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The VAriable Specific Impulse Magnetoplasma Rocket �VASIMR®� is a high power electric
spacecraft propulsion system, capable of Isp / thrust modulation at constant power �F. R. Chang Díaz
et al., Proceedings of the 39th AIAA Aerospace Sciences Meeting and Exhibit, Reno, NV, 8–11 Jan.
2001�. The VASIMR® uses a helicon discharge to generate plasma. This plasma is energized by an
rf booster stage that uses left hand polarized slow mode waves launched from the high field side of
the ion cyclotron resonance. In the experiments reported in this paper, the booster uses 2–4 MHz
waves with up to 50 kW of power. This process is similar to the ion cyclotron heating �ICH� in
tokamaks, but in the VASIMR® the ions only pass through the resonance region once. The rapid
absorption of ion cyclotron waves has been predicted in recent theoretical studies. These theoretical
predictions have been supported with several independent measurements in this paper. The
single-pass ICH produced a substantial increase in ion velocity. Pitch angle distribution studies
showed that this increase took place in the resonance region where the ion cyclotron frequency was
roughly equal to the frequency on the injected rf waves. Downstream of the resonance region the
perpendicular velocity boost should be converted to axial flow velocity through the conservation of
the first adiabatic invariant as the magnetic field decreases in the exhaust region of the VASIMR®.
This paper will review all of the single-pass ICH ion acceleration data obtained using deuterium in
the first VASIMR® physics demonstrator machine, the VX-50. During these experiments, the
available power to the helicon ionization stage increased from 3 to 20+ kW. The increased plasma
density produced increased plasma loading of the ICH coupler. Starting with an initial
demonstration of single-pass ion cyclotron acceleration, the experiments demonstrate significant
improvements in coupler efficiency and in ion heating efficiency. In deuterium plasma, �80%
efficient absorption of 20 kW of ICH input power was achieved. No clear evidence for power
limiting instabilities in the exhaust beam has been observed. © 2010 American Institute of Physics.
�doi:10.1063/1.3389205�

I. INTRODUCTION

The exploration of the solar system will be one of the
defining scientific tasks of the new century. One of the obvi-
ous challenges faced by this enterprise is the scale size of the
system under study, 108–1014 m. Over distances on this
scale, the mission designer is faced with the choice of ac-
cepting multiyear or even decadal mission time lines, paying
for enormous investment in rocket propellant compared with
useful payload, or finding a way to improve on the perfor-
mance of today’s chemical rockets. For human space flight
beyond Earth’s orbit, medical, psychological, and logistic
considerations all dictate that drastic thruster improvement is
the only choice that can be made. Even for robotic missions

beyond Mars, mission time lines of years can be obstacles to
success and major cost drivers, meaning that improvements
in deep space sustainer engines are of importance to all
phases of solar system exploration.1 Improvement in thruster
performance can best be achieved by using an external en-
ergy source to accelerate or heat the propellant.2,3 This paper
will discuss an experimental investigation of the use of ion
cyclotron heating �ICH� to provide an efficient method of
electrodeless plasma acceleration in the VAriable Specific
Impulse Magnetoplasma Rocket �VASIMR®� engine.

Research on the VASIMR® engine began in the late
1970s, as a spin-off from investigations on magnetic diver-
tors for fusion technology.4 A simplified schematic of the
engine is shown in Fig. 1. The VASIMR® consists of three
main sections: a helicon plasma source, an ICH rf booster
stage or plasma accelerator, and a magnetic nozzle.5–10 Fig-
ure 1 shows these three stages integrated with the necessary
supporting systems. One key aspect of this concept is its
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electrodeless design, which makes it suitable for high power
density and long component life by reducing plasma erosion
and other materials complications. The magnetic field ties
the three stages together and, through the magnet assemblies,
transmits the exhaust reaction forces that ultimately propel
the ship.

The plasma ions are accelerated in the second stage by
ICH, a well-known technique, used extensively in magnetic
confinement fusion research.11–15 An important consideration
involves the rapid absorption of ion cyclotron waves by the
high-speed plasma flow. This process differs from the famil-
iar ion cyclotron resonance utilized in tokamak fusion
plasma as the particles in VASIMR® pass under the coupler
only once.9,16–18 Sufficient ion cyclotron wave �ICW� ab-
sorption has nevertheless been predicted by recent theoretical
studies.19

Elimination of a magnetic bottle, a feature in the original
VASIMR® concept, was motivated by theoretical modeling
of single-pass absorption of the ICW on a magnetic field
gradient.19 While the cyclotron heating process in the con-
fined plasma of fusion experiments results in approximately
thermalized ion energy distributions, the nonlinear absorp-
tion of energy in the single-pass process results in a boost, or
displacement of the ion kinetic energy distribution. The ions
are ejected through the magnetic nozzle before thermal re-
laxation occurs.

Natural processes in the auroral region may also exhibit
a related form of single-pass ICH. “Ion conic” energetic
ion pitch angle distributions are frequently observed in the
auroral regions of the Earth’s ionosphere and magneto-
sphere.20–26 It is not relevant to list the entire range of models
that have been proposed to account for these observations.
Many models propose wave-driven transverse ion accelera-
tion followed by adiabatic upwelling of the distribution.27,28

Proposed driver wave modes include current driven electro-
static ion cyclotron �EIC� waves,29–31 and electromagnetic
ion cyclotron waves �EMIC�,32–34 among others. Other
mechanisms proposed include interaction with an oblique
double layer or dc potential structure.35,36 The fact that ion
conics are commonly found on auroral field lines suggests
that transverse ion acceleration is a ubiquitous process in
auroral arcs.28 Space-borne observations of narrow-band ion

cyclotron waves with unambiguous spectral peaks near the
ion cyclotron frequencies are relatively rare.37–45 Most stud-
ies have found that the most common wave phenomenon
found in association with transverse ion acceleration is
broadband extremely low frequency �ELF� noise.28,46–49 All
of these authors suggest that current driven EIC waves make
up some or all of the broadband ELF noise, but they are
unable to prove it, even when wavelength measurements are
available.48,49 The role of inhomogeneities or shear in reduc-
ing the threshold for current-driven EIC instability is sug-
gested as one solution to this problem.49,50 EMIC waves ap-
pear to be associated with transverse ion acceleration 10% of
the time.28,34

In addition to the extensive body of work on the heating
of magnetic confinement fusion plasmas that was superfi-
cially cited above, there is a 30 yr body of theoretical and
laboratory work on transverse ion acceleration by current
driven EIC modes.27,29,36,51,52 All of these experiments have
typically used current driven EIC waves, parametric decay of
lower hybrid waves, or other mode conversion process to
launch the required wave field. Direct injection, which is
used in VASIMR®, requires good plasma coupling to the
coupler in order to launch the waves with useful efficiency,
as discussed below. Since the magnetospheric simulation ex-
periments have aimed at simulating EIC driven heating and
VASIMR® uses EMIC waves, these prior results have limited
application to the VASIMR®. What has been shown of rel-
evance is that acceleration followed by adiabatic folding is a
viable mechanism for producing ion conics.27,52 However,
the field ratios attained were an order of magnitude smaller
that used in the VASIMR® studies reported here.

