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Abstract 

The Georgia Institute of Technology (GA Tech) has completed a three-phase process 
which developed an annular helicon plasma source and integrated it into a Hall Effect 
Thruster (HET).  Phase 1 designed the annular helicon source and began plasma 
measurements using an RF-compensated Langmuir probe.  Phase 2 extended the operating 
conditions of the annular helicon and used a highly-efficient commercial Langmuir probe 
unit for rapid data acquisition and development of design criteria for the Annular Helicon 
Closed Drift Thruster (AHCDT) device.  Phase 3 took the results of Phase 2, developed the 
design for the AHCDT, and began performance testing.  Initial tests of the AHCDT show 
that when operated at conditions similar to a HET, the thrust output of the AHCDT is 
within 10% of the original HET.  Additionally, the AHCDT has shown the capability to 
operate at discharge voltages much lower than a HET, thus enabling future performance 
characterization and optimization at high thrust-to-power ratios. 
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Nomenclature 
Ac ................................................................................................ plasma column cross-sectional area 

Ap...........................................................................................................................................................Langmuir probe collection area 
e.................................................................................................................................. electron charge 
GCF....................................................................................................................gas correction factor 

HET.......................................................................................................................Hall effect thruster 
Ies.......................................................................................................................................................................electron saturation current 
k...........................................................................................................................Boltzmann constant 

m.......................................................................................................................azimuthal wave mode 
me....................................................................................................................................................................................................electron mass 
ne.............................................................................................................................................................................electron number density 
ni .........................................................................................................................................................................................ion number density 
nn ...............................................................................................................................................................................neutral number density 
no .....................................................................................................................................................................equilibrium plasma density 
OML.............................................................................................................. Orbital Motion Limited 
P ..............................................................................................................................chamber pressure 
Pb....................................................................................................................................................................................................base pressure, 
Pob...................................................................................................observed chamber pressure with propellant mass flow 

r .................................................................................radial distance from annular helicon centerline 
rp..........................................................................................................................................................Langmuir probe collector radius 

Te.....................................................................................................................................................................................electron temperature 
VTF .................................................................................................................. Vacuum Test Facility 

VD ............................................................................................................................discharge voltage 
Vnc........................................................................................................... neutralizer coupling voltage 
Vf...........................................................................................................................................................................plasma floating potential 
x................................................................................ axial displacement from annular helicon anode 
� ................................................................................................................................... ionization cost 
� D ................................................................................................................................... Debye length 
� ............................................................................................................ plume divergence coefficient 
� .........................................................................................................propellant ionization efficiency 
� 0 ............................................................................................................... permeability of free space 
� ......................................................................................................................................collision rate 
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I. Introduction 
The United States Air Force (USAF) requires a Hall effect thruster (HET) that operates at low specific 

impulses and high thrust-to-power (T/P) ratios.  To date, the performance goal remains unsatisfied by standard HET 
configurations.  This is primarily due to the inefficiency of the DC electron bombardment ionization process of the 
HET. The Georgia Institute of Technology High-Power Electric Propulsion Laboratory (HPEPL) research program 
seeks to develop and understand a high-density, high-efficiency (~80-90%) annular helicon plasma source and 
incorporate it into an HET.  The incorporation of an annular helicon device into an HET will effectively create a 
two-stage HET. Two-stage HETs, which decouple the ionization stage from the acceleration stage, could achieve a 
higher efficiency in high-thrust, low specific impulse operation than single-stage HETs.  The efficiency of an 
electrostatic acceleration device, which is defined as a ratio of the thrust power to the input power, is expressed as 
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High thrust-to-power operation requires high mass flow at a low discharge voltage.1  However, Eq. 1 shows that the 
efficiency of thruster decreases at a low discharge voltage because a large fraction of energy is spent on ionization 
instead of acceleration.  A solution to the problem is to replace the DC electron bombardment ionization stage with a 
more efficient ionization source.2  Two-stage HETs, which have separate ionization and acceleration stages, have 
been investigated in the past, but a helicon source has never been used as the ionization stage.3,4,5,6,7,8,9,10,11,12,13,14,15 

A helicon plasma source is a high density, high efficiency plasma source that sustains steady plasma 
production through absorption and propagation of helicon waves.16  A helicon wave is a special condition of the 
Whistler wave mode in a plasma.  Helicon waves are launched by applying an axial magnetic field and coupling an 
RF antenna to the plasma column.  This process is much more efficient and can provide plasma densities an order of 
magnitude greater than previous inductive methods for the same input power.17  To date, helicon waves have only 
been excited in cylindrical sources.  Unfortunately, a cylindrical source is not suitable for the ionization stage of a 
HET because much of the plasma will be lost as it travels from a cylindrical source into an annular HET.  However, 
if a helicon plasma is excited in a coaxial configuration, the source can feed a high-density plasma into the 
acceleration stage of a HET and other coaxial accelerators.18  Yano and Walker have shown that it is feasible to 
produce helicon plasmas in an annular geometry.19,20  An annular helicon theoretical model has been developed and 
trade studies have been performed, indicating the plasma number densities required by a two-stage HET are 
attainable.19  A high density, high efficiency annular helicon requires dual concentric left-helical antennas to 
theoretically excite the helicon (m=1) mode within the annulus, however experimental verification of helicon wave 
mode has not been established.  HPEPL has designed, built, and operated this device, creating plasmas of unknown 
power coupling throughout the 7 – 15 MHz frequency range and 0 – 450 Gauss range.  Previous works have 
indicated the wave mode can be identified by jumps in ion saturation current.21  This research effort characterizes 
the plasma source as a function of axial and radial location, RF forward power, and attempts to verify the mode of 
the plasma being produced (i.e., inductively coupled or Helicon wave mode).  Once the operation of the annular 
helicon was been verified, it was be integrated into a HET. 

An integration of a HET and an annular helicon should combine the benefits of both thrusters into a single 
device.‡  Thus, an Annular Helicon Closed Drift Thruster (AHCDT) will efficiently generate the ions that are  
accelerated by the HET stage of the device.  Development of such a device presents several unique challenges; the 
magnetic fields of two separate devices must be combined in such a way that each device is able to operate 
optimally.  This means the strong axial magnetic field strong of the helicon must transition into the strong radial 
magnetic field in the HET.  In addition, the physical portions of the devices must interface in such away that 
minimizes plasma losses to the device walls and allows sufficient electron and ion mobility.  

The AHCDT is not an entirely original thruster; the HET section of the device is the magnetic circuit of the 
UM/AFRL P5 5 kW thruster.  The P5 is chosen as there is a large body of published design, performance, and 
plasma data available, thus providing many points of comparison between the original thruster and the 
AHCDT.22,23,24,25  The design process involved a two-phased approach.  First the magnetic circuit is designed such 

                                                           
‡ In this report, we use the terms HET and closed-drift thruster (CDT) interchangeably based on their 

physical process. 
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that it provided a strong axial magnetic field in the helicon section of the device and maintained the original P5 
magnetic field as closely as possible in the HET acceleration region.  The magnetic field design is computer 
simulated to determine the magnetic field topography prior to construction.  The mechanical design of the device 
then achieves the simulated magnetic field topography, while accounting for thermal expansion of the thruster 
materials and sufficient electrical isolation for the thruster anode.  Thruster construction and initial operational tests 
are complete, and have shown that the helicon ionization stage is capable of supplying propellant ions for 
acceleration by the P5 HET.  Future tests will fully characterize the performance of the device and determine the 
thrust-to-power capability of the system. 

This work describes the three-phased approach to development of the AHCDT.  The first phase was design, 
construction, and characterization of an annular helicon plasma source with a home-built RF-compensated Langmuir 
probe similar to that developed by Chen.26  Argon plasma was used in phase 1.  Phase 2 incorporated two major 
changes; the inclusion of xenon propellant in preparation for the AHCDT, and use of a commercially-available 
Langmuir probe system.  The experimental apparatus of Phase 2 significantly expanded on the results of Phase 1, 
and developed a set of design criteria for the AHCDT.  Phase 3 was design, construction, and initial verification 
testing of the AHCDT thruster. 

 

II.  Experimental Apparatus 

A. Facility 
All experiments are performed in the Vacuum Test Facility (VTF), shown in Figure 1.  The VTF is a 

stainless steel vacuum chamber that has a diameter of 4 m and a length of 7 m.  Two 3800 CFM blowers and two 
495 CFM rotary-vane pumps evacuate the facility to moderate vacuum (30 mTorr).  To reach high-vacuum (10-7 
Torr), the VTF employs six 48” diffusion pumps, with a combined nominal pumping speed of 600,000 l/s on air, 
840,000 L/s on hydrogen, and 155,000 l/s on xenon.  The VTF pumping speed is varied by changing the number of 
diffusion pumps in operation.  The base pressure of the system is 9.9 x 10-4 Pa (7.5 x 10-6 Torr).  

Six 48” 
diffusion 
pumps

Propellant 
distributor

+ +

Ionization gauges

Motion 
table

Beam dump

Backing pumps & 
blowers

AH

 

Figure 1:  Schematic of Vacuum Test Facility. 

Table 1 shows the VTF operating pressure during operation with all six diffusion pumps, as measured by 
the ionization gauge for several flow rates.  Previous investigations show these pressures are adequate for plume and 
performance measurements.16,17,27,28  The chamber pressures listed in are the indicated pressures from the ionization 
gauge, corrected for argon using the known base pressure on air and a gas correction factor (GCF) of 1.20: 
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Table 1:  Facility operating pressure as a function of mass flow rate. 
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Mass flow rate, Ar Operating Pressure
(mg/s) (Torr-Ar)
0.74 1.2E-05
1.48 1.3E-05
2.22 1.7E-05
2.97 1.9E-05  

A Varian model UHV-24 ionization gauge with a Varian senTorr vacuum gauge controller monitors the 
chamber pressure.  The UHV-24 ionization gauge is calibrated for air by the manufacturer.  The ionization gauge 
measures pressure over the range of 10-2 Pa (10-4 Torr) to 10-10 Pa (10-12 Torr) with an accuracy of ±20% as reported 
by Varian.  The VTF also utilizes a tubulated Kurt J. Lesker Company (KJLC) model G100TF ionization gauge with 
a KJLC model IG2200 ionization gauge controller, and a KJLC Accu-Quad residual gas analyzer (RGA), both 
located on the top of the chamber.  The RGA has a detection limit of 5 x 10-14 Torr, and an accuracy of ±10% as 
reported by KJLC. 

Table 2 shows the VTF operating pressure with three diffusion pumps operating for several flow rates of 
xenon and argon, as measured by the RGA. Similarly to the ionization gauge measurements of Argon pressure, the 
pressures in Table 2 are adequate for plume and performance measurements. 

Table 2: Facility operating pressure with three diffusion pumps, as measured by the RGA. 

Mass Flow Rate 
(mg/s) 

Operating Pressure 
(Torr-Ar) 

Operating Pressure 
(Torr-Xe) 

0.5 2.0 x 10-5 4.3 x 10-5 
1.5 2.4 x 10-5 4.8 x 10-5 
2.5 2.7 x 10-5 5.2 x 10-5 
3.0 3.0 x 10-5 5.6 x 10-5 

B. Annular Helicon Plasma Source 
Figure 2 shows a schematic the annular helicon plasma source and subsystems used in this experiment.  

