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Abstract

Electrical thrusters use electromagnetic forces for thrust production, and they use
electrical energy for their operation. There are several kinds of electrical propulsion systems
available for space propulsion applications, and Hall thrusters are one of the most promising
propulsion technologies due to their high specific impulse (fuel utilization), for having no
upper limit on maximum ion current or thrust extraction from the thrusters' channel, and
longer operating time. They are relatively smaller than conventional combustion rocket
engines and use less fuel. The thrust they provide ranges from a few mN to 1N, which is very
small compared to traditional combustion rocket engines. On the contrary, the specific
impulse provided by a conventional combustion rocket engine is only up to 300s to 400s,
while it ranges from 1000s to 3000s for a Hall thruster. Even though the thrust generated by
a Hall thruster is not as much as that of a conventional rocket engine, its continuous operation
for an extended period is more effective and efficient than the conventional combustion
rocket engine. They can attain very high speed in space (provided continuous operation for a
longer time), making them ideal for space applications and preferable to conventional

combustion engines for interplanetary traveling.

In a Hall thruster channel, electrons from a heated cathode accelerate toward the anode
and ionize the neutral fuel (propellent) atoms injected from the anode side. Any gas with a
heavy atomic mass and low ionization energy, like Xenon, can be used as fuel in a Hall
thruster. An axial accelerating electric field is required to produce the thrust by accelerating
the ions. However, as the plasma inside the thrusters' channel is a good electrical conductor, a
perpendicular (radial) magnetic field is used to reduce the axial mobility of the electrons. The
reduced axial mobility of the electrons (magnetized) helps increase the magnitude of the axial
accelerating electric field inside the plasma, which accelerates ions (unmagnetized) for thrust
and electrons for ionization of neutral atoms. Inside the channel of a Hall thruster, the mean
free path for a neutral Xenon atom and an electron with an energy of 10 eV is around 30 cm,
which is larger than the dimension of the channel. Thus, the radial magnetic field and a
closed drift configuration are also required to trap the electrons for the efficient ionization of

neutral atoms.

Inside the thruster channel, the plasma is generated at the ionization front of the
magnetically confined electrons (drifting in the azimuthal direction), which produces a

density gradient inside the system. The radial magnetic field holds (supports) this density
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gradient. However, as the system is in a state of higher potential energy, any fluctuations or
oscillations in the plasma density will grow so that the system will go into a relatively lower
potential energy state, i.e., a reduced density gradient. Thus, any fluctuation in the axial
density gradient will grow and lead to Rayleigh-Taylor instability. A similar phenomenon is
seen in fluid dynamics when a low-density fluid supports a high-density fluid. In the Hall
thruster, this density-gradient-driven Rayleigh-Taylor instability propagates azimuthally and
generates density oscillation (spikes) in the axial direction. Thus, it reduces the magnetic
confinement of the electrons and increases their axial mobility (contributing to anomalous
electron transport), which reduces the axial accelerating electric field that produces the thrust.
There are also other plasma oscillations and instabilities present inside the channel and plume
plasma of a Hall thruster, which affect the electrons and ions transport (particles and energy
transport), wall erosion rate, and plume (directly the thrust); in other words, they affect the
thrusters' efficiency and its lifespan. The main reasons for these instabilities and oscillations
are different drift velocities of electrons and ions, density gradient, and magnetic field
gradient. In past years, several studies have been done on Hall thruster plasma modeling,
magnetic configuration, plasma plume, electron transport, and instabilities both theoretically

and experimentally.

As the neutral propellant atoms are injected from the anode side, they collide with the
azimuthally drifting electrons and get ionized. Xenon atoms' first, second, and third
ionization energy atoms are 12.12 eV, 21.20eV, and 32.12 eV, and the accelerating
electrons can easily achieve this much energy in a Hall thruster operating at a discharge
voltage of 300V. The axial electric field accelerates ions, and because they are heavier and
thus unmagnetized, their motion helps reduce (or break) the magnetic confinement of those
electrons that fall within their Debye sphere, reducing the density gradient. As the Debye
sphere of double-ionized ions has relatively more charge, they will reduce the density
gradient even more. The increased density of double-ionized ions inside the channel also
represents increased ionization, resulting in a lower axial density gradient of electrons. These
will reduce the growth rate of gradient-driven Rayleigh-Taylor instability. Also, Kim et al.
observed an increased density of multi-ionized ions with a lower wall erosion rate while
studying the magnetic field tailoring effect. A reduced radial electron flux could cause this
lower wall erosion (less wall potential) due to a higher electrostatic attraction by the double-
ionized ions. The continuous sputtering of the channel wall by the plasma generates dust

particles, which are also unmagnetized like ions and carry a lot of charge. Their transport also
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helps to reduce electrons' magnetic confinement while their charging, coupled with the
plasma instabilities, can lead to the damping of those instabilities (by absorbing the
fluctuating plasma densities). The classical mobility of the electrons along the applied axial
electric field is inversely proportional to the applied magnetic field and proportional to the
collisional frequency. Thus, the presence of electron collisions (neutral propellant atoms) and

ionization (singly-ionized ions) also enhance the electron transport across the magnetic field.

