.2.4.

Simultaneously, the reflected microwave power increased tenfold. In this endurance test, the test was suspended 81 times.

This indicates there were 81 thermal cycles.

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  2500  5000  7500 10000 12500 15000 17500 20000
 40

 50

 60

 70

 80

 90

 100

 110

 120

 130

 140

C
o
n
t
a
c
t
 
v
o
l
t
a
g
e
 
[
V
]

E
m
i
s
s
i
o
n
 
c
u
r
r
e
n
t
 
[
m
A
]

Elapsed time [Hour]

Voltage Current Reflection

Figure2.4:Performance transition during the endurance test of the Hayabusa prototype model neutralizer. The microwave

reflection power is in arbitrary units. It is less than 1W in maximum.
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2.2 Inspection of the prototype model neutralizer

Fig.1.8shows the prototype model neutralizer. The antenna, the side wall of the discharge chamber, and the orifice plate

are made of molybdenum. The magnetic circuit is created of iron. The antenna is protected by ceramic. The orifice is made

of thoriated tungsten in order to increase the emission current by a low work function. The composition of the neutralizer

parts, which were exposed to plasma, were as follows:

• Iron, nickel coat:Fe, C(0.03%), Si(0.04%), Mn(0.06%), P(0.03%), S(0.003%), Ni

• Ceramic:SiO2(46%), MgO(17%), Al2O5(16%), K2O(10%)

• Molybdenum alloy 363:Mo, Ti(0.5%), Zr(0.1%)

• Thoriated tungsten:W, Th

• Silver alloy blazing:Ag, Cu, Zn, (Cd, Sn, Ni, Mn）

Internal inspection of theµ10 prototype model neutralizer after the 20,000-hour endurance test revealed the following.

Numerous metal flakes were attached to the tips of the magnetic circuits, and the dielectric part of the microwave antenna

was contaminated with metal. However, the antenna, the orifice, and the internal surfaces were not seriously worn. The

metal flakes were magnetically attached, which indicate that the flakes were ferromagnetic. Most of the flakes were ap-

proximately 1mmsquare, and none exceeded 4mmsquare. The thickness of the flakes was ten and several micrometers.

The summary volume of all flakes is severalmm3. Compositional analysis by a scanning electron microscopy and X-ray

energy dispersion DX-4 system, the specifications of which are shown in Table2.1, revealed that the contamination on the

surface of the dielectric was 30% tungsten, 30% iron, and 10% molybdenum. The metal flakes were found to be composed

of 35% iron, 30% molybdenum, and 15% nickel.

Table2.1:Specifications of the scanning electron microscopy and X-ray energy dispersion facility.

Company Philips

Model DX-4

Sensitivity Na(11)-U(92)
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2.3 Assumed degradation mechanism

Fig.2.5and Fig.2.6list the candidates for the degradation mechanism of theµ10 neutralizer. The green symbols indicate

physical causes of degradation. The red symbols indicate observational evidence. The blue symbols indicate implied phe-

nomena. The ovals indicate fundamental causes. Fig.2.5shows the degradation mechanism in sequential form, and Fig.2.6

shows the degradation mechanism as a fault tree. Low-probability events have been omitted. The assumed performance

degradation mechanism were as follows.

The performance degradation was triggered by doubly ionized xenon ions bombarding the magnetic circuit. First, surface

materials are sputtered by doubly ionized xenon ions and accumulate on other surfaces, subsequently forming thin films of

iron, molybdenum, and tungsten. Second, thermal cycling results in peeling off of thin films due to the different thermal

expansivities of the films and the base plates. Third, thin films containing iron, i.e., ferromagnetic flakes, are magnetically

attracted to the tips of the magnetic circuit. The metal flakes observed on the tips of the magnetic circuit may obstruct

high-energy electrons and extinguish the generated plasma. The metal flakes also contaminate the surface of the dielectric,

which had been cleaned by the generated plasma. This contamination reduces microwave transmission and decreases

plasma production.

A decrease in plasma production is also associated with a decrease in magnetic performance. This is caused by a distortion

of the magnetic field caused by the attached flakes and a reduction in the magnetic field caused by a transformation of the

magnetic circuit due to sputtering [37].

Basic cause of the degradation

The basic cause of the decrease in plasma production is thought to be sputtering by doubly ionized xenon ions. The

primary reason for this thinking is that the degradation requires a 10,000-hour time span because there are only 0.2% which

is shown by Table1.7. The secondary reason for this is that doubly ionized xenon ions can acquire sufficient energy to cause

sputtering, even at the low contact voltage of the neutralizer [33] [38]. Fig.2.7shows the sputtering yield using Yamamura

model [38] against 1C current from the plasma which is concerning number ratio of singly and doubly ionized xenon.

Peeling mechanism

Peeling occurs when film strain energy exceeds the attachment energy [39] [40]. The strain energyUs is given by

Us =
Ef

1−ν f
(∆α∆T)2d (2.3.1)

whereEf andν f are the Young’s modulus and Poisson’s ratio, respectively, of the film,∆α is the difference in the coefficient

of linear expansion between the film and the base material,∆T is the difference between the maximum and the minimum

temperature, andd is the film thickness. The attachment energy of the metal is approximately 2J/m2 [39]. In the present

case,Ef is 200GPa, ν f is 0.3,∆α, 12.1−4.8×10−61/K, and∆T is 100K, Us is 2 whend is 13 µm. In other words,

peeling occures when the film thickness is approximately 13µm, which corresponds to the flake thickness being ten and

several micrometers, as mentioned in Section2.2. The difference between maximum and minimum temperature is larger in

the Hayabusa mission which is held in space than the endurance test which is held on ground. The problem that the lifetime

of the neutralizers onboard Hayabusa were shorter than the prototype model neutralizer is also explained in this peeling

mechanism.
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Surface cleaning by the generated plasma

Under the usual condition, ions from the plasma bombard the entire surface of the neutralizer. This ion bombardment

harms the surface but it also helps clean the surface, preventing the accumulation of contaminants. If the rate of contami-

nation accumulation exceeds the rate of cleaning, the contamination becomes more serious.

The ion bombardment also helps to inhibit the flake forming. The flakes only formed at the low ion bombardment area

results in the accumulating and vanishing repetition, i.e, the thin film which can become the flakes formed at high ion

bombardment area vanished and they accumulated on the surfaces, while the thin film formed at low ion bombardment not

vanished. The flakes which were attracted to the tips of the magnetic circuit are the latter films.
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Figure2.5: Assumed degradation mechanism. Sequential form.
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Figure2.6:Assumed degradation mechanism. Fault tree analysis form.
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3
Experimental facilities and errors

In order to verify the degradation mechanism and evaluate countermeasures applied to the neutralizers, operation of neu-

tralizers are conducted. For instance, prototype model neutralizer, newly constructed neutralizers, et. al. In this section, the

neutralizer operating facilities are explained.

3.1 Experimental used neutralizers

In this section, the neutralizers which were used in this study are introduced. The specification and the criteria are already

mentioned in Section1.4.2. All the neutralizers have the same structure, but some assemblies are changed, i.e., stronger

magnet, different material, molybdenum-covered.

Prototype model neutralizer

This neutralizer is mainly used in 20,000-hour endurance test. The details are mentioned in Section1.4.2.

Experimental neutralizer

Fig.3.1 shows the experimental neutralizers used in the present study. The neutralizer was designed to be inexpensive

and easy to use. The orifice plate and the antenna material are changed for usefulness.

Net ion current distribution measurement neutralizer

This neutralizer has the same structure as the experimental neutralizer, but all assemblies are isolated from each other.

This neutralizer is mainly used in chapter 6 experiments. The details are mentioned in Section5.1.1.

Lower-contact-voltage neutralizer

This neutralizer has the same structure as the prototype model neutralizer, but using x1.15 stronger magnet. This neutral-

izer is mainly used in Section6.2.2.
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Molybdenum-covered neutralizers

These neutralizers have two different models. These neutralizers are mainly used in Section6.3. The details are men-

tioned in Section6.3.

Figure3.1:Schematic diagram of theµ10 experimental neutralizer
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3.2 Neutralizer operating system

Fig.3.2and Fig.3.3show a schematic diagram and a photograph, respectively, of the operating system of the neutralizer

in diode mode. The neutralizer is evacuated by a turbo molecular pump to 3mPa. Table3.1 lists the specifications of the

chamber. The length of the matching circuit is adjusted in order to minimize the reflected power at a nominal electron

emission current of 135mA. The input microwave power is measured at the entrance of the matching circuit. The loss

between the neutralizer and the matching circuit is approximately -0.2dB. In the present experiments, the electron emission

current is between 60 and 150mA. The contact voltage is the potential difference between the anode and the neutralizer in

diode mode, for which electrons emitted by the neutralizer are collected by the anode is located 1.1 cm from the exit of the

neutralizer orifice. The following experiments were conducted under nominal conditions, with an input microwave power

of 8 W and a xenon flow rate of 0.5sccm, unless stated otherwise.

