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The mini Helicon Thruster Experiment, mHTX, has been built in-house at MIT Space
Propulsion Laboratory in order to assess the possibility of using helicon plasma source as a
propulsive device without a secondary heating or acceleration mechanism. Emission spec-
trum of the mHTX Argon helicon plasma has been measured. The spectral measurements
allowed the determination of the major trends in the plasma ionization fraction. Various
plasma operation parameters such as power, propellant mass flow rate, and applied exter-
nal magnetic field intensity were varied. The measurement results and the accompanying
discussion and analysis are presented in this paper.

I. Introduction

The goal of the mini Helicon Thruster Experiment, mHTX, is to characterize the helicon plasma source
in order to gain a better understanding of the plasma generation by helical shaped RF antenna, and identify
methods by which plasma parameters can be tuned to accelerate the obtained high density plasma in order
to achieve an efficient propulsive system.1,2

Using helical Radio Frequency (RF) antennas to create high density plasma is well known.3–5 In electric
thrusters external energy is used to ionize gas and then accelerate the plasma through electric and magnetic
field forces. In thruster concepts such as the Variable Specific Impulse Magnetoplasma Rocket (VASIMR),
a helicon source is used to produce high density plasma, while a secondary stage is used to heat the ions
by ion cyclotron resonance heating using radio frequency waves and a magnetic nozzle is used to convert
azimuthal momentum into axial momentum to accelerate the gas particles.6

For the mHTX concept, the goal is to obtain high density plasma using a helicon discharge and then
accelerate it through thermal pressure and ambipolar potential gradients. The power is delivered to the par-
ticles through wave-particle coupling using the helicon waves. In this thruster concept, the Argon propellant
gas can be accelerated to velocities of up to 20 km/s.7

There are many techniques being used to characterize the plasma.8 Depending on the property to be
measured as well as the state of the plasma, the techniques to be used would vary. In emission spectroscopy,
electromagnetic radiation emission by the plasma is passively measured. In our study, emission spectroscopy
is used as a means to deduce information about the electric thruster plasma through the measurement of
line radiation from the plasma particles.9,10

II. Mini Helicon Thruster Experiment (mHTX)

The mini Helicon Thruster Experiment setup consists of a pair of cylindrical electromagnets surrounding
a long 2-cm diameter cylindrical quartz tube where the propellant gas flows through. A metallic helical
antenna is placed over the quartz tube between the electromagnets. This setup is placed inside a vacuum
tank on a metal platform as shown in figure 1.
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Figure 1. Helicon Plasma Source Setup placed inside the MIT-SPL vacuum facility

One end of the quartz tube is attached to a propellant gas flow line, and the other is open to the vacuum
of the chamber. The gas flow is controlled by a digital flow meter located outside of the vacuum chamber.
Most of the experiments were conducted using Argon gas as the propellant. However, Nitrogen, Xenon and
air discharges were also observed and studied.

The helical antenna is powered by a 1.2kW RF power supply, Advanced Energy RFPP-10, operating at
13.56 MHz.1 The antenna is connected to the RF power supply by an in-house built coaxial transmission
line located inside the chamber, a 13.56 MHz vacuum RF power feedthrough, and an impedance-matching
network attached to the vacuum port on the outside of the chamber. The impedance-matching network has
a classic L-network circuit structure that employs two adjustable vacuum capacitors.1

(a) Antenna viewed from the side (b) Antenna viewed from the back

Figure 2. Helical antenna placed between the Helmholtz pair of electromagnets

In order to produce the helicon discharge, the external magnetic field is generated through the use of
a pair of electromagnets in Helmholtz configuration. The electromagnets are wound from 10 AWG square,
insulated magnet wire.1 A current of up to 35A is supplied to each electromagnet coils by two 35A-350V
power supplies. The magnet system produces a maximum axial magnetic field intensity of 2100 Gauss at
the center, axial region between the electromagnets for 35A of current to each coil. The helicon antenna is
located in this high, axial magnetic field region. Figure 2 shows pictures of the antenna located between
the electromagnets. During the experiments the magnet current is modified for the desired magnetic field
intensity. Since the magnets have no cooling pipes, two thermocouple sensors were placed in each magnet
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in order to monitor the temperature, thus preventing overheating of the magnets.1

For most of the measurements a 9.86cm long 2cm diameter helical antenna made of copper was used.
However, a longer 13.94cm copper antenna and a 9.86cm stainless steel antenna were also tested to study
the effects of antenna length and material on plasma density.