Considering all the above points in the present thesis, we have developed theoretical
models to study the effect of double-ionized ions, collisions, ionizations, and temperature on
the growth of a density gradient-driven Rayleigh-Taylor instability inside the Hall thruster
channel. The results show a lower growth rate for increased density of double-ionized ions
and collisions, confirming the earlier phenomena. A possible analytical solution is obtained
for the Rayleigh-Taylor equation along with a singularity and related unstable modes with the
necessary conditions. But before studying the damping of plasma waves (or the effect in
general) by dust charging and transport and its effect on the efficiency and lifespan of the
thruster, the dust charging and its transport itself need to be studied. Thus, the dust charging is
studied theoretically for steady and fluctuating plasma parameters, and after that, the charging
frequency of dust grains is investigated for different grain sizes and potentials. Results show
that the fluctuating charge on the dust grains strongly depends on grain size (dust charging
frequency) and the frequency of plasma oscillations. A broad spectrum of charging frequency
depending on grain size and potential, which also depends on the channel plasma, is
explored. In the end, a radially averaged one-dimensional axial model for dust transport is
used to investigate the velocity and density of dust grains inside the channel and their
contributions to the thrust and discharge current.

As this work is theoretical, this thesis would be advantageous in better understanding of
various physical mechanisms in the channel plasma and how they affect its working. These
results would help experimentalists optimize the thruster parameters for a specific purpose.
This work will be used to study the damping of plasma waves in the channel, which will be
further used in the study of electron transport for increased efficiency and lifespan of Hall

thrusters.
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faggd el Uuie Ided & i faggd-daeia aal & ST HRd § 3R d
3T e & 1Y faqgd Sroff o1 SuahT BRa 1 Siafver yuies Srguan & fw &g
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SUIRT), Y o § SHABAH A YRT AT YuNG AshyUl )R Big SO A1 A 519,
3R dd IRaEeH IHT & SR GO9S Joled Waiiiea § § @ g1 9
URURS g Ve Goi ! ga-T H SUETHd BIC Bid & 3R HH Y- BT YA Hd g
d ST UG UeH $Rd § 98 $© mN ¥ 1IN d& BIdT , S URURS &g Jdhe o &
qa § §gd ®icl 81 $9% [dWid, U URURS &g e o gRI YaH foar T
fafR1y maT Had 300s T 400s TP BT &, STHD TG B YR & A4 1000s T 30005
qF BT 31 ¥t B BT UReR GRT IUF Uoie URURG e So fora et B, Afebt T
STaT SafY & forT THT FRAR HaTed URURS &g RMbe o o1 o § 3 gurdt
3R HIC BT g1 SADT SfARe T 9gd I A W BT (Ae 0T d FRaR e
B W), I8 SHARe ST & forg 3meRf §91d & 3R ewies] amT & fore uRulke

<8 3o I S8R §1d |

UH BId IR 99d H, T TH HUIS ¥ Faaed THIS &1 3R doll ¥ dgd g 3R
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WA & 3iaR el @aRd faggd &3 & e &1 96 & Ace Hadl §, il de
TRAS & IR & 1T gaael-! o1 3R YUie & e gt (Srdaeig) &l @i
HT 81 Bl YR & o & 3R, U deR SiiH WA 3R 10ev B SHoll ardl
SATSE & S HIed Had U THT 30cm BIAT 8, S oFd & Sy ¥ 987 g1 39,
JCR] URATYSN & HRIA HIHIU & foIU FolaeHl &l B o forg Aead Jadig &3
3R U sic 7819 fa=ure o1 off saxaesan gich 21
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YRER TS F SR, WISH geptg FY I AT soaeH! @iy = § 98
g0 & MR HId TR ITF gl &, ol AeH & 3fay Id-Uaurdm Ual &l g
ST e g &5 39 ga-UaUIdl &I YR (FHA) TRl ¢ | gTaifep, o women 3=
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3iefg faggd & SmgHt @) @Rd Bl 8, 3R Fife & HRY E1d & 3R gufe rjatehd
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gfafAfia &R 8, S9% gRumaey gaae! &1 3Heflg g9 &9 g1l 81 3 99
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Figure. 3.2: Cut-off frequencies with ionization rate and lower cut-off frequency minima.

Figure. 3.3: Weak dependence of growth rate on the electron collision frequency for other

parameters the same as in Figure 3.1.

