
Numerical validation of axial plasma momentum lost to a lateral wall induced by
neutral depletion
Yoshinori Takao and Kazunori Takahashi 
 
Citation: Physics of Plasmas 22, 113509 (2015); doi: 10.1063/1.4935903 
View online: http://dx.doi.org/10.1063/1.4935903 
View Table of Contents: http://scitation.aip.org/content/aip/journal/pop/22/11?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Numerical study of the inductive plasma coupling to ramp up the plasma density for the Linac4 H− ion sourcea) 
Rev. Sci. Instrum. 85, 02B113 (2014); 10.1063/1.4833920 
 
Modeling of surface-dominated plasmas: From electric thruster to negative ion sourcea) 
Rev. Sci. Instrum. 79, 02B903 (2008); 10.1063/1.2802565 
 
Numerical simulation of dual frequency etching reactors: Influence of the external process parameters on the
plasma characteristics 
J. Appl. Phys. 98, 023308 (2005); 10.1063/1.1989439 
 
Study of the Ar metastable atom population in a hollow cathode discharge by means of a hybrid model and
spectrometric measurements 
J. Appl. Phys. 97, 123305 (2005); 10.1063/1.1929857 
 
Numerical simulation for near wall conductivity effect on current profiles in the annular channel of Hall-type
stationary plasma thrusters 
Phys. Plasmas 12, 043507 (2005); 10.1063/1.1885205 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

133.34.171.121 On: Thu, 19 Nov 2015 00:34:17

http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/948140922/x01/AIP-PT/PT_ArticleDL_111815/PTthruTheYears_v2r5.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Yoshinori+Takao&option1=author
http://scitation.aip.org/search?value1=Kazunori+Takahashi&option1=author
http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://dx.doi.org/10.1063/1.4935903
http://scitation.aip.org/content/aip/journal/pop/22/11?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/85/2/10.1063/1.4833920?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/79/2/10.1063/1.2802565?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/98/2/10.1063/1.1989439?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/98/2/10.1063/1.1989439?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/12/10.1063/1.1929857?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/12/10.1063/1.1929857?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/12/4/10.1063/1.1885205?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/12/4/10.1063/1.1885205?ver=pdfcov


Numerical validation of axial plasma momentum lost to a lateral wall induced
by neutral depletion

Yoshinori Takao1,a) and Kazunori Takahashi2
1Division of Systems Research, Yokohama National University, Yokohama 240-8501, Japan
2Department of Electrical Engineering, Tohoku University, Sendai 980-8579, Japan

(Received 16 September 2015; accepted 3 November 2015; published online 18 November 2015)

Momentum imparted to a lateral wall of a compact inductively coupled plasma thruster is

numerically investigated for argon and xenon gases by a particle-in-cell simulation with Monte

Carlo collisions (PIC-MCC). Axial plasma momentum lost to a lateral wall is clearly shown when

axial depletion of the neutrals is enhanced, which is in qualitative agreement with the result in a

recent experiment using a helicon plasma source [Takahashi et al., Phys. Rev. Lett. 114, 195001

(2015)]. The PIC-MCC calculations demonstrate that the neutral depletion causes an axially asym-

metric profile of the plasma density and potential, leading to axial ion acceleration and the non-

negligible net axial force exerted to the lateral wall in the opposite direction of the thrust. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935903]

I. INTRODUCTION

Almost all steady-state plasmas in artificial devices con-

tact with the physical wall and are sustained by balancing

the electron and ion fluxes lost from the system via a sheath

structure. Since plasma behavior is often modeled with mo-

mentum equations, the momentum of the charged particles is

an essential parameter associated with the plasma character-

istics, where momentum is conserved in both the plasma and

sheath regions. In cylindrical plasma models,1 the radial and

axial momentum balances are decoupled by assuming a neg-

ligible radial variation of the axial momentum. This assump-

tion seems to be equivalent to neglecting the axial

momentum taken away from the system to the radial wall by

the radially lost ions; it is also assumed to be negligible in a

one-dimensional model.2,3

A recent experiment using a helicon plasma source

detected the non-negligible axial momentum lost to the ra-

dial wall boundary for the density profile having a maximum

at the upstream side of the axial center of the source.4 This

finding suggested that the ions traveling from the upstream

maximum density position to an open source exit experience

a longer distance with the strong density decay and are accel-

erated along the axis. When they are lost to the wall, axial

momentum is transferred to the radial wall boundary; hence,

the previously neglected term seems to affect the momentum

balance equation. Furthermore, enhancement of the momen-

tum loss process has been observed for highly ionized

plasma and is considered to be induced by a neutral deple-

tion, and the resultant axial density decay and electric field

inside the source tube, where the neutrals are injected from

the upstream side of the tube and various rare gas species are

tested.

