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Nonlinear interaction between kinetic instabilities in partially magnetized plasmas in the presence of multiply-charged
ion streams is investigated using kinetic simulations. It was observed by Hara and Tsikata [Phys. Rev. E 102, 023202
(2020)] that the axial ion-ion two-stream instability (IITSI) due to singly and doubly charged ion streams, coupled with
the azimuthal electron cyclotron drift instability (ECDI), enhances cross-field electron transport. In the present study, it
is observed that the addition of triply charged ions (as a third ion species) contributes to damping of the excited modes,
leading to a reduction in the cross-field electron transport. The net instability-driven electron transport is shown to be a
function not only of the azimuthal modes, such as the ECDI, but of the multiple ion species that dictate the development
of additional plasma waves. It is found that trapping of the higher ion charge states within the plasma waves results in
a broadening of the ion velocity distribution functions.

I. INTRODUCTION

Cross-field electron transport across magnetic field lines
plays an important role in fusion, astrophysical, and E×B
discharge plasmas1,2. While cross-field discharges have been
widely studied theoretically3–6, experimentally7–10, and nu-
merically11–14, turbulent transport of electrons across the
magnetic field is still not well understood. Experimentally
measured electron transport has been shown to be signifi-
cantly higher than that predicted from classical collisional
transport processes.

Over the last few decades, a number of different models,
using fluid11,15,16, kinetic17–20, and hybrid approaches21–23,
have been proposed to explain these phenomena. Fully kinetic
particle-in-cell (PIC) models have been recently used to inves-
tigate the role of plasma turbulence induced by kinetic insta-
bilities on the cross-field transport of electrons. While elec-
tron diffusion across the magnetic field lines can be caused
by fluctuations in the electric field in the E× B direction
alone, microturbulence may be driven by nonlinear coupling
between different linear instabilities24–26 and can influence
the cross-field electron mobility14,27. In developing reduced-
order models for electron transport, accounting for the effects
of such mode coupling is necessary.

The existence of a variety of charge states within such plas-
mas has additional wide-ranging implications. Depending
on the discharge characteristics, such as the operating power,
triply and even quadruply charged ions can be generated in ad-
dition to the singly and doubly charged ions in HETs28. The
generation of higher charge states is also a known feature of
other E×B devices such as planar magnetrons29 operating in
high-current pulsed regimes. Ions of different species also re-
sult in complex kinetic phenomenon, such as the mixture of
ion species near the plasma sheaths30 and light ions poten-
tially stabilizing plasma turbulence31.

Previous work by Hara and Tsikata in Ref. 32 investigated
the coupling between the electron cyclotron drift instability
(ECDI) and ion-ion two-stream instability (IITSI) in Hall ef-
fect thrusters (HETs) due to the mixture of singly and dou-
bly charged ion streams using kinetic theory and simulations.
The relative velocity between singly and doubly charged ion
streams causes the excitation of the IITSI, first identified and
studied in coherent Thomson scattering measurements25. In
addition, it was shown in Ref. 32 that cross-field electron
transport is enhanced due to the multidimensional plasma
waves initiated by the coupling between ECDI in the az-
imuthal direction (in the direction of the E×B drift) and IITSI
in the axial direction (in the direction of the applied E field).

In the present paper, we now analyze a more complex, but
physical, case involving three ion populations using the axial-
azimuthal PIC simulation. We consider the case in which a
large-amplitude IITSI due to singly and doubly charged xenon
ions is present while the ECDI is initiated in the cross-field di-
rection. A third species of triply charged xenon ions is then
introduced in the simulations and their effects on the mul-
tidimensional plasma wave and cross-field plasma transport
are investigated by varying the triply charged ion fraction.
Charged species streaming with different velocities nonlin-
early interact with the plasma wave, leading to particle trap-
ping that influences the nonlinear saturation of these instabil-
ities. The trapping mechanisms for the three species consid-
ered in the simulation and their impact on the corresponding
velocity distribution function (VDF) is also analyzed.

