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The plasma parameters of a nominally 1.5 kW annular helicon plasma source are measured and its feasibility as an
ionization stage of a two-stage Hall thruster is investigated. All experiments are performed in a 4 by 7 m stainless steel
vacuum chamber at pressures below 3:1  105 torr for argon and 5:6  105 torr for xenon. Ion number density,
electron temperature, and electron energy distribution function measurements are taken at several axial and radial
locations inside the device at each operating condition with a ratio-frequency-compensated Langmuir probe. The
annular helicon plasma source is characterized over a range of applied radio frequencies (2–14 MHz), magnetic ﬁeld
strengths (0–400 G), and radio frequency forward-power settings (100–1400 W) for both argon and xenon
propellants. The peak ion number density measured in the annular helicon is 2:6  1017 m3 for argon and
2:4  1017 m3 for xenon at 1000 W of radio frequency power. The annular helicon electron energy distribution
function peak and shape vary with the radio frequency, from a minimum of 3.7 eV at 13 MHz to a maximum of
15.0 eV at 11 MHz for argon propellant over the preceding operating conditions.

helicon source has never been used as the ionization stage [1,4–15].
For a helicon source to serve as the ionization stage of a two-stage
HET, it must produce steady-state plasma with an ion number density
and electron temperature appropriate for the acceleration stage. Past
investigations show that the xenon HET acceleration stage requires
an inlet ion number density in the range of 1:2  1017 to 1:6 
1018 m3 [16–18].
A helicon plasma source is a high-density, high-efﬁciency plasma
source that sustains steady plasma production through absorption
and propagation of helicon waves [19]. The wave is launched by
sending RF waves along an applied axial magnetic ﬁeld [20–23].
A cylindrical helicon source is not readily incorporated into the
annular discharge chamber of a HET. However, if a helicon plasma
can be excited in a coaxial conﬁguration, the source can feed a highdensity plasma into the acceleration stage of a HET and other coaxial
accelerators [24]. The theoretical existence of annularly bounded
helicon waves is discussed by Yano and Walker [25].
The annular helicon (AH) theoretical model and trade studies
indicate that the plasma number densities required by a two-stage
HETare attainable in this conﬁguration [23]. Recent works show that
the AH reliably produces plasma throughout the regime of interest
with RF power in the 7–14 MHz RF range at magnetic ﬁeld strengths
of 0–400 G [21,23]. This research effort characterizes the plasma
source as a function of axial and radial locations, RF forward power,
magnetic ﬁeld, mass ﬂow rate, and RF.
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discharge voltage
neutralizer coupling voltage
plume divergence coefﬁcient
ionization cost
efﬁciency
propellant utilization efﬁciency

I. Introduction

T

WO-STAGE Hall-effect thrusters (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 jet power to input power, is
expressed as [1]


Pthrust
u 

Pinput 1  "  Vnc =VD 

(1)

where u is the propellant utilization efﬁciency, is the plume
divergence coefﬁcient, " is the ionization cost, Vnc is the neutralizer
coupling voltage, and VD is the discharge voltage. High-thrust-topower operation requires a high propellant mass ﬂow at a low
discharge voltage (100–150 V) [2]. However, Eq. (1) shows that the
efﬁciency of HET decreases as the discharge voltage decreases,
because a large fraction of the input power is spent on ionization.
Therefore, a method to improve the efﬁciency of the HET in a highthrust-to-power operating condition is to replace the dc electron
bombardment ionization stage with a more efﬁcient helicon ionization source [3]. Two-stage HETs, which have separate ionization
and acceleration stages, have been investigated in the past, but a

