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ABSTRACT 

 
In 1999, Dr. Robert Zubrin and Andrew Martin presented “NIAC Study of the Magnetic Sail” [1] to 
NASA, based upon the 1990 work “Magnetic Sails and Interstellar Travel” [2] by Dr. Zubrin and Dana  
Andrews, published in the Journal of The British Interplanetary Society. Some elements of the design 
have made it difficult to implement, such as large radius and superconducting cable weights. 
 
Many related designs are now being tested, most notably solar light sails and electric sails, which rely 
upon the solar wind. Further information about the solar wind, magnetosphere, and heliosphere of 
significant importance has become available only in the last few years. We now know that over one 
million amps of electric power is available daily, either on the daylight meridian, or the midnight 
meridian of Earth, and that coiled streams of over a billion amps flow outward from the Sun into 
interstellar space, putting the potential of the questions Dr. Zubrin raised almost thirty years ago back 
into stark prominence. 
 
The SharkFin Magnetic Sail combines this information with the Lorentz Force law, Faraday's law, and 
Lenz's law to harvest propulsive force and electrical charge from large scale electromagnetic fields 
such as the Magnetosphere, Heliosphere, or Interstellar Magnetic Field (ISMF). Advances in 
superconducting cable design, including a self-insulating cable patented by Dark Sea Industries (patent 
pending), allows combining the benefits of electric/magnetic sails with advances in low voltage high 
current carrying capacity superconducting cables to provide a system which provides both power and 
propulsion to the spacecraft. The synthetic magnetosphere which envelopes the craft can also help slay 
a famous dragon, by eliminating exposure to charged radiation, leaving only neutral radiation to be 
absorbed by a shield (such as water ice). Magnetic sails are thus seen as the power/propulsion system 
of choice for interplanetary spacecraft. 
 
The Original Vision 
The paper cited in [2] was originally presented to the 39th IAF Congress in Bangalore, October 1988, 
describing a spacecraft 200km in diameter. Later versions have used smaller diameters, but the basic 
design still requires the accumulation of potential over a large area due to the assumed small 
permeability of open space (1.26x10-6 H/m) and low accessible energy density. Extensive experimental 
work on the design using scale models have been supported over the years by JAXA (the Japan 
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Aerospace Exploration Agency) led by Ikkoh Funaki and different teams of collaborators [3], where 
the fundamentals of the Zubrin design are shown in Figure 1. 
 
 
The Modified Vision 
The following two decades have seen laboratory scale experiments which have validated the 
fundamentals of the design [3], but the trend has been to make the sails smaller, yet more efficient by 
the injection [4] or generation [5] of plasma to be contained in the synthetic magnetosphere of the sail, 
as shown in Figure 2 and Figure 3. Funaki’s (et al’s) solution is more like Zubrin’s, but Slough’s is 
more elegant and scale-able [6] in the opinion of the author. Later tests by Funaki (et al) show more 
than 4x improvement in thrust over the non-augmented design [7]. 
 
Pekka Janhunen of the Finnish Meteorological Institute created an alternative vision, for an Electric 
Sail (or e-sail), which creates a web of high voltage wires for the Solar Wind to push against, as shown 
in Figure 4. NASA NIAC calls the technology the Heliopause Electrostatic Rapid Transit System 
(HERTS), although the technology would work in the ionosphere, magnetosphere, or heliosphere as 
well. The name HERTZis justified because tit is likely the best propulsion system to reach 
heliopause[8]. Of all the systems discussed so far, only the e-sail has been tested in space. 

 “An attempt was made to test the working principles of the electric sail in low Earth orbit 
by Estonian nanosatellite ESTCube-1 (2013-2015), but the piezoelectric motor failed to 
turn the reel. In subsequent ground-based testing, a likely reason for the failure was found 
in a slipring contact which was likely physically damaged by launch vibration. With the 
expected launch time of May 2016, the Finnish Aalto-1 nanosatellite will test the electric 
sail.” [9] (The Aalto-1 is now scheduled to be launched on an India PSLV rocket in 2017.) 

