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Nomenclature
A = cross-sectional area of wire, m
Ay = total surface area of all wires, m?
AW = surface area of one wire, m?
a = acceleration, m-s2
E = electric field along wire, V/m
e = electron charge, A - s
F = force excerted by solar wind on system, N
1 = total electron current to the mesh, A
I = electron current to one wire, A
J = electron current density from plasma to wire mesh,
A-m™?
Ji = maximum current density in wire, A - m~2
L = linear dimension of whole structure, m
m = mass of wire mesh, m
m, = proton mass, kg
N = number of wires
n = solar wind plasma number density, cm~>
P = power consumption of electron removal, W
Payn = solar wind dynamic pressure, nPa
r = radius of the mesh wire, m
\%4 = mesh potential with respect to plasma, V
v = solar wind speed, m/s
Ve = thermal speed of solar wind electrons, m/s
vina = final speed of spacecraft, m/s
AV = potential drop along wire, V
Ax = mesh spacing, m
o = mass density of wire material, kg - m™>
psw = solar wind mass density, kg - m~>
o = wire material conductivity, Q7' m™!

1. Introduction

T has been previously proposed that a magnetic sail, that is, an

artificial magnetosphere, could be used for extracting solar wind
momentum for spacecraft propulsion purposes.'? Here we consider
an alternative approach, which does not require a magnetic field.

II. Electric Sail

Consider a mesh made of thin conducting wires and placed across
solar wind flow (Fig. 1). If the mesh is kept at a positive potential
with respect to the solar wind plasma, an outward electric field sets
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Fig. 1 Schematic of the electric sail.

up around each wire whose spatial scale size is comparable to the
Debye length of the plasma. Incoming solar wind protons see the
mesh as an inpenetrable barrier if the mesh spacing is of the same
order as the Debye length or smaller and if the mesh is kept at a
potential V, which is such that eV exceeds the kinetic energy of the
solar wind protons (about 1 keV). To be sure that the potential is
high enough, we assume V =6 kV.

Let r denote the radius of the mesh wire (where we assume
r=>5x10"° m) and A =mr? its cross-sectional area. Assume for
simplicity that the mesh is a square with side length L and that the
mesh spacing is Ax so that there are N = L/Ax wires along each
side. We assume L = 30 km and Ax =5 m. The total length of wire
in the structure is 2N L =2L?/Ax = 360,000 km, and its mass m is

m =2L*Ap/Ax =250 kg (1)

where p is the mass density of the wire metal. (We assume copper
density p = 8900 kg - m~3.) The (maximum possible) force F acting
on the mesh structure is obtained by multiplying the solar wind dy-
Namic pressure Pgy, = pswv? by the mesh area L?, where pgw = nm »
is the solar wind mass density and v its flow velocity (proton ve-
locity). We assume the average values at 1 astronomical unit (AU)
n=7.3cm™3, psw = and v = 400 km/s, where pyy, =2 nPa (Ref. 3).
Thus, one obtains F = pswv?L? = 1.8 N. The acceleration a of the
structure is

a=F/m= (osw/2p)(vV?Ax/A) =T x 10 m-s72 ()

A. Pumping Out Electrons

Solar wind electrons bombard the wire mesh, trying to neu-
tralise its positive charge. Therefore, electrons must be continu-
ously “pumped” out of the structure by attaching it to a voltage
source whose other end is connected to an electron-emitting device
(Fig. 1). The total surface area of the wire mesh is

Ay = @N)2nrL = 4mrL?/Ax = 11300 m? 3)

and the current density due to the thermal flux of solar wind elec-
trons can be roughly estimated as j =env, where v, is the solar
wind electron thermal speed, we assume v, = 10° m/s. We obtain
j=1.2 uA m~2. The total current I to the whole mesh is

[ = env, A, = 13mA )

In the voltage source, the current / goes through potential drop V,
consuming power P =V I =80 W. A useful measure of the power
requirement is the power per mass ratio,