The annular ionization chamber is comprised of two concentric Pyrex tubes with inner diameters of 120 mm and 
171 mm and thicknesses of 3 mm and 3.5 mm, respectively.  A left-twist helical pitch antenna is wrapped on the 
outside of the outer tube, with a separate left twist helical pitch antenna wrapped on the inside of the inner tube.  The 
antennas are constructed from 1/2” wide by 1/8” thick copper strips, and are wrapped in 3M glass cloth electrical 
tape to prevent direct contact of the plasma with the antennas.  The copper strips are brazed together to form the 
antenna, which provides a clean electrical connection between antenna segments.  The outer antenna has an outer 
diameter of 186 mm and a length of 192.7 mm.  The inner antenna has an outer diameter of 110 mm and a length of 
192.7 mm.  A photograph of the annular helicon in the VTF is in Figure 3. 

Quartz TubesSolenoidsAntennasDiffuser

MKS-1179JA
Mass Flow 
controller
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argon or xenon 

propellant

Palstar AT5K 
3500W L-Type 
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ACOM 2000A 
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Amplifier

Yaesu FT-540 
HF Transciever
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Figure 2:  Schematic of Annular Helicon subsystems 
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Figure 3 – Annular helicon plasma source. 

The annular helicon propellant distributor is a sealed stainless steel diffuser with two diametrically opposite 
inlets on the rear.  The inner diameter of the propellant distributor is 130 mm, and the outer diameter is 160 mm, and 
the depth is 25.4 mm.  Propellant leaves the distributor through 36 holes of 0.39 mm diameter spaced 10° apart.  
High purity (99.9995% pure) argon or xenon gas is fed through an MKS 1179JA mass flow controller through 
stainless steel feed lines to the propellant distributor.  A custom fixed volume mass flow calibration system is 
employed to calibrate the mass flow controller.  The mass flow controller has an accuracy of ±1% of full scale. 

The annular helicon requires power for the inner and outer antennas as well as to the magnet solenoids. RF 
power is provided to each antenna in phase via the RF power system shown in Fig. 2.  The antennas are each cut at 
the center of one of the legs as described by Chen.16,17,21  The RF power input leads connect at the downstream end 
of each helical antenna and the return leads connect at the upstream end.  The antenna leads carry current in the 
same direction.  The antennas are set such that the legs twist on top of one another, which allows for the best 
coupling of the antennas to the plasma.19  Annular helicon theory and past experimental studies show that in-phase 
antennas with current flow in the same direction produces the best coupling to the plasma.19,20,29,30  

The Acom 2000A linear amplifier produces RF power up to 2500 W steady state.  The RF forward and 
reflected power levels are measured with a Bird 43 Thruline wattmeter and the Palstar AT5K matching network 
internal power gauge.  The Bird 43 Thruline wattmeter has an accuracy of ±5% of full scale, while the Palstar AT5K 
wattmeter has an accuracy of ±10% of full scale.  The RF power system is enclosed in a Faraday cage to prevent RF 
radiation from the system components.  The cabinet is cooled through EMI shielded ports and is grounded to the 
vacuum chamber.   

The Palstar AT5K 3500 W L-Type matching network, which has a native impedance of 50W, matches the 
impedance of the amplifier to the load.  The impedance of the antennas is extremely low and purely resistive, which 
means no inductive reactance is present.  For this antenna configuration, the resistance is approximately 3W without 
plasma present.  To minimize radiation outside of the antenna and ionization channel, i.e., reduce reflected and lost 
power, the impedance of all cables and feedthroughs is 50W.  The RF reflected power is less than 1% of the forward 
power for all measurements taken, which indicates that the matching network is well-tuned to the antennas. 

Five solenoids, powered by a 60-kW EMHP DC power supply, generate a steady-state axial magnetic field 
of up to 450 Gauss.  The solenoid current is measured with a Fluke 337 clamp-on ammeter with an accuracy of 
±2%.  The power leads to the antennas and solenoids are EMI shielded with tinned copper mesh to eliminate RF 
radiation into and out of the wiring.  To reduce RF signal propagation up the power leads, ½” and ¼” diameter 
ferrites are used. 

C. Chen-Type RF-Compensated Langmuir Probe 
Electron number density and temperature measurements are taken with an RF-compensated Langmuir 

probe.  RF-compensated Langmuir probes have been extensively researched in the work of Sudit and Chen, and if 
properly compensated have proven to be accurate for measuring plasma characteristics even in the presence of 
magnetic fields below 350 Gauss.26  Orbital Motion Limited (OML) theory may be used to calculate the plasma 
parameters for a small ratio of probe radius to Debye length, eliminating any absorption radius.31  
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OML theory uses the fact that ion collection current is independent of the shape of the plasma potential,  
assuming the current is only limited by the angular momentum of the ions about the probe, and that there exists a 
sheath edge outside of which the energy distribution is Maxwellian.  A schematic of the OML sheath and an 
absorption boundary is shown in Figure 4.  Probes of this size can be analyzed by other theories; however, Chen 
recommends construction of thin probes so that OML theory may be used,31 which provides a simple relationship 
for ion current, in Eqn. (3). 

 

Figure 4 – OML theory electron motion near a positively-biased Langmuir probe.31  

 
 

 

Figure 5 – Natural Logarithm of current versus bias voltage of a Langmuir probe.32 

 
 

To analyze the raw I-V data, the square root of the ion current fit is added to the original I-V curve to 
obtain a characteristic, which consists of electron current only.  The natural logarithm of the electron current is 
calculated and plotted against the bias voltage.  The electron temperature and electron number density are calculated 
by fitting a line to the linear transition region as shown in Figure 5.  The relationships for electron temperature and 
electron number density are shown in Eqs (4) and (5).32  
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1. Probe Construction and Circuit 

Figure 6 shows the electrical schematic of the RF-compensated Langmuir probe constructed for this 
experiment based upon the Chen B probe design.31  The probes are identical, except the collection tip is parallel to 
the probe body axis in one case and perpendicular in the other.  This allows for higher resolution in both axial and 
radial measurements, as the probe may be oriented entirely along the axis where the measurement is desired.  This is 
necessary for radial profiles, because the annular helicon channel width is only 29 mm.  The RF compensation 
electrode is large compared to the probe radius, improving probe accuracy.31  Self-resonating RF-chokes are 
required to achieve the necessary impedances at the operating frequencies, and are selected based on the 
requirements set forth by Sudit and Chen.26  

V

1 kO

1 nF

220 µH

82 µH

Vacuum
feedthrough

V

 

Figure 6 – Wiring Schematic for RF-compensated Langmuir probes. 

The probe consists of a 0.005” diameter tungsten electrode, 0.005” thickness nickel foil compensation 
electrode, and a 1000-pF capacitor.  The probe lead attaches to a 1-kW resistor and terminates at the chamber 
ground.  A LabView VI reads the probe voltage and calculates the probe current from the voltage drop across the 
resistor.  A Keithley 2410 Sourcemeter supplies the probe bias, with the voltage across the resistor measured by an 
Agilent 34970A Data Acquisition Unit.  The probe is mounted to a 1.5 m by 1.5 m Parker Daedel automated motion 
control system to provide linear axial and radial motion with an accuracy of ±1 � m. 

2. Probe Verification 

To verify the accuracy of the probe setup, electron number density and electron temperature measurements 
are conducted on DC plasma produced by the Electric Propulsion Lab (EPL) model HCPEE 375 hollow cathode 
electron emitter. EPL documentation lists typical electron temperatures of 1 – 2 eV for this device.  The resulting 
curves are expected to coincide with ideal OML I-V curves for DC plasma, as shown in Figure 7 and Ref. 26.  Data 
analysis on the hollow cathode plasma indicates an electron temperature of 1.9 eV, which falls within the published 
operating range of the device. 

In this experiment, the only difference between the measurements and ideal I-V curves is the significantly 
lower operating pressure of the VTF (9.1 x 10-6 Torr-Ar).  This data indicates that the increased slope of the electron 
saturation region may be attributable to this decreased chamber pressure.31  The increase in slope in the electron 
saturation region is also seen in RF-compensated Langmuir probe measurements taken for the annular helicon. 

While performing measurements on the annular helicon plasma source, the probe must be traversed into the 
plasma channel.  It is necessary to demonstrate that the plasma is not significantly affected by the probe. The probe 
is manufactured to have a much smaller tip and shaft diameter than the channel width, which minimizes plasma 
disturbance.26  A B-dot probe is used to measure the effective change in the perturbed magnetic field during 
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traverses of both probes one at a time, both during biased and unbiased probe measurements.  The B-dot probe 
consists of five turns of 18 AWG solid copper wire, in a 0.125” diameter loop.  The B-dot probe is located 600 mm 
downstream of the anode, and the coil axis is oriented parallel to the helicon axis. 

Multiple B-dot measurements are taken at each axial location.  Figure 9 shows that there is no significant 
effect upon the plasma from traversing either the straight or bent probe, both during measurements or in-between 
samples.  The range of values in the data is ±2% of the mean, which is well within the B-dot probe data error limits.  
Examples of the B-dot time-resolved data sweeps are shown in Figure 10.  The maximum and minimum amplitude 
at each cycle is used to determine trends within the trace, as well as average difference in total amplitudes.  While 
minimal differences are observed, the overall trend is constant.  Lastly, it is necessary to verify the inductor chokes 
are tuned properly to the applied RF frequency (13.56 MHz).  Figure 11 shows the impedance-frequency 
relationship for both the two-inductor and four-inductor chokes used in the experiments.  These curves indicate that 
while the peak impedance value is located slightly below the applied frequency, the chokes still exhibit acceptable 
impedance to the load at the operating condition.26  However, inductors could be screened and chosen to resonate to 
higher impedances at the operating frequency, since Sudit and Chen have shown that 1 MW impedance is attainable 
from a single choke.26  

 

Figure 7 – Typical I-V characteristic applicable to OML theory analysis.10 

 

Figure 8 – B-dot probe raw output versus axial distance of probe tip from anode. 13.56 MHz RF frequency, 
350 G magnetic field, 2.97 mg/s argon. 
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Figure 9 – I-V characteristic for an EPL 375 series hollow cathode. 10 A, 2 sccm xenon. 

 

Figure 10 – B-dot probe time resolved raw data output for unbiased probe traverse. 

 

Figure 11 – Impedance versus frequency relationship for 2-inductor and 4-inductor chokes used. 

D. Hiden Analytical Langmuir Probe 
All ion number density, electron temperature, and electron energy distribution function (EEDF) 

measurements are taken with the Hiden ESPION Langmuir probe system. Chen shows this system is suitable for 
high-density, magnetized RF plasma measurements.33  Figure 12 shows the Hiden ESPION system. The probe is 
mounted to a 1.5 m by 1.5 m Parker Daedel automated motion control system to provide linear axial and radial 
motion with an accuracy of ±1 � m.  The probe uses a compensation electrode tuned to remove RF signals 
throughout the 2 – 15 MHz RF frequency range used in these tests. A 0.15 mm diameter, 10 mm long tungsten 
probe tip is used as a current collector.  A reference electrode is position behind the filament to provide a return path 
for current collected from the plasma.  This corrects measurements for changes in the plasma potential relative to the 
system ground potential.17,32,33,34,35,36  The probe filament is mounted to the end of an 810 mm long ceramic sting, 
which contains the RF-compensation inductors.  The inductors are cooled through the umbilical with a forced air 
system. 
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Figure 12:  Hiden ESPION Langmuir probe.28 

 
The Hiden software, connected to the control head, collects I-V curves from the plasma.  The Hiden 

ESPION system contains a data analysis tool that uses Orbital-Motion Limited (OML) and Allen, Boyd and 
Reynolds analysis techniques.32,36  The probe has an error of ± 50% for electron number density and ±20% for 
electron temperature.33,37  All diagnostic equipment is grounded to its own separate ground within the facility to 
prevent RF interference in measurements. 

