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Energy losses in a magnetic nozzle radiofrequency plasma thruster are investigated to
improve the thruster efficiency and are calculated from particle energy losses in fully kinetic
simulations. The simulations calculate particle energy fluxes with a vector resolution
including the plasma energy lost to the dielectric wall, the plasma beam energy, and
the divergent plasma energy in addition to collisional energy losses. As a result,
distributions of energy losses in the thruster and the ratios of the energy losses to the
input power are obtained. The simulation results show that the plasma energy lost to the
dielectric is dramatically suppressed by increasing the magnetic field strength, and the ion
beam energy increases instead. In addition, the divergent ion energy and collisional energy
losses account for approximately 4%-12% and 30%-40%, respectively, regardless of the
magnetic field strength.

Keywords: magnetic nozzle, electric propulsion, plasma expansion, radiofrequency plasma, low-temperature
plasma, particle-in-cell (PIC)

INTRODUCTION

Magnetic nozzle radiofrequency (RF) plasma thrusters have been developed worldwide for future
high-power electric propulsion systems [1-7] and low-power small thrusters [8-11]. The main
components of the magnetic nozzle RF plasma thruster are an RF antenna, a dielectric tube, and a
solenoid. The thruster does not have a cathode or an external neutralizer, ie., a completely
electrodeless configuration. Therefore, electrode wear, which limits the lifetime, does not occur,
enabling the long lifetime in space. The magnetic nozzle RF plasma thrusters are expected to be
utilized instead of conventional electric thrusters, such as ion and Hall thrusters, as the long-term
operational propulsion system.

In the magnetic nozzle RF plasma thrusters, the electric power is delivered to the plasma from the
RF antenna wound around the source tube, where the solenoid or the permanent magnets are set to
produce the magnetic field in the source and the magnetic nozzle [1, 12-14]. The plasma is
accelerated through the magnetic nozzle toward the downstream direction and obtains the axial
momentum. In the magnetic nozzle, an azimuthal current is induced by the diamagnetic effect and
produces the axial Lorentz force with the radial magnetic field [15-19].

Thruster efficiencies of magnetic nozzle RF plasma thrusters are summarized in Ref. [4], and a
recent study reported a thruster efficiency approaching 20% at the maximum for the RF power of
6 kW [20]. However, Hall thrusters show a thruster efficiency of 35%-60% for an input power of
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1.5-4.5kW [21] and have been already utilized successfully on
satellites and space probes [22, 23]. The thruster efficiency of
magnetic nozzle RF plasma thrusters is still relatively poor
compared with that of Hall thrusters, although magnetic
nozzle RF plasma thrusters have the advantage of not
requiring cathodes and an external neutralizer. Therefore,
further improvement of thruster efficiency is an important
challenge.

Considering that Hall thrusters achieve a thruster efficiency of
60% at maximum, magnetic nozzle RF plasma thrusters do not
utilize the input power efficiently compared with Hall thrusters.
In magnetic nozzle RF plasma thrusters, the power is supplied
from only the RF antenna because of the completely electrodeless
configuration. The RF power is mainly absorbed by electrons in
the inductively coupled or helicon modes [1]. Note that the
neutral energy is negligibly small because the neutral
temperature is roughly 300K, while the measured ion and
electron temperatures are 0.1-1eV [24] and 1-20eV [25, 26],
respectively. In addition, the magnetostatic field produced by the
solenoid supplies no energy to the plasma. Therefore, to impart
the axial momentum to ions and obtain the thrust, the electron
energy heated by the RF electromagnetic fields should be
converted to the axial ion energy in the magnetic nozzle. In
the case of a low thruster efficiency, it is expected that the electron
energy is not converted to the axial ion energy efficiently and lost
in the thruster. Here, possible energy losses are energy fluxes on
the dielectric wall, a divergent plasma beam energy that does not
contribute to the thrust, a rotation plasma energy, and collisional
energy losses. To improve the thruster efficiency of magnetic
nozzle RF plasma thrusters, it is necessary to know where and
how the energies are lost in the thruster and to identify the major
process of the energy loss.

The energy balance in the thruster has been analyzed by a
global discharge model, implying significant energy losses to the
wall, where the inner diameter of the thruster is 3.2-3.25 cm, the
RF power is 300-2,000 W, and the magnetic field strength is
0-269 G [27]. An individual measurement of the axial force
imparted to the lateral dielectric wall showed that a non-
negligible axial momentum is lost there, where the inner
diameter of the thruster is 6.4 cm, the RF power is 1 kW, and
the magnetic field strength is 0-750 G [28]. Moreover, the energy
lost to the lateral dielectric wall was measured by using a
momentum vector measurement instrument and Langmuir
probes and accounted for 20%-60% of the input power
depending on the magnetic field strength, where the inner
diameter of the thruster is 9.5 cm, the RF power is 400 W, and
the magnetic field strength is 0-300 G [29]. However, other
energy losses besides the energy lost to the dielectric wall have
not been fully understood yet.