Figure. 3.4: Variation of perturbating potential with the electron collision frequency for other

parameters the same as in Figure 1.

Figure. 3.5: Dependence of growth on multi-charged ion density and the magnetic field for

other parameters the same as used in Figure 3.1.

Figure. 3.6: Variation of perturbed potential with the magnetic field for other parameters the

same as in Figure 3.1.

Figure. 3.7: Dependence of perturbed potential dependence on multi-charged ion density for

other parameters the same as in Figure 3.1.

Figure. 3.8: Dependence of growth rate on multi-charged ion density with channel length for

other parameters the same as in Figure 3.1.
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Figure. 4.1: Variation of dust charging time T4 and dust charge number Z; with dust size
r(= 1y).

Figure. 4.2: Variation of dust charging time Ty and dust charge number Z,; with electron

temperature T,.

Figure. 4.3: Variation of dust charging time T4 and dust charge number Z,; with plasma

density n,.

Figure. 4.4: Variation of dust charging time T4 and dust charge number Z; with the plasma

potential ¢.
Figure. 4.5: Variation of dust potential & with plasma density n,.

Figure. 4.6: Variation of dust potential ® with plasma potential ¢ and electron temperature

T,.

Figure. 4.7: Variation of dust charging time T4 and dust charge number Z,; with double-

ionized ions.

Figure. 4.8: Weak dependence of dust potential ® on plasma potential ¢p and double-ionized

ions density.

Figure. 4.9: Fluctuating dust potential @ with fluctuating plasma potential ¢ and dust grain

sizer.

Figure. 4.10: Fluctuating dust charge number Z; with dust grain size r.
Figure. 4.11: Fluctuating dust charge number Z,; with oscillation frequency w.
Figure. 4.12: Fluctuating dust charge number Z; with double-ionized ions.

Figure. 5.1: Trajectories of charged particles for an attractive dust potential when dust size is

of the order of Debye length (r~24,).

Figure. 5.2: Charging frequency (w4 ) for smaller (r << 1,), negatively charged dust grain as

a function of size and plasma density, when T, = 30 eV and n,; = 60%.

Figure. 5.3: Charging frequency (wg4,) for smaller (r < 4,) negatively charged dust grain as
a function of double-ionized ions (n,;) and electron temperature (T,), whenr =1 x 108 m

and ny = 108 /m3.
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Figure. 5.4: Dust floating potential (®,) for smaller (r << 1,4) negatively charged dust grain

as a function of double-ionized ions (n,;) and its size, when T, = 30 eV and n, = 1018 /m3.

Figure. 5.5: Dust floating potential (®,) for smaller (r << 1) negatively charged dust grain
as a function of electron temperature (T,), whenr = 1 X 1078 m, n, = 108 /m3 and n,; =
60%.

Figure. 5.6: For negatively charged bigger dust grain (r~A,), its charging frequency (wg)

as a function of double-ionized ions (n,;) and its size, when T, = 12 eV and n, = 108 /m3.

Figure. 5.7: For negatively charged bigger dust grain (r~A1,), its charging frequency (we)
as a function of plasma density and electron temperature (T,), when r =5 x 10~¢ m and
nzi = 20%

Figure. 5.8: For negatively charged bigger dust grain (r~A4,), its floating potential (®,) as a
function of double-ionized ions (n,;) and electron temperature (T.), when r =5 X 107®m

and ng = 1018 /m3.

Figure. 5.9: For positively charged bigger dust grain (r~A4,), its charging frequency (w¢) as
a function of its size and electron temperature (T,), when T,,. = 3 eV, n, = 10'® /m3 and
nzi = 60%

Figure. 5.10: For positively charged bigger dust grain (r~A,), its charging frequency (we)
as a function of plasma density and double-ionized ions (n,;), when Ty, = 3 eV, T, = 30 eV

andr =5x 10~° m.

Figure. 5.11: For positively charged bigger dust grain (r~A1,), its charging and floating
potential (®,) as a function of electron temperature (T,), when Ty, = 3 eV, ny = 1018 /m3,

n,; = 60% andr =5 x 107 m.
Figure. 6.1: lonization profile: lon density profile.
Figure. 6.2: Acceleration profile: lon velocity profile.

Figure. 6.3: Dust-Xenon ion collisional cross-section and dust charge number (Z; = [Q41/e)

with the axial position.

Figure. 6.4: The dust’s density and velocity axial profiles.
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Figure. 6.5: The dust’s densities axial profiles with their sizes and the ionization-acceleration

region’s overlapping.

Figure. 6.6: The dust’s velocity axial profiles with their sizes and the ionization-acceleration

region’s overlapping.
Figure. 6.7: Total force profile inside the channel experienced by a newly formed dust grain.
Figure. 6.8: Dust particle’s position (locus) with time for two grain sizes.

