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Introduction:  In order to advance our capabilities 

in space exploration within our solar system over the 

next several decades, it is necessary to a) understand 

our science and exploration priorities, b) determine 

operational requirements, c) assess gaps in technolo-

gies necessary to fulfill those requirements, and d) per-

form the necessary research and development to fill 

those gaps.  This is often not a linear process, but an 

iterative one in which "leap-frog" progress is often the 

result.  With the combined efforts of scientific and 

technical experts from a broad scope of relevant disci-

plines, it is possible to develop a comprehensive vision 

for the pathway to advanced space exploration over the 

next 35 years.  This paper provides potential solutions 

for two of the most common necessities in space explo-

ration: propulsion and power.  In particular, we discuss 

two forms of electrodynamic propulsion and power, 

namely electrodynamic tethers and electric sails, as 

science-enabling technologies for planetary research. 

Electrodynamic Tethers (EDTs):  EDT propul-

sion generates Lorentz force thrust through the interac-

tion between current driven along a conducting tether 

and a planetary magnetic field, using the planet itself as 

reaction mass rather than the expelled propellant.  In 

general, three key principles govern EDT operation 

[1]: 1) the conductor has an intrinsic electromotive 

force (emf) generated along it due to the orbital motion 

of the tether (v) across the magnetic field (B); 2) the 

conductor provides a low-resistance, current (J) con-

ducting path connecting different regions of the iono-

sphere; and 3) access to external electron and ion cur-

rents is confined to specific locations, such as the end-

point when the conductor is insulated, or collected 

along a length of bare tether [2]. 

Current flows through the tether when a connection 

is made between the tether’s endpoints and the sur-

rounding ionospheric plasma, which can be accom-

plished via passive or active means.  In the passive 

case, the voltages and currents in the overall system 

distribute themselves in a self-consistent manner, 

which can require the endpoints to charge to high lev-

els in order to attract enough current.  Active means 

generally employ an electron generator of some type, 

such as an electron gun or hollow cathode plasma con-

tactor (HCPC).  Future tether systems may employ 

field emitter array cathodes (FEACs), but much work 

remains before FEACs are practicable for EDT sys-

tems.  With either connection method, current flows 

through the tether as shown in Figure 1.  In the EDT 

propulsion case, current flows down the tether because 

a high voltage source has overcome the motion-

induced v × B electric field in the tether.  After elec-

trons are collected at the lower satellite, they are con-

ducted through the tether to the upper satellite where 

they are ejected.  Current closure occurs in the iono-

sphere, thus making the overall circuit complete.  The 

resulting J × B force is in a direction such as to pull the 

tether.  Thrust levels are highly dependent on current 

flow and typically less than 1 N. 

 

 
Figure 1. The essential physics of EDT propulsion. 

An EDT system generates thrust using interaction be-

tween current driven along a tether and the magnetic 

field of the planet it orbits, enabling propulsion with-

out expelling propellant.  (Concept art courtesy of 

Tethers Unlimited.) 

 

The drag, or de-boost, case does not require the 

high voltage source and, as such, is often referred to as 

the self-powered mode.  In this case the current flows 

up the tether, resulting in a J × B drag force.  This con-

figuration also allows for energy-harvesting, in which 

the tether current may be driven through other electri-

cal loads (e.g., resistors, flywheels, batteries)[3]. 

Electrodyamic tether propulsion and power genera-

tion can work around any planetary body with a mag-

netosphere and has been studied for operation at both 

Jupiter and Saturn [4].  A modest-sized tether operating 

at Jupiter could provide tens to hundreds of kilowatts 

of power and produce thrust sufficient for relatively 

high delta-V maneuvering. 

The technology has benefitted from extensive test-

ing in Earth orbit where tethers ranging from a few 
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meters to tens of kilometers have been successfully 

deployed and operated [5]. 

Electric Sails (E-Sails):  The E-Sail will enable 

scientific spacecraft to obtain propulsive thrust using 

the momentum of the hypersonic solar wind to provide 

propulsion throughout the solar system.  Consistent 

with the concept of a “sail”, no propellant is needed as 

electrostatic interactions capture a small amount of 

thrust from the solar wind that can, over a period of 

months, accelerate a spacecraft to enormous speeds—

on the order of 100–150 km/s (~ 20–30 AU/yr). 

The basic principle on which the E-Sail operates is 

the exchange of momentum between an “electric sail” 

and the solar wind, which continually flows radially 

away from the sun at speeds ranging from 300 to 700 

km/s.  The “sail” consists of an array of long, charged 

wires that extend radially outward 10 to 30 km from a 

slowly rotating spacecraft (see Figure 2).  Momentum 

is transferred from the solar wind to the array through 

the deflection of the positively charged solar wind pro-

tons by a high voltage potential applied to the wires. 

 
Figure 2. An Electric Sail obtains thrust by reflect-

ing solar wind protons.   

 

The thrust generated by an E-Sail is proportional to 

the “area” of the sail, which is given by the product of 

the total length of the wires and the effective wire di-

ameter.  Although the wire is approximately 0.1 mm in 

diameter, its effective diameter is determined by the 

distance the applied electric potential penetrates into 

space around the wire (on the order of 10 m at 1 AU).  

As a result, the effective area over which protons are 

repelled is proportional to the size of the region of 

electric potential, or the plasma sheath region, that sur-

rounds the wires of the array.   

A large sheath is, therefore, beneficial to the gener-

ation of thrust.  However, this benefit must be balanced 

with the additional fact that electron collection is pro-

portional to sheath size.  Electrons collected by the 

wire array must be injected back into the solar wind in 

order to maintain the potential on the wires—which 

requires power.  The primary power requirement for E-

Sail operation is, therefore, also proportional to sheath 

size.   

Size of the sheath is determined by the applied po-

tential and how effectively the charged particles of the 

solar wind shield the electric potential.  This shielding 

effect is proportional to electron density, so that as the 

solar wind density decreases with distance from the 

Sun as 1/R2, the shielding effect weakens and the 

sheath grows proportionately.  This increases the effec-

tive area of the sail and partially compensates for the 

1/R2 decrease in solar wind proton density (and, there-

fore, the force per unit area).  As a result, the thrust 

produced by an E-Sail only decreases as 1/R7/6 with 

distance from the Sun, while solar sail thrust decreases 

as 1/R2, thus providing a distinct advantage for the E-

Sail.  A solar sail mission stops accelerating at dis-

tances > 5AU the E-Sail missions will continue to ac-

celerate the spacecraft to distances of ~15 AU 

The TRL of E-Sail systems is admitdely low, but 

this is only at the full system level.  Almost all of the 

subsystems required for an E-Sail system to operate 

have been demonstrated in space.  What is lacking is a 

system-level, integrated demonstration. 

Benefits:  E-Sail propulsion will enable trips to 

Pluto in ~6 years, Jupiter flybys in 24 to 30 months, 

and trips to the Heliopause region of the solar system 

in 10 to 12 years.  EDTs can provide propulsion with-

out fuel and generate significant power operating with-

in planetary magnetospheres, augmenting the perfor-

mance of deep space missions and enable high-power 

operation without the addition of nuclear power at out-

er solar system bodies. 
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