In this study, fully kinetic simulations of a magnetic nozzle RF
plasma thruster are conducted to investigate the energy losses in
the thruster. Because the current simulations have the limitation
of the thruster size and the input power, this study shows how the
energy losses are distributed in the thruster and their ratios to the
input power depending on the magnetic field strength. The
simulations obtain energy fluxes by ions and electrons with a
vector resolution, which are directly calculated from particle
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FIGURE 1 | (A) A schematic of the calculation area and a magnetic field
strength produced by the solenoid current of 2.0 kA. Solid black lines show
the magnetic field lines. Energy fluxes and collisional energy losses in the
magnetic nozzle radiofrequency (RF) plasma thruster are also plotted. P,

is the input power from the RF antenna (a white arrow). P, P, and P; are
energy losses per unit time from colliding with the lateral dielectric wall (a pink
arrow), from colliding with the right boundary at x = 2.5 cm (a red arrow), and
from colliding with the top boundary at y = 0.56 cm (a green arrow),
respectively. These energy losses per unit time are calculated independently
from particle motions for ions and electrons and the x-, y-, and z-directions.
Py, Pex, and Py, are the elastic, excitation, and ionization energy losses per unit
time, respectively (a blue font). Because the left and bottom boundaries are
assumed to be symmetrical, particles are reflected at the boundaries, and the
particle energies are not lost. (B) Magnetic field strengths on the x-axis for the
three solenoid currents of 0.1 (a dashed blue line), 0.4 (a dotted-dashed
orange line), and 2.0 kA (a solid green line).

motions in the simulations. Collisional energy losses are also
calculated in the simulations. First, the calculation model of fully
kinetic simulations employed in this paper is briefly described.
Then the energy losses in the thruster and their ratios to the input
power are reported. The simulation results show that the ion and
electron energies lost to the dielectric wall are suppressed by
increasing the magnetic field strength and instead the thruster
efficiency dramatically increases from 2.1% to 27.4%, which are
qualitatively consistent with previous experiments [29].
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NUMERICAL MODEL

We have employed two-dimensional (x-y) and bidirectional
calculation models to reduce the calculation cost [19, 30].
Although bidirectional thrusters are different from the
common thruster, they are proposed for space debris removal
[31]. The numerical model has an infinite length in the z-
direction, and the simulation results are discussed in the unit
length of the z-direction. The plasma kinetics in the thruster is
analyzed using particle-in-cell and Monte Carlo collisions (PIC-
MCC) techniques. Details of the calculation model and
simulation method were given in previous papers [19, 30, 32,
33], and a brief description is written in this paper.

Figure 1A shows a schematic of the calculation area employed
in this paper. The calculation area is 2.5 cm X 0.56 cm including
the dielectric and divided into 50 pum x50 pum cells, ie,
a 501 x 113 grid. The solenoid produces the magnetic field
lines as shown by the solid black lines in Figure 1A. The
solenoid current is set to 0.1, 0.4, and 2.0 kA to investigate the
dependence of the magnetic field strength. The magnetic field
strength at 2.0 kA is shown as a colormap in Figure 1A, and the
magnetic field strengths on the x-axis for the solenoid currents of
0.1, 0.4, and 2.0 kA are shown in Figure 1B. The plasma absorbs
the RF power supplied from the RF antenna and maintains the
discharge. Simulation results are averaged over 30 ps.

Tons and electrons are lost to the lateral dielectric wall, the right
boundary at x=2.5cm, or the top boundary at y=0.56 cm, from
colliding with these boundaries. Because the calculation area is
symmetric about the x- and y-axes, ions and electrons are reflected
at the left boundary at x = 0 cm and the bottom boundary at y = 0 cm.
The motions of ions and electrons are solved by using the Boris
method [34]. In the simulations, single charged xenon ions, Xe", and
electrons, e, are treated. Their time steps are set to 0.125ns and
3.57 ps, respectively. In addition, electron-neutral collisions including
elastic, excitation, and ionization collisions are solved by using the null-
collision method [35] and cross-sections in [36-38]. The neutral
density is a spatiotemporal constant in the simulations and set to
2.0x 10" m™. The RF frequency is set to 80 MHz, and the power
absorption is controlled to be 3.5 W, where the unit length is assumed
in the z-direction.

