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The existence of a significant electron drift instability (EDI) in the Hall thruster is considered as one of the possible
causes of the abnormal increase in axial electron mobility near the outlet of the channel. In recent years, extensive simulation
research on the characteristics of EDI has been conducted, but the excitation mechanism and growth mechanism of EDI in
linear stage and nonlinear stage remain unclear. In this work, a one-dimensional PIC model in the azimuthal direction of
the thruster near-exit region is established to gain further insights into the mechanism of the EDI in detail, and the effects of
different types of propellants on EDI characteristics are discussed. The changes in axial electron transport caused by EDI
under different types of propellants and electromagnetic field strengths are also examined. The results indicate that EDI
undergoes a short linear growth phase before transitioning to the nonlinear phase and finally reaching saturation through the
ion Landau damping. The EDI drives a significant ion heating in the azimuthal direction through electron—ion friction before
entering the quasi-steady state, which increases the axial mobility of the electrons. Using lighter atomic weight propellant
can effectively suppress the oscillation amplitude of EDI, but it will increase the linear growth rate, frequency, and phase
velocity of EDI. Compared with the classical mobility, the axial electron mobility under the EDI increases by three orders of
magnitude, which is consistent with experimental phenomena. The change of propellant type is insufficient to significantly
change the axial electron mobility. It is also found that the collisions between electrons and neutral gasescan significantly
affect the axial electron mobility under the influence of EDI, and lead the strength of the electric field to increase and the

strength of the magnetic field to decrease, thereby both effectively suppressing the axial transport of electrons.

Keywords: Hall thruster, electron drift instability, axial electron mobility, particle-in-cell simulation

PACS: 52.75.Di, 94.30.cq, 52.65.—y, 52.65.Rr

1. Introduction

The Hall thruster is a well-developed annular electromag-
netic propulsion device that is widely used because it meets the
needs of space propulsion missions such as attitude control, or-
bit transfer, and inclination correction of space vehicles. 13!
The Hall thruster forms a radially distributed magnetic field
through coils arranged outside the inner wall and outer wall
of the discharge channel, and the potential drop between the
anode and cathode forms an axially distributed electric field.
Under the orthogonal electromagnetic field, the electrons emit-
ted from the cathode perform Hall drift motion along the az-
imuthal direction of the channel and collide with the propellant
gas atoms injected into the channel from the anode to produce
plasmas. The ions are then accelerated by the axial electric
field to generate thrust. Since the ion mass is significantly
greater than the electron mass and the ion Larmor radius ex-
ceeds the size of the discharge channel, ions are commonly
regarded as non-magnetized. The electrons experience an az-
imuthal drift velocity on the order of 10® m/s due to the action
of the orthogonal electromagnetic field. This velocity differ-
ence between the electrons and ions in the azimuthal direction
induces a significant plasma instability in the discharge chan-
nel, which is known as electron drift instability (EDI). Tsikata
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et al.'" measured the oscillation of electron density in the dis-
charge channel of a Hall thruster using a collective light scat-
tering method. The experiment indicated that EDI exhibits
high-frequency oscillation in the order of ~ MHz in both the
azimuthal direction and radial directions.

The evolution of high-frequency short-wave oscillations
of EDI can be effectively observed by particle-in-cell (PIC)
simulations. The majority of studies have used PIC simu-
lation that contains azimuthal direction to simulate these os-
cillations. These models include one-dimensional (1D) az-
imuthal direction,’7! two-dimensional (2D) axial-azimuthal

[8-12] [13-16]

2D radial-azimuthal directions, and

[17,18]

directions,
three-dimensional (3D) full-channel numerical simula-
tions. Ducrocq er al.l') investigated the development of EDI
and suggested that when the electric drift velocity is smaller
than the electron thermal velocity, the EDI fluctuations satisfy
an ion-sound wave dispersion relation and the saturation of the
EDI may be related to ion Landau damping. Lafluer et al.[-?]
proposed the corresponding dispersion relation for EDI by es-
tablishing a 1D azimuthal direction PIC simulation. The study
by Coche and Garrigues!!! found that reducing plasma den-
sity can effectively suppress EDI. Taccogna et al.l’! studied

the development process of EDI by building two different 2D
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models of the channel and showed that EDI triggers off both
radial and azimuthal plasma oscillations and that the nonlin-
ear development in the phase exhibits ion-acoustic wave prop-
erties. Sengupta et al.!'3] studied the nonlinear growth phase
of EDI by full-scale 2D simulation in the radial direction and
azimuthal direction. They showed that the wavelength of EDI
increases with nonlinear growth phase and that the saturation
of EDI is strongly correlated with the motion of the ions in
the azimuthal direction. It is clear that EDI shows different
characteristics in each growth stage due to different excita-
tion mechanisms. Tavassoli et al.[*?! showed that in numerical
simulation studies of EDI, numerical noise often significantly
affects the simulation results and obscures the actual growth

1.123] showed that increas-

mechanisms at each stage. Asadi efa
ing the number of macro-particles in the model can eliminate
the numerical noise to some extent.