What We Have Learned 
The Magnetosphere provides Earth with magnificent protection, but it is not very useful as an energy 
source at the Earth’s surface. As we rise out of the atmosphere and into the ionosphere [10] the 
combination of ionization and magnetization manifests as the Aurora Borealis and Aurora Australis. A 
comparison between the atmosphere and ionosphere is shown in Figure 5. This is where high currents 
(100,000 to 1+ Million Amps), known as the Birkeland and Pederson currents [11], flow at the 
midnight and mid-day meridians, as shown in Figure 6. Voltage averages down around 40mV, with 
potentials of ~10KV across the polar cap, and 50 to 70KV for southward interplanetary magnetic field 
(IMF). A schematic diagram of the Earth’s magnetosphere [12] is shown in Figure 7. Incessantly 
battering the magnetosphere is the solar wind [13] (see Figure 7a), which varies from 300Km/s to 
800Km/s depending upon angle from the peak intensity of the monthly cycle, used as the propulsion 
mechanism for all of the variations of magnetic, plasma, and electric sails. The speed of the solar wind 
also varies by solar latitude, ranging from 300Km/s to 400Km/s near the equatorial plane, up to 
750Km/s to 800Km/s near the poles [14], or during the maximum of the Sun’s 27 day cycle (see Figure 
7b). But there is a force, frequently overlooked, lurking in the magnetosphere and heliosphere which is 
essential as the propulsion mechanism for all the magnetic, plasma, or electric sails. 
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We look at the sun through prejudiced eyes which see light and do not see magnetic fields. So we think 
of the Solar Wind and ignore the Heliospheric current sheet, even though it would make our path to 
Mars (and elsewhere) much easier. Figure 8 shows a MHD flux rope [15] in a prototype hybrid 
chemical-ion propulsion system, the physical embodiment of the Lorentz Force Law. Here the ionized 
flow is moving through a magnetic field, just as the solar wind does. The electromagnetic force on a 
particle with charge q moving with a velocity v is  
F = q (E + v � B), 
where E and B represent the electric and magnetic fields (perpendicular to each other). The action of 
the magnetic field on the moving particle is what causes the observed spiral trajectory. And, while the 
visible-light component of the solar radiation is, well, visible, an invisible but very useful fraction of 
the total energy generated by the sun is dissipated by the solar wind of charged particles moving at 
velocities between 250 and 750 km/s in the inner solar system [16], producing a pressure on the order 
of 5 nPa at Earth orbit. Problem is when you look at this in a glass tube, you can’t see it, because it is 
only visible in the UV spectrum. Most of the flux ropes in our lab aren’t quite so symmetrical, and you 
can imagine the ones in free space are even more varied. But what we cannot deny is that they carry the 
majority of the charge of the Sun [17], as shown in Figure 8a. The heliospheric current circuit [18] is 
shown in Figure 9, showing our solar system has an electromagnetic connection to other surrounding 
systems. The Heliospheric current sheet [19] is shown in Figure 10, which like a “ballerina skirt” twirls 
through the solar system. The sheet is important because it takes time, even at the 300 to 800km/s 
speeds of the Solar Wind to get out to Jupiter and beyond, and the path gets bent because the Sun 
rotates (once every ~27 days). We know from data collected over the last 11 year solar cycle that the 
heliosphere is almost spherical [20], connected to the Inter-Stellar Magnetic Field (ISMF) by the Inter-
Stellar Flow, even though in profile, it looks similar to our Magnetosphere in the Solar Wind, as shown 
by Figure 11. A dynamic view from the IBEX and Voyager data [21] of the heliospheric current sheet 
is shown in Figure 12. So we see that anywhere we want to go within the solar system, the heliosphere 
can help get us there. Add in the magnetospheres of the planets (such as Mercury, Earth, Jupiter, 
Saturn, Uranus and Neptune) which can provide a boost, and the solar system practically becomes an 
open playground. 
 
What We Can Now Do 
If we look at the interaction of a standard Magnetic Sail design with the field lines and electric current, 
we can view the non-plasma enhanced versions as a disc magnet, as shown in Figure 13. We can 
stretch out the disc into a coil, making an equivalent structure known as a solenoid [22], as shown in 
Figure 14. This gives us more control, using the number of turns, the length, and the diameter to vary 
the intensity of the field. When we were collecting very diffuse solar wind, we needed a very large area 
to get enough to produce thrust, and turning it into a 3-D volume doesn’t help that one bit, so it seems 
counter-intuitive. But when you realize that the goal is producing electromotive force from a very high 
powered flux rope (3x109 amps x 10v = 30 billion watts) surviving the experience on a small scale 
(such as a spacecraft) is a sufficient victory.  
 