Electric and magnetic fields employed in this paper are the
electrostatic field E,, generated by charged particles and the
surface charge on the dielectric, the electromagnetic field E,,,
induced by the RF antenna, and the magnetostatic field B
produced by the solenoid. These fields are obtained by solving
Maxwell’s equations using fast Fourier transformation.

The boundary conditions of the electrostatic field are Dirichlet
boundary conditions at the right and top boundaries (¢ = 0) and
the Neumann boundary conditions at the left and bottom
boundaries (0¢/0n =0 with 0/0n being the normal derivative),
where ¢ is the potential. Note that the Dirichlet boundary
conditions generate the sheath near the right and top
boundaries, as shown in our previous paper [30].

The calculation area for E,,, is set to 1.5x0.5cm in the
dielectric. The details of the RF field are described in our
previous papers [39, 40]. As boundary conditions, E,,, is set to
zero on the x- and y-axes, and E,,, on the outer boundaries at
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x=15cm and y=05cm are calculated
Biot-Savart law.

The calculation area for B is set to 15 x 5.6 cm, which is
10 times the calculation area for charged particles and the
electrostatic field. Here, the magnetic field strengths under the
solenoid are 5, 20, and 100 mT for the solenoid currents of 0.1,
0.4, and 2.0 kA, respectively. For the magnetic field strength of
100 mT, the ion Larmor radius r; becomes approximately 1.3 cm,
where the ion temperature is assumed to be 0.5eV. Then, the
ratio r;/L is 1.3, where L is a thruster height of 1 cm (diameter in
cylindrical coordinates). Therefore, ions are not fully magnetized
for all magnetic field strengths.

Figure 1A also shows energy fluxes and collisional energy
losses considered in the simulations. In this study, energy losses
are evaluated by using those per unit time (i.e., the power). P;, is
the input power from the RF antenna, P,, is the energy loss from
colliding with the lateral dielectric wall, P, is the energy loss from
colliding with the right boundary at x=2.5cm, and P, is the
energy loss from colliding with the top boundary at y = 0.56 cm.
These energy losses are calculated independently from particle
motions for ions and electrons and the x-, y-, and z-directions. P,
P,.,and P;, are the elastic, excitation, and ionization energy losses,
respectively. Because left and bottom boundaries are assumed to
be symmetrical, particles are reflected at the boundaries, and the
particle energies are not lost.

The energy losses considered in this study are summarized in
Table 1, and the subscripts are described in Table 2. In this paper,
it is assumed that the charged particles colliding with the
calculation boundaries lose their kinetic energies. Therefore,
the energy flux of the particle species « to the boundary § in
the y-direction, p,g,, is calculated by

using the

Zj (maviﬁ)%j/Z)

ASAt, 0

Papy =
where j is the particle index, m, is the mass of the particle species
&, Vo g,y is the velocity of the particle j in the y-direction, AS is the
cell area, and At, is the averaging time. Here, aisiore, fis, t, or
w, and y is x, y, or z, according to Table 2. It should be noted that
the sheaths at the boundaries are self-consistently solved in the
simulation; hence the energy fluxes calculated in the simulations
contain the sheath effect.

Charged particles also lose their kinetic energies by collisions:
the excitation and ionization energy losses, and the energy
transferred from electrons to neutrals by binary collisions.
Here, the collisional energy loss density p, is written as

_ YAE

el 2
AVAt, @

P
where AE is the energy loss by a collision and AV is the cell
volume. Here, the subscript ¢ is el, ex, or iz according to Table 2.

The total energy losses per unit time P,g, and P. are
calculated by integrating p,p, and p. over the area and
volume, respectively, i.e., as given by

Pugy = pupyAS, 3)
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TABLE 1 | Definitions of energy losses considered in this study.

