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Abstract: Plasma flow control and energy conversion in the expanding magnetic nozzle 
are numerically investigated based on a supersonic helicon-type source in order to find the 
interplay between charged particles and sectional induced fields. Ion axial velocity 
development is clearly observed as well as the axial momentum growth under different 
conditions of applied magnetic field intensity and initial ion energy. The maximum rate of 
ion axial momentum increase is scaled to 3-4 times of its original value at the exit. During the 
overall convergence of the particle-in-cell model, the average ion kinetic energy arises while 
the average electron kinetic energy diminishes. It should be noted as the superiority of this 
fully kinetic simulation in the non-equilibrium and non-uniform situations that various 
degrees of magnetization and accompanying local electrostatic acceleration are deduced to 
jointly direct the energy transfer towards heavy-mass low-speed ions. Electric energy over 
the whole region is shown greater in the stronger 0.4T magnetic nozzle than in the 0.1T one. 
However, the distributions of electron velocity seriously deviate from the theoretical 
Maxwellian function, which according to the calculated cases for initial kinetic energy of 
10eV, the statistical curves are even seen varying within the system axial space.  

I. Introduction 
lasma confinement in many applications has been achieved via the longitudinal applied magnetic fields, as they 
create magnetic nozzles partly comparable to magnetic mirrors or solid de Laval nozzles.1, 2 In space electric 

propulsion, particularly, the purpose of a slowly diverging magnetic nozzle (SD-MN) is to control the plasma plume 
expansion, wherein the axial plasma momentum greatly contributes to macro device performances. Physical 
processes within a general magnetic nozzle correlate with complex interactions between electromagnetic fields and 
charged particles, by which the beneficial energy conversion and subsequent formation of axial ejection may be 
realized exactly. Thereby, to some extent, a magnetic nozzle can be recognized as an energy conversion device since 
its intrinsic mechanisms resemble those involved in astrophysical jets, magnetospheric physics, thermonuclear 
fusion etc., as well.3-5 

The application of an expanding magnetic nozzle assists in plasma acceleration where plasma non-direct energy 
is partly converted into direct kinetic energy. Taking electric plasma propulsion for instance, applications of the 
magnetic nozzle are roughly similar, but varying from specific devices.6-8 Generally, it has been investigated by 
previous study that the geometric configuration as well as plasma characteristics impact on performance of the 
magnetic nozzle.9-11 Changing the axial location of applied magnetic field or initial radius of plasma bunch can 
greatly alter the exhaust flow, while some comments on plasma acceleration and detachment processes also 
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highlighted the influence from current-induced magnetic field. It should be worth noting that the plasma azimuthal 
currents contribute significantly to SD-MNs, especially the part based on electron Hall currents of an opposite 
direction to the solenoid coil currents.12, 13  

Basically, both the aerodynamic effects and electromagnetic forces are of interest in magnetic confinement of 
high-speed plasma.14 It is the electrostatic potential gradient and current-magnetic field inducement that mostly 
guides the energy conversion process among several different being forms. Notice that the local separation effects 
from the non-equilibrium of magnetization as well as ambipolar diffusion probably force the fast moving electrons 
dragged by low-speed ions. Thereby a fully kinetic particle model is quite required here, without assumptions such 
as quasi-neutrality or complete magnetization in plasma study. The process of charge separation induces the 
formation of sectional electrostatic field, by means of which the energy of charged particle is transferring between 
each other. Other predominant phenomenon from the local effects within an expanding magnetic nozzle is that the 
electron velocity distribution may deviate far from the theoretical Mawellian function. Those curve shapes may 
largely depend on the degree of plasma magnetization, as well as specific plasma parameters.  

The discussions presented in this paper are derived from a two-dimensional particle-in-cell (PIC) model of a 
collisionless fully-ionized argon plasma flowing through the expanding magnetic nozzle. Our option for this kinetic 
simulation approach is to examine the details in plasma-field interacting motion straight-forwardly, comparing to the 
most previous fluid models. The calculated plasma condition after the exhaust of a helicon-type source is employed 
in each simulation case and comparisons are made in terms of ion axial momentum, particle kinetic energy, 
electrostatic field energy, and electron velocity distribution. All quantified profiles and curves of physical 
parameters provide close relations between electrons and ions, as well as between induced fields and charged 
particles. As a function of applied magnetic field strength, simulation results of the axial momentum and electron 
velocity are also demonstrated here.  