The calculation of the EEDF is performed automatically in the Hiden software, and is accurate to ±50%.32  

The second derivative method requires a smooth I-V trace to produce accurate results.37  Any increases in the second 
derivative of the I-V trace can produce false peaks in the EEDF.  To allow numerical integration, each I-V trace is 
taken in 0.1 V increments from -15 V to 90 V.  At each operating point, the average of ten I-V traces are smoothed 
with a 25 point smoothing filter and used as the input to the Druyvesteyn method.32,38  This method of data analysis 
is supported by Hiden.32  

III.  Phase 1:  Initial tests of annular helicon and probe system 

A. Introduction 
An annular helicon device was constructed in order to determine the suitability of the concept to the 

AHCDT.  Additionally, an RF-compensated Langmuir probe was constructed based on the designs of Sudit and 
Chen.26  A set of experiments were performed on both devices to determine suitability of both the helicon and the 
Langmuir probe,  and the resulting measurements of plasma density and electron temperature enabled the further 
refinements of the probe and helicon concepts in Phase 2. 

B. Results 
This experiment consists of three sections, which determine the location of the peak plasma number density 

and electron temperature as a function of axial and radial location, as well as RF forward power.  A radial profile is 
first taken to determine the peak plasma density location within the channel radius, followed by an axial profile 
along centerline determining the peak values along the axis of the device.  RF forward power profiles are then taken 
at 519 mm downstream of the antenna long channel centerline.  The peak electron temperature and electron number 
density is measured at a location 519 mm downstream of the antenna on channel centerline.  The RF power profile 
may indicate the existence of helicon mode within the plasma.21  

Each data section is taken for two configurations of the annular helicon.  Yano has concluded that the 
‘driven’ RF leads on the inner and outer antennas should be inverted, i.e., current flows towards the discharge end of 
the annular helicon on the outer antenna, and away from it on the inner antenna.19  However, it has been 
experimentally verified that antenna-plasma coupling can be achieved in both antenna current configurations.  Both 
setups are characterized in this analysis.  For all operating conditions, the standing wave ratio is nearly zero.  With 
less than 5 W reflected power at 13.56 MHz, indefinite steady-state operation can be achieved at 500 W RF forward 
power.  The RF forward and reflected power is measured with the internal meter on the matching network.  
Measured data points are connected in the following section for reader clarity. 

1. Radial profile 

The body-aligned RF-compensated Langmuir probe is used to take a radial profile of the electron 
temperature and electron number density.  This probe allows for a 0.005” radial resolution if necessary.  I-V curves 
are taken and analyzed with OML theory as discussed above. 
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Figure 13 shows the anti-parallel antenna current configuration yields the highest temperatures, ranging 
from 16.21 eV to 17.81 eV.  While a peak is seen in the center of the channel, overall the trend is flat across the 
channel width.  Parallel antenna current shows a peak in electron temperature at 62.25 mm from the annulus 
centerline.  While the parallel antenna current configuration seems to show a positive trend moving towards device 
centerline, the change is still within the error bounds of the theory.  However, repeatability studies indicate a similar 
trend. 

 

Figure 13:  Electron temperature versus distance from Annular helicon centerline. 13.56 MHz RF frequency, 
1 kW RF forward power, < 5 W reflected, 350 G magnetic field, 2.97 mg/s argon, operating pressure 1.9 x 10-5 

Torr-Ar, 200 mm downstream of antennas.  The center of the plasma channel is at 72.75 mm. 

Figure 14 shows that electron number density for the anti-parallel current configuration exhibits the same 
behavior as its electron temperature counterpart.  While a peak of 2.9 x 1012 cm-3 exists near the channel centerline, 
the overall trend is mostly flat.  In the parallel antenna current cases, higher electron number densities are reached, 
with a peak value of 7.2 x 1013 cm-3.  The plasma density decreases sharply towards the channel walls, which may 
prove more useful when attempting to use the annular helicon as a preionization stage for a Hall effect thruster.19  
The trends seen in the parallel current case are well outside the ±30% error limits, and can be correlated to the 
theoretical model for an annular helicon.39  

 

Figure 14:  Electron number density versus distance from annular helicon centerline. 13.56 MHz RF 
frequency, 1 kW RF forward power, < 5 W reflected, 350 G magnetic field, 2.97 mg/s argon, operating 

pressure 1.9 x 10-5 Torr-Ar, 200 mm downstream of antennas. The center of the plasma channel is at 72.75 
mm. 

2. Axial profile 

The perpendicular RF-compensated Langmuir probe is used to determine the axial variation of electron 
temperature and electron number density in the device.  I-V curves are taken along the plasma channel centerline, 
which is the maximum electron temperature location as determined by the peak in the radial profile.  The antennas 
end at 490 mm, and the magnetic solenoids span from 50 mm to 850 mm.  The variation in electron temperature is 
shown below. 

Figure 15 illustrates that the anti-parallel current configuration indicates a flat electron temperature in the 
15 - 17 eV range, decreasing sharply after the magnetic field lines diverge behind the solenoids at 850 mm. The 
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parallel current case decreases sharply just downstream of the antenna, and stays in the 1.5 – 6.5 eV range down the 
device.  

 

Figure 15 – Electron temperature versus axial distance from propellant diffuser. 13.56 MHz RF frequency, 1 
kW RF forward power, < 5 W reflected, 350 G magnetic field, 2.97 mg/s argon, operating pressure 1.9 x 10-5 

Torr-Ar, channel centerline. 

Figure 16 indicates nearly an order of magnitude increased electron number density for the parallel antenna 
current case, similar to the radial profiles taken above. The anti-parallel antenna current case indicates a relatively 
flat profile as before, in the 3 – 9 x 1012 cm-3 range. The parallel antenna current case peaks at 5.6 x 1013 cm-3, and 
remains relatively constant until passing the end of the magnetic coils. 

 

Figure 16 – Electron number density versus axial distance from propellant diffuser. 13.56 MHz RF 
frequency, 1 kW RF forward power, < 5 W reflected, 350 G magnetic field, 2.97 mg/s argon, operating 

pressure 1.9 x 10-5 Torr-Ar, channel centerline. 

3. RF power profile 

The axial and radial electron temperature and electron number density profiles indicate that the peak 
plasma parameters may exist 519 mm downstream of the anode, which is the location for investigation of wave 
modes.21  In Figure 17, the anti-parallel antenna current case exhibits a more varied electron temperature as RF 
forward power increases.  The electron temperature is nearly constant after approximately 600 W.  Below 220 W, 
there is insufficient power to excite a self-sustaining plasma mode.  This suggests antenna-plasma coupling is more 
difficult to establish for the anti-parallel current configuration at this operating condition.  The correlation between 
inductively-coupled and helicon wave modes as a function of power has been examined for this setup.39  The 
parallel antenna configuration produces a self-sustaining plasma as low as 100 W and quickly reaches its peak 
electron temperature at 250 W, after which the trend is approximately constant. 
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Figure 17 – Electron number density versus RF forward power.  13.56 MHz RF frequency, 519 mm from 
propellant diffuser, 350 G magnetic field, 2.97 mg/s argon, operating pressure 1.9 x 10-5 Torr-Ar channel 

centerline. 

The anti-parallel current case shown in Figure 18 follows a similar trend in electron number density as 
electron temperature.  Self-sustaining plasma is not produced until 300 W, after which coupling is poor relative to 
the parallel antenna current case.  Peak electron number densities are an order of magnitude lower than the parallel 
case, and do not change significantly with increases in RF power after 500 W.  The parallel current case indicates 
sufficient coupling even at 100 W RF forward power.  The maximum electron temperature is measured at 500 W, 
after which no significant increase in electron number density is observed as the RF power increases. 

 

Figure 18 – Electron temperature versus RF forward power.  13.56 MHz RF frequency, 519 mm from 
propellant diffuser, 350 G magnetic field, 2.97 mg/s argon, operating pressure 1.9 x 10-5 Torr-Ar, channel 

centerline 

C. Discussion 
The difficulties of making accurate measurement of the parameters of an RF plasma with Langmuir probe 

diagnostics are well known.26  A number of different approaches have been explored in various attempts to 
compensate for RF fluctuations in probe currents with varying levels of success.39  Efforts are made to compensate 
for these fluctuations using some of the approaches detailed in the literature.  Still, we continue to find that some of 
the measures taken provide only limited corrective effects on data. 

Measured data indicates trends in electron temperature and electron number density that correlate with 
established results.19  In each profile, as the electron temperature decreases, the electron number density increases. 
While these are not solely dependent characteristics, they are related by the inverse square root as shown in Eq. (5).  
Radial electron temperature and electron number density profiles follow known trends as demonstrated by annular 
helicon theory.19  Additionally, RF power profiles suggest wave mode jumps consistent with previous analyses.21  
Further investigation of the ion saturation current as a function of applied RF power, as well as perturbed magnetic 
field characteristics will provide more conclusive results of plasma wave mode. 

The resulting electron temperature and electron number density measurements indicate higher than normal 
levels than exist is most helicons.  However, the VTF operating pressure is several orders of magnitude lower than 
most of the reported measurements and the annular helicon dual-antenna configuration is a new regime for RF-
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compensated Langmuir probe measurements.  The difference in slopes from the transition region to the electron 
saturation region has been shown to decrease as pressure decreases,34 similar to I-V curves in this study.  Electron 
temperature and number density measurements in the presence of large magnetic fields are also known to be 
troublesome to analyze, as large magnetic fields decrease the relative difference in the slope of the transition to 
electron saturation regions in the resultant I-V curve.  This is because the applied magnetic field constrains the 
thermal motion of electrons, which can produce substantial anisotropy, which in turn conflicts with some of the 
assumptions fundamental to OML theory.  In typical Langmuir probe measurements in magnetized plasmas, high 
probe voltages draw current to the probe tip, which depletes the electron population available in the flow tube 
intersecting the tip. 26,39  This depletion can cause a significant distortion to the I-V characteristic in the regions most 
critical to the calculation of electron temperature.  When the probe body is aligned with the B-field, depletion of the 
flow tube could cause the deviation from previously published results.  The orientation (for a cylindrical probe) that 
exacerbates this effect maximally is where the tip is parallel to the applied magnetic field.  In this experiment, two 
probes are used, one parallel and one perpendicular to the applied field. 

Additionally, the probe tip diameter is 0.005’’, which for the plasma parameters we expected at the time of 
experiment design, is adequate to ensure that b < 3.  This means that the OML theory is in fact applicable to the 
plasma under investigation.  However, the unexpectedly high electron temperatures calculated under OML suggests 
the probe tip is too large, and that OML-based analysis may be invalid for the annular helicon.  A commercially 
available RF-compensated Langmuir probe system validated by Chen35 has been acquired and will provide another 
means of data validation. 

D. Conclusions 
Initial results indicated that the impedance of the Chen type Langmuir probes was too low to sufficiently 

damp out the RF signal from the diagnostic system.  The Chen type Langmuir probes has a maximum impedance of 
347K-Ohm.  To improve the reliability of the results, a Hiden ESPION advanced Langmuir probe will be used.  The 
Espion Langmuir probe achieves 1-MW of impedance for a broad range of frequencies through a specialized 
inductor choke chain mechanism.  Rapid multiple scans and I-V characteristic averaging make this system the best 
choice for Langmuir probe measurements.  In addition, the Hiden Langmuir probe is well known among the industry 
as a reliable data acquisition system. 