Energy Loss in Magnetic Nozzle

Symbols Descriptions

Pirx lon energy loss in the x-direction from colliding with the right boundary at x = 2.5 cm

Diry lon energy loss in the y-direction from colliding with the right boundary at x = 2.5 cm

Pirz lon energy loss in the z-direction from colliding with the right boundary at x = 2.5 cm
Pe.rx Electron energy loss in the x-direction from colliding with the right boundary at x = 2.5 cm
Pery Electron energy loss in the y-direction from colliding with the right boundary at x = 2.5 cm
Perz Electron energy loss in the z-direction from colliding with the right boundary at x = 2.5 cm
Pitx lon energy loss in the x—direction from colliding with the top boundary at y = 0.56 cm
Pity lon energy loss in the y-direction from colliding with the top boundary at y = 0.56 cm

Pitz lon energy loss in the z-direction from colliding with the top boundary at y = 0.56 cm
Pe,tx Electron energy loss in the x—direction from colliding with the top boundary at y = 0.56 cm
Pety Electron energy loss in the y-direction from colliding with the top boundary at y = 0.56 cm
Dotz Electron energy loss in the z-direction from colliding with the top boundary at y = 0.56 cm
Piw lon energy loss from colliding with the dielectric wall at y = 0.5 cm

Pe,w Electron energy loss from colliding with the dielectric wall at y = 0.5 cm

Pel Elastic energy loss

Pex Excitation energy loss

Piz lonization energy loss

TABLE 2 | Subscripts of energy losses.

Symbols Descriptions
i lon
e Electron
r Right boundary
t Top boundary
w Dielectric wall
X x-Direction
y y-Direction
z z-Direction
el Elastic
ex Excitation
iz lonization

P. =) pAV. (4)

The sum P, 4 of the energy losses per unit time in all directions
is written as

Pa,ﬁ = Poc,ﬁ,x + P(x,ﬁ,y + Pa”g,z. (5)

Note that the energy fluxes and collisional energy loss density
are dependent on the size of the calculation area, indicating that
this paper evaluates the thruster performance in a small vacuum
chamber of 2.5 x 0.56 cm.

In this study, it is important that all the calculation conditions
except the magnetic field strengths are fixed: e.g., the size of the
calculation area, the power absorption, and the potential on the
boundary. The energy losses to the boundaries can be compared
by fixing the calculation conditions, and the effect of the magnetic
field strength is discussed.

The plasma power contributing to the thrust Py, is defined by

Py = Pi,r,x + Pe,r,x + Pi,t,x + Pe,t,x~ (6)

Then, the thruster efficiency # in the simulations is
calculated as

_ Pw

Pin' (7)

Here, 7 is the electrical efficiency in the thruster, which is
defined as the beam power out of the thruster divided by the total
input power [21].

RESULTS AND DISCUSSION

Figure 2 shows the x-y profiles of the electron number density
n, for the three magnetic field strengths of 5, 20, and 100 mT.
The electron number density 7, is large near the axial location of
the RF antenna (x = 0.1 cm) and decreases in the downstream
direction due to the magnetic expansion, the plasma diffusion,
the ion acceleration, and the electron reflection by the electric
field. The plasma distribution is confined to the center of the
magnetic nozzle for the 20 mT case in Figure 2B, and the off-
axis density peak can be seen for the 100 mT case as in
Figure 2C. These density-profile transitions from increasing
the magnetic field strength were measured in previous
experiments [41-45] and numerical results [46], indicating
that the simulation results reproduce the experimental ones
qualitatively.

Figure 3 shows the x-y profiles of the electron temperature
T, for the three magnetic field strengths of 5, 20, and 100 mT.
The electron temperature for the 5 mT case is relatively high
at approximately 10 eV on the magnetic field line in contact
with the dielectric surface and under the RF antenna. For the
20 and 100 mT cases, the high-temperature regions are
approximately 5eV and move inward, a little away from
the dielectric surface.

For the 5mT case, the electron temperature decreases in the
downstream region within 1.5cm < x <2.5cm. Note that the
electrons for the 5mT case are less magnetized because the
Larmor radius at the center of the solenoid is approximately
0.17 cm using a magnetic field strength of 5 mT and an electron
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FIGURE 2 | x-y profiles of the electron number density n, for the three
magnetic field strengths of (A) 5, (B) 20, and (C) 100 mT. Solid black lines
show magnetic field lines.

temperature of 5 eV and are less transported along the magnetic
field lines. For the 20 and 100 mT cases, however, the electron
temperature is relatively high in the downstream region within
1.5 cm < x < 2.5 cm. The high-temperature electrons are expected
to be transported to the downstream region through the magnetic
nozzle and lost to the downstream boundaries; these results are
consistent with previous experimental ones [47].

Figure 4 shows the x profiles of the ion and electron energy
fluxes on the lateral dielectric wall p;,, and p. ., respectively, for
the three magnetic field strengths of 5, 20, and 100 mT. Both the
ion and electron energy fluxes on the lateral dielectric wall
decrease with increasing the magnetic field strength, especially
under the solenoid within x = 0.7-1.5 cm. Although the electron
losses are expected to be prevented by the magnetic field, the ions
are not fully magnetized in this simulation and do not move only
along the magnetic field lines. The ion motions are expected to be
affected by the potential distribution as previously observed in
experiments [48, 49].

