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Abstract: As future spacecraft missions begin to demand higher performance charac-
teristics from its electric propulsion systems, the complexity of new thruster systems and
operations will increase to meet these objectives. However, the arrival of these new po-
tential thrusters will involve greater challenges to overcome such as new plasma physics
phenomena under the context of electric propulsion. In this work, the Field-Reversed-
Configuration thruster is presented as one such device with strong multifluid effects that
are necessarily part of the thruster’s operation. These multifluid effects are important
not only for the ionization of the plasma, but for the formation of the plasmoid that will
lead to thrust. Therefore, the reaction kinetics involving multifluid effects will be the fo-
cus of discussion and analysis in this study to convey its significance for such thrusters.
Steady-state and time-dependent simulations incorporating the multifluid rate coefficients
were performed showing the multifluid effect’s impact on the plasma parameters relevant
to new, forthcoming propulsion devices.

I. Introduction

As the complexity of new electric propulsion (EP) systems increases, there is a growing need to under-
stand the multiphysics and multiscale nature of the plasma dynamics within these devices. One such device
that exemplifies the increasing complexity of these forthcoming propulsion devices is the Field-Reversed
Configuration (FRC) thruster.1,2 The FRC thruster is an EP device that employs a two-step process to
generate thrust. Each thrust cycle begins with the formation of the plasmoid through the induced magnetic
field generated by the azimuthally-driven electron stream. This plasmoid is formed once the induced mag-
netic field encloses upon itself, hence “Field-Reversed Configuration”, after which a set of external coils are
modulated to eject the plasmoid out of the thruster channel. In comparison with current EP technology,
this device presents greater challenges as this electromagnetic device operates through highly-transient con-
ditions, requiring thorough plasma ionization, plasmoid formation configured through the magnetic field’s
reversal, and proper modulation of the coils for plasmoid ejection.3

Since the operation of the FRC thruster is highly dependent on the efficacy of plasmoid ejection, the
formation of the plasmoid is an important, foundational phase that must be realized for each thrust cycle. The
intricacies of FRC formation requires resolving as many physical processes as possible that contribute towards
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each plasmoid ejection sequence. Recently, multifluid codes have been developed simply to investigate the
influence of electromagnetic fields on the plasmoid formation process.4 The goal of these initial simulations
is to study the likelihood of plasmoid formation due to the interactions between the plasma fluids and
the electromagnetic field. But, the study of electromagnetic coupling within FRC plasmoids is only one
important facet of the entire formation sequence; a more realistic simulation of the plasmoid’s formation
requires coupling the plasma reaction kinetics within this multifluid environment.

In this work, a collisional-radiative model was employed to capture the reaction kinetics within an FRC
simulation. The collisional-radiative model monitors the variations in the atomic state distribution (ASD)
as well as other impacted properties like temperature due to the collisional and radiative processes occurring
within the plasma system. The rate coefficients that are calculated and used in collisional-radiative models
conventionally assume non-streaming heavy species (atomic) and electron energy distributions. By contrast,
the FRC operation is characterized by a strong toroidal electron current flow moving perpendicular to the
axially streaming ions. Therefore, any CR model that is coupled to an FRC simulation, or any device
with strong multifluid characteristics, should account for relative streaming corrections in the collisional rate
calculations. Rate coefficients modified for relative streaming effects will be incorporated into the CR model
to show the impact of the multifluid phenomena on the reaction kinetics.5,6 These modified reaction kinetics
are crucial as the inelastic processes couple to the multifluid FRC formation.

This paper is organized as follows: Section II will discuss the appropriate modifications to the rates as
derived from a previous work, after which rate maps and steady-state simulation results using the modified
rates will be discussed. The calculated rates will also be utilized in Section III where computational results
of a time-dependent simulation will be analyzed. This section will briefly address the parameters used for
the prototypical, in-house FRC thruster as well as their scalability. This work will then be concluded in
Section IV.

II. Atomic Data and Modification of the Rate Equations

In a multiphysics plasma simulation, the collisional-radiative model captures the changes in the atomic
state distribution due to the inelastic processes occurring in the plasma. The inelastic processes modeled
in this work include electron-impact excitation and deexcitation, electron-impact ionization and its inverse
three-body recombination, along with the radiative processes of radiative recombination and spontaneous
emission. These processes enter the CR model in the form of rates dictating how quickly each transition
occurs from one atomic state to another. However, a sufficiently complete set of atomic and transition
data is necessary to generate the rates that are needed in a CR simulation. For this study, cFAC, the
C++ variant of the Flexible Atomic Code (FAC), was employed to generate all of the necessary atomic
and transition data for the CR calculations.7 While there is the well-known caveat that these atomic codes
based on perturbative methods are inaccurate for near-neutral/low-Z applications, this code is much more
complete in its ability to generate data for many different types of transitions. Therefore, the self-consistency
associated with generating copious transition data amongst the computed atomic states makes cFAC a viable
candidate to study since the entire set of reaction kinetics is coherently modified due to multifluid effects.
Although this particular atomic code was used in this study, one should note that this CR model is capable
of accommodating more accurate data sets should they become available.

As mentioned, cFAC was used to produce atomic and transition data for this study. While the FRC
thruster is capable of utilizing a variety of propellant species, xenon was the element chosen in this work
due to its prevalence in many electric propulsion systems. 53 levels of Xe+0, 117 levels of Xe+1, and only 5
levels of Xe+2 were included in the simulation to display the code’s multistage ionization capabilities. The
number of levels chosen for each ion stage was based on the continuum threshold from NIST along with the
decision to limit the computational expenses associated with generating the rate coefficient maps.8 These
levels produced a total of 8166 electron-impact excitation channels, 4150 electron-impact ionization channels,
and 4150 radiative recombination channels, each bearing cross-sectional data to be integrated within the CR
model’s rate calculation routine. Lastly, 2600 spontaneous emission transitions generated Einstein A rate
coefficients to be used in the model, which obviously do not require any modification for the multifluid
effect. The multifluid rate equations used to generate the rate coefficient maps are described in the following
subsections.
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A. Electron-Impact Excitation and Deexcitation

The first set of processes which will be discussed is electron-impact excitation and deexcitation. The cor-
responding multifluid rates were derived by Le and Cambier and are shown in Eqs. (2) and (3).5 These
rates were derived by accounting for the properties of both fluids, e.g. temperature and fluid velocity, and
performing the integrations over the non-dimensionalized energy space, x, under a center-of-mass (COM)
frame. As a result, the excitation and deexcitation rates are augmented by the exponential and ζ(0) factors
that account for the non-dimensionalized multifluid drift energy, λ. The ζ(0) factor takes the form below:

ζ(0) =
1

2

∫ +1

−1

dye2ξy =
sinh(2ξ)

2ξ
s.t. lim

ξ→0
ζ(0) = 1 (1)

In addition, the deexcitation rate coefficient may be rewritten in terms of the forward excitation cross
section by enforcing detailed balance through the Klein-Rosseland relation. Note as well for both equations
that the equations converge to the well-known rate coefficient equations when the multifluid effect embodied
in λ approaches 0.

Γexsl = NsNlgT̃ e
−λ
∫ ∞
x=x∗

dx xe−xσexsl (x)ζ(0)
(√

λx
)

(2)

Γdesu = NsNugT̃ e
−λex

∗ gl
gu

∫ ∞
x=x∗

dx xe−xσexsl (x)ζ(0)
(√

λ(x− x∗)
)

(3)

Using the cross-sections generated from cFAC and implementing the multifluid rate calculations, 2-
dimensional rate coefficient maps as a function of temperature, T̃ (which has been approximated as the
electron temperature, Te), and the COM non-dimensional kinetic energy, λ, were generated for each transi-
tion. Two sample sets of transition rate maps are shown below in Figs. 1 and 2.
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(a) Excitation
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(b) Deexcitation

Figure 1: Electron-impact excitation and deexcitation multifluid rate coefficients between (lower state) Xe+0

5p4
3/2(J = 0) and (upper state) Xe+0 [5p3

3/2(J = 0) 5d1
5/2(J = 5/2)] (J = 3). The energy gap between both

states as calculated by cFAC is 9.723 eV.

Figs. 1a and 1b represent the general set of excitation and deexcitation rate coefficient maps that have
been tabulated, i.e. most of the rate coefficient maps follow the contour maps shown in these subfigures.
As the input parameters approach the abscissa on these maps, the rates are more closely represented by an
integration over the thermal distribution, while rates that are much closer to the ordinate correlate to the
beam-like rates. In contrast, Figs. 2a and 2b represent the set of excitation and deexcitation rate coefficients
for a transition that is spin-forbidden. The allowed transition in 1a requires a threshold energy for the
reaction to proceed, hence the eventual rise and peak of the rate coefficient especially closer to the ordinate.
However, the strong monotonic dropoff in the forbidden transition’s cross-section leads to a profile that is
very similar to the deexcitation rate.

3
The 36th International Electric Propulsion Conference, University of Vienna, Austria

September 15-20, 2019

Distribution Statement A: Approved for Public Release; Distribution is Unlimited. PA# 19458



1 10

Temperature, eV

1

10

C

e

n

t

e

r

-

o

f

-

M

a

s

s

K

i

n

e

t

i




E

n

e

r

g

y

,

e

V

1e-13

R

a

t

e

C

o

e

�




i

e

n

t

,

m

3

/

s

e




(a) Excitation
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(b) Deexcitation

Figure 2: Electron-impact excitation and deexcitation multifluid rate coefficients between (lower state) Xe+0

[5p3
3/2(J = 3/2) 6d1

3/2(J = 3/2)] (J = 0) and (upper state) Xe+0 [5p3
3/2(J = 3/2) 6d1

3/2(J = 3/2)] (J = 3).
The energy gap between both states as calculated by cFAC is 0.0226 eV. Note that these rate coefficient
maps are for a spin-forbidden transition.

B. Electron-Impact Ionization and Three-Body Recombination

The next set of inelastic processes to discuss are electron-impact ionization and its inverse three-body re-
combination process. The rates in Eqs. 4 and 5 were derived in a separate paper by Le and Cambier,
but present a heightened challenge due to the third body (electron) entering the inverse collision process.6

This leads to a familiar formulation in the multifluid ionization rate compared to the two-body processes of
excitation and deexcitation, but a more complicated and numerically expensive formula for the three-body
recombination process. As one can see, the recombination formula still employs the same exponential and
ζ(0) factors, albeit with an extra ζ(0) factor due to the introduction of a third body in the process and the use
of a differential cross section (DCS) in the integrated cross section’s (ICS) stead. Unlike the previous rates,
three-body recombination rate coefficient requires the DCS because of the variability in the two electrons’
energy difference; this is akin to the incorporation of three-body recombination events in a Vlasov inelastic
collision term.

Γionsl = NsNlgT̃ e
−λ
∫ ∞
x=x∗

dx0 x0e
−x0σionsl (x0)ζ(0)

(√
λx0

)
(4)

Γrecsu =
gn

2giZe
NuN

2
s gT̃ e

−2λex
∗
∫ ∞
x∗

dx0 x0 e
−x0

∫ x0

x∗
ζ(0)

(√
λx1

)
ζ(0)

(√
λx2

)(dσion
dν

)
dν (5)

Figures 3a and 3b represent the typical rate coefficient maps produced by integrating Eqs. 4 and 5,
respectively. Note that the three-body recombination rate uses the ionization cross section in its integration
by enforcing detailed balance through the Fowler relation. The map contours are very similar to the “allowed”
excitation and deexcitation maps shown previously, where there is a heightened transition likelihood if much
of the electron energy lies past beyond the ionization threshold. Likewise with deexcitation, the three-body
recombination map decreases as the temperature or COM kinetic energy increases since there is a higher
likelihood of inverse processes occurring when the electrons are slow and easily captured by the ionic species.

