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Abstract: Interaction between charged species (plasma) and neutral gas inside a microthruster used for 
small spacecraft applications is investigated. A multidimensional self consistent model is developed to 
describe the interaction inside a micro-thruster. The model includes the solution of the conservation 
equations of the charged species and the neutral gas with the Poisson equation. Gas depletion, heating 
and pressure are calculated in the micro-thruster. The multidimensional simulation gives a better 
understanding of the gas-plasma interactions. The model is also suitable to investigate the effect of 
using different electrodes configurations and geometries to control and optimize the interaction 
process. 
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INTRODUCTION 

 
In recent years Micro Systems Technology (MST) was introduced to manufacture miniaturized components 

for satellite subsystems, like small sensors, valves, micromotors, antennas and many more. These components 
can be used to build a new class of satellites weighing considerably less than 10 kg. With the possibility of 
cheap mass production of such nanosatellites new applications become possible. However, the construction of 
very small satellites is connected with problems concerning orbit control and deorbiting (Sven Muncheberg, 
1996). On the other hand, Small satellites flying in clusters require periodic "stationkeeping" to keep them in 
place. One challenge results from the fact that the satellites in a cluster don’t stay but –they continually move 
about with respect to one another. The goal is to keep the individual satellites in well-defined orbital with 
respect to one another. The necessary impulse, therefore, is only the amount needed to overcome the difference 
in drag between the most -affected and least-affected satellites in the cluster. Reducing spacecrafts size means 
shirking its components scale, including the propulsion system. Recently, there has been a great deal of interest 
in micropropulsion for space applications. These applications range from drag make-up and stationkeeping to 
formation flying of multiple satellites. Microthrusters readily lend themselves to these applications for a few 
reasons.  First, their small size and reduced power requirements make it possible to scale down the size and 
weight of the entire spacecraft. The lower weight and smaller size translate to reduced launch costs and 
potentially lower manufacturing costs. Thrusters in this class give very small and precise impulse bits. In such 
formation flying missions like space based interferometry, the relative positions of the satellites is very 
important and maintaining tight tolerances in their relative positions is very difficult unless such small, precise 
impulse bits are available. The concept of electrothermal propulsion has been known for some time and different 
types of electrical thruster are being developed and tested. The fundamental principle of electrothermal 
propulsion is to apply electrical heating from an external power source. The specific electrothermal thruster 
studied generates plasma to increase the heat of the bulk propellant. The thermal energy imparted to the 
propellant gas is then converted into kinetic energy by a nozzle. This work represents a multidimensional 
development to the two dimension self consistent formalism of the Royal Military College of Canada (R*SCPC) 
(Manish Jugroot, 2009; Manish Jugroot and Ashraf Farahat, 2009) that describe the interaction between plasma 
and the neutral gas inside an atmospheric microthruster. Fluid equations of the neutral gas and the plasma are 
described. Time dependent plasma evolution starting from an initial cloud confined between a cathode and an 
anode 0.2 mm apart is investigated.  

The microthruster height is 1.2 mm and 5.2 mm wall to wall. A 240 V potential is applied between the 
anode and the cathode.  

The results in this work the show charged species evolution and the gas-plasma interaction during the first 
few nanoseconds of the discharge.   

 
2. Plasma and Neutral Gas Equations:  

The model described in this paper describes the interaction between charged species (electrons and ions) 
with an atmospheric pressure helium gas. The interaction starts by applying a potential of 240 V between the 
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cathode and the anode which will accelerate an initial electron swarm toward the anode. As the electrons move 
they interact with the helium producing more positive ions which will be driven towards the cathode and 
produces new electrons through the secondary emission process. In order to describe the plasma – gas 
interaction we have to solve the electrons and ions conservation equation with the neutral gas conservation 
equation and the Poisson equation to describe the electric potential.  The initial electrons cloud density is 109 m-3 
as in ( Novak and  Bartnikas, 1987).  

The conservation equation for charged species (John and Anderson, 1995; Manish Jugroot, 2009) is written 
in the general form as: 
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and the Possion equation is 
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nk(x, y, z, t) and Vk(x, y, z, t) represents particle density and velocity respectively; Sk(x, y, z, t) is the source 
term for a respective species k, φ is the electric potential; and subscripts i and e are the ions and electrons 
respectively; ni and ne are electron and positive ion densities and e is the electron charge.  

The gas studied is assumed to be weakly ionized plasma containing and both neutral and ionized species. 
The conservation equations for the gas include terms to represent the collision between electrons and ions with 
the gas molecules. The conservation of mass, momentum and energy equations for the neutral gas take the form: 
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where mg, ng(x, y, z, t), Vg(x, y, z, t), P, τ are the mass, density, velocity, pressure and viscosity of the gas. 

The subscript c corresponds either to electrons or ions in collision with gas atoms. The collision frequency υcg 
between charged and neutral species is determined by mgυcg=KBTc/Dc , where KB is the Boltzman constant, Dc is 
the diffusion coefficient and P = KBngTg, where Tg is the temperature of the gas.     

The term ncmgmc/(mg + mc) υcg(Vc – Vg) in equation (4) represents the momentum transfer due to convection 
between the plasma and the neutral gas and the term J.E represents the energy transfer due to Joule heating. This 
implies that the neutral gas dynamics is conditioned by the plasma dynamics (John, 1995).  

