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Abstract
The more plasma thrusters are employed in space usages, the more cost-effective they must
be without losing device functionality. One of the most popular kinds of these plasma
thrusters are Inductively Coupled Plasma (ICP) torches. They have a high performance
and a distinctive operation in both efficiency and power-to-mass ratio. In this paper, an
ICP plasma thruster operation is simulated under the atmospheric pressure by using MHD
models and FlexPDE (Partial Deferential Equation) software. Finally, having assumed
steady state conditions, we have discretized linear equations. According to the initial and
boundary conditions of the system, we have determined radial and axial velocity of the
particles, the power dissipated, temperature, pressure, flow, flow driving force (thrust) as
well specific impulse in each grid cell. To have a comprehensive study, the effect of the
current source frequency and working gas flow rate on the thrust and specific impulse was
investigated. Finally, some impurities in the working gas were implemented to find an
optimized situation for the device.
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INTRODUCTION
The name “Inductively Coupled Plasma” acronym
(ICP) or plasma torch is a well-known apparatus and
is nearly as old as the invention of electric power.
The first report of an electrode-less ring discharge is
given to Hittorf in 1884. The early effort to maintain ICP on a stream of gas could retrospect to Babat
in 1947, and Reed in 1961[1-2]. The history of ion propulsion engines, by accelerated charged particles
thrown out of a chamber, generating driving force,
goes back to the years 1906 to 1916. The idea of
electric propulsion engines first was expressed by R.
H. Goddard[6-7].
There are two types of geometry for ICP: flat and
cylindrical. In the form of a flat geometry, the spiral
coil shaped electrode and in the cylindrical form the
electrode is shape as a coil spring. The later type is

used as a plasma or ion engine. Conceptually, the induction plasma torch is extremely simple. Its essential
components include a cylindrical refractory or quartz
tube through which a working gas flows. A Radio
Frequency (RF) power supply is coupling the energy
to the plasma by means of helical coil of n turns surrounding the plasma tube and a means of initiating
the discharge. The operating frequency supplied by
RF generator is normally at
MHz or even
more. So, at such frequency the wavelength is about
m which is much larger than the ICP dimension of the torch (few to tens of centimeters). In a
sense, this means that the fields inside the ICP torch
can be considered as static.
The cylindrical refractory or quartz tube consists of
two concentric tubes which are separated by a distance of few millimeters. Around the outer tube is a
spiral hollow copper coil, cooled by water and con-
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fines the plasma inside the inner tube. The inner tube,
the discharge gas inlet (usually argon or xenon) is converted into plasma and in the outer tube the inlet gas
plays as a coolant. Charge carriers accelerated in the
electric field (produced by RF current) couple their
energy into the plasma via collisions with other particles. This collision induced ionization of the gas continues in a chain reaction, breaking down the gas into
gas atoms, ions, and electrons, forming what are known
as an ICP discharge.
Since 1960, inductively thermal plasma technology or
inductively coupled plasma fuel is used in aerospace
applications. In 1964 the first space vehicle using
pulsed plasma propulsion was constructed[4-9]. The first
RF ion thruster was designed in 1960s: a 10-cm diameter of RF ion thruster, called the RIT-10, running at
an ionization frequency of 1 MHz with a cylindrical
ionization vessel using mercury for the propellant[1314]
. The ICP torch propulsion engines are used for
changing the speed and orbital elements of satellites.

The ion propulsion engines have lower fuel consumption, they are light, and have greater longevity, higher
exit velocity gas and have a high specific impulse with
the disadvantage of having limited thrust. However, it
uses little power, and the desired speed can be
achieved[15-16]. A simplified schematic of the ICP plasma
thruster is depicted in Figure 2. The objectives of this
study are to simulate conceptual ICP plasma thruster
and to find out the relationship between various parameters.
THEORETICAL METHOD
An inductively coupled plasma (ICP) is a type of plasma
source in which the energy is supplied by electric currents originated from electromagnetic induction, that
is, by time-varying magnetic fields. In cylindrical geometry, it is like a helical spring, when a time-varying
electric current is passed through the coil, it creates a
time-varying magnetic field around it, which in turn