Energy Loss in Magnetic Nozzle

Figure 5 shows the y profiles of the potential ¢ at x=1.1 cm
for the three magnetic field strengths of 5, 20, and 100 mT. The
radial potential drop is clearly formed around y = 0.2-0.5 cm for
5mT; the ions are accelerated in the radial direction there and
would take significant energy from the system to the wall. For the
20 and 100 mT cases, slight increases in the potential along the y
axis can be seen, and the wall potentials are higher than that in the
plasma core, suppressing ion loss to the dielectric. These
structures can be interpreted as a result of the inhibition of
the electron transport to the wall by the magnetic field,
resulting in a positive charge-up of the wall by the ions. To
have confidence of a positive charge-up, the x profile of the
surface charge o on the wall is analyzed and shown in Figure 6;
this result demonstrates the positively charged-up wall at the
solenoid location, where the magnetic field lines are almost
parallel to the wall.

A 5mT

Te (eV)

9.0
75
6.0
4.5
3.0
1.5
0.0

y (cm)

B 20 mT Te (eV)

54
45
3.6
2.7
1.8
0.9
0.0

"0.0 0.5 1.0 15 2.0 25

C 100 mT Te (€V)

4.50
3.75
3.00
2.25
1.50
0.75
0.00

X (cm)

FIGURE 3 | x-y profiles of the electron temperature T, for the three
magnetic field strengths of (A) 5, (B) 20, and (C) 100 mT. Solid black lines
show magnetic field lines.
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FIGURE 4 | x profiles of the (A) ion and (B) electron energy fluxes on the
lateral dielectric wall p;,, and pe ., respectively, for the three magnetic field
strengths of 5 (a dashed blue line), 20 (a dotted-dashed orange line), and
100 mT (a solid green line). Gray boxes show locations of the solenoid

and the lateral dielectric wall.
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FIGURE 5 | y profiles of the potential ¢ at x = 1.1 cm for the three
magnetic field strengths of 5 (a dashed blue line), 20 (a dotted-dashed orange
line), and 100 mT (a solid green line). A gray box shows the location of the
dielectric wall.

where P, is calculated from the change of the particle
velocities. For the 5mT case, the power absorption is high
under the RF antenna and approximately 1 W/cm?® as shown in
Figure 7A. It is expected that the plasma absorbs the energy by
the RF field induced by the RF antenna. For the 20 and 100 mT
cases shown in Figures 7B, C, the power absorption is relatively
high downstream, while the plasma also absorbs a little energy
under the RF antenna. From Figure 7, the location where the
plasma often absorbs the energy shifts to the radially inner
region in the thruster, although its physics is still unclear.
However, the shift in the plasma energy is consistent with
the profiles of n, and T, shown in Figures 2 and 3,
respectively. The decrease in the energy fluxes to the
dielectric is also consistent with the shift in the power
absorption.

Figure 8 shows the x and y profiles of the ion energy fluxes in
the x-direction on the top boundary p;,, and the right boundary
Diro respectively, for the three magnetic field strengths of 5, 20, and
100 mT. Note that the ion energy fluxes p;,, and p; ., contribute to
the increase in the thrust. As shown in Figure 8A, p;,, is negligibly
small. However, p;.. significantly increases with increasing
magnetic field strength and achieves 464 W/m® at maximum as
shown in Figure 8B, while it decreases at y=0-0.1 cm when
increasing the magnetic field strength from 20 to 100 mT. The
change in the position of the maximum ion energy flux and the low
energy flux around y = 0 cm in Figure 8B are consistent with the
distributions of the electron number density n, in Figure 2.
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FIGURE 7 | x-y profiles of the power absorption P, for the three
magnetic field strengths of (A) 5, (B) 20, and (C) 100 mT. Solid black lines

show magnetic field lines.

Energy Loss in Magnetic Nozzle

Figure 9 shows the x and y profiles of the ion energy fluxes in
the y-direction on the top boundary p;,, and the right boundary
Diry» respectively, for the three magnetic field strengths of 5, 20,
and 100 mT. The ion energy fluxes in the y-direction p; ., and p; .,
are 0-69 W/m”. By changing the magnetic field strength from 5 to
20 mT, the position of the maximum ion energy flux in the y-
direction shifts in the positive x-direction in Figure 9A, and the
maximum energy loss increases. The shift and increase in the
maximum energy losses are expected because the plasma is
localized near the central region around the x-axis for the
larger magnetic field strength as shown in Figure 2 and is
transported along the magnetic field lines.

