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The effects of neutral distribution and an external magnetic field on plasma distribution and

thruster performance are numerically investigated using a particle-in-cell simulation with Monte

Carlo collisions (PIC-MCC) and the direct simulation Monte Carlo (DSMC) method. The modeled

thruster consists of a quartz tube 1 cm in diameter and 3 cm in length, where a double-turn rf loop

antenna is wound at the center of the tube and a solenoid is placed between the loop antenna and

the downstream tube exit. A xenon propellant is introduced from both the upstream and down-

stream sides of the thruster, and the flow rates are varied while maintaining the total gas flow rate

of 30 lg/s. The PIC-MCC calculations have been conducted using the neutral distribution obtained

from the DSMC calculations, which were applied with different strengths of the magnetic field.

The numerical results show that both the downstream gas injection and the external magnetic field

with a maximum strength near the thruster exit lead to a shift of the plasma density peak from the

upstream to the downstream side. Consequently, a larger total thrust is obtained when increasing

the downstream gas injection and the magnetic field strength, which qualitatively agrees with a pre-

vious experiment using a helicon plasma source. Published by AIP Publishing.
https://doi.org/10.1063/1.5015937

I. INTRODUCTION

Since efficient helicon plasma production was

discovered in the 1970s, many studies related to its forma-

tion mechanism and applications have been performed.1–3

Helicon plasma sources have some advantages such as high-

density plasma production with relatively low rf power and

are utilized in various fields such as plasma processing4–6

and space propulsion.7–12 Recently in the field of space engi-

neering, high-power electric thrusters have become one of

the featured topics since the development of all-electric sat-

ellites around the world has been advanced to reduce their

weight to achieve low launch costs. Although electric pro-

pulsion devices require long-term operation owing to their

low thrust compared with conventional chemical ones, elec-

tric propulsion is expected to be one of the candidates for

large cargo transportation and deep space exploration.

In order to achieve such long-term missions, it is consid-

ered that the development of an electric propulsion system

with no electrode is necessary because the electrode erosion

typically determines the lifetime of the propulsion devices. In

particular, helicon plasma thrusters (HPTs) consisting of a heli-

con plasma source and a magnetic nozzle are attracting atten-

tion since no electrodes are required for plasma generation and

acceleration. However, the propulsion performance of HPTs is

still relatively low compared with the conventional thrusters. A

recent experiment7 and numerical simulation13 have implied

that neutral depletion inside the thrusters causes axially asym-

metric plasma distribution and axial momentum loss, i.e., the

non-negligible axial force exerted on the lateral wall in the

opposite direction to the thrust. The neutral depletion is further

enhanced when the rf power for plasma production is increased

as in Ref. 14.

The structural modification of the plasma due to the neu-

tral depletion phenomenon is a common problem not only in

thrusters but also in terrestrial plasma devices.15,16 Actually,

neutral depletion has been observed in a number of experi-

ments and analyses,14 and numerical studies have proposed

plasma structural formation and transport in such situa-

tions.17,18 Takahashi et al.19 have demonstrated that neutral

gas injection from not only the upstream side but also the

downstream side of the thruster inhibits the formation of the

upstream density peak, resulting in increases in the down-

stream plasma density and the thrust. Hence, the neutral

density profile seems to significantly affect the thruster per-

formance due to the structural formation and momentum

transport inside the source. After more addressing the axial

density profile and the axial momentum loss, these are

observed to be changed by the magnetic field configuration.20

In a previous study,13 the axial momentum loss was

numerically demonstrated in a small inductively coupled

plasma source with no magnetic field using particle-in-cell

simulations with Monte Carlo collisions (PIC-MCC), where

the neutral density profile was artificially changed. Here,

PIC-MCC including the magnetic field is combined with a

direct simulation Monte Carlo (DSMC) method, which can

yield a neutral density profile, since the experiments have

shown the importance of both the magnetic field configura-

tion and the location of the gas injection port. The plasma

structure and the imparted force components on the axiala)E-mail: takao-yoshinori-yk@ynu.jp
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back wall and the radial source wall are numerically calcu-

