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The particle-in-cell code has been developed for kinetic simulations of Hall thrusters
with a focus on plasma-wall interaction. The secondary electron emission effect on power
losses in a thruster discharge is shown to be quite different from what was predicted
by previous fluid and kinetic studies. In simulations, the electron velocity distribution
function is strongly anisotropic, depleted at high energy and non-monotonic. Secondary
electrons form two beams propagating between the walls of a thruster channel in opposite
radial directions. The beams of secondary electrons produce secondary electron emission
themselves, depending on their energy at the moment of impact with the wall, which is
defined by the local axial accelerating electric field in the thruster as well as by the electron
transit time between the walls. Under such conditions, the sheaths at the plasma-wall
interfaces can become space charge saturated if the emission produced by the secondary
electron beams is strong. The contribution of the beams to the particles and energy wall
losses may be much larger than that of the plasma bulk electrons. The average energy of
plasma bulk electrons is far less important for the space charge saturation of the sheath
than it is in plasmas with a Maxwellian electron velocity distribution function. Recent
experimental studies may indirectly support the results of these simulation, in particular,
with respect to the electron temperature saturation and the channel width effect on the
thruster discharge.
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Nomenclature

= coordinate normal to the walls

= time

= velocity components of an electron

= kinetic energy of an electron

= kinetic energy of electron motion in {z,y, z} direction respectively

electron mass

ion mass

elementary charge
= width of the plasma slab

= components of the electric field intensity (subscript z for the applied and z for
the self-consistent field)

= induction of the applied magnetic field
= electrostatic potential relative to the dielectric wall at x = L

neutral gas density
electron density

= frequency of “turbulent” collisions

frequency of electron-neutral collisions

effective frequency of collisions

electron mean free path between two collisions
= collisional electron mobility across the magnetic field
electron Larmor radius

= electron cyclotron frequency

= contribution of the axial electric field to the energy of electron motion parallel to
the walls after a single “turbulent” or electron-neutral collision

= total primary electron flux towards one wall
= total secondary electron flux emitted by one wall
= total secondary electron emission coefficient

= threshold value of the total secondary electron emission coefficient, which makes
the emission space charge limited

= critical electron temperature, the threshold for a plasma with a Maxwellian veloc-
ity distribution, which causes the space charge limited secondary electron emission

= partial emission coefficient of a secondary electron beam

= partial emission coefficient of plasma electrons

= average energy of a secondary electron beam when it impinges on the wall
= average energy of plasma electrons when they impinge on the wall

= primary electron flux towards one wall due to the electrons emitted from the
opposite wall

= primary electron flux towards one wall due to the electrons from the plasma bulk
= coefficient of penetration of the beam of secondary electrons through the plasma
= components of flow velocity of a secondary electron beam in y and z directions
respectively

= electric current density along z axis in simulations

= experimental value of the electric current density along the thruster axis due to
electrons only
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I. Introduction

SECONDARY electron emission (SEE) at the plasma-wall interface decreases the plasma potential relative

to the wall and thus increases the flux of electrons from plasma to the wall.! The intensity of SEE is
characterized by the emission coefficient v = I'y /T';, where I'; and I'y are correspondingly the primary and
the secondary electron fluxes. Typically the emission coefficient increases when the electron temperature
increases. If the emission coefficient exceeds the critical value 4., ~ 1 — 8.3(m/M)'/2, where m and M
are the electron and ion mass respectively, the SEE turns to the space charge limited (SCL) regime, when
part of the emitted electron current is reflected by the negative potential drop adjacent to the wall. The
lowest electron temperature of a plasma with a Maxwellian electron velocity distribution function (EVDF),
which causes SCL SEE, is called the critical electron temperature 7T,,..2 Transition to the SCL regime is
accompanied by the considerable growth of the primary electron flux and is an important factor limiting the
electron temperature.

Operation of a Hall thruster is strongly affected by SEE from thruster channel walls. The fluid theories?—>
predict fast electron cooling due to wall losses and saturation of the electron temperature with the growth
of the discharge voltage. In fact, the saturation of the electron temperature with the discharge voltage
(Joule heating) was recently measured in a 2 kW Hall thruster.® However, in experiments®7 the electron
temperature inside the thruster channel was several times higher than T, which is the maximum value
for the electron temperature predicted in Ref. 2. The fluid theories assume that the EVDF is Maxwellian.
Kinetic studies of plasmas in Hall thrusters®? reveal the depletion of the high energy tail of EVDF and the
reduction of the electron losses to the wall compared with fluid theories. It was shown in Ref. 10 for electron
cyclotron resonance discharges that the EVDF near a wall is far away from a Maxwellian EVDF and is
strongly anisotropic. Therefore, the proper analysis of the plasma-wall interaction requires kinetic plasma
simulations.

