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The Variable Specific Impulse Magnetoplasma Rocket (VASIMR®) is a high-power
electromagnetic thruster that couples radio frequency (RF) power to a fully magnetized
plasma via ion cyclotron waves. Recent experiments have demonstrated sustained highpower operation of the VX-200SS™ VASIMR® prototype with a longest firing of 88 continuous
hours at 80 kW, completed on July 16, 2021. The VX-200SS™ is a variant the VX-200™, an
earlier optimized system, which established the engine’s high-power performance
benchmark (specific impulse – 4900 s, thruster efficiency – 70% at 200 kW with argon)
operating in 1-2 min pulses with limited active cooling. The VX-200SS™ advances the
VASIMR® technology readiness level (TRL) to level 5 by integrating a new 120 kW, vacuum
compatible, 2nd stage power processing unit (PPU) and an active cooling subsystem that
enables the engine sustained operation in thermal steady-state at up to 80 kW. This paper
presents the data supporting these advances.
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II. Introduction
The Variable Specific Impulse Magnetoplasma Rocket (VASIMR®) is an electromagnetic thruster that couples
radio frequency power to a fully magnetized plasma via ion cyclotron waves. The engine comprises three, linked
but distinct, magnetic stages serving different but complementary processes (Figure 1). The 1st stage, “the
ionizer,” produces low temperature plasma from a feedstock of neutral gas. The 2nd stage, “the RF heater,” (also
called an RF-booster) receives this plasma and preferentially heats the ion population by ion cyclotron heating
(ICH). The 3rd stage, “the magnetic nozzle,” is the diverging section of the magnetic field where the heated
plasma naturally accelerates and leaves the device to produce rocket thrust. The plasma remains quasi-neutral
and, while at different temperatures, both ions and electrons exit at the same rate, so no neutralizer is required.
The separation of the plasma from the magnetic field was studied extensively in the 1990s1, 2 and demonstrated
experimentally in the VX-200™ in 20133.

Figure 1: Schematic of the VASIMR® system showing temperature measurement locations in the VX-200SS™.
The technology of the VASIMR® engine spans 40 years of development; first at the MIT Plasma Science and
Fusion Center (PSFC) in the early 1980s, then at NASA’s Advanced Space Propulsion Laboratory (ASPL) of the
Johnson Space Center in the mid 1990s and, since 2005, as the flagship program of the Ad Astra Rocket Company
near Houston. During its early development at MIT and NASA, the controlling physics of the VASIMR® were
extensively studied and formulated by a team of investigators from NASA’s Marshall and Johnson Space Flight
Centers, the National Laboratories at Oak Ridge TN and Los Alamos NM, and several universities and research centers
in the United States, Sweden, Costa Rica, Australia, Italy, and Japan. In 2005, the project moved to the private sector
under a Space Act Agreement between NASA and the Ad Astra Rocket Company who has continued the technology
maturation to this day with private investment and NASA support. Figure 2 shows a brief pictorial history of the
technology maturation journey.

Figure 2. Brief pictorial history of the VASIMR® engine
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III. The VX-200SS™ VASIMR® Experimental Prototype
The VASIMR® experimental prototype, called the VX-200SS™ is an assembly of the main subsystems of the
engine, held by an aluminum support structure, and designed to operate, as an integrated system, in the vacuum
environment. The assembly includes the superconducting magnet (in its own vacuum cryostat), the rocket core,
housing the three integrated plasma stages and secured in the bore of the magnet, the RF matching networks, the
control computer, and the thermal management subsystem. Also, in the vacuum environment, and near the rest of
the assembly, is the new 120 kW PPU, powering the 2nd stage of the engine. Figure 3 shows a general view of the
experimental assembly.

Figure 3: A general view of the VX-200SS experimental assembly.
The magnetic field intensity and topology of the VASIMR® are set by the external electromagnet, presently a
cryogen-free, low temperature superconductor (LTS), operating at 5 K in its own vacuum enclosure. The “rocket
core” of the VASIMR® engine is an integrated assembly, comprising the Ionizer, the RF booster, and the Magnetic
Nozzle, and housed in the bore of the superconducting magnet. The cooling of the core is independent of the
rest of the rocket.
The Ionizer or 1st stage, is a helicon-type RF stage, operating at ~6 MHz. It generates the required fully ionized
plasma from feedstock neutral gas metered into the device by a mass flow controller. Downstream, the 2nd stage RF
heater, operating at ~500 kHz, delivers the rest (and usually the largest fraction) of the power to the plasma.
In 2010-2013, in short duration laboratory tests, the VX-200™ VASIMR® prototype demonstrated a thruster
efficiency of 72% and a specific impulse of 4900 seconds with argon propellant4. In 2015, a modified version of this
thruster, called the VX-200SS™ (SS for steady-state) became one of three electric propulsion technologies selected
by NASA to demonstrate steady-state operation at 100 kW of total input power5. The VX-200SS™ design called for a
new high temperature superconducting magnet, operating at a higher peak field, to fully accommodate the new
rocket core design. However, the new magnet did not become available due to NASA budgetary limitations; therefore,
the VX-200SS™ had to be operated sub-optimally with the superconducting magnet of the VX-200™, at a lower peak
field than originally intended.
The sub-optimum magnetic geometry of the VX-200SS™, while not a technical “show-stoper,” resulted in a more
challenging thermal management problem and made meaningful erosion measurements, a secondary objective,
unreliable. However, despite these limitations, the program produced breakthrough results with all major
subsystems demonstrated at high power in thermal steady state in the vacuum environment.
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IV. The Vacuum Test Facility
Maintaining an acceptable vacuum environment, while the VX-200SS™ is operating, presents many challenges
to the experimental team, but two are most important, pumping speed and cooling. The throughput of propellant
(typically argon) in these tests ranges from 2500-3500 standard cubic centimeters per minute (SCCM) (75 to 105
mg/sec). The vacuum pumps must be able to keep up with this flow rate while maintaining a sufficiently low
background pressure in the chamber. Moreover, the sustained operation ultimately delivers large amounts of heat
to the chamber that must be removed to keep the temperatures of the facility within acceptable limits.
Most of the VX-200SS™ testing takes place in Ad Astra’s 150 m3 high-vacuum test facility located in the City of
Webster, Texas, near NASA’s Lyndon B. Johnson Space Center. Figure 4 shows a photograph of the 4.3 m by 10 m
cylindrical vacuum chamber and surrounding equipment during plasma operations.

Figure 4. Ad Astra 150 m3 vacuum facility in Webster, Texas
A divider wall made from welded stainless-steel panels enables differential pumping during steady-state
testing, and partially isolates the plasma exhaust volume from that of the energized RF circuits driving the
rocket. A ~2 m band of the interior stainless-steel wall, near the midpoint of the chamber, has been chemically
treated to increase its absorptivity to IR and better accept the waste heat from the plasma. The plasma heat is
absorbed and radiated by grafoil baffles, located in the plasma dump volume. Cooling channels on the outside
of the chamber remove the energy deposited by the rocket exhaust.
Six large PHPK 1200i cryopumps maintain acceptable downstream vacuum during steady-state operation.
The upstream volume is differentially pumped by 2 smaller CTI-Cryogenics Cryo-Torr 500 cryopumps and a
2000 l/s turbopump. The upstream cryopumps can be operated sequentially for continuous testing over
several days. During high-power plasma operations, the facility can maintain 10-4 Torr pressure downstream
of the divider wall and 10-6 Torr upstream. A vented, vacuum-jacketed liquid nitrogen delivery system from a
9000-gal tank, installed outside of the laboratory, cools the shrouds of all six cryopanels and supports other
LN2 requirements during operation.
The plasma dump is made of a series of grafoil “curtains” that intercept the outer layers of the plasma
plume as the plasma expands into the vacuum plenum. The plasma heats the graphite which, in turn radiates
to the chamber wall. A final grafoil baffle at the far end of the dump absorbs the remaining plasma heat and
radiates it also to the wall. A system of water-cooling channels installed on the outside wall of the chamber
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removes the heat and delivers it to a chilled water heat exchanger, connected to two industrial chillers that
cycle on and off to maintain the coolant within acceptable limits. Figure 5 shows the internal layout of the
chamber, the position of the test article and the external water-cooling channels.

Figure 5. Internal layout of the chamber and the position of the test article.

V. VX-200SS™ Test Program and Main Results
With its integrated thermal management system, The VX-200SS™ enabled the Ad Astra team, for the first time,
to “see” beyond the 1-2 minutes of “plasma steady-state,” which had characterized the earlier VX-200 experiments,
and peer into the hours-long scale “thermal steady-state” of the device. The system initially operated with moderately
high-power (> 40 kW) firings that could last one hour or longer. Experiments executed over 5 experimental
campaigns, from mid 2018 to early 2019, enabled the team to evolve and improve the thermal management design.
The steep “learning curve,” put the Ad Astra team on a path to a company record of 88 hours of sustained operation
at 80 kW achieved in the summer of 2021. This process is active in the ongoing campaign, which aims to reach a
company target of thermal steady-state at 100 kW. Figure 6 shows a chronology of the experimental campaigns
leading up to the long high-power endurance test and depicts the steep learning curve enabled by these tests.

