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This paper describes the experimental characterization of single-pass ion cyclotron resonance heating as applied

to acceleration of ions for electric propulsion. A millimeter-wave interferometer system has shown to be a clear and

simple method of quantifying ion acceleration due to ion cyclotron resonance heating. The experimental work was

done on the VX-10 experiment of the variable specific impulse magnetoplasma rocket concept. The perpendicular

velocity of the ions generated by ion cyclotron resonance heating was converted into axial velocity by the decreasing

gradient of the axial magnetic field at the exhaust of the propulsion system from conservation of themagnetmoment.

This increase in axial velocity is predicted to cause a decrease in density due to conservation of current in the plasma.

Interferometer densitymeasurements were taken at three different locations on theVX-10 experiment upstreamand

downstream of the ion acceleration zone. A clear measurement of a 25% density drop for helium and a 40% density

drop for deuterium was measured downstream of the ion resonance zone characteristic of ion acceleration.

Nomenclature

Boz = axial direct current magnetic field, T
Bx;y;z = ion cyclotron resonance heating magnetic field vector

components, T
c = speed of light
e = electron charge, C
Ex;y;z = ion cyclotron resonance heating electric field vector

components, V=m
f = frequency, Hz
fp = plasma frequency, Hz
mi = ion mass, kg
n = plasma density, m�3

t = time, s
Vx;y;z = ion velocity vector components, m=s
vgc = guiding center velocity, m=s
"o = free-space dielectric constant
! = radial frequency, rad=s
!ci = ion cyclotron frequency, rad=s

I. Introduction

I ON cyclotron resonance heating (ICRH) is a relatively new
experimental method [1] for accelerating propellant flow in

electric propulsion systems. An ICRH system is actively being
studied with special features allowing for variable specific impulse.
This system is called the variable specific impulse magnetoplasma
rocket (VASIMR) [2]. The experimental work presented in this paper
on ICRH was done on a prototype of a proof of concept of the
VASIMR engine, the VX-10 [3]. The diagram in Fig. 1 shows the
basic layout of the VX-10 version of the VASIMR concept. The

engine consists of three sections. The forward section is where the
injection of the propellant gas and its ionization is using a helicon
source. In this stage, a cold and dense plasma is produced by ionizing
a gas (in most cases, helium or hydrogen) using a helicon ionization
source. Helicons are propagating wave modes in a finite, axially
magnetized plasma column [4]. The driving frequencies for helicon
waves are typically 1–50MHz, the direct current (DC)magneticfield
is about 0.02–0.2 T, and the densities are on the order of
1011–1014 cm�3. Typical operating conditions for the VASIMR
experiment are 0.18TDCmagneticfield, 20MHzhelicon frequency,
and densities in the area of 1012 cm�3. The middle section amplifies
or heats the plasma using ICRH, and the aft cell converts the energy
of the plasma into a directed flow using amagnetic nozzle. The focus
of this paper is on the ICRH amplification section.

The experimental work presented in this paper on ICRH is part of
the first work to experimentally verify this process.

II. Ion Cyclotron Resonance Heating Concept

The basic principle of ICRH is that a RF wave is launched into a
magnetized plasma where it then accelerates the ions by increasing
their rotational speed around the magnetic field lines [5]. Assuming
the wave is traveling parallel to the magnetic field lines, the electric
field vector of the left-hand component of thewavewill rotate around
the field lines with a frequency ! in the same direction as the ion’s
cyclotronmotion about the field lines. Consequently, for!� !ci, the
force from the electric field of the wave on the ions will result in a
continuous rotational energy gain. The perpendicular velocity of the
ions generated by ICRH is then converted into axial velocity by the
decreasing gradient of the axial magnetic field at the aft cell of
the propulsion system from conservation of the magnet moment.
This increase in axial velocity is predicted to cause a decrease in
density due to conservation of particles in the plasma [6].

We consider collisionless plasma with cold ions in an equilibrium
axisymmetric mirror magnetic field about the z axis (along the
centerline of the VASIMR experiment). The model is based on the
work presented in [7]. It is assumed that the axialDCmagneticfield is
much stronger than the radial field. The ICRH RF wave has a
direction of propagation that is nearly parallel to the magnetic field
lines. To find the ion velocity, the ion momentum balance equation is
used. The following assumptions are made to simplify the equation:
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1) The x and y derivatives of theRF electric andmagneticfields are
small near the resonance.