lated, with the neutral profile being changed by injecting the

gas from either the upstream or the downstream side with

and without a magnetic field. Since the combination of PIC

and DSMC simulations is a very time-consuming calcula-

tion, the neutral depletion effect is not included to simplify

the model in this study. Instead, this work investigates and

discusses the effects of various combinations of neutral pro-

files and magnetic field on the thrust components, where the

application of magnetic fields and injection of the gas from

the downstream side result in a shift of the plasma density

peak to the thruster downstream side, while momentum loss

to the lateral wall is inhibited.

II. NUMERICAL MODEL

Figures 1(a) and 1(b) show the schematics of the calcu-

lation model for the DSMC and PIC-MCC simulations,

respectively, where a 0.7-mm-thick cylindrical dielectric

quartz tube and a double-turn rf loop antenna located at the

center of the tube are employed. The rf frequency is set at

80 MHz, and the inner radius and the length are 0.5 and

3 cm, respectively; these values are roughly one-sixth of

those used in the recent experimental configuration.7 This

size reduction is due to the limitation of the computational

performance to obtain the solution within an acceptable cal-

culation time. Moreover, for the same reason, metal plates

for both axial ends of the quartz tube are employed for the

PIC-MCC simulation as shown in Fig. 1(b), where the calcu-

lation speed can be accelerated using a fast Fourier transfor-

mation to solve Poisson’s equation.21 These conditions and

configuration are the same as those employed in the previous

study.13 An open boundary is set at z¼ 3.0 cm for the DSMC

simulation to calculate the neutral density profile, while the

solenoid coil is located at z¼ 2.4 cm in the closed system for

the PIC-MCC simulation. The grid spacing for both the

DSMC and the PIC-MCC is set at regular intervals of 0.1

mm, and cylindrical coordinates (r-z) are employed; xenon is

utilized as the working gas.

As shown in Fig. 1(b), we defined the forces on the back

plate Ts and on the lateral wall Tw as positive in the negative

z-direction in order to evaluate the propulsion performance;

these forces are defined according to the theoretical

models11,22,23 as

Ts ¼ 2p
ðrs

0

rpe r; z0ð Þdr; (1)

Tw ¼ �2p
ðze

0

rsmn rs; zð Þur rs; zð Þuz rs; zð Þdz; (2)

where rs, ze, pe, z0, m, n, ur, and uz are the radius of the lateral

wall, position of the thruster exit (3 cm in this case), electron

pressure, maximum pressure position, ion mass, ion density,

and radial and axial ion velocities, respectively. Since Ts is

obtained by integrating the maximum electron pressure over

the cross-section at z¼ z0, Ts represents the pressure force on

the back plate, implying that the electron pressure is con-

verted into ion momentum toward the back plate through

sheath acceleration due to the potential drop.24 Equation (2)

indicates that the axial momentum muz is delivered to the

lateral wall by ions lost radially with the flux nur, which was

previously neglected17,25 until one of the authors experimen-

tally showed a significant loss of the axial plasma momen-

tum to the lateral wall.7 These forces are obtained directly by

calculating the momentum of the ions colliding with the wall

boundaries of the simulation area, where the force imparted

to the wall is underestimated owing to the neglect of neutral

effects as in the previous study.13 Although the Lorentz force

onto the magnetic nozzle is also a major thrust component

when a strong magnetic field is applied,9 this effect cannot

be taken into account for the present closed plasma source.

In this study, we focus on the ion motion towards the back

and lateral walls, and its dependence on the neutral distribu-

tion and the magnetic field is investigated.