Likewise, Magnetic Sails have a terrible problem that is rarely discussed (turned into an advantage by 
Dr. Zubrin’s intellect) – they accelerate out of a solar system and only decelerate coming into a solar 
system. With a much smaller solenoid, you can perform both acceleration and deceleration, providing 
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you compensate for the twisting moment. When you have a magnetized source, say “S”, then the 
natural field to match that is “N”. If you try to match it with “S”, there is a force (the twisting moment) 
that tries to flip the craft to the “N”. If you construct outriggers with small “N” fields, you can use their 
leverage to compensate for the twisting moment, while using the “S”-”S” opposition to reduce the 
velocity of the craft. This leads to a craft similar to the one shown in Figure 15, where the 
superconductive coils are buried in the skin of the craft (exposed here to see their locations), The “fuel 
tanks” could instead be the location of the opposition “outrigger” field coils. The tail coils could be 
used as “outrigger” coils also, providing triangulation for greater stability. We note that experimental 
verification of this technique has not yet been attempted, and there are sound reasons to suspect it may 
not work. This rough concept needs further evaluation – first, to make sure it is physically feasible and 
does not violate any conservation laws. 
 
Both Funaki [3][4] and Slough [5][6] have pointed out that by forming a synthetic magnetosphere, both 
magnetic mail and plasma sail designs inherently provide protection against charged radiation, as 
shown in Figure 16. Work has been done internationally to model the protection provided by various 
configurations [23], although without any attempt at modeling the propulsion or other effects of such 
designs. We showed last year how to apply this technology to protecting habitats, whether spacecraft, 
stations, or bases [24]. 
 
One important secondary effect is the consequence of moving a coil through a plasma (a MHD 
generator) [25], which can produce energy densities as high as 100MW per meter. In essence, the use 
of field coils in the body of a spacecraft allows the heliosphere (or magnetosphere) to be used as the 
power source for a direct drive MHD motor, or to be used as a direct extraction MHD generator (by 
Faraday’s Law and Lenz’s Law) [26]. the scale of spacecraft which can benefit from such techniques is 
quite small, as shown in Figure 17. Regardless of whether being used in a cubesat or small spacecraft, 
one coil (or set of coil segments) drives the craft, while the other coil (or set of coil segments) harvests 
power from the magnetic field and electric field flow. Larger craft can turn coils on and off, change 
their polarity, and with even more elaborate switching circuitry, allocate different proportions of coils 
to propulsion and power generation. We have already seen that in flux ropes of the Heliosphere energy 
potentials of 30 Gigawatts are waiting to be tapped. Conversion efficiencies as high as 37% have been 
obtained in MHD systems on Earth. Even if conversion efficiency slips to 30%, that’s still 9 Gigawatts 
of power (which could require a 90 meter long craft). Six years ago, Dr. Zubrin pointed out there was 
no good system for high power generation in space with a decent thrust to weight ratio [27]. So 
regardless of the potential power generation being equivalent – or even superior – to nuclear reactors, 
mass required cannot be evaded as an issue. 
 
Our design (patent pending) uses modern day superconductive wire, wrapped in an aerogel envelope, 
with a liquid coolant to provide thermal mass to keep the average temperature low, and an active 
conductive cryocooler to cool the coil down to operating temperature, as shown in Figure 18. Using 
liquid nitrogen, and one turn for every 10cm, a B field of 5 Tesla results, but the wire can only handle 
2000 Amps. To get to 100,000 Amps, 50 strands of wire are required. The nice thing is that voltage is 
essentially a free variable here (up to the limits of the wire), so 100v provides a 10MW power supply 
and 1000V provides a 100MW power supply. Using an estimated weight of 1.2kg/m, 50 strands would 
be 60 kg/m, so a 6m cube at 10 cm spacing would be 4x60x60kg (leaving two faces uncovered, for a 
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total weight of 14,000 kg. Super-capacitors and regulator electronics would total another 14,000 kg, for 
a total weight of 28,000 kg. This yields a kw/kg ratio of 3.57, easily 10 to 100 times better than nuclear 
power (due to lack of shielding and fuel). Note this is a dual redundant 100MW power supply versus a 
non-redundant nuclear supply. 
 
How We Could Do It 
Figure 17 ( in the lower left corner) shows a cubesat wrapped with an external set of coils. Using the 
well known Electromotive Force (or EMF) formula, a “slow” solar wind velocity of 350Km/s (v), a 
“B” field of 50.26 Gauss at 20 amps, over a length (L) of 30cm, provides a potential energy of vBL= 
527j. For a 10kg cubesat, this would result in a 52G acceleration, but that could be reduced to 5G just 
by charging the driver coil to 2 amps. The equivalent 20cm power coil at 20 amps would provide a 
continuous power output of vBL= 351j at 30% efficiency, or 70 watts at 5 volts.  
 