The EDI is considered to be one of the main reasons
for anomalous axial electron transport.[>4=3% Lazurenko et
al.®Y demonstrated experimentally that the EDI significantly
increases the axial electron mobility of the thruster. Lafluer et
al.! established a modified model of the electron axial mo-
bility under the influence of EDI through theoretical deriva-
tion, and the modified electron mobility is in the same order of
magnitude as the actual value. Lafleur and Chabert!'!! devel-
oped a 2D model in the axial-azimuthal direction and demon-
strated that anomalous electron transport can be explained by
an instability-enhanced friction force between electrons and
ions.

Xenon gas is widely chosen as the propellant in tradi-
tional Hall thrusters, owing to its low ionization energy and
chemical stability. In recent years, other types of propellants,
such as argon and krypton, have also been proposed as pro-
pellants for Hall thrusters to reduce costs.3>32-33] The EDI
is expected to exhibit different characteristics under different
types of propellants, thereby affecting the discharge process of
Hall thrusters. Asadi er al.!*’! investigated the axial electron
mobility variation under the effect of EDI for different propel-
lants corresponding to ion weight. However, the study used
the same collision cross-section, which may not fully reflect
the true influences of different propellants on EDI characteris-
tics.

From the content mentioned above, it can be observed
that the precise growth mechanisms of EDI at different stages
(linear and nonlinear) remain undetermined, and the detailed
characteristics of EDI in Hall thrusters with different propel-
lant types have not been comprehensively studied. Addition-
ally, the effects of electromagnetic field strength and propel-
lant types on the axial electron transport caused by EDI have
not been thoroughly investigated. Based on the typical size
and operating parameters of the Hall thruster, a 1D physical
model of the azimuthal discharge channel is established in this

work. In this model, the number of particles is increased to
reduce the influence of numerical noise on the simulation re-
sults, and the actual differential scattering cross-sections for
different types of propellants are considered. The improved
1D azimuthal PIC model is employed to investigate the devel-
opment process of EDI and the influences of different propel-
lants on EDI and electron axial migration rate.

The rest of the paper is organized as follows. The physi-
cal model is established and the basic equations are introduced
in Section 2. In Section 3, the numerical simulation results are
described and analyzed. Finally, the results are summarized in
Section 4.

2. Physical model and basic equations

The discharge channel of the thruster is an annular space
formed by an inner ceramic sleeve and outer ceramic sleeve.
The wavelength of the EDI is within the millimeter range,
which is significantly smaller than the dimension of the Hall
thruster discharge channel. Hence, the influence of curvature
in the azimuthal direction in this model is not considered. Fig-
ure 1 shows a typical 3D structure of the Hall thruster and a
schematic of the simulation region for this study. The thruster
discharge channel is expanded in the azimuthal direction, and
the profile is taken in the channel axial direction to establish
a 2D coordinate phase space and a 3D velocity phase space.
The lengths of the axial boundary and azimuthal boundary of
the respective discharge channels in the simulation area are
represented by L, and L, respectively. A radial magnetic field
By perpendicular to the axial-azimuthal plane is applied to the
simulation area, and a uniform and constant axial electric field
E is applied in the z direction. The electric field strength in
the simulation area is set to 2 x 10* V/m, and the magnetic
field strength is assumed to be 200 Gs (1 Gs=10"* T).37]

The particle positions are tracked in the axial direction
and azimuthal direction, and the axial electric field component
is provided by the applied electric field Ey, while the azimuthal
electric field component is obtained by solving Poisson’s equa-
tion in the azimuthal direction. It is worth noting that the 1D
model established in this study solves the Poisson equation
only in the azimuthal direction. The particles in this simula-
tion exist in a 2D positional coordinate space and a 3D velocity
space.

The electrons are magnetized and their collisions with
xenon atoms are considered in the simulation, including single
ionization, excitation, and elastic scattering reactions, which
are processed by the Monte Carlo collision (MCC) algorithm.
Only energy loss and scattering are considered in the treat-
ment of ionization and excitation collisions, and neither newly
generated electrons nor ions are added to the simulation area.
Additionally, because of the significant difference in mass be-
tween ions and electrons, this model does not take into account
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the influence of the magnetic field on ions. The influence of
the axial electric field on ion motion is limited to changing the
effective transit time through the acceleration region. Due to
the smaller axial length of the simulation region than the ac-
tual size of the Hall thruster discharge channel, the ions are
given an additional constant axial velocity, vq; to simulate the
ion motion near the exit of the discharge channel.