Figure 1 : ICP torch; a) 40 MHz-2 KW, b) 13.56 MHz-1kW,[10]

Figure 2 : A simplified schematic of the plasma thruster
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induces azimuthally electric currents in the rarefied
gas, leading to the formation of plasma. Argon is one
example of a commonly used rarefied gas. Plasma temperatures inside the inner tube can reach
K,
comparable to the surface of the sun. The ICP discharges are of relatively high electron density, on the
order of
cm”3. As a result, ICP discharges have
wide applications where high-density plasma is
needed[11-12].
When an RF generator is on, the magnetic flux is produced by helical current that penetrates into the adjacent tube discharge region. According to the Faraday’s
law of induction, the time varying magnetic flux
induces a solenoidal time varying electric field . It is
the inductive electric field which then accelerates free
electrons in the discharge and sustains the plasma[3].
The electromagnetic behavior of the induction plasma,
described by Maxwell’s equations, is very complicated.
Maxwell’s equations consist of a set of coupled firstorder partial differential equations, which are obtained
from Gauss’ law, Coulomb’s law, Faraday’s law and
Ampere’s law and relating the various components of
the electric and magnetic fields. Therefore, the first
step is to solve Eq.1 (see below) to obtain electromagnetic behavior of induction plasma. Since the vector
potential is parallel to the applied current density ,
it has two azimuthal and axial components: = AÕ +
Az [3]. Once we have found solutions for AÕ and Az in
appropriate boundary conditions, the field components
EÕ, Ez and Hr, HÕ, Hz are obtained. Since the applied
current is assumed to be sinusoidal with RF, it is reasonable to expect that the induced fields , and
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and

vector potential are also sinusoidal[3].
Magneto-hydrodynamics describes the physical behavior of inductively coupled plasma. Properties normally
ascribed to fluids include density, compressibility, and
viscosity. In cylindrical coordinates, three velocity
components (i.e. radial vr(r, z), tangential vÕ(r, z) and
axial vz(r, z)) represent the flow of the gas. In three
dimensional axi-symmetric forms, the corresponding
momentum equations are given in Eq.5 (see below).
Momentum equations described in Eq.5 are also called
Navier-Stokes equations. The energy equation, Eq.6
(see below), has to be solved to obtain the temperature value in all parts of the torch area[3]. It has been
noticed that since the number of particles is very large
and the Personal Computer (PC) memory is limited,
the equation for the current has given the following
parameters; flowing argon 0.05 liter per minute for
rocket fuel, flow flowing argon gas at 1.7 liters per
minute as cooling system, frequency source 18.84 MHz

and acceleration voltage of 100 volts. Initially the
temperature at each grid cell determined by the vector potential and the electric field and thus, propulsion and specific impulse could be obtained. This process is repeated until the plasma is formed and the
flame is out of ICP torch.
It takes about One hour to solve these equations by
the computer with AMD X4 945 Processor and reach
the desired results. Simulated model permits to predict RF coil current, frequency, plasma power, overall efficiency of the generator. All RF plasma thrusters subsequently designed followed these basic design
principles. This model can be useful as a design tool
for the induction plasma generator. The followings
are the governing equations for ICP torch.
With the help of the preceding discussion, electromagnetic behavior of the standard induction plasma is described by two components of the vector potential;
AÕ, due to circular contribution of the applied current and Az is due to the axial contribution of applied
current[3]. From Maxwell equations we have:
(1)

After separating azimuthal and axial components and
dividing them into real and imaginary parts, the final
equations will be:

Once the vector potential is obtained, other electromagnetic parameters can be calculated. The electric
field:
(2)
(3)

and the magnetic field:

(4)

Note that the radial component of vector potential Ar
is omitted because of the applied current density. Here,
we present momentum equations describing ICP torch
particle velocity (Navier-Stokes equations). To derive
FP 42
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these equations, one has to use the continuity equation and do some mathematical operations to achieve
the following equations:
(5)

where

,  dependency is ignored in

2D due to axi-symmetry, ñ is the gas density, t is the
time, P is the pressure, ì is the viscosity and
are components of Lorentz force[3].
Lorentz force, :
(6)