To represent various neutral distributions, neutral gas

with a temperature of 300 K is introduced from both the

upstream and downstream regions as shown in Fig. 1(a). The

gas flow rates from the upstream and downstream regions

are defined as Qup and Qdown, respectively, and several injec-

tion ratios are employed, while the total gas flow rate Qtotal

is maintained at 30 lg/s. This value is set so that the pressure

value at the left end of the source tube is similar to the one

used in the previous study.13 The upstream gas injection is

performed from the center of the back plate as conducted in

the recent experiment,19 while the downstream gas injection

is carried out from the ring-shaped slit because of the axi-

symmetric cylindrical coordinates in the present simulations.

The location of the downstream gas injection is set at the

radial boundary (r¼ 0.57 cm) and 0.5 cm downstream of the

thruster exit, where the gas injection angle is 30�–60� so that

all the neutral particles injected can reach inside the quartz

tube. We choose the ratios of the downstream gas flow rates

to the total gas flow rates, Qdown/Qtotal, as 0%, 5%, 25%,

FIG. 1. Schematic diagrams of the calculation areas for (a) the DSMC and

(b) PIC-MCC simulations. Neutral gas injection points from the upstream

Qup and downstream Qdown are also illustrated in (a), and the positive direc-

tion of each thrust force (Ts and Tw) is also defined in (b). While an open

boundary at the thruster exit is employed in the DSMC simulations, a fully

closed boundary is used in the PIC-MCC calculations to reduce the calcula-

tion time.
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50%, 75%, and 95%. Neutral atoms are assumed to be dif-

fusely reflected on the thruster wall with Maxwellian veloci-

ties at a temperature of 300 K. Here, collisions between

neutral atoms are not taken into account for the following

reason. The gas flow rate of 30 lg/s is equivalent to the aver-

age pressure of 0.96 mTorr inside the thruster under a steady

state for only the upstream gas injection, where the mean

free path is estimated to be 6.1 cm at 300 K. This value is

larger than the thruster length, and thus, collisions would be

negligible.

Four types of magnetic field configurations, namely 0,

50, 100, and 200 G at the solenoid center on the z-axis, are

tested in the present study. Figure 2 shows the contour distri-

bution of the external magnetic field strength Bex with the

magnetic field lines (solid lines) and the distribution of the

axial magnetic field Bz on the z-axis for Bex values of 200 G.

Bex and Bz decrease gradually with increases in the distance

from the solenoid center. It should be noted that the maxi-

mum external magnetic field is limited to about 200 G or less

since the simulation becomes unstable under the high mag-

netic field due to the high electron density and the resultant

short Debye length, which violates the stable condition for

the PIC-MCC simulations.

In the previous simulation, the neutral density distribu-

tion was uniform or neutral depletion was artificially intro-

duced, and no external magnetic field was imposed. The

present PIC-MCC model is the same as the previous one,13

except that the background neutral distribution is given by

the result obtained from the DSMC calculation and the exter-

nal magnetic field induced by the solenoid coil is added.

The simulations have been conducted under the follow-

ing assumptions: (i) Only singly ionized xenon and electrons

are treated as particles. (ii) The collisional reactions consid-

ered here are elastic, excitation, and ionization collisions for

electrons and elastic and charge exchange collisions for ions,

where the cross-section dataset is the same as that used in an

earlier study.26 (iii) The motion of excited-state atoms and

Coulomb collisions (electron-electron, ion-ion, and electron-

ion) are not taken into account. (iv) The neutral distributions

obtained from the DSMC simulation are fixed on the grids,

and no dynamics of the neutrals are taken into account in the

PIC-MCC simulations, indicating that these two simulations

have been conducted independently.