II. Experimental Apparatus
A.

Facility

All experiments are performed in the vacuum test facility (VTF), a
stainless steel vacuum chamber with a diameter of 4 m and a length of
7 m. Two 3800 ft3 = min blowers and two 495 ft3 = min rotary-vane
pumps evacuate the facility to moderate vacuum (30 mtorr). To reach
high vacuum (107 torr), the VTF employs six 48 in. diffusion
pumps. The VTF pumping speed is varied by changing the number of
diffusion pumps in operation. The combined pumping speed of the
facility is 600; 000 liter=s on air and 155; 000 liter=s on xenon, with
a base pressure of 1:2  104 Pa (9:5  107 torr).
A Varian model UHV-24 ionization gauge with a Varian senTorr
vacuum gauge controller monitors the chamber pressure. The UHV24 ionization gauge is calibrated for air by the manufacturer. The
ionization gauge measures pressure over the range of 102 Pa
(104 torr) to 1010 Pa (1012 torr) with an accuracy of 20%.‡ The
VTF also uses a tubulated Kurt J. Lesker Company (KJLC) model
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Table 1

Facility pressure as a function of mass ﬂow rate

Mass ﬂow
rate, mg=s

Ar operating
pressure, torr

Xe operating
pressure, torr

0.5
1.5
2.5
3.0

2:0  105
2:4  105
2:7  105
3:0  105

4:3  105
4:8  105
5:2  105
5:6  105

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  1014 torr and an accuracy of 10%, as
reported by KJLC.
Table 1 shows the VTF operating pressure for each ﬂow rate, as
measured by the facility pressure gauge. Previous investigations
show that these facility back pressures are lower than typical
pressures for helicon experiments [19,26,27]. The chamber pressures
listed are the indicated pressures from the RGA. The pressures
indicated in Table 1 are for three of the six diffusion pumps in
operation.
B.

Annular Helicon Plasma Source

Figure 1 shows the AH plasma source and subsystems used in this
experiment. The annular ionization chamber is composed of two
concentric Pyrex tubes with inner diameters of 120 and 171 mm and
thicknesses of 3 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 12-in.-wide by 18-in.-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.
The antenna inlet plane is located parallel to the inlet plane of the ﬁrst
solenoid, which places the antenna in a region of constant axial
magnetic ﬁeld, as recommended by Yano et al. [23] and Yano and
Walker [25]. The overall device length is much longer than the
theorized requirement to allow investigation of the effects of solenoid
location, solenoid spacing, and antenna location relative to solenoids
on device performance. Although analysis of downstream plasma
properties may allow new insights into device performance and
potential beneﬁts, it is likely that a practical AH could be
signiﬁcantly shorter in overall length, on the order of twice the
antenna length or less.
The AH propellant distributor is a sealed stainless steel diffuser
with two diametrically opposite inlets on the rear. The inner diameter
Diffuser Antennas

Solenoids Outer Quartz Tube

Inner Quartz Tube

MKS-1179JA
Mass Flow
controller

99.999% pure
argon or xenon
propellant

Palstar AT5K
3500W L-Type
Antenna Tuner
ACOM 2000A
Linear
Amplifier

Plasma Annulus

60kW EMHP
DC power
supply

Yaesu FT-540
HF Transceiver

Fig. 1 Schematic of annular helicon subsystems. The annular helicon
ionization chamber (shaded) has a 171 mm outer diameter, 120 mm inner
diameter, and a 1626 mm length.

of the propellant distributor is 130 mm, 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 deg 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, which varies based
on the maximum desired ﬂow rate for the test. For this experiment,
full-scale ﬂow is 7:43 mg=s for argon and 24:4 mg=s for xenon.
The AH 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. 1. The antennas are
each cut at the center of one of the legs, as described by Chen [19,20]
and Chi et al. [28]. The RF power input leads connect at the
downstream end of each helical antenna and the return leads connect
at the upstream end. The antennas are set such that the legs twist on
top of one another, which allows for optimal coupling of the antennas
to the plasma [23]. The antenna leads carry current in the same
direction. AH theory and past experimental studies show that inphase antennas with current ﬂow in the same direction produce the
best coupling to the plasma [21–23,25].
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, and the Palstar AT5K
wattmeter has an accuracy of 10% of full scale. For this analysis,
full scale is set to 2500 W by the Bird wattmeter inductor insert.
The RF power system is enclosed in a Faraday cage to prevent RF
radiation from the system components. The cabinet is cooled through
electromagnetic interference (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 50 , matches the impedance of the ampliﬁer to
the antennas. The impedance of the antennas is extremely low and
purely resistive, which means that no inductive reactance is present.
For this antenna conﬁguration, the resistance is approximately 3 
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 50 . 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 an Electronic Measurements, Inc.,
60 kW power supply) generate a steady-state axial magnetic ﬁeld of
up to 450 G. 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 wire. To reduce RF signal
propagation up the power leads, 12- and 14-in.-diam ferrites are used.
C.