This paper is organized as follows. The simulation method
and physical and numerical parameters are described in Sec-
tion II. Section III A discusses the coupling of ECDI and
IITSI. In Section III B, the wave damping due to triply charged
ions is analyzed. The effect of the wave damping on cross-
field electron transport is discussed in Section III C. Finally,
broadening of ion VDFs and nonlinear trapping of ion species
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is presented in Section III D.

II. SIMULATION METHOD AND PARAMETERS

The 2D axial-azimuthal Particle-in-Cell (PIC) model orig-
inally proposed by Boeuf and Garrigues14 and later utilized
by Charoy et al.13 and Hara et al.32 is adapted and further ex-
tended to incorporate a triply charged ion species in the simu-
lations.

A 2D Cartesian domain in the axial (x) and azimuthal (y)
plane with axial length Lx = 2.5 cm and azimuthal length Lx =
1.28 cm is discretized uniformly using 500 and 256 cells, re-
spectively. At the beginning of the simulations, electrons and
ions are loaded uniformly with a density of 5.0× 1016 m−3

and a Maxwellian velocity distribution with electron temper-
ature, Te = 10 eV, and ion temperature, Ti = 0.5 eV. While
the collisions are neglected in this setup, ionization events
are modeled using an ionization rate function, Si(x), assumed
constant in time, leading to a constant ion current density in
steady state14. The steady-state continuity equation for the
ions can be written as,

∇ · (ji1 + ji2 + ji3) = e(Si1 +2Si2 +3Si3),

where jik is the ion current density, e is the elementary charge,
and Sik is the ionization rate for k = 1,2,3 corresponding
to singly, doubly, and triply charged ion species, respec-
tively. We define αd and αt to be the fraction of doubly and
triply charged ion current densities with respect to the total
ion current density, such that the individual source terms are
assigned as Si1 = (1−αd−αt)Si(x), Si2 = αdSi(x)/2, and
Si3 = αtSi(x)/3. Here, the total ionization rate Si(x) is defined
as

Si(x) = S0 cos
(

π
x− xM

x2− x1

)
,

where x1 = 0.25 cm, x2 = 1.0 cm, xM = (x1 +x2)/2, and S0 is
adjusted to impose jM = 400 A/m2 to be the total ion current
density.

The radial magnetic field is applied in the axial (x) direc-
tion, given by B(x) = Bmax +B0ξ (x), where

ξ (x) = 1− exp

[
1−
(

x− xL

2σb

)2
]

and B0 = (Ba − Bmax)/ξ (0) if x < xL and B0 = (Bc −
Bmax)/ξ (xL) if x ≥ xL. Here, xL = 0.75 cm, σb = 0.625 cm,
Bmax = 100 G, Ba = 60 G, and Bc = 10 G. Neutral atom
dynamics and transport is not taken into account. Periodic
boundary conditions are used in the azimuthal direction. The
anode plane, located at the left axial boundary is kept at a fixed
potential of 200 V. At the cathode plane, i.e., x = 2.4 cm,
the azimuthally averaged potential is set to be zero14, and
the electrons are injected from a random position in the az-
imuthal direction maintaining current conservation, i.e., Γec =
Γea−Γi1a− 2Γi2a− 3Γi3a, where Γec is the number of elec-
trons re-injected from the cathode plane, and Γea,Γi1a,Γi2a,

and Γi3a are the number of electrons, singly charged ions, dou-
bly charged ions, and triply charged ions absorbed at the an-
ode plane, respectively.

An explicit PIC code, developed within the Plasma Dynam-
ics Modeling Laboratory at Stanford University and bench-
marked against several different codes in the community, is
utilized for the simulations presented in this paper13,32. The
code is written in C++ and utilizes Message Passing Interface
(MPI) for particle decomposition. The Poisson equation is
solved using the scalable linear solver library, HYPRE. Sim-
ulations are performed with a grid size of 50 µm in both di-
rections and the number of particles per cell reaches approxi-
mately 250 in the steady state. Numerical convergence studies
have shown that these parameters are sufficient for resolving
the physics processes of interest in this paper.