Phase 2 will entail characterization of the device over a broader range of operating conditions, including 
variations in RF frequency (7 - 14 MHz), propellant species (argon and xenon), axial magnetic field strength (0 - 
400 Gauss) and RF forward power (100 - 1000 W).  Once completed, this data will assist in the design of the 
AHCDT.   

IV.  Phase 2:  Refinement of annular helicon and probe system, and 
development of design criteria for the AHCDT helicon 

A. Introduction 
The experiments in Phase 2 built upon the results of Phase 1 and developed a set of requirements for the 

AHCDT for optimum performance.  The custom-built RF-compensated Langmuir probe was removed, in favor of a 
commercially available Hiden ESPION Langmuir probe system, which is capable of identical measurements while 
preventing RF from coupling into the diagnostic system.  The Hiden system also has self-contained analysis tools, 
which have been well-proven32 and provide a significant increase in speed to the acquisition process.  The annular 
helicon was also operated over a much greater range of operating conditions than in Phase 1; RF powers of 100-
1,000 W, frequencies between 7 and 14 MHz, and with both argon and xenon propellant. 

B. Results 
The ion number density and electron temperature of the annular helicon plasma source are characterized 

over a broad range of operating conditions with the RF-compensated Langmuir probe.  Axial profiles of ion number 
density and electron temperature are important to determine the optimal location to mate the HET.  Radial profiles 
of ion number density and electron temperature are important to measure to ensure a HET located in the exhaust of 
the helicon will receive uniform high density plasma for acceleration.  Ion number density increases as a function of 
RF power have been shown to indicate mode shifts within the plasma.  Therefore, ion number density profiles are 
taken as a function of RF forward power at several operating conditions to determine a threshold to observe a mode 
shift.  Ion number density profiles are also taken as a function of RF frequency to determine if the annular helicon is 
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tunable to a given propellant.  If an optimal RF frequency exists for a given propellant, this may allow the annular 
helicon to be used to efficiently ionize a multitude of propellants.  The coordinate system for these measurements 
locates the downstream end of the antenna at an axial location of zero mm, while the exhaust plane of the device is 
at an axial location of 480 mm.  The data have been connected in the Figures 19 – 29 for clarity. 

1. Axial Profile 

Figures 19 and 20 show the ion number density and electron temperature versus axial location for argon 
propellant.  These measurements are taken along the centerline of the annular channel, at the right center of the 
exhaust plane.  Figure 4 shows for the zero and 200 Gauss magnetic field cases, the ion number density increases as 
the distance from the antenna increases, rising from approximately 5.0 x 1016 m-3 to over 1.1 x 1017 m-3.  For a 
magnetic field strength of 400 Gauss, the ion number density starts at 2.6 x 1017 m-3, and decreases as the distance 
from the antenna increases.  Figure 5 shows that the 200 Gauss magnetic field has the highest average electron 
temperatures, approximately 5.7 eV, while the 400 Gauss magnetic field case has the lowest electron temperatures 
with an average of approximately 2.5 eV. 
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Figure 19:  Electron temperature versus axial location. 7 MHz RF frequency, 1 kW RF forward power, 3 
mg/s Ar mass flow rate, 3.0 x 10-5 Torr-Ar operating pressure. 
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Figure 20:  Ion number density versus axial location. 7 MHz RF frequency, 1 kW RF forward power, 3 mg/s 
Ar mass flow rate, 3.0 x 10-5 Torr-Ar operating pressure. 

2. Radial profile 

Figures 21 and 22 show the ion number density and electron temperature versus radial location for argon 
propellant.  These measurements are taken at an axial location of zero mm, at the right center of the exhaust channel 
as viewed from downstream.  The inner wall of the annulus is located at a radial location of 0 mm, while the outer 
wall of the annulus is at a radial location of 21.5 mm.  Figure 6 shows that the maximum ion number density is 
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generated at a 400 Gauss magnetic field. For all magnetic field strengths the ion number density is effectively 
constant across the channel.  Figure 7 shows the lowest electron temperature of 2.8 eV is measured at the 400 Gauss 
case, while the highest is 5.9 eV at 200 Gauss. 
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Figure 21:  Ion number density versus radial location. Zero mm downstream of antennas, 7 MHz RF 
frequency, 1 kW RF forward power, 3 mg/s Ar mass flow rate, 3.0 x 10-5 Torr-Ar operating pressure. 
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Figure 22:  Electron temperature versus radial location, Zero mm downstream of antennas, 7 MHz RF 
frequency, 1 kW RF forward power, 3 mg/s Ar mass flow rate. 3.0 x 10-5 Torr-Ar operating pressure. 

3. RF power 

Figures 23 and 24 show the ion number density and electron temperature as a function of RF power.  These 
measurements are taken at an axial location of 250 mm, on the channel centerline, with argon propellant.  This 
location is just past the second magnetic solenoid and is the location for the highest ion number density from 
previous investigations.20, 21, 26  Figure 23 shows that at the zero Gauss magnetic field case exhibits the highest ion 
number density at power levels less than 800 W, after which the 200 Gauss case trends highest, with a peak of 2.3 x 
1017 m-3.  The other ion number density profiles follow similar trends and are between 5.1 x 1016 m-3 and 2.3 x 1017 
m-3.  Figure 24 shows the 400 Gauss case has the lowest electron temperature at 1.7 eV, as well as the highest at 7.1 
eV. 



 
 

18 

0 500 1000 1500
0.5

1

1.5

2

2.5

3
x 1017

RF forward power (W)

Io
n 

nu
m

be
r 

de
ns

ity
 (

m
 

-3
)

0 Gauss
100 Gauss
200 Gauss
300 Gauss
400 Gauss

 

Figure 23:  Ion number density versus RF forward power. 250 mm downstream of antennas, 7 MHz RF 
frequency, 3 mg/s Ar mass flow rate, 3.0 x 10-5 Torr-Ar operating pressure. 
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Figure 24:  Electron temperature versus RF forward power. 250 mm downstream of antennas, 7 MHz RF 
frequency, 3 mg/s Ar mass flow rate, 3.0 x 10-5 Torr-Ar operating pressure. 

4. RF  frequency  

Figures 25 and 26 show the ion number density and electron temperature as a function of RF frequency.  
These measurements are taken at an axial location of zero mm, on the channel centerline, using argon propellant.  
Figure 4 shows this location is the peak ion number density for the highest magnetic field case. Figure 25 shows 
nearly constant ion number densities, all within 18% of the average of 1.2 x 1017 m-3 for the 500 W RF power case.  
The 1000 W RF power case shows similar trends, however between 6 and 9 MHz, and again at 12 MHz, the ion 
number density is significantly higher, with a peak at 1.9 x 1017 m-3 at 8 MHz.  Figure 26 shows the electron 
temperature for the 500 W RF power case ranges from a maximum of 14 eV to a minimum of 8 eV, while the 1000 
W RF power case ranges from a maximum of 8 eV to a minimum of 1 eV.  
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Figure 25:  Ion number density versus RF frequency. Zero mm downstream of antennas, 1 kW RF forward 
power, 400 Gauss B-field, 3 mg/s Ar mass flow rate, 3.0 x 10-5 Torr-Ar operating pressure. 
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Figure 26:  Electron temperature versus RF frequency. Zero mm downstream of antennas, 1 kW RF forward 
power, 400 Gauss B-field, 3 mg/s Ar mass flow rate, 3.0 x 10-5 Torr-Ar operating pressure. 

5. Electron Energy Distribution Functions 

Figure 27 shows the EEDF at several selected RF frequencies.  These measurements are taken at an axial 
location of zero mm, on the channel centerline, at 1 kW of RF power, at a magnetic field strength of 400 Gauss.  
This axial location is selected as it is the peak ion number density from Figure 20.  The magnitude and location of 
the peak in the EEDF are a strong function of the RF frequency.  The value of the primary peak of the EEDF varies 
from 3.7 eV at 13 MHz case to 15 eV at 11 MHz. 
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Figure 27:  EEDF at selected RF frequencies. Zero mm downstream of antennas, 1 kW RF forward power, 
400 Gauss B-field, 3 mg/s Ar mass flow rate, 3.0 x 10-5 Torr-Ar operating pressure. 

6. Xenon axial profile 

Figures 28 and 29 show axial profiles of the ion number density and electron temperature for xenon 
propellant. These measurements are taken at a radial location on the channel centerline, at a magnetic field strength 
of 200 Gauss, and are included with that of argon from Figure 20 for comparison.  Figure 28 shows xenon peaks at 
an ion number density of 2.4 x 1017 m-3 at an axial location of zero mm, and has a minimum value of 4.0 x 1016 m-3 at 
an axial location of 75 mm. 
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Figure 28:  Ion number density versus axial location. 7 MHz RF frequency, 1 kW RF forward power, 200 
Gauss B-field, 3 mg/s mass flow rate argon and xenon, along channel centerline, 3.0 x 10-5 Torr-Ar operating 

pressure, 5.6 x 10-5 Torr-Xe operating pressure. 
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Figure 29:  Electron temperature versus axial location. 7 MHz RF frequency, 1 kW RF forward power, 200 
Gauss B-field, 3 mg/s mass flow rate argon and xenon, along channel centerline, 3.0 x 10-5 Torr-Ar operating 

pressure, 5.6 x 10-5 Torr-Xe operating pressure. 

C. Discussion 
The RF compensated Langmuir probe data gathered establishes a baseline for annular helicon plasma 

generation across the range of operating conditions measured.  The trends in the data are now examined to determine 
their correlation with previous results, as well as coupling modes observed and appropriateness of this plasma source 
as an ionization stage of a HET. 

In order to understand the mechanisms behind the trends indicated in the measurements, plasma parameters 
are calculated for each trend.  The plasma parameter L , which is a measure of the population of the Debye sphere, is 
calculated to be on the order of 10-24 for all measurements taken.  This indicates the Debye sphere is sparsely 
populated, which corresponds to a strongly coupled plasma.8,37,40  The gyroradii calculations for measurements with 
argon indicate the electrons are magnetized for the 200 and 400 Gauss magnetic field cases, but the ions are not. 

The axial ion number density trends shown in Figures 19 and 20 indicate there is a different coupling 
mechanism at 400 Gauss magnetic field strength than the zero or 200 Gauss cases.  The dependence of the ion 
number density on magnetic field could indicate a helicon wave mode is excited due to the magnetic field coupling 
to the RF.  However, the ion number densities are lower than most helicon modes are known to excite, so the 
perpendicular and parallel wave numbers must be ascertained by B-dot probe measurements.21  The power density 
for this device is at maximum 4.3 x 104 W/m3, which is comparable to similar cylindrical helicon devices. 26,28  This 
indicates that the decrease in ion number density is not attributable to a lack of power density.  The electron 
temperature profiles show the higher ion number density cases trend towards the lowest electron temperatures, 
which is the most efficient method of ionization as most of the input energy goes into ionization rather than electron 
energy.  The zero and 200 Gauss magnetic field cases trend towards highest electron temperatures, especially near 
the exit plane of the device.  

The radial ion number density and electron temperature profiles shown in Figures 21 and 22 indicate the 
ion density is constant across the radius of the device well within the error limits of the Langmuir probe.  A near 
constant ion density profile is desired for efficient HET operation.  The electron temperature trends are less constant 
and show an increase in electron temperature from 3.0 eV to 4.7 eV at a location 13 mm from the inner wall for the 
400 Gauss case.  The zero and 200 Gauss cases show the lowest electron temperatures of 4.0 eV and 5.2 eV closest 
to the inner wall, increases as the distance from the inner wall increases.  The axial magnetic field strength is nearly 
constant across the channel, which rules out inner wall losses as the cause of the decreased ion number densities on 
the inner wall.  