Hiden Analytical Langmuir Probe

All ion number density, electron temperature, and electron energy
distribution function (EEDF) measurements are taken with the Hiden
Analytical ESPion Langmuir probe system. Chen [29] shows that
this system is suitable for high-density magnetized RF plasma
measurements. The probe is mounted to a 1.5 by 1.5 m Parker Daedel
automated motion control system to provide linear axial and radial
motions with an accuracy of 1 m. The probe uses a compensation
electrode tuned to remove RF signals throughout the 2–15 MHz RF
range used in these tests. A 0.15-mm-diam, 10-mm-long tungsten
probe tip is used as a current collector. A reference electrode is
positioned 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
[20,29–31]. The probe ﬁlament is mounted to the end of an 810-mmlong ceramic sting, which contains the RF-compensation inductors.
The inductors are cooled through the umbilical by a forced-air
circulation system.
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III. Experimental Data
The ion number density and electron temperature of the AH
plasma 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 at which to mate the AH to the HET. Radial
proﬁles of ion number density and electron temperature are important
to measure to ensure that a HET located in the exhaust of the helicon
will receive uniform high-density plasma for acceleration. Helicons
display rapid increases in ion number density as RF forward power
increases when mode shifts occur. Therefore, ion number density
proﬁles are taken as a function of RF forward power at several
operating conditions to determine a threshold for each observed
mode shift. Ion number density proﬁles are also taken as a function of
RF to determine if the AH is tunable to a given propellant. If an
optimal RF exists for a given propellant, this may allow the AH 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 0 mm, and the exhaust plane of the
device is at an axial location of 480 mm. The data points have been
connected in Figs. 2–12 for clarity.
Axial Proﬁle

Figures 2 and 3 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 2 shows that for the 0 and 200 G
magnetic ﬁeld cases, the ion number density increases as the distance
from the antenna increases: it rises from approximately 5:0  1016 to
over 1:1  1017 m3. For a magnetic ﬁeld strength of 400 G, the ion
number density starts at 2:6  1017 m3 and decreases as the distance

Ion number density (m-3)

3

x 10

2.5

Electron temperature (eV)

5

from the antenna increases. Figure 3 shows that the 200 G magnetic
ﬁeld has the highest average electron temperatures, approximately
5.7 eV, and the 400 G magnetic ﬁeld case has the lowest electron
temperatures, with an average of approximately 2.5 eV.
B.

Radial Proﬁle

Figures 4 and 5 show the ion number density and electron
temperature versus radial location for argon propellant. These
measurements are taken at an axial location of 0 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, and the
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Fig. 2 Ion number density versus axial location; 7 MHz RF frequency,
1 kW RF forward power, 3 mg=s Ar mass ﬂow rate, and 3:0  105 torr
of Ar operating pressure.
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Fig. 4 Ion number density versus radial location; 0 mm downstream of
antennas, 7 MHz RF frequency, 1 kW RF forward power, 3 mg=s Ar
mass ﬂow rate, and 3:0  105 torr of Ar operating pressure.
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Fig. 3 Electron temperature versus axial location; 7 MHz RF
frequency, 1 kW RF forward power, 3 mg=s Ar mass ﬂow rate, and
3:0  105 torr of Ar operating pressure.
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15

Ion number density (m-3)