III. Experimental Setup

The spectral measurements were performed at the MIT Space Propulsion Laboratory. The thruster was
operated inside the MIT-SPL AstroVac vacuum chamber which is 1.5m in diameter and 1.6m in length.
The chamber is equipped with a mechanical roughing pump and two cryogenic pumps. The total pumping
capacity is 7000 L/s for Xenon.11 The base pressure was 1.2×10−7 Torr before the thruster operation began.
The chamber pressure during the testing was 3.2 × 10−5 Torr for 20sccm Argon flow rate. A schematic of
the MIT-SPL vacuum tank and the helicon plasma source inside can be seen in figure 3. The plasma source
was located in the center of the vacuum tank, and the antenna region aligned with one of the side windows.
The light collection system was placed on a metal shelf that was attached to the glass window port of the
vacuum tank.

Figure 3. Illustration of the experimental setup for spectroscopic measurements

A. Radiation Collection and Transmission

A collimating-focusing lens system is used to collect the light from the plasma region of interest. The whole
optical setup is placed on a metal shelf attached to the vacuum tank window as shown in figure 4. The
radiation collection is accomplished by a pair of 1 inch diameter collimating-focusing lenses with 1000mm
and 100mm focal lengths, respectively. The end of a 36 inch long Oriel fiber bundle is placed at the focal
point of the focusing lens. In order to reduce the stray light from inside the vacuum tank, the window is
covered with a black optical card board with a ∼1 inch hole cut in the middle, in line with the lens axis. A
mechanical diaphragm is placed before the collimating lens in order to adjust the intensity of the collected
light. The shelf is covered with an optically opaque black cloth during the data acquisition. Mechanical
translation stages were used to adjust the exact location and the proper alignment of the optical components.
A fiber adapter is used to hold the fiber bundle directly at the entrance slit of the spectrometer.

B. Radiation Dispersion

A Thermo Jarrel Ash Monospec-18 spectrometer was used as the dispersive instrument. This 156mm focal
length, f/3.8 aperture Czerny turner type spectrometer provides a resolution of ∼0.7nm for 1200 g/mm
grating. A mechanical dial is adjusted for the desired grating angle, thus the desired wavelength regions.

For the helicon plasma spectral measurements 3 different gratings were used. A grating with 300
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Figure 4. Collimating-focusing lens system on the optical shelf attached to the MIT-SPL vacuum tank window
port

grooves/mm blazed at 500nm was used to obtain broad range spectrum. For this short focal length spectrom-
eter, this 300 g/mm grating allowed the detection of a ∼350nm wavelength range for a given spectrometer
dial setting. The second grating at 1200 grooves/mm blazed at 600nm was widely used due to its better
wavelength range at relatively good resolution. This grating allowed ∼120nm wavelength range for a given
dial setting. The high resolution grating at 1800 grooves/mm blazed again at 500nm provided highest res-
olution spectrum with a small wavelength range. The resolution for this grating was ∼0.5nm and it had a
wavelength range of ∼80nm for a given dial setting.

C. Radiation Detection

A CCD detector, Andor iDus DU420A, was attached to the exit port of the spectrometer. The CCD has
1024×256 pixels with a pixel size of 26× 26-µm. This detector can be cooled down to -70 oC by thermoelectric
cooling. It has good quantum efficiency in the visible wavelength range.

D. Intensity Calibration

The intensity calibration of the measured data was achieved by using a tungsten lamp with measured
continuum emission intensity. The tungsten lamp was placed in the same location as that of the helicon
plasma source inside the vacuum chamber. The emission intensity produced by the tungsten lamp was
measured with the same optical path and exposure time for each spectrometer dial setting that a helicon
plasma emission data was taken.

