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Abstract: The inductively coupled plasma cathode has been developed as electron source 
for ion thruster. The power consumption efficiency of this cathode was not sufficient for 
practical use in space. Therefore, in order to improve the cathode performance, the effects of 
orifice diameter, orifice length, ion collector shape and coil configuration on ignition 
capability and electron emission performance were investigated experimentally in this study. 
As a result, it is also estimated that inner pressure and electric field in the vessel affect 
ignition capability. Moreover, electron emission performance depends on inner pressure, ion 
collection area and electron number density. In addition, the increase of total number of 
coils improves ignition capability and electron emission performance. Through the 
performance improvement, 0.52 A of anode current was obtained at 24 W of plasma 
production power, 0.15 mg/s of xenon mass flow rate and 40 V of anode voltage. 

Nomenclature 
Ai = ion collection area 
Ao = orifice cross section area 
Ce = electron production cost 
e = electron charge 
F = gas utilization factor 
Fo = orifice conductance 
Ffm = free-molecular conductance 
Ffm0 = theoretical free-molecular conductance 
Ia = anode current 
Ic = collector current 
Iis = ion saturation current at ion collector 
Irf = peak radio frequency current 
Jis = ion saturation current density 
j = imaginary unit 
K = Clausing’s factor 
Kn = Knudsen number 
k = Boltzmann coefficient 
M = molecular mass 
mi = ion mass 
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˙ m  = mass flow rate 
NA = Avogadro constant 
Ne = electron number density in the bulk plasma 
Ni = ion number density in the bulk plasma 
Pa = anode power for electron extraction 
Pabs = absorbed power into plasma 
Ploss = power loss in induction coil 
Prf = radio frequency power 
pin =  vessel inner pressure 
p0 = backpressure in vacuum chamber 
Q = flow rate 
R = cathode resistance without plasma 
Te =  electron temperature 
Tn = gas temperature 
Va = anode voltage 
Vrf = peak radio frequency voltage 
va = mean molecular velocity 
X = cathode reactance without plasma 
Z = cathode impedance without plasma 
|Z| = absolute value of impedance 
η = power transfer efficiency 
θ = phase shift between radio frequency current and voltage 
νe = electron collision frequency 

I. Introduction 
HE applications of electric propulsion have been increasing in some space missions such as station keeping and 
solar system exploration. An ion thruster is one of the electric propulsion systems, which has the highest 

specific impulse and thrust efficiency but low thrust1. Therefore, the thruster requires long continuous operation to 
generate large total impulse. The lifetime of ion thruster is limited by acceleration electrodes and electron sources. 
Ion thruster needs electron sources as a discharge cathode for ionization of propellant and a neutralizer for 
neutralization of ion beam. A hollow cathode (H/C) is a common electron source for DC discharge and radio 
frequency (RF) discharge ion thrusters, because it achieves high electron emission current with low consumption of 
gas and electric power. However, its lifetime is limited by degradation and depletion of a thermionic emitter made 
from low work function materials2,3. Additionally, the emitter has to avoid the contact with active gas and the 
cathode requires sufficient preheating by heater wire before ignition. As a result, ion thrusters with H/C have some 
difficulties for long term operation, and they should be controlled strictly from prelaunch to end of life. 

In order to replace the hollow cathode as the electron source, new cathodes, which employ RF discharge or 
microwave discharge for electron production, have been developed4-7. The microwave discharge ion thruster “µ10”, 
which was installed in “Hayabusa” asteroid explorer, is attractive thruster that is hollow-cathode-less design. Its 
accumulated operational time reached 35,000 hours and the thruster demonstrated that the removal of the hollow 
cathode benefits the lifetime of ion thruster8. However, since electron cyclotron resonance plasma (ECRP) is applied, 
the electron number density is limited by cutoff frequency and the plasma of ion source is not uniform. Additionally, 
a microwave generator is low power efficiency that is below 50 %. Consequently, thrust performance of microwave 
discharge ion thrusters is lower than that of other discharge type ion thrusters. 

