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Abstract: The thrust imparted by an electrodeless helicon plasma thruster having a
magnetic nozzle is estimated for various cavity diameters with a very simple one-
dimensional model. The plasma density and electron temperature are simply calculated
from the particle and power balances in a global model; then the magnetic thrust component
is calculated from the electron diamagnetic model with the known plasma injection into the
nozzle. The thrust is also experimentally assessed for the 95-mm-diameter source cavity. The
maximum thrust-over-power of ~18 mN/kW is obtained for 1 kW rf power. Furthermore,
the rf power is increased up to ~ 6kW and the thrust of ~57 mN is obtained.

Nomenclature
T, = electron temperature
n, = plasma density
Trotal = total thrust
T, = force exerted to the axial source boundary
Ty = force exerted to the magnetic field
ug = Bohm velocity
hg = edge-to-center density ratio in the radial direction
hy = edge-to-center density ratio in the axial direction
R = source radius
L = source length
B = magnetic field strength
K. = jonization rate constant

I. Introduction

VER the past few decades, various electric propulsion devices such as ion gridded thrusters [1-3], hall effect
thrusters [1,4,5], and magnetoplasmadynamic (MPD) thrusters [6-8] have been developed and some of them
have been successfully tested in space. In such conventional electric propulsion devices, electrodes for the plasma
generation and acceleration are exposed to the plasma discharges; then ion sputtering and thermal load significantly
damage the electrodes. For further development of long-lived electric propulsion devices, various electrodeless
plasma thrusters (e.g., the Variable Specific Impulse MagnetoPlasma Rocket [9], the helicon plasma thruster[10],
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and the electron cyclotron resonance plasma thrusters [11]) have been proposed and are now investigated vigorously.
The helicon plasma thruster consists of only an insulator source cavity and an expanding magnetic field (magnetic
nozzle). It is considered that the external magnetic field has two roles of the thruster operation: One is improvement
of the power transfer efficiency from the rf generator to the plasma itself via a helicon wave discharge, and the other
is the plasma acceleration along the axis via the magnetic expansion process. A number of the initial basic
laboratory experiments have shown a spontaneous formation of a current-free helicon double layer or ambipolar
electric fields [12-14]; then the source ions are subsequently and supersonically accelerated by the static electric
field [15]. These supersonic ions have been sometimes observed to be detached from the external closed magnetic
field lines [16,17], while the electrostatic ion acceleration process does not impart to the plasma since the kinetic
energy of the electrons overcoming the potential drop is converted into the ion energy via the electrostatic
acceleration [18-21]. Hence the presence of the internal electrostatic field does not increase the thrust. This fact has
been suggested in theory [18] and verified in experiments [22]. Alternatively, the presence of the magnetic pressure
thrust by the magnetic nozzle has been demonstrated by the individual measurements of the force components
exerted on the physical boundaries and the magnetic nozzle [23], which can be performed by attaching only the
source cavity or the solenoid providing the magnetic nozzle to the pendulum thrust balance. Theoretical models have
shown that the magnetic force is equivalent to the Lorentz force arising from the radial magnetic field and the
plasma-induced current [23,24]. In the simplest thruster model, the plasma-induced current is described by the
electron diamagnetic drift current [23]. By inhibiting the plasm cross-field diffusion in the magnetic nozzle by the
magnetic field strength, the magnetic thrust components are confirmed to be increased and approach to the
theoretical thrust limit [25]. To further approach the ideal magnetic nozzle with no plasma loss from the magnetic
nozzle, the pulsed and strong magnetic field has also been tested in the helicon plasma source [26].

The recent theory has shown that the simple two-dimensional electron diamagnetic model can be rewritten by a
one-dimensional expression equivalent to the physical nozzle physics [27]. Under the condition of the ideal
magnetic nozzle with no radial plasma loss, the plasma parameters in the nozzle can be estimated from the flux
conservation. Once if the plasma parameters in the source cavity and at the nozzle entrance are obtained, the static
pressure force exerted to the axial physical boundary and the magnetic thrust can be estimated, where the radial loss
of the axial momentum is neglected although the recent experiment has clearly shown the presence of the radial loss
term for the case that axial density gradient and electric field exists in the source [28].