The PIC-MCC model consists of the electromagnetic

equation for the rf-induced azimuthal electric field, the

Poisson equation for the electrostatic field due to the space

charge, the equation of motion, and the collisions between

charged particles and neutrals. To couple the rf power to

the plasma, assuming that all wave quantities vary harmon-

ically in time as eixt, where i is the square root of�1 and t
is the time, and the rf loop antenna is composed of two

concentric rings, and thus, the rf-induced electric field has

only the azimuthal component, we solve the following

electromagnetic equation:21,27–30

@2

@r2
þ 1

r

@

@r
þ e0l0x

2 � 1

r2
þ @2

@z2

� �
~Eh ¼ ixl0

~jh; (3)

where e0, l0, x, ~Eh; and ~jh are the electric permittivity of a

vacuum, the magnetic permeability of a vacuum, rf angular

frequency, complex amplitudes of the rf induced electric

field, and the plasma current density, respectively. It should

be noted that we treat the plasma as inductively coupled dis-

charges and the plasma current density ~jh is directly taken

from the following electron trajectories obtained by the

equation of motion, not from the cold plasma approximation.

Thus, this calculation is fully kinetic, and no assumptions are

required about the mechanism of electron heating: the effect

of non-collisional heating is also automatically taken into

account. After the azimuthal electric field is determined by

Eq. (3), the time-varying magnetic fields (Br, Bz) are

obtained by Faraday’s law. These magnetic fields are super-

imposed on the external magnetic field of the solenoid coil,

i.e., the values of BrþBex,r and BzþBex,z are used for the

equation of motion. The rf electromagnetic fields are updated

every 10 rf cycles to reduce the calculation cost. These calcu-

lation methods imply that helicon wave propagation is not

taken into account in the current model although the external

magnetic field is applied. The equation of motion for the

charged particles is solved explicitly by a time-centered leap-

frog method for time integration and the Buneman-Boris

method for the v�B rotation term.31 For the particle colli-

sion scheme in MCC, we employ the null-collision method

to reduce the calculation time.32 Compared to the previous

study,13 the distribution of the neutral particle obtained from

the DSMC calculation is also taken into account to obtain

the collision probability in MCC.

Initially, spatially uniform ions and electrons with

Maxwellian velocities are placed in the simulation area, where

the total number of electron and ion superparticles is set at

about 1 500 000, respectively. Here, we use a spatially uniform

FIG. 2. (a) The distribution of the calculated external magnetic field strength

(contours) with magnetic field lines (solid lines). (b) Axial profile of the

magnetic field strength on the z-axis for Bex¼ 200 G. The dashed line plotted

in the figures indicates the position of the solenoid center (z¼ 2.4 cm) as a

visual guide.
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weight of superparticles for the cylindrical coordinates with a

general weighting scheme presented by Verboncoeur33 to

eliminate a systematic error in the number density on the

z-axis (r¼ 0). The numerical time step for electrons is taken to

be 5.0� 10�12 s, which is sufficient to resolve the electron

plasma frequency and gyration frequency. The power absorp-

tion in the plasma is used as an input parameter, where the

power absorption is obtained by calculating the change in

kinetic energy of electrons and ions before and after each

charged particle is moved on integrating the equation of

motion.34 We rescale the two-turn antenna current to yield the

specified power absorption until the steady-state solution is

obtained, which requires roughly two million time steps (10

ls). The macroscopic parameters, such as the electron density

and temperature and plasma potential, are determined by aver-

aging over 10 ls after a steady state is reached. To obtain the

above parameters in the PIC simulations, a typical example of

the total computational time is about 1–2 weeks on a worksta-

tion with four 3.7-GHz processors, where the code is parallel-

ized only for the motion of charged particles and MCC. For

the DSMC simulations, the total number of superparticles is

about five million, and it takes a few hours to reach a steady

state with a single core processor.

III. RESULTS AND DISCUSSION

Figure 3 shows the two-dimensional distributions of the

neutral density obtained by the DSMC simulation for various

downstream gas injection ratios. With the increasing Qdown

ratio, the maximum neutral density near the back wall

decreases and its density gradient becomes gentle. When

95% of neutrals are introduced from the downstream side,

the location of the neutral density peak shifts to the down-

stream region. The neutral density averaged inside the

thruster tube also decreases: 3.52� 1013, 3.42� 1013,

3.13� 1013, 2.80� 1013, 2.41� 1013, and 2.12� 1013 cm�3

in the ascending order of the Qdown ratio because some of the

neutrals injected from the downstream are diffusely reflected

on the lateral wall and exit from the thruster without reach-

ing the back plate (z¼ 0 cm). This tendency implies that

downstream gas injection might result in low propellant utili-

zation efficiency.