The boundary conditions of the simulation region are set
as follows. The azimuthal angular boundary uses periodic
boundary conditions, while the axial boundary uses the fol-
lowing conditions: ions passing through the exit plane of the
axial region are removed from the simulation and replaced by
new ions loaded at the entrance with an initial temperature
of 0.1 eV; electrons lost at the entrance plane are removed
and replaced by new electrons loaded at the exit plane with
an initial temperature of 10 eV. The parameters are selected

23,37,38

from the literature.! I Consequently, the total number of

Magnetic poles

Hollow cathode

“macro particles” and the overall plasma density are kept con-
stant. When new particles are loaded, their azimuthal posi-
tions are randomly distributed within the range of L,. Ta-
ble 1 displays the parameters of the physical quantities used
in the simulation region. The values of the magnetic field in-
tensity and the electric field intensity are chosen based on the
parameters near the exit of a classical Hall thruster discharge
channel 13436391 Simultaneously, considering program run-
time, computational load, and the actual values within Hall

136] in the model a simulation re-

thruster discharge channels,
gion is specified to have an axial length of 1 cm and an az-
imuthal length of 2.75 cm.

In the model a fixed time step is set to 5 x 1072 s, and a
fixed grid cell length to 5 x 10> m. These set values ensure
that the model continues to satisfy the Courant—Friedrichs—
Lewy (CFL) condition even after electron temperature has

rised. 0]
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Fig. 1. Typical 3D structure of Hall thruster and schematic diagram of simulation region.

Table 1. Physical parameters used in PIC simulation.

Parameter Value
Ly (cm) 2.75
L, (cm) 1
ny (m~2) 1x 107
By (G) 200

Eo (V/m) 2% 10*
vai (m/s) 1x10*
T. (eV) 10
T; (eV) 0.2

Furthermore, to minimize the influence of numerical
noise on the simulation results, the model increases the total
number of “macro particles” compared with the conventional
1D model. Specifically, 1000 particles are allocated to per cell.
Table 2 displays the variations in oscillation frequency, parti-
cle energy, runtime duration, and coefficient of determination
(R?) in the EDI's quasi-steady phase with different numbers of
particles per cell (NVppc) in the simulation program. Here, R?is

calculated from the approximate fitting to the electron density
oscillations at 6 ps by using the sum of sin functions curve:
Rzzl_Z()’i—ﬁi); )
X (i—7y)
where y; represents the actual value being fitted, y; refers to
the fitted value, and y denotes the mean of the actual values.
The coefficient of determination R> measures the quality of
the fitting of the fitted values to the true values. When fitting
electron density oscillates, R? can also reflect the smoothness
of the oscillation curve of electron density. A smoother curve
indicates less numerical noise in the program.

From Table 2, it can be observed that when N, < 500,
the oscillation frequency of EDI, and particle energy show
noticeable and irregular variations due to the value of Nppc
changing. However, when Npp. > 500, all parameters listed in
Table 2 exhibit insignificant differences when particle counts
change. It can also be seen from Table 2 that with the increase
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of Nppc, the R-squared value after fitting the electron density
oscillations also increases. This implies that with Ny > 500,
it is sufficient to reduce the interference of numerical noise to
the results of simulation program. Considering the program
runtime, the program is set with Ny, = 1000.

Table 2. Frequencies, particle energy, coefficients of determination, and
runtimes in EDI’s quasi-steady phase with different numbers of parti-
cles per cell.

Nppe 50 100 500 1000 1500
Frequency (MHz) 4.664 4332 5331 4938 4.938
Ion energy (eV) 99.36 98.87 9831 97.64 97.64
Electronic energy (eV) 44.73 4350 44.86 44.26 44.27
R? 0.632 0.697 0.760 0.834 0.815

