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ABSTRACT

The magnetic sall, or magsail, is a field effect device which interacts with the ambient solar wind or
interstellar medium over a considerable volurme of space to generate drag and lift forces. Tw:o theories
describing the method of thrust generation are anaiyzed and data results presented. The techniques
for maintaining superconductor tempe:atures in interplayietary spa:e are analyzed and low risk options
presented. Comparisons are presented showing mission performance differeiices between currently
proposed spacecraft utilizing conventional cheraical and electric propulsion systems, and a Magsail
propelied Spacecratt capable of generating an average thrusi of 250 Newtons at a radius of one A.U.
The magsall also provides unique capabilities for interstellar missions, in that ot ielativistic speeds the
magne tic Vleld would ionize and deflect the intarstellar mediurn producing a large drag force. This
would make it an ideal brake for decelerating a spacecraft from relativistic speeds and then
maneuvering within the target star system.

INTRODUCTION

The magnetic sail, or Magsalil, is a device which can be used to accelerate or decelerate = spacecraft by
using a magnetic field to accelerate/defiect the plasia naturally found in the solar winc and intersteliar
medium. lts principle of oparation is as foliows: A loop of superconducting cable hundreds of
kilometers in diameter is stored cn a drum attached to a payload spacecraft. When the time comes for
operation the cable is played out inte space and a current is initiated in the loop. This current cnce
iniiated, wili be maintained indefinitely in the superconductor without further power. The magnetic
field created by the current will irpart a hoop stress io the loop aiding the deployment anc eventuaily
forcing it to a vigid circular shape. The loop operates at low field strengths, typically 10-6 Tesla, so little
structural strengthering is required.Two diffarent configurations were examined as shown in figure 1.
in the axial contiguration (fig. 1a), the axis of the dipole is soimewhat aligned with the direction of flight.
In the normal configuration (fig. 1b) ihe axis of the dipole is normal (o7 perpandicuiar) to the girection of
flight. Three pravicus papers by the same authors (references 1,2 &3) have discussed the Magsail's
principles of operation and its applications for inisrstellar and planetary missions. This paper wiil show
additional data generated this year and incorporate various technology advancements made since the
last paper. A general description of the principles of operation follows:

The Magsail as currently conceived depends on operating the superconducting loop at high current
densities at ambient temperatures. In interstellar space ambient is 2.7 degrees Kelvin where current
low temperaturesuperconductors NbTi and Nb3Sn have critical currents cf about 1.0x1010 and
2.0x1010 Amps/m? respectively. In interplanetary space, where ambient temperatures are above the
critical temperatures of low tempeiature suparconductors, these materials would require expensive
retrigeration. However, the new high temperature ceramic superconductors such as YBagCuzOy have
demonstrated enormous critical currents in samples at temperatures maintainable in interplanetary
space using simple iadiative thermal rantrol concepts (ie. 70-9C degrees K). Assuming this
performance will someday be available in bulk cable we have chosen to parametarize the problem by
assurning a near term high temparature superconductor with a critical current of 1010 amp/m2, and an
advanced technology superconductor with a critical current of 1011 amps/m2- Because the magnets
are only operating in an ambient environment below their critical tempgcrature no substrate materiai
beyond thai required ior mechanical support was assumed. Assuming a fixed magnet density of 5000
kq'm3(copper-oxide), our magnets have current to mass density ratios (/p) of 2x106 and 2x107 amp-
kg for the near term and advanced cases, respectively.
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The equatior: for supercc-ductor mass as a function of radius, peak fleld sirength,ard current de sity

ratio was found t¢ be:

Mac=4(10) Bm R/ #p ) (1)

where wo Is the permitivity of free space, Bm = maximum field strength in center of loop, Rm = loop
radius anc /p= maximum allowable current density to mass ratio.
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Figure 1b. Norma! Magsail Contiguration
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In operation charged particles entering the tield are deflected according to the B-field they experience,
thus imparting momentum to the loop. If a net plasma wind, such as the solar wind, exsists relative to
ie spaceciafi, the Magsai! rcop will always create drag, and thus accelerate the spacecraft in the
direction of the relative wind. The solar wind in the vicinity of earth is a flux of several million protons and
elsc.ions per cubic meter at a velocity of 300 to 600 kmvsec. This can be used to accelerate a
spacecraft radially away from the sun and the maximum speed available would approximate thai of ihe
solar wind itself. While inadequate for interstellar missions these velocities are certainly more than
adequate for interplanetary missions.