We have proposed employing inductively coupled plasma (ICP) as electron sources for ion thrusters. ICP 
cathode (herein after referred to “ICP/C”) is simple structure, which does not need a keeper electrode and a bias 
power supply to emit electrons. Additionally, ICP/C is excepted long lifetime because it does not use chemical 
reaction such as the thermionic emitter of H/C. Moreover, the ignition sequence of ICP/C is simplicity and strict 
thermal control is not required. 

In our previous study, it was demonstrated that the ICP/C operated as electron sources of ion thrusters9. When 
ICP/C or H/C applied to the discharge cathode of DC ring-cusp ion thruster, same values of thrust and specific 
impulse were obtained at each cathode with equal propellant consumption. However, the power consumption of 
ICP/C is higher than that of H/C to achieve equivalent discharge current. Therefore, thrust-to-power ratio and ion 
production cost with ICP/C were inferior to those with H/C. 

T 
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II. Objective 
Based on the previous results, in order to improve ICP/C performance, its ignition capability and electron 

emission performance were investigated experimentally in this study. The effect of orifice diameter, orifice length, 
ion collector shape and coil configuration were evaluated and discussed. 

III. Experimental Apparatus and Procedure 

A. Inductively Coupled Plasma Cathode 
Figure 1 shows the schematic diagram of ICP/C. It 

consists of discharge vessel, ion collector, induction coil 
and housings. The vessel is made of alumina, its inner 
diameter and length are 40 mm and 25 mm, respectively. 
For electron emission, there is an orifice at the center of 
the end of vessel. The molybdenum electrode is inserted 
into the vessel as an ion collector. When electrons are 
emitted from orifice, ions that are equal to them must be 
collected at the collector to maintain quasineutrality at 
ICP. In addition, the copper wire was wrapped around 
the vessel to introduce RF power. Features of the 
cathode are simple structure and thermionic-emitter-less 
design. 

In this study, collector shape, orifice diameter, orifice 
length and coil configuration were varied. The effects of 
three ion collector shapes including no ion collector were 
investigated, when the orifice diameter, the orifice length 
and the number of coils were 2.0 mm, 0.5 mm and 5 
turns, respectively. Figure 2 shows two types of ion 
collector, which are cylindrical type and pole type, 
where Ai is the ion collection area. The cylindrical 
collector has an axial slit, which allows the axial dB/dt 
fields into plasma but suppresses the circumferential 
dE/dt fields, effectively serving as a Faraday shield for 
the plasma within ICP/C10. On the other hand, in order to 
investigate the relationship between the ion collection 
area and the electron emission performance, the area of 
pole collector is set up larger than that of cylindrical one.  

The orifice configurations were varied five patterns 
to investigate the effects of orifice dimensions, when the 
ion collector shape was the cylindrical and the number of 
coils was 5 turns. Table 1 shows these patterns and the 
notation system. “D2-L0.5” in Table 1 indicates the 
orifice diameter and the orifice length are 2.0 mm and 
0.5 mm, respectively.  

The number of coils was varied from 3 turns to         
6 turns to investigate the effects of coil configuration, 
when orifice diameter, orifice length and ion        
collector are 2.0 mm, 0.5 mm and cylindrical collector, 
respectively. The coil pitch was constant when the 
number of coils was varied. 

B. Apparatus and Facilities 
Figure 3 shows the experimental setup. All experiments were conducted in the vacuum chamber whose diameter 

and length are 1.6 m and 3.2 m, respectively. Backpressure in the chamber reached approximately 2×10-3 Pa, when 
xenon mass flow rate was 0.6 mg/s. The ICP/C, an anode electrode and a double probe were set in the chamber, 
whereas RF transmission system, gas feed system and DC power supplies were attached from outside of the 

Figure 1.   Schematic diagram of ICP/C. 