Runtime duration (min) 152 300 1408 2887 4280

3. Simulation results and discussion
3.1. Driving force and development process of EDI

The main features of EDI are high frequency reaching to
~ MHz, large-amplitude oscillations of the azimuthal electric
field and the plasma density in the channel. The simulation
uses a time step of 2.5 x 1071° s and observes oscillation in
the azimuthal electric field and electron density at a frequency
of 5 MHz. Figures 2(a) and 2(b) show the temporal evolu-
tion of azimuthal electric field and electron density, reveal-
ing that the electron density oscillation lags behind azimuthal
electric field oscillation, which means that the plasma den-
sity oscillation is triggered off by the electric field. As EDI
develops, the maximum amplitude of azimuthal electric field
oscillation can reach to 8 times the magnitude of the applied
axial electric field, while the electron density oscillation can
reach to 2 times the plasma density. Figure 2(c) shows the
oscillation of azimuthal electric field in the first 0.375 ps. Fig-
ure 2(d) shows the temporal evolution of the amplitude of az-
imuthal electric field oscillation in 0-3 ps. Comparison of
Fig. 2(c) with Fig. 2(d) shows that the oscillation of the az-
imuthal electric field initiates at 0.1 ps, and EDI undergoes
a linear growth phase for the first 0.375 ps. The amplitude
growth of azimuthal electric field oscillation exhibits an expo-
nential growth characteristic during the linear growth period.
The 7 in Fig. 2(d) shows the amplitude linear growth rate nor-
malized by the ion plasma frequency @,; = \/nlqz/—mlso . The
azimuthal electric field distribution at each time point is sub-
jected to a fast Fourier transform (FFT), and the amplitude
corresponding to the maximum frequency is selected as the
characteristic amplitude at the corresponding time, followed
by a linear fit to calculate the amplitude growth rate.

Figure 3 shows the temporal evolution of the amplitude
of azimuthal electric field oscillation and the corresponding
frequency spectrum analysis, here, the amplitude is normal-
ized by the axial electric field strength. As shown in Fig. 3(a),

Ly (cm)
E, (10° V/m)

g
=)
)

g
S
5:
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1 & S
2 E 23
) oot
< 02 £ 9 L
q:’ ~ a X
1 E 5 =0.0928
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0  0.125 0.250 0.375 0 3

1 2
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Fig. 2. Temporal evolution of azimuthal electric field, electron den-
sity, and the temporal evolution of the amplitude of azimuthal electric
field oscillations: (a) electric field in azimuthal direction, (b) electron
density, (c) azimuthal electric field evolution during the linear growth
phase, (d) amplitude of the azimuthal electric field.
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Fig. 3. Temporal evolution of amplitude of azimuthal electric field os-

cillations and the corresponding frequency spectrum analysis: (a) am-

plitude evolution (I: linear growth phase; II: nonlinear growth phase; III:

quasi-steady-state phase), (b) frequency spectrum at nonlinear growth

and quasi-steady-state stages.
the amplitude variation of EDI follows a linear growth re-
lationship before 0.375 ps. At the timepoint of 0.375 us,
where the amplitude reaches 2.5 times the axial electric field,
the linear growth relationship is disrupted, and the growth
rate slows down. At the timepoint of 0.75 us, the ampli-
tude of the EDI experiences a sharp drop, followed by os-

cillation and slow growth. After the 2.75 us, EDI enters a
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high-amplitude oscillation mode, with the amplitude reaching
to 7 times the strength of the axial electric field. Three clear
evolution phases are shown in this process of EDI: (I) linear
growth phase (0.1 ps—0.375 us), in which the amplitude of
the azimuthal electric field oscillation increases linearly; (II)
nonlinear growth phase (0.375 ps-2.75 us): EDI enters the
first nonlinear growth phase (II-1 shown in Fig.3(a)), in which
the amplitude of EDI continues to increase, but no longer
follows the linear growth rate; after 0.75 ps, EDI enters the
second phase of nonlinear growth (II-2 shown in Fig. 3(a)),
where the oscillation amplitude of EDI increases slowly and
exhibits pronounced oscillation; (III) quasi-steady-state phase
(after 2.75 ps): EDI reaches saturation finally, where the os-
cillation frequency no longer changes and the amplitude ex-
hibits irregular oscillation. The spectrum analysis of the non-
linear growth phase and quasi-steady-state period of the EDI
are shown in Fig. 3(b). As can be seen from this figure, the
EDI has a major frequency of 5 MHz in the nonlinear growth
phase, and the major frequency of EDI decreases to 4.9 MHz
after entering the quasi-steady state.

Figure 4 shows the temporal evolution of the average par-
ticle energy and its azimuthal energy within the simulation re-
gion. As shown in Fig. 4(a), the average energy of ions rapidly
increases, and reaching 95 eV at the 0.75 ps. This is primar-
ily due to the acceleration of ions in the axial direction by
the applied electric field. Subsequently, the ion energy un-
dergoes oscillation until the EDI reaches a quasi-steady state.
The electron energy first increases briefly, then decreases, and
eventually stabilizes with oscillations in a range from 30 eV
to 45 eV. From Fig. 4(b), it can be observed that the azimuthal
ion energy starts to increase from 0.1 eV after the onset of EDI.
It exhibits different growth patterns during different stages of
EDI development until it stabilizes at 6 eV after the EDI en-
ters a quasi-steady state. The variation of electron tempera-
ture in the azimuthal direction follows a similar trend to the
overall energy change. This means that due to EDI, there oc-
curs a significant ion heating mechanism in the azimuthal di-
rection. It is worth noticing that the variation of azimuthal
ion energy during the linear growth and the first nonlinear
growth phase of EDI shows a similar trend to the amplitude
variation shown in Fig. 3(a), which exhibits a short and rapid
initial increase, followed by a brief decrease and then a slow
growth. These pieces of evidence indicate a close relationship
between the azimuthal ion heating mechanism and the evolu-
tion of EDI. To investigate the ion heating mechanisms of EDI
and their relationship with the development of instability, four
time points, denoted as t; = 0.1 ps, t, =0.375 us, 13 =0.75 ps,
and #4, = 2.75 us, to represent different stages of EDI develop-
ment, are selected. The azimuthal particle density oscillations,
velocity phase space evolution, and changes in velocity distri-
bution fitting profiles at each of these time points are shown in