VASIMR® has a transverse ion acceleration stage or
booster that uses EMIC waves, followed by adiabatic expan-
sion. Simultaneous ambipolar acceleration is also observed
in the VASIMR® exhaust plume that may be interpreted as a
large-scale double layer.53,54 Thus, VASIMR® results may be
of interest to proponents of more than one model of ion conic
production.

This paper summarizes the data from all of the VX-50
laboratory experiments that have demonstrated single-pass
electromagnetic ICH in a trans-sonic flowing deuterium
plasma.

II. EXPERIMENT

A. VASIMR® engine

The VASIMR® engine has three major subsystems,
the injection stage, the heating stage and the nozzle.8 The
VX-50, a laboratory 50 kW proof of concept VASIMR® en-
gine, was developed and tested from 1995 to 2006, first by
the Advanced Space Propulsion Laboratory at NASA-JSC
and subsequently by the Ad Astra Rocket Co.55,56 The
details of the engine and its design principles have been pre-
viously reported.9,57 A more specific detailed view of the first
physics demonstrator laboratory experiments �VX-10
through VX-50� is shown in Fig. 2. The first stage was a
helicon discharge that had been optimized for maximum
power efficiency �lowest ionization cost in eV/�electron-ion
pair��.58–61 The next stage downstream was the rf booster

FIG. 1. �Color online� Block diagram of the VASIMR® system.
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system. Energy was fed to the system in the form of a circu-
larly polarized rf signal tuned to the ion cyclotron frequency.
ICH heating was chosen because it transfers energy directly
and largely to the ions, which maximizes the efficiency of
the engine.12,13 The VX-50 did not have a mirror chamber;
thus, the ions made one pass through the ICH coupler. The
system also featured a two-stage magnetic nozzle, which ac-
celerated ions and electrons by converting their azimuthal
energy into directed axial momentum. The detachment of the
plume from the magnetic field took place mainly by the loss
of adiabaticity and the rapid increase in the local plasma �,
defined as the local ratio of the plasma pressure to the mag-
netic pressure.62

The main VX-50 vacuum chamber was a cylinder 1.8 m
long and 35.6 cm in diameter. The VASIMR® exhaust flowed
through a conical adapter section into a 5 m3 vacuum cham-
ber that served as an exhaust reservoir. The magnetic field
was generated by four liquid-nitrogen-cooled 150-turn cop-
per magnets, which could generate a magnetic induction of
up to 1.5 T. The high vacuum pumping system consisted of a
cryopump and two diffusion pumps with a combined total
capacity of 5000 l/s.

1. Helicon discharge

Over the course of the investigations reported here, there
were a series of improvements and upgrades to the helicon
plasma source.63,64 The earliest experiments were performed
using a 5 cm diameter “Boswell” type double saddle
coupler58–60 and 3 kW of rf power. Directionality was pro-
vided by use of a magnetic cusp configuration. Over the four
year interval spanned by the experiments reported here, the
helicon plasma source in the VASIMR® engine was incre-
mentally improved in three steps. First, coupler size, connec-
tor and power supply improvements raised the available
power from 3 kW to 10 kW, still operating with Boswell
coupler and a magnetic cusp. The factors limiting the appli-
cation of rf power to the helicon ionizing discharge had been
the power of the 25 MHz transmitter �3 kW�, the voltage
limits on the vacuum rf feedthrough, the voltage limits of the
rf matching network, and the diameter of the discharge. Suc-

cessive steps to 9 cm increased the diameter of the helicon
coupler. The helicon rf supply was completely rebuilt. A new
high voltage power supply was built, along with a new high
power transmitter. A 10 kV rf vacuum feedthrough was ob-
tained and installed, along with a new high voltage matching
network. These new components produced helium plasma
operating at 10 kW, with �4 times the ion flux achievable at
3 kW. Second, the transmitting coupler was changed from
the Boswell configuration to a helical half-twist coupler.63,64

Finally, the decision was taken to switch transmitters and
power the helicon with a 100 kW transmitter, which operated
at 13.5 MHz. A high voltage �30 kV� water-cooled vacuum
feedthrough was manufactured to enable full power opera-
tion. In all configurations, the vacuum feedthrough and heli-
con couplers were water cooled and capable of steady state
operation.

2. ICH rf booster

The ICH coupler was a helical, double strap quarter-turn
coupler configuration. It was polarized to launch left-handed
slow mode waves.17,65 The first �VX-50� configuration of the
rf booster or ICH system used 1.5 kW of 1.5–2.5 MHz left
hand polarized slow mode waves launched from the high
field, over dense side of the resonance �region 13 of the
Clemmow–Mullaly–Allis �CMA� diagram, using the15 nota-
tion�. The coupler was uncooled, which typically limited the
pulse length to less than 0.5 s. The pulse power was limited
by the rf power source to 1.5 kW until 2006, when a 50 kW
transmitter was installed. Feedthrough and coupler cooling
considerations usually limited the applied rf booster power to
�25 kW.

B. Diagnostics

Available plasma diagnostics included a triple probe, a
70 GHz density interferometer, a bolometer, a television
monitor, an H-� photometer, a spectrometer, neutral gas
pressure and flow measurements, several gridded energy ana-
lyzers �retarding potential analyzer or RPA�,8,10,66–70 a mo-
mentum flux probe, an emission probe, a directional RPA and
other diagnostics.71 Reciprocating Langmuir72 and density
interferometer were the primary plasma diagnostics. The
Langmuir probe measured ion current and temperature pro-
files and was calibrated by the density interferometer. An
array of thermocouples provided a temperature map of the
system. The Langmuir probe had four molybdenum tips that
were biased as a triple probe, with an extra tip for measuring
electrostatic fluctuations.72

1. Retarding potential analyzer

RPA diagnostics were installed to measure the acceler-
ated ions. The University of Houston �UH� VX-50 RPA was
a planar ion trap located at z=1.7 m in Fig. 2, �40 cm
downstream from the plane of the triple and Mach probes,
which corresponds to a factor of 8 reduction in the magnetic
field strength. The grids were 49.2-wire/cm nickel mesh,
spaced 1 mm apart with Macor spacers. The opening aper-
ture was 1 cm in diameter, usually centered on the plasma

FIG. 2. �Color online� Engineering drawing of the VX-50, showing the
major systems and the location of the diagnostic instruments. The RPA used
to obtain most of the data in this paper was located, as shown at z=1.7 m.
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beam. A four-grid configuration was used, with entrance at-
tenuator, electron suppressor, ion analyzer, and secondary
suppressor grids.