II. Model Description and Simulation 
The focus of this work is on the energy variation inside a SD-MN using the PIC procedure. In Ref. 15 a 

correlative model has been described and many performance properties of a MPD-type thruster have been examined. 
Hence a short summary is given here and some relevant characteristic changes are chiefly stressed as well. All 
comparisons made from calculated results along with the relevant discussions are also gathered in this section.  

A. Expanding Magnetic Nozzle 
As shown in Figure 1, a slowly diverging magnetic field is produced by a set of solenoid coils, which represents 

the typical SD-MN configuration. The magnetic field strength in this model varies from 0.1T to 0.4T by adjusting 
the coil current value. Argon plasma flow input into the simulation region is derived from a helicon-type source of 
an average electron temperature 5eV. Other major initial parameters are listed as: the plasma radius 0.025m, plasma 
number density 1016-1018m-3, coil radius 0.1m, ion kinetic energy 10eV, 20eV, and 80eV, respectively.  

To display the action of an expanding magnetic nozzle, a full kinetic PIC model is employed so that both 
non-equilibrium effects and non-Maxwellian energy and 
velocity distributions are available.16 Predicted values on 
plasma property from the input parameters have shown 
that electrons are highly magnetized while ions are of 
different cases. At the exit of plasma flow, where could 
be set as the start point, an overall thrust of system is 
estimated on the mN order of magnitude. 

Individual particles are injected according to the 
half-Maxwellian velocity distribution while the initial 
plasma number density follows the Gauss function 
radially. The applied external magnetic field is 
pre-calculated as the converging-diverging profile by an 
engineering method. Both induced magnetic and electric 
fields are updated in step during the whole PIC cycling 
and governed by the Maxwell’s equations. Also, note that 
all field parameters are time-independent.  

B. Axial Momentum Growth 

 
Figure 1. Configuration of the expanding magnetic 
nozzle. 
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The typical simulation maps of plasma density and velocity provide spatial variation and inside physical process 
along with its flow. Shown by Figure 2, the axial velocity of ions gradually increases downstream, particularly in the 
vicinity of the axisymmetric center-line. This tendency clearly reflects the confinement and acceleration of plasma 
flow via the magnetic nozzle effects, which may also be seen in Figure 3 as the plasma axial momentum increases 
globally. Values of these curves are obtained from the corresponding comparisons to the original axial momentum 
states from the very beginning. The maximum growth is reached in the 0.4T magnetic nozzle with an initial ion 
kinetic energy of 80eV (high). However, it is not the same situation with regard to the initial ion energy of 10eV 
(low) that the largest axial momentum growth exists in the 0.2T magnetic nozzle eventually. It seems that the 
moderate intensity of applied magnetic field benefits more for ions flowing at a relatively low speed.  

  
Figure 2. Contour map of ion axial velocity in the 
0.4T magnetic nozzle. 

Figure 3. Axial momentum growth as a function 
of applied field. Thin red lines denote low ion 
energy and thick green lines denote high ion 
energy. 

C. Particle Energy Evolution 
Recording the energy evolution under each simulation condition, it is found that the whole system energy 

slightly drops along with the foregoing millions of steps and then it holds the line to the final quasi-steady state. As 
plotted in Figure 4, the calculation case of an initial ion kinetic energy is set as 80eV and the total magnetic field 
appears to be around 0.2T. The energy variations of a single charged particle show as two opposite trends in a period. 
The ion average energy gradually grows to some extent, which indicates the energy conversion from other parts of 
the system.  

A possible way delivering the energy into ions is via the local electrostatic field. Due to the difference of 
magnetization degree, positive-charged particles with heavy mass moves slow and along separative routes from 
those fully magnetized electrons. As a result, the quasi-neutrality condition cannot conserve everywhere within the 
plasma flow. Afterwards the induced ambipolar field from charges separation comes into being. Eventually, the fast 
moving electrons are dragged by slow ions and kinetic energy is thereby added into ions during this local process. 