III. RESULTS AND DISCUSSION

The effect of increasing the fraction of triply charged ion
species (αt) in addition to singly and doubly charged ions
is studied. The results presented in the paper use a condi-
tion in which the doubly charged ion fraction is fixed (αd =
20%) such that a large-amplitude IITSI coexists with ECDI32

and the triply charged ion fraction is varied αt = 0− 10%.
The plasma wave behavior reaches a steady state around
10−15 µs and the simulations are run up to 30 µs to ensure
that the plasma wave characteristics do not diverge.

A. Coupling between ECDI and IITSI

Figure 1 shows the instantaneous azimuthal (Ey) and axial
(Ex) electric field due to coupling between ECDI and IITSI
for αt = 0 in the top row and 10% in the bottom row, respec-
tively, in steady state. The results without the triply charged
ions (top row) are identical to the cases presented in Ref. 32.
Here, the addition of triply charged ions (bottom row) sim-
ilarly shows the coexistence of ECDI (modulation along y)
and IITSI (modulation along x). The azimuthal plasma wave
observed in the simulation exhibits wavelength correspond-
ing to the resonance at kyλD ≈ 0.9, where the ECDI growth
rate is maximum. The dominant wavelength of axial fluctu-
ation is on the scale of 1 mm driven by the IITSI. As dis-
cussed in Ref. 32, the simulation results show that the ECDI
is primarily driven in the region where E ×B drift is largest
(x ∈ [0.5 cm,1 cm] in this simulation) and the IITSI is driven
in the region where the velocity difference between Xe+ and
Xe2+ increases (x≥ 1 cm in this simulation).

B. Wave damping due to addition of triply charged ions

As the fraction of triply charged xenon ions (Xe3+) is in-
creased, damping of the the plasma wave amplitude can be
seen. To further quantitatively investigate such damping in
the presence of triply charged ions, we perform fast Fourier
transform (FFT) analysis of the two-dimensional electric field
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FIG. 1: Effect of increasing triply charged ion concentration
on instantaneous azimuthal (Ey) and axial (Ex) electric field

due to coupling between ECDI and IITSI. Top row:
αd = 20% and αt = 0; bottom row: αd = 20% and

αt = 10%. Results are shown for t = 18 µs, i.e., after the
steady state is reached. The colorbar is saturated for better

visualization of axial fluctuations in the downstream region,
where min and max on the color scale correspond to
−2.0×104 V/m and 2.0×104 V/m, respectively.

components in the plume, within x ∈ [1.4 cm, 2.4 cm] and
t = [15 µs, 20 µs].

Amplitudes of the FFT of azimuthal field (Ey) and axial
field (Ex) are shown in the (kx,ky) plane for the 0% Xe3+ case
in Figs. 2(a1) and (b1), respectively. The peaks at kx = 0 in
Fig. 2(a1) correspond to the resonance modes of the ECDI.
Additionally, signatures of axial fluctuation of Ey are evident
in the bright spots at kx 6= 0, suggesting that the axial oscil-
lations of Ey are correlated with the axial oscillations of Ex
due to the IITSI, as shown in Fig. 2(b1). However, the ECDI
resonances in the Ey spectra are not found in the Ex spectra,
indicating that the axial plasma waves (Ex) are not influenced
by the ECDI. This is because the ions are accelerated to ve-
locities that can initiate the IITSI downstream of the region in
which the ECDI occurs at kx = 0 due to the large E×B drift.

Figures 2(a2) and (b2) show the results when the fraction
of triply charged ions is increased from 0% to 10%. While
the FFT results show a structure similar to the case without
triply charged ions, there is a slight change in the amplitude
of the electric field fluctuations. Figure 2(a3) shows the FFT
of Ey as a function of ky, i.e., the results in Figs. 2(a1) and (a2)
integrated in kx. It can be seen that the amplitude of the az-
imuthal field Ey in the plume decreases approximately 30%,
when 10% triply charged xenon ions are added (αt = 0.1).
This is noteworthy since the electric field investigated here
is within the plume. As shown later in Fig. 3(d), the time-
averaged, azimuthally-averaged axial electric field is not mod-

ified due to the presence of triply charged ions, meaning that
the maximum E×B drift around x ∈ [0.5 cm, 1 cm] remains
unchanged. Hence, the azimuthal wave initiated by the E×B
drift would not be locally affected, if there is no influence
from other regions of the plasma flow. Additionally, using
the 2D linear dispersion theory in Ref. 32, the ECDI growth
rate was found to be unaffected by the presence of multiply
charged ions. The decrease in the Ey amplitude shown in
Fig. 2(a3) is thus unexpected, as the results indicate that the
axial IITSI in the presence of of Xe3+ affects the azimuthal
wave (the Ey fluctuation) that is primarily driven by ECDI in
the region where E×B drift is largest. The effects of mode
damping in the presence of light and heavy ion species have
been shown in different contexts, as was mentioned in the in-
troduction31,33. It is interesting to note that in the present case,
significant mode damping effects occur due to the presence of
multiple ion species of the same mass but with different ve-
locities. With differing charge states, these species reshape
the distribution of energy in the fluctuations via their response
to the applied accelerating field.

Finally, Fig. 3(b3) shows that the amplitude of the axial
field FFT|(Ex)|, integrated along ky and plotted against kx,
decreases nearly 8% when triply charged ions are present.
Since the linear dispersion theory indicates that the growth
rate of the IITSI is unaffected by the presence of triply charged
ions, the observed reduction of the plasma wave amplitude is
due to the nonlinear dynamics between multiply charged ion
streams. As will be shown later, multiply charged ions have a
different bounce frequency due to particle trapping within the
plasma wave. It is likely that such nonlinear phenomena lead
to the waves having more temporal and spatial modes, leading
to the damping of the plasma wave amplitude.

C. Effect of multiply charged ions on cross-field electron
transport

Electron transport in the cross-field direction can be char-
acterized by the axial electron bulk velocity12,34:

ue,⊥ =−µ⊥

(
E⊥+

1
ene

∇⊥pe

)
, (1)

considering the drift-diffusion approximation, i.e., in steady
state and when the inertia terms are negligible. Here, ue,⊥ is
the cross-field electron bulk velocity, µ⊥ is the cross-field mo-
bility, E⊥ = Ex is the axial electric field, and pe is the electron
pressure. Note that when collisional processes are dominant,
the cross-field mobility can be derived as µ⊥ = µ0(1+Ω2)−1,
where µ0 = e/(meνm) is the unmagnetized electron mobility,
me is the electron mass, νm is the electron momentum trans-
fer collision frequency, Ω = ωB/νm is the Hall parameter, and
ωB = eB/me is the electron gyrofrequency.

Figure 3 shows the plasma properties averaged in the y di-
rection and over a 5 µs period in the steady state. The changes
in the Xe+ density as αt is varied while keeping αd = 20% can
be seen in Fig. 3(a). There is no notable change in the dou-
bly charged ion density as αd = 20 % is used for all cases, as
shown in Fig. 3(b), and Fig. 3(c) shows that the triply charged
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FIG. 2: Damping of ECDI and IITSI in the presence of singly, doubly, and triply charged ions. αd = 20% is fixed while αt is
varied. Color plots show 2D FFT of time-averaged azimuthal (Ey) and axial (Ex) fields in steady state in the (kx,ky) plane: (a1)
FFT(Ey) with αt = 0%, (a2) FFT(Ey) with αt = 10%. (b1) FFT(Ex) with αt = 0%, and (b2) FFT(Ex) with αt = 10%. Min and

max values on the colorbar correspond to 100 and 1500 for (a1) and (a2), respectively, and 100 and 4000 for (b1) and (b2),
respectively. The line plots (a3) and (b3) are obtained from the 2D data by integrating with respect to kx and ky respectively:

(a3) shows the variation in the azimuthal electric field amplitude as a function of ky; (b3) shows the variation of the axial
electric field amplitude as a function of kx.

ion density increases proportional to αt . While the axial elec-
tric field, shown in Fig. 3(d), is slightly damped, the over-
all structure is not modified and the difference at the peak
is within 4% with increasing fraction of triply charged ions.
Since the contribution from the pressure gradient, i.e., dif-
fusion flux, is smaller than the drift flux due to the electric
field35,36 within the acceleration and plume regions, the results
shown in Fig. 3 indicate that the cross-field electron mobility
is proportional to |ue,⊥|.

Figure 4 shows the time-averaged, azimuthally-averaged
axial electron velocity, ue,⊥, for different triply charged ion
fractions. The electron bulk velocities shown here are ob-
tained by averaging in the y direction and over a 5 µs period in
the steady state between 15 and 20 µs. Note that the values are
negative as the electrons travel toward the anode (to the left of
the computational domain). The baseline case, αd = 20% and
αt = 0%, is identical to the results in Ref. 32. As the frac-
tion of triply charged ions is increased by varying αt to 5%
and 10%, a consistent reduction in the absolute value of axial
electron velocity is observed. While the electron bulk veloc-

ity in the upstream, e.g., x ∈ [0 cm,0.3 cm], is not affected by
the triply charged ions, the decrease in the electron bulk speed
is approximately 20% when αt = 10% from the case when
αt = 0.

Since the bulk plasma properties remain virtually un-
changed to this incremental change in the triply charged ion
fraction, as discussed in Fig. 3, it can be concluded that the de-
creased axial electron bulk velocity is caused by the reduction
in the anomalous electron mobility. It is to be noted that the
net ion current density in the system is constant, as discussed
in Section II. While it was shown in Ref. 32 that the genera-
tion of IITSI due to Xe2+ and Xe+ in addition to the ECDI en-
hances the cross-field electron mobility, Fig. 4 shows that the
addition of Xe3+ results in a slight reduction of the enhanced
cross-field electron mobility. It was discussed in Ref. 32 that
the cross-field electron flux density in the presence of plasma
turbulence can be written as, Γe,x = 〈n′eE ′y〉/Bz, where n′e and
E ′y are the fluctuations of the electron density and electric field,
respectively, and the bracket denotes temporal and spatial av-
erage. The reduced electron transport across magnetic field is
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FIG. 3: Spatially and temporally averaged plasma properties.
All quantities are averaged in y direction and over 5 µs

period in steady state. (a) Xe+ density, (b) Xe2+ density, (c)
Xe3+ density, and (d) axial electric field. All the physical and

numerical parameters are fixed while αd = 20 % and αt is
varied. Three cases corresponding to αt = 0,5 and 10% are

shown.

therefore likely to be attributed to the dampened electric field
amplitudes, shown in Fig. 2. The results indicate that the am-
plitude of the microturbulence developed due to the coupling
between ECDI and IITSI affects the cross-field electron trans-
port in the presence of ion species streaming with different
velocities.

D. Nonlinear ion wave trapping

The charged particles can be trapped within the axial
plasma wave initiated by the IITSI and the azimuthal plasma
wave initiated by the ECDI, resulting in a non-Maxwellian ion
velocity distribution (IVDF). Here, the axial and azimuthal
IVDFs of Xe+, Xe2+, and Xe3+ are presented.