Figure 6. VX-200SS™ Early experimental campaigns and learning curve enabled by these tests
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A different look at the experimental data from 2017 to 2021 (see Figure 7), shows the marked improvement, in
2021, on the effectiveness of the thermal management system design at high power levels.

Figure 7. Test duration vs power data from 2017 to 2021 showing the marked improvement in 2021 on the
effectiveness of the thermal management system design at high power levels

VI. TRL-5 PPU Tests
Another important recent advance in the technology maturation of the VASIMR® engine is the transition of the

2nd stage PPU from the laboratory open air (TRL-4) to the vacuum environment (TRL-5). The second-generation unit,

manufactured by Aethera Technologies Limited, replaces the first generation PPU, delivered by Nautel Limited, in
operation since 2007. The technology has been extremely reliable and robust. The second generation PPU is a 55 kg,
magnetically shielded, cylindrical structure 97.2 cm in length by 25.5 cm in diameter. Its maximum input power is
120 kW, returning 98.3% of that power as regulated RF power at a central frequency of 500 kHz. Figure 8 shows the
PPU, mounted on a support frame bolted inside the vacuum chamber.

Figure 8. 2nd stage PPU, mounted on a support frame bolted inside the vacuum chamber
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Full power vacuum testing of the 2nd stage PPU was completed on January 20, 2020. The PPU operated in thermal
steady state for approximately 4 hours, powering an actively cooled 50-ohm commercial dummy load installed in the
laboratory. Figure 9 shows the test set up and Figure 10 shows the full test data.

Figure 9. The 2nd stage RF PPU mounted inside the vacuum chamber (lower right) receives
400 VDC power (blue) from an external DC power supply and delivers RF power (green)
to a water-cooled dummy load through a standard 50 ohm laboratory transmission line.

Figure 10. The PPU full power test data in vacuum shows the RF ramp to full power, followed by
four hours of full power operation in thermal steady state. The magnetic field of the engine was
linearly energized to full field starting just before 15:30 and reached full field at ~17:00. The field
was kept at full value for ~30 min with no significant effect on the PPU operation.
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Upon completion of the test, the PPU was fully integrated into the VX-200SS™ system and has been providing
reliable 2nd stage RF power for over two years with no failures. The unit supported the high-power endurance test
completed on July 16, 2021.
A similar unit for the 1st stage is in manufacturing and is anticipated to transition to TRL-5 and support the VX200SS™ system operation without significant issues, as its solid-state architecture is fundamentally the same as that
of the 2nd stage. While this manufacturing reaches completion in the next 12 months, the 1st stage will continue to
receive reliable power from the 1st generation 50 kW, Nautel TRL-4 PPU, operating in the laboratory environment.
The operational efficiency of that PPU is approximately 95%.

VII. VX-200SS High Power Endurance Tests
The Covid-19 pandemic, which began in early 2020, had an impact in the timely accomplishment of experiments
at Ad Astra; nonetheless, experimental campaigns 13 and 14, from December 2020 to July 2021 produced the most
progress at high-power. The first one in December of 2020 included two sustained firings of the VX-200SS™ system
for 1.6 hours at 70 kW and 4 hours at 60 kW on December 3 and December 9 respectively (Figures 11 and 12).

Figure 11. Temperature data during a 1.6-hour run at 70 kW on December 3, 2020, shows the system
achieving thermal steady state in ~30 min after run initiation. The coolant Delta-T stays within a twodegree C band over more than one hour. Note that the thermal inertia of the thermal management system
makes it relatively insensitive to the variation in the laboratory chilled water temperature.

Figure 12. Temperature data during a 4-hour run at 60 kW on December 9, 2020, shows the system
achieving thermal steady state in ~30 min after run initiation. Despite the cyclic variation of the
laboratory chilled water, the coolant Delta-T stays within a two-degree C band over several hours.
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During Campaign 14, in the summer of 2021, the VX-200SS™ rocket core was fitted with infrared (IR) pyrometers
capable of looking directly at the plasma-facing components and provide a direct measurement of their thermal
environment during operations. The locations of these sensors are indicated in Figure 1. Two steady-state highpower firings of the engine were conducted on June 23 and June 30 for 10.5 hours at 70 kW, and 28 hours at 82 kW
respectively. The latter one was terminated on purpose at midnight on June 30 as the NASA NextSTEP contract
officially ended. Figures 13 and 14 show the IR data for these two firings.