The aforementioned momentum loss process affects

both the plasma characteristic and the performance of elec-

tric propulsion devices, since the thrust imparted by a

propulsion device corresponds to the axial momentum trans-

ferred from the system into space. When the loss of the axial

momentum to the radial wall occurs between the maximum

density region and the thruster (source) exit, the momentum

transferred from the device decreases, and the thruster per-

formance is made poor. It is a crucial problem to clarify the

momentum balance at plasma-wall interfaces.

In a recent experiment, only the net axial momentum

lost to the radial wall was measured;4 diagnosis of the local

momentum is very difficult near the plasma-wall boundary.

Furthermore, the measurement of the electric field in two

dimensions has not been performed. Even though the plasma

inside the source tube has been shown to be affected by a

neutral depletion theoretically1–3,5 and experimentally,6,7 the

depletion effect on the momentum loss to the radial source

boundaries has not been discussed. Some of these models

have suggested that the plasma density profile on the axis is

modified due to neutral depletion effect when introducing

the gas from the upstream side.1–3 In this situation, the modi-

fication of the plasma structure is expected to affect the

plasma transport and momentum transport to the radial wall,

which is indeed an important issue relating to thruster model-

ing and performance improvement.

Here, the aforementioned axial momentum lost to the ra-

dial wall is numerically demonstrated in a compact induc-

tively coupled plasma (ICP) source by a particle-in-cell

simulation with Monte Carlo collisions (PIC-MCC). The

PIC-MCC model can solve both plasma and sheath regions

self-consistently; hence, the plasma dynamics near the wall

boundary are also numerically solved without any pre-

assigned conditions of particle motion or flux at the source

boundaries, which is in stark contrast to fluid and theoretical

approaches. Our simulation can provide the profile of the ra-

dial and axial momentum lost to the wall and electric field

inside the source. Neutral depletion is artificially introduced

in the calculation to investigate its effects independently;

then, the results qualitatively agree with previous experi-

ments carried out by one of the authors.4a)E-mail: takao@ynu.ac.jp
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II. NUMERICAL MODEL

Figure 1(a) shows a schematic diagram of our model of

the compact ICP source, composed of a 0.7 mm-thick cylin-

drical quartz tube (the lateral wall), metal plates for both

axial ends of the quartz tube, and a double-turn rf loop

antenna wound around the center of the tube. The inner di-

ameter and the length are 1 cm and 3 cm, respectively, which

is roughly one sixth of the dimension of the helicon plasma

source employed in a recent experiment.4 The calculation is

performed for the compact ICP at this moment due to the

calculation machine capability. Since we focus on the effect

of neutral depletion, the external magnetic field is not

included. Argon and xenon are employed as working gases

to investigate the effect of the differences in the degree of

ionization. The grid spacing is set at 0.1 mm at regular inter-

vals, and cylindrical coordinates (r-z) are employed, with the

origin being placed at the radial center of the left end (i.e.,

the upstream back plate).

The total thrust is obtained from the sum of pressure

force to the source back plate Ts and the force to the lateral

wall in the axial direction Tw,z in the absence of an external

magnetic field. According to the theoretical models, these

forces are defined as follows,8–10 together with the force to

the lateral wall in the radial direction Tw,r:

Ts ¼ 2p
ðrs

0

rpeðr; z0Þdr; (1)

Tw;z ¼ �2p
ðze

0

rsmnðrs; zÞurðrs; zÞuzðrs; zÞdz; (2)

Tw;r ¼ �2p
ðze

0

rsmnðrs; zÞurðrs; zÞurðrs; zÞdz; (3)