Figure3.2:Schematic diagram of the neutralizer performance measurement system.

Table3.1:Specifications of the vacuum chamber of the neutralizer performance measurement system.

Specification Number

Glass cross chamberφ15cm×30cm×4 1

Turbomolecular pump (750 l/s) 1

Rotary pump (208 l/min) 1
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Figure3.3:Photograph of the neutralizer performance measurement system.
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3.3 Neutralizer operation system that includes an ion source

Fig.1.5, Fig.3.4, and Fig.3.5 show the operating system of the neutralizer that includes an ion source in its coupling

mode. The vacuum chamber has a diameter of 2m and a length of 5m [41] [42] [43]. Table3.2 lists the specifications of

the chamber. Four cryogenic pumps having diameters of 800mmevacuated the vacuum chamber to a gas pressure of less

than 0.2mPaduring thruster operation at a rate of 28,000l/s. The two sub-chambers, sub-A and sub-B, are partitioned

by gate valves from the main chamber. The internal surface was covered with a titanium shroud and a beam damper was

refrigerated to -40◦C. The endurance test mentioned in Subsection2.1.1was also performed in this facility from 1999 to

2003.

Figure3.4:Photograph of the neutralizer performance measurement system including the ion source.
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Figure3.5:Vacuum chamber (diameter: 2m, length 5m).

Table3.2:Specifications of the vacuum chamber used in the endurance test.

Specification Number

Main chamber SUS316 cylindrical chamber (φ2m,×5m) 1

Cryopump (28,000 l/s) 4

Turbomolecular pump 1

Cryopump 1

Rotary pump 1

Mechanical booster pump 1

Titanium shroud panel / Ion beam target 1

1.4×10−5 Pa in ambient

3.4×10−4 Pa at Xe 8 sccm

-35 ◦C in 5 hours

Sub chamber SUS316 cylindrical chamber (φ0.8m×0.6m,0.8m) 2

Turbomolecular pump (200 l/s) 2

Gate valve 0.8 m 2

Titanium shroud panel 1

-50 ◦C in 5 hours

Large airlock SUS316 (0.5 m 2 m) 2

Turbomolecular pump (200 l/s) 2

X-Z traversing arrangement 2

Gate valve 0.4 m 2

Small airlock SUS316 cylindrical chamberφ0.2m 2

Gate valve 0.2 m 2
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3.4 Difference between neutralizers with and without an ion source

In order to discuss the neutralizer performance in the diode mode, it is necessary to determine the difference in perfor-

mance between operating a neutralizer with an ion source (coupling mode) and a neutralizer without an ion source (diode

mode). The experimental result is plotted in Fig.3.6 which shows that the difference in contact voltages between the cou-

pling and diode modes is less than 4V and the contact voltage for the diode mode is always higher, which is negligible

compared to the performance degradation, which exceeds 20V, observed in the endurance test. This is because, in the

coupling mode the plasma sheath potential drop does not occur on the anode plate. This is discussed in Section6.1.2.

Moreover, the voltage differences between the diode mode and coupling mode are approximately parallel just the certain

voltage is biased.
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3.5 Difference in performance between before and after rebuild the

neutralizer.

In the following experiments, we rebuild the neutralizer numerous times, for instance, by swapping out the orifice plate,

and measure the resulting difference in performance. In order to discuss changes in performance, we need to determine

how the performance changes when the assemblies are swapped for different assemblies of the same design. Fig.3.7shows

the change in performance before and after rebuilding. As shown in Fig.3.7, the changes were less than 0.5V, so changes

of more than 1V are significant.
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3.6 Difference in performance between different assemblies of the same

design.

Fig.3.1shows the experimental neutralizers used in the present study. These neutralizers were designed to be inexpensive

and easy to use. The orifice plate and the antenna material are changed for usefulness. Since the orifice plates and anten-

nas were all constructed by hand, the performance of each neutralizer is different, even thought the designs are the same.

Fig.3.8shows the changes in performance when an assembly was swapped out with another of the same design. As shown

in Fig.3.8, when we change upstream magnetic circuit and antenna, performance changes significantly. The upstream mag-

netic circuit and antenna could not distributed because of the structural reason. For the accurate experiments, we conducted

the experiments using the neutralizer with the highest performance, which was chosen from among the neutralizers that we

constructed.
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4
Verification of degradation mechanism

In this section, the degradation mechanism of the neutralizer is explained. We verified the assumed degradation mechanism,

which is explained in Section2.3based on a number of experiments.

4.1 Magnetic performance

The magnetic performance can change as a result of the deformation of the magnet circuit or the attachment of metal

flakes. Sputtering leads to the deformation of the magnetic circuit. In the prototype model neutralizer, the tip of the magnetic

circuit, which the magnetic field is the strongest, was worn. The attached flakes may also affect the configuration of the

magnetic field because the flakes gather the magnetic line due to the higher magnetic permeability of its than vacuum.

An on-the-spot-inspection indicated that the magnetic field in theµ10 prototype model neutralizer was unchanged after

the endurance test. This inspection was conducted using a magnetic probe MG-601, the specifications of which are listed

in Table4.1. Any deformation of the magnetic circuits by sputtering had a negligible effect on the performance of the

neutralizers. In addition, the flakes on the magnetic circuit were too thin to create a significant magnetic flux due to their

saturation. For this reason, the flakes did not affect the performance of the neutralizers. In conclusion, ”Reduction of

magnetic field” in Fig.2.5and Fig.2.6cannot be the physical cause of the performance degradation.

Table4.1:Specifications of the magnetic probe.

Conmapny Magna

Model MG-601

Indication range 0-3000 mT

Resolution 0.01-1 mT
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4.2 Plasma loss caused by flakes

Next, we investigated the effect of plasma loss due to the flakes on the neutralizer performance. Performance recovery

occurs after the flakes are removed from theµ10 prototype model neutralizer. Fig.4.1 shows the performance before and

after cleaning. The contact voltage drops by approximately 4 V due to the cleaning. The neutralizer was tested using

imitation flakes made of non-ferromagnetic stainless steel that are approximately 50 times larger than the actual flakes. The

flakes have a thickness of 25µm, a width of 11mm, and a length of 6mm. The relative permeability of the flakes is 2,000.

The use of such large flakes sets an upper limit on the negative effects on the neutralizer. Fig.4.2 shows three possible

orientations of the imitation flakes: parallel, transverse, and perpendicular to the magnetic field. In order to realize the

setups of theBt andBpp, since the flakes are not self sustainable, we produced these flakes as a unit with a thin film oriented

along the side wall. In order to verify the mean effects of theBt andBpp flakes, we also made a thin film oriented along the

side wall and determined the performance difference between the setups of theBt andwall, or Bpp andwall, or Bpp and

wall. Fig.4.3shows an example of the results for each setup. In order to simplify the graph, we defined the differences in

the contact voltage compared to operation without flakes as

• Bpr := Bpr −none f lake

• Bt := Bt −wall f ilm

• Bpp := Bpp−wall f ilm

The results are shown in Fig.4.4and Fig.4.5. Fig.4.4and Fig.4.5show the differences in the contact voltage as compared

to operation without the flakes. Positive values indicate an increase in the contact voltage due to the presence of the imitation

flakes.

Discussion

Considering an emission current of 135 mA, the parallel configuration has a minor effect on the neutralizer. On the

other hand, the transverse and perpendicular configurations increase the contact voltage by 7V in the 0.5-sccmcondition.

Ion collisions with the flakes result in plasma loss and in efficient charge transfer to the neutralizer. The plasma loss has

an adverse effect, whereas the charge transfer has a favorable effect on the electron-emitting neutralizer. High-energy

electrons, traveling back and forth in the magnetic tube and drifting azimuthally in the discharge chamber, collide with

the flakes in the transverse and perpendicular configurations, resulting in plasma loss. Although the voltage recovery by

removal of the flakes indicated in Fig.4.1and the voltage increase by the imitation flakes in Fig.4.4are consistent with each

other, they involve voltages lower than the performance degradation of 20V or greater. In addition, this effect decreases at

higher propellant flow rates. In summary, the item ”Increase of plasma loss” generated by the flakes in Fig.2.5and Fig.2.6

is not a major factor in the performance degradation.
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Figure4.1:Change in performance before and after cleaning off the flakes in the prototype model neutralizer.

