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Tablel-1 Comparison of thrust performance between DC discharge and

microwave discharge

DC dicharge Microwave dicharge

Beam diameter [cm ] 35 10
Ion beam current [mA] 2880 143

Beam voltage [V] 1000 1500
Thrust [mN] 150 8.7

Thrust density [mN/cm?Z] 0.039 0.028
TIon production cost [W/A] 104 223
Propellant utilization efficiency [%] 90 88

Pressure in

the discharge chmber
‘ — sxi0Sr | 4.25 GHz

1x10<%or | Cutoff
ax10-4or | Density

T Tl
iy 120 g
L\
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Fig.1-3 Distribution of plasma density in the microwave discharge ion
thruster adopted in MUSES-C
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FDTD Finite Difference Time Domain method
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Table6-1 Calculation condition

Time Step 1.8 %X 102 sec
Number of Step 10000
Mesh Size X=1.0, Y=1.0197, Z=1.0 mm
Microwave Frequency 2.45 GHz
Microwave Power 32W
6.1.3 VSWR
r=29 Fig.6-2
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Fig.6-2 Input
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10 40
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Fig.6-5 18[nsec]
Fig.6-6 Fig.6-5 Fig.6-6

r=33

12 |
Input

Output

Input - Output

10

Energy [ X 10-8]]

& 36 72 108

Time [nsec|

144 13

Fig.6-2 Energy flow of microwave

37



—
o

—— Internal Energy

10+ ]
i3
S 8t -
X
5
4 ]
2 WN\/W\AAA/V\NW\/VWV\N\N\A/V\/\N\NVVW
3.6 7.2 10.8 14.4 18
Time [nsec]|
Fig.6-3 Internal energy
70 T T T T T
60
50
)
240
S |Vmax|
= 30 +
> |Vmin|
20 t
10 +
0 L 1 1 1 L
15 25 35 45 55
Coaxial Cable length [mm]

Fig.6-4 \oltage on the coaxial cable

38




ek
=

[
]
T

[
o
T

Microwave Energy [ X 1078]]

b

oo
T

(@)}
T

I

- lInput
~®- Output

5 10 15 20 25 30 35

40 45

Receiver Antenna Position r [mm)]

Fig.6-5 Energy flow of microwave vs. receiver antenna position

0.35

Reflection Coefficient

0.05¢

s 10 15 20 25 30 33
Receiver Antenna Position r [mm)]

40

Fig.6-6 Reflection coefficient vs. receiver antenna position

45



6.1.4

6.1.4.1 22)
Fig.6-7
SUS 60cm 100cm
2.45GHz
N
Fig.6-10
40
Fig.6-9

40

Fig.6-8

Fig.6-9

502 N

SMA

r

6.1.1

10 29



DC-block
DC Power
Supply o —T1 \ Vacuum Chamber [T]
| \ Thruster
Microwave I:l o
Generator Coaxial
Cable

Vacuum Pomp

Mass Flow Controller
Fig.6-7 Schematic of experimental apparatus

.
I Microwave generator

Fig.6-8 Experimental setup

41



PPN
S

: Forward and Backward Microwave

: Forward Microwave

Dummy
Load

¢

Vacuum Chamber

Oscillator S| Attermator (450, Mmave 2, | Circulator |QvC§ Dér;g;i&?al = Engine
¢
FWD REF
Fig.6-9 Flowchart of microwave transmission
— ) —— }
A /4 A/4
Microwave r =10~40

\)\) ¢=106mm

£l>__7—___4—'___'|______ - - -
A\ A4
Yoke 10.2mm vl
- > | >
35.6mm 91.7mm
Fig.6-10 Schematic of experimental ion thrust
6.1.4.2
Fig.6-11 r
r=33
r 33
r=10
r=33

42



Fig.6-12

3
r=10
r=40
r=10
r
r=33
Fig.6-11
R =53 r=33

0.35 T T T T T T T

0.3 -
'§0.25 - -
=
802+ -
Q
80.15} ]
15}
=
o 0.1 i
=4 ) .

—eo— Simulation
0.05+ Experiment _
0 " 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45

Receiver Antenna Position r [mm]

Fig.6-11 Comparison of reflection coefficient vs. receiver antenna position
between simulation and experiment

43



50000 . T T T

- r=10mm
L — =33mm
— =40mm
40000 -
E L
2. 30000 -
z
w2 -
=
L
= 20000+
2
e
15 L
2
8
10000 -
0 1 1 1
-60 -40 20 0 20 40

Length from Emitter Antenna [mm]
Fig.6-12 Distribution of electric intensity in divider

6.2

VSWR

6.2.1

Fig.6-13 33
R 49 69

44




Receiver Antenna

Divider

Emitter Antenna |»

Coaxial Microwave A/4
Cable Source \

Yoke 10.2m9 N

TAZ S I S
y | I

35.6mm

91.7mm

wemms - Absorbing Condition

Fig.6-13 Calculation geometry for variable radii R

6.2.2 VSWR

Fig.6-14 R

18[nsec]
6.1.3
R =57
R=57
r 33
R
r=33

45

Fig.6-15

6.1.4.2

Fig.6-15

57



[
.