2) Ez � 0 because of the high conductivity of the electrons.
3) Vz and n are time independent.
Using the preceding assumptions, the equation for perpendicular

components of the ion velocity (Vx and Vy) can be found as shown
next:
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The spatial dependence of Vz (it is time independent) is determined
by the momentum balance equation along z:
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The three terms on the right-hand side of Eq. (3) represent the
following, in order from left to right: 1) the force of the ion due to the
gradient of the magnetic field, 2) the z component of the Lorentz
force equation from the RF wave (RF pressure), and 3) the force
associated with the ambipolar electric field.

The brackets in Eq. (3) represent an averaging of the RF pressure
force over several ion gyrations, and �� �mi�V2

x � V2
y ��=2Boz,

which is the ion magnetic moment.
Assuming the polarization of the incoming wave is circular, the

electric field, as well as the x and y components of the magnetic field
and ion velocity, have the following form [8]:

A� �
Ax � jAy���������������
Boz=B	

p ei!t (4)

whereA� is eitherV�,B�, orE�.B	 is the value of the DCmagnetic

field at resonance. The factor
���������������
Boz=B	

p
represents the fact that the

perpendicular components will decrease as the magnetic field drops
off. Therefore, to get physical quantities out of the preceding

equations,
���������������
Boz=B	

p
has to be multiplied to any perpendicular

components (A�) after solving for them.
Using all of the preceding equations and assumptions, the

following set of equations for E�, B�, V�, Vz, and n can be defined.
E�, B�, and V� in the following equations are the complex
amplitudes of the RF electric and magnetic fields and the
perpendicular velocity. The velocity V� represents the rotational
velocity of the ions:
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Equation (5) is the axial momentum balance equation for the ions,
and Eq. (6) is the perpendicular momentum balance equation.
Equation (7) is the continuity of current within the plasma. The first
term on the right-hand side of Eq. (5) can be approximated as zero,
due to the resonance area beingmuch shorter than the RFwavelength
of the ICRH wavelength, causing the ICRH electric and magnetic
fields to change very little in the resonance zone.

III. Experimental Setup

To characterize this density decrease during ion cyclotron heating,
a single-channel interferometer system was developed and imple-
mented on the VX-10, an experimental version of the VASIMR.
Millimeter-wave interferometry is inherently nonintrusive and
avoids the problems of probe heating and local plasma perturbations
of in situ techniques in dense energetic plasmas [9,10]. The exper-
imental setup is described next.

Figure 2 shows a diagram of the primary interferometer system
used for this research to measure the density change predicted to
occur during ICRH acceleration, as discussed previously. The
plasma is represented in the figure and is flowing out of the page. The
basic operation of the system is as follows. The oscillator generates
15 dBm of power at 70 GHz. The signal is then split by a 3 dB
coupler, sending part of the signal to the antennas to be transmitted
through the plasma and the other part to the local oscillator power for
themixer. The antennas used are 25 dB standard gain horns. The face
of the horn is 3.85 cm (1.51 in.) by 3.10 cm (1.2 in.), and the antenna
has a length of 8.13 cm (3.2 in.). The 3 dB beam width of the horn is
approximately 10 deg. The isolators attenuate the signal traveling in
the reverse direction by 20 dB. The isolators were put in to protect the
oscillator from power reflections and to reduce internal reflections
that could interfere with phase accuracy. It was also necessary to
magnetically shield the isolators from the high ambient magnetic
field.