When the dipole field is inclined to the wind vector the magsail also generaies a force perpendicular to
the wind (i.e. lift). While not crucial for interstellar applications, lift greatly enhances the usefulness of
the Magsail for interplanetary operations. Additional interplanetary maneuvering capability could be
attained by using gravitational swingbys of the major planets.  The second application, and the one
which will receive the majority of our attention in this paper, is as a brake for ar interstellar spacacraft
travelling at fractions of the speed of ight. The rapidly meving magnetic field of the Magsai! ionizes the
interstellar medium and then deflects the resulting plasma, creating drag which decelerates the
spacecraft. The ability to slow down spacecraft from intersteliar to interplanetary velocities without the
expenditure of rocket propellant resuits in a dramatic lowering of the total mission mass, as we shall
show in the detailed systems performance trades presented below.

There are two ways in which the Magsail physically interacts with the surrounding plasma. At very low
particle densities we would expect a Particle interaction, where each particle interacts separately with
the fieid of the magnetic dipole. In this case, we calculate the lift and drag generated by the current
loop by summing the momentum changes over all incoming particles.

For the particle flows characteristic of the sclar wind in Earth's vicinity and for the large currert loops
where the dipole magnetic field dominates the local magnetic fieid beyond several proton ¢yration
radii, we would expect a fluid interaction, where the solar wind interacts with the Magsait field gs a
magnetchydrodynamic tluid, in the same manner as it interacts with the earths' magnetic field. In this
case, we can calculate Magsail lift and drag using aercdynamic approximations developed to explain
the shape of earth's magnetosphere. We will discuss the mechanism for thrust generation and its
impact on interpianeiary orbiia! miechanice only briefly in this paper. For details on the orbital
trajectories of a Magsail propelled vehicle using with the solar wind, see refererces 2 &3.

Particle Interaction

For the particie interaction, & cemputer code, TRACE, was written which follows the trajectory of
individual charged particics as they interact with the magnetic field generated by the current loop, and a
series of computer experiments were conducted testing the final disposition of particles fired into the
magnetic tield with various wind velocities and starting positions A random thermal velocity
perpendicular to the wind velocity was included to accurately model proton reflection characteristics.
Summing the momentum changes of individual protons as they iiaversed various regions of the
magnetic field allows the total impact of the field on the oncoming solar wind to be calculated. The total
changes in momentum would be experienced as drag and lift on the current loop.

As & test case, we have integratad the change in proton momentums in the radial and orbital directions
for a example magsail loop in the normal cortiguration (fig. 1b) with a Magnetic Dipole Moment (MpMm) of

1.63x10S amp-turns-m2 . The initial integration was over a square intercept area 40 loop radii on a side
using the TRACE program. This was then extended to an area more than 200 loop: radii on a side using
statistical sampling and emperical equations derived through curve fitting, and showed that the

average change i radial momentum summed over the entire area, Ao, {Ag=10"4m2) was:
AVp
Ao~ = -0.00237 Ag (2)
Vro \

Therefore the radial force, Fr , can be represented as:

. AV,
Fr =po Vro© AOV;; (3)




AV
Which becomes Fr = 2q on;j = 264.5 Newtons for a quiet sun solar wind at one AU. For this study,

we have assumed that a quiet sun solar wind at one AU has q = 5x10-10 N/m2( q = % po Vro2 ), that an
average solar wind has q = 1.0x10"9 N/m2, and that a high solar wind has q = 2.0x10"9 N/m2. These

ai's approximations based on publisiied Mariner 2 daia.
The average change in velc.uy in the orbital plane(zero average particle velocity before encountering
the magnstic field) summed over the same area is:

AV
Ao T,f = +72.4 Rm?2 (4)

Therefore, the minimum tangsntial force ,Fi, can represented as:
AV,
Ft=2 = 74.1 Newtons 5
t quV——r 5 (5)

and the Magsail produces a lift to drag ratio of 0.28. The generation of significant ift is an important
result, and as we show below , is in contrast to the fluid interaction case.

Fluld Interaction

In the fluid interaction case, the forces on the current loop are modeled from the measured
imeraction of the solar wind with the earth's magnetic field, with corrections for scale based on known
physical principles.

The solar wind is a centinuous hydrodynamic expansion of the solar corona out through the solar
system. The nature of this expansion is such that the plasma achieves very high velocities (Vo ~ 500
kmv/sec) within the first one tenth astronomical unit and then the velocity increases very slowly with
radius (ie. V ~ Vo(In R)1/2), where R is the radius from the center of the sun (reference 4). The hot
coronal plasma had very high electrical conductivity and, as such a fluid expands, the magnetic field
iings are "frozen-in". This "frozen-in" magnetic field causes the solar wind to behave as a fluid even
when its density is 55 low that the mean free length betweer collisions is several Astronomical Units!

The fluid interaction process between the solar wind and Earths magnetic field is shown
schematically in figure 2 from reference 5.
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Figure 2 Schematic of the Earth's Magnetosphere

The magnetosphere represents the boundary between the perfectly conducting plasma in the solar
wind and the compressed dipole magnetic field. The pressure, p, on a unit surface area of the
magnetosphere is determined by the balance between the dynamic pressure from Newtonian flow
aerodynamics, and the magnetic pressure from the magnetic field. This can be repesented as:
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where 8 is the angle betwecn the soiar wind vector and the normal to the unit surface area of the
magnetosphere. Note that o is the vacuum magnetic permitivity described eariier (Mo = 1.26x10°6
henry/meter), At this point the scolar wind has lost s velocity normal (o the field iines and oniy fiows
tangentially. In front of ¢his region a bow shock forms similar to the shock wave in front of a blunt body
in hypersonic flow. The region between the bow shock and the magnetosphere is calied the
magnetosheath. The magnetosheath is made up of higher density, thermalized solar wind, which is
deflected and accelerated as it flows around the magnetcr.ause region (again very similar to hypersonic
flow). Assuming the solar wind excludes the magnetic field by generating surface currents to create an
equal and opposite magnetic field at the boundary, we get a doubling of the magny..c field inside the
boundary from symmetry (reference 2). The magnetic field at any point for a dipole in a vacuum can be
written as:

B= LOMOM (5 oso p +sing a) (7)
43

where MppM , the magnetic dipole moment, is equal to the number of amp-turns of current times the
area of the current loop, r is the radius from the center of the current loop to the point in question, o is
the angle between r and the dipole =xis.  and ¢ are the corresponding spherical coordinate vectors.
Since the field strength at the magnetosphere boundary is twice that at the same point i a vacuum, we
can write an equality for the pressure at any point on the boundary surface:

BZ {2uoMpM)? 1 1
2qcos20 = = —— —(1+3c082 8
q 2o~ (4m2  Byo Bl +3005%0) ®)

which can be written:

00sB = ( % % 0.5 (9)

2
where M =%%Q§M_ and, G = 1+3C082¢
T

For calculating purposes, we define a new variable: RMQ = ( g— )0.16667 5o that:

r= RMQ ( G cos2g )0-16667 (10)

Note, that RMQ is the characteristic standoff distance between the loop center and the front surface
of the magnetosphere when ¢ = 90 degrees ( dipcle axis is normal to the flow).

A computer program , MAGSHAPE, has been written to numerically integrate Equation (10) in order to
determine the shape of the magnetosphere. A typical result is shown in figure 3. A variant of
MAGSHAPE, called MAGFORCE, which integrates the pressures over the entire magnetosphere
body of revolution has recently been completed. This enabled us to calculate the magsail drag, lift, and
moment coefficients based on equivalent Newtonian flow asrodynamics. The results, sumarized in
figure 4, are somewhat disappointing because the maximum magsail L/D is so low (about 0.05), but this
L/D is more than adequate for interstellar applications, and precludes very few interplanetary
applications. The only effect seen in Mars mission simulations using the reduced L/D was an increase
in flight times of around ten percent. The fuil impact of magsail aerodynamics on interptanetary
missions will be explored in a future paper ( AIAA Paper 90-2367 "Progress in Magnetic Sails").
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Figure 4. Magsall Aerodynamics
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radis with a "average” soler wind ,( q = 1.0x102 'm2)). This data, inciuded as figure 5, shows that the
rmagsail scales favorably with size. In effect, the drag Is increasing with current loop area while the mass
increases with loop perimeter. The "bare” magsail ior sach dipcle moment was sized for minimum mass
including the supsrconductor, structural reinforcement ( if required), and the Thermal Protection
System (TPS). When this data was crossplotted # was discovered that évery minimum mass loop had
57,700 amps of current circylating and all had a hoop force of 720 Newtons. These optimums are
determined by the j/p and lineal TPS masses assumed. improvements in technology, or limits on hoop
force to meet acceleratioil requirements, will shit the optimums, but a minimum mass magsail will have
the same currert and same hoop force regardless of size (dipole moment). This means only one type
of magsail cable must be developed and different lengths are used for different applications. This
should provide significant cost savings, design flexibility, and mission safety.

