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Abstract: Due to the plasma quasi-neutrality the momentum received by the oppositely
charged particles from the applied electric field is partially compensated. It is only the
difference between electrons and ions velocities that contributes to the electric field
acceleration mechanism in some plasma thrusters. In the analysis of the plume detachment
in the magnetic nozzle systems of non-electrodless thrusters the studies are usually focused
on particles interaction with the magnetic field, both induced and applied. Conversely, the
interaction between charged particles and electric field has received far less attention. The
simulation results presented in this paper demonstrate how the space distribution of the
electric potential influences the plasma exhaust velocity radial distribution. We suggest that
a possible reason for efficiency loses in the magnetic nozzle systems is the difference between
axial and peripheral particles velocities caused by electric force non-uniformity. The
importance of a simulating the AF-MPDTs ionization chamber and magnetic nozzle
combined is also emphasized.

Nomenclature

= magnetic induction field

= electric field

= eclementary charge, electron index

ion index

x,y,z) = three dimensional current

Hall index

viscous body force

current density, same type particles index
different type particles index

particle mass

4 = Alfven Mach number

= number density

= pressure

= particle charge

radial position for cylindrical coordinate system, radial index
I = Larmor radius

= Swirl index
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t = time
= particle velocity
V4 = Alfven velocity
VL = velocity perpendicular to the magnetic field
= positive x direction is perpendicular to the thruster axis on the model plane pointing right
= positive y direction is along the thruster axis in the direction of the flow
z axis is pointing out of the model plane.
charge number
kinetic parameter
azimuthal index
permeability of free space
collision frequency
density
electrical conductivity
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I. Introduction

In the electric propulsion systems with applied magnetic field charged particles interact with the electric field,
magnetic field, neutral particles, each other, the walls of the chamber, electrodes and outer space. The analysis and
simulations of the each interaction type, both taken into consideration separately and in combination with others
may help to understand the complex processes taking place in plasma thrusters and improve their efficiency.

Applied electric potential provides the fuel ionization for the arc-thrusters; however even for those applied-field
magnetoplasmadynamic thrusters (AF-MPDT) with other ionization mechanisms the presence of the electric field
improves thruster performance. The created current interacts with magnetic fields and provides accelerating
momentum to the plasma flow.

The charged particles interaction with the magnetic field consists of the self-induced magnetic field part and
applied magnetic field one. The self-field is induced azimuthally in the discharge area of the thruster from the axial
component of the discharge current j.. Its interaction with the current density produces the ;x B body force,

accelerating plasma downstream.

The main effect of the magnetic field applied parallel to the thruster axis on the plume is the flow collimation
resulting in a better plume focusing and higher thrust. However, there is another way of applied magnetic field
influencing on plasma. Even though the magnetic field itself does not add any energy to the flow it can cause the
additional acceleration of plasma through putting it into rotation. The magnetic nozzle then converts the rotational
energy of the flow into the thrust through the conservation of the angular momentum law. In most of the literature
this acceleration mechanism is referred to as the Swirl acceleration. Plasma in the diverging magnetic field tends to
behave in a similar to the gas flow in the gasdynamic nozzle. Sub-Alfvenic and super-Alfvenic regimes are
recognized equivalently to subsonic and supersonic ones. Charged particles gyrate around the magnetic field lines.
Electrons and ions move in opposite directions with different orbiting radius g = .y, /|a|B which is proportional to

the particle mass m and velocity perpendicular to the magnetic field direction V1, and inverse proportional to
magnetic field B. Due to their higher mass ion Larmor radius is sufficiently larger than electron one.

Hall currents generated in plasma also interact with the applied magnetic field resulting in so called Hall
acceleration. Usually, the applied field effect on plasma plume is described through the interactions between the
three dimensional current / (x,y,6) and two dimensional magnetic field B (x,y): JyB,, JpB., J.B,, J,B, with a later two
forming a force that may put plasma into rotation. The detailed description of how the rotational energy of plasma is
converted into thrust can be found in Ref. 1. The azimuthal component of the current Jy is usually considered to
come entirely from the Hall effect in plasma. J,B, force is the Hall acceleration force. The applied magnetic field
also helps to protect electrodes from erosion.

The interspecies charged particles interactions like electron-ion, ion-neutral, electron-neutral play an important
role in thruster processes. Particles interaction via collisions causes the momentum and energy exchange making
plasma move as a whole. Sometimes charged particles-neutrals collisions may cause the charge exchange. The
ambipolar electric field tends to provide plasma quasi-neutrality.