Figure 19 shows a spacecraft derived from the Lockheed F-104G, where the field coils are deployed, 
and the right twisting moment coil is active. This allows the craft to turn without having to use 
thrusters. With both twisting moment coils active, (and perhaps the tail coil) the craft can reverse it’s 
field to slow down. The charging coils in the body near the tail can power an NSTAR type ion thruster. 
With a total length to the wing back edge of 12.5m (at 3 turns per meter), the 2000A “B” field of 
50,265 Gauss, provides a potential energy of vBL = 6.5 Mj. For a 42,000kg nominal weight, that 
results in a 157G acceleration. Were the spacecraft to be in the fast solar wind, this would increase to 
14 Mj, which would result in a 337G acceleration. The power coil (in “slow” solar wind) has a length 
of 4.1m which provides an output of vBL= 2.1 Mj at 30% efficiency, or 649Kw.  
 
Figure 20 shows a spacecraft derived from the Lockheed X-33 variant called “BigStar”, which has six 
ion thrusters powered by the aft coils. Such a craft should be able to take off from bases located on the 
Moon or on Mars, and if empty, perhaps even from Earth, although it’s true purpose is as a Cycler, 
moving from Station to Station in the emptiness of space. With a driver coil length of 43m, and a 
charger coil length of 20m, propulsion potential is 75 Mj, and charging potential is 35 Mj, or 10 Mw. 
At 447,700kg of takeoff weight, this results in an acceleration of 169G’s. 
 
Yet every single one of these configurations has a fatal flaw. While the coils and cables required are 
within reach of our current technology, at the higher end (especially on the power side) even that may 
not be true. But that isn’t the flaw. The flaw goes back to that 30,000 ISP, which for our poor little 
cubesat, is the equivalent of 50+G’s of acceleration. Most structures known to man typically fail 
catastrophically at high G’s, and humans typically fail catastrophically around 50G (not a problem for 
our cubesat). As shown above the easier result is to we bring the acceleration down to a manageable 
5G’s by simply charging the driver coil to a lower value, or 2.5G by dropping it to 1 amp, or 1.25G by 
dropping it to 0.5 amp, etc. So lower “B” field strengths (from lower amperage and lower turns per 
meter) help, as does higher mass. But there is another flaw that can only be determined experimentally. 
 
Plasma density is the reason all other magnetic sails are so large. Plasma density in the heliosphere is 
both a time varying and spatially varying phenomena, reaching a maximum every ~27 days. The 
equation for Motional EMF provides us no guidance so long as the density is non-zero. It could be that 
density peaks with higher velocity, although the data (other than at maximum tide) does not show that. 



Copyright © 2017 by Dark Sea Industries LLC 
Published by The Mars Society with permission 

- 6 - 

It could be 33% to 100% of the typical value. This demands a system where you can turn coils on and 
off, charging them to whatever values your spacecraft is currently experiencing, even dividing the coils 
into segments. Since coil amperage values easily vary from 0.5 amp to 2000 amps, a dial with 4000 
steps should be able to adjust. 
 
So revisiting the Figure 17 cubesat, with a B field of 1.25 Gauss at 0.5 amp, using a single turn coil, 
drops the output to 10j, 52x less. Now our (6U+shell) cubesat only needs to weigh 10 Kg to limit the 
acceleration to 1G, but power is reduced to 7W. Our Figure 19 F-104G, with a launch weight of 
14,000Kg plus 28,000Kg in three turn per meter coils, super-capacitors, and other support equipment, 
weighs in at 42,000 Kg. With a B field of 96.5 Gauss at 12.8 amps, it now produces 42 Kj, and 
acceleration is limited to 2.14 G’s in the event of encountering 750Km/s “gusts”. Our Figure 20 
“BigStar” variant uses a “B” field produced by a 12 amp coil charge, yielding 454Kj, limiting the 
acceleration to a range between 1.01 and 2.14 G’s. Using Force / Mass = Acceleration, we can adjust 
the mass of our vehicle to use a tolerable range of acceleration for whatever payload the ship will carry, 
lower for people, higher for robotic cargo ships, simply by adjusting the amperage with which we 
charge the coils. For higher solar wind speeds, we can simply reduce the amperage to provide a 
“comfortable” level of g-force. 
 