Since the mixer is mixing two signals that are of the same
frequency, the intermediate frequency output of the mixer has the
following form, shown in Eq. (4):

V�t� � A sin��o�t� � �o� � Voff (8)

where �o is the phase shift through the plasma path, which varies as a
function of time, �o is the phase offset, and can be adjusted using the
phase shifter, Voff is the DC voltage offset of the mixers from zero,
and A is the amplitude of the voltage swing of the mixers. Using the
phase shifter shown on the systemdiagram, �o is adjusted so thatV�t�
is approximately equal to Voff with no plasma present. Then, taking
the difference between the plasma [A sin��p � �e� � Voff] and no
plasma voltage [A sin��e� � Voff] gives the following expression:

�V�t� � Afsin��p�t� � �e� � Voff � sin��e� � Voffg (9)

where �e is the error in calibratingV�t� to be equal toVoff without the
plasma present or, in other words, the voltage output of the mixer

Fig. 1 Basic layout of the VX-10 VASIMR experiment.

Fig. 2 70 GHz single-channel interferometer system.
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with no plasma is equal to DC voltage offset Voff of the mixer. It is
assumed this offset voltage is a characteristic of the mixer and does
not change with the plasma present. Ideally, �e is equal to zero, and
�p�t� is the net phase shift through the plasma. If the assumption is
made that �e is small enough to have a negligible effect, then the net
phase shift through the plasma can be simplified to Eq. (6):

�p�t� � sin�1
�
�V�t�
A

�
(10)

The accuracy of setting V�t� equal to Voff with no plasma present
was estimated to be no worse than 10 mV. The output voltage of the
interferometer with no plasma present can also drift over time. By
recalibrating the interferometer periodically, it was found that the
maximum drift of V�t� from Voff was no worse than 20 mV. The
amplitude of the voltage swing A varied from 450 to 800 mV,
depending on the experimental setup, specifically the distance
between the antennas. Assuming the worst case scenario that
A� 450 mV, then the maximum value of �e � sin�1��30=
450� � �4�, which would cause a measured phase error of about
�4% at ameasured phase shift of 40 deg (i.e., 40� 1:6�). whichwas
the maximum phase shift measured with the single-channel
interferometer system. Other sources of error include temperature
drift of the oscillator, approximated at �2:5%, and reflections,
approximated at�3% [11].

The peak plasma density can then be calculated from the phase
shift using the following relation, which is valid if the interferometer
frequency is greater than three times the plasma frequency [10]:
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in Eq. (11) represents the integral of the normalized density profile,
which was determined through Langmuir probe measurements on
the VX-10 experiment [11].

IV. Measurement Results

To characterize this predicted density drop during ion cyclotron
heating, interferometer measurements were taken at three different
locations on the VX-10 experiment. Figure 3 shows the positions of
the three measurement ports. Figure 4 shows a diagram of the
calculated axial magnetic field profile with the location of the
measurement ports and ICRH antenna.

As is illustrated in Fig. 4, port 3 is located before the ICRHantenna
and is upstream of the resonance point. Port 1 and port 2 are located
well downstream of the ICRH resonance point. Experiments were
run with both helium and deuterium gas. Table 1 summarizes the
experiment parameters for the helium and deuterium tests presented.

A. Measured Helium Density Drop

Figures 5 and 6 show measurement results illustrating a clear
density drop with the application of ICRH power. The data were
taken for a helium discharge. The measurements were taken with a
helicon source power of 3.5 kW, an ICRHpower of 1.5 kW, and a gas
flow rate of 110 standard cm3=min (sccm). The ICRH frequencywas
set to 1.85 MHz, which corresponds to a resonance point at 0.48 T.
The helicon power turned on at approximately 0.36 s and turned off at
2.3 s, as is illustrated in Figs. 5–7. ICRHpowerwas only applied for a
fraction of the total pulse, 200 ms, to illustrate the net density drop.
There is a clear density reduction of approximately 25% at port 1 and
port 2 when ICRH power is applied as expected.

The neutral pressure at the ports increases approximately linearly
from 0:5  10�4 to 1:5  10�4 Torr during the length of the pulse.
The increase in density over the duration of the pulse at ports 1 and 2
is believed to be due to this increasing neutral pressure, causing an
increase in charge exchange collisions that creates a slow-moving

plasma component and, by conservation of current, increases the
density [11]. The increase in neutral pressure is caused by thevacuum
chamber pumping not being able to keep up the gas flow into the
chamber.

Figure 7 shows densitymeasurements taken at port 3 of theVX-10
experiment. Again, ICRH power was only applied for a fraction of
the total plasma shot with an ICRH power set to 1.5 kW.