Ton-ion interactions and collisions between neutral particles are the cause of kinematic viscosity but they are
often neglected, especially for MPDTs.

When particles contact with the chamber walls they may get neutralized, whereas their bombing of electrodes
cause the erosion of latter and sufficient decrease of thruster operational time.
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The combination of all these factors influencing plasma causes the complicated processes taking place in the
thruster and downstream outside of it. The role of each interaction type in the plasma acceleration has been studied
ever since electric propulsion invention. With the variation in plasma parameters some acceleration and focusing
mechanisms benefit while others lose their efficiency. Therefore, it is always a matter of balancing, adjusting the
values of electric potential, applied magnetic field strength and the geometry of the thruster to reach the optimal
thrust efficiency for a particular objective.

Through experimental observations and analytical analysis the several critical parameters are added to those of
hydrodynamics to be used in magnetohydrodynamics of electric propulsion. They are the magnetic Reynolds
number R,,, the Hall number @t and the Alfven (Stuart’s) number Sg. In particular, R,, characterizes the fluid
drifting in respect to the magnetic field, cwr represents the relation between Hall current and current parallel to the
electric field, S, shows the relation of the magnetic force to the inertia force. With Sg, >/ the applied magnetic field
influence on plasma is sufficient. The detailed explanation of all these parameters can be found in Ref. 2. Some
researchers suggest their own additional parameters to characterize certain regimes in plasma’.

In the current work we investigate the electrons interaction with applied electric potential of different space
distribution configurations in the presence of applied magnetic field. We analyze the impact of this interaction on
the divergence of the plume and its detachment from the magnetic nozzle. Magnetic nozzles can be used with
various types of electric thrusters and were experimentally proved to significantly improve their performance in
some particular regimes. The main factor which imposes limitations on the applied magnetic field strength is the
plume detachment problem.

As within the thruster the magnetic field lines are almost parallel to the thruster axis, particles, especially
electrons, are forced to move parallel to the axis as well. However, outside of the thruster, magnetic field lines curve
back to the coil guiding charged particles to follow them. While ions would escape easily due to their high mass and
inertia, electrons may stay magnetized and may keep following the magnetic field lines. They may even pull ions
with them. This particular particles’ behavior causes an increase in the plume divergence and an efficiency drop.
However, the majority of particles in most working regimes manage to escape. The main mechanisms which let this
happen are believed to be resistive detachment, electron-inertia detachment and magnetic self-field detachment.
These mechanisms were studied by many research groups™’. Our work is mainly related to the electron-inertia
detachment. According to it plasma manages to detach from a magnetic field lines when the flow velocity exceeds
the local Alfven speed, so the kinetic energy of plasma becomes greater than the magnetic energy and Sg, < / or:

_ p-u2/2 _ lzz 2
ﬂ_Bz/(Z'/uo) [VAJ Mo .

When B exceeds 1 plasma possess enough kinetic energy to detach from magnetic field lines.

The magnetic field is usually applied to the thruster through a magnetic coil placed around the acceleration
channel. Depending on the thruster geometry and type, the number and position of coils may vary. Numerous
conﬁgugagtions of the applied magnetic field have been studied in pursuit of the optimal magnetic field shape and
strength™”.

Present work is mainly related to AF-MPD thrusters; however, its results might be extended to other types of
non-electrodless thrusters.
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II. AF-MPDT electrons - electric field interaction model

A. Forces acting on plasma in AF-MPDT.

In the AF-MPDT there is a
cylindrical cathode situated on the
axis of the chamber with coaxial
anode around. The guiding magnetic
field is applied axially. In this type
of thruster plasma is usually just
partially ionized and contains a
significant part of neutral particles
whose acceleration comes mostly
from the collisions with charged
particles. Electrons are accelerated
in the applied electric potential field
and transmit their momentum to
ions mainly through collisions. Hall
and Swirl acceleration mechanisms
are believed to be the most
significant ones'®'%. The AF-MPDT
has been extensively studied both
experimentally and via
simulations’. Various
configurations  were  suggested,
tested and analyzed (see Fig. 1). An
extensive review of the work
conducted in the field can be found
in Ref. 14, while the theory of
electric propulsion, the working
principal and acting forces for MPD
thrusters are well described in Ref.
15-17.
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Figure 1. Various anode-cathode configurations'.
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The momentum conservation equations give a representation of the forces acting on the charged particles of type
j in the MPD thruster and describe their motion:

i _ _
m;-n dt’:Z-nj-e-(E+L7j><B)—ij+ij+fv )