Figure4.2:Three arrangements of imitation flakes. The red lines indicate the flakes, and are parallel to the magnetic field

(Bpr), transverse to the magnetic field (Bt ), or perpendicular to the magnetic field (Bpp). The dashed lines indicate magnetic

field lines.
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4.3 Contamination of the dielectric

The effect of contamination on the dielectric was investigated as follows. A new neutralizer, the dielectric of which was

artificially contaminated, was subjected to the diode test. Fig.4.6 and Fig.4.7 shows the upstream magnetic circuit of the

neutralizer. In Fig.4.6, the surface of the dielectric is contaminated by metal. The results were compared with those after

removal of the contamination, as shown in Fig.4.8. The potential was found to change by more than 20V. In other words,

the contamination of the dielectric has a large effect on the neutralizer performance and is consequently thought to be a

major influence on the performance degradation. However, quantitative verification in space operation is difficult because

of artificial contamination.

Figure4.6:Contamination on the dielectric surface. Figure4.7:After grinding the dielectric surface.
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4.4 Summary

Fig.4.9results a degradation mechanism.The principal cause of the performance degradation of the neutralizer is contam-

ination of the dielectric surface due to sputtering from the flakes on the magnetic circuit. This degradation can be avoided by

suppressing the sputtering by means of a lower contact voltage and by inhibiting flakes formation. These countermeasures

will be explained in Chapters 6 and 7.

Figure4.9:Verified degradation mechanism. Fault tree analysis form.
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5
Experimental investigation of the neutralizer conditions

The principal cause of the performance degradation of the neutralizer is the contamination of the dielectric surface due to

the sputtering from flakes on the magnetic circuit. This degradation can be avoided by suppressing the sputtering by using a

lower contact voltage and by inhibiting flakes formation. In this chapter, several measures by which to suppress the contact

voltage are explained. We measured the net ion current distribution in the neutralizer, which enables us to know which

neutralizer assembly should be improved.

5.1 Refurbished design assemblies

The ECR neutralizer, as shown in Fig.5.1, is composed of major assemblies: magnets, an upstream magnetic circuit,

an antenna, a dielectric antenna holder, a sidewall, a downstream magnetic circuit, and an orifice plate. In order to re-

duce the contact voltage, we should first determine which assembly should be improved. The net ion current distribution

measurement method was used for this purpose.

5.1.1 Net ion current distribution measurement method

When the ECR neutralizer emits electrons, the same charge of xenon ions bombard the inside of the neutralizer as a

counterpart. This charge flows to the earth ground or standard voltage of the satellite, as shown in Fig.5.2. We measured the

net ion current by insulating each assembly of the neutralizer, as shown in Fig.5.1, i.e., it is called as a separated electrodes

in common, and investigated the net ion current distribution when running the neutralizer. Based on these measurements,

we can determine what assemblies of the neutralizer are crucial for collecting ions, i.e., emitting electrons. Therefore, we

can determine areas for improvement in the neutralizer. Such measurements are advantageous in that they are non-invasive

and real-time measurements. Fig.5.3 shows the differences in the contact voltage compared to the nominal neutralizer

and the assemblies-insulated neutralizer. Despite insulating all of the assemblies in the neutralizer, there is no significant

difference in the contact voltage. Fig.5.4 shows the experimental setup of the net ion current distribution measurement
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system. In operational mode, the neutralizer emits electrons into a plasma beam. In order to measure the net ion current

of the antenna we used a microwave connector called a“bias-tee”, which was a high-pass filter for microwaves, and the

core of the coaxial cable can be electrostatically separated from the upstream circuits. Using the bias-tee connector, we can

consider the antenna to be a cylindrical probe and measure the ion saturation current and the floating potential [44].

Figure5.1:Schematic diagram of the ECR neutralizer, which is composed of the magnets (black), an upstream magnetic

circuit (red), an antenna (orange), a dielectric antenna holder (white), a sidewall (green), a downstream magnetic circuit

(purple), and an orifice plate (blue).

Figure5.2:Schematic diagram of the net ion current measured at the orifice plate. When the neutralizer emits electrons, the

same charge of ions strike the surface, in this case the orifice plate, and is neutralized.



5.1 Refurbished design assemblies 51

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45

 50

 60  90  120  150  180

C
o
n
t
a
c
t
 
v
o
l
t
a
g
e
 
[
V
]

Emission current [mA]

nominal
insulated

Figure5.3:Difference in performance between nominal and insulated neutralizers.

Figure5.4:Schematic diagram of the net ion current measurement circuit. Summary of the electron current and the net ion

current is zero. The power source supplies the contact voltage.
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5.1.2 Experimental results: net ion current distribution of the nominal neutralizer

Fig.5.5shows the results for the net ion current distribution of the neutralizer. The ion saturation current is also shown in

Fig.5.5which is mentioned in the discussion of Section5.1.2. Fig.5.6shows the results for the net ion current distribution

of the neutralizer as a percentage, i.e.,(each net ion current)/(emission current). Fig.5.7 shows the results for the net ion

current distribution density of the neutralizer. The colors in the figure correspond to those in Fig.5.1. Fig.5.5 and Fig.5.6

show that

1. the sidewall collects the greatest portion of the net ion currents and

2. the antenna collects numerous electrons.

In addition to 1), Fig.5.7shows that the density of net ion current is approximately the same in the sidewall, the upstream

magnetic circuit, and the downstream magnetic circuit. The current densities in these components are approximately 0.1-

0.2 mA/mm2. For instance, at 160mA, the current density in the upstream magnetic circuit is 0.08mA/mm2, the current

density in the sidewall is 0.15mA/mm2, the current density in the downstream magnetic circuit is 0.12mA/mm2, and the

current density in the orifice plate is 0.08mA/mm2. In addition to 2), the neutralizer emits electrons, and so the antenna

adversely affects the neutralizer performance.

Figure5.5:Net ion current distribution of the nominal neutralizer. The colors correspond to those described in Fig.5.1.
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Figure5.6:Net ion current distribution of the nominal neutralizer as a percentage. The colors correspond to those described

in Fig.5.1.

Figure5.7: Net ion current density distribution of the nominal neutralizer. The colors correspond to those described in

Fig.5.1.
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Discussion

According to Fig.5.5, net ion current increases with increasing emission current. There are two causes for this, the

increase of ion current to the surface, or the decrease of electron current to the surface. Now, the ion temperature is

approximately 350K, since the ions ejection from the neutralizer doesn’t change in increasing of emission current, i.e.,

contact voltage. The input power and the gas flow rate are constant in the experiment, and this results in the constant

plasma parameter. Thus, the net current increasing with increase emission current due to the decrease of electron current.

This results in the constant ion current and the degradation by sputtering only determined by sputtering voltage. The

electron temperature inside the discharge chamber is approximately 2 to 3eV, and the space voltage is approximately 20V

which is shown in Table1.7. The difference between the space voltage and the wall voltage is much more greater than the

electron temperature, and it is expected that the breakdown of the net ion current is almost ion current. Fig.5.8 shows the

results of the probe (electron) current, which uses the orifice as a Langumir probe, when the emission current is constant at

135mA. Due to the magnetic field and the disturbance of the neutralizer performance, when the orifice voltage is large, the

disturbance is also large, and it is difficult to calculate the plasma parameters. As a result, the ion saturation current density

is approximately 0.1mA/mm2. Fig.5.9 shows the results for the probe (electron) current, where the antenna is used as a

Langumir probe, when the emission current is constant at 135mA. The probe current at 0V is not saturated. This is because

the electron temperature near the antenna is higher than it is in the other areas. For this reason, according to Fig.5.9, the

ion current density is also large at approximately 0.3mA/mm2 for a 22.4mAsaturation current. The ion saturation current

except the antenna and the orifice are assumed as the following. According to Fig.5.7, at 160mA, the current density in

the upstream magnetic circuit is 0.08mA/mm2, the current density in the sidewall is 0.15mA/mm2, the current density in

the downstream magnetic circuit is 0.12mA/mm2, and the current density in the orifice plate is 0.08mA/mm2. The ion

saturation current of the orifice is 0.1mA/mm2. Thus the 80% of ion current is measured as the net ion current at 160mA.

Assuming the 80% of ion current is measured as the net ion current at 160mA in the other assemblies except the antenna,

the results of the ion saturation current are in Table5.1.

Table5.1:Ion saturation current of each assembly.

Assembly Ion saturation current,mA/mm2 Detail

Upstream magnetic circuit 0.112 calculated

Side wall 0.187 calculated

Downstream magnetic circuit 0.15 calculated

Orifice plate 0.1 measured

Antenna 0.3 measured

Assuming the Bohm sheath model, the ion current flux is insusceptible to the magnetic force, the ion current flux is given

as follows:

j i = qe−
1
2 n0

√
kTe

mi
(5.1.1)

where j i is the ion current fluxA/m2, q is the quantum of electricity,n0 is the number density of plasma,k is the Boltzmann

coefficient,Te is the electron temperature, andmi is the mass of the ion. Using the electron tempertature of Table1.7 and

the ion saturation currents of Fig.5.8, and Fig.5.9, the plasma densities are calculated as Table5.2. Both number densities

exceed the plasma cutoff density of 4.25GHz which is 2.1× 1017m−3. The number density measured by the orifice is
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equivalent to the result of Table1.7, but the other is relatively high. This is because the measured plasma is near to the

antenna which emits microwave. In addition to this, the diameter of the discharge chamber is smaller than the wave length

of 4.25GHz. Accordingly, there is a plasma whose density is above the cutoff density inside discharge chamber.