Figure 2.   Ion collector shape. 

Table 1. Orifice dimension. 

0.5 mm 1.0 mm 2.0 mm

1.0 mm D1-L0.5

2.0 mm D2-L0.5 D2-L1 D2-L2

3.0 mm D3-L0.5

Diameter Length
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chamber. Xenon was fed to the vessel via mass flow 
controller (MFC) as operation gas. The coil was 
energized at 13.56 MHz with the RF generator via 
resonant matching circuit, which consists of a series 
variable capacitor and a parallel variable capacitor. Since 
the impedance of generator was matched that of the 
ICP/C by the circuit, there was not reflected RF power at 
all experiments. The anode was located at 50 mm 
downstream of the ICP/C, and it was biased positively to 
extract electrons from ICP/C. On the other hand, ion 
collector was connected to ground potential. The electric 
potential difference between the anode and the grounded 
ion collector simulates the difference between the ion 
beam and the neutralizer. When electrons are emitted 
from the ICP/C by the difference of the potential, 
electron current is carried to the anode and ion current is 
carried to the collector. These currents were called anode 
current and collector current, respectively. The anode 
current is equal to the collector current (Ia=Ic) because the current loop must close in this experimental system to 
evaluate performance. The amount of anode current at constant RF power and xenon mass flow rate indicates the 
electron emission performance of electron sources. Additionally, in order to measure plasma parameter, the double 
probe was inserted into the vessel11-13. 

C. Calculation of Cathode Impedance and Vessel Inner Pressure 
Before measuring the ignition capability, cathode impedance and vessel inner pressure were calculated in order 

to estimate experimental condition of various cathode configurations. When RF power was below 40 W, The 
characteristics of RF current and RF voltage without plasma were measured to calculate an impedance of ICP/C. 
The impedance is given by 

 

                                                                               

€ 

Z =
Vrf

Irf  
(1) 

                                                                         

€ 

θ = cos−1
2Prf
Vrf Irf

  (2) 

                                                           

€ 

Z = Z cosθ + j sinθ( ) = R + jX   (3) 
 
where Irf, Vrf, θ, R and X are peak RF current, peak RF voltage, phase shift between RF current and voltage, cathode 
resistance and cathode reactance without plasma, respectively. When RF power was higher than 40 W, RF voltage 
between the coil ends was calculated by following equation because of maximum input voltage in the voltage probe. 
 

                                                                         

€ 

Vrf =
2Z Prf
cosθ

  (4) 

 
 On the other hand, vessel inner pressure was not measured but calculated. The pressure was calculated by a 
conductance of short circular tube at rarefied flow14,15. The orifice conductance Fo in the ICP/C is given by 
 

                      

€ 

Fo =
0.4733+ A 1 a Kn( )

1+ B a Kn( ) +C a Kn( )2
Ffm0 + Ffm

a =
Ffm

Ffm0
+ 0.125exp −

1
2
12

Ffm

Ffm0
−11.2

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

2⎡ 

⎣ 

⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 

+ 0.18exp −14.7
Ffm

Ffm0

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ − 0.08,

A = 0.907, B =10.4, C =16.1  

(5) 

Figure 3.  Experimental Setup. 
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where Kn, Ffm0 and Ffm are Knudsen number, theoretical free-molecular conductance and free-molecular 
conductance, respectively. These conductance are given by 
 

                                                           

€ 

Ffm0 =
1
4
νaAo =

1
4

8kNATn
πM

Ao   (6) 

                                                                            

€ 

Ffm = KFfm0  (7) 
 
where va, Tn, M, A0, and K are mean molecular velocity, gas temperature, molecular mass, orifice cross section area 
and Clausing’s factor which depends on orifice diameter and length, respectively. Equation (5) is empirical equation, 
even though the range of applicability is restricted to 1/Kn < 25. Using calculated orifice conductance by Eq. (5), 
vessel inner pressure is given by 
 

                                                                            

€ 

pin =
Q
Fo

+ po   (8) 

 
where pin, p0 and Q are vessel inner pressure, backpressure in the vacuum chamber and xenon flow rate which is 
provided at standard temperature and pressure, respectively. In this study, the backpressure was ignored because it 
was much lower than the inner pressure.  