Considering that the electrons mass is sensibly smaller than the one of ions, the left side inertia term is usually
neglected in their motion equation, while the net viscous body forces density f, is usually neglected for both types

of particles:

0=-n,-e-(E+iu,xB)-Vp,+P, ®

Here p, and P, are the pressure and the momentum from collisions between particles of different type

respectively. The same equation for ions will be the following one:

du. — _
mn=t=n -e-(E+ii,xB)~Vp,+F, )

1

L ) . n e )
Considering electrical conductivity ¢ =——— and j=e-(n,-u,—n,-u,) , the momentum from
-m
collisions becomes:

n -e -
] (5)

Pie =_Pe[ =Uie'me .(ne.ue_ni 'lxll.)=—

Summing up Eq. (2) and Eq. (3) and considering Eq. (4) we receive the equation of motion of both electrons and
ions together:

du. — — — — R
mi 'n%:e'E'(ni _ne)+ni 'e.(l’_lixB)_ne (Z’_lexB)_Vpe_sz :eE(nl_ne)+(]XB)_Vp
(6)

Plasma in electric propulsion is always considered to be quasi-neutral. Therefore, on the distances larger than
Debye radius the electric field of one particular particle is shielded by the fields of the opposite sign particles and

n, =n, =n . This leads to the vanishing of the free charge density term e- E- (n, —n,) from Eq. (5).

Part of the momentum gained by electrons from the acceleration in electric field is canceled in collisions with
ions, which were also imparted with the momentum from electric field but with an opposite sign. Since electrons
thermal velocity significantly exceeds ions one, there is still an essential part of the momentum from the electrons
movement in electric field which accelerates the particles. In the Eq. (5) this part is represented by the j x B term.

Plasma moves as a unique fluid with ions electrons and neutrals exchanging momentum and energy through
collisions. The difference in charged particles velocities is usually represented in the form of a current:

_ _ 1
j=c-(E+i,xB+—Vp,) %)
ne
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Considering the Hall current j, generated in plasma due to the tensor conductivity effects and Swirl current

Jg induced due to plasma diamagnetic behavior the generalized Ohm’s Law takes the following form:
. =, - .5, 1 S
j=o-(E+u,xB+—Vp)+j,+Js (®)
ne

In the AF-MPDT, the main effect on plasma acceleration is caused by ]_'X B force, which is mainly affected by

applied and induced magnetic fields and pressure gradient. Therefore, the main engineering concerns are the shape
and strength of applied magnetic field and geometrical nozzle shape. The shape and configuration of the electrodes
are studied in the pursuit of erosion minimization, energy loss reduction in the anode potential drop and ionization
efficiency increase. However, the configuration of electrons and the applied electric field may significantly affect
the critical input parameters for plasma detachment from the magnetic field lines.

Unfortunately not all thruster configurations have been experimentally tested on the dependence of the electrons
exhaust axial velocity on applied voltage strength and electric potential configuration. However, the applied
electrical potential distribution may play a significant role on the velocity of the electrons and their ability to detach
from the magnetic field lines. The electrons may even be decelerated due to the interaction with the applied electric
field in the inlet and detachment zones. These factors will be discussed later. A careful study of the anode geometry
may improve the performance of the magnetic nozzle and diminish the power losses.

B. Model parameters

We run the simulations using the Basic module of COMSOL Multiphysics software which uses the finite
elements analyses method. At the current stage, only particles of the same charge have been studied in simulation,
no collisions, no pressure term, neither Hall current nor Swirl plasma motion were taken into account. The magnetic
field was chosen to be applied through two induction coils. Three types of anode-cathode configurations were
examined: the anode situated significantly downstream of the cathode, Fig. 2(a), both electrodes have the same
starting axial position with cylindrical anode going further downstream of the cathode region, Fig. 2(d), and same
length electrodes located parallel to each other, Fig. 3(b), which will be further referred to as type I, type II and type
IIT respectively. The particles are injected in the cathode region with their thermal velocity with electron temperature
Te about 10 eV. The trajectory stream-tubes and velocities of electrons under magnetic and electric forces applied
are calculated for each type and compared. The effect on the plasma plume divergence is analyzed.