The Hiden software, connected to the control head, collects I-V
curves from the plasma. The Hiden probe measures the electron and
ion currents to provide electron and ion number density measurements [30]. The Hiden ESPion system contains a data analysis tool
that uses orbital-motion-limited and Allen et al. analysis techniques
as discussed in [30]. The probe has an error of 50% for electron and
ion number densities and 20% for electron temperature [29,32]. All
diagnostic equipment is grounded to its own separate ground within
the facility to prevent RF interference in measurements.
The calculation of the EEDF by the Druyvesteyn method is
performed automatically in the Hiden software and is accurate to
50% [30]. The second derivative method requires a smooth I-V
trace to produce accurate results [32]. 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 to 90 V. At each operating point, the average
of 10 I-V traces is smoothed with a 25-point smoothing ﬁlter and
used as the input to the Druyvesteyn method [30,33].
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Fig. 5 Electron temperature versus radial location; 0 mm downstream
of antennas, 7 MHz RF frequency, 1 kW RF forward power, 3 mg=s Ar
mass ﬂow rate.
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outer wall of the annulus is at a radial location of 21.5 mm. Figure 4
shows that the maximum ion number density is generated at a 400 G
magnetic ﬁeld. For all magnetic ﬁeld strengths, the ion number
density is effectively constant across the channel. Figure 5 shows that
the lowest electron temperature of 2.8 eV is measured at the 400 G
case, and the highest is 5.9 eV at 200 G.

Ion number density (m -3)

C.

2

RF Power

Figures 6 and 7 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 [21–23]. Figure 6 shows that the 0 G
magnetic ﬁeld case exhibits the highest ion number density at power
levels less than 800 W, after which the 200 G case trends highest,
with a peak of 2:3  1017 m3 . The other ion number density proﬁles
follow similar trends and are between 5:1  1016 and 2:3
1017 m3 . Figure 7 shows that the 400 G case has the lowest electron
temperature at 1.7 eV as well as the highest at 7.1 eV.
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RF frequency (MHz)
Fig. 8 Ion number density versus RF; 0 mm downstream of antennas,
1 kW RF forward power, 400 G B-ﬁeld, 3 mg=s Ar mass ﬂow rate, and
3:0  105 torr of Ar operating pressure.
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D.

Figures 8 and 9 show the ion number density and electron
temperature as a function of RF. These measurements are taken at an
axial location of 0 mm, on the channel centerline, with argon
propellant. Figure 2 shows that this location is the peak ion number
density for the highest magnetic ﬁeld case. Figure 8 shows effectively
constant ion number densities, all within 18% of the average of
1:2  1017 m3 for the 500 W RF power case. The 1000 W RF power
case shows similar trends; however, between 6 and 9 MHz and again
17

Ion number density (m -3)

3

x 10

2.5
2

0 Gauss
100 Gauss
200 Gauss
300 Gauss
400 Gauss

1.5
1
0.5
0

500
1000
1500
RF forward power (W)
Fig. 6 Ion number density versus RF forward power; 250 mm
downstream of antennas, 7 MHz RF frequency, 1 kW RF forward power,
3 mg=s Ar mass ﬂow rate, and 3:0  105 torr of Ar operating pressure.
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Fig. 9 Electron temperature versus RF; 0 mm downstream of
antennas, 1 kW RF forward power, 400 G B-ﬁeld, 3 mg=s Ar mass ﬂow
rate, and 3:0  105 torr of Ar operating pressure.

4

at 12 MHz, the ion number density is signiﬁcantly higher, with a peak
at 1:9  1017 m3 at 8 MHz, a 62% increase from the mean level,
which is larger than the error limits of the measurement system.
Figure 9 shows that the electron temperature for the 500 W RF power
case ranges from a maximum of 14 eV to a minimum of 8 eV, and the
1000 W RF power case ranges from a maximum of 8 eV to a
minimum of 1 eV. The electron temperature for the 8 MHz case does
not follow established trends, for a large increase in ion number
density would typically be accompanied by a decrease in electron
temperature; however, this is not always observed in measurements
of this type [9,32,34].
E.