IV. Results and Discussions 
A.  Calculation Results of Resistance and Reactance 

Table 2 shows the calculated resistance and reactance of ICP/C without plasma at various cathode configurations. 
The resistance and reactance were calculated by RF voltage and RF current in Eqs. (1)-(3), when the power loss and 
the stray impedance are ignored at the matching circuit and transmission lines. In Table 2, it is considered that the 
resistance and reactance were independent of orifice dimensions because the values did not change when orifice 
dimension was varied. On the other hand, they depended on ion collector and coil configurations. The reactance 
without ion collector was higher than that with ion collector. It is assumed that a capacitive coupling between the 
energized coil and the grounded collector is the cause to increase the reactance. The reactance increased 
approximately with the square of total number of coils. 

The RF voltage between coil ends was also independent of the orifice dimensions because the voltage has a 
relationship with the impedance as shown in Eq. (4). On the other hand, the voltage also depended on collector and 
coil configurations, and it increased with collector insertion and increase of total number of coils at constant RF 
power. 

 
Table 2. Calculated resistance and reactance of ICP/C without plasma at various cathode configurations. 

 
 

Orifice diameter Orifice length Collector
configuration

Total number
of coils Resistance Reactance

1.0 mm 0.5 mm Cylindrical 5 turns 2.5±0.1 ! 103±1 !

2.0 mm 0.5 mm Cylindrical 5 turns 2.6±0.1 ! 102±1 !

3.0 mm 0.5 mm Cylindrical 5 turns 2.7±0.2 ! 102±1 !

2.0 mm 1.0 mm Cylindrical 5 turns 2.7±0.1 ! 103±1 !

2.0 mm 2.0 mm Cylindrical 5 turns 2.6±0.1 ! 102±1 !

2.0 mm 0.5 mm without 5 turns 1.9±0.1 ! 111±1 !

2.0 mm 0.5 mm Pole 5 turns 2.1±0.1 ! 103±1 !

2.0 mm 0.5 mm Cylindrical 3 turns 1.8±0.1 ! 50±1 !

2.0 mm 0.5 mm Cylindrical 4 turns 2.1±0.1 ! 76±1 !

2.0 mm 0.5 mm Cylindrical 6 turns 3.8±0.1 ! 137±1 !
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B.  Ignition Capability 
1. Effects of cathode configurations on ignition capability 

Figure 4 shows ignition capability of ICP/C when cathode configurations were varied. It is preferable that the 
plasma is ignited at low RF power and mass flow rate. Thus, points on the graph go to left below equal to improve 
ignition capability in Fig. 4. In addition, red circle means same result when the configuration is 2.0 mm of orifice 
diameter, 0.5 mm of orifice length, cylindrical type of ion collector shape and 5 turns of coil turns.  

Figure. 4(a) and (b) indicates that orifice diameter strongly affected the capability rather than orifice length. 
Additionally, the ignition capability was enhanced with decreasing orifice diameter and increasing orifice length. In 
Fig. 4(c), higher RF power is necessary for ignition with ion collector, compared with “without ion collector”. This 
indicates that the ion collector causes change of electric field. Regarding the ignition capability, the cylindrical 
collector was preferable to the pole collector. In addition, it became clear that the collector shape affects the 
capability greatly. Moreover, the ignition capability was enhanced with increasing total number of coils as shown in 
Fig. 4(d). However, enhancement rate is decreased as increasing total number of coils. It would appear that there 
exists saturation number, which enhance ignition capability. In Fig. 4, regardless of cathode configurations, a steep 
decrease of minimum ignition RF power was observed as xenon mass flow rate increased, and there was a knee 
point between power and mass flow rate for plasma ignition of ICP/C. It seems that plasma ignition of ICP/C is 
involved in Paschen’s law16. 