Figure. 6.9: Dust particle’s velocity (phase) with time for three grain sizes.
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List of Symbols

A : Fitting parameter

A : Channel cross-sectional area

B : Magnetic field

B, : Axial magnetic field

B, : Radial magnetic field (B, in rectangular slab geometry)

D, : Diffusion coefficient for electrons

\7pl- : lons’ pressure gradient

AV : Change in rocket velocity

E : Electric field (also Energy on incident particle)
E; , - Axial perturbed electric field

E;, : Minimum threshold energy for sputtering

Eg : Azimuthal electric field

E, : Axial electric field

E, : Force on electrons

T

: Force on ions

Ip, : lons beam current

I, : Discharge current

1, : Electron current entering the channel

I; : Extracted ion current (also Singly-ionized ions current)
I, : Dust charging currents

Iy, - Specific impulse

I,; : Double-ionized ions current
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Jp : lons beam density

Jp : Discharge current density

Juau © Hall current density

L : Channel length

Lg : The characteristic length

M : Total mass of rocket

@ : Dust potential relative to plasma potential
Py, : Thruster power

P;,, : Total input power

Pj; : Jet power

Q4 : Dust charge

R; & R, : Inner and outer channel radii
S, : Dust production rate

S, : Dust destruction rate

T(= F) : Thrust

Te : Dust charging time

T; : Singly-ionized ions temperature
T,; : Double-ionized ions temperature (also Thrust with double-ionized ions)
Ty : Thrust with beam divergence

V' . Velocity of rocket

V' : Discharge voltage

V¢« Final velocity of rocket

V; : Initial velocity of rocket

V,, : Acceleration ion beam voltage
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Y(E) : Sputtering yield

Z 4 : Dust charge number

a : Sheath edge

ay - Thrust correction factor for beam divergence
a, : lonization rate of neutral atoms

a, : lonization rate of singly-ionized ions

a,; . Thrust correction factor for double-ionized ions
&y - Permittivity of free space

b; - Impact parameter

O Maximum yield

ds0c(E) : Secondary electron emission yield

e : Charge of an electron

Nm - Mass utilization efficiency

ny . Total efficiency of Hall thruster

g . Gravitational acceleration

i . Heat capacity ratio for singly-ionized ions
e - Secondary electron flux

¥o; . Heat capacity ratio for double-ionized ions
h, : Azimuthal Hall parameter

h, : Radial Hall parameter

kg : Boltzmann constant

k,, : Wave number of perturbed wave

A . Electron mean free path

A4 : Debye length
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0, : Electron’s cyclotron frequency

0; : lon’s cyclotron frequency

Q4 : Dust charging frequency

m(= m,) : Electron mass

m;(= M;) : lon Mass

mi(z Mi) : Rate of change of ion mass or mass flow rate
m, (= M,) : propellent mass

m, (= M,) : Rate of change of propellent mass or mass flow rate
Ueo - Azimuthal mobility of electrons

Uex - Axial mobility of electrons

m,, : Rocket vehicle mass

n, : Neutral atoms density

ng : Dust density

n, : Electron density

n; . lon density

n;o - Unperturbed singly-ionized ions density
n;; . Perturbed singly-ionized ions density
n,;o - Unperturbed doubly-ionized ions density
n,;, - Perturbed doubly-ionized ions density

v : Electron-neutral collision frequency

n,; - Double-ionized ions density

w : Frequency of perturbed wave

¢ : Plasma potential

¢, : Perturbed potential
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q. : Charge of electrons

q; : Charge of ions

rdrdz : Area element in cylindrical coordinate system
ry(= r) : Dust size

pe - Electron’s Larmor radius

p; - Ton’s Larmor radius

o, . Neutral atom cross-section

o, . Dust surface area

6 : Plasma plume divergence angel

u, : Azimuthal drift velocity of electrons

v, . Neutral atoms velocity

Vg4 : Dust velocity

v, : Electron velocity

Ve, . Perturbed electron velocity

v, - Radial velocity of the electrons

Ve g - Azimuthal velocity of the electrons

Ve . AXxial velocity of the electrons

Ve, - EXhaust velocity

v; . lon velocity

v; p - Mean velocity of ejected ion beam

v;o - Unperturbed singly-ionized ions velocity
v;;1 - Perturbed singly-ionized ions velocity
Va0 - Unperturbed doubly-ionized ions velocity

V,;1 - Perturbed doubly-ionized ions velocity
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¥,; . Double-ionized ions velocity
™ - Minimum plasma species speed required for coming at the dust surface

z : Level of ionization
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Tabel 1.1: Typical operating parameters for a kW range Hall thruster (SPT-100M).
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