Electron Energy Distribution Functions

6

Figure 10 shows the EEDF at several selected RFs. These
measurements are taken at an axial location of 0 mm, on the channel
centerline, at 1 kW of RF power, and at a magnetic ﬁeld strength of
400 G. This axial location is selected as it is the peak ion number
density from Fig. 2. The magnitude and location of the peak in the
EEDF are a strong function of the RF. The value of the primary peak
of the EEDF varies from 3.7 eV for 13 MHz to 15 eV for 11 MHz.

4

F.

12

Electron temperature (eV)

10

0 Gauss
100 Gauss
200 Gauss
300 Gauss
400 Gauss

10
8

2
0

0

500
1000
1500
RF forward power (W)
Fig. 7 Electron temperature versus RF forward power; 250 mm
downstream of antennas, 7 MHz RF frequency, 1 kW RF forward power,
3 mg=s Ar mass ﬂow rate, and 3:0  105 torr of Ar operating pressure.

Axial Proﬁle: Xenon

Figures 11 and 12 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 G, and are included with that of argon from
Fig. 2 for comparison. Figure 11 shows that xenon peaks at an ion
number density of 2:4  1017 m3 at an axial location of 0 mm
and has a minimum value of 4:0  1016 m3 at an axial location of
75 mm.
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Fig. 10 EEDF at selected RFs; 0 mm downstream of antennas, 1 kW
RF forward power, 400 G B-ﬁeld, 3 mg=s Ar mass ﬂow rate, and
3:0  105 torr of Ar operating pressure.
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Fig. 11 Ion number density versus axial location; 7 MHz RF frequency,
1 kW RF forward power, 200 G B-ﬁeld, 3 mg=s Ar and Xe mass ﬂow
rate, along channel centerline, 3:0  105 torr of Ar operating pressure,
and 5:6  105 torr of Xe operating pressure.
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Fig. 12 Electron temperature versus axial location; 7 MHz RF
frequency, 1 kW RF forward power, 200 G B-ﬁeld, 3 mg=s Ar and Xe
mass ﬂow rate, along channel centerline, 3:0  105 torr of Ar operating
pressure, and 5:6  105 torr of Xe operating pressure.