Where: T is thrust, is Propellant mass flow rate,

specific impulse,
is velocity of the rocket exhaust
particles, and is gravity in space (the earth’s gravity
divided by 1000 is equal to space gravity).
Figure 3 shows the applied forces found in two-grid
accelerator systems. The thrust, which is the force supplied by the ICP torch to the spacecraft, is equal to
the sum of the forces on the screen and accelerating
grids. This net force, Eq. 10, on the grids is equal to
and opposite from the electrostatic forces, ion on an
ion between the grids.
(10)

where is the electric permittivity of free space, Eaccel is
the electric field at the acceleration grid and Escreen is the
electric field at the acceleration grid and Escreen is the
electric field at the screen[13]. The distance between
the accelerator grid is taken to be 10-3 m and the potential difference 100 V.
Also, the mass flow output from the rocket can be
written as;

(11)

We can also write the following relation (energy equation) for the plasma temperature:
(7)

Here, k is the thermal conductivity, cp is the heat capacity, T is the temperature, and is component of the
electric field. All values for: ,
, , and are
taken from the report by Miller and Ayen[18]. Equations (1)-(7) are coupled differential equations with
partial derivatives which need to be solved numerically and simultaneously with the proper initial and
boundary conditions. This is done by the commercial
version of FlexPDE5 software.
For the thrust and specific impulse
(8)
(9)

where R (8.314472 J · K-1) is the gas constant; (1.66)
heat capacity ratio; and A (2.5mm) is the area accelerator page; is the final temperature of the gas, is the
final temperature of the gas, is the final pressure of
the gas[17]. Equations (8)-(11) are also solved during the
calculations. The obtained results will be discussed next.
RESULTS AND DISCUSSION
The corresponding governing Equations (1)-(11) are
solved numerically by applying a Finite Element
Method (FEM) with Partial Differential Equation
solver (Flex PDE5). Based on Magneto-hydrodynamics model (describes the physical behavior of inductively coupled plasma) the plasma behavior and its

Figure 3 : Forces on a two-grid acceleration system
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Figure 4 : Torch geometry; RF current is applied to two ends P1 and P2. Argon gas flows into the inlet region of the torch tube
with different flow rates Q1, Q2, and Q3. Plasma is generated in the coil region with radius Rn which is less than R0.
TABLE 1 : Plasma torch dimensions and operation conditions
(slpm: standard liter per minute)

Q1 = 1.0 slpm
Q2 = 0.05 slpm
Q3 = 1.7 slpm
Icoil = 200 A
Ra = 3 mm

Rm = 3.7 mm
Rn = 18.8 mm
R0 = 25 mm
Rc = 33 mm
RT = 100 mm

L0 = 50 mm
L1 = 63 mm
L2 = 121 mm
LT = 200 mm
äw = 3.5 mm

properties are examined in terms of plasma parameters.
The ICP torch geometry considered in the present
work is shown in Figure 4. The governing Equations
with the prescribed boundaries and initial conditions
are solved using parameters listed in TABLE (1).
The calculations were performed for about 2825 nodes
and 1359 cells in non-uniform grid system and the time
it took to run the program was about an hour.
The maximum real vector potential is close to the coils
according to the induced currents flowing skin depth
and the skin depth near the coil. This area is a maximum real vector potential (the coil current density is
proportional to the vector potential). Imaginary vector potential has a maximum value at the center of
the torch. This component represents an area of potential sources of radio frequency energy absorption
and dissipation of the plasma torch; because skin depth
field in central ICP torch tube damped RF currents
and this region is the most absorbing and dissipating
energy. The maximum temperature at torch outlet is
32100 K. The actual thrust is at the edge of the end of
ICP torch, just because of the speed and the maximum axial thrust force, which is proportional to the

speed of axial output of torch nozzle. If we increase
the frequency of the source, then the thrust and specific impulse increases, but because the skin depth decreases as we increase the frequency (13.56 MHz maximum frequency is the skin depth), there must be a
limit.
is the radius of the outer cylinder,
for spectroscopy,