The ratio −of the measured continuum emission intensity to the expected theoretical blackbody emission
intensity calculated using Planck’s formula− was used to calibrate the wavelength dependence of the intensity
of the measured data. Since the continuum light source was placed at the location of the observed plasma, the
calibration takes into account the effects of the optical path such as the wavelength dependent transmissivity
of the vacuum chamber window, the collimating/focusing lenses, and the optical fiber bundle. In addition, the
wavelength dependence of the CCD detector quantum efficiency factor and the grating dispersive efficiency
factor were all accounted for in the measured spectrum.
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IV. Helicon Plasma Source Spectral Measurements

The data presented in this section were taken in December 2005. A vacuum pressure level of 1.2× 10−7

Torr was obtained before the plasma source started operating. First, the propellant flow was turned on by
digitally setting the flow rate on the flow-meter located outside of the vacuum chamber. For 20sccm of Argon
flow, the background pressure inside the vacuum tank stabilized around 3.2×10−5 Torr. Second, the magnet
power supplies were turned on and currents of up to 30A were delivered to the electromagnet coils to create
the desired magnetic field intensity in the antenna region between the electromagnets. Next, the RF power
supply was turned on and was set to a desired power level up to the maximum 1200W . As the RF power
was delivered to the antenna, a plasma discharge was observed. The capacitance of the impedance-matching
network circuit was adjusted by changing the dial settings on the two capacitors until the best impedance
match for the plasma discharge was obtained. The best impedance-match was obtained by monitoring the
total RF power delivered to the plasma on the RF power supply display. The match was also confirmed by
visibly observing the brightness and stability of the obtained plasma from a vacuum window port. Spectral
measurements were then taken for varying operational parameters.

During the spectral measurements, several operational parameters were varied and the plasma emission
spectra were recorded. Several propellant species were tested. Among the tested propellants were Argon
(Ar), Xenon (Xe), Nitrogen (N2), and air. The RF power delivered to the plasma was varied from 400W to
1200W . The magnet currents were varied from 0 to 35A. An Ampere of magnet coil current corresponds to
∼60 Gauss maximum axial magnetic field intensity in the antenna region. Thus the magnetic field strength
of up to 2100 Gauss was obtained. For Argon propellant, the gas flow rate was varied from 10 to 100sccm.

The helical antenna length and the antenna material were also studied. In addition to the 9.86cm long
copper antenna that was used for most of the testing, a 9.86cm long stainless steel antenna and a 13.94cm long
copper antenna were also tested. Aside from taking spectral measurements of the antenna region discharge
plasma emission, radiation emission from the plume region of the plasma source was also measured. In
order to do these measurements, the direction of the optical lens system located on the side window port
was tilted to look in the direction of the plume. Additionally, the entire optical setup was placed on the
back window port of the vacuum chamber and the plume region was observed from the back window. This
became possible by attaching the mobile optical shelf to the other standard 8 inch window port located at
the back of the vacuum chamber.

Several spectrometer settings were changed to vary the spectral resolution and the wavelength region of
observation. Data were taken for the wavelength range of 350-850nm as this was the sensitivity range for the
available CCD detector. The dial settings were adjusted for each small portion of the spectrum measured.
The exposure time of the CCD detector was varied and the spectra were obtained by taking the average of
100 exposures per measurement to increase the signal to noise ratio without saturating the CCD pixels.

Table 1 lists the prominent Argon neutral and single ion emission lines in the 300-1000nm wavelength
region.12 As observed from this table, the spectrum is dominated by the ion lines in the 400-550nm region,
however in the 700-900nm region all the prominent lines are those of the neutral Argon atom.

A. ICP vs. Helicon Regimes

From the visual observation of the plasma, the increased magnetic field makes a significant difference in the
color and the intensity of the radiation emanating from the discharge. Also, for the case with no magnetic
field, which can be called Inductively Coupled Plasma (ICP) mode, there was no visible plume coming from
the plasma source. However, for the high magnetic field case, which is called the Helicon mode, a very bright
plume formed at the open end of the quartz tube.