 
 

(b) Orifice length 

(c) Ion collector shape (d) Total number of coils 

Figure 4.  Effects of cathode configuration on ignition capability. 

(a) Orifice diameter 
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2. Factors of plasma ignition in ICP/C 
Plasma ignition of ICP/C is thought the trade-off 

study between voltage and inner pressure. Minimum 
ignition RF voltage as a function of inner pressure at 
various cathode configurations is shown in Fig. 5. In 
this figure, the voltage and the pressure were not 
measured but calculated as described above. The 
voltage was calculated by measured minimum ignition 
RF power in Eq. (4), while the pressure was calculated 
by orifice dimensions and fed xenon mass flow rate in 
Eqs. (5)-(8). In Fig. 5(a) and 5(c), the curves of voltage 
vs. pressure nearly corresponded with one another. 
Therefore, it is considered that the plasma ignition is 
affected by inner pressure in the discharge vessel and 
RF voltage between the coil ends. On the other hand, 
the curves did not correspond with one another as 
shown in Fig. 6(b). It is assumed that electric field in 
the vessel was changed by the collector shape. In 
contrast with the effect of coil configuration, the 
collector configuration affected the electric field at 
constant RF voltage, because the collector was made of 
metal and connected to ground potential. Thus, the 
difference of electric field in the vessel caused the 
distinct tendency in Fig. 5(b).  

As a result, it is considered that inner pressure and 
electric field in the discharge vessel are the plasma 
ignition factors in ICP/C. 

 
C.  Electron Emission Performance 
1. Effects of cathode configuration on electron 
emission performance 

Figure 6 shows the effect of cathode configuration 
on electron emission performance of ICP/C when 
xenon mass flow rate and anode voltage was 0.15 mg/s 
and 40 V, respectively. The anode current was 
proportional to RF power regardless of cathode 
configuration. There existed the difference in the 
inclination by change cathode configuration.  

Figure. 6(a) and (b) show that the orifice diameter 
strongly affected electron emission performance rather 
than orifice length. The data presented in Fig. 6(c) 
shows that electrons cannot be emitted from the  
cathode effectively without ion collector, because there 
is no counterpart to emit electron. In comparison of two 
ion collectors, pole collector was better than cylindrical 
one for electron emission performance at ICP/C. When 
the pole collector was inserted in the cathode, the 
typical performance was 0.52 A of the anode current at 
24 W of RF power, 0.15 mg/s of xenon mass flow rate 
and 40 V of anode voltage. The value of anode current 
is high enough to neutralize the ion beam of ion 
thrusters, which have been employed for north       
south station keeping missions17. In Fig. 6(d), the 
performance was enhanced as total number of coils 
increases.  

 

(a) Orifice dimension 

(b) Ion collector shape 

(c) Total number of coils 

Figure 5.  Minimum ignition RF voltage as a 
function of vessel inner pressure at various 
cathode configuration. 
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2. Factors of limiting electron emission performance  
From previous study, it became clear that the anode 

current saturates as anode voltage increases9. Figure 7 
shows typical current-voltage characteristic of ICP/C, 
when RF power and mass flow rate are 40 W and 0.15 
mg/s, respectively. The saturation of anode current 
occurred over 30 V of anode voltage, except for 3.0 
mm of orifice diameter. Thus, anode current shown in 
Fig. 6 means maximum anode current at constant RF 
power and constant xenon mass flow rate. 

In order to maintain quasineutrality at ICP/C, the 
amount of emitted electron from ICP/C have to be 
balanced by an equal amount of collected ion at the ion 
collector. When ions are collected by the collector, ion 
sheath is formed on its surface. An ion saturation 
current in collisionless ion sheath at low ion 
temperature is given by 

(c) Ion collector shape 

Figure 6.   Effects of cathode configuration on electron emission performance at 0.15 mg/s of mass flow 
rate and 40 V of anode voltage. 