The complete three-dimensional kinetic simulation of plasma discharges consumes a tremendous amount
of computer time. However, in the accelerating region of a Hall thruster the radial magnetic field is strong
and the EVDF is established on a spatial scale much smaller than the entire length of the accelerating region.
Therefore, to obtain the EVFD it is sufficient to consider a thin radial section of the accelerating region,
which may be approximated by a one-dimensional model. A particle-in-cell (PIC) code has been developed
for simulations of a plasma layer immersed in external electric and magnetic fields and bounded by dielectric
walls. The PIC code self-consistently resolves in one spatial dimension both the sheath and the plasma bulk
regions. The parallel execution of the PIC code on multiple processors allows to simulate the evolution of
the plasma slab with width of hundreds of Debye lengths over the time intervals of the order of several ion
transit times. The numerical study of this model reveal a number of kinetic effects, which are important for
the physics of Hall thrusters. This paper describes some of the most interesting results, such as the strong
anisotropy of the EVDF with beams of secondary electrons, while the detailed description can be found in
our previous works'"''? and recent papers. 12713

II. Description of the model

Consider the plasma bounded by two infinite parallel dielectric walls capable to produce SEE, see Fig. 1.
Axis z is directed normal to the walls. The system is uniform along axes y and z. The plasma is immersed
in the external constant uniform magnetic field B, and electric field E,. The described system is simulated
with the parallel electrostatic particle-in-cell code, which is developed on the basis of the direct implicit
algorithm.'*'® The code resolves one spatial coordinate = and three velocity components vy, vy, and v, for
each particle.!!:12

Elastic, excitation and ionization collisions between electrons and neutral xenon atoms are implemented
making use of the Monte Carlo model of collisions.'® The neutral gas density is uniform across the plasma
and is not changed during simulations. To account for the anomalously high electron mobility across the
magnetic field in Hall thrusters, the additional “turbulent” collisions are introduced,® which randomly scatter
particles in y-z plane without changing their energy.!” Coulomb and ion-neutral collisions are neglected.'®

The SEE model is similar to that of Ref. 19. The total flux of secondary electrons consists of the elasti-
cally reflected primary electrons, the inelastically backscattered primary electrons, and the true secondary
electrons. Injection of these components is determined by the corresponding emission coefficients, which are
functions of the energy of primary electrons and the angle of incidence.*'9~2! The ions are neutralized after
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Figure 1. Schematic diagram of the simulated plasma system. The two dielectric walls represent the coaxial
ceramic channel of a Hall thruster.

collision with the wall increasing the surface charge. The total emission coefficient v agrees with the avail-
able experimental data for boron nitride ceramics grade HP.22. It is found in simulations of xenon plasmas
with a Maxwellian EVDF that for the implemented SEE model the critical electron temperature is about
T.. = 19 eV. For comparison, in Ref. 23 the same experimental emission coefficient data were averaged
analytically over a Maxwellian EVDF and the value T,, = 18.26 eV was obtained.

The PIC code was benchmarked against the available numerical and theoretical results. The code repro-
duces the main results of the early sheath simulations®* with a Maxwellian plasma source and SEE with the
constant emission coefficient (for such simulations the wall at = 0 is substituted by the plasma source).
The linear increments of the two stream instability of a cold beam in a dense cold plasma?® and the nonlinear
saturation of the beam-plasma instability?® are reproduced with periodic boundary conditions.

Simulations with two dielectric walls were carried out with parameters corresponding to the values exper-
imentally measured in the 2kW Hall thruster for discharge voltages from 200 to 350 V.6 The axial electric
field E, and the radial magnetic field B, were taken at the point with maximal electron temperature, which
is inside the thruster channel for the considered discharge voltage range. The neutral gas density n, deter-
mined the frequency of electron-neutral collisions v,,,. The “turbulent” collision frequency vy, was adjusted
such that the electron mobility u. due to both “turbulent” and electron-neutral collisions corresponds to the
experimental value of the electron electric current density Jezp:

e
mepr(1+w?2/v2 ;)

Jeap = encpicE, = en,

z

where Veff = Viyrb + Ven is the effective frequency of collisions, w, is the electron cyclotron frequency.

In the next section the major results are highlighted, presenting for illustrations the data obtained in
simulation with L = 2.5 em, E, = 200 V/em, B, = 100 Gauss, n, = 2:10"2 ecm ™3, veurs = 1.46-10% s~ 1. In
this simulation the plasma density averaged over the width of the plasma slab is n, = 3.2- 10! em ™3 (after
6.9 us of the system evolution).

