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Propulsive Force in an Electric Solar Sail for Outer
Planet Exploration Missions
Propulsive Force in an Electric Solar Sail for Interplanetary Missions
Antonio Sanchez-Torres

centimeters long, which were dropped in MEO in the early
60’s. Coulomb drag is also determinant in evolution of
formation-flying satellites and grains in dusty plasmas, in a
variety or parameter ranges [4]. A new application for
Radiation Belts Remediation will use bare tethers at high bias
to effectively scatter the high-energy electrons in the Belts, in
the sheath layer produced by them [5].

Abstract— An electric solar sail (e-sail) is a recent
propellantless propulsion concept for a direct exploration of the
Solar System. An e-sail consists of an array of bare, conductive
tethers at very high positive/negative bias, prone to extract solarwind momentum by Coulomb deflection of protons. The present
work focuses on the positive-bias case with a thick sheath that
must be correctly modeled. Ion scattering in the sheath and the
resulting thrust are determined; that thrust scales slower with
distance to the Sun, than it was previously suggested in the
literature. Possible interference effects in a tether array for both
starfish-like and parallel designs are briefly discussed. Use of an
e-sail for interplanetary missions would reduce the time of flight;
a 2-ton, Juno-type spacecraft might reach Jupiter in less than 2
years.

An e-sail will use the dynamic pressure of the solar wind
for propulsion [1]. Standard solar sails use a physical
membrane whereas e-sails would use a bare-tether array to set
up a virtual sail (see Fig. 1). IKAROS, the first solar sail
mission, was launched by the Japanese Space Agency (JAXA)
on May 21, 2010, deploying a 14 m side square sail. The
weight of the thin (∼ 7.5 μm) membrane is 15 kg, including 2
kg for the four tip masses at corners of the sail. The material
used is a synthetic polymeric resin called polyimide, with
aluminum coating to make it capable of supporting very high
temperatures. This assures an areal density, which is defined
as total material mass divided by material area, as low as 10
g/m2. The thin-film solar cells that cover some surface area of
the membrane and the tip masses increase substantially the
total areal density to about 76 g/m2. NASA launched a small
solar sail (∼ 3.3 m side square sail) called NanoSail-D in LEO
on January 20, 2011. