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Abstract— Recent developments in solid-state radio frequency (RF) power technologies allow for the
practical consideration of RF heated plasmas for
space propulsion. These technologies permit the
use of any electrical power source, de-couple the
power and propellant sources, and allow for the efficient use of both the propellant mass and power.
Efficient use of the propellant is obtained by expelling the rocket exhaust at the highest possible
velocity, which can be orders of magnitude higher
than those achieved in chemical rockets. Handling
the hot plasma exhaust requires the use of magnetic
nozzles, and the basic physics of ion detachment
from the magnetic field is discussed. The plasma
can be generated by RF using helicon waves to heat
electrons. Further direct heating of the ions helps
to reduce the line radiation losses, and the magnetic
geometry is tailored to allow ion cyclotron resonance
heating. RF field and ion trajectory calculations are
presented to give a reasonably self-consistent picture of the ion acceleration process. 1
I. INTRODUCTION

Radio frequency (RF) power has been successfully
used to heat ions in experimental fusion plasmas for
several decades [1]. New advances in solid state RF
power supplies, as shown in Fig. 1, now permit RF
plasma heating techniques to become space relevant
(direct to RF power conversion is already < 350 g/kW
and decreasing). New high temperature superconductor (HTSC) technologies can also provide the magnetic
fields required for both RF application and exhaust nozzle direction. These RF techniques do not use electrodes, scale over a large power range from ~ 100 to
> 106 Watts in fusion applications, and will permit the
development of rockets with a wide range of specific impulse from 2000 s to > 10000 s. These RF technologies
show promise for both earth-orbit transfer (EOT) and
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Fig. 1. Solid state amplifiers at 1 KW level now available.

for high speed interplanetary applications.
The RF technologies considered here require a magnetic field, both in the ion source region and in the
ion acceleration region. The basic way that the RF
rocket functions is illustrated in Fig. 2 in terms of the
static magnetic field along the rocket axis. A helicon plasma source [2] provides a relatively cold plasma
stream with ion energies on the order of 5 — 10 eV.
These ions are then heated in the second section where
an ion cyclotron resonance transfers wave energy into
ion energy. This energy is initially stored in the ion velocity components perpendicular to the static magnetic
field, E±, and then converted into directed energy (parallel to the rocket axis) through an adiabatic expansion
of the static magnetic field. Eventually, the magnetic
field becomes weak and bends away rapidly enough that
the adiabatic invariance of the ion's magnetic moment
is lost, and the ions escape from the magnetic nozzle. Electrons will escape with the ions because of selfconsistent magneto-hydrodynamic currents, cross field
(Bohm) diffusion, and other turbulent effects.
The physics of the ion detachment can be estimated
by considering the breakdown of the action-angle invariant obtained by averaging over the gyromotion of a
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Fig. 2. Magnetic topology of RF heated thruster.

charged particle in a strong magnetic field, /x = E^/BQ
(magnetic moment), where Bo is the static magnetic
field strength. A charged particle's JJ, is a well conserved quantity until the static magnetic field changes
with a scale length comparable to the particle's gyromotion, at which point the orbit effectively becomes
unmagnetized.
The action integral used to calculate pL is performed
over a gyro-orbit. Therefore, the action invariant (/x)
will be destroyed if the orbit becomes very eccentric
in a single gyroperiod. Defining p to be the average
gyro-radius during a gyro-period, and using A to denote
the change in a quantity after a gyro-period, the orbit
becomes unmagnetized when Ap > p. This relationship
can be written as
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where fl is the gyrofrequency, and the approximation
assumes that A/x//x (evaluated at the guiding center
location) remains small until the orbit becomes unmagnetized. The quantity Afl/fl can be estimated
using the path of a field line since the exact orbit
roughly spirals around a guiding center orbit until n
is no longer conserved. This approximation allows Eq.
1 to be estimated with knowledge of only geometric
quantities and the particle's energy. Along a field line
AO/O K, As b • V.Bo/|-Bo| where & is a unit vector along
the field line, and As is the distance traveled along the
field line during a gyroperiod. Assuming that most of
the particle's energy has been converted into the parallel direction while fj, is still conserved, As ss 2nv/ (fl),
where v is the particle's speed and (£l) is the average
gyrofrequency along the orbit. Thus, the estimate for
the spatial location where the orbit becomes unmagnetized is given by

ft = qBo/(2nm) « 15ZB0/A (MHz), where, q is the
ion charge and m is the ion mass. The coupling of the
RF power tends to improve with increasing / , and a
minimal RF coupling resistance is needed to efficiently
handle the RF power. Preliminary results indicate that
/ > 1 MHz will be required for small thruster systems.
Only Z = 1 is considered to maintain a low energy cost
for ion production and easier ion detachment. Thus,
Bo > 0.1 T is needed for A = 1 (Hydrogen); easily obtainable with present HTSC technology. Constraints on
HTSC materials may provide a challenge for applying
ICRH acceleration techniques to ions with high A.
In section II, we discuss ion propellant choices based
on simplified mission requirements. In section III, we
discuss RF models used to calculate the RF fields and
plasma interactions in RF rocket designs. In section IV,
we give our conclusions.
II. PROPELLANT CHOICES