To spot the time-variations of energy conversion process, the electric potential energy density is scaled as 
0.5ε0|E|2 and the particle kinetic energy density is scaled as 0.5nm|v|2. Drawn by Figure 5, both the 0.1T and 0.4T 
magnetic nozzles are numerically tested through an initial 20eV plasma flow. It can be seen from the curves that 
such two forms of energy correlate close to each other with a similar evolution tendency. Also, energies of 0.4T 
SD-MN show relatively larger than those of 0.1T SD-MN, which reveal that the stronger induced local effects, the 
higher kinetic energy density in the vast area of the expanding magnetic nozzle.  

D. Electron Velocity Distribution 
Strong local effects of plasma within the expanding magnetic nozzle lead to the non-equilibrium state of released 

particles. Even for highly mobile electrons, no single temperature may be kept, namely that the theoretical 
Mawellian velocity distribution function cannot guarantee all the time. From the statistical results of Figure 6 and 
Figure 7, electron velocity distribution lines of one or two summits possibly occur and vary with the applied 
magnetic field intensity as well as the initial ion energy. Note that the overall distribution of electron velocity 
presents the single-summit feature if the initial ion energy assumed low. Meanwhile, these distribution lines at 
different axial positions are moving into various shapes probably as a result of the joint effects from local 
electromagnetic fields. In addition, comparing the electron velocity curves of Figure 6(b)(c) and Figure 7(b)(c), the 
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significant difference exists in the most widespread range of the bulk electron velocity. The plasma flow of higher 
initial ion energy (20eV or 80eV) likely forms into a spatial uniform distribution easier by the fixed SD-MN, 
whereas these curves shape differently between the 0.1T and 0.4T magnetic conditions. Discussions on electron 
velocity distribution can reveal the inevitable influence from the inter-particle energy transfer, which in turn provide 
a better understanding of the intrinsic processes as well. 
 

  
Figure 4. Single particle energy and total system 
energy varying with time. 

Figure 5. Plasma kinetic and electric potential 
energy density varying with time.  

 
 

 

   
(a) (b) (c) 

Figure 6. Electron velocity distribution in the 0.1T magnetic nozzle. Theoretical curve is shown by circles. 
 

 

   
(a) (b) (c) 

Figure 7. Electron velocity distribution in the 0.4T magnetic nozzle. Theoretical curve is shown by circles. 
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III. Conclusion 
The role of an expanding magnetic nozzle in many types of plasma systems is to control the exhaust flow and 

utilize the propulsive force produced by heavy-mass ions moving against the vacuum space of an applied magnetic 
field. In this work, a two-dimensional kinetic PIC model is built and a collision-less fully ionized argon plasma flow 
is numerically tested. Along the way outward from the SD-MN, ion axial velocity increases, predominantly 
downstream in the vicinity of the system central axis. The ion axial momentum growth is scaled up to 3 times of its 
original value for plasma with a low initial energy flowing by the 0.2T magnetic nozzle, and 4 times for the higher 
initial energy and 0.4T magnetic field conditions. One notable phenomenon during the system overall energy 
convergence is that the average kinetic energy of a single ion relatively arises while the electron kinetic energy 
diminishes. It should be considered as the major reason for energy conversion that the non-equilibrium 
magnetization environment and local charges separation contributes mostly. Since mobile electrons of high speed 
strictly follow the curving lines of magnetic field, slow ions are pulled by them via an induced electrostatic field. 
The potential energy density of the 0.4T SD-MN is shown greater than that of the 0.1T SD-MN, meanwhile the 
electric field energy almost varies along with the plasma kinetic energy. Moreover, electrons deviated from 
Maxwellian energy distribution are seriously impacted by the various magnetic and kinetic conditions. A uniform 
distribution style along axial drawing can be seen in cases of 20eV or 80eV initial plasma energy. Whereas for the 
magnetic nozzles of 0.1T and 0.4T, plasma flow of an initial energy 10eV displays spatial varying distribution 
curves. 