Figs. 5-7.

Figure 5 shows the azimuthal distributions of electron
density and ion density at different time points. It can be ob-
served that the electron density distribution oscillates before
the ion density distribution. As the particle energy increases,
the amplitude of plasma density oscillation also increases. At
to = 0.375 ps, the amplitude of the plasma density reaches
twice that of the initial density and stabilizes. This is because
electrons have a higher azimuthal velocity than ions. Because
of this velocity difference, the electron density oscillates be-
fore the ion density, and the oscillation of ion density is trig-
gered off through their interactions. The interaction between
electrons and ions, which results in oscillation in ion density
and energy loss for electrons in the azimuthal direction, is
commonly referred to as electron—ion friction. By combin-
ing Figs. 4(b) and 5, it can be observed that EDI induces a
deceleration of electrons and an acceleration of ions through
the increase of electron—ion friction in the azimuthal direction.
When electron density oscillation and ion density oscillation
are almost synchroinous, the ion azimuthal energy reaches its
maximum value of 6 eV, and the amplitude of ion density is
slightly higher than that of electron density.
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Fig. 4. Temporal evolution of (a) average particle energy and (b) its
azimuthal energy in simulation region.
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Fig. 5. Ion density distributions and electron density distributions at
different time points.

Figure 6 shows the evolutions of the ion phase space plot
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in azimuthal direction at different time points. As observed in
this figure, the ion phase space gradually forms a vortex struc-
ture. At 3 = 0.75 ps, vortices start to emerge in the ion phase
space, accompanied by the formation of a striped long-tail,
while the amplitude of the instability oscillation increases to a
larger amplitude. At #4 = 2.75 ps, the majority of ion veloc-
ities are limited within the range of £5000 m/s. Combining
with Fig. 3(a), it can be observed that EDI exhibits irregular
amplitude oscillations at #3 = 0.75 ps. This is due to the fact
that after 3 = 0.75 us, the EDI wave of the phase velocity is
close to the ion thermal velocity. Under the influence of non-
linear Landau damping, the EDI and ions are interacted with
each other, entering the nonlinear development phase. After
entering the nonlinear phase, resonance occurs between the
EDI wave and ions with velocities close to the wave speed.
When there is a larger number of ions with velocities lower
than the wave velocity, the particles gain more energy from
the wave than their contribution to it. This explains the differ-
ence in the growth trend of ion azimuthal energy between the
nonlinear growth stage and the linear growth stage in Fig. 4(b).
This phenomenon hinders the development of EDI and further
heats the ions in the azimuthal direction. This is consistent
with the phenomenon observed in the experiment in Ref. [41].
As the ion velocity increases, distinct vortex patterns appear in
the ion phase space, indicating that the ions are trapped in po-
tential wells. Starting from this stage, the trapped ions exhibit
energy oscillation as shown in Fig. 4(a).

Figure 7 shows the fitted azimuthal ion velocity distri-
bution profiles at different time points. The dotted lines in
Fig. 7 represent Maxwellian distributions of the velocity dis-

—1000
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—2000
0
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Length (cm)

(c) t3=0.75 ps

-1 "