A. Effects of the external magnetic field

Under the neutral distributions shown in Fig. 3, we first

analyzed the motion of charged particles with and without

applied magnetic fields in the PIC-MCC simulations at the

absorbed power of 1 W. Figure 4 shows the two-dimensional

distributions of the electron density, the plasma potential,

and the electron temperature in a steady state for each Bex,

where the neutrals are introduced from the upstream side

only (Qdown/Qtotal¼ 0%). When setting the applied magnetic

field to zero, upstream-peaking profiles of the plasma density

and potential are clearly observed and seem to originate

from the increased ionization frequency due to the upstream-

peaking profile of the neutral density as shown in Fig. 3 at

Qdown/Qtotal¼ 0%. This potential profile leads to the pres-

ence of the electric field in the upstream region, where the

ions accelerated into the positive z-direction travel a long

distance inside the plasma source and are lost to the lateral

wall; thus, their axial momentum is delivered to the lateral

wall as proposed in Ref. 7. Here, the calculated Tw is

about�6.4 lN, which is non-negligible compared with the

Ts of 18.7 lN in this case. This tendency is in qualitative

agreement with the previous experiment, where a large nega-

tive Tw was obtained when the solenoid coil current was set

to zero.7,9 On increasing Bex, the plasma distribution changes

from an upstream-peaking profile to a downstream-peaking

one, where the maximum plasma density increases and the

peak plasma potential decreases.

For the larger magnetic field strength, the electrons are

tied to the magnetic field lines converging at the magnetic

nozzle throat, resulting in both inhibition of the electron loss

to the lateral wall and enhancement of the local ionization

process due to the increase in the electron density, which are

considered to contribute to the density peak at around

z¼ 2 cm. In addition, the positive values of Tw¼ 7.8 lN and

22.7 lN for Bex¼ 100 and 200 G, respectively, are obtained

(as shown in and discussed with Fig. 7 later), while the previ-

ous experiment has shown a value of Tw close to zero9 owing

to the axially symmetric plasma profile for the high magnetic

field condition. The discrepancy between the simulation and

the experiment is probably due to different conditions. In the

FIG. 3. Two-dimensional distributions of the neutrals in a steady state for

each downstream gas injection ratio (Qdown/Qtotal). Here, only the results

inside the thruster are plotted.
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present simulation, since the size of the plasma source tube is

reduced by one-sixth, the gas pressure inside the source tube

is increased to maintain the equal ratio of the mean free path

to the tube size. Moreover, the rf plasma discharge is sus-

tained by inductive coupling, not by helicon waves. These dif-

ferences and not taking the neutral depletion effect into

account result in the localized peak of the plasma density at

the downstream side when applying a stronger magnetic field.

Nonetheless, it is clearly indicated that applying a magnetic

field contributes to the changes in the plasma profile and the

thrust performance without downstream gas injection.

B. Competition between the magnetic field and the
neutral profile effects

Figure 5 shows the two-dimensional distributions of the

electron density, the plasma potential, and the electron tem-

perature for various Bex and Qdown ratios. As shown in Fig.

5(a), the numerical results indicate two clear tendencies. First,

the increase in Qdown leads to shifts of the peak density to the

downstream side for all values of Bex. Second, the increase in

Bex results in increasing peak values of the plasma density and

additional shifts to beneath the solenoid coil for all Qdown

ratios. These results indicate that not only the increase in Bex

as described above but also the increase in the Qdown ratio is

an effective method of achieving the maximum plasma den-

sity in the downstream regions. On the other hand, only a

small axial shift of the density peak on changing the Qdown

ratio is observed for the high magnetic field of 200 G, com-

pared with the cases of weak magnetic fields. This shows that

the most downstream position of the maximum density is

close to the magnetic throat even when injecting the gas from

the downstream open source exit. Therefore, the downstream

gas injection has a small influence on the plasma distributions

under stronger magnetic field conditions.