The interpretation of RPA output data in terms of ion
energy requires an accurate knowledge of plasma potential
�Vp�. On most RPA plots, the 0 of the retarding potential
scale is set to Vp, as shown in Fig. 3, instead of chamber
ground. Thus, the sweep scale can be read directly as ion
energy in eV. When available, data from an rf compensated
swept Langmuir probe provided by Los Alamos National
Laboratory �LANL� were used to determine Vp, as shown in
Fig. 4 �Ref. 73�. When other Vp data were not available,
plasma potential was assumed to be the sweep voltage at
which dI /dV first significantly exceeded 0, which usually
agreed with the LANL probe value within the error bars
��5 V�. In the VX-50, this value was typically �+30 to
+50 V with respect to chamber ground. The operator biased
the body and entrance aperture of the RPA to this voltage.
The ion exhaust parameters are deduced from the raw data
by means of least-squares fits of drifting Maxwellians to the
current-voltage data.67,68,70,74

In this paper, the RPA data will be presented in several
formats, including the voltage derivative of the I-V charac-
teristic, the one-dimensional ion velocity distribution func-
tion, a planar cut through the full ion velocity distribution
function, and as derived parameters. The dI /dV plots �e.g.,

Figs. 3 and 5� show the smoothed, numerically calculated
derivative with respect to sweep voltage of the measured
RPA current. Sweep voltage zero was usually set to plasma
potential found using the methods of the previous paragraph,
for ICH off conditions and all other parameters unchanged.
Unless stated otherwise, sixteen sweeps per shot of the RPA
have been averaged to produce each figure. The presence of
features in the dI /dV curves at retarding voltages less than
the plasma potential are the result of temporal fluctuations in
the ion saturation current, and largely serve to illustrate the
risks in taking numerical derivatives of data. The ion velocity
distribution functions �e.g., Fig. 6� were found from the
dI /dV curves by dividing by the energy and multiplying by a
calibration factor.

FIG. 3. �Color online� A sample shot of RPA data, showing the relationship
of chamber ground to plasma potential.

FIG. 4. �Color online� Two sample shots of RPA data with 0 V set to
chamber ground, showing the relationship between plasma potential as mea-
sured by an rf compensated Langmuir probe and the sweep potential where
dI /dV�0.

FIG. 5. �Color online� The first derivative of the current-voltage character-
istics measured by an RPA with 30° collimation oriented at 10° pitch angle.
The lower energy, lighter curve shows a helium shot without ICH, and the
upper energy, darker curve shows a helium shot with ICH.
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The RPA I-V characteristic data has been reduced by
least-squares fitting the characteristic that would be produced
by a drifting Maxwellian to the data. The solid lines on the
raw data plots are the results of least-squares fits of drifting
Maxwellians to the up and down sweeps. These fits have
three parameters: ion density, mean drift speed and the ion
temperature in the frame of reference moving with the beam.
The temperature is found from these least-squares fits, not
from taking the slope of the logarithm of the data. The den-
sity is calibrated by comparison to nearby Langmuir probes
and is probably best understood as a relative measurement.
The temperature and ion drift speed parameters depend most
strongly on the accuracy with which the retarding potential is
known. The absolute uncertainty of the sweep voltage digi-
tization with respect to chamber ground was a few percent
when digitizer calibration uncertainty, sweep isolator reduc-
tion ratio precision and related parameters are folded in.
There are systematic uncertainties associated with the deter-
minations of plasma potential, which are discussed two para-
graphs above. Plasma potential as determined above was al-
ways subtracted prior to any other analysis.

The full ion velocity phase space distribution function of
the ions was obtained by scanning the RPA in pitch angle
between otherwise identical shots, assuming cylindrical
�gyrotropic� symmetry.75,76 The angle step size was 10° for
Figs. 10 and 11, and 5° from 0° to 60° and 10° thereafter for
Figs. 24, 25, 30, and 31. All of the data in these figures was
obtained in the centerline, at z=1.7 m in Fig. 2.

An upper limit to rf smearing of the current-voltage
characteristic of the RPA was estimated by examining Ti es-
timates from Maxwellian fits to the data from the coldest
plasma shots obtained. The coldest ion temperature observed
with ICH off was 0.7 eV observed with a very high gas flow.
The coldest ion temperature during an ICH-on shot was
�1 eV. It can be argued that these temperatures represent
experimental upper limits on the rf contamination of ion tem-
perature estimates.

C. Plasma loading

The VASIMR® engine is best suited to high power op-
eration. The critical factor that limits efficiency at low power
is the efficiency of the helicon stage and hence the ionization
cost.77 At high power, the ICH stage is more important and
hence ICH coupler loading is more critical. The load imped-
ance of the ICH coupler must be significantly larger than the
impedance of the transmission and matching network �see
Fig. 7�. The cyclotron resonance frequency of deuterium in
the available magnetic field was about 2 MHz, which meant
that plasma with an �8–10 cm diameter was required be-
fore reasonable load impedances were obtained.

The following calculation illustrates how plasma loading
was determined. The analysis begins with the relationship
that

VSWRplasma

VSWRvacuum
=

�Rp + Rc�
Rc

, �1�

where VSWR is the voltage standing wave ratio. A network
analyzer is used in place of the high power rf transmitter to
measure the quality factor �Qc� of the coupling circuit and to
tune the circuit when no plasma is present. With measuring
the impedance matching �Lm� and the coupler inductances
�LA�, we have

Rc =
��LM + LA�

Qc
� 0.24 � �2�

and

Rp = Rc�VSWRplasma − 1� . �3�

Thus, the coupling efficiency is

�A =
Rp

�Rp + Rc�
= 0.89, �4�

and the power radiated into the plasma is estimated as

Pplasma = �APICH. �5�

The initial deuterium ICH loading data were taken when
only 4 kW of helicon power was available. Plasma loading
was generally maximum when f / fci	1. The ICH plasma
loading was comparable to the circuit resistance. Helium
data showed similar behavior.