is radius of the inner cylinder,

radius of the coil,

is the outer

is the inner radius of the coil,

the height of the inner cylinder,

the starting point of

the coil winding,
the coil end point winding,
the
height above torch nozzle.
The value of the thrust as a function of RF frequency
is depicted in Figure (5). As can be seen, driving force
increases with increasing frequency source, since the
thrust is proportional to the ratio

and this ratio

increases with increasing frequency. But it can be deduced that the thrust reaches to a saturation level beyond the 8 MHz frequency. Also, the effect of gas
flow rate on the thrust at 3 MHz frequency is shown
in Figure (6). In figure (5) variations of thrust with the
frequency after 3 MHz is not significant. In figure (6)
variations of thrust with the flow rate MHz is not
significant between 8 to 12 slpm.
Figure (7) represents specific impulse as a function of
frequency. As can be seen on the figure, specific impulse depends on the applied RF frequency; having
frequency increased, plasma resistance increases due
to the temperature raise, and thus the output velocity
FP 44
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Figure 5 : The variation of the thrust as function of frequency
Figure 6 : The variation of the thrust with gas flow rate at 3
MHz

Figure 7 : Variation of the specific impulse versus frequency

of the particles increases as a result of increased specific impulse. Figure (8) shows the variation of the specific impulse at 3 MHz when the gas flow rate increases.
In Figure (9) we have shown the driving force in two
dimensions. As shown in this figure, thrust force is so
small inside the plasma region and approximately zero
in some points. This result is close to the desired goal.
In Figure (10), the specific impulse at 13.56 MHz is
shown. Maximum value of the specific impulse is found
to be 2500 s near the outlet of the torch but mostly is
about 2000 s in this area.
To study the effect of working gas on these two parameters, some admixtures with small percentages were
added to the pure Argon gas theoretically. During the
FP 45

Figure 8 : Variation of the specific impulse with gas flow rate at
3 MHz

calculation process, %0.1 Helium, %0.5 Helium, %0.5
Krypton, %1.0 Krypton and %0.5 Xenon were added
to the pure Argon gas and the results are compared in
Figures (11) and (12). Methods for gas mixing to calculate the transport coefficients are described and provided by A. B. Murphy[19]. As shown in Figure (11), the
thrust force doesn’t vary by adding %0.1 Helium to
the working gas at 3 MHz frequency but at 5 MHz
shows a small change. Adding %0.5 Helium or %0.5
Krypton increases the thrust force but %0.5 Xenon
makes it approximately close to zero. This is due to
the greater atomic mass of additives compared with
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Figure 9 : The propulsion force or thrust at 13.56 MHz (N)

Figure 10 : Specific Impulse at 13.56 MHz (sec)

the Argon’s. Figure (12) shows a significant increase in
specific impulse while %0.1 Helium was added both
for 3 and 5 MHz and reaches 3000 and 4000 s respectively which is a remarkable improvement. For cases
%0.5 Helium, %0.5 and %1.0 Krypton, the specific
impulse has a significant increase about 500 and 1500 s

at 3 MHz and about 1000 and 1500 s at 5 MHz compared the pure Argon case. At 3 MHz, the specific
impulse decreases to 500 sec by adding %0.5 Xenon while
at 5 MHz enhances up to 2500 sec which is adjustable
with the atomic mass and frequency relation.
FP 46
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Figure 11 : Comparing the Thrust force (N) in pure Argon with other admixtures running at 3 and 5 MHz (values have been
selected to the last digit)

Figure 12 : Comparing the Specific Impulse (sec) in pure Argon with other admixtures running at 3 and 5 MHz (values have been
selected to the last digit)

CONCLUSION

current consumption.

The acceleration of space’s gravity is about 1000 times
smaller than the acceleration of Earth’s gravity. Thus,
such an ion engine is appropriate for the deviations of
satellite orbits. By increasing the RF frequency source,
employing the accelerator grid and increasing the gas
flow rate, one can get higher Specific Impulse, thereby;
this will increase the lifetime of the spacecraft and
plasma thruster engine efficiency. Adding some impurities with specific and proper percentages can help us
to improve the device’s performance. However, the
device performances could be optimized by adding gas
admixture rocket fuel such as potassium in xenon, to
create a better output plasma energy beam with lower
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