Ion number density and electron temperature as a function of RF forward power is shown Figures 23 and 
24.  These indicate the highest ion number densities can be reached in the 200 Gauss configuration, up to 2.3 x 1017 
m-3 at this location. At low RF power levels, zero Gauss generates the highest ion number densities, however above 
800 W, the 200 Gauss case produces the highest.  Each dataset indicates an increase in ion number density with RF 
forward power, and shows that the magnetic field does not show a trend with the ion number density in this coupling 
mode.  This leads us to believe the RF power profiles observed are not helicon wave modes as the magnetic field has 
no major effect on the ion number density at this location.  The electron temperatures range between 3.5 eV and 5.5 
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eV, with the exception of the 400 Gauss magnetic field case, which spikes to above 6 eV at RF power levels above 
700 W.  These data points may be exaggerated by the fact that the probe feeds current to the plasma.  At high bias 
voltages, Hiden has shown the probe can emit own electrons, as well as generate a ground loop within the plasma.32  
Without accompanied increases in ion number density, the jumps in electron temperature do not indicate a shift to 
helicon mode. 16,17,26,33, 35,36 ,41  

The RF frequency dependence of ion number density and electron temperature shown in Figures 25 and 26 
is critical to understanding the benefits of a helicon device over other ionization options.  For a given propellant, 
there may exist an optimal frequency at which the annular helicon will produce a maximum ion number density. The 
RF frequency trend shows that for argon propellant, the highest ion number density of 1.9 x 1017 m-3 is produced at 8 
MHz for the 1000 W case, whereas for the 500 W case, the ion number density is lower (an average of 1.3 x 1017 m-

3) and is roughly independent of RF frequency since it is within the error limits of the Langmuir probe. This 
indicates a different coupling mode for the high power case. 

The EEDFs measured indicate a single-hump structure for most measurements taken.  EEDF trends 
measured in Figure 27 indicate the EEDF peak and shape varies by selection of RF frequency.  The relative 
amplitude of the primary peak in the EEDF tends to be higher for the 7 MHz, 9 MHz, 10 MHz, and 13 MHz 
frequencies, while the 8 MHz, 11 MHz and 12 MHz cases indicate much lower relative probabilities.  This indicates 
the 8 MHz, 11 MHz, and 12 MHz cases are able to bring electrons to higher energies than the other frequencies 
shown, however the peak values and relative intensities don’t correlate with the trends in ion number density or 
electron temperature, which is similar to past studies.5,8,11,12,37,40  The EEDFs measured have larger energy 
dependence than those in previous works, which is attributable to the much lower pressures at which the data above 
is taken.8,,37,42  The 8 MHz and 12 MHz EEDFs shown in Figure 27 have much lower relative probabilities of the 
low energy peak than the other frequencies.  This correlates to the 8 MHz and 12 MHz values shown in Figure 25, 
which are the two ion number density peaks.  This indicates a correlation must exist between ion number density 
and relative probability of the EEDF, as all the frequencies measured follow the trend except 11 MHz. 

Figures 28 and 29 show increased ion number densities and electron temperatures for xenon over argon, 
with  a peak value of 2.4 x 1017 m-3 for xenon and 1.1 x 1017 m-3 for argon.  Argon reaches much higher electron 
temperatures, with a peak at 8.4 eV for argon and 4.7 eV for xenon.  Xenon exhibits electron temperatures that are 
on average 55% lower, and ion number densities that are on average 41% higher than those of argon at the same 
operating conditions.  The xenon electron temperatures are significantly lower than those of argon, indicating xenon 
plasma is more efficiently ionized.  The lower electron temperature and higher ion number density for xenon can be 
attributed to more complete ionization due to the lower first ionization potential of xenon, 12.1 eV as opposed to 
15.7 eV for argon.  

Based on the characterization, the optimal location to mate a Hall thruster is at the antenna exit plane, 
which also minimizes device size, therefore weight.  At this location, the plasma also has the highest ion number 
density and lowest electron temperature for xenon and argon propellants. 

D. Conclusions 
The peak ion number density recorded for argon is 2.6 x 1017 m-3, at a location zero mm downstream of the 

antennas, at an RF frequency of 7 MHz, RF forward power of 1 kW, and a magnetic field of 400 Gauss. Peak ion 
number density for xenon is 2.4 x 1017 m-3, which occurs at the exhaust plane of the antennas, at an RF frequency of 
7 MHz, RF forward power of 1000 W, at a magnetic field of 400 Gauss. Axial profiles of ion number density show a 
different coupling mode is excited at a magnetic field strength of 400 Gauss for an otherwise identical operating 
condition. This indicates the coupling mode is likely a helicon wave mode, as there is magnetic field dependence.  
RF frequency profiles show that 8 MHz is the optimal frequency to maximize the ion number density for argon 
propellant.  The frequency at which the peak of the EEDF occurs and the width of the EEDF vary with RF 
frequency for a given propellant.  Xenon yields the highest ion number densities at the lowest electron temperatures. 
The annular helicon produces high density plasma with a constant radial profile at an axial location of zero mm. At 
this location, the maximum density plasma will be ejected into the acceleration stage of the two-stage AHCDT.  The 
methods employed here have been used to characterize the plasma in a medium power helicon device.43 

V. AHCDT Design 

A. Magnetic Field Design 
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1. Comparison of Hall Thruster and Helicon Magnetic Fields 

Development of a thruster which functions as both an annular helicon and a traditional HET requires 
reconciliation of two dissimilar magnetic field configurations.  Annular helicons, similar to traditional cylindrical 
helicons, use an axial magnetic field with a magnitude of hundreds of Gauss.  The magnetic field in the discharge 
channel of a HET is almost entirely radial.  There is a small axial component to HET magnetic field, but it is 
typically much less than 50 G.  Thus, the AHCDT magnetic field topography must smoothly transition the axial 
field in the helicon to the radial field present in the HET.  This is not a trivial task, as the annular nature of both the 
helicon and the HET complicate this transition.  In the annular design developed here, the nominal axial magnetic 
field strength is 200 G with the ability to increase to 500 G.  The large axial field in the helicon section will be 
provided entirely by the helicon magnet. 

Helicons are typically very simple devices.  Figure 30 shows the simplest configuration, which consists of a 
dielectric tube with an antenna and one or more magnet solenoids wrapped around the dielectric tube.  The magnet 
solenoids generate the magnetic field without use of ferromagnetic materials.  The portion of the helicon directly 
inside the magnet solenoid has a large axial magnetic field with a very small radial component.  Since no effort is 
usually made to contain the field within the helicon, the field around the device is identical to that of a finite 
solenoid.  This means that at the exit of the helicon there is a large axial field with an accompanying large radial 
component, as represented by the diverging field lines in Figure 30.  The magnetic field topography at the helicon 
exit plane, especially the axial component, must be isolated from the HET section of a composite device.  
Furthermore, the axial field in the helicon must transition smoothly into the radial field in the HET, without any 
zone of zero total magnetic field.  If the field drops to zero anywhere, it will function as a trap for electrons; plasma 
electrons will be able to enter the trap but cannot easily leave.  Electrons trapped in this way will create anomalous 
electric fields in the thruster, which may accelerate ions in unpredictable directions, compromising the performance 
of the device. 

Magnet Solenoid

Annular Plasma Magnetic Field Lines

 

Figure 30:  Cross section of an annular helicon plasma source (rf antenna omitted for clarity). 

HET magnetic fields are generally computer modeled prior to fabrication, which results in a very well-
known field configuration.44  Solenoid coils are the typical source of the magnetic field in HETs.  In the P5 HET, for 
example, the magnetic field is supplied by one central solenoid and eight solenoids mounted around the discharge 
channel of the thruster.  Figure 31 shows the magnetic fields generated by these solenoids are directed by a magnetic 
iron structure such that the field is largely radial in the thruster discharge channel, and is shown in.  The fields 
generated by the magnets begin as axial fields inside the magnetic circuit, as shown by the arrows traveling around 
the magnetic circuit in Figure 31.  The magnetic circuit is designed such that the maximum radial field strength is at 
the exit plane of the thruster.  This strength varies from thruster to thruster, and in the P5 is approximately 150 G at 
the discharge channel centerline.  This area of maximum magnetic field corresponds to the ionization and 
acceleration regions of the thruster.  If a HET, with its largely radial magnetic field, is attached directly to the output 
of a helicon, with its large axial and radial fields, the magnetic field in the thruster will be too different from the 
desired strength and shape to form a proper acceleration zone, instead forming several zones or one large distributed 
zone.  Any acceleration of ions significantly upstream of the normal acceleration zone will be detrimental to thruster 
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operation in that high energy ions will strike the discharge channel walls, reducing their lifetime and reducing thrust 
and efficiency. 

Anode
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Magnetic Circuit
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Region

 

Figure 31:  Cross section of a Hall thruster. 

The need to isolate ion acceleration to the exit plane is made more complex by the fact that the plasma 
occupies an annular region over the entire length of the device.  Plasma created in the annular helicon section must 
travel smoothly - without significant radial or axial acceleration - from the helicon to the HET.  A smooth transition 
is accomplished if the largely axial field in the helicon changes into the radial field in the HET without significant 
discontinuities, large gradients, or points of zero field strength.  This poses a significant problem for the HET; part 
of the magnetic circuit is a solid magnetic back plate, which allows flux to travel from the outer magnets to the inner 
magnet unimpeded.  Removal of the annular section required for plasma to pass from the helicon removes a large 
part of this magnetic back plate and fundamentally changes the behavior of the magnetic field system of the HET.  
Figure 32 shows this change.  Without a complete pole plate in the back of the thruster, a second area of high field is 
created.  Since this area contains plasma, a second acceleration region may form which will be detrimental to 
thruster performance.  Ions accelerated far from the exit plane will have a high probability of striking the discharge 
channel walls, which will both reduce thruster lifetime and slow the ions, reducing thruster performance.  The 
AHCDT design must be able to reconcile the altered HET geometry which has the potential for multiple acceleration 
zones with the fact that a HET can only have one acceleration region. 
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Figure 32:  Cross Section of a Hall thruster with annular space cut for helicon interface. 
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2. Thruster Simulation 

The AHCDT magnetic circuit is designed and simulated in MagNet 6.0.  The critical design criteria are an 
axial field of approximately 200 Gauss in the helicon section of the thruster, and a field as close as possible to the 
field in the original P5 thruster.  The P5 magnetic circuit is simulated in order to generate field data for the original 
thruster.  The P5 simulation uses published solenoid coil counts and currents at various operating points for the 
‘standard’ fields, which the AHCDT is then designed to match.  These results provide a baseline goal for the 
AHCDT magnetic field design.  Much of the design challenge focused on the thruster portion of the AHCDT; 
achieving a large axial field in a helicon is much easier than forming a field of the correct magnitude and shape in 
the Hall thruster discharge channel. 

The final magnetic circuit design differed from the original design proposed in the second annual report on 
AFOSR grant FA9550-07-0137.  The original design incorporated a single helicon coil with no magnetic circuit 
around it.  While the design is able to closely approximate the field in the P5, the field in the helicon section 
required some more optimization.  The field in the helicon section is not as axial as desired; it exhibited enough of a 
radial component to require re-examination.  Furthermore, the radial component of the field in the helicon switched 
directions several times.  The direction changes will cause any electron drift present in these regions to reverse 
direction, which may have adverse effects on thruster operation.  One more criterion is added late in the design 
process, as well; while generally a low radial field in a helicon is desirable, it was decided that a nonzero radial field 
at the anode would be beneficial.  Since the anode is at the far end of the helicon from the HET section of the 
device, a significant radial field can exist there without significantly affecting the bulk of the helicon.  This radial 
field will shield the anode from direct exposure to the plasma electrons in the helicon; without it, the helicon plasma 
electrons would be able to stream directly to the anode, causing high discharge currents and an unknown effect on 
helicon efficiency. 