Figure 10 shows the x profiles of the electron energy fluxes on
the top boundary (p.s Pery» and pe..) and y profile of the
electron energy fluxes on the right boundary (p., per, and
Der.z) for the three magnetic field strengths of 5, 20, and 100 mT.
Note that the electron energy fluxes p, . and p, ., contribute to
the increase in the thrust. Whereas the electron energy fluxes for
the 5mT case are sufficiently small in Figures 10A, B, the
electron energy fluxes for the 20 and 100 mT cases are mainly
lost to the top and right boundaries, respectively. These energy
fluxes are expected because the magnetic nozzle enhances the
electron transport to the downstream region and suppresses the
energy losses to the dielectric as shown in Figure 4.

For the 20 mT case, the location of the maximum electron
energy flux is x=1.9 cm in Figure 10A because the energetic
electrons are magnetized and transported along the magnetic
field lines passing through the location under the RF antenna, as
reported in Refs. [41], [45], [50], and [51], where the electrons
are considerably heated by the RF field. As shown in Figure 3B,
the high-temperature electrons for the 20 mT case pass through
the top boundary at y = 0.56 cm along the magnetic field lines,
corresponding to the electron energy flux shown in
Figure 10A.

The electron energy fluxes to the right boundary for the 100
mT case are much larger than those for the 5 and 20 mT cases as
seen in Figure 10B, whereas the significant energy fluxes to the
top boundary appear for the 20 mT case as seen in Figure 10A.
These energy fluxes would be dominated by the density and
temperature profiles in Figures 2 and 3, respectively. The

A Topboundary aty = 0.56 cm

B Right boundary at x = 2.5 cm
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FIGURE 8 | (A) x and (B) y profiles of the ion energy fluxes in the x-direction on the top boundary (y = 0.56 cm) p;+, and the right boundary (x = 2.5 cm) p;,x,
respectively, for the three magnetic field strengths of 5 (a dashed blue line), 20 (a dotted-dashed orange line), and 100 mT (a solid green line). Note that x = 2.5 cmin (A)

corresponds to y = 0.56 cm in (B).
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simulation results in Figure 10 show that the electron energy for
the strong magnetic field case of 100 mT is well transported to the
right boundary in the inner region along the magnetic nozzle. For
the 20 mT case, however, the significant electron energy is
transported to the top boundary along the divergent magnetic
field lines. The energy loss to the top boundary for the 20 mT case
is consistent with the higher electron temperature in Figure 3B
and the higher power absorption in Figure 7B near the top
boundary. The detailed particle and energy transport processes
have not been fully understood yet and remain to be further
investigated.

In the simulations, the ion and electron energy fluxes in the x-
direction are considered to be the plasma beam extracted from
the plasma source and contribute to an increase in the thrust;

these are p;,, and p;,, in Figure 8, and p.,, and p.,, in
Figure 10. As shown in Figure 8B, the ion energy flux in the
x-direction p;,, becomes greater with increasing the magnetic
field, which is expected to enhance the thrust. The electron energy
fluxes in the x-direction. P,,, and p, ., are 0-65 W/ m? for the 20
and 100 mT cases as shown in Figure 10, indicating that the
electron energy fluxes are an order of magnitude smaller than the
ion energy flux. However, the electron energy flux is not negligible
in the thrust generation and also increases the thruster efficiency.
The non-negligible electron energy flux was implied in previous
papers [52, 53], in which the plasma expansion in a convergent-
divergent magnetic nozzle is analyzed computing self-
consistently the velocity distribution function. While fully
magnetized plasma is treated in [52, 53], the presence of the

Frontiers in Physics | www.frontiersin.org

December 2021 | Volume 9 | Article 779204


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Emoto et al.

Energy Loss in Magnetic Nozzle

A 5mT Pex (MW/cm®)
14
1.00 12
10
= 0.75
5 8
> 0.50 6
0.25 4
0.00 2
0.0 0.5 1.0 15 2.0 25 B
x (cm)
B 20mT Pex (MW/cm3) 21
18
15
12
9
6
i 3
0.0 05 1.0 15 2.0 25 W
X (cm)
C 100 mT

1.0
X (cm)

1.5

Pex (MW/cm?)
36
30
24
18
12
6
0

FIGURE 11 | x-y profiles of the excitation energy loss density pex for the three magnetic field strengths of (A) 5, (B) 20, and (C) 100 mT and the ionization energy loss
density p;, for the three magnetic field strengths of (D) 5, (E) 20, and (F) 100 mT. Solid black lines show magnetic field lines.

y (cm)

pIZ mW/cm3

21

1.00 18

15

0.75 0
0.50 9
0.25 6
0.0 8
05 0

(cm)

E 2omT piz (MW/cm?)