Subsequent loading measurements were made using a
20 kW helicon discharge. The measurements showed very
good loading, �2 �, which implies a corresponding high

FIG. 6. �Color online� The ion velocity phase space distribution functions
inferred from the data shown in Fig. 5.

FIG. 7. Circuit diagram of the ICH coupler, indicating how the plasma
impedance couples to the circuit.
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coupling efficiency, as shown in Fig. 8. This high loading
impedance was obtained with a sizable, �1 cm, plasma-
coupler gap. Maximum in the loading occurred at f / fci

=0.95, indicating that the coupler was launching a more
propagating wave than it was in the low density case.

III. ION CYCLOTRON HEATING

A. Low density discharge, 1.5 kW ICH

Until 2006, the rf booster or ICH system used 1.5 kW of
1.85 MHz left hand polarized slow mode waves launched
from the high field, overdense side of the resonance �region
13 of the CMA diagram�. An important consideration in-
volves the rapid absorption of ion cyclotron waves by the
high-speed plasma flow. This process differs from the famil-
iar ion cyclotron resonance utilized in tokamak fusion plas-
mas as the particles in VASIMR® pass under the coupler only
once. Sufficient ICW absorption has nevertheless been pre-
dicted by recent theoretical studies. The experiments pre-
sented below have supported these theoretical predictions
with a number of independent measurements.

The earliest results were obtained with a 3 kW helicon
discharge using a Boswell type helicon coupler during the
summer of 2003.9,10,63–65 The effect of the ICH heating was
expected to be an increase in the component of the ion ve-
locity perpendicular to the magnetic field. This increase takes
place in the resonance region, i.e., the location where the
injected rf wave frequency was equal to the ion cyclotron
frequency. Downstream of the resonance, this perpendicular
heating was converted into axial flow owing to the require-
ment that the first adiabatic invariant of the particle motion
be conserved as the magnetic field decreased �Figs. 5, 6, and
19�. Since the total ion flux was not expected to increase, this
axial acceleration should have been accompanied by a den-
sity decrease, as shown in Figs. 9 and 18. Furthermore, the
particles should have had a pitch angle distribution that does
not peak at 0°. Instead, the distribution should have peaked
at an angle that maps to a perpendicular pitch angle at reso-
nance �Fig. 10�. Therefore a collimated detector oriented
along the magnetic field should have observed a decrease in

total flux and an increase in particle energy. As the accep-
tance angle of the detector increased, the ion saturation cur-
rent should have shown an increase when the acceptance
cone includes the peak in the pitch angle distribution.

Three RPA configurations were available, tightly �2.5°�
collimated, moderately �10°� collimated and effectively un-
collimated �30°�. The first two configurations were axially

FIG. 8. �Color online� Time history of the plasma loading of the ICH cou-
pler and coupler efficiency. Present refers to the VX-50 in 2005 and 2006.

FIG. 9. �Color online� Fit parameters obtained by least-squares fitting a
drifting Maxwellian representation to each voltage sweep obtained by the
wide angle RPA during a pulsed ICH helium plasma shot. From top to
bottom, the panels show ion drift velocity, ion density and ion temperature
in the frame of the beam. The plusses and X’s show up and down sweeps.
The vertical dashed lines show the times when the ICH turned on and off.
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mounted and could be scanned along the axis of the engine.
The third RPA could be rotated to any pitch angle and could
be used to obtain three-dimensional pitch angle distributions.
Figure 5 shows a comparison of the first derivative of the
characteristic curve obtain by the wide aperture RPA during
helium plasma shots run with and without ICH. The upper,
darker curve shows data taken during the ICH shot. This
upper curve shows an elevated multipeaked section between
50 and 130 eV, where the ion energy distribution was much
larger than in the shot where the ICH was off. The energy
range where this increase occurred was above the thermal
range of the ICH-off ion distribution. Thus, this increase in-
dicated the presence of a population of strongly heated ions.

The presence of what appeared to be a hot component
with low drift velocity is attributed to charge exchange with
background neutral deuterium molecules. Since the pumping
capacity was small relative to the injected gas flow, the back-
ground pressure built up to at least 20 
torr in the 50 cm
region between the ICH coupler and the RPA during the
period of the discharge when RPA data were taken. Perhaps
half the particles were in the accelerated component of the
distribution, whereas half remained in �or have been charge
exchanged and thermalized back into� the lower energy com-
ponent of the distribution. The velocity phase space distribu-
tion functions corresponding to Fig. 5 are found by dividing
by the energy and are shown in Fig. 6. The differences be-
tween the two curves appear less dramatic in this logarithmic
presentation. Nonetheless, the effect of significant particle
heating is apparent.

The dynamic response of the plasma to the ICH energy
input was studied by examining the temporal response of the
plasma to brief bursts of ICH transmission during individual
shots. In order to simplify the plotting task, we have charac-
terized the plasma during each voltage sweep of the retarding
potential by least-squares fitting a single component drifting
Maxwellian to the RPA data. Figures 5 and 6 make clear that
a single Maxwellian is a relatively poor approximation to the
data. However, time variations in the inferred parameters do

provide a general illustration of what was happening in the
plasma. The term temperature refers, in effect, to the parallel
ion temperature in the frame of reference drifting with the
ion beam.

Figure 9 shows an example of a time series plot obtained
during a single helium shot. From top to bottom the panels
show drift velocity, ion density, and ion temperature in the
drifting frame. The wide aperture RPA oriented at 5°-pitch
angle took these data. Three effects of the ICH are apparent
in the figure. Drift speed increased substantially, the density
dropped and the temperature increased. All of the effects
conform closely to the expected response to ICH. Since, a
single drifting Maxwellian is a poor approximation to the
actual distribution function, the actual speed attained by the
accelerated component is higher than the figure shows.

The full ion velocity phase space distribution function of
the ions can be obtained by scanning the RPA in pitch angle,
assuming cylindrical �gyrotropic� symmetry.75,76 An example
of a helium distribution function that was observed during
ICH experiments is shown in Fig. 10. During this particular
experiment, the ICH transmitter was operated at 1.85 MHz,
at a power level of 1500 W. The data show a pronounced
enhancement or jet of ions with v	60 km /s at 10° pitch
angle. Although not particularly evident in the figure, de-
tailed examination of the data show a depletion of ions with
lower velocities and pitch angles.