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

wall, position of the front plate (3 cm in this case), electron

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

radial and axial ion velocities, respectively. Equations (2)

and (3) imply the axial momentum muz and the radial mo-

mentum mur delivered by radially lost ions with the flux nur,

respectively. The positive direction of each force (Ts, Tw,z,

and Tw,r) is defined in Fig. 1(a). Although the force Tw,r does

not affect the total thrust because of its direction, the compo-

nent would also be important since the radial pressure in a

magnetic nozzle would be converted into the axial momen-

tum corresponding to the thrust.11 When neglecting the ra-

dial loss of the ions, the force exerted to the back plate in the

previous fluid model corresponds to the maximum electron

pressure, which is converted into the axial ion momentum by

the sheath acceleration.11 This model has already been vali-

dated in several experiments.9,12–14 In the present simulation,

the axial momentum of ions impinging on the upstream wall

can be directly calculated by counting the total momentum

of axially lost ions, as is the case with the momentum of ions

entering the lateral wall.

The present PIC-MCC model generally follows the

methodology described in our previous papers and references

therein,15–18 except that the neutral depletion is taken into

consideration here, as shown in Fig. 1(b), which will be

described later in this section. 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 colli-

sions of charged particles. The assumptions in the model are

as follows. (i) Only singly ionized Xeþ/Arþ and electrons

are treated as particles. (ii) The reactions taken into account

are elastic, excitation, and ionization collisions for electrons,

and elastic and charge exchange collisions for ions. The

cross-section dataset of xenon of an earlier study18 are used,

likewise for argon.17 (iii) The motion of excited-state atoms

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

tron-ion) are not taken into account.

To couple the rf power to the plasma, the following elec-

tromagnetic equation is solved:

@2

@r2
þ 1

r

@

@r
þ e0l0x

2 � 1

r2
þ @2

@z2

� �
~Eh ¼ ixl0

~jh; (4)

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. To derive

Eq. (4), we assume that all wave quantities vary harmoni-

cally in time as eixt, where i is the square root of �1 and t is

the time, and the rf antenna coil is composed of two

FIG. 1. (a) Schematic diagram of the simulation area for the compact ICP

source, where the positive direction of each force (Ts, Tw,z, and Tw,r) is also

defined. (b) Axial profiles of the normalized gas density for argon (blue) and

xenon (red), depending on the factor of depletion a, together with the uni-

form profile. For argon, the factor of depletion corresponds to a¼ 2.
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concentric rings. Then, Eh and jh are set to be Eh ¼ ~Eheixt

and jh ¼ ~jheixt , respectively. The boundary conditions of ~Eh

are set to zero on both the back and front plate assuming per-

fectly conducting materials and on the z-axis (r¼ 0) owing

to the axisymmetry. On the plasma-dielectric interfaces, the

electric field is analytically derived from Biot-Savart’s law,

which is the sum of the fields over the two-turn coil current

Icoil and the plasma current.19–22 The time-varying magnetic

field (Br, Bz) is then obtained from Faraday’s law with the

electric field determined by Eq. (4). The plasma current den-

sity is directly obtained by following electron trajectories,

where the ion current density can be ignored owing to the

low mobility. Since we focus on the results at steady state,

the rf electromagnetic fields are updated every 10 rf cycles

to reduce the calculation cost. The total power absorption is

used as an input parameter; we rescale Icoil to yield the speci-

fied total power absorption until the steady-state solution is

obtained. The total power absorbed by the plasma is obtained

by calculating the change in kinetic energy of electrons and

ions before and after each charged particle is moved on inte-

grating the equation of motion.23

The dielectric region is also included in the potential

calculation, although the simulation area for charged par-

ticles is only the plasma region. It is assumed that a Faraday

shield is inserted between the rf antenna coil and the dielec-

tric tube, i.e., the coil is electrostatically shielded, and thus,

the potential is fixed at zero over the entire dielectric region

with r¼ 0.57 cm as a boundary condition: the discharge is

purely inductive coupling. The boundary conditions of the

potential are also zero on both back and front plate. On the

plasma-dielectric interfaces, the surface charge accumulation

on the dielectric is also taken into account and obtained from

the summation of the charged particles incident thereon. The

electric fields on the plasma-dielectric boundaries are solved

using half-size Gaussian pill boxes.24

Initially, spatially uniform ions and electrons with

Maxwellian velocities are loaded in the simulation area,

where the total number of electron and ion superparticles is

set at about 1 500 000. In order to speed up the simulation,

ions motion and collisions are calculated only once per 25

electron time steps, owing to their difference in the speed of

motion. Here, the numerical time step for electrons Dte is

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

electron plasma frequency and is much smaller than the

mean free time in every case. About 2 � 106 time steps

(10 ls) are required to obtain the steady-state solution. The

macroscopic parameters, such as the electron density, plasma

potential, and force densities, are determined by averaging

over 10 ls after steady state is reached.