1. Axial IVDF

The bulk velocity of ions that accelerate across a constant
discharge voltage Vd can be calculated as

UZ+
x =

(
2ZeVd

mi

)1/2

, (2)

where Z = 1,2, and 3 for Xe+, Xe2+, and Xe3+ respectively,
e is electron charge, mi is ion mass. For Vd = 200 V, the ion
bulk velocities U+

x ≈ 1.7× 104 m/s, U2+
x ≈ 2.4× 104 m/s,

and U3+
x ≈ 2.96× 104 m/s. The maximum velocity attained

by the ions is limited by the applied voltage in the absence of
any axial oscillations. However, some ions gain energy from

FIG. 4: Cross-field electron transport is reduced when
increasing triply charged ion species fraction. Plasma

properties are averaged in y direction and over 5 µs from
t = 15 µs−20 µs. For all cases, αd = 20% is used and the

results for αt = 0, 5%, and 10% are shown.

the particle-wave interaction and have energy exceeding the
limit imposed by the applied voltage.

Figure 5 shows IVDFs in x-vx plane in the presence of 20%
Xe2+ and 10% Xe3+. Ion VDFs for the x-component of the
velocity (vx) is shown in Figs. 5(a), (b), and (c) for Xe+, Xe2+,
and Xe3+, respectively. The particles are binned into a dis-
cretized phase space with ∆x = 50 µm and ∆v = 100 m/s. In
addition, Fig. 5(d) shows the IVDFs in the downstream, aver-
aged from x = 2 cm to x = 2.3 cm.

Despite the presence of triply charged ions, the linear dis-
persion relation suggests that the growth rate and real fre-
quency are not significantly modified. This is primarily be-
cause the doubly charged ion density is larger than triply
charged ion density and therefore the resonant condition is
mostly dictated by the interaction between singly and doubly
charged ion streams. Similar to the observations in Ref. 32,
the phase velocity, vφ , of axial plasma wave can be estimated
as vφ = ω/kx ≈ U+

x + cs, where ω and k are angular fre-
quency and wave number of the plasma wave and cs is ion
acoustic speed. Figures 5(a)-(c) show the trapping of charged
species around the phase velocity, vφ ≈ 2.15× 104 m/s. As
U+

x ≈ 1.7×104 m/s, this means that cs≈ 4.5×103 m/s, which
is consistent with the ion acoustic speed evaluated using 30 eV
electron temperature observed around x ≈ 1 cm, where IITSI
starts to grow32. The plasma wave results in Xe+ ions that
are higher energy than U+

x and a significant portion of Xe2+

to be decelerated, which are similarly observed in Ref. 32.
The most notable result in the present study is that the trap-
ping of Xe3+ can be seen from Fig. 5(d). It is interesting to
note that the axial plasma wave results in (i) Xe3+ particles
that are trapped around the phase velocity, forming a plateau
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FIG. 5: Instantaneous ion velocity distribution function (IVDF) for the x-component (axial) of the velocity, averaged in the y
direction is shown for (a) Xe+ (b) Xe2+, and (c) Xe3+. The horizontal dashed lines indicate the ion bulk velocities assuming

that the ions are accelerated across a constant voltage drop of 200 V. The colormap shows the VDFs normalized with the
reference VDF values, which is chosen as f+max for Xe+, 0.1 f+max for Xe2+, and 0.01 f+max for Xe3+ where f+max is the maximum
value of Xe+ VDF. Colorbar uses logarithmic scale, where min and max correspond to 1.0 and 1.0×10−4 respectively. Shown

in (d) are the axial VDFs in the plume (2.0≤ x≤ 2.3 cm) for the three species.

in the Xe3+ IVDF, and (ii) Xe3+ particles with higher veloc-
ities than U3+

x , i.e., the ballistic velocity predicted in Eq. (2),
shifting the peak of the IVDF to a higher velocity.

To quantitatively estimate the efficiency of the ion acceler-
ation, one can calculate the bulk velocity of the ions evalu-
ated from the first moment of the IVDFs, i.e., u =

∫
∞

0 v f̂ (v)dv,
where v is the particle velocity and f̂ is the normalized VDF.
The bulk velocities of Xe+, Xe2+, and Xe3+ can be obtained
from the IVDFs, shown in Fig. 5(d), as u+x = 1.61×104 m/s,
u2+

x = 2.06×104 m/s, and u3+
x = 2.62×104 m/s, respectively.