Here the simple analysis is performed for the various diameters of the source cavity, where the ion velocity at the
source exit is assumed to be supersonic. The analysis shows an increase in the thrust with the increase in the cavity
diameter. To verify the qualitative analysis, the thrust imparted by the helicon plasma thruster is assessed by using a
pendulum thrust balance immersed in vacuum, where a larger diameter source cavities than that used in the previous
experiments are tested. Actually, the highest thrust-over-power of ~18 mN/kW to this date is obtained with only the
magnetic nozzle for the larger diameter source cavity and 1 kW rf power, while the previously reported thrust-over-
power of the helicon thruster were about 10 mN/kW with only the magnetic nozzle and 13 mN/kW even with both
the magnetic and physical nozzles [29].

II. Model

Here the simple analysis Magnetic nozzle
connecting the plasma production in
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Figure 1. Schematic diagram of the thruster model.
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Figure 2. Analyzed results on the source plasma density, the electron temperature, the thrust components,
and the ion flux exhausted from the source exit (nozzle entrance). The argon pressure in the source and
the rf power are chosen as 2 mTorr and 1 kW.

approximated ionization rate constant K;,(T.), the electron temperature is obtained from the former balance. Once
the electron temperature is known, the plasma density is calculated from the power balance. When neglecting the
loss of the axial momentum to the radial boundary, the pressure force to the source cavity can be given as T, where
the detailed expression can be found in Ref. [25]. When using the paraxial approximation, the magnetic pressure
force exerted by the magnetic nozzle can be given by 7y as found in Ref. [27], which can be calculated once if the
electron pressure is known. Neglecting the radial loss of the axial momentum, which has been discovered recently
[28], for simplicity, the total thrust can be given as Ty = T + Tg. By assuming no radial loss from the magnetic
nozzle, the ion flow velocity and the local plasma density can be obtained.

Figure 2 shows the local plasma density and electron temperature in the source, the thrust components 7§ and T,
the total thrust 7\, and the ion flux at the source exit (i.e., the nozzle entrance) for the source length of 17.5 cm and
2 mTorr argon in the source. It is found that both the local plasma density and electron temperature in the source
decrease with the increase in the diameter. On the other hand, all the thrust components (75, Tg, and Ty ) increase
due to the increased cross section of the source and the plasma volume in the magnetic nozzle. Actually, the flux of
the ion exhausted from the open source exit is found to be increased by the cavity diameter, which seems to be due
to the loss-surface to ionization-volume ratio decreased by the larger diameter cavity. This fact is consistent with the
recently reported helicon thruster model, where the most of the energy is suggested to be deposited at the radial
source wall [31,32].

ITI. Experiment

To verify the simplified and qualitative model described in the previous section, the experiments are performed
in Mega-HPT machine (Fig.3) at Tohoku University. The machine has a 1-m-diameter and 2-m-long vacuum
chamber evacuated by a 3000 L/sec turbomolecular pumping system to the base pressure below 10 Torr. The
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Figure 3. Photograph of Mega-HPT machine at Tohoku University and the measured thrust as a function
of the rf power for the solenoid current of 15 A and the argon mass flow rate of 2.1 mg/s.

helicon plasma thruster attached to a pendulum thrust balance is immersed in the vacuum chamber. The thrust head
has a 95-mm-diameter ceramic source tube surrounded by a double-turn rf loop antenna. Argon gas is introduced
upstream of the thruster head and the mass flow rate is chosen as 2.1 mg/s (70 sccm). A dc current of 15 A is
supplied to a solenoid located near the open source exit; then the maximum magnetic field strength of 980 Gauss
exist within the source and decrease to 40 Gauss at 20 cm downstream of the source exit. The rf antenna is
continuously powered from a 13.56 MHz rf generator through an impedance matching circuit.

Simultaneously with the continuous plasma production, the displacement of the thrust balance is measured by a
laser displacement sensor and the absolute value of the total thrust is obtained by multiplying the calibration
coefficient, which is obtained before pumping down and confirmed to be unchanged after venting the chamber.

The measured total thrust is plotted as a function of the rf power in Fig.3 by open circles. The thrust for the rf
power of 1 kW is about 18 mN. It should be noted once again that the highest thrust for the 1 kW rf power was
about 11 mN with only the magnetic nozzle and was improved up to 13 mN with both the magnetic and physical
nozzles [29], where the cavity diameter was chosen as 6.5 cm. Therefore, the larger thrust in the present experiment
seems to be due to enlarging the cavity diameter and consistent with the model described in the previous section.
Fortunately, the rf power can be increased up to 6-7 kW (maximum power of the generator is 10 kW, but the
anomalous discharge is often observed for above 7 kW). The maximum thrust of ~57 mN can be obtained for the rf
power of 6.3 kW as seen in Fig. 3. Hence the thrust-to-power of 9 mN/kW is still sustained even for the high power
operation. The performance improvement and the investigation on the underlying physics will be more progressed
hereafter.