—- [nput
~®- Output

[
[\

Microwave Energy [ X 1078]]
B o oo =

b

045 50 55 60 65 70
Discharge Chamber Radius R [mm)]

Fig.6-14 Energy flow of microwave for various discharge chamber radii R

0.25

=
[\

0.15¢

Reflection Coefficient
=

o

e

v
T

0

45 50 55 60 65 70
Discharge Chamber Radius R [mm]

Fig.6-15 Reflection coefficient for various discharge chamber radii R

46



6.3

6.1
6.2

6.3.1

Fig.6-16

(b)

(@)

29

a7

VSWR

(b)

6.1

(@)



(@)

Devider

Emitter Antenna

Receiver Antenna

Coaxial
Cable

Microwave

Source

Yoke 10.2m9

-

[~
|
|

[e——»
35.6mm

-

91.7mm

mmmmm  Absorbing Condition

(b)

Antenna Psition

Al

[ =

~t

Measuring Plane for Energy Flow of Microwave

Fig.6-16 Calculation geometry for five receiver antenna system,

6.3.2

Fig.6-17

(a) Side view, (b) Cross-section

48

Fig.6-17



Fig.6-17 1.25[W]

0.2[W]

Fig.6-18 Fig.6-18

Fig.6-18
Fig.6-17
Fig.6-18
t=10.8 [nsec]
(t=11.7 [nsec])

Fig.6-17

6.1 Fig.6-6 10

49



2.5 -
1

= =)
i — 3
=227 —14 '
X 5
)
86 1.5 1
L
=
w
L 1
S
=
o
5
= 05
=

) ==

3.6 72 10.8 14.4 18
Time [nsec]

Fig.6-17 Energy flow of microwave for respective receiver antennas

-~

(=)

| —;

3 p';l‘m‘»‘« .‘L‘ A

9 9.9 10.8 11.7 12.6
Time [nsec]

h
T

[\ N U T SN

Microwave power [W]

Fig.6-18 Microwave power for receiver antenna 3 and 4

50



VSWR
VSWR
VSWR

VSWR

51



52

FDTD



1).

2003

2). JAXA http://www.muses-c.isas.ac.jp/j/index.html

3). K. Toki, H. Kuninaka, I. Funaki, K. Nishiyama, Y. Shimizu, “Development Status of a
Microwave lon Engine System for the MUSES-C Mission”, IEPC-99-139 (1999)

4). (2003)

5). I. Funaki, H. Kuninaka, S. Satori and K. Toki, “Plasma Diagnostics and Numerical
Modeling of a Microwave lon Engine”, AIAA-98-3478 AIAA-98-3341 (1998)

6). T. Miyamoto, K. Mii, T. Nishijima, H. ljiri, Y. Takao and H. Nakashima,
“Development of a New Microwave Discharge Type lon Engine”, Vacuum, 73, 391
(2004)

7). T.Watanabe, Toyota Central Lab R&D Rev. 32, 23-33 (1997)

8). l.Funaki and H. Kuninaka, “Overdense Plasma Production in a Low-power Microwave
Discharge Electron Source”, Jpn. J. Appl. Phys., 40, 2495 (2001)

9). 1996

10). 1997

11). 1980
12). ““FDTD > (1996)

13). ““FDTD > (1998)

14).K. S. Lee, “Numerical Solution of Initial Boundary Value Problems Involving
Maxwell’s Equations in Isotropic Media”, IEEE Tarns. Antennas Propagation, 14, 302
(1966)

15).G. Mur, “Total-field Absorbing Boundary Conditions for the Time-Domain
Electromagnetic Field Equations”, IEEE Trans. Electromagnetic Compat., 40, 100
(1998)

16). 2001

17). 2002

18). 2001

19).H. Kosaka and K. Ono, “Numerical Analysis of the Electromagnetic Fields in a
Microwave Plasma Source Excited by Azimuthally Symmetric Surface Waves”, The
Japan Society of Applied Physics, 41, 2199 (2002)

53



20). 1995

21). 2004

22). < >
2005

54