To investigate the effect of neutral depletion on the

thruster performance, we obtain the axial profiles of the neu-

tral density, as shown in Fig. 1(b), using the following proce-

dure, where the neutrals are treated as a background value at

each grid point, and the neutral density is assumed to be uni-

form in the radial direction for simplicity. The neutral density

on each grid ng,i is reduced based on the radially averaged

degree of ionization on its left grid ai�1, where i is the grid

index in the axial z direction. To obtain ai, we first calculate

the radially averaged plasma density np,i and then ai is taken

from ai¼ np,i/(ng,iþ np,i) ’ np,i/ng,i. Hence, the neutral density

ng,i results from ng,i¼ ng,i�1(1 � ai�1)¼ ng,i�1 � np,i�1. This

procedure is iterated from the left end (corresponding to the

gas injection in the thruster) to the right end (corresponding to

the open source exit in the thruster) in the simulation area

through the entire calculation time until the steady-state solu-

tion is obtained. The factor of depletion a is also introduced,

where the degree of ionization is artificially enhanced and the

neutrals are more depleted with increasing a. Figure 1(b)

shows the obtained axial profile of the neutral density for ar-

gon and xenon with various values of a. It is found that the

non-uniformity of the neutrals is enhanced by the factor a,

especially in xenon. It should be noted that the axial profile of

the neutral density is dependent on the grid number in the

axial direction using this procedure, and thus, the distributions

of neutrals shown in Fig. 1(b) are not obtained self-

consistently based on the actual degree of ionization, which is

artificially controlled.

We focus on only the ion motion derived from the asym-

metric distribution of the plasma; the gas dynamics of neutral

particles are not taken into account, although the depleted

distribution is considered. Hence, we employ a closed

plasma source, as shown in Fig. 1(a), where the right end of

the plasma source is also bounded by a metal wall. This

boundary condition enables us to accelerate the calculation

speed by using a fast Fourier transformation for solving

Poisson’s equation in the axial z direction.25

In previous experiments, the pressures measured at the

chamber are 1.4 mTorr for argon and 0.6 mTorr for xenon.4

Since the size of the plasma source is reduced by one-sixth

in the simulations, the neutral pressure is increased by six

times to maintain the equal ratio of the mean free path to the

chamber size, where the pressures of argon and xenon are

8.4 mTorr and 3.6 mTorr, respectively. The rf frequency is

set at 80 MHz, which is also roughly six times 13.56 MHz in

the experiment to equal the ratio of the collision frequency

to the rf driven frequency. The neutral densities for argon

and xenon at the left end of the tube are 2.70� 1014 cm�3

and 1.16� 1014 cm�3, respectively, which are obtained from

the pressures of 8.4 mTorr and 3.6 mTorr with the gas tem-

perature of 300 K.

III. RESULTS AND DISCUSSION

The PIC-MCC simulations are conducted at the

absorbed power of 1 W for each neutral distribution in Fig.

1(b). Figure 2 shows the axial profiles of the calculated force

densities to the lateral wall in the axial direction (Tw,z/A) and

in the radial direction (Tw,r/A), where the positive direction

of each force (Tw,z and Tw,r) is defined in Fig. 1(a) and A rep-

resents the dimensions of the surface area. The negative

value of the force density Tw,z/A in Fig. 2(a) indicates that

the force is imparted to the positive z direction, leading to a

negative effect on propulsive performance. Here, since the

neutral motion is not taken into account in the PIC-MCC

model and the electron mass is negligible compared to the

ion mass, the forces of Tw,z and Tw,r are obtained by calculat-

ing only the ion momentum delivered to the lateral wall in
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each direction. Hence, the force imparted to the wall is

underestimated in the present model.

