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lon Thruster : Principle

 Working gas — Ignition — Plasma

e Long term confinement can be achieved using
external magnetic or electric fields or both

e Using extraction assembly ion are extracted to

enerate thrust
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It has high |;, ~ 3000-4000 s, scalable beam enery and low divergence angle

Based on Inductively coupled plasma source

| technology for EOR and GSK
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energy and hence the exhaust velocity
of given ion in terms of g/m ratio; n

The grid voltages determine the kinetic
denotes the divergence angle.

Neutralizer

" 0
\.Xe

*'3'

-

0%

i
.
.

4

_

i

i
-

i

Ho
.
i

o
S
.
.
-
S
o il

il
-
-
I
|
I
I
I
|
I
I
|
|
| .

)

i

-

s

e
Discharge
Chamber

o
.

o
e

24 Vscreen
144/

i
Ho
-
i
L
S
-
S

5503

S
"%%sv
.

x
i

-
e

£t
T
-
R
i
=
e

¢4%¢¢..
e |
e e

o :
| =
e .
S e I
.y
R s
e I

which overall defines the the figure of merit for the thruster
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> Plasma yield
l.e. Energy and Density at plasma

Extraction of high veloci
sheath

Formation of plasma sheath
Bulk
Plasma
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PIC-MCC method include
multiple species of ions,
electrons and neutrals
Full 3D description with
CAD geometry for

Neutral gas distribution
calculated through DSMC

computationally heavy and
require HPC

asmmetry inclusion
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The ab initio simulation of plasma inside the thruster can predict the
macroscopic quantities electron temperature and ion density profile which can
be varified from experiments and can also be used for global modelling

The extracted ion beam profiles can also experimentally validated
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Enclosure

Transfer line
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Plasma is generated by inductive heating through coil wound around chamber
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According to Faraday‘s law varying magnetic field induces electric field,
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Plasma Temperature:

From Maxwell-Boltzmann Equation
we define temperature of ensemble
for particular charged specie

Plasma Frequency:

Particles are oscillating in the field
created by opposite charged
particles

Debye Length:

The characteristic length beyond
which the potential of charged
particle attenuates exponentially

Plasma Parameter (Debye Sphere)

Number of particles inside Debye
sphere (definition is interchangeable)
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Different phenomena are observed at different time scale ranging from
picosecond to few second scale (some of them even extend to years!)

a Tokamak (L~1 m) with magnetic field of 1 T will yield time scales of plasma
period 3.5x1011 s, ion cyclotron period 6.5x10¢ s, Alfven wave period 1.4x107 s,
resistive time 2 ms, and Ohmic decay time ~3 s.

Consider an example of hydrogen plasma with density 1019 m=3, T

Time Scales
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Similar to time scale the length scale also vary depending upon system / plasma.
For Tokamak typical characteristic length are in order of meter with Debye length

in the order of 10> m and Larmor radius 10 m, whereas for solar corona
characteristic length is km and Debye length is in the order of centimetre.
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3 Level of description Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) Hierarchy

Exact microscopic description

Kinetic description

Fluid description

Plasma or particle beam is made of a number of particles
Classical or relativistic dynamics : obeys Newton‘s Law

N —body Model

dX,,;

dymv

— Z Femt

Plasma contains more than 101° particles
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Simulation would be too expensive

Each operation count would introduce numerical error
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Motion of single particle for basic understanding of trajectories
Eg: charged particle in magnetic field exhibits gyratory motion when additional

electric field applied undergoes ExB drift



""f‘%f%%%f”’f”’f‘é‘ﬁ%&%&“é‘ﬁ%&"“‘f‘é‘f‘"f“‘:é‘:%tf%%%%%%tfé‘f% 3@2“2“2@2“2@32@2@:f“’f‘%f"f"’f‘é‘f"f"f‘é’f“’f“f‘é‘f"’f"f‘é‘ﬁ”ﬁ”f‘é‘ﬁwf"’f‘é‘f"f"f‘é’f"f“f‘é‘f"’f"f‘é‘ﬁ”ﬁ"’f‘é‘f“’f"fé‘f"fwf‘é’i”ﬁ”f%“f%ﬁ”f":ﬁ”f*:i :
s nnn s s s s s s s s e
L R e
Nt aiiaxentp il i UMMILLSSTSTSTSS................_._....
SENELENG e CALINA o UAIud IV IS s i e s s

bl e b b el b el d 0 L L L
B
Bl i

» The choice of plasma description, either Kinetic or Fluid model is made based
on the temporal and spatial scale

« Hybrid models also employed where one of the plasma component is treated
as fluid and other kinetic

Time Scales

Kinetic Hybrid Fluid
: — »

Tpe Tce Tpi Tci Ta Tcs Tei

Electron Electron Alfven lon Acoustic Electron lon
Plasma Freq Cyclotron Freq Waves Collision

Length Scales
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Each particle species s in plasma is characterized by distribution function

f.(X,v,t) corresponding to statistical mean repartition in phase space
Inserting Lorenz force term we get Vlasov equation

The collisions can be included in Vlasov equation as

Collisionless Boltzmann equation is given as
The RHS term in simplest form given as
f., Is distribution function, 7 is collision time
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Electric and magnetic fields can be self induced or external from electrodes

Vlasov Maxwell system

Direct solut
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Thus particles in Lagrangian frame are tracked in continuous phase space,

(Re-) intoduce computational particle called super-particle discretize f(x,v,t)
and fields are computed on Eulerian mesh

6D Vlasov Equations are not practical
Interact more weakly than point particle. Thus singularity is

Advantage of finite-size particle is that being finite-sized they
avoided as they approach zero distance.
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Relativistic formula involves more steps to accomodate y chang

The scalar components are solved simultaneously

Boris Method
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Derivatives are approximated with differences between neighbouring grid

point values

Finite Element Method (FEM)
This method is more accurate that FDM at the cost higher computational

power
In this case also PDEs are transformed into eigenvalue problem but basis

functions are higher order
This is very recent method though have problems implementing complex

PDEs are treated as eigenvalue problem and solution is calculated using
geometries

Continuous domain is replaced by discrete grid points
basis functions

Continuous domain is divided into elements

Domain can remain continuous

Oldest of the methods

o

Finite Difference Method (FDM)

Most commonly used methods are catagorized into
Spectral Element Method
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The total electric field E is from externally applied field and space charge

Discretized form of Poisson'
This can be easly extended in 2D and 3D form

The Poisson‘s equation

equat
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Starting from Initial guess, In successive approximations solution is

achieved
Example: Jacobi, Gauss-Seidel, Successive Over Relaxation, Multigrid

Computes precise solution to problem
Periodic boundary conditions can be easily applied

Fast inversion of Sparse matrx
Example: Gaussian Elimination

Fast Fourier Transform
Most preferred method

lterative methods

Direct method
Spectral method
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permanent magnets. Magnetic field from current loops can be easily

calculated from Biot-Savart law
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Monte Carlo Collision method can be used
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