Using the ballistic velocities as shown in Eq. (2), if the beam
acceleration efficiency is defined to be ηb = (ux/Ux)

2, one ob-
tains ηb = 0.94, 0.86, and 0.88, for Xe+, Xe2+, and Xe3+, re-
spectively. The lower beam acceleration efficiencies for Xe2+

and Xe3+ ions are consistent with the axial deceleration and
collisionless thermalization due to the plasma wave, as shown
in Fig. 1.

2. Azimuthal IVDF

Figure 6 shows the IVDFs in y-vy plane of the three ion
species considered in the simulation at two axial locations.
The left column, Fig. 6(a), corresponds to the particles in the
source region, i.e., 0.5 ≤ x ≤ 1 cm, and the right column,
Fig. 6(b), corresponds to the particles in the plume region,
i.e., 1.4 ≤ x ≤ 2.5 cm. The condition for nonlinear particle

trapping within a sinusoidal potential wave can be written as,

|vφ − vZ+
x | ≥ ∆v =

(
2Zeφ0

mi

)1/2

, (3)

where vZ+
x is the particle velocity for the different charge state

Z = 1,2, and 3, and φ0 is the amplitude of the plasma wave.
Thus, Eq. (3) shows that the higher charge states are more
likely to be trapped within the potential waves.

Figure 6(a) shows that most ions are not fully trapped by
the azimuthal plasma wave (Ey) within the source region. The
trapping frequency37 is given by

ωb = k

√
2Zeφ0

mi
=

√
k

2ZeE0

mi
, (4)

where k is the wavenumber and E0 = φ0/k is the amplitude
of the electric field fluctuation assuming a sinusoidal potential
wave. From Fig. 1, E0≈ 2×104 V/m and k = 2π/λy = 9.55×
103 rad/m in the source region, where λy is the wavelength of
the plasma wave. This yields ωb ≈ 1.7× 107 rad/s. Hence,
the characteristic time for azimuthal particle trapping, τb =
2π/ωb is on the order of 0.4− 1 µs. On the other hand, the
characteristic time for ion transit, τt = L/vi, is on the order of
0.1 µs. Hence, as τt < τb, there is not sufficient time to be
fully trapped within the source region. It is to be noted that
the Xe3+ show the formation of high velocity components,
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7

FIG. 6: Instantaneous ion velocity distribution function (IVDF) for the y-component (azimuthal) of the velocity, averaged in the
x direction is shown for Xe+ in the top row, Xe2+ in the middle row, and Xe3+ in the bottom row. Two regions in the axial

domain corresponding to (a) source (0.5≤ x≤ 1 cm) and (b) plume (1.4≤ x≤ 2.5 cm) are shown. Colormap is identical to
Fig. 5.

which can be seen in Fig. 6(a3), because of the fastest trapping
frequency (Z = 3), as shown in Eq. (3). However, such triply
charged ions are not fully trapped either in the source region.

Figure 6(b) shows the azimuthal IVDFs in the plume re-
gion. The most interesting result is that the ion trapping fea-
ture is not observable for Xe+, as shown in Fig. 6(b1), while
Xe2+ and Xe3+ are fully trapped within the plasma waves,
as shown in Figs. 6(b2) and (b3), respectively. It is to be
noted that this feature is consistently found in other condi-
tions despite the amount of the Xe3+ ions. It can be seen from
Figs. 6(b2) and (b3) that the phase velocity of the azimuthal
plasma wave is vφ ≈ 6× 103 m/s, which is consistent with
the ion acoustic speed evaluated using the electron tempera-
ture of 50 eV observed in x ∈ [0.5 cm,1 cm]. Assuming a
potential fluctuation amplitude of 10 V and using Eq. (3), the
particles that are trapped within the potential wells must have
a trapping velocity of ∆v = 3.5×103 m/s, 5.4×103 m/s, and
6.6× 103 m/s for Xe+, Xe2+, and Xe3+, respectively. It can
therefore be concluded that vφ > ∆v for singly charged ions,
leading to virtually no ion trapping. On the other hand, doubly

and triply charged ions are trapped in the azimuthal direction
as vφ ≤ ∆v is satisfied.