The potential profiles are similar to the electron density

profiles, where the shifts of the peak potential toward the

downstream regions are observed with increasing values of

Bex and the Qdown ratio. When the maximum potential exists

near the thruster exit, the ions accelerated in the negative z-

direction can travel a longer distance inside the source, result-

ing in the positive Tw. This tendency is clearly seen in Fig. 6,

where the axial profiles of the calculated force densities on the

lateral wall in the axial direction for each value of Qdown/Qtotal

and Bex are plotted. Here, the positive direction of Tw is

defined as in Fig. 1(b), and A represents the dimensions of the

surface area of the lateral wall. The net force of Tw integrating

Tw/A over the surface area of the source tube results in more

positive values when Bex and the Qdown ratio are increased.

The plasma potential tends to increase with increases in

the Qdown ratio and to decrease with increases in Bex. Such

potential distributions are related to the distribution of the

electron temperature as shown in Fig. 5(c), where higher

electron temperatures are obtained for higher Qdown ratios

and lower electron temperatures are observed for higher Bex

values. As shown in Fig. 2, the neutral density decreases

with increases in the Qdown ratio. In regions of lower neutral

density, fewer ionization collisions occur, and thus, higher

electron temperatures are obtained. When Bex increases,

electrons are confined by the magnetic field and the electron

loss to the wall is inhibited, leading to the increase in the

electron density without a large number of high-energy elec-

trons. Since the absorbed power in the plasma is fixed at 1 W

under all the calculation conditions in the present simula-

tions, the increase in electron density does not require a high

rf antenna current to absorb the power of 1 W,35 leading to a

lower electron temperature.

The calculated thrust components, Tw and Ts, are plotted

in Figs. 7(a) and 7(b) as functions of the downstream gas

injection ratio Qdown/Qtotal for each Bex. With increases in

both the Qdown ratio and Bex, Tw has larger values. For Bex

values of 0 and 50 G at lower Qdown ratios, Tw shows nega-

tive values that indicate momentum loss to the lateral wall,

while positive values are obtained at higher Qdown ratios.

The negative values of Tw are obtained for the upstream-

peaking plasma profile, while the positive values of Tw result

from the axially asymmetric plasma distribution that has a

FIG. 4. Two-dimensional distributions of (a) the electron density, (b) plasma potential, and (c) electron temperature in a steady state (contours) at each value of Bex,

together with the magnetic field lines (solid lines) for Bex¼ 50, 100, and 200 G, where the neutrals are introduced from the upstream side only (Qdown/Qtotal¼ 0%).
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peak in the downstream side as compared with Fig. 5.

Therefore, these results clearly show that downstream gas

injection improves the axial momentum loss to the lateral

wall. For Bex values of 100 and 200 G, Tw also increases with

increases in the Qdown ratio although its rate of increase

becomes smaller than that under lower Bex conditions. This

small increase in Tw for higher Bex is due to the small shift of

the peak plasma profile as shown in Fig. 5. Moreover, Tw

also increases with increases in Bex for any Qdown ratio.

Whereas the increase in Bex leads to the decrease in the peak

potential, high-density plasma near the solenoid coil at larger

values of Bex makes the dominant contribution to the

increase in Tw because the thrust is derived from the momen-

tum flux (the momentum muz multiplied by the ion flux nur).

In contrast to Tw, Ts decreases monotonically with

increases in the Qdown ratio regardless of the values of Bex.