IV. Discussion
The RF-compensated Langmuir probe data establish a baseline for
AH plasma generation across the range of operating conditions
measured. The trends in the data are now examined to determine their
correlation with previous results and with coupling modes observed
and to determine the appropriateness of this plasma source as an
ionization stage for the HET.
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To understand the mechanisms behind the trends indicated in
the measurements, plasma parameters are calculated for each trend.
The gyro radii calculations for measurements with argon indicate that
the electrons are magnetized for the 200 and 400 G magnetic ﬁeld
cases, but the ions are not.
The axial ion number density trends shown in Figs. 2 and 3
indicate that there could be a different coupling mechanism that
causes improved RF power deposition into the plasma at 400 G
magnetic ﬁeld strength. The dependence of the ion number density
on magnetic ﬁeld could indicate that 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, and so the perpendicular and parallel wave numbers must be
ascertained by B-dot probe measurements to conﬁrm if a helicon
mode is excited [28]. The power density for this device is at
maximum 4:3  104 W=m3 , which is comparable with similar
cylindrical helicon devices [27,35]. This indicates that the decrease
in ion number density is not attributable to a lack of power density.
The electron temperature proﬁles show that the higher-ion-numberdensity cases trend toward the lowest electron temperatures, which is
the most efﬁcient method of ionization, as the greatest percentage
of input energy goes to ionization rather than electron energy. The
0 and 200 G magnetic ﬁeld cases trend toward the highest electron
temperatures, especially near the exit plane of the device. This may
be an indication of capacitive coupling for the 0 and 200 G magnetic
ﬁeld cases.
The radial ion number density and electron temperature proﬁles
shown in Figs. 4 and 5 indicate that the ion density is constant across
the radius of the device, well within the error limits of the Langmuir
probe. An ion number density peak on the annular channel centerline
with low density near the walls is desired for efﬁcient HEToperation.
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. Yano et al. [23] and
Yano and Walker [25] predict a more favorable radial ion number
density proﬁle for HET operation when the annular plasma is in the
annular helicon wave mode (i.e., low ion number density near the
walls).
Ion number density and electron temperature as a function of
RF forward power is shown in Figs. 6 and 7. These indicate that
the highest ion number densities can be reached in the 200 G
conﬁguration, up to 2:3  1017 m3 at this location. Each data set
shows an increase in ion number density with RF forward power and
shows that the ion number density does not show a trend with
magnetic ﬁeld strength in this coupling mode. The electron
temperatures range between 3.5 and 5.5 eV, with the exception of
the 400 G magnetic ﬁeld case, which spikes to above 6 eV at RF
power levels above 700 W. These data points may be exaggerated by
the current conduction to the plasma from the probe. At high bias
voltages, the probe can emit its own electrons as well as generate a
ground loop within the plasma [30]. Without accompanied increases
in ion number density, the jumps in electron temperature do not
indicate a shift to helicon mode [19,20,28,29,31,36].
The RF dependence of ion number density and electron
temperature shown in Figs. 8 and 9 are required to understand the
beneﬁts of a helicon plasma source over other ionization options. For
a given propellant, there may exist an optimal frequency at which the
AH will produce a maximum ion number density. The RF trend
shows that for argon propellant, the highest ion number density of
1:9  1017 m3 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  1017 m3 ) and is roughly independent of RF because it is
within the error limits of the Langmuir probe. At 7 and 12 MHz RF,
the peak ion number density is 1:5  1017 m3 , which is within the
error limits of the 8 MHz data point. This shows that the optimal
frequency exists between 6 and 9 MHz or at 12 MHz for this
conﬁguration, even though the increase in ion number density is not
accompanied by a decrease in electron temperature [9,32,34]. These
results indicate that the optimal frequency to maximize plasma
generation varies with input power, and this frequency should be
determined for a helicon device to reach the optimal operating
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condition for efﬁcient plasma generation. Further investigation must
be performed to determine the effects of device conﬁguration,
magnetic ﬁeld, and other variables on this frequency and whether
they are propellant-speciﬁc.
The EEDFs measured depict a single-hump structure for most
operating conditions. The EEDF trends measured in Fig. 10 show
that the EEDF peak and shape vary with RF. The relative amplitude of
the primary peak in the EEDF tends to be higher for the 7, 9, 10, and
13 MHz frequencies, whereas the 8, 11, and 12 MHz cases indicate
much lower relative probabilities. This points to the 8, 11, and
12 MHz cases as being able to bring electrons to higher energies
than the other frequencies shown; however, the peak values and
relative intensities do not correlate with the trends in ion number
density or electron temperature, which is similar to past studies
[6,9,12,13,32,34]. The EEDFs measured have larger energy
dependence than those in previous works [9,32,37]. The 8 and
12 MHz EEDFs shown in Fig. 10 have much lower relative
probabilities of the low energy peak than the other frequencies.
This correlates to the 8 and 12 MHz values shown in Fig. 8, which are
the two ion number density peaks. This signiﬁes that a correlation
may exist between ion number density and relative probability of the
EEDF, as all the frequencies measured follow the trend except
11 MHz.
Figures 11 and 12 show increased ion number densities and
electron temperatures for xenon over argon, with a peak value of
2:4  1017 m3 and 1:1  1017 m3 for xenon and argon, respectively. 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,
which indicates that the 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 eVas opposed to 15.7 eV for
argon.
For the AH plasma source to be an effective ionization stage for the
HET, it must achieve an average ionization cost per accelerated ion
that is less than that achieved by state-of-the-art HETs. For example,
if one assumes that most of the thermal power deposited into a HET
results from inefﬁciencies in the ionization process, it can be inferred
from previously published measurements that the ionization cost in
the current SOA HET is approximately 120 eV for operation on
xenon, which has a ﬁrst ionization potential of 12.1 eV [38].
In this study, it is not possible to determine the ionization cost of
each accelerated ion, because the plasma generated in the AH is
nearly stationary. Nonetheless, we can attempt to infer the ionization
cost based on our measurements and previous work on helicon
plasma sources. Squire et al. [39] show that a conservative estimate of
the ionization cost of each electron–ion pair generated by a helicon
plasma source with argon is 80 eV. Thus, the helicon plasma source
achieves an ion–electron pair ionization cost that is only 5.1 times
greater than the ﬁrst ionization potential of argon: 15.7596 eV [36].
This is in fair agreement with early claims that the helicon plasma
source realizes ionization costs close to the ﬁrst ionization potential
of the working gas [40].
If we assume that the AH plasma source can achieve similar
performance on xenon, then the average ionization cost of each
accelerated xenon ion is 61.7 eV. The theoretical efﬁciency of a
standard HET thruster with a 120 eV ionization cost (with u of 90%,
 of 95%, VNC of 15 V, and a VB of 100 V) is 35%. If the ionization
cost is reduced to 61.7 eV, the efﬁciency jumps to 46%. Thus, the
ability of an AH to achieve ionization costs on xenon similar to those
with the cylindrical helicon on argon could lead to an 11% increase in
HET efﬁciency in the high-thrust-to-power operating regime.
The conditions in the annular plasma source support the
possibility of a reduction in the xenon ionization cost. The measurements of electron number density and electron temperature
presented in this work for the AH plasma source are similar to those
taken in cylindrical helicons at comparable operating conditions
[41]. Xenon has an ionization cost that is 24% less than that of argon.
The xenon atom (molecular weight of 131.30) is signiﬁcantly larger