As shown in Fig. 2, the magnetic field intensity de-
creased rapidly with axial distance downstream away from
the resonance region. At the location of the RPA, the mag-
netic field strength was down by a factor of �40 from the
value at the cyclotron resonance point. In a region like this,
the effects of conservation of the first adiabatic invariant
dominate ion dynamics. Conservation of the first invariant
forces particles to lower pitch angles as the magnetic field
strength drops. This mechanism is the basis for the magnetic
nozzle that makes the VASIMR® an attractive design concept
in the first place. A particle’s pitch angle is given by

� = arcsin�sin��0��B/B0� . �6�

A particle with a pitch angle of 90° at the resonance region
will have a pitch angle of 10° at the location of the RPA.
Thus all of the particles detected at �	10° are either arti-
facts of the lack of collimation in the RPA or particles that
have been scattered or charged exchanged.

The effect of ICH on the exhaust plasma was illustrated
by subtracting the “ICH off” distribution function from the
“ICH on” distribution function and mapping the result back
to the resonance region �Fig. 11�. There is a clear depletion
of low energy ions and a significant enhancement of ions
with perpendicular speeds v�	60 km /s.

The data in Figs. 5–11 indicate that the high remaining
neutral background pressure in the VX-50 VASIMR® test
chamber produced a substantial amount of resonant charge
exchange and scattering between the ICH coupler and the
RPA location. This problem was much more acute when us-
ing helium than when using gasses such as deuterium that
have a molecular configuration as neutral gasses. The result
of the charge exchange was a pronounced “two-bump” dis-
tribution that was not well modeled by a single drifting

FIG. 10. �Color online� The ion velocity phase space distribution function
obtained in a 3 kW helium discharge with 1.5 kW of ICH on. The distribu-
tion function grayscale bar scale is logarithmic. Note the intense 60–100
km/s ion jet at 10°-pitch angle.
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Maxwellian.78–81 The data in Fig. 6 strongly suggested using
a bi-Maxwellian model consisting of a hot, slow component
and a fast component that has a low temperature in the mov-
ing frame. An example of a bi-Maxwellian fit is shown in
Fig. 12.

1. ICH power scans

The bi-Maxwellian model analysis was used to interpret
the results of a series of shots that scanned the ICH power
input at 0–1500 W. These results are presented in Fig. 13.
These results provide convincing evidence of single-pass

ICH heating. The top panel shows that the accelerated beam
had a low temperature in its reference frame, consistent with
the expected output temperature of the helicon discharge.
The temperature of the hot component was noisy. Generally

FIG. 11. �Color online� The difference in helium velocity phase space dis-
tribution functions between ICH-on and ICH-off conditions. The distribu-
tion function grayscale bar scale is linear. The distribution has been mapped
back to the location of cyclotron resonance using conservation of the first
adiabatic invariant. The perpendicular heating effect of the ICH shows up as
the intense features at perpendicular velocities of 60–100 km/s.

FIG. 12. �Color online� Raw RPA anode current plotted as a current-voltage
characteristic. Data were obtained during a low density ICH-on helium shot.
Solid lines show least-squares fits of drifting bi-Maxwellian representations,
showing that the data can be modeled as the sum of a hot, slow component
and a cold, fast component.

FIG. 13. �Color online� Fit parameters obtained by least-squares fitting drift-
ing bi-Maxwellian representations to the RPA data obtained during a scan of
ICH transmitter power. From top to bottom, the panels show ion drift ve-
locity, ion density and ion temperature in the frame of the beam. The plusses
show the slow, hot component. The X’s show the fast, cold accelerated
component. The round dots show the flow velocity expected for an energi-
zation rate of 70 eV/ion/kW of transmitted rf power.
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the hot component was much hotter than the helicon output
was expected to be and the temperature increased with in-
creasing ICH power. The density of the accelerated compo-
nent was 10%–30% of the hot component, which is a mea-
sure of how much charge exchange and scattering degraded
the exhaust plume. It is anticipated that the ratio of acceler-
ated to scattered components will improve greatly with im-
proved vacuum pumping capacity. The flow velocity of the
cold, fast component increases as the square root of input
power, in agreement with the value predicted for an energy
absorption rate of 70 eV/ion/kW of transmitted power.

In 2003, an ICH power scan was performed using deu-
terium propellant at a mass flow rate of 0.140 mg/s, and a
fixed helicon power level of 3.5 kW. ICH power was scanned
over the range of 254 W to 1535 W, while helicon power
remained fixed at 3.5 kW for all shots. The diagnostics used
to study the ICH effect on the flowing plasma were the col-
limated RPA, an rf-compensated Langmuir probe, and a 70
GHz microwave interferometer. Relative to the ICH coupler,
the RPA was located 90 cm downstream, the Langmuir probe
was 55 cm downstream, and the microwave interferometer
was located at 35 cm. At the interferometer location, the
magnetic field strength was 20% of its value at the ICH
coupler, while the field strength at the RPA was approxi-
mately 1% of the value at the coupler.

The upper panel of Fig. 14 shows the current-voltage
characteristics with and without ICH power applied, with the
energy distributions derived from these characteristics in the
lower panel. The dashed curve is the average of six charac-
teristics taken of the helicon-generated plasma without ICH
power applied, while the solid curve is the average of six
characteristics taken with ICH on.

The data in Fig. 14 show exactly the expected signature.
In contrast to the uncollimated RPA, and as expected, the
current was reduced by a factor of about two, while the ion
energy showed a second peak with �50 eV more energy
than the plasma had prior to turning on the ICH.

Figure 15 shows that the ion energy boost, the difference
in the ion energy due to ICH, is directly proportional to the
applied ICH. The Langmuir probe indicated that the plasma
potential near the RPA was typically increased by �2 V
with the application of ICH power. Assuming that no addi-
tional plasma is generated by the ICH power, continuity re-
quires the plasma density to drop as the flow from the heli-
con �typically �7–30 eV of kinetic energy, depending on
experiment parameters� is abruptly accelerated by the ICH
energy boost. This effect is clearly visible in the microwave
interferometer data; a typical result is shown in Fig. 16.
Again considering continuity, the ratio of the flow velocities
with and without ICH should be equal to the reciprocal of the
ratio of the plasma densities, with and without ICH. There-
fore, we have two independent means of measuring this ra-
tio: the combined RPA and Langmuir probe give the velocity
ratio �reciprocal of the density ratio� and the interferometer
gives us the density ratio directly. The slight difference in
magnetic field strength between the locations of the RPA and
interferometer indicate that the flow velocity at the interfer-
ometer should be only 10% less than that at the RPA. Details
of these measurements are given in Ref. 63. Both the density
ratio from the interferometer data and the reciprocal of the
velocity ratio are plotted in Fig. 17 for comparison.