Table5.2:Plasma densities of inside discharge chamber.

Measured at
Plasma density

×1017m−3

Orifice 6.7

Antenna 27
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Figure5.8:Orifice electron current and contact voltage with respect to the change in the orifice voltage.
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Figure5.9:Variation in the antenna electron current with respect to the change in the antenna voltage.
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5.2 Improvement of the neutralizer performance

In this section, we explain how we improved the performance of the neutralizer based on the results of net ion current

distribution measurements.

5.2.1 Antenna

Through the use of a floating antenna, the electron loss shown in Fig.5.5can be suppressed. Fig.5.10shows the results of

the net ion current distribution when the antenna is floating. The ion saturation current is also shown in Fig.5.10which is

mentioned in Section5.1.2. Fig.5.11shows the results of the net ion current distribution of the neutralizer as a percentage,

which is obtained as(eachnet ioncurrent)/(emissioncurrent). Fig.5.12shows the results for the net ion current distribution

density of the neutralizer. The results were compared for the cases of floating and non-floating antenna, as shown in

Fig.5.13. Fig.5.14graphs the antenna floating voltage.

Figure5.10:Net ion current distribution of the floating antenna neutralizer. The colors correspond to those described in

Fig.5.1.
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Figure5.11:Net ion current distribution of the floating antenna neutralizer. The colors correspond to those described in

Fig.5.1.

Figure5.12:Net ion current density distribution of the floating antenna neutralizer. The colors correspond to those described

in Fig.5.1.



58 Chapter 5 Experimental investigation of the neutralizer conditions

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45

 50

 75  100  125  150  175

C
o
n
t
a
c
t
 
v
o
l
t
a
g
e
 
[
V
]

Emission current [mA]

grounded antenna
floated antenna

Figure5.13:Change in performance with and without the floating antenna.
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Discussion

The contact voltage was reduced by inhibiting electron collection in the antenna. In Fig.5.11, the percentage of net

ion current of the upstream magnetic circuit and the downstream magnetic circuit increases more than those of the other

components when the emission current increases. For instance, the downstream magnetic circuit percentage is 7% at 90

mA, and 14% at 150mA, which is a two-fold increase. This is because the antenna is neglected, the electrons mainly struck

the magnetic circuit because of the motion parallel to the magnetic line.

According to Fig.5.14, in the case of the floating antenna, the contact voltage will become several volts lower, but the

antenna floating voltage is reduced by approximately 25V. This means that sputtering of the antenna will be increased.

With respect to the endurance enhancement, there is a 5V decrease in the contact voltage and a 25 minus 5V increase in

the sputtering voltage for the antenna. Since the antenna is constructed of molybdenum, it has higher resistance to sputtering

than the other assemblies, which are made of iron. The lifetime of the floated antenna neutralizer will be discussed in Section

6.2.1.



60 Chapter 5 Experimental investigation of the neutralizer conditions

5.2.2 Orifice plate

As mentioned in Subsection5.1.2, the components of the neutralizer other than the antenna collect more ions than

electrons, so floating the components may worsen the performance. However, when we floated an orifice, the performance

improved, as shown in Fig.5.8. In Fig.5.8, the performance of the neutralizer is best when the orifice voltage is 15V. We

constructed a novel three-sectioned orifice plate, as shown in Fig.5.15. Fig.5.16graphs the net ion current distribution of

the new neutralizer. The grey area is approximately the same as that shown in Fig.5.5. Fig.5.16shows that the downstream

side (green) does not have any effect on the current. Fig.5.17shows the performance difference between the nominal　

neutralizer　 and　 the orifice　 floated　 neutralizers. Fig.5.17 shows that the floating inner orifice is effective for

improving the performance of the neutralizer. This indicates that the outer side of the orifice is dominant in collecting ions.

Figure5.15:Schematic diagram of the three-sectioned orifice plate neutralizer. The radial thickness of the red area is 1mm.

Figure5.16:Net ion current distribution of the three-sectioned orifice plate neutralizer. The colors correspond to those

described in Fig.5.15
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Figure5.17:Performance of nominal neutralizer and the three-sectioned orifice plate floating neutralizers.

For further study, we newly constructed the four-sectioned orifice plate neutralizer shown in Fig.5.18. The axial length

of each orifice plate which is shown in red, green, and blue in Fig.5.18 is 1.5mm. Fig.5.19shows the performances for

different floating conditions. The floating downstream orifice plate is effective for improving the performance. In addition,

floating all of the orifice plate is also effective.

We checked these phenomena occurs not only in diode mode operation. We operated the neutralizer with an ion source

using the facilities mentioned in Section3.3. Fig.5.20 graphs the results for the performance of the grounded orifice

(nominal condition) and the floating downstream orifice neutralizer with an ion source.

Figure5.18:Schematic diagram of the four-sectioned orifice plate neutralizer.
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Figure5.19:Performance of the nominal neutralizer and the four-sectioned orifice plate floating neutralizers.

 25

 30

 35

 40

 120  130  140  150  160

C
o
n
t
a
c
t
 
v
o
l
t
a
g
e
 
[
V
]

Emisson current [mA]

nominal
downstream floated

Figure5.20:Performance of the nominal neutralizer and the four-sectioned orifice plate downstream floated neutralizer with

an ion source.
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Discussion

Next, we discuss why the contact voltage is suppressed by the floating orifice. Table5.3 shows the floating voltage of

135mA. It is assumee that the contact voltage get less by floating orifice because of the change in space voltage, which is

shown in Fig.5.21. When the orifice was floated, the space voltage decreased from the red line to the blue line in following

reasons: The plasma in narrow orifice area, which is a cylindrical positive column, the magnetic field of the area is less

than 10mT so that the plasma parameters can be predicted by the free-fall theory of Tonks and Langumir. From the energy

balance equation of electrons in a positive column, the reduced axial electric fieldEz/P can be expressed as follows

Ez = (G
3νk(Te−Tg)

2qµe
+

3kTeΦ
2ne

)0.5 (5.2.1)

WhereT is the temperature,m is the mass,n is the density,G is the collision factor due to inelastic and elastic collisions,

Φ is the total electron loss to the orifice wall per second,k is Boltzmann’s constant,q is the elementary charge, and the

subscriptse andg refer to electron and gas respectively [45] [46]. The experimental results ofEz/P are shown in Fig.5.22

which were reported by Kaneda et.al [4]. The experiments were conducted with the tubes with inner diameters of 0.5, 0.8,

and 3mmDC discharge tube, and 2mmlong cylindrical electrostatic probes were used for the measurements. Discharge

current is 20-30mA in this experiment. Using the parameter of neutralizer, 10−2Torr and 2mmfor pR in the Fig.5.22, we

gotEz/p= 500V/(cmTorr). This results in the increase of 2.5V in the space voltage between the inlet and the outlet of the

orifice. When the orifice is floated, ion flux to the surface reduces. This results in the lower plasma loss so that the needs of

high electron temperature to maintain plasma eliminates. The lower electron temperature results in the lower electric field,

so that the space voltage of outlet of orifice decreases.

Table5.3:Floating voltage for each condition.

Condition Up. voltage, V Mid. voltage, V Down. voltage, V

Up. floated 9.5 0 0

Mid. floated 0 14.5 0

Down. floated 0 0 16.1

Floating respectively 9.8 14.3 16.7

The space voltage should be changed which are marked A to C on Fig.5.21. Table5.4 and Fig.5.23shows the space

voltage of A to C measured by emissive probe. Anode’ is the anode voltage when emissive probe is used. G is grounded,

F is floated in Fig.5.23. There were no difference between the cases in which the orifice was floating or not floating.

Table5.4:Space voltage of the downstream.

Upstream Mid.stream DownstreamA(3mm) B(6mm) C(8mm) Anode(11mm) Anode’

GND GND GND 23.2 23.8 23.8 37.5 39.8

GND GND FLT 23.0 23.6 23.6 35.3 39.1

GND FLT GND 23.2 23.5 23.5 40.9 40.6

FLT GND GND 23.1 23.8 23.8 37.2 39.9

FLT FLT FLT 23.2 23.8 23.8 34.2 40.1
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Figure5.21:Space voltage image of the floating orifice or not.
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5.2.3 Dielectric orifice neutralizer

Results of Fig.5.19, floating orifice plate all respectively is effective to the lower contact voltage. Floating the orifice plate

all respectively is equivalent to replacing the orifice as the dielectric, as shown in Fig.5.24. The performance results for this

redesign are shown in Fig.5.25. Replacing the molybdenum inner orifice plate with a dielectric is effective for reducing the

contact voltage.

