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A Compact Permanent-Magnet Helicon Thruster
Francis F. Chen

Abstract— A small helicon source using a permanent magnet
has been tested for possible application as a spacecraft thruster.
Ion energy distributions measured with a retarding-field ion
analyzer show that ions are ejected with energies of ∼5 KTe,
in agreement with theory. The specific impulse can be increased
by applying a positive bias to the endplate of the discharge.

Index Terms— Ambipolar thruster, compact thruster, helicon,
helicon thruster, permanent-magnet helicons, spacecraft thruster,
thrusters

I. DISCHARGE CONFIGURATION

NORMAL spacecraft thrusters eject a fast ion beam, which
has to be neutralized by electrons from an auxiliary

source to prevent the spacecraft from charging up negatively.
This is not necessary in ambipolar thrusters, which eject
neutral plasma. Helicon discharges require less power to
generate a given plasma density than other ambipolar sources,
but they require a dc magnetic field B. This obstacle has been
overcome by the use [1], [2] of vertically polarized annular
magnets located away from the discharge, as shown in Fig. 1.
As seen in Fig. 2, the B-field below the magnet reaches a stag-
nation point not far from the magnet; the discharge is located
below this, where the field is quite uniform and nearly vertical.
In previous experiments, specially designed neodymium
(NdFeB) magnets were used, but that work showed that
B-fields greater than ∼60 G (6 mT) yielded negligible
improvement in plasma density [3]. As a result, a smaller
system using a commercially available magnet was designed
and tested. The magnet shown in Fig. 1 is of 2-in ID, 4-in
OD, and 0.5-in thickness. The discharge tube is of 2-in ID
and 2-in height, topped by a grounded aluminum plate (to
reflect the back wave). The discharge runs in argon from
0.5 to 60 mTorr with 50 to 2000 W of 27.12-MHz RF. The
single loop antenna is located near the exit to minimize
plasma loss to the walls. Maximum density inside the tube is
≈ 5×1012 cm−3. Fig. 3 shows |Bz| versus. z and the location
of the discharge for |B| ≈ 60 G.

II. MEASUREMENTS

As plasma exits the source, the electron density decreases,
following the diverging field lines. Since the electrons are
Maxwellian, the plasma potential also decreases. Thus, there
is an electric field that accelerates the ions along B. Using a
retarding-field ion analyzer (RFIA) made by Impedans, Ltd. of
Ireland, we have measured the ion energy distribution function
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Fig. 1. Argon helicon discharge with a permanent magnet.

Fig. 2. Small squares: B-lines around a large annular magnet. Large squares:
two possible positions of the discharge tube. The B-field can be varied by
moving the magnet vertically relative to the discharge.

at various positions below the source. A sample power scan,
at 5 mTorr, is shown in Fig. 4. It is seen that the ion energy
peaks at ∼12–14 eV. A normal sheath drop at the wall of an
argon discharge is ∼5 KTe, or ≈10 eV for KTe ≈ 2 eV [3].
Thus, the ion acceleration has the approximate expected mag-
nitude. The apparent occurrence of ions at negative voltages
is due to the RF filtering circuit and collisions with neutrals
before reaching the sensor. Fig. 5 shows that higher ion
velocities can be obtained at lower pressures.
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Fig. 3. B-field in the region below the stagnation point (at three
radial positions), and the location of the discharge tube when the antenna
is at 60 G.

Fig. 4. RFIDs versus voltage on the collector plate relative to ground at
5 mTorr and various RF powers.

Fig. 5. RFIDs versus voltage relative to ground at 0.5 mTorr.

Fig. 6 shows how the RFIA is mounted in the experimental
chamber. The RFIA is a disk 4-in in diameter and 1/4-in thick,
encased in oxidized aluminum. Since it is an RF conductor, it
affects the discharge in its uppermost positions by becoming
a second endplate for the helicon waves. More importantly,
it blocks the position where the double-layer studied in [4]
would normally occur (Fig. 7). Nonetheless, though a sudden
potential drop cannot be seen, the ion acceleration is still there
and can be seen downstream.