B. Increased plasma density

1. 8.3 kW helicon discharge, 1.5 kW ICH

Figure 18 shows the effect of applying 1.3 kW ICH
power to deuterium plasma produced by the Boswell coupler
operating at 8.3 kW. The gas input rate was 0.140 mg/s. The

FIG. 14. RPA traces showing the difference between ICH-on and ICH-off.
The top panel shows the average of 6 raw sweeps in each curve. The dashed
line shows ICH-off and the solid line shows ICH-on. The bottom panel
shows the derivative with respect to sweep voltage of the top two curves,
which is proportional to energy distribution function. The sweep voltage is
referenced to chamber ground instead of plasma potential in these figures.
Plasma potential was at �30 V.

FIG. 15. The energy difference between the location of the peak of the ion
energy distribution function for ICH on and the location in the peak for ICH
off is plotted as a function of applied ICH power.
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figure shows a time series of plasma parameters obtained
from least-squares fitting a single drifting Maxwellian to
each separate RPA sweep. ICH was turned on at 45.9 s. The
data show that the application of ICH doubled the plasma
flow velocity. The observed velocity corresponds to an
Isp�9000 s. The fundamental dynamical quantity is the ion
velocity phase space distribution function, F. The distribu-
tion functions for both the ICH-on and ICH-off conditions
shown in Fig. 18 are plotted in Fig. 19, measured at 0° pitch
angle. Figure 19 shows that in the case of deuterium, charge
exchange losses between the ICH coupler and the RPA do

not obscure the effect of ICH, in contrast to the case of
helium. In Fig. 19, it is clear that the entire plasma was
accelerated.

A bi-Maxwellian model representation was used to fit
the data taken during a scan of the location of the ICH reso-
nance region with respect to the coupler. This scan was per-
formed by increasing the current to the mirror field magnet,
which increased the magnetic induction at the mirror thus
moving the resonance downstream. Moving the resonance

FIG. 16. The raw output of a microwave interferometer is plotted as a
function of time during an ICH on shot. The drop in signal corresponds to a
drop in density resulting from the combined effect of an acceleration of the
plasma and conservation of flux.

FIG. 17. The ratio of ICH-off to ICH-on plasma velocities �circles� and the
ratio of ICH-on to ICH-off plasma densities �squares� are plotted as func-
tions of the applied ICH power.

FIG. 18. �Color online� Time series of fit parameters from an ICH-on deu-
terium plasma shot presented in the same format as Fig. 9. The vertical
dashed line show the time when the ICH turned on.
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away from the coupler significantly reduced the plasma load-
ing of the coupler, which means that less rf power was being
fed to the plasma. The results of this experiment, interpreted
using the bi-Maxwellian approach, are shown in Fig. 20.
There are several points to be made concerning the results
shown in Fig. 20. The best loading and coupling was
achieved when the resonance was located under the coupler.
The velocity of the “slow” component was still in excess of
70 km/s near optimum. The density of the faster component
exceeds the slow component density, and the estimated out-
put power increase corresponds to or exceeds model esti-
mates for the coupler configuration at that time. These mod-
els predicted an ion coupling efficiency of 40%–50% at this
plasma density.

The next example of an ICH experiment is a radial scan
of the RPA during both ICH ion and off conditions. The
results have been interpreted using a single Maxwellian and
are shown in Fig. 21. This experiment was performed with a
10 kW helicon discharge. Under these conditions, the plasma
loading of the ICH coupler had been increased from �0.2 to
�2 �, resulting in an increase in coupler efficiency to
�0.89, as shown in Fig. 22.

These results can be integrated to estimate the output
power and momentum flux in the exhaust plume. Using the
ion flow rate determined by the triple probe, which had a
more accurate absolute calibration than the RPA, the power
balance corresponds well to model predictions. The mea-
sured power input to the ion flux was found to have been

Pi = 1
2ṁi�vICH

2 − vhelicon
2 � = 430 – 591 W. �7�

Given a coupling efficiency at the time when Figs. 20 and 21
were obtained

�B =
Pi

PB
= 36% – 49%. �8�

The momentum flux output of the device during these par-
ticular runs was estimated to have been ṁivICH=14 to 19 mN
and ṁivhelicon=7 to 10 mN. The momentum flux inferred
from the RPA and triple probe data agree with the results of
a direct momentum flux measurement with a mechanical
probe18 in that the momentum flux with ICH-on is observed
to double. The absolute value of the momentum flux inferred

FIG. 19. �Color online� Same as Fig. 6. Distribution function obtained dur-
ing the ICH-on portion of the deuterium shot shown in Fig. 18 with an
ICH-off shot run under otherwise identical conditions. The ICH-off curve is
shown as a lighter-colored line.

FIG. 20. �Color online� Fit parameters obtained by least-squares fitting drift-
ing bi-Maxwellian representations to the RPA data obtained during a scan of
mirror magnet field intensity. From top to bottom, the panels show ion drift
velocity, ion density and ion temperature in the frame of the beam. The
plusses show the slow, hot component. The X’s show the fast, cold acceler-
ated component.
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from the RPA and probe measurements was not compared
directly with the momentum flux probe owing to the fact that
the flux probe paddle did not intercept the entire plasma
column, and an appropriate model was not yet available.82

2. 20 kW helicon discharge, 1.5 kW ICH

The 2005 improvements in the helicon discharge in-
creased the available power to 20 kW and reduced the energy
cost per ion to �200 eV per ion pair for deuterium. These
improvements combined to give nearly an order of magni-
tude increase in total ion flux. Conservation of energy con-
siderations required that one expected to observe a substan-
tial reduction in the energy increase per ion obtained with
constant power ICH, provided the damping is not so severe
as to prevent ICH wave power from penetrating the entire
plasma column. Figure 23 compares the ion energy distribu-
tions detected by the RPA in a 20 kW deuterium discharge
showing the effect of the ICH. The figure shows clear evi-
dence of ion acceleration by 1.5 kW of ICH. The observed
energy increase was 17 eV/ion, yielding a plasma with more
than twice the bulk kinetic energy obtainable with the heli-
con alone.

FIG. 21. �Color online� Fit parameters obtained by least-squares fitting drift-
ing Maxwellian representations to RPA data taken while scanning the radial
location of the RPA during both ICH-on �X’s� and ICH-off �+’s� conditions.
Each symbol represents the average of all sweeps during a single shot.

FIG. 22. �Color online� Graph showing time history of the plasma loading
of the ICH coupler and corresponding coupler efficiency.