The conservation equation for charged species (electrons and ions) is represented by equation (6) as (J.P. 
Novak and R. Bartnikas, 1987): 
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where Dc is the diffusion coefficient, μc is the mobility. The E/ng factor in equation (6) indicates that the 

charged species density nc(x, y, z) is dependent on the neutral gas density, which means nc(x, y, z) is affected by 
any possible neutral gas depletion.  

The discharge started by an initial 1012 m-3 electron cloud. Primarily electrons are absorbed quickly in the 
electrode and the plasma is sustained by secondary emission and amplified by ionization.  

The conservation equation for the exited atoms (metastable) is given as: 
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where υex is the electron-atom excitation frequency; kpm = 5 × 10-10 cm-3s-1 is the rate coefficient of Penning 
ionization; np = 10-4 is the density of impurities; nm(x, y, z) is the meta-stable density. The first term to the right 
of equation (7) represents the direct ionization, second term represents the stepwise ionization with an ionization 
coefficient Kem and the third term represents the Penning ionization. 

The equations are discretized by the method of finite control volume with the approximation of centered 
difference at the frontiers and solved by the flux corrected transport (FCT) algorithm (J.P. Boris, 1973; 1976). A 
time-splitting approximation has been used in the FCT algorithm. The Poisson equation is solved by an efficient 
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fast Fourier transform algorithm (W. Press, 1992; Larry Nyhoff, 1988) following x, y and z directions. The 
boundary conditions at the anode are ne/y = 0 and ni = nm = 0 at the anode; nm = 0 and ni/y = 0 at the 
cathode. The initial electron cloud distribution has the form (J.P. Novak, 1988): 

   22
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where ne0 = 109 m-3,  = 1 and y0 = 12  
The initial gas pressure and temperature are 760 torr and 293 K respectively in the plasma simulation. The 

mesh has 2 × 106 points and the microthruster is 1.2 mm height and 5.2 mm wall to wall with 0.2 mm distance 
between the cathode and the anode. The electron distribution at the cathode in the helium microplasma is 
determined by assuming that the total flux from the cathode nev is equal to the total density of the cathode 
emission frequency. Metallic electrodes have been used in the simulation.  

The contribution of secondary emission due to photons has been neglected. Constrains on Fluid mechanics 
in microdevices is detailed in (Mohamed Gad-el-Hak, 1999). 

 
RESULTS AND DISCUSSION 

 
The following results show the evolution of the plasma in atmospheric, helium, 200 μm microthruster at 

293 K with an applied potential of 240 V between the cathode and the anode. The initial electron cloud starts 
moving towards the anode and reaches it after few nanoseconds. The initial electron swarm is absorbed at the 
anode. The reaction is sustained by the secondary emission of ions slowly attracted towards the cathode. Figure 
1 shows the electron swarm evolution and amplification during the first 5 ns with maximum electron density 
shown. The simulation show that the electron density decreases by about one order of magnitude during the first 
5 nanoseconds. Ions population amplifies fast to a maximum value of about 1.5 × 1010 m-3 during the same time 
period.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1:  3D evolution of electron density in helium between the anode and cathode for 0.5, 1.0, 3.5 and 5 ns; 
potential applied is 240 volt; the anode is at y = 0 and the cathode is at y = 0.2 mm    
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Figures 1 and 2 give a clear description of the evolution of the charged particle dynamics. These results are 

consistent with simulations of a small-gap discharge in (J.P. Novak and R. Bartnikas, 1988; Prashanth S., 2005). 
In the vicinity of the cathode, the electron density is determined by several effects (cathode emission flux, gas 
ionization, and strong electron transport effects that sweep away electrons, while the ion density is determined 
principally by the rate of gas ionization (Manish Jugroot, 2009). Figure 3 shows a comparison between electrons 
and ions density at 5, 2.5, 5, 10, 50 and 100 ns. At 5 ns electrons density is larger than the ions density. As the 
plasma evolve electrons move towards the anode and absorbed there while more ions are created because of the 
interaction between the electrons and the gas. Ions density reaches about 1014 m-3 at 10 ns as shown in figure 3. 
Ions move towards the anode and more electrons are created by the secondary emission as ions collide with the 
cathode. Charged species evolution at 10, 50 and 100 ns shows the increase in the number of electrons and ions 
up to ~ 5 × 1015 m-3 electrons and ~ 1017 m-3 ions at 100 ns. Under intense ionization, the positive ion charge 
significantly exceeds the electron charge and produce intense electric field as a result of the space charges. The 
neutral gas dynamics is mainly controlled by the Joule heating term due to collisions between charged particles 
accelerated under the electric field and neutral particles. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: 3D evolution of ion density in helium between the anode and cathode for 0.5, 1.0, 3.5 and 5 ns; potential 
applied is 240 volt; the anode is at y = 0 and the cathode is at y = 0.2 mm 

 
4. Conclusion: 

This works presents a multidimensional development of the Royal Military College of Canada self 
consistent model (R*SCPC). The development includes a three dimensional description of the interaction 
between charged species (plasma) and atmospheric pressure helium inside a microthruster. Evolution of 
electrons and ions in atmospheric helium initiated by electronic swarm and maintained by the secondary 
emission and the gas ionization. This study highlight the importance of the coupled effects of both the plasma 
and the neutral species inside the microthruster as affect plasma evolution in the helium gas. Different electrodes 
geometry and material will be presented in future articles. 
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Fig. 3: Comparison between the evolution of electrons and ions densities at 0.5 ns, 2.5 ns, 5.0 ns, 10 ns, 50 ns 

and 100 ns at z = 0.5 mm; potential applied is 240 volt; the anode is at y = 0 and the cathode is at y = 0.2 
mm 
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