than argon (molecular weight of 39.948). Thus, it should have an
electron-neutral ionization cross section that is larger than argon,
which will lead to a greater number of ionization events than argon
has for the same electron population. Furthermore, the more massive
xenon atom will have a greater residence time in the ionization zone
than argon has for an equivalent mass ﬂow rate, which should also
increase the probability of an electron-neutral ionization collision.
These facts lead one to believe that AH plasma source will achieve an
ionization cost per accelerated ion that is only a few times greater
than the ﬁrst ionization potential of xenon.
Based on the characterization, the optimal location to mate a Hall
thruster is at the antenna exit plane, which also minimizes device size
and therefore mass. At this location, the plasma also has the highest
ion number density and lowest electron temperature for xenon and
argon propellants. The target ion number density for a two-stage
HET is in the range of 1:2  1017 to 1:6  1018 m3 for xenon
propellant. The AH produces the ion number density levels required
for sustained two-stage HET thruster operation.

V. Conclusions
The peak ion number density recorded for the AH is 2:6 
1017 m3 for argon and 2:4  1017 m3 for xenon, which occurs at
the exhaust plane of the antennas, at an RF of 7 MHz, RF forward
power of 1000 W, and at a magnetic ﬁeld of 400 G. Axial proﬁles of
ion number density show that the density behavior of the device is not
easily determined; however, the magnetic ﬁeld effects on ion number
density suggest that a helicon wave mode may be present. RF proﬁles
show that the optimal frequency for maximum ion number density
for argon propellant is between 6 and 9 MHz or at 12 MHz. The
EEDF is calculated for several RFs, and it is shown that the peak
and width of the EEDF varies by selection of the RF for a given
propellant. Xenon propellant yields the highest ion number densities
at the lowest electron temperatures. The AH produces high-density
plasma with a constant radial proﬁle at an axial location of 0 mm.
At this location, the maximum density plasma will be ejected into the
acceleration stage of the proposed two-stage HET. The target ion
number density for laboratory HET operation on xenon propellant,
in the range of 1:2  1017 to 1:6  1018 m3 , is met by the device.
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