The important point about the acceleration is that it is continuous. For our purposes, we will set 
“nominal 1G acceleration” to be 10m per second per second, so 1 minute is 600m per second per 
second and 1 hour is 36Km per second per second. One day is 864Km per second per second. The 
average distance to the Moon is 385,000Km. So we can see that a trip to the Moon will take less than a 
day, from Earth orbit at 18,000mph (28968kph), since 1G acceleration is 129600kph. At conjunction, 
Mars is 54.6Mkm, which with 1G acceleration (and deceleration) is roughly 60 hours, or 2.5 days. 
With Mars and Earth about as far apart as they can get, on opposite sides of the Sun, Mars is 401Mkm, 
which is roughly 160 hours, or a little under a week. Mars, and the rest of the solar system gets much 
more convenient to reach. Given that the solar wind varies from 150 Km/s to over 800 Km/s, the ability 
to make spacecraft four times heavier while simply varying the amperage to the coils provides 
additional flexibility. For cyclers, the additional mass may be attached as external pods, which may be 
easily detached in emergencies. Weaker magnetic fields provide less radiation protection, so higher 
masses and higher field strengths are encouraged. The choice of cyclers and magnetic sails almost by 
definition requires cargo carrying as well. 
 
Regardless of which design we choose to use, we have a constraint raised by the technology – the path 
the spacecraft is limited to the magnetic field lines while the coils are powered. Technically, there are 
some vectoring techniques (like tacking in a sailboat) that could be used, with increasing risk of the 
twisting moment performing a 3,000 G turn. So how do we get to Mars, other than at opposition, when 
the line from the Sun goes directly through the Earth and Mars? Figure 21 shows the answer, where we 
follow the magnetic field lines TOWARDS the Sun as we build up speed, then course correct towards 
the magnetic field lines AWAY from the Sun to Mars, build up some more speed, then decelerate into 
Mars orbit. 
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Conclusion 
The SharkFin magnetic sail is a revolutionary advance in deep space propulsion. In one sense, it is a 
solar powered power system and solar powered propulsion system, at very high rates of speed, and very 
high levels of power. It has a comparatively low mass implementation with no fuel requirement (other 
than for coil charging), since it harvests velocity directly from the solar wind (or a magnetosphere), 
without the huge coils and deployment complications of traditional magsail/plasmasail designs. It is 
perfectly suited to be one of the propulsion systems aboard an Aldrin Cycler type craft. It uses a 
different style of navigation, with more indirect routes than traditional direct thrust paths, but given the 
other benefits (and given the higher speed, shorter times to target) it will come to dominate deep space 
propulsion in the years ahead. 
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Figure 1: Funaki's diagram of Zubrin's Magnetic Sail (from [3]) 

 
Figure 2: MagnetoPlasmaSail from Funaki et.al. (from [4]) 
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Figure 3: Plasma Magnet Sail (from [6]) 

 
Figure 4: Electric sail (from [8]) 
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Figure 5: Atmosphere .vs. Ionosphere (from [10]) 
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Figure 6: Birkeland and Pederson Currents (from [11]) 
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Figure 7: Earth's Magnetosphere (from [12]) 

Figure 7a: NOAA Solar Wind (from STEREO A and B) 
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Figure 7b: Solar Wind Speed by Solar Latitude 
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Figure 8: MHD plasma self organized flux rope (from [15]) 

Figure 8a: Interplanetary Magnetic Field and Magnetosphere 
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Figure 9: The Heliospheric current 
circuit (from [18]) 
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Figure 10: The Heliospheric current sheet out to Jupiter (from [19]) 
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Figure 11: The Heliosphere and Inter-Stellar Magnetic Field (from [20]) 

 
Figure 12: New Horizons Heliospheric current sheet 



Copyright © 2017 by Dark Sea Industries LLC 
Published by The Mars Society with permission 

- 18 - 

 

 
Figure 13: Loop/Disc Magnet in electric field (source unknown) 
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Figure 14: Magnetic Sail as a Solenoid (from [22]) 
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Figure 15: F-104G with embedded SharkFin coils 
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Figure 16: Schematic of Plasma Flow around Magnetic Sail (from [3]) 
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Figure 17: Driver/Charger implementation of SharkFin Magnetic Sail 
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Figure 18: Self Insulated Superconductive Cable 
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Figure 19: F-104 with SharkFin sail deployed and right twisting moment coil active 
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Figure 20: X33 "BigStar" variant in low Mars orbit 
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Figure 21:  Parabolic Course from Earth to Mars 
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