Figure5.24:Schematic diagram of the dielectric inner orifice plate neutralizer.
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Figure5.25:Performance of the nominal neutralizer and the dielectric inner orifice plate neutralizer.

Discussion

The reason why the contact voltage becomes lower is the same as the floating orifice neutralizer. Dielectric surface is

always floating. The low plasma loss results in the lower electric field, so that the space voltage of outlet of orifice decreases.
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5.2.4 Stronger magnet

Assuming the Bohm sheath model, the ion current flux and the electron current flux to the wall are given as follows:

j i = qe−
1
2 n0

√
kTe

mi
(5.2.2)

je =
1
4

qn0vee
−qφ
2kTe (5.2.3)

where j i is the ion current fluxA/m2, je is the electron current fluxA/m2, q is the quantum of electricity,n0 is the number

density of plasma,k is the Boltzmann coefficient,Te is the electron temperature,mi is the mass of the ion,ve is the electron

speed, andφ is the space voltage. In order to increase the ion current flux and decrease the electron current flux, increasing

the space voltage or the electron temperature is important. Therefore, we strengthen the magnetic field by 1.2 times in

order to better confine the plasma. The net ion current distribution is shown in Fig.5.26. The ion saturation current is also

shown in Fig.5.26which is mentioned in Section5.1.2. Fig.5.27shows the results for the net ion current distribution of

the neutralizer as a percentage, as follows(each net ioncurrent)/(emission current). Fig.5.28shows the results for the net

ion current distribution density of the neutralizer. The performance varies as shown in Fig.5.29and Fig.5.30. The higher

magnetic flux density has a beneficial effect on suppressing the contact voltage.

Figure5.26:Net ion current distribution of the neutralizer with a 1.2-times stronger magnet. The colors correspond to those

described in Fig.5.1.
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Figure5.27:Net ion current distribution of the neutralizer with a 1.2-times stronger magnet as a percentage. The colors

correspond to those described in Fig.5.1.

Figure5.28:Net ion current distribution of the neutralizer with a 1.2-times stronger magnet. The colors correspond to those

described in Fig.5.1.
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Figure5.29:Performance of the nominal neutralizer and the neutralizer with a higher magnetic flux density (0.5sccm).
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Discussion

Comparing Fig.5.26and Fig.5.5, the electron current of the antenna and the net ion current of the sidewall decreased.

Fig.5.31shows the experimental results which are the same as the results in the Fig.5.29and the calculated results which

are shown in blue line. The blue line was plotted by the following: The blue line is contact voltage v.s. ion current.

The ion current is calculated from Fig.5.5. For instance, at 120mA emission current, the ion current is 120 minus the

negative current, i.e., the antenna current. Thus, the ion current is 160mA. In this case, the blue line is plotted with contact

voltage of 120mA emission current and the ion current of 120mA emission current, i.e., 160mA. In Fig.5.31, the blue

line is equivalent to the red line. This results in the fact that the plasma generation performance is conserved in the both

neutralizers. The neutralizer performance improved with suppressing the amount of electron current to the surface inside

the neutralizer. This is explained by the following: Discussion form Section5.1.2, the net ion current mainly changes in

electron current to the surface. This results in the mobility of the electron suppressed. The reason for this is as follows:

with the magnet field, diffusion coefficient and the mobility transverse to the magnetic line is

D⊥ =
D

1+ω2
Hτ2

(5.2.4)

µ⊥ =
µ

1+ω2
Hτ2

(5.2.5)

whereD⊥ is the diffusion coefficient transverse to the magnetic line,D is the diffusion coefficient without magnetic field,

ω2
H as a cyclotron frequency,τ is a mean time between collisions,µ⊥ is the mobility transverse to the magnetic line, and

mu is a mobility without magnetic field.

ω2
H is approximately 1×109Hz, if τ is larger than 1×10−8s, D⊥ andµ⊥ increase as the inverse square of magnetic fulx

density. Now we estimate the minimum ofτ.

τ =
1

vNσ
(5.2.6)

where,v is thermionic velocity of electronm/s, N is the number density of neutral particlem−3, andσ is cross section of

elastic collisionm2. Assuming the electron temperature as 10eV, pressure as 1Pa, andσ as 4×10−19m2 [47], the τ is

4.9×10−9s. It is less than 1×10−8s, but whenωH2 is approximately 1×109Hz, ω2
Hτ2 is 25. This results inD⊥ andµ⊥

increase as the inverse square of magnetic flux density with less than1
25 error. By increasing magnetic field ad 120%, the

mobility decreases to approximately 70 %.

In addition to this, the plasma confinement also improved. This is explained by the following. The plasma leakage is

proportional to the line cusp area. The line cusp area is the product of magnetic circuit tip perimeter and the cusp width.

Where cusp width is the twice of the geometric mean of ion Larmor radius and electron Larmor radius [48].

As a result,

1. The plasma confinement was improved, so that the distance between the plasma and the wall surface increased.

2. The electron current, which was collected by the antenna, was reduced.

3. The electron current collected by other assemblies were also decreased.

The neutralization cost of the normal neutralizer and 1.2 times higher magnetic flux density neutralizer are calculated

as the following: The neutralization cost of 180mA in Fig.5.29, the former neutralizer is(8+ 33·0.18)/0.18= 77W/A

using 1.5.2. Considering the anode fall which is mentioned in Section3.4, the cost is 69W/A. The latter neutralizer

neutralization cost of 180mAin Fig.5.29, is (8+30·0.18)/0.18= 74W/A. Considering the anode fall, the cost is 66W/A.
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This is equivalent to the cost which is discussed in Section1.5, results in the the fact that the 1.2 times higher magnetic flux

density neutralizer is operated in almost maximum theoretical performance. Fig.5.32shows the neutralization cost and gas

utilization efficiency of the latter neutralizer. The blue and red line are the same as the Fig.1.10.
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5.3 Summary

The net ion current distribution measurement method revealed the neutralizer performance is determined by the amount

of electron current to the surface of inside the neutralizer, because the ion current to the surface of inside the neutralizer is

constant in the variation of contact voltage. This results in the degradation rate by sputtering only determined by contact

voltage, i.e., sputtering voltage, not determined by electron emission current of the neutralizer. The net ion current distribu-

tion measurement method also revealed that refurbishing antenna and orifice condition result to the lower contact voltage.

Table5.5 lists the results of measures taken to realize a lower contact voltage.

Table5.5:Results of countermeasures to realize lower contact voltage.

Measure Effects on the lower contact voltage Reason

Floated antenna Realized
Increases the electrons rejection

which are absorbed to the antenna

Floating orifice Realized Low space voltage increase at orifice

Dielectric orifice Realized Low space voltage increase at orifice

Strengthen magnet Realized Suppressed the electron mobility
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6
Lifetime enhancement

The principal cause of the performance degradation of the neutralizer is the contamination of the dielectric surface due to

sputtering from flakes on the magnetic circuit. This degradation can be avoided by suppressing the sputtering by using

a lower contact voltage and by inhibiting flakes formation. In this chapter, the lifetime enhancement procedure will be

described. We conducted 10,000-hour class endurance tests in order to demonstrate the effectiveness of lowering the

contact voltage and inhibiting flake formation.

6.1 Estimation of the neutralizer lifetime

The ion currents of each area are already revealed. The degradation rate can be calculated if we set the sputtering yield

and the sputtering voltage. By using the degradation rate for the indicator, the lifetime is estimated. In this section, we will

explain the association between calculation and experiment results will be explained.

6.1.1 Degradation rate measurement

We newly constructed a neutralizer and operated it for 600 hours. This experiment was conducted by diode mode, 135

mA of emission current, 0.5sccmof operational gas flow rate, 35V of contact voltage. Fig.6.1 graphs the degradation

of the upstream magnetic circuit. In this operation, we measured the upstream magnetic circuit weight four times, before

operation, after 171 hours, 460 hours, and 582 hours of operation. In order to measure the weight, we ceased the operation

and disassembled the neutralizer. After measurement, we reassembled the neutralizer.
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Figure6.1: Variation in upstream magnetic circuit weight measurement.