As shown in Fig. 2(a), when the neutral profile is uni-

form (a¼ 0) for xenon, the perfectly point-symmetric profile

of Tw,z/A with respect to the axial center of the source tube is

seen: the value of Tw,z/A is zero at z¼ 1.5 cm. The force

imparted to the positive z direction cancels out that imparted

to the negative z direction, resulting in a net zero force to the

lateral wall in the axial direction. However, with increasing

the factor of depletion a, the profile of Tw,z/A becomes axi-

ally asymmetric; the axial position of Tw,z/A¼ 0 moves from

the axial center to the back plate side of the source tube. The

net force of Tw,z integrating Tw,z/A over the surface area of

the source tube results in more negative values, demonstrat-

ing that the loss of the axial momentum to the lateral wall is

enhanced by the artificially introduced factor a, i.e., by the

neutral depletion, as suggested in a recent experiment.4 The

axial asymmetry of the force density in the radial direction

Tw,r/A is also enhanced by the increase in a. The values of

Tw,r/A are larger than those of Tw,z/A, indicating that the

main momentum loss to the lateral wall is still derived from

the radial momentum loss, even though the axial momentum

loss cannot be neglected. For reference, Tw,r/A and Tw,z/A of

argon plasma with a¼ 2 are also plotted in Fig. 2. The axial

profile of Tw,z/A is slightly point-asymmetric with respect to

the axial center, because of less neutral depletion derived

from the low degree of ionization of argon compared to

xenon.

Two-dimensional distributions of the electron density

and potential in steady state are shown in Fig. 3 for xenon,

depending on the factor of depletion a. When the uniform

neutral profile is maintained (a¼ 0), the perfectly symmetric

profile of electron density and potential with respect to the

axial center of the source tube is obtained. Thus, the axially

symmetric profile of Tw,z/A is obtained as shown in Fig. 2(a),

resulting in the net zero force to the lateral wall. As clearly

seen in Figs. 3(b)–3(d), the density and potential profiles

become more axially asymmetric with respect to the axial

center of the source tube with increasing a. The positions of

the maximum density and potential are shifted to the more

upstream side because the neutral is depleted in the down-

stream side. The depletion reduces the collision of ioniza-

tion, resulting in a decrease in plasma density downstream of

the axial center, although the peak of the azimuthal electric

field induced by the rf current is still at the center of the

source tube, where the rf antenna is located. In the present

simulations, the absorbed power in the plasma is fixed at

1 W for all neutral density profiles. The decrease in electron

density requires a higher rf antenna current to absorb the

power of 1 W.16 Such high antenna currents result in higher

azimuthal electric field and an increase in number of high-

energy electrons. When the neutral density is uniform, such

high-energy electrons produce a higher ionization rate and

then lose their energy, which results in the electron tempera-

ture being almost independent of the rf power or electric

field.17,26,27 However, when the neutral density is depleted, a

higher electron temperature is obtained because of the

decrease in collision of ionization. A higher electron temper-

ature leads to a higher ionization rate, and thus maintains the

ionization balance to sustain the plasma discharge. As a

result, a higher peak potential is obtained with increasing the

factor of depletion a, as shown in Fig. 3.

The shift of the peak potential to the upstream side leads

to the axially asymmetric profile of electric field. The ions

accelerated into the positive z direction by such an asymmet-

ric electric field travel a long distance inside the source; axial

momentum is delivered to the lateral wall by these ions

when they are lost to the lateral wall. Although this axial mo-

mentum loss process has been proposed by the directly and

individually measured negative value of Tw in a previous

experiment,4 measurements of the plasma potential have not

been performed. The present simulation clearly validates this

loss process induced by the asymmetric density and potential

profiles.

The effect of neutral depletion on the plasma power

losses at each wall is also investigated, as shown in Fig. 4,

where the power loss at the wall is equal to the sum of ion

and electron wall losses and the rest of the power loss is

composed of the sum of the power lost to ion-neutral and

electron-neutral collisions.16 The power loss at the radial

wall is the major loss component, because of the largest sur-

face area of the plasma source, and slightly increases from

380 to 412 mW with increasing a. Although the power loss

FIG. 2. Axial profiles of the calculated force densities to the lateral wall (a)

in the axial direction (Tw,z/A) and (b) in the radial direction (Tw,r/A) for each

profile of the neutral density, as shown in Fig. 1. Thin lines at z¼ 1.5 and

Tw,z¼ 0 are also plotted as visual guides.
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at the front wall (corresponding to the thruster exit) is inde-

pendent of a, the power loss at the source back wall signifi-

cantly increases from 25 to 85 mW with the increasing a.