The azimuthal IVDFs for the cross-field plasma in the pres-
ence of multiply charged ions are notably different from pre-
vious kinetic simulations where only singly charged ions are
considered27,38 because the only trappable ions are singly
charged ions if multiply charged ions are not present in the
simulation. The present results indicate that the IVDF mea-
surements of Xe+, e.g., using laser induced fluorescence, may
not be able to detect such ion trapping phenomena. Based
on the present kinetic simulations, Xe2+ and Xe3+ are more
likely to exhibit such non-Maxwellian behavior. However, it
is also to be noted that the ionization mechanism is simpli-
fied and is not self-consistently modeled in the present kinetic
simulations. Thus, the degree of ion trapping may change de-
pending on the location of the ion production within the dis-
charge plasma. Additionally, as the present results show that
the amplitude of the multidimensional plasma waves affects
the electron transport, three-dimensional kinetic simulations
are required to understand the electron transport in real sys-

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

00
67

30
5



8

tems.

IV. CONCLUSIONS

It was shown in Ref. 32 that singly and doubly charged ion
streams excite the IITSI, which, through its nonlinear interac-
tion with the ECDI, increases electron transport in the cross-
field direction. In the present work, microturbulence devel-
oped due to these interactions between the ECDI and IITSI
is now investigated accounting for a third (triply ionized) ion
population, using a multidimensional kinetic simulation. Sim-
ulations were performed for several fractions of triply charged
xenon ions while fixing the fraction of Xe2+ and other plasma
characteristics, which sets up the ECDI and a large-amplitude
IITSI.

The simulation results show that the IITSI driven by the
relative velocities between singly, doubly, and triply charged
xenon ions interacts nonlinearly with the ECDI. The mode
coupling between ECDI and IITSI is shown to decrease the
amplitudes of both axial and azimuthal plasma waves as the
fraction of triply charged ions is increased. The 2D dispersion
relation accounting for singly, doubly, and triply charged ion
species and magnetized electrons, predicts a negligible effect
of adding≤ 10% Xe3+ on the linear growth rate. However, the
nonlinear saturation of different instabilities plays an impor-
tant role in how large the amplitudes of plasma waves become.
In particular, these results indicate approximately 30% damp-
ing in azimuthal amplitude (in the direction of E×B drift)
and nearly 8% in axial amplitude (in the direction of applied
E field and across the B field) when 10% triply charged xenon
ions are added to the simulation. With an incremental increase
in the fraction of triply charged ions from 0 to 10%, the cross-
field electron transport is shown to reduce accordingly.

Ion species streaming with different velocities interact non-
linearly with the plasma wave and undergo trapping and heav-
ily influence the saturation of these instabilities. Trapping of
the three ion species near the source and in the plume shows
that when amplitude of plasma wave driven by the IITSI is
large enough, resonant particle-wave interactions take place
and higher charge state ions are deeply trapped. This leads
to broadening of the axial ion VDFs of all three species con-
sidered, where the Xe3+ VDF is shown to undergo the largest
broadening due to the separation between the particle veloc-
ity and the phase velocity of the axial wave. In addition, the
present simulations indicate that the singly charged ions may
not be fully trapped within the azimuthal plasma wave driven
by the ECDI. The multiply charged ions are more trapped be-
cause the trapping velocity scales as the charge state Z, which
may play an important role in experimentally detecting such
ion trapping features. The results of this paper are relevant to
partially magnetized devices in which a diversity of ion charge
states are generated. These findings show the extent to which
the presence of multiple charge states influences the nonlinear
behavior of key instabilities and their contribution to anoma-
lous transport.
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