Note: |/rg = 2,000,000 amp-mvkg & Linea! Mass of TPS = 0.0288 kg/m
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Figura 5. Bare Magsall Perfcrmance
interstellar Magsall Misslons
This paper was airnad at the interstellar apnlications of magsails, which are further in the future, but a
better "fit" with magsail capabilities.The use of magsails to slow a laser lightsail propelied interstellar

exploration vehicle was introduced in reference 1. In that paper, the limits to laser lightsails were
diecussed and soine exarmple missions were presented. As a point of reference, the trip *ime for a

ong-way 1000 ton manned exploration mission to a star ten Iight{ve
1000 Terawatt laser with a beam divergence angle of 1.0x10-10
3035 tons, of which 1000 tons is payload, 1156 tons is a metalized
and 193 tons is a fusion pulse rocket and propellant to reduce th

ars away was 107 year< .. suming a
radians. The vehicle dry mass was
kapton lightsail, 667 tons is magsai,
e time spent in the doldrums. ( The

doldrums are the regions outside the boundary which separates the target star's solar wind from the
interstellar medium.) The magsail is travelling between 3000 and 500 knvsec in this region and
bacause the mass flow is so small, it takes several years elapsed time and aimost a light year of distance
to decelerate between these velocities. Adding a small rocket reduces the total deceleration period by

four to five years.

The relatively long trip times are due to low acceleration and dece

leration rates caused by a variety of

physical limitations. Initial lightsail accelsration is limited by temperature constraints on the metal
lightcail materiat, and the duration of acceleration is Emited by the focusing capability oi the laser optics
( at distances approaching one lightyear the diameter of the image of the laser power-limited ape ture

greatly exceeds the diameter cf the lightsail). Initial deceleration

of the magsail was excellent, but a

disportionately long time was spent dece'erating between 3000 and 500 km/sec.
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Solutiors to these problems seem to be at hand. The acceleration issues have been solv._ ‘' hy
Geoffrey Landis who introduced the subject of dielectric lightsail materials in reference 6 (with help
from Robert Forward). A laser lightsail made from pure dieiactric materials, operating at the proper
wavslength, will absorb very little laser light and can operate at intensities many orders of magnitude
above metal reflactors. This means laser power can be increased, acceleration raised, and acceleration
distance shertenad.  Shortening the acceleration distance rneans laser beam imaging and pointing
accuracy can cease 10 be a problem. The principal remaining acceleration problem becomes where to
build a multi-thousand Terawatt iaser. A candidate laser power station is shown in figure6. It uses a
small asteroid to stabilize the focusing mirror during operation.
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Focusing
Mirror
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Figurs 6. Possible Solar System Laser Powser Station

The deceleration issues were the low drag to mass ratios of the initial magsail designs and the slow trip
through the"doldrums”. The current magsai! designs have much beiter drag to mass ratios because
they have bigger radii. This is the area-to-perimeter Issue discussed earlier. By minimizing the design
loop current to just barely sustain the hoop force required to counter the deceleration forces fed
through the shrouds, a very large but very light magsail, is possible. The magsail proposed now is
3100 km in diameter versus 1000 km in the 1988 study and masses about 1000 tons. However, it
provides deceleration times roughly half of those in the 1988 study. This magsail has a Magnetic
Dipole Moment of 1.0x101® amp-m? , with a current of 1,350,000 amps, and a hoop force of 390,000
newtons.

Predicted Performance (1990 Edition)

One-way trip time for the same 1000 ton manned exploration mission descibed in reference 1 is now
37 years, oi which 0.8 years is spent accelerating, 17.4 years is spent coasting at half the speed of
light, and 18.8 years is spent decelerating. The initial vehicle masses 2344 tons, of which 1000 tons is
payload, 950 tons is magsail, and 394 tons is lightsail. The vehicle is propelled by a 5000 Terawatt laser
and reaches half the speed of light in 0.21 lightyears. The laser focusing mirror has a 50 km aperture
and the lighsail is 50 km in diameter.

An altemative design carries a 201 ton fusion rocket and 159 tons of propeitant. It has an initiai mass of

2780 tons, requires a slightly heavier magsail (1028 tons) because it has to decelerate the fusion
rocket also, but uses the same lightsail. Because of the higher initial mass it takes 0.32 years to
accelerate,. It cc sts for 17.8 years , and then decelerates for 14.5 years. The net result is a totai
savings of 4.4 years. Proviged advanced fusion rocket technology is available, the time savings is
probably worth the additional cost.
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CONCLUSIONS

Advancements in technology have increased the probability and the usetulness of the magsail. '
Using current technology, it can compete with advanced rocket systems to deliver people and cargo to :
Mars. Using straigntforward extranolations of todays technolgiss, it can deiiver manned vehicies to
nearby stars within the time constraints of a single human ifetime. T
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