The increase in density at port 3 is most likely caused by additional
ionization of the background neutral density due to the ICRH power
being coupled to plasma, not at the resonance frequency. An
experiment was run using argon instead of helium gas but using an
ICRH frequency magnetic field profile in the helium range
(1.85 MHz) so that the resonance point was outside the axial field
values of the experiment. Figure 8 shows density measurements
taken at port 1.

As shown in Fig. 8, the density increases, as opposed to decreases,
downstream of the resonance, indicating that the plasma is no longer
being accelerated and the ICRH energy is simply ionizing additional
neutrals similar to what may be occurring at port 3 with the helium
plasma.

Figure 9 shows the calculated axial ion velocity versus axial
distance along theVX-10,with themeasurement ports and resonance
point indicated on the plot using Eqs. (5–7) andmeasured parameters
from the VX-10 experiment. The ICRH electric field was estimated
based on the magnitude of the measured density drop. As has been
discussed previously (see Sec. II), from conservation of current
through the plasma (nVz � constant), the increase in axial velocity
with cyclotron heatingwill be proportional to the decrease in density.

Figure 9 illustrates that, at port 3, the axial ion velocity is not
changing, so a decrease in density should not be measured. While at
ports 1 and 2, there is calculated to be a significant increase in the
ion’s axial velocity due to the perpendicular velocity gained by the
ions as they passed through the resonance being converted to axial
velocity by the magnetic field gradient. Therefore, the density at
these ports should decrease, and the density decrease should be
similar for both ports. This is consistent to what was measured in
Figs. 6–8.

B. Deuterium Density Drop

Figure 10 shows three plasma shots superimposed, taken with
deuterium at port 2 of the VX-10 experiment with an ICRH power

Fig. 3 Interferometer measurement locations on the VX-10 experi-

ment.

Fig. 4 Axial magnetic field profile for helium on theVX-10 experiment.
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level of 1.5 kW applied for 500 ms, starting at 600 ms in the figure.
The helicon source power was set at 9 kW. The flow rate for
deuterium was 70 sccm. The helicon power and flow rate were
changed to keep the plasma density similar to the helium exper-
iments. The electron temperature of the plasma was measured to be
around 6 eV for these experiments, and the pressure increase was the
same as the helium case discussed previously.

The frequency of operation for the ICRH power source in the
VX-10 experiment was kept the same as helium at 1.85 MHz;
therefore, in order to set the ion cyclotron resonance point for
deuterium at approximately the same location as helium, it was
necessary to reduce themagnitude of themagneticfield. Since the ion
cyclotron frequency is inversely proportion to the ion mass, reducing
the field by a factor of two keeps the resonance location constant for
deuterium and helium.

The average density reduction for deuteriumwas found to be 38%.
The larger density reduction for deuterium can be attributed to better
plasma loading at the ICRH antenna due to a denser plasma from the

increased helicon power, less charge exchange collisions with
helium [12,13], and the fact that the D2 ions are lighter then He ions,
causing a higher velocity gain with the same ICRH power.

C. Ion Cyclotron Resonance Heating Pulse Timing

Figures 11 and 12 show a scan in time of the ICRH power pulse at
port 2 of the VX-10. Helium gas was used with 3.5 kW of helicon
power and 1.5 kWof ICRH power at a gas flow rate of 110 sccm (see
Table 1). The ICRH power pulse was started at varying times, as is
shown in the plot in Fig. 11, and had a duration of 200 ms. The
density ratio used here is defined as shown in Eq. (12):

nr �
no
nICRH

(12)

where nICRH is the density measured after ICRH is turned on, and no
is the density measured right before ICRH is turned on. The density
value was averaged for 20 ms to determine no and nICRH.

As can be seen from Fig. 12, the density ratio is fairly independent
of ICRH timing within the shot. The error in the density drop
measurements is estimated to be around 15% [11]. As mentioned
previously, charge exchange collisions will increase throughout the
length of the plasma pulse downstream in the VX-10 due to
increasing neutral density. The charge exchange collisions in the
plasma will cause an axially slow-moving component of the ion
distribution that loses the energy acquired from ICRH as the ions
move downstream. The average velocity, though, of the ion flow,
with andwithout ICRH, would be slowed down by the same amount,
which would give the same relative density drop throughout the
length of the pulse, despite an increase in collisions slowing down the
flow overall.