ITI. Results

The simulations reveal that in thruster plasmas the EVDF is anisotropic and far from Maxwellian (see
Fig. 2).1'~13 The average energy of electron motion in the directions parallel to the walls (wy,.) = (mv; _/2)
is several times larger than the average energy of electron motion in the direction perpendicular to the walls
(wy), averaging (...) is done over all electrons. The EVDF presented in Fig. 2 has (w,) ~ 5.7 eV and
(w,) ~24.5 €V.

Qualitatively, the anisotropy of the EVDF can be explained as follows.!?!3 The electrons gain their
energy from the accelerating electric field F, as a result of “turbulent” collisions and collisions with neutral
atoms. The heating occurs in the direction parallel to the walls while the electron-neutral collisions make
the electron distribution function isotropic. If the frequency of the “turbulent” collisions is much higher
than the frequency of collisions with atoms vy, > ve,, which is typical for the low voltage regimes of the
thruster’s operation,® the electrons are heated in the direction parallel to the walls much faster then the rate
at which the distribution function is made isotropic resulting in the anisotropic distribution %27, For high
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Figure 2. The electron velocity distribution over v, and v, in the middle of the plasma 10 mm < x < 15 mm
plotted in energy coordinates (the sign marks the velocity direction). Figure (a) — 3D-plot, figure (b) — the
corresponding 2D-plot with contour lines. Any two neighbor level lines in figure (b) have level difference of
0.1.

discharge voltages, the difference between the classical and the anomalous axial electron mobility decreases®
so that vy, ~ Vey,. In these regimes, the anisotropy develops when the axial electric field F, satisfies the
criterion eF,r;, > e®. In the latter case, the electron receives a significant energy in the direction parallel
to the walls Awpq, > e®, and such electrons are easily lost to the walls as a result of the next few collision
events. If the above mentioned criterion for the electric field is satisfied, one obtains (wy ) ~ eE,ry > e®
(compare lines 1 and 3 in the middle region in Fig. 3). The consistency between the plasma potential and
the plasma temperature requires (w,) < e® (compare lines 2 and 3 in the middle region in Fig. 3) so that
the EVDF becomes anisotropic with (wg) < (wy. ).

Although the SEE decreases the drop of potential across the sheath, the potential of the isotropic
maxwellian plasmas is of the order of several electron temperatures. However, simulations of thruster plas-
mas show that due to the anisotropy the plasma potential is low compared to the total average electron
energy (w) and typically has the value of about tens of Volts (see line 3 in Fig. 3). Also, in the present
simulations the electric field and the dynamics of plasma particles are calculated self-consistently across the
whole plasma slab. As a result, the source sheathes, which are inherent in simulations with plasma sources
and represent the distinct potential drops near the plasma source,?2® do not appear and the potential profile
is smooth (line 3 in Fig. 3).
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Figure 3. Spatial profiles of the average electron energy of motion in z-direction (line 1) and in z-direction
(line 2), and of the electrostatic potential (line 3). The walls are at = 0 and z = 25 mm. Note that everywhere
(wz) <ed < (wy)

For the neutral density used in simulations the average frequency of electron-neutral collisions is Ve, =~
1.4-105 s71, the average electron energy for the case presented in this section is (w) = 66 eV, the corre-
sponding velocity is v = 4.8-10% m/s, and the mean free path between the two collisions with neutral atoms
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(which may scatter an electron towards the wall) is A = v/(Ven, + V44) = 3.4 m > L. The mean free path is
much larger than the width of the plasma slab, that is why the EVDF is strongly depleted for the energies
w, above the plasma potential w, > e®(x).'° This group of electrons forms the loss cone and is populated
by electrons emitted from the walls, as well as by the electrons from the plasma bulk, which collided with
neutral atoms.'!—13

The emitted electrons move along the spiral-like trajectories: the acceleration and deceleration in x
direction is combined with the cyclotron rotation in y-z plane and E, x B, drift in y direction (see Fig. 4a).
The near-wall conductivity theory relies on such motion explaining the increase of the electron mobility
across the magnetic field.?? In the simulation presented here the 200% increase of the axial electron mobility
due to the near-wall conductivity effect compared to the mobility determined by collisions with neutral atoms
and “turbulent” collisions is observed.!' = When the near-wall conductivity effect is significant, the profile
of the axial electron current density J,(z) becomes modulated, as it is predicted in Ref. 29 (see Fig. 5).
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Figure 4. For the electron beam emitted from the wall z = 0: figure (a) represents the local flow velocities
uy (black triangles) and u. (open triangles) versus z coordinate, figure (b) represents the local average energy
wy + w, versus x coordinate. The walls are at x =0 and x = 25 mm.