Acknowledgments 
This work was supported by National Science Foundation of China (No. 51276006) and Basic Scientific 

Research Foundation of Beihang University (No. YWF-13-D2-HT-12). The technical assistance and valuable 
discussions with Xiao-xiao Shi, Bao-jun Wang, Zhe Zhang, Qi Liu, and Shuai Cao are gratefully acknowledged. 

 

References 
1Ebersohn, F. H., et al., “Magnetic Nozzle Plasma Plume: Review of Crucial Physical Phenomena”, 48th 

AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, Atlanta, Georgia, 2012, AIAA 2012-4274. 
2Merino, M. and Ahedo, E., “Plasma Detachment in a Propulsive Magnetic Nozzle via Ion Demagnetization”, Plasma 

Sources Science and Technology, Vol. 23, No. 032001, 2014. 
3Meier, D. L., Koide, S., and Uchida, Y., “Magnetohydrodynamic Production of Relativistic Jets”, Science, 291, 2001, pp 84. 
4Eastman, T. E., “The Magnetospheric Boundary Layer: Site of Plasma, Momentum and Energy Transfer from the 

Magnetosheath into the Magnetosphere”, Geophysical Research Letter, Vol. 3, 1976, pp 685-8. 
5Peeters, A. G., Angioni, C., and Strintzi, D., “Toroidal Momentum Pinch Velocity due to the Coriolis Drift Effect on Small 

Scale Instabilities in a Toroidal Plasma”, Physical Review Letters, Vol. 98, No. 265003, 2007. 
6Winglee, R., et al., “Simulation and Laboratory Validation of Magnetic Nozzle Effects for the High Power Helicon 

Thruster”, Physics of Plasmas, Vol. 14, No. 063501, 2007. 
7Inutake, M., et al., “Production of a High-Mach-Number Plasma Flow for an Advanced Plasma Space Thruster”, Plasma 

Science & Technology, Vol. 6, No. 6, 2004. 
8Chang-Diaz, F. R., “The VASIMR Rocket”, Scientific American, Vol. 283, 2000, pp 90. 
9Takahashi, K., et al., “Effect of Magnetic and Physical Nozzles on Plasma Thruster Performance”, Plasma Sources Science 

and Technology, Vol. 23, No. 044004, 2014. 
10Olsen, O. C., et al., “Investigation of Plasma Detachment From a Magnetic Nozzle in the Plume of the VX-200 

Magnetoplasma Thruster”, IEEE Transactions on Plasma Science, Vol. 43, No. 1, 2015. 
11Arefiev, V. A., and Breizman, B. N., “Theoretical Components of the VASIMR Plasma Propulsion Concept”, Physics of 

Plasmas, Vol. 11, No. 5, 2004. 
12Merino, M., and Ahedo, E., “Simulation of Plasma Flows in Divergent Magnetic Nozzles”, IEEE Transactions on Plasma 

Science, Vol. 39, No. 11, 2011. 
13Little, J. M., and Choueiri, E. Y., “The Influence of Induced Currents on Magnetic Nozzle Acceleration and Plasma 

Detachment”, 46th AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, Nashville, TN, 2010, AIAA 2010-6615. 
14Ahedo, E., and Merino, M., “Two-dimensional Plasma Acceleration in a Divergent Magnetic Nozzle”, 45th 

AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, Denver, Colorado, 2009, AIAA 2009-5361. 
15Li, M., et al., “Modeling of Plasma Processes in the Slowly Diverging Magnetic Fields at the Exit of an Applied-field 

Magnetoplasmadynamic Thruster”, Physics of Plasmas, Vol. 20, No. 103502, 2013. 
16Birdsall, C. K., and Langdon, A. B., “Plasma Physics via Computer Simulation”, Adam Hilger, Bristol, England, 1991. 

 
 

 


	ISTSProgramNumber: 
	0: 
	10263380052638738: IEPC-2015-355／ISTS-2015-b-355
	854771745354011: IEPC-2015-355／ISTS-2015-b-355