6.1.2 Discussion of flake forming speed

Now, we can calculate the degradation rate using the ion current density. The upstream magnetic circuit ion current

distribution density is approximately 0.112mA/mm2. The ratio of singly ionized ion and doubly ionized ion number

density in the neutralizer is 470:1 shown in Table1.7, with the assumption which the ratio of them is the same as the

outside the neutralizer in entire area. Using sputtering yield of Yamaura et.al [38] which is shown by Fig.6.2, assuming

the sputtering voltage of singly ionized ions to be the contact voltage and the sputtering voltage of the doubly ionized

ions to be twice the contact voltage, the upstream magnetic circuit degradation rate is shown in Fig.6.3. We call this as

a calculated degradation rate. When the sputtering voltage is less than 35V, degradation due to doubly ionized ions is

dominant. Now, we assume the sputtering voltage inside the neutralizer as the contact voltage in coupling mode operation.

From the Fig.3.6 in 3.4, the contact voltage of the diode mode at 135mA is 5V less than coupling mode. We assume the

sputtering voltage of this experiment as 30V. This assumption is likely by following reason. The space potential of outside

the neutralizer to the anode is measured in Section5.2.2and it is shown in Fig.5.23. There are anode fall in Fig.5.23and

the difference of the contact voltage of the diode mode and coupling mode due to this anode fall. The thickness of the

anode fall area is significantly thin. The ionization due to the collisions between electrons and neutral particles are not

active due to the thickness. This anode fall do not contribute to the degradation of the neutralizer. By this assumption, the

calculated degradation rate which is shown in Fig.6.3 is 3.2-times greater than the real degradation rate, which is shown

in Fig.6.1. It results that 67 % of the sputtered particles were reattached. These particles are from not only the upstream

magnetic circuit but also the other areas, such as the side wall. In these calculations, we used the initial surface area of the

magnetic circuit. The change in the surface area by sputtering is negligible because it is less than 3 %, as explained in2.2.
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However, the surface area also changes with the formed flakes. The average size of the flake was about 1mmsquare. There

were hundreds of flakes, and the surface area of the flakes are equivalent to the surface area of the magnetic circuit and it is

approximately 25 % of total surface area of the neutralizer. This results in the degradation rate, which is shown in Fig.6.1

being 50 % faster.

The reason of the calculated degradation rate was 3.2-times greater than the real degradation rate is explained as follows.

Set the model as Fig.6.4. In Fig.6.4, we assumed there are only two parts inside the neutralizer, the iron part and the

molybdenum part. We also assumed the sputtering only occurs to the iron. This means sputtering voltage is less than 25

V. f f is the weight of the iron particles ejected from the iron part per unit time, andfm is the weight of the iron particles

ejected from the molybdenum part per unit time. The latter ejection only occurs when the iron was accumulated on the

molybdenum part.r is the probability of reattachment to the iron part. We assumed the neutralizer is isolated from the

outside so that no particles are ejected from the neutralizer, because the area of the orifice is significantly small than the

area of whole neutralizer. The weight variation per unit time of the iron partdFeare the summary of the degradation and

the accumulation so that it can be written by
dFe= ( f f + fm)r − f f (6.1.1)

also the molybdenum partdMocan be written by

dMo= ( f f + fm)(1− r)− fm (6.1.2)

From the parameter of 135 mA in Fig.5.5, f f = 55
80 fm. Thus

dFe= (1.6875r −1) f f (6.1.3)

Now, r is associated with the ratio of iron area and molybdenum area assuming the phenomena of reattachment is the same

between them.r is approximately 0.4, so thatdFe= −0.325f f . This result is well accorded with the fact of calculated

degradation rate was 3.2-times greater than the real degradation rate. In addition to this, average accumulation rate of the

molybdenum parts is( f f + fm)(1− r) = 1.47fm. The principal cause of the performance degradation of the neutralizer is

the contamination of the dielectric surface due to sputtering from flakes on the magnetic circuit. This flakes are mainly

peeled off from the molybdenum surface, so thatdMo is an important indicator of the lifetime.
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Figure6.2:Sputtering yield ratio of iron.
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Figure6.4:Model of sputtering and reattachment.

6.1.3 Indicator of the neutralizer lifetime

Using the discussion of6.1.2, the degradation rate of the 20,000-hour endurance test which is shown by Fig.2.4 can be

calculated. The integral of thedMo ((6.1.2)) in the operation time is calculated as Fig.6.5. Now we define the integral of

thedMo as the accumulated metal. The accumulated metal in 20,000-hour is 46mg. It is approximately 4.9mm3, using

the density of the flakes of approximately 9g/cm3, and it is compatible to the experimental results of Section2.2. The

weight of accumulated metal when the accumulation increases exponentially, i.e., accumulated metal of 18,000 hour is

approximately 9mg. Now we define 9mgaccumulated metal for the neutralizer lifetime. The reason we set the lifetime

as 9mg not as 46mg as follows. Once the performance degradation started, the neutralizer stops its function sooner or

later. This indicator is reasonable when there are sufficient times of the thermal cycles and the maximum and the minimum

temperature is equivalent to the prototype model endurance test using the discussion of2.3.
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78 Chapter 6 Lifetime enhancement

Discussion of repetition of accumulating and vanishing

By the way, 9mgof accumulated metal is equivalent to 1.0mm3 . The surface area of the molybdenum parts are approx-

imately 1,000mm3, so that the average thickness of the film is 1.0µm. This results in that the fact that the accumulation is

occurred locally. This is because peeling mainly occurs when the thickness of the film is larger than 10µm. The detail is

explained by followings.

The formed films are vanished when the ion bombardment is strong. The expectation value of number of repetition of

forming and vanishing is followings. Assuming sputtering only occurs to the iron but both iron parts and molybdenum

parts, the expectation value of number of repetitionE which attaches to the molybdenum part is

E =
∞

∑
1

(n−1)(1− r)n (6.1.4)

wheren is the number of repetition. For instance, whenn is two, the first formed film attaches to the molybdenum part.

Its probability is(1− r). Than it vanishes and attaches to the molybdenum again. Its probability is(1− r). This means

it reattached 1 time. Whenr = 0.4, E = 2.8. In this estimation, 2.8-time repetitions results into the accumulation of the

low sputtering area on the molybdenum part. This accumulated iron forms the flakes which were attracted to the tips of the

magnetic circuit and contaminate the surface of dielectric. This results in the performance degradation which was explained

in Section2.3.
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6.2 Lower-contact-voltage neutralizer

The lower contact voltage is effective for mitigating the performance degradation. The measures for lowering the contact

voltage are listed in Table6.1. We strengthened the magnetic field in order to determine whether lowering the contact volt-

age will extend the lifetime of the neutralizer. We conducted preliminary experiments in order to make this determination.

Table6.1:Promising measures for reducing the contact voltage.

Measures Reason

Floated antenna Increase the electrons rejection which are absorbed to the antenna

Floating orifice Low space voltage increase at orifice

Dielectric orifice Low space voltage increase at orifice

Strengthen magnet Suppressed the electron mobility

6.2.1 Extension of the lifetime of a lower-contact-voltage neutralizer: preliminary study

Lifetime discussion of floated antenna neutralizer

1.Degradation rate of floated antenna neutralizer

In the case of the floating antenna, the contact voltage will become several volts lower, but the antenna floating voltage is

reduced by approximately 25V which was explained in5.2.1. This means that sputtering of the antenna will be increased.

With respect to the endurance enhancement, there is a 5V decrease in the contact voltage and a 25 minus 5V increase in the

sputtering voltage for the antenna. Since the antenna is constructed of molybdenum, it is higher resistance to sputtering than

the other assemblies, which are made of iron. The degradation rateµg/h are calculates under the following assumptions.

The ion current density of the antenna is 0.3mA/mm2 and the ion current densities of the other components are 0.1-0.187

mA/mm2, based on the discussion in5.1.2. The number density ratio of singly, and doubly ionized ions in the neutralizer is

470:1 as shown in Table1.7. The sputtering voltage of the antenna for singly ionized ions isContactvoltage−20, and that

for doubly ionized ions is 2· (Contactvoltage−20) when the antenna is floating. Here, the electric field of the microwave,

3,000V/m [49] is not considered, because the force due to the field affects the sputtering energy by only several percent.

Using the sputtering yield ratio reported by Yamamura et al. [38], the molybdenum [5], the iron, nickel, and tungsten

sputtering yield results in Fig.6.6, Fig.6.2, Fig.6.7, and Fig.6.8. Fig.6.9results the difference of the sputtering rate between

grounded and floated antenna. This is the calculated degradation rate. From the discussion in6.1.2, average accumulation

rate is 147 % of average degradation rate of molybdenum part. The average ion saturation current of molybdenum part is

0.16mA/mm2 based on the discussion in5.1.2and considering the surface area. This results in the net degradation rate as

the−0.3+1.47×0.16=−0.065, so that the net degradation rate is approximately quarter (-0.065 /0.3) of the Fig.6.9and it

is shown in Fig.6.10. The lines which indicate 10,000 and 20,000-hour lifetime are the degradation rate which the antenna

size will be the 75 % in those times, assuming the antenna lifetime is determined by the antenna size. Fig.6.11shows the

expected lifetime, i.e., the time to be 75 % of the antenna size, with variation of sputtering voltage. To endure 20,000-hour

operation, keeping the sputtering voltage, i.e., contact volate of coupling mode less than 32V is required. Assuming the

lifetime of the antenna is determined by 80, 85, 90, and 95 % of its size, the lifetime is 90.4 %, 81.6 %, 73.1 %, and 64.4

% to the lifetime of the 75 %. The reasons of the lifetime are not75
80, 75

85, 75
90, and 75

95 to the lifetime of the 75 % are that
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the sputtering rate is proportional to the surface area of the antenna, and it gets smaller when the volume gets smaller.