Figure 5 shows the comparison of the high resolution emission spectra for the helicon and ICP modes of
operation for the Argon discharge in the 400-850nm wavelength range. The compared spectra were taken
with the same exposure time and spectrometer dial settings It is clear that after the magnetic field is turned
on, the intensity of the plasma ionic emission lines increases as observed from the increase in the emission
intensity of the blue portion of the spectrum.

Focusing only on the 800-850nm portion of the spectrum where there are only strong Argon neutral
emission lines, figure 6 shows the comparison of helicon versus ICP spectrum. As observed from this spectral
graph, the neutral emission intensity is reduced by two thirds as the mode changes from ICP to Helicon.

As discussed, the magnetic field effects on the discharge are profound. Higher resolution measurements
of the antenna region emission spectrum are presented in figure 7 for the blue portion of the spectrum. In
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Figure 5. Comparison of the Argon Plasma Spectra for Helicon and ICP modes of operation
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Figure 6. Comparison of the Argon Plasma Spectra for Helicon and ICP modes of operation in 800-850nm
region

figure 7, the ICP emission intensity is 50 times amplified to make the comparison of the spectrum with that
of the helicon discharge emission more clear. Few prominent Argon neutral and single ion emission lines are
identified with red and blue labels, respectively. As observed from the presented spectra, prominent Argon
ion lines appear in the helicon mode of operation. In the ICP mode of operation the emission due to Argon
neutral lines dominate. As observed from the spectra, the emission intensity of the prominent Argon ion
emission lines at 434.81nm, 473.59nm, and 480.60nm increases by roughly 120 times, as the magnetic field
is turned on, indicating a sharp increase in the ionization fraction of the propellant gas.

In the Helicon mode, the neutral emission intensity seems to drop, as the Argon ion emission lines in
the 400-500nm wavelength range become visible. This also explains why the helicon discharge plasma looks
bright blue as opposed to reddish ICP plasma for the Argon gas.

The decrease in the neutral emission can be associated with the increase in the ionization fraction of the
gas due to the more efficient heating of the electrons through wave-particle interactions of the Helicon mode.

B. Power Scan

The plasma emission spectrum was measured as the RF power delivered to the plasma by the helical antenna
was varied from 400W to 1200W in 100W increments. The emission spectra were measured for the antenna
region where the discharge occurs. For these measurements the Argon flow rate was kept at 20sccm and
the magnet current was set at 30A corresponding to an axial magnetic field intensity of ∼1800 Gauss in the
antenna region.

In order to visualize the trends better, the emission intensity of the Argon ion emission line at 434.8nm
is studied. Figure 8(a) shows the variation in the ArI 434.8nm line intensity as the delivered RF power is
varied. The linear plot of the RF power delivered versus the 434.8nm line emission intensity is presented in
figure 8(b). As seen in the graph, the intensity of the line increases linearly with the power delivered to the
antenna. Thus, the ionization fraction linearly increases as the RF power delivered to the Argon propellant
gas is increased.

C. Flow Rate Scan

The Argon propellant flow rate was varied between 10sccm and 100sccm and the plasma emission spectra
from the antenna region were measured. In these measurements, the RF power delivered was kept constant
at 1000W and the magnet current was set at 30A corresponding to a maximum axial magnetic field intensity
of 1800 Gauss in the antenna region. Argon ion emission line at 434.8nm was studied to obtain the trends
of the discharge strength as presented in figure 9(a).
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Comparison of 0A and 30A Emission Antenna Region (1800 grating)
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Figure 7. Comparison of the ICP and the Helicon discharge plasma in the 405-485nm region. The ICP
spectrum is amplified 50 times in comparison to the Helicon spectrum.

Ar Plasma Spectra for Varying Antenna RF Power
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Figure 8. Argon ion 434.8nm line emission intensity versus RF power delivered

The linear plot of Argon flow rate versus 434.8nm ion line emission intensity is presented in figure 9(b).
As seen from the figure, when the mass flow rate is varied the ion emission intensity first increases up to a
flow rate of 25sccm and then decreases for higher flow rates. So, for the given power level and magnetic field
configuration, there is an optimum propellant flow rate that maximizes ion line emission intensity. Thus,
the ionization rate is limited at high flow rates, as very high background neutral gas density increases the
electron energy loses. This leads to reduced electron temperature and increases the energy cost of electron-ion
production.