Azimuthal velocity (10* m/s)
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tribution function (VDF) for ions with the same temperature
at the corresponding time. The dotted dash lines indicate the
wave speed of EDI at the corresponding time points. From
Fig. 7, it can be observed that the ion azimuthal velocity fol-
lows the Maxwellian distribution when EDI starts to generate.
However, as EDI grows, the ion azimuthal velocity gradually
deviates from the Maxwellian distribution. The actual veloc-
ity distribution profile is broader than the Maxwellian distri-
bution, with the proportion of high-speed ions increasing sig-
nificantly. This broadening effect is attributed to ion acceler-
ation in the azimuthal direction, caused by electron—ion fric-
tion which results in the ions velocity deviating from the typi-
cal Maxwellian distribution. As shown in Figs. 7(b)-7(d), the
velocity distribution profiles in the azimuthal direction gradu-
ally shift towards positive values with ion energy increasing.
Moreover, the portion of the velocity distribution profile ex-
ceeds the value of the dotted dash line gradually approaches
zero. This is due to the fact that after entering the nonlinear
growth phase, EDI extracts energy from ions with velocities
exceeding the wave speed, leading it to further grow. The in-
teraction between waves and ions reduces the proportion of
velocities exceeding the wave speed in the velocity distribu-
tion. When the portion of ions with velocities exceeding the
wave speed approaches zero, ions become trapped in potential
wells. At this stage, the ion heating mechanism of EDI is dis-
rupted, and the ability to gain energy through wave-particle in-
teraction is suppressed. Consequently, the EDI enters a quasi-
steady state where ions no longer interact with the wave, and
ion energy tends to stabilize.
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Fig. 6. Evolutions of ion phase space in azimuthal direction at different time points.
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3.2. Effect of propellant type on EDI

In this study, three different types of propellants, Ar, Kr,
and Xe, are selected to investigate their influences on the EDI.
The variations in the mass of the propellant ions, atomic ion-
ization energy, and scattering cross-section are considered.
Only the collisions between electrons and neutral particles, in-
cluding elastic, excitation, and ionization collisions, are con-
sidered under different types of propellants.

L, (cm) L, (em) L, (cm)
O NO KR NO R N

Fig. 8. Spatiotemporal distribution of angle electric fields with different
propellants: (a) Xe, (b) Kr, and (c) Ar.

Figure 8 displays the spatial and temporal distributions
of the azimuthal electric field with different propellants. It
can be observed from the figure that changing the propellant
type does not have a significant inhibitory effect on the gener-
ation of EDI, as the oscillations of the azimuthal electric field
occur nearly simultaneously in different propellants. Table 3
shows the duration, initial amplitude, and linear growth rate
of the oscillatory linear growth phase of EDI with different
propellants, with the linear growth rate normalized by the ion
plasma frequency of Xe*. From the table, it can be observed

that as the ion mass decreases, the linear growth duration of
EDI gradually decreases and the initial amplitude decreases,
the linear growth rate increases. This is due to the lighter ions
being more susceptible to the effect of electron—ion friction,
resulting in an earlier onset of EDI and a faster growth in its
amplitude. The oscillation amplitude, frequency, phase veloc-
ity, and ion temperature are shown in Figs. 9 and 10 to study
the influences of different propellants on the EDI.

Table 3. Durations, initial amplitudes, and growth rates in EDI’s linear
growth phase with different types of propellants.

Propellant types Duration (us) Initial amplitude (Ep) Growth rate (@)

Ar 0.28 0.3667 0.1505
Kr 0.30 0.4069 0.1409
Xe 0.38 0.4224 0.0928

Figure 9 shows the temporal evolutions of the amplitude
of azimuthal electric field oscillation and the variations in fre-
quency and phase velocity with different propellants. In this
figure, the amplitude of oscillation is normalized by the axial
electric field, and the frequency and phase velocity of the oscil-
lation are analyzed as the system reaches a quasi-steady state.
As shown in the figure, reducing the ion mass leads to faster
attainment of a quasi-steady state in EDI, and it can effectively
suppress the amplitude of oscillation after EDI has reached a
quasi-steady state. Notably, the oscillations under Kr propel-
lant and Ar propellant enter a large oscillation mode faster than
under the Xe propellant. The frequency and phase velocity in
the quasi-steady state of the EDI gradually increase as the ion
mass decreases. The steady-state frequency of EDI oscilla-
tions in Ar, compared with that in Xe, increases by 30.23%,
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and the phase velocity increases by 30.22%. This is because
ions with larger mass are not easily accelerated by the axial
electric field, which leads to longer residence times of ions in
the simulation region and longer EDI oscillation period, thus
reducing the frequency. The lower acceleration and longer res-
idence time of ions with heavier mass in the region also con-
tribute to a decrease in the phase velocity of EDI oscillations.