IV. Summary

The helicon plasma thruster having the magnetic nozzle is operated with the source cavity of 95 mm in diameter.
The thrust-over-power of 18 mN/kW is successfully obtained by enlarging the cavity diameter. This result is
qualitatively consistent with the analytical, simple, and one-dimensional model connecting the plasma production
model in the cavity and the one-dimensional magnetic nozzle expansion. When increasing the rf power up to ~ 6 kW,
the thrust of 57 mN is obtained; then the thrust-over-power of 9 mN/kW is still sustained. Since the neutral depletion
effect appears when increasing the rf power and the resultant ionization rate, its effect on the propulsive
performance will also be investigated hereafter.

4
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe-Hyogo, Japan
July 410, 2015



Acknowledgements

This work is partially supported by a grants-in-aid for scientific research (Grants No. B25287150 and
A26247096) from the Japan Society for the Promotion of Science and the Yazaki Memorial Foundation for Science
and Technology.

References

'Goebel, D. M. and Katz, 1, “Fundamentals of electric propulsion: lon and hall thrusters” , (Hoboken, NJ: Wiley).

2Kunina.ka., H., Nishiyama, K., Funaki, 1., Shimizu, Y., Yamada, T., and Kawaguchi, J., “Assessment of Plasma Interactions and
Flight Status of the HAYABUSA Asteroid Explorer Propelled by Microwave Discharge lon Engines,” /EEE Transactions on
Plasma Science, 34,2125 (2006).

3Snyder, J. S., Goebel, D. M., Hofer, R. R., Polk, J. E., Wallace, N. C., and Simpson, H., ‘“Performance Evaluation of the T6 Ton
Engine,” Journal of Propulsion and Power, 28,371 (2012).

4Diarnant, K.D., Pollard, J.E., Cohen, R.B., Raitses, Y., and Fisch, N.J., “Segmented Electrode Hall Thruster,” Journal of
Propulsion and Power, 22, 1396 (2006).

3Scharfe, M.K_, Gascon, N., Cappelli, M.A., and Fernandez, E., “Comparison of hybrid hall thruster model to experimental
measurements,” Physics of Plasmas, 13, 083505 (2006).

8Sasoh, A., “Simple formulation of magnetoplasmadynamic acceleration,” Physics of Plasmas, 1, 464 (1994).

"Zuin, M., Cavazzana, R., Martines, E., Serianni, G., Antoni, V., Bagatin, M., Andrenucci, M., Paganucci, F., and Rossetti, P.,
“Kink Instability in Applied-Field Magneto-Plasma-Dynamic Thrusters,” Physical Review Letters, 92, 225003 (2004).

8Tobari, H., Ando, A., Inutake, M., and Hattori, K., “Characteristics of electromagnetically accelerated plasma flow in an
externally applied magnetic field,” Physics of Plasmas, 14, 093507 (2007).

9Longmier, B.W., Cassady, L.D., Ballenger, M.G., Carter, M.D., Chang-Diaz, F.R., Glover, T.W., Ilin, A.V., McCaskill, G.E.,
Olsen, C.S., and Squire, J.P., “VX-200 Magnetoplasma Thruster Performance Results Exceeding Fifty-Percent Thruster
Efficiency,” Journal of Propulsion and Power, 27,915 (2011).

Batishchev, O. V., “Minihelicon Plasma Thruster,” JEEE Transactions on Plasma Science, 37, 1563 (2009).

11Jarrige, J., Elias, P-Q., Cannat, F., and Packan, D., “Performance Comparison of an ECR Plasma Thruster Using Argon and
Xenon as Propellant Gas,” Proceedings of the 33rd International Electric Propulsion Conference, IEPC Paper 2013-420,
Washington, D.C., 2013.

2Charles, C., “A review of recent laboratory double layer experiments,” Plasma Sources Science and Technology, 16, R1 (2007),
and references therein.

BCharles, C., “Plasmas for spacecraft propulsion,” Journal of Physics D: Applied Physics, 42, 163001 (2009), and references
therein.

“Longmier, B.W., Bering III, E.A., Carter, M.D., Cassady, L.D., Chancery, W.J., Chang-Diaz, F.R., Glover, T.W., Hershkowitz,
N., Ilin, A.V., McCaskill, G.E., Olsen, C.S., and Squire, J.P., “Plasmas for spacecraft propulsion,” Plasma Sources Science and
Technology, 20, 015007 (2011).