D. Magnetic Field Intensity Scan

The magnetic field intensity in the antenna region is varied by changing the current supplied to the electro-
magnets. The plasma emission spectra from the antenna region were recorded for a delivered RF power of
1000W and Argon flow rate of 20sccm. Figure 10(a) shows the measured emission intensity of Argon ion
line at 434.8nm for varying current to the electromagnet coils.

A linear plot of the 434.8nm ion line emission intensity versus the magnet current is shown in figure 10(b).
As seen from the figure, for magnet current of ∼25A corresponding to an axial magnetic field intensity of
∼1500 Gauss, the ion line emission intensity is the highest. Thus, for the given power level and the flow rate
conditions, there is an optimum magnetic field intensity.
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Ar Spectra for Varying Mass Flow Rate
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Figure 9. Argon ion 434.8nm line emission intensity as Argon flow rate is varied
Ar II (434.8nm) Emission Spectra for Varying Magnet Current
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Figure 10. Argon ion 434.8nm line emission intensity as the magnetic field intensity is varied

E. Short vs. Long Antenna

The length of the antenna, 9.86cm, for the mini Helicon Thruster Experiment (mHTX) was chosen to be the
half wavelength of the 13.56MHz frequency m=1 Helicon waves in a plasma of 1014 cm−3 in density for 20eV
electron energy.1 A longer, 13.94cm, antenna corresponding to electron energy of 40eV was tested. The
antenna region plasma emission spectra for the two antennae are compared. Figure 11 shows the emission
spectra for the long and short copper antennae.

For both of the observed spectra shown in figure 11, the RF power delivered to the antennae was 1000W,
the Argon flow rate was kept at 20sccm, and the magnet current was set at 30A corresponding to an axial
maximum magnetic field intensity of 1800 Gauss in the antenna region. As seen from the graph, the emission
intensity is about 20 percent higher for the longer antenna, possibly indicating a higher electron temperature.

F. Antenna vs. Plume Region

In order to understand the species in the plume region as opposed to the antenna region, the emission
spectra of the antenna and plume regions were compared. To measure the emission from the plume region,
the optical collection system was tilted to allow the viewing of the plume region as depicted in the inset
drawing in figure 12.

The two measured spectra presented in figure 12 look similar. The plume region spectrum has the Argon
ion emission lines, indicating that the ions are leaving the quartz tube into the vacuum chamber. However,
the antenna region has higher emission intensity as expected due to higher plasma density.
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Figure 11. Comparison of the emission spectra for short and long copper antennae

G. Side Window vs. Back Window

In order to measure the emission spectrum from the direction of the opening of the quartz tube, the optical
shelf was removed from the side viewing port of the vacuum chamber and mounted on the the back window
port. Figure 13 shows the measured spectra for the two configurations depicted in the inset drawings in this
figure.

As can be observed from the spectra comparison, Argon neutral emission lines are stronger for the back
window port measurements. Specifically, Argon neutral emission lines at 415.86nm, 420.07nm and 430.01nm
lines are clearly visible in the spectrum obtained from the back window port. Due to the difficulty of
pinpointing the exact region of observation with the optical collection setup, it is difficult to explain why the
emission spectrum for the back window has higher neutral emission components. However, one explanation is
that the collection optics placed at the back window collects radiation emission from not only the propellant
after it is ionized, but before the antenna region deep inside the quartz tube. In addition, the vacuum tank
has a higher Argon neutral population due to the operation of the Helicon plasma source, and this might
increase ion induced excitation collisions resulting in the background Argon neutral gas radiation emission.

V. Argon Collisional-Radiative Model

A collisional-raditive (C-R) model for Argon plasma has been developed.10 The model provides the
simulated emission spectrum for given plasma parameters. The mHTX Helicon plasma emission spectra was
simulated using this collisional-radiative model and the simulation results were compared with the measured
spectra.10 A detailed description of the model and the simulation results related to the mHTX plasma source
will be presented in a separate paper.