1.00
= 0.75
0.50
0.25

0.0 0.5

2.0

25

100 mT

3

piz (MW/cm?) 27
24

21
18
15
12

9

6

3

0.5 0

(cm)

1.00
0.75

y (cm)

0.50
0.25

000

electron energy flux at the end of the magnetic nozzle is well
consistent with the results in our study.

Figure 11 shows the x-y profiles of the excitation energy loss
density p,, and the ionization energy loss density p;, for the three
magnetic field strengths of 5, 20, and 100 mT. p., and p,, have
similar distributions for each magnetic field strength and are large
at the upstream region of the magnetic nozzle, where the electron
number density n, is also large as shown in Figure 2.

Figure 12 shows the energy losses in the magnetic nozzle RF
plasma thruster for the three magnetic field strengths of 5, 20, and
100 mT. The definitions of energy losses are described in Table 1.
P, contains other energy losses and is defined by
P,=P;,,+P;;,+ P, Its magnitude is less than 1 x 107°W,
indicating that the elastic energy loss density and the ion
rotation energy fluxes are negligibly small. Energy losses are
calculated using Eqs. 3 and 4. Note that the input power from
the RF antenna P;, is set to 3.5 W for all magnetic field strengths,
and the total energy losses are also almost equal to 3.5 W, shown
as a dashed black line in Figure 12.

P,. and P;, are the excitation and ionization energy losses,
respectively. The sums of P, and P;, account for 31.1%, 37.9%, and
36.6% for the magnetic field strengths of 5, 20, and 100 mT,
respectively. Therefore, P,, and P;, account for 30%-40%
regardless of the magnetic field strength. Here, P,, and P, are

considered as the minimum loss power to maintain the plasma
discharge. Thus, 30%-40% of the energy absorbed by the plasma is
not utilized as the plasma beam with or without the magnetic
nozzle. The remaining 60%-70% of the energy can be utilized as the
energy of the plasma beam. Although P,, and P;, are considered
unavoidable energy losses in plasma propulsion, the thruster
efficiency of the magnetic nozzle RF plasma thruster can be
increased to 60%-70% if the remaining energy is utilized efficiently.

P;, and P,, are the ion and electron energy losses from
colliding with the lateral dielectric wall, respectively. The sums of
P;,, and P,, account for 61.5%, 14.6%, and 1.78% for the
magnetic field strengths of 5, 20, and 100 mT, respectively.
Therefore, P;,, and P,,, are extremely reduced by increasing
the magnetic field strength. This significant decrease is due to
preventing the electron loss to the dielectric by the magnetic field.
The sheath near the dielectric wall is also suppressed, and the ion
energy loss is prevented. These results are qualitatively consistent
with previous experimental results reported in Ref. [29], which
shows that the energy loss to the dielectric wall changes from
55%-60% to 20%-30% with increasing the magnetic field
strength from 0 to 300 G.

P;;x and P;,, are the ion energies in the x- and y-directions
from colliding with the top boundary, respectively, which are
extracted from the plasma source but diverged by the magnetic
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FIGURE 12 | Energy losses in the magnetic nozzle RF plasma thruster

for the three magnetic field strengths of 5 (a left bar), 20 (a center bar), and
100 mT (aright bar). The definitions of energy losses are described in Table 1.
P, contains other energy losses and is defined by Py = P, + Pt~ + Pey.

The input power P, is set to 3.5 W for all magnetic field strengths; therefore,
the total energy losses are also approximately 3.5 W, shown as a dashed
black line.

nozzle. P;,, accounts for 0.6%, 1.3%, and 1.1% for the magnetic
field strengths of 5, 20, and 100 mT, respectively. Therefore, P;,
is negligibly small and contributes less to the increase in the thrust
regardless of the magnetic field strength. P;,, accounts for 4.31%,
10.3%, and 10.0% for the magnetic field strengths of 5, 20, and
100 mT, respectively. P;, , is the lowest at 0.1 kA, and it doubles at
20 and 100 mT by the magnetic nozzle. P, Pe,,, and P, are
electron energy losses in the x-, y-, and z-directions from colliding
with the top boundary, respectively. The sum of P,;,, P.,, and
P, . is 0.13 W and relatively large for the magnetic field strength
of 20 mT, while it is mostly vanished for the magnetic field
strength of 100 mT.