These results are due to the shifts in the plasma density

distributions as shown in Fig. 5, where the shifts of the peak

density to the downstream side cause the decrease in density

near the back plate. On increasing Bex, Ts becomes insensi-

tive to the change in the Qdown ratio, similarly to the ten-

dency of Tw, which also results from the small shifts for

higher Bex as described above.

Figure 7(c) shows the total thrust as a function of the

Qdown ratio for each value of Bex, where the total thrust is

defined as the sum of Tw and Ts in our simulations (not

including the Lorentz force on the external magnetic field

modeled in Ref. 9). The results show that the total thrust has

different tendencies depending on Bex. For Bex values of 0

and 50 G, the total thrust decreases with the increase in the

Qdown ratio, while it is almost constant for a Bex of 100 G.

Since the neutral density decreases with increases in the

Qdown ratio as shown in Fig. 2, downstream gas injection has

a negative influence on the total thrust when Bex is low. On

FIG. 5. Two-dimensional distributions of (a) the electron density, (b) plasma potential, and (c) electron temperature in a steady state (contours) at each value of Bex,

together with the magnetic field lines (solid lines) for Bex¼ 50, 100, and 200 G, where only the results at Qdown/Qtotal¼ 5%, 50%, and 95% are selected and shown.
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the other hand, the total thrust increases as the Qdown ratio

increases for a Bex of 200 G. In the recent experiment, the

measured thrust increased with the increasing downstream

gas injection ratio at a relatively high solenoid current.19

This result qualitatively agrees with the calculated total

thrust for a Bex of 200 G. Therefore, the effect of downstream

gas injection on thrust performance is effective only when a

stronger magnetic field is applied to the thruster.

However, it should be noted that the simulations for

charged particles and neutrals have been conducted sepa-

rately. Hence, we do not consider consumption of neutrals

when a high-density plasma is generated, or we do not incor-

porate the effect of neutral depletion in our simulations.

Moreover, the thrust in the experiment included the thrust

due to a magnetic nozzle in addition to Tw and Ts. In order to

discuss the relationship between the magnetic field and neu-

tral distribution quantitatively, the neutral depletion effect

and the calculation in the magnetic nozzle region have to be

incorporated for comparison with the experiments in more

detail, which remains a future issue in the development of

the numerical code.

IV. CONCLUSIONS

In this paper, we have conducted two-dimensional axi-

symmetric particle-in-cell simulations with a Monte Carlo

collision algorithm (PIC-MCC) and the direct simulation

Monte Carlo (DSMC) method in order to investigate the

FIG. 6. Axial profiles of the calculated force densities on the lateral wall in

the axial direction (Tw/A) (a) for Qdown/Qtotal¼ 5%, 50%, and 95% at

Bex¼ 200 G and (b) for Bex¼ 0, 50, 100, and 200 G at Qdown/Qtotal¼ 95%.

Thin lines at z¼ 1.5 cm and Tw¼ 0 are also plotted as visual guides.

FIG. 7. Calculated thrust force on (a) the lateral wall Tw, (b) the back plate

Ts, and (c) the total thrust (sum of Tw and Ts) as a function of the down-

stream gas injection ratio (Qdown/Qtotal) for Bex of 0 (squares), 50 (triangles),

100 (circles), and 200 G (crosses).
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effects of neutral distribution and external magnetic field on

the propulsion performance of electrodeless plasma thrust-

ers. The numerical results show that the increase in down-

stream gas injection and application of an external magnetic

field lead to shifts of the distributions of the plasma density

and potential toward the downstream region. As a result, the

thrust components and the total thrust are also affected by the

downstream gas injection ratios and the external magnetic

field, and an improvement of the thruster performance is

shown when the downstream gas injection increases under

the strong external magnetic field. This tendency is in qualita-

tive agreement with the recent experimental results. Since the

thrust of the electrodeless thruster is also affected by the

Lorenz force onto the magnetic nozzle, an open boundary of

the thruster exit is required for future PIC-MCC simulations.
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