This increase in power loss at the back wall is due to the shift

of the peak plasma density to the upstream side. Figure 4

clearly shows that power losses on the radial and back walls

are the major component of the power loss; moreover, neu-

tral depletion enhances these losses. The result indicates that

most of the power does not exit the thruster and very little rf

input power goes into ion beams, which reduces the thruster

performance. This tendency has also been predicted in a pre-

vious thruster model.2

Figure 5 shows the ratio of the net force to the lateral

wall in the axial direction to that to the source back plate

Tw,z/Ts as a function of the factor of depletion a. As expected

from the result of Fig. 2(a), the net force of Tw,z is zero when

the profile of the neutral density is uniform (a¼ 0), and thus,

the ratio Tw,z/Ts is also zero. The increase in the factor a
enhances the net force Tw,z in the positive z direction (the

negative value of Tw,z) and the value of Tw,z/Ts becomes

more negative, which would degrade the thruster perform-

ance. Owing to the low degree of ionization for argon and

the slight depletion of the neutral density as shown in Fig.

1(b), the negative value of Tw,z/Ts is also small even for

a¼ 2. The difference in the neutral depletion effect on the

momentum loss between argon and xenon is qualitatively

consistent with a recently performed experiment,4 while it

should be mentioned that our simulation does not include the

external magnetic field. In the case of a¼ 3 for xenon, the

value of Tw,z/Ts is calculated to be about �0.33; therefore,

the loss to the lateral wall cannot be neglected.

The present simulation is performed in the absence of a

magnetic field for simply analyzing only the neutral deple-

tion effects, while the helicon thruster definitely requires a

magnetic field for plasma production via wave-plasma inter-

action and plasma expansion along a magnetic nozzle.

Actually, the reduction of the radial loss of axial momentum

seems to occur in the earlier experiment,4 especially for the

argon propellant case. On the other hand, momentum loss is

enhanced by increasing the magnetic field strength for

FIG. 3. Two-dimensional distributions

of the time-averaged electron density

and potential in steady state for each

profile of the neutral density, as shown

in Fig. 1 for xenon only.

FIG. 4. Power losses Ploss at the radial wall (square), back plate (circle), and

front wall (delta) as a function of the factor of depletion a for each profile of

the neutral density, as shown in Fig. 1 for xenon only.

FIG. 5. Ratio of the force to the lateral wall in the axial direction to that to

the source back plate Tw,z/Ts as a function of the factor of depletion a for

each profile of the neutral density, as shown in Fig. 1.
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krypton and xenon cases. These different tendencies seem to

compete between the inhibition effect by the magnetic field

and the enhancement by the neutral depletion.4 Since the dif-

ferent effects seem to be nonlinearly coupled in the experi-

ment, our simulation plays an important role in investigating

these effects independently. The introduction of an external

magnetic field will be progressed hereafter.

It should be noted that the potential structure derived

from the Boltzmann relation is a function of the plasma

density ratio, not the plasma density itself. Even though the

plasma density of argon is lower than that of xenon, the

axial momentum loss of argon could be more significant

than that of xenon if the density profile of argon is more ax-

ially asymmetric than that of xenon. Actually, the relatively

large negative value of Tw was obtained for argon without

an applied magnetic field in the previous experiment

because of the axially asymmetric density profile.12 The

neutral density profile is usually not taken into account and

is often treated as uniform for numerical simulations,

because its effect on the plasma characteristics and thruster

performance is considered to be less significant compared

to the plasma itself. However, the recent experimental4 and

the present numerical simulation results imply that the neu-

tral depletion effect should be carefully taken into account

in thruster models in the case of high power, where highly

ionized plasma discharges occur as predicted by the analyti-

cal model.3

IV. CONCLUSIONS

In summary, the PIC-MCC calculations are performed

to validate the recently proposed momentum loss mechanism

to the radial wall, where axial momentum is taken away

from the plasma flow by the radially lost ions.4 The present

PIC-MCC model can solve both the plasma and sheath

regions self-consistently; thus, the momentum loss at the

wall is also obtained without any pre-assigned boundary con-

ditions of particles motion or flux. The calculation demon-

strates that the asymmetric density and the resultant potential

profiles induce enhancement of the loss of axial momentum

to the lateral wall, where the measurement of the plasma pa-

rameters near the wall boundary is difficult in experiments. It

has been clearly identified that the loss process is enhanced

by the neutral depletion effect, which is artificially controlled

in the calculation.
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