Figure 7.  Typical current-voltage characteristic of 
ICP/C when varied the orifice diameter at 40 W of 
RF power and 0.15 mg/s of mass flow rate. 

(d) Total number of coils 

(a) Orifice diameter (b) Orifice length 



 
The 32nd International Electric Propulsion Conference, Wiesbaden, Germany 

September 11 – 15, 2011 
 

9 

                                                                     

€ 

Iis = AiJis = Aiα iNie
Te
mi  

(9) 

 
where Jis, Ai, Ni, αiNi, Te and mi are ion saturation current 
density, ion collection area in the collector, the ion 
number density in the bulk plasma, the ion number 
density at the sheath boundary, electron temperature and 
ion mass, respectively18. Generally the ion number 
density is presumed to be equal to electron number 
density in bulk plasma. Figure 8 shows ion saturation 
current, electron temperature and electron number 
density as a function of RF power, when the orifice 
diameter and length are 2.0 mm and 0.5 mm, 
respectively. The data of ion saturation current was 
collected by the double probe. In Fig. 8, the electron 
number density is proportional to RF power, whereas the 
electron temperature is independent of the power. If ion 
collection area and coefficient are constant, ion 
saturation current is proportional to the ion number 
density in Eq. (9). In fact, the ion saturation current is 
proportional to RF power as shown in Fig. 8. Because of 
the proportional relationship between anode current and 
RF power as shown in Fig. 6, it is considered that anode 
current is limited by collector current depending on the 
ion saturation current. 

Figure 9 shows the effect of orifice diameter on 
anode current and plasma parameters at 20 W of RF 
power and 0.15 mg/s of xenon mass flow rate. The data 
in Fig. 9 shows electron number density decreased as the 
diameter increased. Therefore, the electron number 
density is highest of all diameters when the diameter is 
1.0 mm. However, the maximum anode current was 
obtained at 2.0 mm of diameter. Thus, the orifice 
diameter of ICP/C has optimum value around 2.0 mm. 

Figure 10 shows anode current, electron collision 

Figure 8.  Typical ion saturation current, electron 
number density and electron temperature as a 
function of RF power.  

Figure 9.  Effect of orifice diameter on anode 
current and plasma parameters at 20 W of RF 
power and 0.15 mg/s of xenon mass flow rate. 

Figure 10. Anode current, electron collision frequency and plasma parameters as a function of 
vessel inner pressure at 20 W of RF power and 2.0 mm of orifice diameter. 

(a) Anode current and electron collision frequency (b) Plasma parameters 
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frequency and plasma parameters as a function of vessel inner pressure at 20 W of RF power and 2.0 mm of orifice 
diameter. The date in Fig. 10(a) shows that there existed optimum inner pressure for electron emission as the orifice 
diameter in Fig. 9. On the other hand, the electron number density increased as the vessel inner pressure increased as 
shown in Fig. 10(b). Therefore, it would appear that αiNi in Eq. (9) peaked at optimum pressure, which is 
approximately 25 Pa in Fig. 10(a). In addition, the electron collision frequency was nearly equal to driven angular 
frequency of 85.2 MHz when the anode current was maximized at 25 Pa of inner pressure.  

Anode current with the pole collector was larger than that with the cylindrical collector at constant RF power and 
xenon mass flow rate as shown in Fig. 6(c). Figure 11 shows anode current ratio and saturation current density ratio 
of pole collector to cylindrical collector as a function of RF power at 0.15 mg/s of mass flow rate. In Fig. 11, the 
current density ratio was calculated when the coefficient αi with the pole collector is equal to that with the 
cylindrical collector. The ratio was nearly equal to 1.0. Therefore, same plasma was produced at each collector, and 
ion saturation current density was presumed to be equal to the other. On the other hand, the anode current ratio is 
approximately equal to the ion collection area ratio of the pole collector to the cylindrical collector, which is 1.3 
regardless of RF power. Consequently the amount of anode current strongly depends on ion collection area 
compared with ion collector shape. 