After simulation, the final magnetic field design incorporated the original P5 magnetic structure except for 
the annular channel, which is cut to allow helicon plasma to enter the thruster, and is shown in Figure 33.  The 
helicon section final design consists of a single 800-turn solenoid surrounding the glass discharge chamber of the 
helicon.  Magnet currents in the simulations are as high as 10 A in the helicon magnet.  A set of eight magnetic iron 
rods extend from the back pole of the P5 section to an iron plate at the rear of the helicon assembly.  The rods are 
extensions of the iron cores on each of the outer magnets on the P5, so as to act as a direct path for flux from the P5 
into the helicon.  The helicon pole plate has a 5.8-inch-diameter hole in the center, which is the same diameter as the 
center of the P5 discharge channel.  The rods, pole plate, and helicon coil are the only portions of the helicon 
section, which are simulated in MagNet; all other components are made of nonmagnetic materials, which have a 
negligible effect on the magnetic field. 
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Figure 33:  Magnetic circuit of the AHCDT.  Orange component is the helicon magnet coil, red components 
are the magnetic iron structure. 

 
Simulations are performed for several P5 operating points; discharge voltage and current set points of 300 

V and 500 V for discharge currents of 5 A and 10 A.  For each operating point, the magnetic coil current settings 
from published data are used to generate a simulated magnetic field.  These baseline fields are then used as the goal 
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of the AHCDT simulations.  Most of the simulation time is spent matching the AHCDT field to the 300 V, 5 A P5 
field; once a match is established, the other operating points required much less effort.  The first matching field 
required many changes to the geometry of the AHCDT, while the subsequent matches only required changes to coil 
currents.  One of the simulation results is plotted in Figure 34; the AHCDT magnets are tuned so as to mirror the P5 
field as closely as possible for the 500 V, 10 A condition.  The transition from helicon to HET occurs at the origin of 
the x-axis of the graph.  Figure 34 shows that the radial field is much less than 50 G through most of the helicon 
section, with an increase to approximately 50 G at the end farthest from the HET.  The location of maximum radial 
field is used in the mechanical design, as the placement point for the anode.  The axial field in the helicon section 
easily meets the 200-G requirement for the helicon axial field.  The field in the HET section agrees well with the P5 
fields; the axial field is minimal, never over 20 G, and is nearly zero at the point of maximum radial field.  The 
radial field peaks at the exit plane of the thruster and decreases rapidly both upstream and downstream of the 
maximum.  Figure 35 shows the radial field in the discharge channels of both thrusters, also for the 500 V, 10 A 
operating condition.  The fields in Figure 35 match extremely closely at the exit plane and for almost an inch up- 
and downstream; at the exit plane the difference is less than one Gauss, and an inch upstream the difference is 7 G.  
Farther from the exit plane the fields diverge by up to approximately 10 G.  This difference in fields should not 
cause a significant change to thruster performance because the fields upstream of the exit plane are very weak and 
cause little electron drift, and the fields downstream of the exit plane to not have a significant contribution to the 
ionization/acceleration process in a HET.  Radial magnetic fields at all four P5 operating points behaved similarly; 
almost identical at the exit plane, with small differences in the radial magnetic field up- and downstream of the exit 
plane. 
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Figure 34:  The radial and axial magnetic field of the AHCDT along the discharge channel centerline, given a 
field designed to match the P5 at the 500 V, 10 A operating condition.  Transition from helicon to HET is at 0 
inches axial position, the original P5 anode face is at 1 inch, and the Hall thruster exit plane is at 3.1 inches. 
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Figure 35:  Radial magnetic field comparison between the AHCDT and the P5.  Transition from helicon to 
HET is at 0 inches axial position, the original P5 anode face is at 1 inch and the exit plane is at 3.1 inches.  

Magnetic fields are tuned to the 500 V, 10 A P5 operating condition. 

 
While centerline fields offer some insight into the nature of the magnetic field in the AHCDT, a more 

complete picture of the thruster must be analyzed to determine if there are significant adverse effects over the entire 
device.  Figure 36 is a combination of shaded contour plot and field line plot of the magnetic field in the AHCDT.  
Color scale on the shade plot is from 0 to 400 G; the outlined red components are the magnetic iron pieces, which 
have fields much higher than 400 G.  The contour plot shows a high axial field in the helicon section (slightly over 
200 G), which decreases rapidly at the interface between the helicon and the HET.  The axial magnetic field in the 
HET section is less than 30 G.  The radial magnetic field behaves as desired; it is very low in the helicon section and 
transitions to the dominant field component in the HET.  The magnetic field through most of the HET is very low, 
and increases rapidly to a maximum at the exit plane, between the two front pole pieces of the thruster.  The highest 
magnetic field present in any of the simulations is slightly over 1 T; such strong fields are present only in the iron 
structure of the thruster.  The highest vacuum field in any of the simulations is approximately 500 G. 

A major side effect of the approach taken in designing the AHCDT is that the helicon and HET fields are 
not independently controllable.  Adjustment of the magnets in the HET section will change the magnetic field at the 
exit plane, just like in the P5, but will also affect the field at the back pole of the HET section.  If the AHCDT is 
operated with more current on the P5 magnet coils than the optimal settings in the simulations, a field configuration 
like that in Figure 32 will form; a region will exist between the back poles of the thruster with a high radial field in 
the opposite direction as the field at the exit plane.  Changes in coil currents of approximately 10% are sufficient to 
increase the field at the back pole of the HET by 20-30 G, depending on operating point.  The helicon coil, 
meanwhile, has a very large effect on the field in the HET section.  Increases in helicon magnet current not only 
increase the exit-plane radial field, but can also form a high radial magnetic field between the back poles of the 
HET.  This field is parallel to the field at the exit plane, and hence opposite in direction to the field as it is shown in 
Figure 32.  Minimization of the radial magnetic field at the transition between the helicon and the HET, then, 
requires a careful balance of helicon and HET magnet currents.  Due to this relationship, a large magnetic field at 
the exit plane of the HET is only achievable with a high helicon magnetic field. 
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Figure 36:  Shaded arrow plot of the AHCDT magnetic field.  Scale units are in Teslas.  Thruster axis is at the 
left side of the plot. 

 

B. Thruster Mechanical Design 

1. Design Goals 

The mechanical design of the AHCDT needs to achieve two major and several minor goals.  The first major 
goal is to properly isolate the anode from ground.  This isolation ensures that the high-voltage anode cannot arc to 
the thruster body, while it simultaneously allows for thermal expansion.  Second, the boron nitride (BN) discharge 
channel walls in the P5 and the glass discharge channel in the helicon have to be supported securely, allow for 
thermal expansion, and avoid any radial load on the components.  Minor goals include physical support of the 
helicon magnet and design of the support structure for the center pole of the P5.  The design process involved 
finding solutions to the major design considerations, and using those solutions to dictate the constraints on the minor 
design considerations. 

2. Anode Isolation and Thermal Design 

Electrical isolation of the anode is a major issue for the design of AHCDT.  Typical HETs such as the P5 
use the BN discharge channel for anode isolation; the anode is essentially surrounded by ceramic, so the only 
isolation issues come from the anode mounting hardware and propellant feed lines, which penetrate the BN channel.  
Such a channel does not exist in the AHCDT; the anode is positioned at the base of the glass helicon discharge 
channel.  The glass channel is not continuous; it is simply a pair of concentric glass tubes with no base.  Thus, the 
anode needs to set on a dielectric spacer to separate it from the back plate of the thruster.  Figure 7 shows the 
alumina ring fabricated for this purpose, along with the other major components of the anode assembly.  Alumina 
has a high thermal conductivity which enables it pull excess heat away from the anode.  Alumina is also 
significantly less expensive than BN.  The studs that penetrate the alumina ring provide structural support of the 
anode, and are insulated with ceramic sleeves.  Thermal design of the anode assembly is a major concern.  Since the 
assembly consists of a mix of magnetic iron and stainless steel (back plate and anode), glass (helicon channel walls), 
and alumina (anode standoff), three different rates of thermal expansion had to be reconciled.  A further 
complication is that the anode temperature cannot be estimated since no device of this configuration has been tested.  
In order to reconcile the thermal expansion of the anode assembly, the anode and alumina ring have approximately a 
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millimeter of space between them and the glass tubes.  In order for the anode to expand enough to contact and break 
the glass, it would need to be over 700 °C this is far in excess of the anode temperature in the P5, so thermal 
expansion should not be an issue.  Alumina has a lower coefficient of thermal expansion than stainless steel, so 
expansion of the alumina ring will not be an issue. 

A consequence of the thermal design, however, is that anode electrical isolation is more difficult due to the 
gaps necessary to ensure thermal expansion of the anode did not break the glass tubes.  These gaps may allow an arc 
to travel from the anode to the base plate, as they allow line of sight from the anode to the base.  This is solved 
through use of a braided fiberglass gasket, as shown in Figure 37; the gasket is held between the glass, the alumina, 
and the base plate and prevents any possible line of sight between the anode and the base plate.  The gasket is 
slightly thicker than the gap between the alumina standoff and the glass tubes, and hence cannot slide out of 
position.  The fiberglass gasket is slightly compressible; it has the ability to absorb thermal expansion in the alumina 
standoff and not crack the glass tubes.  The glass tubes are flanged to provide a point of physical support; the flanges 
are clamped in place, which holds the glass in place without touching it anywhere along its length.  This is critical to 
operation of the AHCDT; any structural support which protrudes into the plasma channel, either in the HET section 
or the helicon section, will severely perturb thruster operation.  The act of flanging the glass also has the beneficial 
side effect of creating an effective groove for the fiberglass gasket. 

The thermal and electrical design of the anode thus will allow the anode to reach temperatures much higher 
than anticipated by previous P5 operation without damage to the glass components.  Furthermore, the design uses 
all-solid components wherever possible to prevent line-of-sight arcs around the anode, and where solid components 
are difficult, a fiberglass gasket provides electrical insulation while allowing for distortion due to thermal expansion. 
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Figure 37:  Cross section of the anode assembly design 

3. Glass and Boron Nitride Channel Design 

Both the glass that composes the helicon and the BN that composes the HET acceleration region must be 
held securely in place and allow for thermal expansion of the surrounding structure.  The BN and glass have much 
lower coefficients of thermal expansion than the iron or stainless steel parts they are attached to, and hence the 
attachment must accommodate this difference in expansion rates. 

The glass and the BN are designed similarly; each component incorporates a circular flange which could be 
clamped or screwed in place.  Figure 37 shows the flanges for the glass are designed as part of the anode isolation 
mechanism.  The flanges are clamped in place with aluminum rings, which attach to the base plate of the Helicon 
section of the thruster.  The BN channel walls in the HET section of the AHCDT are also designed with flanges.  
Figure 38 shows that the BN is screwed directly to the back poles of the HET section.  The BN channels are 
manufactured from grade M26 boron nitride; the same grade is used in the original P5. 
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Figure 38:  Boron nitride and rear pole of the P5 section of the AHCDT.  Outer discharge channel ring shows 
the bolt hole pattern which is used to attach to the rear pole of the thruster. 

4. Minor design criteria 

Most of the design of the AHCDT is dictated by the anode thermal and electrical design, as well as the need 
to support the glass tubes of the helicon without the potential for failure due to thermal expansion.  These major 
design considerations fixed many of the characteristics of the thruster; the physical support of various thruster 
components, then, is designed with the constraints placed by the major design considerations taken into account. 