In order to reduce the numerical capacity of the model the thruster was scaled 1:10, with the anode inner
diameter reduced from 50 mm to 5 mm and the total thruster length from 110 mm to 11 mm. The influence of the
geometry scaling on the simulation results will be analyzed in the next sub-section. The voltage applied to anode is
200A, the magnetic field strength at the axis is 0.025T. For the anode erosion prediction, the simulations with the
applied magnetic field of 0.015 T are conducted for type I and type II thruster configurations.

In order to receive reasonable electron densities for particle-field interaction, the charge multiplication factor of
10" was used in the particles trajectories simulation. The calculated super-particles trajectories will be further
referred to as particle trajectories.

C. Results and discussion

Through the simulations we found out that the II thruster configuration has the most uniform radial distribution
of the electric force. Particles in type I thruster configuration tend to be significantly more magnetized than electrons
in the type II thruster configuration. The comparison between these two thruster configurations is illustrated in Fig.
2. As the electric force in the inlet region in type I thruster for all particles but central ones is directed radially, its
acceleration force on the peripheral electrons is sufficiently smaller than for the central ones. This effect leads to the
essential kinetic energy difference between central and peripheral particles at the thruster exit. Peripheral particles
with lower axial velocity aren’t able to escape from the magnetic field lines. It can be seen from Fig. 2(c) that
electrons in type I thruster configuration tend to form a cone of peripheral particles with low kinetic energy and
much larger plume divergence angle than the axial mainstream of plasma. This behavior was previously noticed for
some regimes of AF-MPDTs.

As above mentioned, the electric field force at the exit of the thruster may also have a negative impact on the
plume. Electrons may get decelerated by the reversed electric force, attracted backwards to the anode. The particles
trajectories, energy and axial velocity distributions for type III thruster configuration are illustrated in Fig. 3. In
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order to enhance comparability, the particles for this thruster configuration were injected with an average velocity
taken from the accelerated particles in the equivalent zone of the type II thruster. The comparative analyses between
particles distribution in the region downstream the thruster exit for the type II thruster plotted in Fig. 3(a) and type
II thruster plotted in Fig. 3(b) shows that for anode-cathode configuration III the divergent angle of the plume is
higher than for the type II thruster. The only plausible explanation is that the peripheral electrons are attracted to
anode backwards from the plume exhaust direction. Particles velocity reduces and they do not have enough axial
momentum to escape from the curving magnetic field lines. Such plasma decelerating mechanism may explain the
velocity drop with the increase of discharge current in the experiments results presented in Ref. 18.

The latter effect of the electric field distribution influencing plasma in the exit area can be significant in the case
of the charge separation in the particles-magnetic field lines detachment region'’. Under the charge separation
condition the electrons will not lose the momentum gained from electric field acceleration (or deceleration) in the
collisions with electrons and their trajectories will be more significantly influenced by their position in respect to the
anode. Another possible case when charge separation may occur is the induction of the electron current in the near-
wall region of the thruster. Besides, there might be regimes of the plasma quasi-neutrality break down. That
phenomenon may happen during the stabilization process after the thruster ignition or during plasma Swirl
rotation®. With a low mass feed rate electrons may be able to escape from more slow ions without being involved in
collisions. Their interaction with the electric field configuration may be an explanation for the lower thruster
efficiency in low-mass feed rate regime in the experiments results introduced in'®.

Figure 4 presents the radial distributions of the electrons velocity in the z direction (perpendicular to the
simulation plane) for all three thruster configurations. All particles in the type II thruster configuration finish
gyrating at approximately 1.75 s after making 1-2 rotations whereas for type I thruster the majority of electrons stop
gyrating only after 4-5 rotations at 2.75-3.5 s.

In order to analyze the influence of the model geometry scaling factor, we simulated a 10:1 scaled model of the
type III thruster configuration. The scaled model dimensions are considered to be of the same magnitude as the real
experimentally tested MPDTs'’. Figure 5 presents the comparison between two models. The scaling influences
neither the particles trajectories distribution nor the radial distribution of the axial velocity. The maximal axial
velocity in the two models at time 5x10s differs less than 1.7%, which is within the model error range. As shown in
Fig. 5(b), in the scaled model the maximum particle velocity during the time window from 5x107s to 5x10s
increases only by 0.3%. These robustness checks show that the results of the original simulation model are
reasonable and represent the time window when the main electrons acceleration occurs.