For summary, when the antenna is grounded, lifetime is limited by accumulated metal, i.e., flakes forming, and when the

antenna is floated, it is also limited by antenna lifetime. There are 5-15% errors in lifetime due to Yamamura model.
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2.Plasma cleaning of the dielectric surface

As we explained in2.3, and6.1.2, there are ion bombardments to the entire surface inside the neutralizer. If the ion

bombardments rate is greater than accumulation rate, the surface is kept clean. In this section, we discuss about the plasma

cleaning of the dielectric surface when the antenna is floated.

In the6.1.1experiment, the dielectric surface was kept clean. The ion bombardment rate of the surface is equivalent to

the ion bombardment rate of the nearby upstream magnetic circuit. This ion bombardment rate is the calculated degradation

rate which was explained in6.1.2, and it is approximately 3.3µg/h. Thus, the surface kept clean while the accumulation

rate is less than 3.3µg/h. However, when the antenna is floated, the degradation rate of the antenna increases which is

shown in Fig.6.9, and it results in the greater contamination rate. To sustain the degradation rate less than 3.3µg/h, the 24

V contact voltage is required at a maximum. From this reason, the floated antenna also does harm to the lifetime.

From discussion of6.2.1and this, it is concluded that the floated antenna neutralizer endurance is worse than the grounded

antenna neutralizer.
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Lifetime discussion of floated orifice and dielectric orifice neutralizer

From discussions of Section2.3, and6.1.2, the sputtering voltage inside neutralizer is dominant to the neutralizer lifetime.

By floating orifice, the sputtering voltage is reduced, so that there is no injurious effect on the lifetime.

Lifetime discussion of stronger magnetic field neutralizer

1.Experimental result in the degradation rate and magnetic field

Fig.6.12shows the weight change of upstream magnetic circuit depending on the magnetic force. This experiment was

conducted as explained in6.1.2. As Fig.6.12shows, the stronger magnetic force decreases the rate of degradation, which

means that strengthening the magnetic force does not adversely affect the lifetime of the neutralizer.
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Figure6.12:Change in upstream magnetic circuit weight.

2.Experimental result in the effects of flakes and the magnetic field

The experiment described in Section4.2was conducted in a strong magnetic field. According to Fig.6.13and Fig.6.14,

higher magnetic flux density has a beneficial effect on the performance degradation caused by the flakes.
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6.2.2 Demonstration of lower-contact-voltage neutralizer lifetime enhancement: endurance
test

Experimental results

As indicated by the results shown in Sections5.2.4, 6.2.1, and6.2.1, strengthening the magnetic field appears to be

effective for extending the lifetime of the neutralizer. Based on these facts, we conducted an endurance test using a×1.15

stronger magnet neutralizer. Fig.6.15shows the result of the endurance test. The endurance test was conducted under the

following conditions: The operational gas flow rate is 0.7sccm, and the input microwave power is constant at 8W. At the

start of the week, the neutralizer has stopped for thirty minutes, and its temperature was approximately 5 degrees Celsius.

There was no performance degradation after 12,000 hours of operation, and the contact voltage was constant at 30V.
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Discussion

The contact voltage of the endurance test was 30V when the emission current was 180mA. This seems significantly

greater than the 20,000-hour endurance test Fig.2.4, so that the lifetime seems to be shorter than 20,000-hour. This is not

correct. From the Fig.3.6 in Section3.4, the contact voltage of the diode mode at 135mA 0.7 sccmis 5 V less than the

coupling mode. The contact voltage of the diode mode at 150mA0.7 sccm is 5V less than the coupling mode, and at the

165mA it is 7.5V less than the other. We assume the contact voltage of 180mA0.7 sccmwhich is the condition of this

experiment is less than 22.5V. This assumption is likely by the reason which was discussed in6.1.2. Fig.6.16shows the

sputtering rate with the variation of the sputtering voltage. Fig.6.17shows the expected lifetime with the variation of the

sputtering voltage. When the sputtering voltage is 22.5V, it reaches the 9mg of the accumulated metal in 22,000-hour.

This neutralizer also has an advantage in minimizing the redesigning of the neutralizer from the flight model which has

achieved 10,000-hours of space operation. The errors of the expected lifetime are due to the following.

1. The errors due to the sputtering model. Yamamura model has 5-15% difference to the experimental results [5].

2. The errors due to the estimation of the anode fall due to the difference between coupling mode and the diode mode.

Anode fall gap is severalV.

3. The errors due to the ion saturation current errors.

4. The errors due to the peeling mechanism.

The first errors are reduced by using more resonable sputtering model. The second errors are reduced by obtaining the

precise anode fall gap in the same neutralizer. The ion saturation current were measured only at the antenna and at the

orifice plate. The currents of others are assumued the same as the orifice plate. In addition to this, the ion saturation current

includes the secondary electron current caused by ion, excited particle collision against the surface. This results in expecting

0.8 % lifetime shorter [33]. The forth errors are reduced by controlling the operating temperature and operating with the

sufficient number of thermal cycles. However, the peeling mechanism which was mentioned in Section2.3 is not entirely

true with the phenomena in the neutralizer, and further verification is needed.
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6.3 Molybdenum-covered neutralizer

In order to mitigate the performance degradation, bombardment by doubly ionized xenon ions results in ferromagnetic

flakes at the magnetic circuit tips. This degradation can be avoided by increasing the resistance of the surfaces of the

magnetic circuit to sputtering by using doubly charged ions. Coating the surfaces of the magnetic circuit with molybdenum

should be effective because molybdenum has a high threshold energy of 50eV for xenon sputtering, compared to 30eV for

iron [38] In addition, if sputtering does occur, thin films of molybdenum will be produced on the sidewalls of the discharge

chamber. Since the sidewalls are made of the same material, there is no difference in thermal expansivity, so that thermal

cycling is unlikely to cause the films to peel off. Finally, even if the thin molybdenum films do exfoliate into flakes, they

will not be attracted to the magnetic circuits because they are nonmagnetic.

6.3.1 Demonstration of non-flake neutralizer lifetime enhancement: Preliminary study

A molybdenum cover of 300µm in thickness was manufactured for a preliminary study. Fig.6.18shows the nominal

neutralizer, and Fig.6.19 shows the newly designed neutralizer.Fig.6.20 shows the performance of neutralizers with and

without molybdenum covers. The resulting voltage-current characteristics are worse with covers because the mirror ratio

(edge/ECRarea) was decreased to confine plasma. The magnetic field is strengthened so that the magnetic field is the

same at the edge of the cover, which is indicated by the green circle in Fig.6.19, and at the edge without the cover, which

is indicated by the green circle in Fig.6.18, and the resulting voltage-current characteristics are plotted in Fig.6.21. The

performance is identical to the original neutralizer which lacks a molybdenum cover. As mentioned in6.2.1, the stronger

magnetic force suppresses the degradation rate. This means that strengthening the magnetic force does not adversely effect

endurance. The covered neutralizer was tested for 400 hours. The covered neutralizer maintained an emission current of

135mAat a contact voltage of 35V. After the test, the molybdenum cover was found to have lost 0.5% of its weight. Such

a molybdenum cover is predicted to extend the lifetime of the neutralizer by several tens of thousands of hours.
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Figure6.18:Schematic diagram of the nominal experimental neutralizer.

Figure6.19:Schematic diagram of the molybdenum covered neutralizer of the preliminary study.
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Figure6.20:Performance of neutralizers with and without a molybdenum cover. Normal magnetic force.
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6.3.2 Demonstration of non-flake neutralizer lifetime enhancement: endurance test

Experimental results

A preliminary study revealed that the molybdenum-covered neutralizer is promising method by which to enhance the

lifetime of the neutralizer. In order to more precisely verify the effectiveness of this method, we performed an endurance

test. In this experiment, we newly manufactured a molybdenum-covered neutralizer, in which the entire magnetic circuit is

covered. In addition, the antenna was changed from brass to molybdenum. By this redesign, the surface that touches the

plasma is composed of molybdenum. Fig.6.22shows the redesigned neutralizer. The cover thickness is also 300µm in this

experiment. We also strengthen the magnetic field in order to make the magnetic field the same at the edge of the cover and

at the edge without the cover. The reason for this is described in the preliminary study. Fig.6.23shows the performance

transition of the redesigned molybdenum-covered neutralizer. The neutralizer performance is not getting worse after 2,500

hours of operation. The experimental condition is 8W microwave power and 0.7sccmoperational gas (0.5sccmup until

84 hours).