P5 Center Pole 
First of the minor design considerations is the support of the center pole of the P5.  The center pole of the 

P5 is mounted at the end of a cantilevered beam that is attached directly to the back plate of the helicon section of 
the thruster.  This design is necessary because the center pole is originally mounted to a continuous thruster back 
plate; in order to maintain an open channel for the plasma to flow from the helicon into the HET, the center pole had 
to be mounted at the end of a continuous beam attached to the rear of the entire device.  The support structure for the 
center pole of the thruster is shown in Figure 39.  The cantilevered beam that holds the P5 center pole is made of 
stainless steel, which will note interfere with the magnetic field and is in a cross shape in order to avoid excessive 
absorption of RF power as would happen in a pipe or circular-cross-section beam.  In the completed thruster, the 
inner helicon glass tube fits around the cantilever and will slip over the BN channel wall, which encapsulates the 
center pole. 
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Figure 39:  CAD Model of the P5 center pole support cantilever. 

5. Helicon Magnet 

The helicon magnet solenoid is wrapped around an aluminum spool.  It is supported physically through two 
means; one end of the magnet spool is screwed directly to the back pole of the HET section of the AHCDT, and the 
iron rods which pass from the back plate of the HET section to the base plate of the helicon are passed through holes 
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drilled into the spool ends.  In this way, the magnet spool is held in place by multiple structural components of the 
thruster and forms an integrated, very strong assembly.  The overall thruster assembly design is shown in Figure 40, 
and shows the helicon magnet in orange as well as the spool in grey and its integration into the magnetic circuit of 
the thruster. 

The helicon antennas are designed to be identical to those used in the original annular helicon experiments 
in Phases 1 and 2; both antennas are left-pitch half-helix antennas 7.6” long, and constructed from ½” x 1/8” 
rectangular copper bars.  The antenna diameters are 4.3” and 7.3” for the inner and outer antennas, respectively.  
The front faces of both antennas are approximately 1/2” from the P5 back pole plate. 

 

 

Figure 40:  CAD Model of the AHCDT. 

The AHCDT has been fabricated and assembled.  Photos of the thruster assembly prior to the first test are 
shown in Figures 45-47. 

 

 

Figure 41:  Front View of the AHCDT 
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Figure 42:  Side view of the AHCDT 

 

Figure 43:  Rear view of the AHCDT 

C. Initial Testing Results 
Integration of the AHCDT into the VTF was similar to the annular helicon, with two major differences.  

First of these was integration into the VTF thrust stand, which enabled thrust measurements which were previously 
unavailable with the annular helicon.  The second major difference involves the delivery of RF power to the thruster.  
In the annular helicon experiments the RF system produced sufficient electromagnetic noise to render the thrust 
stand inoperative.  As part of the AHCDT development effort, the RF system was redesigned in order to transmit 
power to the thruster without polluting the thrust stand signal.  First of these was the use of a single coaxial cable for 
RF power transmission, instead of the original pair of copper rods.  The Palstar AT5K matching network was 
replaced with a custom-built Pi-type matching network, which incorporates a stepper-motor control system, which 
allows the matching network to be operated remotely.  The radio and RF amplifier were moved from their original 
position near the tank to the floor of the laboratory; doing so allowed implementation of a purpose-built RF ground, 
separate from the facility ground.  The matching network remained next to the tank, thus the remote control 
capability allowed the entire RF system to still be operated from a single instrument rack.  Frequency also became 
fixed to cable length.  In order to reduce power reflection in the cable between the matching network and the RF 
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antennas in the thruster, the frequency was tuned such that the cable was one half-wavelength long, which occurred 
at 12 MHz.  Half-wavelength transmission lines are considered ‘resonant,’ and act like very short cables, thus the RF 
power was not dissipated before it could reach the antenna.  All of the initial tests of the AHCDT have been at 12 
MHz of RF power, but a change of RF frequency only requires changing the cable length, hence future tests at other 
frequencies will be easy to perform.  The combination of a single coaxial cable, relocation of the RF power system, 
and adjustment of frequency to resonance reduced the RF system noise such that it has no significant effect on the 
thrust stand, thus enabling AHCDT experiments to include performance measurements.  

1. AHCDT Performance 

The AHCDT has been successfully operated on xenon propellant, at anode voltages of as high as 300 V.  
Figure 44 is a side view of the thruster under operation at 300 V on the anode, 1000 W of RF power, and 5 mg/s of 
xenon, corresponding to a discharge current of 5.4 A.  Thruster discharge current was 5.4 A, and thrust was 
measured to be 87 mN.  This compares favorably to the base P5 thrust of 95 mN at 300 V and 5.5 A.  AHCDT thrust 
is plotted in Figure 45 along with some data on the original P5, and shows that the thrust is very close to the original 
thruster.  Since the measurements at 300 V are at a much higher discharge voltage than is desired for high thrust-to-
power operation, the measurements taken serve to verify that the thruster is operating very close to the original P5.   

2. Low Voltage Operation 

The AHCDT was able to operate at much lower voltages than the P5.  Where the P5 discharge is very 
inefficient below 150 V and cannot operate at all below 100 V, the AHCDT was able to produce a plume almost 
identical to that in Figure 44 at 75 V, and did so at the same 5.4 A of current as at 300 V.  Below 75 V the plume 
transitioned abruptly from a HET-like plume with a pronounced high-density center spike, to a plasma much more 
like an un-accelerated helicon.  Discharge current was reduced nearly to zero below 75 V, so at such low voltages it 
is likely that little to no ion acceleration is taking place in the current configuration.  Adjustment of the magnetic 
field may allow the thruster to operate with good acceleration at even lower voltages. 

P5 Helicon
 

 

Figure 44:  Side view of the AHCDT; top view is operating at 300 V on the thruster anode, 1000 W of 
RF power, and 5 mg/s of xenon.  The purple glow at the right of the image is the helicon plasma.  P5 and 

Helicon sections have been highlighted for clarity. 
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Figure 45:  AHCDT Thrust compared to measurements of the original P5; from Ref 45 

D. Test Plan 
Thruster characterization tests will commence in April of 2010.  There are three primary goals of the 

thruster tests.  First of these is to fully characterize the performance of the AHCDT at both HET-like operating 
conditions (discharge voltages near 300 V) and high thrust-power conditions (discharge voltages at or below 100 V).  
Second is measurement of plume plasma properties.  Ion properties are of primary interest in the thruster plume; 
ions are the source of thrust and thus both the magnitude and direction of ion velocity outside the thruster are of 
interest.  Third is measurement of plasma properties inside the thruster.  Plasma electrons are the species of interest 
inside the thruster.  Electrons are of primary interest because they are the driving factors in many processes inside 
thrusters, in particular the location of the ion acceleration zone: the zone of high radial magnetic field which traps 
plasma electrons in a HET is the location of the acceleration zone.  The goal of the performance and plume 
measurements is calculation of the thruster ionization cost; reducing the ionization cost is of vital importance to 
efficient low-voltage operation.  Measurements inside the thruster will determine the exact nature of the acceleration 
mechanism as well as determine if some of the ionization is taking place in the HET section of the device. 

The first test goal, performance measurements, will include direct measurements of thrust and calculation 
of derived quantities (Isp, efficiency) as a function of acceleration voltage.  The AHCDT is a two-stage thruster; 
ionization (in the helicon) and acceleration (in the HET) are separate from each other and should be independently 
controllable.  Thus, the AHCDT should operate efficiently at both higher and lower acceleration voltages than a 
traditional HET.  Since it is already known that the AHCDT can operate at lower voltages than a HET, the planned 
performance measurements will determine how efficiently it is operating at these very low discharge voltages, and 
hence, high thrust-to-power ratios.  Operation of the AHCDT has already shown that use of an efficient helicon ion 
source is an enabling innovation which allows HET operation at low acceleration voltage; performance 
measurements will establish the AHCDT’s ability to operate at low voltages without excessive efficiency losses due 
to ionization. 

Plume measurements will be performed by two probe systems; a Faraday probe and a Hiden EQP-300 ion 
energy analyzer.  The Faraday probe will provide plume divergence and ion beam current measurements; both 
provide insight into the ionization and acceleration mechanism of the thruster.  Beam divergence is a measure of 
how many ions are accelerated along vectors that are not parallel to the thruster axis.  Divergent ions are a loss 
mechanism as any component of velocity perpendicular to the thrust axis does not contribute to the axial jet power.  
Ion beam current is a vital measurement in development of the propellant utilization efficiency.  The EQP-300 
measures the ion velocity independent of charge state, which gives it the unique capability to determine ion charge 
state in an automatic package, which does not require the lengthy and error-prone data analysis process involved in 
other charge state probes such as ExB probes.46  Ion velocity is also of use to thruster diagnostics, as it determines 
the effective acceleration voltage of the thruster; since discharge neutralizer coupling voltage is the difference 
between the discharge voltage and the effective acceleration voltage.  The plume measurements are applied to Eq. 
(1) to find the ionization cost of the thruster; the faraday probe data will determine hu and g, while the EQP-300 data 
will determine Vnc.  The jet power, Pthrust is determined by calculating the jet power of the thruster, which is the 
product of mass flow rate and thrust.  The input power, Pinput is measured directly from the power supplies connected 
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to the thruster.  Thus, the combination of Faraday probe, EQP-300, and power supply measurements provides all of 
the information necessary to find the ionization cost according to Eq. (1). 

Ion density, electron temperature, plasma potential, and electron energy distribution function (EEDF) 
measurements inside the thruster will be taken with a Hiden ESPION RF-compensated Langmuir probe.32,33,34,35  
The Langmuir probe will be mounted on a High-Speed Axial Reciprocating Probe (HARP) system, which will allow 
it to probe the plasma inside the thruster with minimal disruption.45  It is necessary to mount the probe on a HARP 
system because the plasma environment in a thruster is very different from an annular helicon; the 
ionization/acceleration zone of a HET consists of a dense, hot cloud of electrons.  Any probe that enters this plasma 
and spends too long will ablate and disrupt the thruster plasma.  Haas45 showed that a probe can remain in the 
plasma for approximately 80 ms and avoid thruster perturbation.  The HARP system to be used is capable of 
inserting a probe into a thruster and allowing it to rest in the plasma for the same period of time as was proved non-
damaging by Haas.  The goal of the internal measurements is to characterize the nature of the discharge.  Plasma 
potential will determine the location of ion acceleration.  Ion density measurements will determine where the 
ionization process is taking place, and whether any ionization is taking place in the HET section of the device.  
Electron temperature and EEDF help determine the behavior of the plasma electrons in the AHCDT. 

VI.  Conclusion 
The work reported here accomplished the goals of all three phases of experimentation.  In Phase 1, an 

annular helicon plasma source was designed, constructed, and operated at a limited set of operating conditions.  
Plasma data were acquired using a custom-built RF-compensated Langmuir probe, which despite RF coupling 
limitations showed that the concept of an annular helicon was viable as an ion source for a HET.   

Phase 2 built upon the results of Phase 1, characterizing the performance of the helicon over a range of 
operating conditions on both argon and xenon propellant; characterization on xenon being particularly important as 
it directly translates to the xenon-propelled AHCDT.  The custom-built Langmuir probe was replaced in favor of a 
commercially-available probe system which greatly speeded data acquisition.  The results of Phase 2 showed that 
the optimal configuration of the AHCDT would plate the HET section immediately at the exit plane of the helicon, 
in order to maximize ion density entering the thruster.  Additionally, Phase 2 showed that the highest ion densities 
occurred at low frequencies and high magnetic fields. 