VI. Conclusion

The emission spectra of a laboratory helicon plasma source were measured for various operational param-
eters. Spectral measurements provided a good qualitative understanding of the plasma ionization strength.
According to the spectral measurements, the intensity of the ion emission line increases as the power de-
livered to the RF antenna, thus to the plasma, is increased. For a set RF power, and fixed magnetic field
intensity, there is an optimum mass flow rate for the highest ion line emission intensity. Similarly, for a set
RF power, and constant Argon propellant flow rate, there is an optimum axial magnetic field intensity in the
antenna region that provides the highest ion emission intensity. It is observed that, use of a longer helical
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Figure 12. Comparison of the emission spectra for antenna and plume regions

antenna results in an increase in the ion line intensity for the same RF power, magnetic field intensity and
the propellant flow rate. For the Helicon mode of operation, both the antenna region and the plume region
is dominated by Argon ions. When the optical setup was placed at the back window port, the measured
spectrum showed higher neutral emission lines.
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Prominent Argon Neutral and Single Ion Emission Lines in 300-1000nm Region

Ar II 303.3508 Ar II 413.1724 Ar II 440.0986 Ar II 514.5308 Ar I 751.4652
Ar II 309.3402 Ar I 415.859 Ar II 442.6001 Ar I 591.2085 Ar I 763.5106
Ar II 347.6747 Ar I 419.0713 Ar II 443.0189 Ar I 603.2127 Ar I 772.3761
Ar II 349.1244 Ar I 419.8317 Ar II 447.4759 Ar II 611.4923 Ar I 772.4207
Ar II 349.1536 Ar I 420.0674 Ar II 448.1811 Ar II 617.2278 Ar I 794.8176
Ar II 350.9778 Ar II 422.8158 Ar I 451.0733 Ar I 641.6307 Ar I 800.6157
Ar II 351.4388 Ar II 423.722 Ar II 454.5052 Ar II 664.3698 Ar I 801.4786
Ar II 354.5596 Ar I 425.9362 Ar II 457.935 Ar I 667.7282 Ar I 810.3693
Ar II 354.5845 Ar I 426.6286 Ar II 458.9898 Ar I 675.2834 Ar I 811.5311
Ar II 355.9508 Ar II 426.6527 Ar II 460.9567 Ar I 687.1289 Ar I 826.4522
Ar II 356.103 Ar I 427.2169 Ar II 465.7901 Ar I 693.7664 Ar I 840.821
Ar II 357.6616 Ar II 427.7528 Ar II 472.6868 Ar I 696.5431 Ar I 842.4648
Ar II 358.8441 Ar I 430.0101 Ar II 473.5906 Ar I 703.0251 Ar I 852.1442
Ar II 372.9309 Ar II 430.9239 Ar II 476.4865 Ar I 706.7218 Ar I 866.7944
Ar II 376.527 Ar II 433.12 Ar II 480.602 Ar I 706.8736 Ar I 884.991
Ar II 385.0581 Ar II 433.203 Ar II 484.781 Ar I 714.7042 Ar I 912.2967
Ar II 394.6097 Ar I 433.3561 Ar II 487.9864 Ar I 720.698 Ar I 919.4638
Ar II 404.2894 Ar II 434.8064 Ar II 488.9042 Ar I 727.2936 Ar I 922.4499
Ar II 405.2921 Ar II 437.0753 Ar II 496.508 Ar I 735.3293 Ar I 929.1531
Ar II 407.2005 Ar II 437.1329 Ar II 501.7163 Ar I 737.2118 Ar I 935.422
Ar II 407.2385 Ar II 437.9667 Ar II 506.2037 Ar I 738.398 Ar I 965.7786
Ar II 410.3912 Ar II 440.0097 Ar II 514.1783 Ar I 750.3869 Ar I 978.4503

Table 1. List of Prominent ArI and ArII Lines in 300-1000nm Wavelength Region12
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