D. Gas Flow Rate

Figure 13 shows helium plasma with the experimental parameters
in Table 1, except the flow rate is varied from 110, 80, and 50 sccm, as
is shown in the figure at port 2 of the VX-10.

As can be seen from the figure, the density ratio also does not
change as the gas flow rate is varied. The final velocity of the ions
after passing through the resonance zone should only depend on the
velocity that the ions enter the resonance zone, the ICRHelectricfield

Fig. 5 Interferometer density measurements taken at port 1 of the

VX-10 with ICRH applied for a fraction of the plasma shot.

Fig. 6 Interferometer density measurements taken at port 2 of the

VX-10 with ICRH applied for a fraction of the plasma shot.

Fig. 7 Interferometer density measurements taken at port 3 of the

VX-10 with ICRH applied for a fraction of the plasma shot.

Table 1 Experimental parameters

Gas Helicon power,
kW

ICRH frequency,
MHz

ICRH power,
kW

Resonance field
strength, T

Nominal flow rate,
sccm

Electron temperature,
eV

Helium 3.5 1.85 1.5 0.48 110 �8
Deuterium 9.0 1.85 1.5 0.24 70 �6
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for a given axial magnetic field profile, and the amount of
perpendicular velocity gained by the ions from ICRH that has been
converted to axial velocity, which will be constant at a given mea-
surement port location.

The density ratio staying constant suggests that the ICRH electric
field and the initial velocity of the ions into the resonance zone are
remaining constant as the gas flow is being varied. This can be seen
by Eq. (12), shown next [5]:

��v� �
�
eE�
m

�
�tres (13)

where E� is the ICRH electric field, �tres is the amount of time the
ions are in the resonance zone, and �v is the increase in ion
perpendicular velocity. As can be seen from the equation, if the
velocity of the ions entering the resonance increases, then �tres
decreases, and the perpendicular velocity the ions gain (and hence,
axial velocity downstream) decreases, and vice versa if the ion

Fig. 10 Three density profiles for D2 showing a typical density drop

during ICRH measured at port 2 of the VX-10.

Fig. 11 ICRH pulse time scan for helium with 3.5 kW helicon power

and 1.5 kW ICRH power.

Fig. 12 Density ratio versus ICRH pulse timing at port 1 and port 2.

Fig. 13 Measured density ratio at port 2 of the VX-10 at gas flow rates

of 50, 80, and 110 sccm.

Fig. 9 Calculated axial ion velocity profile for helium with initial axial

ion velocity of 15 km=s, Mach numberM of 1.1, and Bres � 0:48 T, and
the magnetic field profile for helium in the VX-10.

Fig. 8 Density measurements taken at port 1 of the VX-10 experiment

with argon gas, with and without ICRH power.
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velocity decreases. Additionally, if the ICRH electric field E�
increases or decreases, �v will increase or decrease.

V. Conclusions

The use of ion cyclotron resonance to heat ions is an emerging
approach for space electric propulsion. The results presented in this
paper were intended to contribute to the initial validation of this
approach. This work was part of the first stage of an effort to
experimentally validate the use of ICRH for application to electric
propulsion devices.

The density drop due to ICRH acceleration was characterized by
taking interferometer measurements at three locations along the VX-
10. Measurements were made of the density drop in both helium and
deuterium plasma discharges during ICRH under a variety of
operating conditions, including gas flow rate and ICRH power pulse
timing. A density drop was measured downstream of the ion
resonance zone, characteristic of ion acceleration, and little change in
density was measured upstream of the resonance zone where no
acceleration was expected.

The interferometer system implemented on theVX-10 experiment
during the course of this investigation provides a clear and simple
method of quantifying ion acceleration due to ICRH. As exper-
imental parameters are changed, interferometer measurements
downstream of the energy conversion region can give a reliable
measurement of how ion acceleration is affected.
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