One side note regarding the differential cross section is that the output generated by the atomic code for
ionization are integrated cross sectional values. In order to resolve this issue, the DCS profile used in this
work is the hydrogen DCS equation which have been scaled to the cross sections produced by cFAC so that
the original ICS is retained in the rate calculation. However, these DCS profiles can be replaced by more
appropriate formulations should a complete set of profiles exist in the open.

C. Radiative Recombination

Complementary to the set of collisional events in a CR model are the radiation or photon-driven processes
that can also alter the state of a plasma. While these rates were not explicitly derived by Le and Cambier, the
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(a) Ionization
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(b) Recombination

Figure 3: Electron-impact ionization and three-body recombination multifluid rate coefficients between (lower
state) Xe+1 5p3

3/2(J = 3/2) and (upper state) Xe+2 5p2
3/2(J = 2). The energy gap between both states as

calculated by cFAC is 20.342 eV.

formulation for radiative recombination is a mere extension of the two-body multifluid rate derivations that
were already performed. In this work, the optically-thin assumption has been imposed on the model so that
no re/absorption takes place within the plasma whether by photoexcitation or photoionization. However,
the multifluid modification clearly only extends to the radiative recombination rate equation because of its
collisional nature. The rate of change in atomic state density due to radiative recombination is shown in
Eq. 6 where the Milne relation has been applied to recast the equation in terms of the photoionization cross
section.

Γrrsu = NsNugT̃ e
−λex

∗

(
kBT̃

mec2

)
gl

2gu

∫ ∞
x=x∗

dx x2e−xσpisl(x)ζ(0)
(√

λ(x− x∗)
)

(6)

Accounting for the energy equation’s evolution due to radiative recombination is not as trivial when
compared to the previous collisional processes’ energy loss rates because discrete energy gaps are lost from
the total electron energy. In the case of radiative recombination, a broadband loss in electron energy can
occur since any excess energy beyond the ionization threshold is lost in the form of radiation during the
recombination process. Therefore, an additional energy factor is multiplied within the radiative recombina-
tion energy coefficient’s integrand to account for the energy loss of the system due to this particular process.
This energy rate coefficient is shown in Eq. 7 below.

Qrrsu = NsNugT̃ e
−λex

∗

(
(kBT̃ )2

mec2

)
gl

2gu

∫ ∞
x=x∗

dx x3e−xσpisl(x)ζ(0)
(√

λ(x− x∗)
)

(7)

A sample set of radiative recombination density and energy rate coefficients are shown in Figs. 4a and
4b, respectively. The map of radiative recombination density rate coefficients shows a very similar contour
map to the maps shown in electron-impact deexcitation and three-body recombination. But, the additional
energy factor in the radiative recombination energy rate integration creates a different contour map which
shows an increase in the rate coefficient as one traverses positively in COM kinetic energy. This is expected
since an increase in COM kinetic energy simply means an increased energy loss in the form of radiation
should the electrons with an additional streaming component recombine with the ionized species.

D. Elastic Collision

The last set of terms to be incorporated within the CR model are the elastic collision terms. These terms
do not directly change the atomic state distribution, but do influence the overall set of reaction kinetics
because of variations in temperature induced by elastic collisions. Both electron-neutral and electron-ion
elastic collisions are being considered in this work. The form for higher-order moments of the inelastic
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(a) Radiative Recombination
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(b) Radiative Recombination Energy

Figure 4: Radiative recombination density and energy multifluid rate coefficients between (lower state) Xe+1

5p3
3/2(J = 3/2) and (upper state) Xe+2 5p2

3/2(J = 2). The energy gap between both states as calculated by
cFAC is 20.342 eV.

collision processes which yield the momentum transfer and thermal relaxation rate coefficient equations,
while accounting for the multifluid drift, was derived by Le and Cambier; although the paper solves the
equation for a threshold energy gap, taking the energy gap to be 0 eV allows the equation to be solved for
elastic collisions. The momentum transfer and thermal relaxation rates are shown below in Eqs. 8 and 9.

Ken = meNeN
+0 2

3
gT̃ e

−λ
∫ ∞
x=x∗

dx x2e−xσen(x) (1− 〈cosχ〉Ω′) ζ(1)
(√

λx
)

(8)

Jen = NeN
+0gT̃ e

−λ
∫ ∞
x=x∗

dx x2e−xσen(x) (1− 〈cosχ〉Ω′)
[
ζ(0)

(√
λx
)
− 2λ

3
ζ(1)

(√
λx
)]

(9)

Integration of higher-order inelastic collision rate coefficients leads to the additional ζ(1) factor elaborated
below:

ζ(1) =
3

4ξ

∫ +1

−1

dye2ξy =
3

4ξ2

[
cosh(2ξ)− sinh(2ξ)

2ξ

]
s.t. lim

ξ→0
ζ(1) = 1 (10)

Another aspect of the electron-neutral elastic collision rates is the 1 − 〈cosχ〉Ω′ modifier, which when
multiplied to the total elastic collision cross section yields the momentum transfer cross section. For electron-
neutral Xe collisions, these cross sections were found in McEachran and Stauffer’s elastic collision studies.9

As before, rate coefficient maps were generated as a function of temperature and COM kinetic energy for the
momentum transfer and thermal relaxation rate coefficients shown in Figs. 5a and 5b, respectively. A unique
feature of these maps is the presence of multiple maxima as one traverses along the COM kinetic energy
axis at low temperatures. This results from the Ramsauer-Townsend effect where the electron’s wavelike
interaction with each of the atom’s electron shells results in a decreased collision cross section.10,11

Finally, the momentum transfer and thermal relaxation rate coefficients for the electron-ion elastic col-
lisions can be determined by using Rutherford’s scattering analytical DCS with a cut-off impact parameter
based on the Debye length.12 The integrated cross section is provided via Eq. 11:

σei,m =
e4

16πε2
0ε

2
lnΛ (11)

Using the integrated cross section, closed form, analytical equations can be obtained for the electron-ion
momentum transfer and thermal relaxation rate coefficients. These rate coefficients are still functions of
both temperature and COM kinetic energy and are calculated through the course of the simulation instead
of being tabulated like the previous collision rates.
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(a) Momentum Transfer
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(b) Thermal Relaxation

Figure 5: Elastic collision multifluid rate coefficients for Xe+0. Subfigures 5a and 5bcorresponds to the
momentum transfer and thermal relaxation rate coefficients, respectively.

Kei = meNeN
+i 16

√
π

3

q2
i e

2

µ2α3
lnΛ

[
3
√
π

4λ3/2
erf
(√

λ
)
− 3

2λ
exp (−λ)

]
(12)

Jei = NeN
+i8
√
π
q2
i e

2

µ2α3
lnΛ exp (−λ) (13)

E. Steady-State Simulations

Steady-state Xe simulations were performed using the collisional-radiative model to determine the impact of
the multifluid effect on the plasma. This was performed by observing the average charge of the xenon plasma
as the electron temperature and center-of-mass kinetic energy are varied. By imposing a center-of-mass
kinetic energy, one can imagine streaming electrons relative to stationary heavy species. For these steady-
state simulations, the terms considered in the model include electron-impact excitation and deexcitation,
electron-impact ionization and three-body recombination, along with the radiative processes of radiative
recombination and spontaneous emission. All of the processes listed above, with the exception of spontaneous
emission, use modified rates that account for the multifluid effect. The solution to this system was obtained
by performing a linear solve of the atomic state distribution’s master equations with no density rate-of-change
and replacing one of the equations with the charge neutrality constraint. The results are shown in Fig. 6.

Figure 6 shows the average charge of the Xe heavy species as a function of temperature for 4 different
center-of-mass kinetic energy differentials labeled as ’dKE’ on the figure: 0 eV, 0.1 eV, 0.5 eV, and 0.75 eV.
These simulations were conducted assuming an electron density of 1 × 1019 m-3. The impact can be clearly
observed as one increases the COM kinetic energy that the average charge correspondingly increases. For
instance, a comparison of the 0.75 eV stream with the case of no bulk streaming shows that there is a 0.25
eV temperature difference for both cases to achieve the same heavy species charge. The difference is also
readily visible for the 0.1 eV case as well. The streaming effect clearly impacts the steady-state kinetics and
allows the excitation and ionization multifluid effect to produce higher average charge values in comparison
to the non-streaming scenario.

III. Time-Dependent Evolution of Collisional-Radiative Equations

The last simulation performed in this work is a time-dependent investigation of the streaming electrons’
effect on the evolution of the plasma. This simulation is intended to be a representation of the reaction
kinetics during the formation of the plasmoid in a Field-Reversed-Configuration thruster. If one pictures
an infinitesimal cell within the FRC channel where the weakly-ionized stationary Xe gas is bombarded by
azimuthally-streaming electrons, this scenario would be captured by the temporal evolution of the CR model.
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Figure 6: Steady State Ionization Fraction

The master equations corresponding to this model is described below.

A. Time-Dependent Master Equations

The time-dependent set of equations used to evolve the atomic state distribution function are shown below.
The first equation shown in Eq. 14 represents the time rate of change of each atomic state density that is
being modeled in the collisional-radiative model. The source on the RHS represents all of the collisional-
radiative processes being considered for the atomic state’s evolution. The additional equations, Eqs. 15 and
16 respectively, model the momentum and energy changes for both the electron and heavy species fluids.

dN+k
i

dt
= Γ

(inelas)
+k,i for all ions, +k, and all respective states, i (14)

d(m e
h
N e

h
u e

h
)

dt
= ∓ (ue − uh)

(
K(ec,neu) +K(ec,ion) +K(inelas)

)
(15)

dε e
h

dt
= ∓

(
u− u e

h

)
· (ue − uh)

(
K(ec,neu) +K(ec,ion) +K(inelas)

)
∓ 2

me

mh
k (Te − Th)

(
J (ec,neu) + J (ec,ion) + J (inelas)

)
−
[
Ξ(inelas)

]
(e− Eqn)

(16)

The momentum equations consists of the momentum transfer effects due to elastic electron-neutral and
electron-ion elastic collisions, as well as inelastic collision processes which lead to changes in the ASD. In
this study, however, these terms are being neglected in addition to the spatial considerations that come
with solving the momentum equations. This was enforced so that the studies will be focused towards the
formation of the plasma without the added complexity of a changing COM kinetic energy. Therefore, the
streaming electron energy will be a constant throughout the course of the simulation, while the heavy species
are assumed to be motionless in the bulk velocity.

Finally, the energy equations for both electron and heavy species are included, allowing for the evolution
of the electron and heavy species temperatures. In this equation set, not only do the energy changes due
to momentum transfer exist from the elastic collisions, but the variations caused by the thermal relaxation
process from elastic collisions are also included. Since inelastic collisions also alter the energies of both
fluids, there are corresponding momentum transfer and thermal relaxation rates due to these processes; the
inclusion of these rates will be the subject of future CR studies. Lastly, the loss or gain of energy due to
changes in the atomic state distribution, i.e. transition energy gap, must be incorporated in the electron
equation.
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B. Simulation Results

The simulation performed in this work is intended to capture the plasma generation process which takes
place within a Field-Reversed-Configuration thruster. As such, the electron streaming energy has been fixed
to 0.01 eV; this corresponds to prototypical parameters of electrons revolving at a frequency of 1 MHz around
the thruster channel with a radius of approximately 6 cm. There certainly are no defined or standardized
FRC thruster parameters as the thruster can be scaled for optimal performance parameters. The choice
of dKE = 0.01 eV does not take a large advantage of the ionization rate as it approaches the thermal,
non-streaming limit of the rate coefficients. But, slight increases in the thruster dimension or revolution
frequency can more quickly lead to more variations in plasma characteristics. Using Backward Euler with
Newtonian iterations to temporally evolve the system, the results generated from the simulation are shown
in Figs. 7a to 8.
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(c) Evolution of several parameters of the xenon plasma. To simulate the Field-Reversed-Configuration thruster’s
plasma generation, a constant electron streaming energy source has been assumed for the simulation.

Figure 7a shows the charge fraction evolution of each ionization stage of Xe considered in the model.
From the simulation, an initial ionization fraction of 0.133 was assumed with a total heavy species density 1
× 1021 m-3. The electron density was determined based on the quasineutral assumption. The results show
that a majority of the neutral population has depleted at 1 µs, at which point the growth of Xe+2 begins as
the Xe+1 population depletes. By the end of the simulation at 10 µs, most of the plasma consists of Xe+2

ions. The rapid rise in Xe+2 can be explained from the temperatures plot shown in Fig. 7b.
The initial electron temperature assumed for the simulation was 0.65 eV while the heavy species tem-

perature was initialized at 0.25 eV. One can see that the constant streaming electron energy source leads
to a continual rise in electron temperature. As each ionization stage peaks during the evolution of the
plasma, sudden increases in electron temperature can be observed in the plot of the fluid temperatures. As
the system continues to siphon energy from the constant electron energy stream, the electron temperature
grows into the 10s of eV. The heavy species temperature eventually begins to equilibrate with the electron
temperature at the µs timescale. It should be reiterated that these results are ideal with respect to the
presence of a constant electron energy source, i.e. a true evolution of the electron momentum would have
no constant electron energy source. A full simulation of the FRC formation would also require solving the
fluids’ momentum equations, accounting for the problem’s spatial dimensionality, and incorporating other
collisional terms which were not included in this simulation.

Figure 8 shows the rate of energy transfer due to the collisional processes involved in the simulation. The
amount of energy provided by electrons led to larger electron energy losses due to electron-impact excitation
and ionization as opposed to the gains provided the inverse processes. For the case of momentum transfer
energy and thermal relaxation rates, the plot shows a larger energy exchange process through thermal
relaxation in comparison to the momentum transfer rates. In the momentum transfer energy rate, it should
also be noted that the energy increase due to the electrons’ constant streaming energy is not factored into
this term as shown in the plot. The last set of energy losses stem from the radiative processes which shows
that spontaneous emission has the largest radiative sink term for most of the simulation’s run.
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Figure 8: Evolution of the energy gain and loss rates due to multiple elastic and inelastic collision processes.
The table lists energy variations caused by electron-impact excitation (Exc), deexcitation (Dex), ionization
(Ion), three-body recombination (Rec), momentum transfer collisions (MF,K), thermal relaxation collisions
(MF,J), spontaneous emissions (Emi), radiative recombination (Rad), and bremsstrahlung (Bre).

IV. Conclusion

The direction of future electric propulsion devices presents many challenges born out of these systems’
increasing complexity as pursuits for better performance characteristics are sought. The Field-Reversed-
Configuration thruster represents one such thruster at the forefront of propulsion research which has strong
multifluid aspects that lead to the formation of the plasmoid. The multifluid reaction kinetics was presented
as a contributing factor to the formation of the plasmoid, thereby leading to the implementation of multifluid
rate coefficient calculations generalized for any atomic species. In this work, Xe+0 to Xe+2 were used to
generate steady-state and time-dependent simulation results to determine the importance of multifluid effects
in next generation of EP devices that may exhibit such characteristics.

In the steady-state simulations, average charge values of the Xe species were calculated for a range of
electron temperatures and multiple center-of-mass kinetic energy values. It was shown that for values as
small as tenths and even hundredths of eV, the difference in average charge states can be observed in the
system. On the other hand, the objective of the time-dependent simulation is to show the contribution of
the relative multifluid streaming effect through several plasma parameters. Although the transience of the
simulation does not capture the effects as immediately as the steady-state simulation, the impact of the
streaming electrons as an energy source term is visible in the growth of the ionizing plasma.

These simulations helped elucidate the importance of multifluid reaction kinetics within the FRC thruster.
But, a more thorough simulation incorporating additional energy terms and spatial/fluid effects are needed
to capture the FRC thruster’s plasmoid formation and ejection physics. Multifluid reaction rate kinetics
may also be significant for more exotic electric propulsion concepts and other physical devices beyond the
electric propulsion community. As such, much work involving these multifluid effects and their impact on
many plasma physics devices will continue to be pursued in the future.
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