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The Variable Specific Impulse Magnetoplasma Rocket (VASIMR) is a new type of
electric thruster currently in development by the Ad Astra Rocket Company. It could
potentially allow for better optimization of propellant use over a range of space missions
including interplanetary travel due to its ability to adjust thrust and specific impulse while
maintaining constant power operation. The VASIMR thruster works by ionizing a neutral
propellant gas with a helicon RF antenna and then guiding the plasma using an applied
magnetic field. The plasma passes through another RF antenna that is tuned to the
fundamental ion cyclotron frequency in order to achieve resonant excitation of the ions. The
superheated plasma is then expelled through a magnetic nozzle in order to produce thrust.
Recent tests on a 200 kW experimental model have demonstrated up to 10 N of thrust and
4900 s of specific impulse with 72% system efficiency. Despite steady progress, the VASIMR
concept remains hampered by the lack of a suitable power supply for large-scale missions.
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I. Introduction
The Variable Specific Impulse Magnetoplasma Rocket is a new type of electric propulsion device being
developed and marketed by the Ad Astra Rocket Company. Like many other electric drives, the VASIMR operates
by ionizing an inert gas and then accelerating it out of a nozzle to achieve high propellant exit velocities and
therefore high specific impulse1. The way that the VASIMR accomplishes this is unique, however.
Figure 1 shows a schematic of the engine. First, the gas flows into the device and passes through a helicon RF
coupler, which bombards the gas with high intensity radio waves in order to energize and ionize the gas. Once
ionized, the gas is converted to plasma and has a temperature of around 5800K1. Powerful electromagnets surround
the engine core and create an applied magnetic field to contain and guide the plasma. This ‘cold’ plasma then
proceeds to a second RF coupler known as the Ion Cyclotron Heating section, or ICH. The ICH further excites the
ions with radio waves tuned to the ion cyclotron frequency, causing them to rapidly accelerate in orbits around the
magnetic field lines1. The plasma is then passed through a magnetic nozzle in order to convert this perpendicular
circular motion into useful linear motion and the ions are
expelled out the back of the unit at extreme velocities,
causing thrust1.
Because the plasma is energized by radio waves and
contained by electromagnets throughout the entire
process, there is never physical contact between the
plasma and any other part of the engine. In particular,
there are no electrodes that may erode. This drastically
prolongs the potential life of the engine and gives it a
theoretical advantage over most other electric propulsion
devices. The other advantage of the VASIMR is that the
thrust and specific impulse produced may be throttled by
adjusting the gas flow rate and the energy input to the
RF couplers. Thus the same engine that generates thrust
efficiently over a long time may also be used to provide
bursts of relatively high thrust, lower specific impulse
propulsion if necessary. This capability has the potential
Figure 1: Engine Schematic (Ref. 2)
to be useful for abort scenarios and allows tuning of the
engine performance for specific missions.
Some of the drawbacks to the VASIMR concept include the need for a large power source and the unwanted
influence of its strong magnetic fields on other equipment. The VASIMR was conceived by Dr. Franklin ChangDiaz in the early 1980s while researching plasma confinement in magnetic mirrors at the Charles Stark Draper
Laboratory3. Chang Diaz realized that magnetically guided plasma could be used as a working fluid with high
velocity for a rocket engine. He began work on the VASIMR engine in collaboration with NASA and his lab was
relocated to the Advanced Space Propulsion Lab at Johnson Space Center when he became an astronaut several
years later3. His work continued with several different plasma containment experiments and the need for a contactless plasma source became apparent to prolong equipment lifetimes3. Additionally, the original magnetic mirror
concept was abandoned when it was discovered that a helicon antenna could ionize the propellant gas in a single
pass3. Test firing of increasingly powerful prototype engines occurred from 1995–2005 with successful tests of a
prototype occurring for the first time in 1998. In 2005 NASA funding for the project dried up and Chang Diaz
founded the Ad Astra Rocket Company to continue work on the VASIMR3. The technology is still in development
with plans in place to put a test unit on the International Space Station in 2015. Expectations for the 200kW test
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model were a total efficiency of roughly 60%, approximately 5 N of thrust, and a maximum specific impulse
approaching 5000 seconds2.

II. Potential Suitability of the VASIMR
While electric propulsion engines in general are attractive due to their potential for efficient operation at much
higher specific impulses than chemical rockets, the VASIMR offers the added benefit of a variable specific impulse
from a single engine. The benefit of such an arrangement may be shown by way of a mass comparison given by
Sutton4. Suppose that a chemical rocket and an electric rocket are being considered for a particular deep space
mission and must both produce a certain total impulse I. That is,
𝐼 = 𝑚!!!" 𝑢!!!" = 𝑚!"!# 𝑢!"!#

(1)

Since the spacecraft must first be launched into Earth orbit and vehicle mass tends to correlate to total cost, we are
keenly interested in finding out which propulsion system will require less mass to produce this impulse. If the
electrical system has a higher specific impulse and a reasonably lightweight power supply and thus a lower total
mass melec + mps than the chemical system, the mass comparison between the two is4
𝑚!"!# + 𝑚!" ≡ 𝛾𝑚!!!"

(2)

where mps is the mass of the power system required to run the electric engine and γ is a constant scaling factor less
than 1. Finally, the energy density of the power supply and the efficiency of the electrical rocket must be defined
respectively as4
!!"

𝛼=

(3)
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!
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Combining equations 1 and 2 and substituting the appropriate values for mps and P from equations 3 and 4 gives an
expression for γ
𝛾=

!!!!"
!!"!#

+

!
!!! !

𝑢!!!" 𝑢!"!#

(5)

The flight time appears due to the cancelling of mass with mass flow. The engine is assumed to be operating
constantly and therefore the flight time and burn time are identical. In order to obtain the best performance from the
electric rocket relative to the chemical rocket, the mass scaling factor γ ought to be minimized. Since the limits of
uchem are already well understood while the performance of the electrical rocket is of interest, this is accomplished by
varying uelec. Thus, the best possible scaling factor may be found by setting the partial derivative of Eq. 5 with
respect to uelec equal to zero4. Performing this derivation and solving for uelec yields
𝑢!"!#

!"#

=

!!! !
!

(6)

This result verifies the caveats that the power supply must be lightweight and the electrical efficiency must be
high in order for a high specific impulse to be optimal. (Note that specific impulse is directly proportional to exit
velocity, differing only by the gravitational constant g.) It also shows that longer missions benefit more from higher
specific impulse, which is also intuitive. The real value of Eq. 6 in the present discussion is twofold. First, it
demonstrates that higher Isp is not necessarily better. Secondly, it allows calculations of the true optimum Isp for
certain types of missions. Based on estimated inputs, Ref. 4 lists optimum values of approximately 4000s for lunar
missions and 12000s for interplanetary missions. Clearly, chemical and nuclear thermal rockets fall well short of the
optimum values for either mission. Other electric thrusters are able to produce specific impulse in the right range,
but cannot adjust their performance to adapt to different missions and produce far less thrust. So far, only the
VASIMR promises to allow truly optimized performance over a range of missions.
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III. Description of Physical Mechanisms
The gas is initially admitted into the engine chamber with some horizontal bulk flow velocity contained within a
quartz tube. Outside the tube are powerful electromagnets that create a magnetic field directed in the axial direction.
At the exit of the tube, the gas passes the first RF antenna. This antenna launches helicon waves into the gas and
energizes the gas to the point that electrons break free of their orbits, ionizing the gas and turning it into plasma3.
Helicon waves are a type of relatively low frequency ‘whistler’ wave that propagates well in cylindrically confined
plasmas. The helicon waves initially excite a few ‘seed’ electrons, which in turn excite other electrons, knocking
them out of their orbits and creating a chain reaction ionization of the gas5. This plasma exits the tube and is
contained only by an applied magnetic field for the remainder of its time in the engine. Because radio waves are
relatively efficient at penetrating and energizing the gas, the newly created plasma may be approximated as having a
Maxwellian distribution, at least locally. That is to say, the plasma as a whole is still electrically neutral, with ions
and electrons evenly spread and with a bulk motion similar to the initial uniform motion of the gas. In this situation,
the motion of any single plasma particle is determined by the Lorentz force6
𝑚𝒂 = 𝑭! = 𝑞[𝑬 + 𝒗×𝑩]

(7)

It can be shown that the motion of a charged particle in only a magnetic field follows a circular orbit around a
guiding center xc, which drifts slowly in the direction of B with axial velocity 𝑣∥ 7. For future conciseness, this
direction is denoted b and given by
𝒃 =   

𝑩

(8)

𝑩

The circular orbit about the guiding center is characterized by the cyclotron frequency and the Larmor radius7:
𝜔! =   
𝑟! =   

!"
!

  

(9)
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(10)
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Thus the particle motion relative to the engine is helical. Since 𝑣∥ ≪    𝑣! , very little of the kinetic energy is directed
axially (in the x-direction). In addition, the helical motion of the charged particle creates a magnetic moment
similarly to passing current through a solenoid. This magnetic moment is given by current multiplied by the area of
the loop7:
𝜇 =   

!!!
!!

𝜋𝑟!! =   

!
!!!

!!

(11)

This magnetic moment, which arises from the motion of the particle itself, acts in the direction opposite b and thus
the plasma becomes diamagnetic7.
The plasma next passes through the second RF antenna, which once again transmits high intensity radio waves
into the gas, thereby exposing the plasma particles to an oscillating electromagnetic field. For this second RF
section, the frequency of the driving waves is matched to the ion cyclotron frequency, leading to very efficient
excitation of the ions. In a broad sense, these waves cause the particles to realign rapidly back and forth (since the
plasma is diamagnetic), causing collisions and transmitting kinetic energy to the plasma.
It is worth noting that in the preceding discussion, reference has only been made to ‘charged particles’ in order to
remain as general as possible. No distinction has been drawn between the ion cyclotron frequency and the electron
cyclotron frequency. The former is chosen as a driving frequency over the latter because the ions have by far the
greater mass. While the electrons may be more easily excited, doing so does not transmit kinetic energy to the
plasma as effectively.
Specifically, there are only two longitudinal waves that propagate near the ion cyclotron frequency in a uniform
plasma in the configuration being discussed8. These are the fast Alfvén wave and the slow Alfvén wave. The electric
vector of the fast Alfvén wave rotates in the opposite direction of the ion gyration and therefore does not cause
resonance8. The electric vector of the slow Alfvén wave does rotate in the same direction as the ion gyration. The
wave causes resonance and effective absorption of energy by the plasma when the frequency of the applied
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electromagnetic wave is sufficiently close to the cyclotron frequency of the ions8. The plasma becomes superheated
and continues downstream.
Finally, the geometry of the electromagnets that apply the external magnetic field is such that the magnetic field
lines replicate a de Laval nozzle near the exit rather than a tube. Since the constituent particles still move mostly in
the perpendicular direction, the nozzle is essential for achieving thrust. Two fundamental concepts explain the
function of the magnetic nozzle: these are conservation of energy and conservation of magnetic moment5. The first
of these is an elementary principle that requires no proof here. Instead, it will suffice to simply state that due to their
high velocities and small masses, the potential energy of the particles is negligible in comparison with their kinetic
energy. Therefore,
𝐸 = 𝐾 = 𝐾! + 𝐾∥ = 𝑐𝑜𝑛𝑠𝑡
𝐾∥ =
𝐾! =

(12)

!!∥!

(13)

!
!
!!!

(14)

!

‘Parallel’ is strictly in reference to the local direction of b,
which is approximately the same as the downstream axial
direction for most of the engine. The conservation of magnetic
moment is not so trivial and warrants further discussion. The
magnetic moment, which was defined in Eq. (11), is also
sometimes called the first adiabatic invariant because of its
approximate constancy. Fuller and more extensive proofs of this
property are given in Ref. 5 and Ref. 9, but for our purposes the
less rigorous but more concise explanation from Ref. 4 will be
sufficient. Implicit in the definition of magnetic moment given
previously is the assumption that B varies slowly with respect to
position and does not vary with time. Furthermore, for a Figure 2. Particle motion in a diverging
sufficiently strong magnetic field Eq. (9) shows that the cyclotron magnetic field
frequency will be quite high. In this case, the points x and xʹ′
shown in Fig. 2 will be very close together and the circumscribed
area normal to b will be approximately equal to 𝜋𝑟!! (Ref. 4). Since B is nearly constant over the small distance xʹ′-x,
the product of B and the circumscribed area may be treated as constant without loss of accuracy4. This is equivalent
to stating that the magnetic flux encompassed by an orbit (or a given cross sectional area) remains constant4.
𝜋𝑟!! 𝑩 = Φ = 𝐴𝐵 = 𝑐𝑜𝑛𝑠𝑡

(15)

Substituting Eq. (10) and Eq. (11) into Eq. (15) gives
𝜋𝑟!! 𝑩 = 𝜋
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= 𝑐𝑜𝑛𝑠𝑡

(16)

Since the mass and charge of the particle remain constant, the magnetic moment must also be constant in order to
satisfy Eq. (16). Keep in mind that this result is only valid when the magnetic field changes slowly. To be more
precise, Ref. 4 gives Eq. (16) to be satisfied exactly for
! !𝑩
!𝑩 !"

< 0.1

(17)

Now that the conservation of magnetic moment has been established, the mechanics of a magnetic nozzle may
be grasped immediately. Altering the geometry of the magnets so that the field lines diverge, as shown in Fig. 3,
creates a magnetic nozzle. An examination of Eq. (9), Eq. (10), and Eq. (16) shows that as the field strength
decreases, the cyclotron frequency decreases proportionally to B, the Larmor radius increases proportionally to B,
and the perpendicular velocity decreases proportionally to the square root of B. By Eq. (12), the parallel velocity
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must increase proportionally to the decrease in
perpendicular velocity. Thus, the presence of diverging
magnetic field lines results in a transition from particles
that travel in tight, fast orbits with low parallel velocity
to particles that travel in large, slow orbits with high
parallel velocities. As long as the slope of the field lines
remains low enough for Eq. (17) to hold, the flow
between the throat and the exit is conservative and
analogous to isentropic expansion of a gas.
Unfortunately, this analogy is not perfect. Unlike the
isentropic flow of gasses, the use of a magnetic nozzle to
expel ions and electrons comes against the inherent
difficulty of detaching the particles from the field lines.
As stated by Gauss’s law of magnetism, the magnetic
flux across a closed surface is always zero6.
Equivalently, all field lines form closed loops. This
means that in order to achieve thrust through momentum
exchange and prevent highly energized particles from
Figure 3. Magnetic Field Lines and Ion Energies in
slamming into the sides of any vehicle to which the
the VASIMR (Ref. 5)
VASIMR is mounted, the plasma exiting the engine must
be made to detach from the field lines. Plasma
detachment is possible when the energy density of the magnetic field becomes less than the kinetic energy density of
the plasma5:
!𝟐
!!

< 𝑛! 𝐾∥

(18)

The ion number density ni is the number of ions per unit volume. Because electrons have such small mass, their
contribution to kinetic energy is negligible. For magnetic flux to be conserved as the cross sectional area increases
the magnetic field strength decreases proportionally; that is, B scales as 1/A. Furthermore, conservation of mass as
applied to ion flux for steady-state operation dictates that 𝑛! 𝑣∥ 𝑆 remain constant5. If the plasma has already passed
through the nozzle so that the majority of the particle velocity is parallel, then conservation of kinetic energy states
that 𝑣∥ will be essentially constant as well5. This being the case, ni and therefore 𝑛! 𝐾∥ must scale as 1/A as well.
From Eq. (18), the energy density of the field decreases faster than the kinetic energy density and even a gradual
linear increase in A will eventually allow for detachment5. The process of detachment itself is more challenging to
model than this description suggests, partially because as the plasma field meets the requirements for detachment its
own magnetic field supersedes the effects of the applied field and the plasma stretches the magnetic field lines5.
Additionally, the ions and electrons may recombine as they expand through the nozzle10. Once recombined, the
neutral molecules are no longer affected by the magnetic field and may exit freely. Due to the challenging nature of
detachment phenomena, we shall satisfy ourselves with taking approximate formulas for the nozzle efficiency and
thrust from Ref. 10 and Ref. 5, respectively.
𝜂=

!!!"#$

(19)

!

𝐹! ≈ Φ! 2𝑚! 𝐾!

(20)

Theta is the half-angle of the nozzle, measured from the centerline. The total ion flux, ion mass, and ion kinetic
energy in Eq. (20) are measured in the flow entering the nozzle from the ICRH section5. Furthermore, the specific
impulse, system efficiency, and jet power are given by Ref. 3 and 2:
𝐼!" =   
𝜂!"!#$% =

!!"#
!!"
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(21)
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(22)

𝑃!"# =

!!!
!!

(23)

In Eq. (22) η represents an efficiency and E represents an energy amount. The subscripts a, b, N, and RF refer to
the helicon, ICRH, nozzle, and RF power generation sections respectively.

IV. Test Results
Another useful metric for evaluating the VASIMR is actual test data. Currently, the most advanced prototype engine
is the VX-200, which is a 200 kW experimental device operated by Ad Astra. The VX-200 engine is contained
within a 150 m3 pressure chamber that can be pumped down to 0.001 Pa to simulate a vacuum environment and may
be operated with a total power from 15-200 kW (Ref. 2). A set of test firings designed to characterize the thrust
levels for normal operation occurred using Argon as a propellant with a flow rate of 107 mg/s, a peak magnetic field
strength of 2 Tesla, a helicon power level of 28 kW and ICRH power level of 0 – 172 kW (Ref. 2). The results of
this firing are shown in Fig. 4. As more power is added to the ICRH section, the thrust increases significantly to
nearly 6 N. In a separate test, the half angle of the nozzle was found to be approximately 19 degrees and the nozzle
efficiency was measured at 97%2. Further tests were performed in order to find an optimized thrust to power ratio

Figure 4. Thrust as a function of RF power
(Ref. 2)

Figure 5. Thrust to power ratio as a function of specific
impulse (Ref. 2)

over a specific impulse range of 700 s to 4800 s (Ref. 2). The highest thrust to power ratio was 51 mN/kW at a
specific impulse of 1660 s and a power distribution of 59% to the helicon and 41% to the ICRH antenna2. This
corresponds to a maximum thrust of 10.2 N at the full operating power of 200 kW. Figure 5 displays the thrust to
power ratio over a full range of specific impulse tested. Finally, multiple test firings were conducted across the range
of possible parameters in order to better establish the engine efficiency. The parameter ranges were: propellant
(Argon) flow rate of 80 – 110 mg/s, helicon RF power of 15 – 30 kW, and ICRH RF power of 0 – 172 kW (Ref. 2).
The results of these tests were thrust up to 6 N at a specific impulse of 4900 s with a thruster efficiency between
63% and 81%2. At 136 kW of total RF power the mean ion flow velocity was 32.8 km/s and the ion temperature was
approximately 50 eV (Ref. 2). Figure 6 plots the thruster efficiency as a function of both RF power distribution and
specific impulse. The most important factor in determining thruster efficiency was the ICRH power. Efficiency
increased both as the relative power distribution shifted in favor of the ICRH section and as total power increased2.
The dotted line in Fig. 6 b) is a semi-empirical model for thruster efficiency given by2
𝜂 ! =   

!
!
! !! !!"
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!! !! !!
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!!! !!!! !!! !! ! !
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(24)

In the preceding equation, ma is the atomic mass of the propellant, Ei is the ionization cost of the propellant, E1 is
the amount of the helicon power that is coupled to the plasma and converted into directed kinetic energy, and all
other terms have been previously defined. As an example of typical operating conditions with Argon, values for the
newly defined parameters were determined to be Ei = 105 eV/ion and E1 = 22 eV allowing for a calculated ICRH
efficiency of 85%2. Another simpler, entirely empirical model for system efficiency in terms of total power and
specific impulse is11
𝜂 ! = 0.79 −    𝑒 !!.!!!"!!"!!.!"#$% − 𝑒 !!.!"#$%!!!.!""#$

(25)

This relationship holds within the constraints 3000 s < Isp < 5000 s and 30(Isp / 3000)2 kW < P < 250 kW11.

Figure 6. Thruster efficiency as a function of RF power distribution and Isp (Ref. 2)

V. Conclusion
At a thrust-preferential setting, current VASIMR technology offers a thrust to power ratio and specific impulse
comparable to the largest Hall effect thruster ever flown in space with significantly more total thrust2. Even at a
more balanced setting, the VX-200 offers 75 times the thrust of a typical Hall effect thruster with a higher specific
impulse and total efficiency, albeit with 20 times the propellant usage12. Clearly then, the VASIMR concept
warrants investigation. If further testing can prove the expected operational lifetime afforded by its contact-less
design, the VASIMR could become an attractive option for interplanetary travel or for station keeping. However, the
VASIMR is far from being useful. It has no flight history and a limited testing record, giving it a middle-range
technology readiness level. The only operational VASIMR thrusters to date have been too large and heavy to fly
practically. Though this shortcoming may be overcome relatively soon, the more arresting problem of designing an
energy supply remains. While the constant-power design of the VASIMR lends itself well to using the power of a
large solar cell array, such an array would be expensive, complicated, massive, and would not be practical for a
large-scale engine. In order to make use of the full potential of the VASIMR, a new power supply with an energy
density much higher than any existing supply would need to be designed. Nuclear fission is the only realistic power
source with sufficient power density that has been suggested but currently no suitable designs for a practical
generator exist. Until an enormous improvement in power supply technology is made, the VASIMR is unlikely to
appear as an attractive alternative to existing flight-proven hardware.
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