Initial technologies are aimed at low ion mass to ease
the magnet and RF design requirements, and thus, have
high specific impulse (Igp) = v/9.8ms~2. Although the
thrust is reduced for low ion mass, the resulting high
Isp can have significant advantages for some applications. First, the high mass propellants are typically
rare and expensive noble gases such as Xenon. In addition, maximum practical acceleration energies lead to
specific impulse limits for high mass ions such that a
large total propellant mass must be launched to reach
high final payload speeds. High final payload speeds
will be required for practical interplanetary missions,
and minimizing the launched propellant mass can lead
to lower cost missions or higher delivered payloads.
To demonstrate the advantages of high Isp and low
propellant ion mass, consider a simple power balance
for a rocket with fixed Isp. The total power into the
plasma stream, Pt, is the sum of the power required to
produce the plasma stream, Pion, plus the power that
provides the kinetic energy (and momentum) for the exhaust. To simplify the ion production model, we define
the average energy required to produce an electron/ion
pair, Eion, which includes any radiation or other losses
incurred when producing the plasma stream. For an
ion with atomic weight, A, Pion RJ WsEionm'/A, where
Pion is in Watts, Eion is in electron-Volts (eV), and m'
is the mass flow rate in kg/sec. In terms of the rocket
thrust, T = m'v, the exhaust velocity in the rocket
frame can be expressed as
(3)

&-VB,

> 2200-

(2)

where A is the atomic weight, Z is the absolute value
of the charge state, E is the particle energy in eV, .Bo
is in Tesla, and the gradient scale is in m" 1 .
The required values of Bo for good ion heating
are determined by the ion cyclotron resonance heating (ICRH) process. ICRH requires that the RF frequency, / , match the cyclotron motion of the ion,

where all units are MKS except for Eion which
is in eV. Similarly, the thrust is given by T =
2AvPt/{Av2 + 2 x 10 8 £ ion ). From Eq. 3, note that for
high ratios of Pt/T, the penalty for ionizing the initial
plasma stream becomes negligible. Also note that some
schemes for recovering part of the ionization energy may
be possible if a low ratio of Pt/T is required.
To define a metric for determining the advantages of various propellants, consider a simplified one-

dimensional mission scenario where an initial mass, Mi,
is launched into low earth orbit and is then accelerated
by a plasma rocket. We assume that the mission uses
a constant exhaust velocity relative to the rocket of v,
and expells mass at a constant flow rate, m' until all of
the propellant is depleted. The final payload mass, Mp,
is then related to the mass initially launched into low
earth orbit, Mi, in terms of v and the change in speed
of the final payload, AV, by
Mp = Mi exp (-AV/v)

(4)

The time required to complete the velocity increment
of AF for the final payload is
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For most missions, it is desirable to maximize the final payload without requiring an excessive amount of
time or power to achieve the desired orbit. The ratio of
Mi/Mp determines the relative cost to launch the initial payload, and PtAt/Mp determines an effective time
per unit payload mass per unit power. Thus, to simultaneously satisfy both goals, we maximize the quantity
(Mp/Mi)/(PtAt/Mp)
with respect to v where Pt and
Mp are fixed parameters. We also assume that technology limits the maximum ion energy to be 1000 eV. Of
course actual mission calculations are typically much
more complicated, and require that the equations be
integrated again to obtain the final distances traveled,
but the simple results presented here can give a very
good indication of the capabilities of the various propellants. Also, note that varying the specific impulse
during a mission can result in even better optimization,
and the RF technologies can be adjusted during a mission to sustain the optimum performance [3]. These
changes could include both variations in the exhaust
speed for a single propellant and retuning the system
to use different propellants along the trajectory.
High ratios of power to thrust are required to achieve
reasonable propellant masses for high final velocities, so
the energy required to produce an electron/ion pair becomes negligible compared with the kinetic energy of
the exhaust. In Fig. 3(top), the relative initial launch
cost for the propellant plus payload is shown as a function of the final payload velocity. The "knee" in each
curve is caused by the limit of 1000 eV on the ion energy, and thus the point where Isp can no longer be
increased in the optimization process. Delivery time
and power can be traded equally in this optimization,
and Fig. 3 (bottom) shows the product of power and
time required to achieve a final payload speed. The
light ions have a substantial advantage even for low
speed increments, such as EOT, in terms of the total
mass that must be initially launched to low earth orbit. The savings in propellant mass can also be traded
for higher power sources to help reduce delivery time.
Fig. 3 (bottom) shows that lighter ion species can also
be more efficient in terms of mission time and power
when high payload speeds are required, such as for interplanetary missions. Thus, RF methods using light
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Fig. 3. High Isp gives a big advantage in terms of propellant
consumption and final payload speed. Common elements like
Li or Na give performance comparable with Xe.