Figure 13. Temperature data of plasma-facing components of the VX-200SS™ during a high-power
firing on June 24, 2021, for 10.5 hours at 70 kW

Figure 14. Temperature data of plasma-facing components of the VX-200SS™ during a high-power
firing on June 29-30, 2021, for 28 hours at 82.5 kW
Sporadic transients in the RF circuit can be seen at the highest power levels achieved in thermal steady state.
These transients caused the control algorithm to momentarily disable the 2nd stage PPU output. The 1st stage PPU
was unaffected and, in all cases the 2nd stage restarted within 500 milliseconds without extinguishing the plasma
discharge. These transients are being investigated in further testing. Preliminary observations point to potentially
localized over-temperature conditions in portions of the second stage assembly not receiving adequate cooling. To
correct this problem, significant improvements in the second stage thermal management design are being
implemented. Testing of these new design modifications is ongoing.
On July 16, 2021, on its longest and most recent test to date, the VX-200SS™ prototype completed 88 hours of
continuous operation at 80 kW in thermal steady state. Long duration tests at higher power are planned this year as
the VASIMR® team continues to improve the design with private and NASA funds. The results of the 88-hour
endurance test are shown in Figure 15. These data exhibit the same sporadic transient behavior shown in Figure 14.
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Figure 15. Temperature data of plasma-facing components of the VX-200SS™ during a high-power
firing on July 12-16, 2021, for 88 hours at 80. kW

VIII. Conclusions
Between the years 2010 and 2013, the VASIMR® VX-200™ laboratory prototype produced a large body of
performance data, completing more than 10,000 high-power pulses of 1-2 minutes in duration, at up to 200
kW operating with limited active cooling1-3. These tests established the engine’s peer-reviewed high-power
performance benchmark: specific impulse – 4900 s, thruster efficiency – 70% at 200 kW with argon.
In 2017, a modified version of this thruster, called the VX-200SS™ was designed and built to characterize
and develop thermal management strategies and solutions and to demonstrate thermal steady-state operation of the
engine in a relevant (vacuum) environment. This objective was accomplished, at power levels of up to 80 kW, in
experiments conducted at Ad Astra’s vacuum test facility in Webster, TX., between 2020 and 2021.
Also, during this period, a new generation, 120 kW, 2nd stage TRL-5 RF PPU was designed, built, and integrated
into the VX-200SS™ system. The new PPU demonstrated thermal steady state operation at full power in the
vacuum environment. With a measured efficiency of 98.3%, the 55.5 kg, magnetically shielded unit is now fully
operational and providing reliable RF power to the VX-200SS™ system since 2020.
The VX-200™ and VX-200SS™ systems have provided excellent test beds for implementing changes in the
VASIMR® design, driven by lessons-learned over several years of disciplined and systematic testing. This process
has been fruitful and has provided a cost-effective proof of concept for the thermal management of the engine at high
power. The next company target is to reach thermal steady state at 100 kW. VASIMR® prototypes have now
demonstrated high efficiencies and significant endurance at high power in the laboratory. The technology can
potentially open a new scale of power for electric propulsion. The ongoing technology maturation program aims to
overcome critical design challenges and enable the design of a flight demonstration.

IX. References
1
2
3

4

5

Arefief, A., and Breizman, B.; Magnetohydrodynamic Scenario of Plasma Detachment in a Magnetic
Nozzle; Physics of Plasmas 12, 043504 (2005).
Tushentnov, M.; Numerical Modeling of Plasma Detachment in a Magnetic Nozzle. PhD Thesis,
University of Texas at Austin, December, 2010.
Christopher S. Olsen; Experimental Characterization of Plasma Detachment from Magnetic Nozzles;
PhD. Thesis, Rice University, 2013.
Longmier, B. W., et. al.; “Improved Efficiency and Throttling Range of the VX-200 Magnetoplasma
Thruster,” Journal of Propulsion and Power, Vol. 30, No. 1, 2014, pp. 123-132. doi: 10.2514/1.B34801
Schierholz, S., “NASA Announces New Partnerships with U.S. Industry for Key Deep-Space
Capabilities,” NASA Press Release 15-054, 30 March 2015.

10

10