Figure6.22:Schematic diagram of the fully molybdenum-covered neutralizer.
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Internal inspection of the neutralizer after the 2,500-hour endurance test revealed the following. The flakes were attached

on the orifice plate.The flake thickness is approximately 14µm. Table6.2 lists the weight change and the degradation or

accumulation rate of each assemblies which were calculated from the weight change, the surface area, and the ion current.

Table6.2: Weight change and degradation or accumulation rate of each assembly. When the parameter is positive, it

indicates accumulation.

Weight difference, mg Rate, atoms/mC

Upstream cover 1 7.9 2.9e+11

Upstream cover 2 8.6 3.2e+11

Side wall and downstream cover1 -21 -1.84e+11

Downstream cover2 10.4 7.0e+11

Orifice plate -28.4 -7.8e+11

Antenna -1 1.1e+11

Peeled flake 6

Summary -17.5

Discussion

The flake thickness which was peeled from the orifice plate is only 14µm. This is explained by the lack of cleaning

and the lack of heating of the base material [50]. First, the attachment energy of the film become lower when the base

material is dirty. In this experiment, the neutralizer was only wiped by alcohol cotton before the endurance test. Second,

the sufficient surface diffusion is also needed for uniform attachment. For the sufficient surface diffusion, it is required

that the base material is heated above the 50% of melting temperature of the film material, i.e., approximately 2,900K in

molybdenum. In this experiment, the neutralizer was operated in approximately 280-450K. Fig.6.24shows the sputtering

yield against inner plasma of the neutralizer. The accumulation or degradation rate of the Table6.2should be several times

larger or smaller than the parameter of the 23-33V considering the anode fall and the discussion of6.1.2. The difference

of the degradation or accumulation rate from the Fig.6.24 is explained by the foreign material inside the neutralizer. As

mentioned, the neutralizer was only wiped by alcohol cotton before the endurance test. This error is reduced by cutting

off the initial weight change because the plasma cleans the surface. Thus, the degradation or accumulation rate should be

discussed after obtaining the second weight change. In the case of molybdenum-covered neutralizer, lifetime is limited by

the degradation of the antenna most often. This is because the flakes, which peeled off from the surface, are not attracted

to the magnetic circuit near the antenna by magnetic force. This results in the contamination of the dielectric surface not

occuring more than the usual non-molybdenum-covered neutralizer. The following lifetime expectation is assuming that the

molybdenum flake doesn’t attach to the magnetic circuit near the antenna. As we discussed in6.2.1, assuming the lifetime

of the antenna is determined by 75 % of its size. Assuming the lifetime of the antenna is determined by 80, 85, 90, and 95 %

of its size, the lifetime is 90.4 %, 81.6 %, 73.1 %, and 64.4 % to the lifetime of the 75 %. The reasons of the lifetime are not
75
80, 75

85, 75
90, and 75

95 to the lifetime of the 75 % are that the sputtering rate is proportional to the surface area of the antenna,

and it gets smaller when the volume gets smaller. As the discussion of6.1.2, set the model as Fig.6.25. In Fig.6.25, we

assumed there are only two parts inside the neutralizer: the antenna and rest.ma is the weight of the molybdenum particles

ejected from the antenna per unit time, andmm is the weight of the molybdenum particles ejected from the rest per unit

time. s is the probability of reattachment to the antenna. We assumed the neutralizer is isolated from the outside so that no
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particles are ejected from the neutralizer, because the area of the orifice is significantly smaller than the area of the whole

neutralizer. This assumption is reasonable from the results of Table6.2. The particles which emitted from the neutralizer is

17.5mg. The particles which stayed inside the neutralizer, i.e., forming flakes or reattached is 32.9mg. This results in 65

% of the particles stayed inside the neutralizer. This error is much less than the errors caused by the sputtering voltage. The

weight variation per unit time of the antennadAnare the summary of the degradation and the accumulation so that it can

be written by
dAn= (ma +mr)s−ma (6.3.1)

also of the restdOcan be written by
dO= (ma +mr)(1−s)−mr (6.3.2)

From the parameter of ion current densities in5.1.2, using surface area of all assemblies,mr = 252
21 ma. Thus

dAn= (13r −1)ma (6.3.3)

Now, s is associated with the ratio of area of antenna and the rest assuming the phenomena of reattachment is the same

between them.s is approximately 0.04, so thatdAn= −0.48ma. The net antenna degradation rate is 48 % of calculated

rate. Fig.6.26shows the expected lifetime, i.e., the time to be 75 % of the antenna size, with variation of sputtering voltage.

The neutralizer lifetime is expected 32V contact voltage of diode mode, which is 22V sputtering voltage is more than

1,000,000-hours. To accellerate the endurance test, conducting with the larger emission current is effective. By the larger

emission current, the contact voltage gets larger, but the ion saturation current unchanges.

The errors of the expected lifetime are due to the following.

1. The errors due to the sputtering model. Yamamura model has 5-15% difference to the experimental results [5].

2. The errors due to the estimation of the anode fall due to the difference between coupling mode and the diode mode.

Anode fall gap is severalV.

3. The errors due to the ion saturation current errors.

The first errors are reduced by using more resonable sputtering model. The second errors are reduced by obtaining the

precise anode fall gap in the same neutralizer. The ion saturation current were measured only at the antenna and at the

orifice plate. The currents of others are assumued the same as the orifice plate. In addition to this, the ion saturation current

includes the secondary electron current caused by ion, excited particle collision against the surface. This results in expecting

0.8 % shorter lifetime [33].
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Figure6.24:Sputtering yield from inner plasma of neutralizer.

Figure6.25:Model of sputtering and reattachment with the antenna.
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Figure6.26:Expected lifetime of the non-flake neutralizer.

6.4 Summary

1. Inside the neutralizer, there are repetition of accumulation and vanishing due to sputtering. It results in the 30% of

sputtered particles accumulate on the molybdenum surface.

2. The neutralizer lifetime is expected by using the accumulation weight as an indicator.

3. Floated orifice, dielectric orifice, strengthen of magnet, and molybdenum-covered neutralizer are promising methods

by which to enhance the lifetime.

4. Higher magnetic flux density neutralizer is demonstrating the constant performance in 12,000-hour endurance test,

and its lifetime is expected to be 22,000 hours.

5. Higher magnetic flux density neutralizer have an advantage in minimizing the redesigning of the neutralizer from

the flight model which had acheived 10,000 hours of space operation.

6. Molybdenum-covered neutralizer is demonstrating the favorable performance in 2,500-hour endurance test, and its

lifetime is expected to be 1,000,000 hours more than the molybdenum-covered neutralizer.
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7
Conclusion

The performance degradation mechanism of the ECR neutralizer was clarified. According to this mechanism, the principal

cause of the performance degradation of the neutralizer is contamination of the dielectric surface due to sputtering from

flakes on the magnetic circuit. This degradation can be avoided by suppressing the sputtering by means of a lower contact

voltage and by inhibiting flake formation.

Net ion current distribution measurement was conducted to refurbish the design assemblies for endurance enhancement.

The measurement revealed several measures. Among these measures, we chose to make higher magnetic flux density and

to fully cover the neutralizer with molybdenum and demonstrated the result of improved performance through an endurance

test. The neutralizer performances are not getting worse in the 12,000-hour and 2,500-hour endurance tests.

We discussed degradation inside neutralizer applying the Yamamura et.al sputtering model [38] to the results of the net

ion current distribution. According to the discussion, the 30 % of sputtered iron accumulates on the molybdenum surface.

This results in the formed flakes by repeating the vanishing and accumulating for 2.8-times in average, and finally peels off

from the low sputtering area inside the neutralizer.

Using the total accumulation weight for the indicator of the lifetime, the higher magnetic flux density neutralizer which

are running through the endurance test, is expected 22,000-hours lifetime, in spite of 135 % emission current of its prototype

model. The fully covered neutralizer is expected 1,000,000-hours lifetime. The fully covered neutralizer has an advantage

in the lifetime than the higher magnetic flux density neutralizer, but the latter also has an advantage in minimizing the

redesigning of the neutralizer from the flight model which had achieved 10,000 hours of space operation.

The degradation mechanism and the theory for the lifetime enhancement are revealed. For the further study, particular

net ion current distribution measurement is required especially at magnetic circuit tips. In these areas, the accumulation and

the degradation rate are different from average rate. Figuring out these phenomena, the lifetime expectation accuracy will

be improved.
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