Figure 10 shows the temporal evolutions of the average
energy and azimuthal energy of particles for different propel-
lants. From Fig. 10 it is evidently seen that as the ion mass
decreases, electron temperature deceases sightly. The total en-
ergy gained by ions from the axial electric field decreases and
stabilizes more quickly. Moreover, the maximum energy of
ions in the azimuthal direction increases, while the energy in
the electron azimuthal direction gradually decreases. The ions
are heated more rapidly in the azimuthal direction, resulting
in a reduction in the amplitude of ion azimuthal energy oscil-

8

Kr—Xe

(a) e Ar

Average amplitude

Time (us)

Frequency (MHz)

lation during the second nonlinear growth phase of EDI and a
faster transition to the quasi-steady state. However, after en-
tering the quasi-steady phase, there is no significant change
in the azimuthal energy of ions for different propellants. This
indicates that the change in propellant types does not signif-
icantly affect the effectiveness of the ion heating mechanism
of EDI. Additionally, with ion mass decreasing, ions become
more susceptible to acceleration from the axial electric field
and electron—ion friction. The former leads to the increase of
axial acceleration, causing ions to exit from the simulation re-
gion more quickly. The latter results in a higher heating rate of
ions in the azimuthal direction and facilitates faster interaction
between ions and EDI. The faster interaction between ion and
EDI wave enhances the possibility of ion capture, thereby sup-
pressing the amplitude of ion energy oscillation and shorten-
ing the duration of the second nonlinear growth stage of EDI.
Consequently, ions reach a steady state more rapidly.
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Fig. 9. (a) Temporal evolutions of amplitude of azimuthal electric field oscillation and (b) variations of frequency and phase velocity of EDI

with atomic mass for different propellants.
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for different propellants.
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3.3. Effect of EDI on axial electron mobility

EDI may be one of the main reasons for abnormal ax-
ial electron mobility. Considering the electron migration trig-
gered by electrical drift instability, the classical electron mo-
bility is corrected by introducing the electron momentum con-

servation equation as follows:[¢7-38]

— (mnevge) + V- (mnevgevge)

dt
= gne (EJF'Ude X B) — MUAeVge + Rei — V- I, (2)

where m and g are the electron mass and charge, n. and vg. are
the electron density and drift velocity, respectively, and vy, is
the collision frequency of electrons with neutral atoms in the
simulation region, R is the electron—ion friction force den-
sity, and IT. represents the electron stress tensor.

By neglecting the electron—ion friction term in Eq. (2), the
classical electron mobility due to collisions can be obtained as

follows:[7-24]

lq|

feon = —0m_ 3)

ce

1+ g

where @ is the electron cyclotron frequency, and the

classical mobility of electrons in the simulation region is

0.0021 m?/(V -s) calculated from Eq. (3), which is in the same
order of magnitude as the simulation results in Ref. [34].

By taking into consideration the influence of EDI, the

axial electron migration rate, equation (2) can be expressed
[7,24]
as

4|
Wce R
Hetr = —2 { ] @)
11 % Um qnek;
V3,

When considering the influence of azimuthal electric field os-
cillation in EDI, the axial electron migration rate can also be

expressed as follows: (724!
4| ()
mv e (NeEy
Mo = — 0 |1 — —= 220 (5)
1 e Um  nekE;
+ DT
m

where (n.Ey) is the integration of azimuthal electric field and
electron density oscillations over time and space, and can be
expressed as

Ly T 1
<neEy> = /0 /0 ﬁne (yJ)Ey (yvt) dydz. (6)
Y

Furthermore, in this study, the actual axial electron mobility in
the simulation region is calculated by working out the average
axial electron velocity in the simulation region:

E]]yzlvjz
NEy ’

)

Upic =

where v, is the the axial component of the electron velocity,
N is the number of electrons in the simulation region, and Ey
is the axial electric field set by the model. The ion heating
mechanism is a complex process influenced by various fac-
tors, making it challenging to be analyzed quantitatively. By
comparing Eq. (4) with Eq. (5), the electron—ion friction force
density can be expressed as!”}

Rei = |q| <neEy>. (8)

In the study the parameter R.; is used as a measure of the re-
sponse of the EDI to the heating capacity of ions in the az-
imuthal direction. It is described in Ref. [34] as follows:

el 1
&IV GaneTo), ©
S

where C; is the ion sound velocity. In this simulation, the ini-

|Rei| =

tial velocity of ions is very low, and uniformly distributed in
the azimuthal direction and the radial direction. Thus, the ex-
pression of R.j can be rewritten as 9]

- le| veneTe

R 1 ~ T =T .
Rei 4y/6 GL.

