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Fully Kinetic Simulations of Collisionless,
Mesothermal Plasma Expansion
Yuan Hu and Joseph Wang1

Abstract— This paper presents a fully kinetic particle-in-cell
(PIC) simulation of collisionless, mesothermal plasma expansion.
The study focuses on transient details of both kinetic
characteristics and macroscopic properties of electrons. Results
show that the electron characteristics inside and outside the
beam core region are very different. The interactions between the
electrons and the potential well established by the beam creates a
new, near-equilibrium state different from the initial condition
for electrons inside the beam. The electrons associated with
plasma expansion outside the beam is not isothermal. Results
also suggest that the commonly used assumption of Boltzmann
electron simplification in electric propulsion plume model is not
valid.
Keywords—full
Boltzmann relation

PIC;

I.

mesothermal

plasma

expansion;

INTRODUCTION

The expansion of a mesothermal, plasma flow into vacuum
is a classical topic in plasma dynamics, and is relevant to many
application problems in spacecraft-plasma interactions and
electric propulsion. (Mesothermal plasma is defined as having
a flow characteristics of vte >> vbeam >> vti, where vte, vbeam and
vti are the electron thermal velocity, beam drifting velocity and
ion thermal velocity, respectively.). The classical treatment of
mesothermal plasma expansion on ion plasma time scale
assumes that the electrons may be modeled as an equilibrium,
isothermal fluid. This approach simplifies the electron
dynamics and leads to the Boltzmann relationship for electron
density in a mesothermal plasma flow:
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where n0 and ϕ0 are the plasma density and potential at the
reference state, respectively. Eq(1) has been used in almost all
electric propulsion plume and spacecraft-plasma interaction
models so far.
The simplification of electron dynamics using the
Boltzmann relation is based on the assumption that the
electrons may be modelled as an equilibrium fluid. The cooling
associated with plasma expansion is also ignored. As the length
scale associated with typical electric propulsion and spacecraftplasma interaction problem is much less than the mean free
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path in plasma, it has been realized that such a simplification
may not provide an accurate electron model[1,2].
This paper presents a fully kinetic particle-in-cell (PIC)
simulation of collisionless, mesothermal plasma expansion.
Previously, Wang et al.[2] presented a full particle PIC
simulation of this problem focusing on electron-ion coupling
during expansion. This paper extends the study presented in [2]
and presents transient details of both kinetic characteristics and
macroscopic properties for electrons. The simulation results are
then applied to examine the validity of the Boltzmann
simplification of electrons in electric propulsion plume models.
II.

SIMULATION MODEL

The simulation mode is based on electrostatic full particle
PIC method. In this method, both the electrons and ions are
modeled as macro-particles. The dynamics of electrons and
ions, the space charge, and the electric field are solved selfconsistently from:
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The simulation setup, shown in Fig.1, is similar to that
described in [2]. This study considers 2-D plasma expansion.
At each step, macro-particles representing electrons and ions
are emitted along the z direction into the simulation domain as
a drifting Maxwellian distribution (Fig. 2). The mass ratio of
proton to electron mi/me=1836 is used. The temperature ratio of
ion to electron at the source is set to be Ti0/Te0 = 0.01. The
plasma drifting velocity is taken to be vbeam=0.1vte. The
simulation domain is initially a vacuum. The Neumann
boundary condition for electric field and absorption condition
for particles are applied at simulation boundary.
In the simulation, the cell size is taken to be the Debye
length at the plasma emission source, λD0. The size of emission
source is taken to be R=20λD0. The simulation domain is
400λD0×512λD0. The simulation was run using a time step
resolution of Δt×ωpe=0.05 and for a duration of tωpe = 1713.6.
At each step, approximately 2000 simulation particles are
injected. The total number of macro-particles is about 70
million at the end of simulation.
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electrons trapped inside the beam core region with the potential
well.

Figure 1. Illustration of simulation setup.

Figure 2. Velocity distributions of electrons emitted from the
source.
III.

The evolution of electron velocity distribution function for
these two groups of electrons is shown in Figs. 6-9. The
evolution of f(vx) (Figs.6 and 8) shows the kinetic
characteristics along the radial direction associated with the
expansion process. The vth(e),x becomes colder and the velocity
distributions, originally in the Maxwellian distribution,
deviates somewhat from its equilibrium state. The change of
velocity distributions in the radial direction is moderate
compared with that in the axial direction (Figs.7 and 9). The
evolution of f(vz) indicates that electrons first oscillate in the
axial direction due to the “collisions” with the potential well.
Such “collisions” thermalize the trapped electrons and create a
new, near-equilibrium state different from the initial condition.
After such a near-equilibrium state is achieved, the behavior of
f(vz) shows an expansion process similar to that of f(vx).
We next apply the full particle PIC simulation results to
examine the validity of using the Boltzmann relation for
electrons. Fig.10 shows a comparison of electron number
density profiles obtained directly from the simulation and that
calculated using the Boltzmann relation. In the Boltzmann
relation calculation, ϕ, ϕo and no are taken from the simulation
result. As the electron temperature is anisotropic, we also
consider Boltzmann relation calculations using Tx, Tz, and
(Tx+Ty+Tz)/3, respectively. The comparisons in Fig.10 shows
that the Boltzmann relation Eq(1) cannot be used to accurately
model the electron density in a collisionless, plasma expansion.

SIMULATION RESULTS

Fig.3 shows the potential and charge density contour at tωpi
= 30 (tωpe = 1285.2). As discussed in [2], a potential well is
established inside the beam core region between the beam front
and the beam source. The formation and propagation of this
potential well is the fundamental mechanism of beam
neutralization. Outside the beam core region, an expansion fan
is generated. The expansion fan is a presheath which connects
the beam potential to the ambient potential[3].
Fig. 4 shows the electron temperature contours. Both vth(e),z
and vth(e),x have higher values in the beam and gradually
decreases as plasma expands outward. The cooling of electrons
during expansion is not surprising as the expansion serves as a
cooling process for gases. However, it is interesting to note that
vth(e),z and vth(e),x are very different, indicating that the electron
temperature is anisotropic.
Fig.5 shows the temporal evolution of electron
temperatures at ion plasma time scales for two groups of
electrons emitted at tωpi = 0+ and tωpi = 5, respectively. We
find that the radial component of electron thermal speed, vth(e),x,
decreases with time. The gradual decrease of the temperature
in radial direction is consistent with the expansion process.
However, the temporal evolution of the axial component of
electron thermal speed, vth(e),z, is different. vth(e),z first increases
drastically and then decrease very quickly within several
plasma time scales after this group is emitted from the source.
We find that the time scale of electron heating along the beam
direction is comparable to that of the collisions between the

(a)

(b)
Figure 3. Potential (a) and charge density (b) contours when
tωpi = 30.
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(a)

(b)
Figure 4. Electron temperature contours tωpi = 30: (a) vth(e),z, (b)
vth(e),x.

Figure 6. Evolution of VDF(vx)of electrons emitted at
tωpi = 0+ (tωpe = 0.5).

(a)

(b)
Figure 5. Evolution of electron temperatures at ion plasma
time scales: electrons emitting at (a) tωpi = 0+ (tωpe = 0.5), and
(b) tωpi = 5 (tωpe = 214.2).
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Figure 7. Evolution of VDF(vz)of electrons emitted at
tωpi = 0+ (tωpe = 0.5).

Figure 9. Evolution of VDF(vz )of electrons emitted at
tωpi = 5 (tωpe = 214.2).
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Figure 8. Evolution of VDF(vx) of electrons emitted at
tωpi = 5 (tωpe = 214.2).
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and a new, “near-equilibrium” state different from the initial
emission condition. Outside the beam core region, the process
is an expansion process. The electrons will cool as plasma
expands. The results from the full particle PIC simulation
suggest that the commonly used assumption of Boltzmann
electron simplification is not valid for modeling electrons in
mesothermal plasma expansion.
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Figure 10. Comparison of electron number density profiles in
radial direction at different locations predicted by the fully
kinetic PIC simulation and the Boltzmann relation at tωpi = 30.
IV.

SUMMARY AND CONCLUSIONS

Full particle PIC simulations are carried out to simulate
collisionless, mesothermal plasma expansion. The results show
that the electron characteristics inside and outside the beam
core region are very different. Inside the beam core region, the
physics is dominated by the interactions between the electrons
and the potential well created by beam front propagation. The
interaction leads to electron heating along the beam direction
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