The radial component of the particles acceleration force for the type I thruster configuration is smaller with
respect to type II. As a consequence, the minimum applied magnetic field strength required for plume confinement
and shielding of anode is sufficiently lower for type II thruster. Figure 6 illustrates the particles behavior next to
anode in the weaker applied magnetic field (0.015 T) for both thruster configurations. For a better visualization of
the anode contact zone, particles are considered to be frozen when hitting electrodes. A significant number of
electrons hit anode in type I thruster. Conversely, in type II thruster configuration all particles are still axially
confined by applied magnetic field. Hence, the anode erosion in type I geometry is higher than in type II.

The anode shape may also affect the induced currents distribution and the gas-dynamic acceleration
component'”. In order to optimize thruster geometry, further simulations taking into consideration other influence
factors are required and will be considered in future developments of the present work. In another future extension
of this research, we will simulate a model with two coaxial anodes axially separated from each other.
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Figure 2. Particles trajectories for type I and type II axial thruster configurations, x-y scale presented in mm. (a)
Axial electric force distribution for type I, (b) Kinetic energy distribution for type I, (¢) Axial velocity distribution
for type I, (d) Axial electric force distribution for type II, (e) Kinetic energy distribution for type II, (f) Axial velocity
distribution for type II.
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Figure 3. Particles trajectories for type II and type III thruster configurations, x-y scale presented in mm. (a)
Electric force distribution for type II, (b) Electric force distribution for type III, (¢) Kinetic energy distribution for
type III, (d) Axial velocity distribution for type III.
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for type II thruster configurations, (c) for type III thruster configurations.
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Figure 5. Type III thruster configuration: a) original model particles velocity, y component, space distribution, b)
scaled 10:1 model particles velocity, y component, space distribution, c¢) original model particles velocity, y
component, evolution in time, d) scaled 10:1 model particles velocity. v component. evolution in time.
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Figure 6. Particles trajectories and energy distribution in the 0.015 T applied magnetic field: a) type I thruster
configuration, b) type II thruster configuration, x-y scale presented in mm.

D. Estimation of the actual electron velocity

As previously mentioned, the electric field acceleration of electrons is partially cancelled through collisions by
the equivalent deceleration term of ions-electric field interaction. The electron velocity magnitude can be found
from magnitudes of the current j. From Eq. 2 and Eq. 4, considering plasma quasi-neutrality the current j can be
written as:
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j=n-e-(u,—u,)=0c-(E+i,xB+LVp,) ©)

The value of current j in our model was calculated through the following equation:

VxB

J° =—n-e-17: =0'-(E+1,7:><l_3)—
(10)

The relation between actual electrons velocity u, and electrons velocity obtained via simulation u, can be
received through calculating the magnitudes of j and j considering u, being co-directional with #, and neglecting
the electrons pressure term v, and magnetic field non-uniformity vx3:

ul -(+n*-e*)=2-u, - (A+u,-n’-e’)=u, -(n*-e>=C)=2-A-u, —n’ e’ -u]

' (11)
Here A=E-o-B-Sin/(i,,B)-Cos/(E,[u,xB]), C=oc-B>-Sin’/(u,,B).

III. Conclusion

A general model of the AP-MPDT was built with examining the electrons trajectories in the applied electric and
magnetic field. Since we take into consideration only some of the forces acting on plasma in the acceleration
channel, the numerical values presented in this paper cannot be used as a reference. However, the general behavior
of plasma illustrated in various configurations of the applied electric potential may be considered in analyzing the
experimental results in specific regimes mentioned. The results of this work can be used in the engineering of the
optimal anode-cathode configuration with the reduction of energy losses in the peripheral zones. The type II
electrodes configuration was proved to be more efficient for the simulated case. It was also shown that this particular
thruster configuration should cause less anode erosion in case of weak applied magnetic fields. Further research
considering other forces acting on plasma is required. A thruster geometry with two separated anodes can also be
considered.

The difference in the peripheral and axial particles velocities was explained by the shape of the electric potential
distribution. This difference was suggested to be one of the reasons for efficiency losses in magnetic nozzle. The
electric field decelerating effect was suggested as a possible cause of ignition instabilities and plume behavior in
certain regimes observed experimentally before.

The observed tendencies in particle behavior illustrate the importance of the electric field configuration for
plasma detachment problem. In the case of no-elecrodeless thrusters the whole thruster should be simulated to
consider not only the magnetic field influence but also the applied electric field one. The optimal configuration of
anode is suggested to be thoroughly analyzed. More tests for radial velocity distribution for various applied electric
potential distribution should be performed in experimental research.
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