BQun, X., Keesee, A.M., Biloiu, C., Scime, E.E., Meige, A., Charles, C., and Boswell, R.W., “Observation of Ion-Beam
Formation in a Current-Free Double Layer,” Physical Review Letters, 95, 025004 (2005).

16Cox, W., Charles, C., Boswell, R.W., and Hawkins, R., “Spatial retarding field energy analyzer measurements downstream of a
helicon double layer plasma,” Applied Physics Letters, 93, 071505 (2008).

Takahashi, K., Itoh, Y., and Fujiwara, T., “Operation of a permanent-magnets-expanding plasma source connected to a large-
volume diffusion chamber,” Journal of Physics D: Applied Physics, 44, 015204 (2011).

18Fruchtman, A., “Electric Field in a Double Layer and the Imparted Momentum,” Physical Review Letters, 96, 065002 (2006).
YTakahashi, K., Charles, C., Boswell, R.W., Kaneko, T., and Hatakeyama, R., “Measurement of the energy distribution of
trapped and free electrons in a current-free double layer,” Physics of Plasmas, 14, 114503 (2007).

PTakahashi, K., Charles, C., Boswell, R.W., and Fujiwara, T., “Electron Energy Distribution of a Current-Free Double Layer:
Druyvesteyn Theory and Experiments,” Physical Review Letters, 107, 035002 (2011).

2Boswell, R.W., Takahashi, K., Charles, C., and Kaganovich, 1. D., “Non-local electron energy probability function in a plasma
expanding along a magnetic nozzle,” Frontiers in Physics, 3, 14 (2015).

ZTakahashi, K., Lafleur, T., Charles, C., Alexander, P., Boswell, R.W., Perren, M., Laine, R., Pottinger, S., Lappas, V., Harle, T.,
and Lamprou, D., “Direct thrust measurement of a permanent magnet helicon double layer thruster,” Applied Physics Letters, 98,
141503 (2011).

*Takahashi, K., Lafleur, T., Charles, C., Alexander, P., Boswell, R.W., “Electron Diamagnetic Effect on Axial Force in an
Expanding Plasma: Experiments and Theory,” Physical Review Letters, 107,235001 (2011).

2 Ahedo, E. and Merino, M., “Two-dimensional supersonic plasma acceleration in a magnetic nozzle,” Physics of Plasmas, 17,
073501 (2010).

2 Takahashi, K., Charles, C., Boswell, R.W., “Approaching the Theoretical Limit of Diamagnetic-Induced Momentum in a
Rapidly Diverging Magnetic Nozzle,” Physical Review Letters, 110, 195003 (2013).

ZTakahashi, K., Sato, D., Takaki, K., and Ando, A., “Development of a compact magnetically expanding plasma source with a
strong magnetic field,” Plasma Sources Science and Technology, 22, 055002 (2013).

5
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe-Hyogo, Japan
July 410, 2015



Y"Fruchtman, A., Takahashi, K., Charles, C., and Boswell, R.-W., “A magnetic nozzle calculation of the force on a plasma,”
Physics of Plasmas, 19, 033507 (2012).

ZTakahashi, K., Chiba, A., Komuro, A., and And, A., “Axial Momentum Lost to a Lateral Wall of a Helicon Plasma Source,”
Physical Review Letters, in press (2015).

®Takahashi, K., Charles, C., Boswell, R., and Ando, A., “Effect of magnetic and physical nozzles on plasma thruster
performance,” Plasma Sources Science and Technology, 23, 044004 (2014).

*Lieberman, M.A. and Lichtenberg, A.J., “Principles of Plasma Discharges and Material Processing 2" edition,” (Hoboken,
NJ: Wiley).

31Ahedo, A. and Navarro-Cavalle, J., “Helicon thruster plasma modeling: Two-dimensional fluid-dynamics and propulsive
performances,” Physics of Plasmas, 20, 043512 (2013).

2Lafleur, T., “Helicon plasma thruster discharge model,” Physics of Plasmas, 21, 043507 (2014).

6
Joint Conference of 30th ISTS, 34th IEPC and 6th NSAT, Kobe-Hyogo, Japan
July 410, 2015



	ISTSProgramNumber: 
	0: 
	8350243985453047: IEPC-2015-294／ISTS-2015-b-294
	6813531149234391: IEPC-2015-294／ISTS-2015-b-294