As a result, it is considered that the anode current limited by collector current depending on the ion saturation 
current. Additionally, the ion saturation current strongly depends on vessel inner pressure, ion collection area and 
electron number density. 

 
3. Effects of total number of coils 

Figure 12 shows the effects of total number of coils on electron emission performance at 20 W of RF power and 
0.15 mg/s of xenon mass flow rate. Power transfer efficiency η is given by 

 

                                                             

€ 

η =
Pabs
Prf

=
Prf − Ploss
Prf

=
Prf −

1
2
Irf
2 R

Prf
 (10) 

 
where Pabs,, Ploss and R are absorbed power into plasma, power loss in the induction coil and coil resistance, 
respectively19,20. The resistance is equal to the cathode resistance without plasma. The cathode resistance and 
reactance without plasma increased as total number of coils increased as shown in Table 2, and peak RF current 
decreased as the reactance increased. Therefore, the power loss in the coil decreased as total number of coils 
increased, because the loss depends on the resistance and the square of the RF current as shown in Eq. (10). The 
transfer efficiency rises due to the power loss decrease. Consequently, anode current increased as total number of 
coils increased as shown in Fig. 12. The minimum anode voltage, which is the lowest voltage for saturation of anode 
current, dropped as the number increased. Decrease of the minimum anode voltage is desirable for ICP/C lifetime, 
because ion sputtering yield against the molybdenum collector decreases. Therefore, total number of coils increases 
as large as possible not only for electron emission performance but also for lifetime. 
 

Figure 11. Anode current ratio and saturation 
current densitisy ratio of pole collector to 
cylindrical collector as a function RF power. 

Figure 12. Effect of total number of coils on 
electron emission performance at 20 W of RF 
power and 0.15 mg/s of mass flow rate. 
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4. Performance of ICP/C in the present state 
Figure 13 shows the relations among gas utilization 

factor and electron production cost at 0.15 mg/s of mass 
flow rate and 40 V of anode voltage. Electron production 
cost and gas utilization factor are given by 

 

        

€ 

Ce =
Prf + Pa
Ia

=
Prf +VaIa

Ia
=
Prf
Ia

+Va
 (11) 

                         

€ 

F =
Ia

0.718 × ˙ m 
 (12) 

 
where Prf, Pa, Ia, Va and 

€ 

˙ m  are RF power, anode power, 
anode current, anode voltage and mass flow rate, 
respectively. The gas utilization factor increases as rise 
of RF power. On the other hand, the electron production 
cost is approximately constant when RF power is 
changed. In Eq. (11), the second term is constant and the 
first term is proportional relation as shown in Fig. 6. 
Therefore, the gas utilization factor is increased at 
constant electron production cost by rise of RF power at 
ICP/C.  

V. Conclusion 
Through the experimental evaluations of ignition capability and electron emission performance at the inductively 

coupled plasma cathode, the following results have been obtained, 
1. The ignition capability of ICP/C is influenced by inner pressure and electric field in the vessel strongly. Thus, 

the pressure rise by changing orifice dimensions and the voltage rise by increase of the total number of coils 
cause the enhancement of ignition capability. 

2. The electron emission performance depends on the ion saturation current at the ion sheath formed on the ion 
collector. Additionally, the performance was affected by inner pressure, ion collection area, electron number 
density and total number of coils.  

3. The gas utilization factor increases as RF power increase at constant electron production cost. 
4. When the pole collector is inserted into the cathode, the typical electron emission performance was 0.52 A 

of the anode current at 24 W of RF power, 0.15 mg/s of Xe mass flow rate and 40 V of anode voltage. The 
values of current is high enough to neutralize ion beam of ion thrusters, which have been employed for north 
south station keeping missions. 
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