Note that not only the velocity, but also the energy of motion of emitted electron parallel to the walls
oscillates along the electron trajectory (see Fig. 4b). At the time of collision with the wall the average energy
of beam electrons wy, exceeds the initial average energy of emission by the value of the order of m(E./B,)?
due to the drift motion. Therefore, in large electric field the emitted electrons may produce intense secondary
electron emission themselves.!' 13 From Fig. 4b follows that w;, depends on the phase of cyclotron rotation
of electrons at the moment of their impact with the wall. This phase depends on the time of transit of the
emitted electrons between the walls and is defined by the distance between the walls and by the potential
profile. Recently the strong effect of the channel width on thruster operation has been observed,?® which
may be related with the dependence of the energy of the secondary electron beams on the width of the
channel.

The plasma bulk electrons and the beam electrons are characterized by different average energies wy,; at
the moment of impact with the wall, and thus produce SEE with independent partial emission coefficients
Yp.b- Here, index p corresponds to the plasma bulk and index b — to the beam electrons. In the stationary
sheath with monotonic potential profile the ratio of the particles fluxes I', ; of two groups of electrons is
defined by the partial emission coefficients and by the coefficient of penetration of the electron beam through
the plasma slab a:12713

T ap

-0 ~ P 1
B (1)
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Figure 5. Modification of the profile of the electron current density in z-direction in the regime when the
near-wall conductivity is significant. The walls are at z =0 and at x = 25 mm.

where o =T, /Ts < 1.

Equation (1) is valid if ey, < 1 — otherwise the stationary stage is not possible. From (1) follows that if
ayp > 1 — ary then Fy, > F, and most of the electron flux to the wall is created by the secondary electron
beams.

The expression for the total emission coefficient is!?—13
Tp
V= : (2)
1+ a(vp — )

The exact values of fluxes and emission coefficients in simulations satisfy these analytical relations. For
the simulation presented in this section w, = 54+4 eV, wy = 35.5£0.5 eV 7, = 1.02£0.06, v, = 0.963£0.012,
I, =(2.674£0.19)-10'7 s7lem=2, T, = (1.8140.16) - 1018 s7lem ™2, a = 0.9114:0.024. The fluxes measured
directly in the simulation give I'y/T', = 6.8 &+ 1.1, while Eq. 1 gives close value I',/T', = 7.6. The total
emission coefficient measured in the simulation v = 0.97 is the same as the value that follows from Eq. 2.
Note that v < . = 0.983 although 7, > e,

The simulations show that the two-stream instability®! is usually weak and does not lead to significant
loss of the beam current, which results in o ~ 1.12:13

Recently in Ref. 32 the problem of the sheath formation in a bounded plasma slab in presence of the
counter-propagating secondary electron beams has been considered in the fluid framework. The important
effect of secondary electron emission produced by the beams of secondary electrons was not considered, thus
the criterion for the SCL SEE regime obtained in Ref. 32 is valid only for low accelerating fields. The results
of Ref. 32 may be obtained as the particular case of more general equation (2).

The complete kinetic study of the bounded plasma slab reveal another interesting effect. Numerous
simulations have been carried out with different sets of parameters in which the “classical” stationary SCL
SEE regime was not observed.!'~!3 Instead, under certain conditions the structure of the sheath corresponds
to the non-SCL SEE regime most of the time and quasi-periodically turns into the SCL regime for a short
periods of time. During these periods the emission coefficient exceeds the SCL SEE threshold (see Fig. 6a)
and the primary electron flux to the wall abruptly increases (see Fig. 6b). The sheath oscillations are
described in Refs. 11-13.

IV. Conclusion

The considered model reveals several features of plasma-wall interaction in Hall thrusters, which are
missed by fluid theories as well as by kinetic simulations of near wall regions carried out with the assumption
that the bulk plasma has a Maxwellian EVDF. It is found that the thruster plasma is anisotropic, the
secondary electrons almost freely propagate between the walls and produce secondary emission themselves.
The criterion of the space charge limited secondary electron emission is modified: the average energy of
electrons confined by the plasma potential may be large, while the secondary electron emission remains
in the non space charge limited regime. The quasi-periodic nonlinear oscillations of the simulated plasma
are observed instead of the stationary space charge limited regime of secondary electron emission. There
are several practical implications of these studies: (i) the strong SEE effect on power losses and near-wall
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Figure 6. At the wall z = L: figure (a) — the emission coefficient versus time, and figure (b) — the total primary
electron flux versus time.

conductivity in the thruster discharge is expected to occur only when the axial electric field provides the
emitted electrons with sufficient additional energy; (ii) the SEE effect depends on the channel width because
the energy of secondary electron beams at the moment of their impact with the walls depends on the time
of electron transit between the walls. These predictions appear to be in an agreement with experimental
studies.
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