FIG. 23. �Color online� The first derivative of the current-voltage charac-
teristics measured by an RPA with 30° collimation. The lower, darker curve
shows a deuterium shot without ICH, and the upper, lighter curve shows a
deuterium shot with ICH.
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As discussed above, full ion velocity phase space distri-
bution functions can be obtained by rotating the RPA, shot-
to-shot. Two-dimensional color contour plots of a planar cut
through the distribution function are shown in Fig. 24 for
ICH-off and Fig. 25 for ICH-on. A pitch angle of 90° at the
location of the maximum field intensity maps to a pitch angle
of �10° at the location of the RPA. This result requires that
all of the ions in both distributions that have pitch angles
	10° must have been scattered, presumably by an ion-
neutral collisions. There is a clear, visible difference between
the two distributions, indicating that the ICH has accelerated
the entire plasma. The reduction in the maximum value of
the distribution function in the ICH-on case corresponds to a
0.55 density drop. This decrease is consistent with the results
of simultaneous interferometer observations.

The total ion flux during these shots was measured using
a number of independent methods, including interferometers,
reciprocating triple probe and an array of small planar Lang-

muir probes. The radial density profiles determined by the
array of small Langmuir probes for both ICH-on and ICH-off
conditions comparable to those shown in Figs. 23–25 are
shown in Fig. 26. The plasma flux was measured �0.7 m
downstream of the ICH coupler. The figure shows that the
profile narrowed when ICH was applied. However, the inte-
grated flux does not change substantially with the application
of ICH. A total ion flux was obtained �i=3.1�0.61020 /s.
As noted above, the RPA data indicate that the ICH gave the
ions a mean energy increase in WICH=17�2 eV. The prod-
uct of these two numbers gives the total power increase in
the exhaust plume, as follows:

Pion = �iWICH = 840 � 190 W. �9�

The ICH power that has been radiated into the plasma may
be estimated using the ICH coupler efficiency, �A=89%,
which was determined from the plasma loading measure-
ments

Pplasma = �APICH = 1.25 kW. �10�

Finally, we obtain an estimate of the efficiency of the ICH
process, as follows:

�ICH =
Pion

Pplasma
= 67% � 15%. �11�

Absorption efficiency of this order is high enough to suggest
the possibility that the ICW was fully damped prior to reach-
ing the center of the plasma column. This situation was in-
vestigated by means of another RPA radial scan �Fig. 27�.
Figure 27 indeed shows a drop in bulk flow velocity and a
corresponding increase in ion density in the innermost 1 cm
of the plasma column. This apparent hole is based on a single
point observation in this radial scan and may correspond to
an asymmetry or a shot to shot variation. This hole would
indicate that 1.3 kW is insufficient signal strength to fully
illuminate the discharge that the experiment was producing.
The corresponding perpendicular absorption scale length in

FIG. 24. �Color online� The ion velocity phase space distribution function
obtained in a 20 kW deuterium discharge with no ICH. The distribution
function grayscale bar scale is logarithmic.

FIG. 25. �Color online� The ion velocity phase space distribution function
obtained in a 20 kW deuterium discharge with 1.5 kW of ICH on. The
distribution function grayscale bar scale is logarithmic.

FIG. 26. �Color online� Ion density plotted as a function of radial position
during high density discharges similar to those shown in Figs. 23–25. Den-
sity was measured by an array of small ��1 cm diameter� planar Langmuir
probes. Profiles for both ICH-off and ICH-on are compared.
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the resonance region was determined to have been 0.7 cm by
mapping Fig. 27 back to the resonance region. The implica-
tions of this number will be discussed below. Since the data
in Figs. 23 and 25 were taken at the center of the column, it

is likely that the ion energization, power deposited and ICH
efficiency estimates just presented were systematically low.

At this point in the series of experiments, it had been
demonstrated that high efficiency single-pass ion cyclotron
coupling and subsequent conversion to axial momentum had
been achieved in a trans-sonic deuterium plasma.

C. Increased plasma density, 20 kW ICH

The final step in the progressive improvement process
that will be described in this paper was an order of magni-
tude increase in the available ICH power, up to 20 kW. The
effect of this increase in ICH power level was dramatic and
clear. Figure 28 shows the derivative with respect to voltage
of the current-voltage RPA data from three shots with differ-
ent ICH power levels, 0, 8.3, and 20 kW. The derivative is
proportional to the ion energy distribution and shows that
20 kW of ICH added approximately 200 eV to the mean
energy of the deuterium ions in this configuration. The ion
velocity phase space distribution functions corresponding to
Fig. 28 are shown in Fig. 29. The ICH off distribution is an
elegant example of a cold, Maxwellian ion distribution. The

FIG. 27. �Color online� Fit parameters obtained by least-squares fitting drift-
ing Maxwellian representations to RPA data taken while scanning the radial
location of the RPA during ICH-on �X’s� conditions during high density
discharges similar to those shown in Figs. 23–25. Each symbol represents
the average of all sweeps during a single shot.

FIG. 28. �Color online� Comparison of ion energy distributions for 0, 8.3,
and 20 kW of ICH power in deuterium plasma, input flow rate 0.625 mg/s,
and 20 kW helicon power.

FIG. 29. �Color online� Comparison of ion velocity distributions for the
same three shots as in Fig. 28.
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two ICH-on distributions show that the plasma was drifting
faster and was hotter in the rest frame of the beam. This
result is somewhat in contrast to the 1.5 kW results, where
the beam remained cold in the beam rest frame. The 20 kW
curve in particular shows the presence of multiple
Maxwellians with different drift speeds and temperatures.
We take this lower energy “filled in” character of the distri-
bution function to be a signature of charge exchange with
background neutrals. This charge exchange is a consequence
of inadequate vacuum pump capacity and high background
neutral density. It should also be noted that the RPA voltage
sweep was not operated to high enough voltage �360 V� to
stop the ion current completely. The highest energy tail of the
ion distribution extended to 	350 eV energy.

The pitch angle distribution of the accelerated ions was
investigated using the same method previously used to pro-
duce Fig. 25. The ICH power was limited to 14 kW so that
the available sweep voltage stopped the entire population.
The two-dimensional ion velocity phase space distributions
measured with 14 kW of ICH and no ICH are shown in
Figs. 30 and 31. The presence of a high velocity, somewhat
conical jet of plasma is clearly evident in Fig. 30. As above,
90° pitch angle at the location of the ICH coupler maps to
10° pitch angle at the location of the RPA, which means that
all the high velocity ions observed at greater pitch angles in
Fig. 30 are indicative of both the somewhat coarse collima-
tion of the RPA and the presence of ion-neutral scattering.