Phase 3 involved design, fabrication, and operation of the Annular Helicon Closed Drift Thruster.  The 
design process consisted of two steps:  First, the magnetic field circuit of the thruster was developed, and second the 
mechanical design of the thruster was created.  The magnetic circuit was designed such that the strong axial field in 
the helicon section was preserved, while simultaneously maintaining a radial field in the HET as close as possible to 
the original P5.  The mechanical design achieved the simulated magnetic field topography, accounted for thermal 
expansion of the thruster materials, and maintained proper electrical isolation of the thruster anode.  The HET 
section of the AHCDT was placed as close to the exit plane of the helicon as possible, in order to maximize ion 
density in the HET, as measured in Phase 2. 

The ultimate conclusion of Phase 3 was that the AHCDT is a viable thruster concept.  The thruster has been 
operated both at voltages similar to the P5, for performance comparisons, as well as very low discharge voltages so 
as to develop the high thrust-to-power capability.  Performance measurements at high voltages show thrust is within 
10% of the P5 for similar operating conditions, discounting RF power input.  The thruster was also able to operate 
with a visibly well-focused plume at discharge voltages as low as 75 V, well below the point where traditional HET 
discharges cannot be sustained. 

Acknowledgements 
The authors wish to thank the Marshall Space Flight Center for supplying the RF power system, Andre 

Carignan, Scott Elliott, Scott Moseley Henry Russell, and James Steinberg of the Georgia Tech Aerospace 
Engineering Machine Shop for fabrication of hardware. This research is supported by the Air Force Office of 
Scientific Research grant FA9550-07-1-0137.  Dr. Mitat Birkan is the contract monitor. 



 
 

36 

References 
                                                           
1 Hofer, R. R., Jankovsky, R. S., and Gallimore, A. D., "High-Specific Impulse Hall Thrusters, Part 1: 

Influence of Current Density and Magnetic Field," Journal of Propulsion and Power, Vol. 22, No. 4, August 2006, 
pp. 721 - 731. 

2 Beal, B. E., Gallimore, A. D., Morris, D. P., Davis, C., Lemmer, K. M., Development of an Annular 
Helicon Source for Electric Propulsion Applications, in 42nd Joint Propulsion Conference and Exhibit. 2006: 
Sacramento, CA. 

3 Jacobson, D.T., Jankovsky, R. S., Rawlin, V. K., Manzella, D. H., High Voltage TAL Performance, in 
37th Joint Propulsion Conference and Exhibit. 2001: Salt Lake City, UT. 

4 Beal, B. E., Gallimore, A. D., Development of the Linear Gridless Ion Thruster, in 37th Joint Propulsion 
Conference and Exhibit. 2001: Salt Lake City, UT. 

5 Fruchtman, A., Fitsch, N. J., Raitses, Y., Hall Thruster with Absorbing Electrodes, in 36th Joint 
Propulsion Conference and Exhibit. 2000: Huntsville, AL. 

6 Solodukhin, A.E., Semenkin, A. V. , Tverdohlebov, S. O. , Kochgerin, A. V., Parameters of D-80 Anode 
Layer Thruster in One- and Two-Stage Operation Modes, in 27th International Electric Propulsion Conference. 
2001: Pasadena, CA. 

7 Pote, B., Tedrake, R., Performance of a High Specific Impulse Hall Thruster, in 27th International 
Electric Propulsion Conference. 2001: Pasadena, CA. 

8 Hofer, R.R., "Development and Characterization of High-Efficiency, High-Specific Impulse Xenon Hall 
Thrusters," Ph.D. Thesis, The University of Michigan, Dept. of Aerospace Engineering Microfilms International, 
Ann Arbor, MI, 2004. 

9 Szabo, J., Warner, N., Martinez-Sanchez, M., Instrumentation and Modeling of a High Specific Impulse 
Hall Thruster, in 38th Joint Propulsion Conference and Exhibit. 2002: Indianapolis, IN. 

10 Fisch, N. J., Raitses, Y., Litvak, A. A., Dorf, L. A., Design and Operation of Hall Thruster with 
Segmented Electrodes, in 35th Joint Propulsion Conference and Exhibit. 1999: Los Angeles, CA. 

11 Fisch, N. J., Raitses, Y. , Litvak, A. A., Dorf, L. A., Segmented Electrode Hall Thruster Operation in 
Single and Two Stage Regimes, in 26th International Electric Propulsion Conference. 1999: Kitakyushu, Japan. 

12 Fisch, N. J., Raitses, Y., Litvak, A. A., "Variable Operation of Hall Thruster with Multiple Segmented 
Electrodes," Journal of Applied Physics, Vol. 89, No. 4, Feb. 2001, pp. 2040-2046. 

13 Molina-Morales, P., Kuninaka, H., Toki,  K., Arakawa, Y., Preliminary Study of an ECR Discharge Hall 
Thruster, in 27th International Electric Propulsion Conference. 2001: Pasadena, CA. 

14 Hofer, R.R., Jankovsky, R. S., A Hall Thruster Performance Model Incorporating the Effect of a Multi-
Charged Plasma, in 37th Joint Propulsion Conference and Exhibit. 2001: Salt Lake City, UT. 

15 Hofer, R.R., Peterson, P. Y., Gallimore,  A. D., A High Specific Impulse Two-Stage Hall Thruster with 
Plasma Lens Focusing, in 27th International Electric Propulsion Conference. 2001: Pasadena, CA. 

16 Chen, F.F., “Plasma Ionization by Helicon Waves,” Plasma Physics and Controlled Fusion, Vol. 33, no. 
4, p. 339-364 

17 Chen, F.F., “Helicon Wave Plasma Sources,” Proceedings of the International Conference on Plasma 
Physics, Vol. 2, p 1378, Kiev, USSR, 1987 

18 Zhurin, V.V., Kaufman, H. R., Robinson, R. S., "Physics of Closed Drift Thrusters," Plasma Sources 
Science and Technology, Vol. 8, No. 1, Feb. 1999, pp. R1-R20. 

19 Yano, M., Palmer, D., Williams, L., and Walker, M.L.R., “Design and Operation of an Annular Helicon 
Plasma Source,” 43rd Joint Propulsion Conference and Exhibit, Cincinatti, OH, 2007, AIAA-2007-5309 

20 Yano, M., and Walker, M.L.R., “Plasma Ionization by Annularly-Bounded Helicon Waves” 
21 Chi, K.-K., Sheridan, T.E., and Boswell, R.W., “Resonant Cavity Modes of a Bounded Helicon 

Discharge,” Plasma Sources Science and Technology, vol. 8, pp. 421-431. 
22 Gulczinski, F.S., Examination of the Structure and Evolution of Ion Energy Properties of a 5 kW Class 

Laboratory Hall Effect Thruster at Various Operational Conditions, Ph.D Dissertation, University of Michigan, 1999 
23 Walker, M.L.R., Effects of Facility Backpressure on the Performance and Plume of a Hal Thruster, Ph.D 

Dissertation, University of Michigan, 2004 
24 Linnell, J.A., An Evaluation of Krypton Propellant in Hall Thrusters, Ph.D Dissertation, University of 

Michigan, 2007 



 
 

37 

                                                                                                                                                                                           
25 Gallimore, A.D., “What We Have Learned by Studying the P5 Hall Thruster,” 23rd International 

Symposium on Rarefied Gas Dynamics, pp. 533-540 (2003) 
26 Sudit, I.D., and Chen, F.F., “RF Compensated Probes for High-Density Discharges,” Plasma Sources 

Science and Technology, vol. 3, no. 162, 1994. 
27 Randolph, T., Kim, V., Kaufman, H., Kozubsky, K., Zhurin, V.V., and Day, M., “Facility Effects on 

Stationary Plasma Thruster Testing,” 23rd International Electric Propulsion Conference, Seattle, WA, 1993, IEPC-
93-093 

28 West, M., Charles, C., Boswell, R.W., “Testing a Helicon Double Layer Thruster Immersed in a Space-
Simulation Chamber,” Journal of Propulsion and Power, Vol. 24, No. 1, Jan.-Feb. 2008, pp. 134-141 

29 Palmer, D., Akinli, C., and Walker, M. L. R., “Characterization of an Annular Helicon Plasma Source,” 
30th International Electric Propulsion Conference. 2007: Florence, Italy. 

30 Palmer, D., and Walker, M.L.R., “Operation of an Annular Helicon Plasma Source,” 44th Joint 
Propulsion Conference and Exhibit, 2008, Hartford, CT 

31 Chen, F.F., “RF Langmuir Probes, Revisited,” 58th Gaseous Electronics Conference, San Jose, CA 2005 
32 Hiden Analytical Ltd., Handbook of Plasma Diagnostics, 2000 
33 Chen, F.F, “Langmuir Probe Analysis for High Density Plasmas,” Physics of Plasmas, Vol. 8, No. 6, 

June 2001, pp. 3029-3041 
34 Chen, F.F., “RF Langmuir Probes, Revisited,” 58th Gaseous Electronics Conference, San Jose, CA, 2005 
35 Chen, F. F., "Time-Varying impedance of the sheath on a probe in an RF plasma," Plasma sources 

Science and  Technology, Vol. 15, No. 2006, pp. 773-782. 
36 Chen, F. F., Use of Langmuir probes in RF plasmas, in Institute of Nuclear Energy Research Conference 

2008: Taiwan. 
37 Herman, D., “The Use of Electrostatic Probes to Characterize the Discharge Plasma Structure and 

Identify Discharge Cathode Erosion Mechanisms in Ring-Cusp Ion thrusters,” Ph.D Thesis, the University of 
Michigan, 2005 

38 Druyvestyn, M.D., “Der Neidervoltbogen,” Z. Phys A., Hadrons and Nuclei, VOl. 64, No. 1930, pp. 781-
798 

39 Akinli, C., Palmer, D., and Walker, M.L.R., “Comparison of the Theoretical and Experimental 
Performance of an Annular Helicon Plasma Source,” 30th International Electric Propulsion Conference, Florence, 
Italy, 2007, IEPC-2007-236 

40 Peterson, P.Y., “The Development and Characterization of a Two-Stage Hybrid Hall/Ion Thruster,” Ph.D 
Thesis, the University of Michigan, 2004 

41 Chen, F.F., Plasma Physics and Controlled Fusion, Vol. 1, Springer Science, New York, 1983 
42 Bibinov, N., Halfmann, H., and Awakowicz, P., “Determination of the Electron Energy Distribution 

Function via Optical Emission Spectroscopy and a Langmuir Probe in an ICP,” Plasma Sources Science and 
Technology, Vol. 17, No. 3, pp. 7, 23 May 2008 

43 Palmer, D., and Walker, M.L.R., “Performance Analysis of a Medium-Power Helicon Thruster,” Journal 
of Propulsion and Power, submitted 01/2009 

44 Haas, J.M., Gulczinski, F.S., Gallimore, A.D., “Performance Characteristics of a 5kW Laboratory Hall 
Thruster,” 34th Joint Propulsion Conference, Cleveland, OH, July 12-15, 1998, AIAA-96-3503 

45 Haas, J., Low-perturbation Interrogation of the Internal and Near-field Plasma Structure of a Hall 
Thruster Using a High-Speed Probe Positioning System, Ph.D. Dissertation, University of Michigan, 2001. 

46 Kieckhafer, A., The Effect of Segmented Anodes on the Performance and Plume of a Hall Thruster, 
Ph.D. Dissertation, Michigan Technological University, 2007 