ions could have a substantial impact on future space
exploration missions.
I I I . R F FIELD CALCULATIONS

Maxwell's equations for a linearized cold plasma response can be written as [1]
V x E = itoB
V x B = HoJext
K±
K=\iKx
0

(6)
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In these equations, E and B are the complex RF electric
and magnetic field vectors respectively with implicit
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Fig. 4. Converged density and power for EMIR/VASIMR code
iteration with contours of electric field having polarization in
same direction as ion gyromotion.

exp(—iuit) time dependence, j denotes the electron and
ion plasma species, qj denotes the species charge, rn.j
denotes the species mass, rij denotes the species density,
B o denotes the static magnetic field strength, /u,0 and
eo are the permeability and permittivity of free space,
ui is the driven RF frequency, and Jext represents RF
current sources from the antenna; all units are MKS.
The || and ± subscripts denote parallel and perpendicular components with respect to the static magnetic
field direction, and x denotes the direction orthogonal
to both the _L and || directions.
In the EMIR code [5], cylindrical coordinates are
used, and variations in jij and B axe permitted in the
axial and radial directions. The RF fields are expanded
in a periodic Fourier sum in the azimuthal coordinate
to reduce the three-dimensional problem to a weighted
sum over two-dimensional solutions. The present version of the code also assumes that u)pe » to such that
the K\\ term in the dielectric tensor is very large. This
assumption leads to the condition that E\\ is very small
because of the high mobility of electrons along magnetic field lines, and thus, E\\ = 0 is assumed. Absorption is introduced in the cold plasma model by adding
an imaginary collision frequency to the RF driven frequency, which is equivalent to adding an imaginary particle mass in the dielectric tensor elements.
To obtain a reasonably self-consistent picture of the
ICRH absorption, the ion trajectories are followed
through the static and RF fields using the VASIMR[6]
code. The VASIMR and EMIR codes are then iterated to estimate the ICRH effects on the plasma density. The iteration is performed by calculating the RF
fields with the EMIR code, and using these fields to follow nonlinear ion trajectories with the VASIMR code
on the gyrofrequency time scale. The ion trajectories
are used to generate RF power absorption values and a
density input for the next EMIR calculation. The codes
are iterated until the density profile becomes reasonably
stable, then the collisional absorption parameter in the
EMIR code is adjusted and the iteration is continued
until the power deposited by the RF system matches
the power absorbed by the ion trajectories in a global
sense. Results for Helium propellant with 4KW of delivered ICRH power are shown in Fig. 4
An RF powered helicon is presently the leading candidate for the plasma source region shown in Fig. 2.
Helicons can be designed to operate over a wide range
of magnetic field strengths. Typical values of BQ ~ 0.1

Fig. 5. RF collisional absorption for phased dual half turn antenna in helicon is localized to high density region.

T are used. Generally from the infinite homogeneous
dispersion relation, one expects / oc B/ne in the limit
where / » fih where fih is the lower hybrid frequency [4]. For light elements and high magnetic field
strengths, it is also necessary to explore helicon sources
in the regime where / < /jft[2]. Other modes of excitation may also be possible [7]. Results from EMIR for
the collisional absorption of RF at 13 MHz for the same
parameters as shown in Fig. 4 are shown in Fig. 5
To use a helicon source along with a separate ICRH
acceleration section, care must be taken to minimize the
ICRH power that can couple back into the source region. If the magnetic field in the source region is greater
than that required for ICRH, then little ICRH coupling
in the source is possible because there is no location
where f — fi- Thus, it is desirable to have the static
magnetic field strength in the helicon source greater
than that in the ICRH acceleration region. However,
other techniques are available to block the ICRH power
from the source when the helicon cannot be operated at
higher magnetic field strengths than the ICRH section.
An example is shown in Fig. 4 where only 10% of the
ICRH power flows back into the source region.
IV.

CONCLUSIONS

High power RF and HTSC technologies now make
space applications for RF heated plasma rockets viable.
These technologies are easiest to implement for light
ions. An electromagnetic code, EMIR, has been coupled with the ion trajectory code, VASIMR, to give reasonably consistent RF field and absorption calculations.
Conceptual designs for rockets using these technologies
show promise for numerous applications including low
cost earth orbit transfers and high speed interplanetary
missions.
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