Typically, reduced RPA data figures from this experi-
ment present all three of the fitted parameters, plotted either
as functions of time within a single shot �e.g., Fig. 18�, or as
functions of other parameters varied on a shot-to-shot basis.
Figure 32 shows another example of a time series plot, show-
ing the effect of a 100 ms burst of 14 kW of ICH power on
deuterium plasma. From top to bottom, the figure shows ion
temperature in the frame of the beam, ion density, and ion
drift speed. During the ICH burst, the ion temperature in-
creased from 1 to 35 eV, the density dropped by a factor of 3
and the drift speed increased by a factor of 4. The apparent
increase in total flux seems to indicate that the ICH was

acting to increase the ionization of the gas, which indicates
that the helicon was not optimized for this shot. The tem-
perature shown was effectively the parallel temperature of
the ions in the frame moving with the beam. The parallel ion
temperature increase was much larger than the increases seen
in previous work.27 The apparent waste of energy in adding
to the parallel heat content of the beam is not as severe as it
might seem at first glance. At least two processes were re-
sponsible. First, there was a relatively large amount of ion
neutral scattering owing to the pumping problem alluded to
above. Second, the ICH process has a dispersive component
that depends on the incident gyrophase of the ions relative to
the ICH waveform. The amount of energy that an ion obtains
in the resonance region depends, in part, on this phase angle.
This energy spread appears to the least-squares fit as an ap-
parent parallel temperature. However, it does not represent
waste heat content of the beam. Finally, at high input power,
nonlinear broadening of the resonance,83 and changes of the
phase of the ion orbits will act to increase the parallel heating
rate of the ions. From a practical standpoint, the smearing
out of the resonance, combined with the Doppler shift, will
allow a larger fraction of the ions to absorb energy from the
wave field,51 which is a very desirable outcome.

Figure 33 shows the results from scanning the RPA in
radius with 14 kW of ICH power applied. The data indicate
that the plasma column had a roughly constant temperature
and density out to a radius of 9 cm. The velocity curve shows
a generally parabolic profile with a dip in the center. The dip
in the center is similar to the dip in the center of Fig. 27 and
may indicate that the ICH signal was fully absorbed prior to
penetrating all the way to the center of the plasma. However,
this apparent hole is based on a single point observation in
this radial scan and may correspond to an asymmetry or a
shot to shot variation. The corresponding perpendicular ab-
sorption scale length in the resonance region was determined
to have been 1.0 cm by mapping Fig. 33 back to the reso-
nance region. It is rather challenging to determine if the ob-
served absorption distance corresponds to theory or not. The
situation was too complicated and structured to allow us to

FIG. 30. �Color online� Ion velocity phase space distribution function,
14 kW ICH on, in deuterium plasma, input flow rate 0.625 mg/s, and 20 kW
helicon power.

FIG. 31. �Color online� Ion velocity phase space distribution function, ICH
off in deuterium plasma, input flow rate 0.625 mg/s, and 20 kW helicon
power.
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apply the WKB approximation with any confidence. Since
the density and therefore the index of refraction scale length
was comparable to the nominal perpendicular “wavelength,”
the concept of a perpendicular “wave number” was not well
defined. Since the idea of a central dip is based on just two
shots in two radial scans, its existence is quite uncertain.
Finally, detailed ion and electron distribution function mea-

surements were not made within the resonance region. Since
the apparatus no longer exists, no more data can be obtained.

Figure 34 shows the comparison of two scans of ICH
power for two different gas inlet flow rates, 0.625 mg/s,

FIG. 32. �Color online� Time series of fit parameters obtained by least-
squares fitting a drifting Maxwellian representation to the raw RPA data
during ICH deuterium plasma shots. From bottom to top, the panels show
ion drift velocity, ion density, and ion temperature in the frame of the beam. FIG. 33. �Color online� A radial scan of the RPA, showing fit parameters

obtained by least-squares fitting a drifting Maxwellian representation to the
raw RPA data during ICH deuterium plasma shots as functions of radius
from the center of the beam. From bottom to top, the panels show ion drift
velocity, ion density, and ion temperature in the frame of the beam.

043509-16 Bering III et al. Phys. Plasmas 17, 043509 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://php.aip.org/php/copyright.jsp



which is plotted in red and appears as the top curve in the
middle panel and the bottom curve in the other two, and
0.35 mg/s, which is plotted in blue and is the other curve in
each panel. The helicon power was reduced to 17 kW in the
lower flow rate shot series. The purpose of this set of experi-
ments was to demonstrate explicitly the variable specific im-

pulse capability of the VASIMR. The lower flow rate shots
produced an output that was 20% faster, had a much higher
parallel temperature, and were lower in density than the high
flow shots. These data can be used to estimate the thrust and
output power, by integrating across the plume profile shown
in Fig. 33 for each of the shots shown in Fig. 34. The results
are shown in Fig. 35. The output power is virtually the same
in each case, whereas the lower flow produces lower thrust

FIG. 34. �Color online� Scans of ICH power for two different flow rates and
helicon power levels, showing fit parameters obtained by least-squares fit-
ting a drifting Maxwellian representation to the raw RPA data during ICH
deuterium plasma shots as functions of ICH power. From bottom to top, the
panels show ion drift velocity, ion density and ion temperature in the frame
of the beam. The meaning of the two separate curves is discussed in the text.

FIG. 35. �Color online� Scans of ICH power for two different flow rates and
helicon power levels, showing parameters inferred from the fit parameters
shown in the previous figure as functions of ICH power. From bottom to top,
the panels show output power, thrust and specific impulse. The meaning of
the two separate curves is discussed in the text.

043509-17 Observations of single-pass ion cyclotron heating… Phys. Plasmas 17, 043509 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://php.aip.org/php/copyright.jsp



and higher specific impulse, which is as expected, and which
verifies the fundamental constant power throttling premise of
the VASIMR® concept.

IV. CONCLUSIONS

Substantial progress was made in the development of the
VASIMR® engine by the VX-50 proof of concept experi-
ments. The operating power level of the helicon discharge
was increased by nearly an order of magnitude, from 2 to
20–24 kW. The energy cost per ion pair was reduced to
�200–250 eV. The understanding of helicon physics ob-
tained with the VX-50 has enabled the team to reduce the
ionization cost by another factor of 3 in the current VX-200
device. Plasma loading of the ICH coupler increased with
increasing total ion flux and plasma density. Using the
VX-50 maximum helicon discharge output, loading imped-
ance in excess of 2 � was obtained, which corresponds to
�A	90%. Single-pass ICH has been demonstrated repeat-
edly in a variety of configurations. High power �20 kW� ICH
has been achieved. �B	80% has been obtained with deute-
rium. Increases in the parallel ion temperature observed at
high ICH power may be evidence for nonlinear broadening
of the absorption resonance. No macroscopic power limiting
beam instabilities were observed. Auroral process simulation
experiments are now possible in the VASIMR.
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