P 2Venv, ]
—=—=03Wkg %)
m rp

Thus the power consumption is quite reasonable. Present-day solar-
powered electric engines, SMART-1 [Ref. 4] for example, reach a
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Table 1 Electric sail configurations

L.km 2r,um m,kg a,m-s~2 vgn,km/s P Pyi/P, %
30 10 250 7% 1073 46 80 W 0.06
30 5 63  0.027 91 40w 0.11
60 2.5 63 0.1 183 80 W 1

200 25 700 0.11 183 1 kW 10

power per mass ratio of nearly 10 W kg~! for the whole spacecraft.
For comparison, a normal car reaches almost 100 W kg~

A possible problem may be that some electrons undergo colli-
sions and are trapped in the potential wells around the wires. If
these electrons become too numerous, their charge density partially
shields the core positive charge, making the sail less effective in
drawing momentum from solar wind protons. If this problem turns
out to be severe, turning off the voltage periodically should help
because then the electrons escape with the solar wind.

B. Power Consumption in the Mesh Itself

It is necessary to check also that each wire is separately ca-
pable of carrying the electron current without problems. Each
mesh wire has length L, cross-sectional area A =mr?, and sur-
face area A" =2mrL. The electron current /; arriving to the
wire is I} =env, A"’ =1.1 wA-m=2 This current must flow
through one end of the wire where it has a current density
ji=1/A=14000 A - m~2 along the wire. If the wire material con-
ductivity is o [where we assume copper conductivity in room tem-
perature, o = 6.0 x 107(Q2m)~'], the electric field along the wire is
E = jj/o =2.3 x 10~* V/m and the potential drop over the wire is
AV = EL =17 V. (Actually this is a slight overestimate because the
current density has the quoted value only at one end of the wire.)
Thus, the wire gets heated at power [;AV =8 puW. In total, all
of the 2N = 12,000 wires consume heating power 0.1 W, which is
negligible.

C. Effect of Mesh Size and Wire Thickness

In Table 1, we show the mesh mass m, obtained acceleration at
1 AU under nominal solar wind conditions a, approximate final
velocity vgna = +/[2a(1 AU)], total electric power consumption P,
and fraction of power consumed distributed in the wire mesh rather
than the voltage source. The first column is the mesh size L, and
the second column is the wire diameter 2r. In all cases considered,
the last column value remains small. (In the last row it is 10%.)
When this parameter is small, the acceleration is independent of the
mesh size and the scaling of the system is trivial. Obtaining large
accelerations and final velocities requires using thin wire, which is
technologically more challenging than using a thicker wire. When
the final velocity starts to be a significant fraction of the solar wind

speed (400 km/s), the acceleration decreases because it is the ve-
locity difference that drives the system, and the ultimate limit is the
solar wind speed. This effect is ignored in Table 1.

D. System Shape

In the preceding rough calculations, we assumed a simple square
shape for the wire mesh. Questions related to the shape, including
how to keep the mesh in its desired shape, are very similar in the
electrical sail to what they are when designing solar sails. Because
solar sail designs have been studied by many authors, we do not
dwell on the subject here.

III. Conclusions

The electric sail is a promising candidate for extracting momen-
tum from the solar wind. Another way to use the solar wind mo-
mentum is to use a magnetic sail, which requires a superconducting
one-dimensional loop wire of length somewhat smaller than the lin-
ear extent of the electric wire mesh L. The electric sail does not need
any magnetic fields or superconductors, and its power requirements
are modest. The technical challenge is how to manufacture, pack,
transport to space, deploy, and maintain the desired shape and ori-
entation of a very large mesh made of very thin wire. In any method
relying on the solar wind momentum, one must live with the fact that
the solar wind is highly variable. Accurate maneuvering is difficult,
but the method should be well suited for missions whose purpose is
just to travel fast out of the solar system across the heliosphere to
interstellar space.
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