Fig. 6. Schematic of the experimental chamber showing locations of three
probe ports and the sliding mount for the RFIA sensor.

Fig. 7. Location where a double-layer would occur in the absence of the
RFIA sensor. The location is not a single point because B is not uniform in
the discharge.

The retarding-field ion distributions (RFIDs) at Port 2,
16.9-cm below the source, are shown in Fig. 8 for various
RF powers. It is seen that the ion flux increases with power,
but the energy peak does not move much. These results show
a much smaller ion acceleration than was reported in [5] at
higher B-fields and lower pressures.

III. APPLICATION TO THRUSTERS

At our normal operating pressure of 15 mTorr, Fig. 8 shows
that the peak ion energy is only ∼10 eV; but at pressures in
thrusters, the ion energy is much larger, as seen in Fig. 5.
The question is whether this energy can be increased even



CHEN: COMPACT PERMANENT-MAGNET HELICON THRUSTER 197

Fig. 8. Downstream ion distributions at Port 2 versus RF power at 15 mTorr.
Two curves at 700 W show reproducibility at beginning and end of run.

Fig. 9. Ion distributions at Port 2 with at 1000 and 400 W with top plate
voltages of 0 V (black curves), −24 V (red curves), and +24 V (blue curves).

further by biasing the top plate of the discharge relative to
the spacecraft ground. We have tested this at 15 mTorr, and
Fig. 9 shows that it is indeed possible. Because of the severe
RF environment, an electronic power supply can be used only
with filtering by large electrolytic capacitors. Instead, we used
two 12-V lead-acid batteries in series to supply ±24 V to the
top plate. The peak ion energy is indeed altered, but the shift

is less than the applied voltage, being only 15 and −7 V,
respectively. Nonetheless, the thrust can, in principle, be
increased arbitrarily by applying a dc voltage, as is done
in existing ion and Hall thrusters. Compared with these, a
helicon thruster can provide a much denser ion beam with
automatic electron neutralization.

Thrusters are characterized by their specific impulse Isp,
among other criteria

Isp ≡ vex

g

where vex is the exhaust velocity of the ions, and g is the
gravitational constant 9.8 m/s2. Fig. 5 shows that the ion
distribution peaks above 30 eV at low pressures. This energy
corresponds to an Isp of ∼1200. To obtain an Isp of over 3000,
one needs to increase the ion energy to 200 eV or so, which
can easily be done with a positive top plate bias. The current
drawn by a biased top plate is only at the milliamp level;
apparently, the sheath there changes so that a large electron
current is not necessary to provide a helicon equilibrium. This
preliminary experiment suggests the possibility of developing
a permanent-magnet helicon thruster.

ACKNOWLEDGMENT

The author would like to thank D. Gahan from Impedans,
Ltd., Dublin, Ireland, for the loan of the hardware and
software of their SEMion system for automatic measurement
and plotting of ion distribution functions.

REFERENCES

[1] F. F. Chen and H. Torreblanca, “Large-area helicon plasma source with
permanent magnets,” Plasma Phys. Controlled Fusion, vol. 49, no. 5A,
pp. A81–A93, May 2007.

[2] F. F. Chen, “Helicon plasma source with permanent magnets,”
U.S. Patent 8 179 050, May 15, 2012.

[3] F. F. Chen, “Performance of a permanent-magnet helicon source at
27 and 13 MHz,” Phys. Plasmas, vol. 19, no. 9, p. 093509, Sep. 2012.

[4] C. Charles, “A review of recent laboratory double layer experiments,”
Plasma Sour. Sci. Technol., vol. 16, no. 4, pp. R1–R25, Nov. 2007.

[5] M. Wiebold, Y.-T. Sung, and J. E. Scharer, “Ion acceleration
in a helicon source due to the self-bias effect,” Phys. Plasmas, vol. 19,
no. 5, p. 053503, May 2012.

Authors’ photographs and biographies not available at the time of publication.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