P;, and P;,, are the ion energy losses in the x- and y-
directions from colliding with the right boundary, respectively.

Energy Loss in Magnetic Nozzle

P;, . accounts for 1.2%, 21.1%, and 39.1% for the magnetic field
strengths of 5, 20, and 100 mT, respectively. Therefore, P;,, is
dramatically increased by increasing the magnetic field strength,
contributing to an increase in the thrust. P;,, accounts for 0.1%,
1.0%, and 1.7% for the magnetic field strengths of 5, 20, and
100 mT, respectively. Although P;,, slightly increases with
increasing magnetic field strength, its effect is relatively small
in the energy losses. P, P, and P, are electron energy
losses in the x-, y-, and z-directions from colliding with the right
boundary, respectively. While these electron energy losses are
relatively small, P,,, is also included in Eq. 6, somewhat
contributing to the thrust generation.

The plasma powers contributing to the thrust Py, are 0.07, 0.97,
and 1.59 W for the magnetic field strengths of 5, 20, and 100 mT,
respectively, which are calculated from Eq. 6. Then, power ratios to
the plasma power contributing to the thrust Py, are calculated and
shown in Figure 13. The largest component of Py, is P;,,, and the
power ratios P; /Py, are 54.3%, 77.0%, and 86.9% for the magnetic
field strengths of 5, 20, and 100 mT, respectively. The power ratios
P; /Py, are 30.3%, 4.8%, and 2.4% for the magnetic field strengths of
5, 20, and 100 mT, respectively. The power ratios of the electron
energies (P, .+ P.,,)/Py, are 15.5%, 18.2%, and 10.7% for the
magnetic field strengths of 5, 20, and 100 mT, respectively. The
electron energy somewhat contributes to the thrust, while it is
converted to the ion energy in the sheath.

The thruster efficiencies # for the three magnetic field
strengths are calculated from the energy losses in the magnetic
nozzle RF plasma thruster using Eq. 7. It should be noted that
normal unidirectional thrusters have a back plate, which is not
considered in this study. The energy losses to the back plate are not
included in Figure 12, indicating the thruster efficiencies of the
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FIGURE 13| Power ratios to the plasma power contributing to the thrust
Py, in the magnetic nozzle RF plasma thruster for the three magnetic field
strengths of 5 (a left bar), 20 (a center bar), and 100 mT (a right bar). The

definitions of energy losses are described in Table 1.
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bidirectional model. The thruster efficiencies are 2.1%, 27.4%, and
45.0% for the magnetic field strengths of 5, 20, and 100 mT,
respectively. Therefore, the thruster efficiency in the magnetic
nozzle is increased dramatically by increasing the magnetic field
strength. The thruster efficiency of 2.1% for the magnetic field
strength of 5mT is consistent with experiments with a weak
magnetic field as reported in Refs. [25] and [54 -58]. Then, the
thruster efficiency of 27.4% for the magnetic field strength of 20 mT
is roughly consistent with the recent experiment in Ref. [20], which is
the maximum thruster efficiency measured to date. Although the
thruster efficiency of 45.0% for the magnetic field strength of 100 mT
is not realized in experiments, the fully kinetic simulation in this
paper implies that the thruster efficiency of magnetic nozzle RF
plasma thrusters could be made to achieve a thruster efficiency of
40%-50% by increasing the magnetic field strength. Continuous
increases in the thrust have actually been observed when increasing
the magnetic field up to a few kG [59], which is much higher than
that used in the thrust assessment experiment. The assessment of the
thruster efficiency remains a further experimental issue.

Here, the increase in the thruster efficiency with increasing the
magnetic field strength is mainly due to the dramatic decrease of
the ion and electron energy losses from colliding with the lateral
dielectric wall, because the collisional energy losses and the
divergent ion energy remain almost unchanged regardless of
the magnetic field strength. The results are consistent with the
previous assessment of the energy loss to the wall [29]. It is also
expected that increasing the magnetic field strength and
preventing energy loss from colliding with the dielectric wall
improve the thruster efficiency in experiments. When energy loss
from colliding with the lateral dielectric wall is completely
prevented, suppressing divergent ions would further improve
the thruster efficiency of the magnetic nozzle RF plasma thrusters.

CONCLUSION

Fully kinetic simulations are conducted to investigate the energy
losses in the magnetic nozzle RF plasma thruster for further
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