(10)

Therefore, combining Egs. (4) and (10), it can be concluded

that the axial electron migration rate can also be expressed un-

der the condition satisfied by Eq. (10) as follows: 8]

1 le| Tz
=y [ S 11

Figure 11(a) shows the axial electron mobility in the

simulation region within the 2-ps interval for different pro-
pellants after the EDI has reached the quasi-steady state.
The axial electron mobility is calculated from Egs. (5) and
(7). From the figure, it can be observed that the axial elec-
tron mobility for Xe propellant in the simulated region is
9.98 m?/(V-s), which is consistent with the result reported in
Ref. [23]. When considering the actual differential scattering
cross-section, the axial electron mobility fluctuates within a
range of 9.98 m2/(V-8)-11.50 m2/(V-s), showing no significant
variation with change in the type of propellant. This indicates
that changes in the type of propellant will not significantly
affect the axial electron mobility at the exit of the thruster
discharge channel. Figure 11(b) depicts the variation in axial
electron mobility when neglecting change in the differential
scattering cross-section, yielding similar results to those re-
ported by Asadi et al.[*3! which demonstrates that increasing
the ion mass can suppress the axial electron mobility effec-
tively. This is attributed to the fact that neglecting the chnges
in differential scattering cross-sections can distort the electron

energy loss caused by collisions in the model. By combining
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Fig. 11. Variations of (a) axial electron mobility and (b) electron energy
with atomic mass for different propellants.

Fig. 10(b) with Fig. 12, it can be observed that Xe atoms pre-
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dominantly experience elastic collisions with electrons in the
simulation region. But Ar atom and Kr atom exhibit a higher
frequency of excitation collisions with electrons, leading to
more significant electron energy losses. Referring to Eqs. (8)—
(10), it becomes evident that change in electron temperature
directly influences variation in Rj, subsequently leading to the
variation of axial electron mobility. As depicted on the verti-
cal axis of Fig. 11, the electron temperature variation resulting
from change in scattering cross-sections align with the cor-
responding trends in axial electron mobility under respective
conditions.
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Fig. 12. Variations of differential scattering cross-sections with electron
temperature for different propellants.
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Fig. 13. Variations of (a) axial electron mobility and (b) electron—ion friction force density with electric field strength for different propellants;
variations of (c) axial electron mobility and (d) electron—ion friction force density with magnetic field for different propellants.

Figure 13 shows the variations of axial electron mobil-
ity and the corresponding electron—ion friction force density

with the applied electric and magnetic field strength for dif-

ferent propellants. It can be observed from Fig. 11 that the
axial electron mobility calculated from Egs. (5) and (7) ex-

hibit good consistency, therefore figure 13 only displays the
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axial electron mobility calculated from Eq. (7). As shown in
Figs. 13(a)-13(c), smaller axial electric field and larger mag-
netic field can effectively suppress the axial electron mobility.
This aligns with the conclusion drawn from the experimental
findings in Ref. [42]. Changes in types of propellants with ex-
ternal electric strength and magnetic field strength do not have
a significant influence on the axial electron mobility. Accord-
ing to vge ~ E /B, the increase in electric field strength and
the decrease in magnetic field strength both result in a larger
drift velocity of electrons in the azimuthal direction. More-
over, the smaller magnetic field strength also results in the
lager electron cyclotron drift radius. This weakens the abil-
ity of the electromagnetic field to bind the electrons, allowing
the electrons to quickly pass through the simulation region.
As illustrated in Figs. 13(b) and 13(d), the enhancement of
the electron—ion friction force density further promotes the in-
crease in axial electron mobility.

4. Conclusions

This study focuses on the physical processes of the elec-
tron drift instability in the near-exhaust region of Hall thruster
channel. A 1D physical model is established, and the gener-
ation, development, and saturation process of EDI, as well as
its influence on particle energy and density, are numerically
studied by using particle-in-cell simulation. The influences of
different propellants on the EDI and axial electron mobility
are also discussed. The obtained results are given below.

During the linear growth phase, EDI exhibits a signifi-
cant ion heating mechanism in the azimuthal direction through
electron—ion friction, resulting in ion acceleration. In the non-
linear growth phase, EDI wave speed is similar to the ion ve-
locity and further grows to reach a quasi-steady state through
the Landau damping effect. However, the ion heating mecha-
nism of EDI becomes ineffective due to the ion wave trapping
effect caused by Landau damping.

The choice of propellant in Hall thruster can affect the
frequency and amplitude of the EDI oscillation greatly. In-
creasing the mass of the propellant prolongs the duration of the
linear growth phase of EDI and reduces the linear growth rate
of the amplitude. Comparing with Xe as the propellant, the
linear growth rate of the amplitude of EDI under Ar decreases
by 38.34%. Once EDI reaches a quasi-steady state, the smaller
ion mass leads to higher frequency and smaller amplitude of
EDI oscillation. Comparing with Xe, the oscillation frequency
and phase velocity of EDI under Ar increases by 30.23% and
30.22%, respectively.

The EDI can lead to an abnormal increase in the ax-
ial electron mobility by increasing electron—ion friction force.
Variations in propellant type, with the actual differential scat-
tering cross-section considered, are not sufficient to cause a
significant change in the axial electron mobility. Additionally,

smaller electric field and higher magnetic field strengths can
effectively suppress the axial electron mobility. It is consistent
with relevant experimental research results.
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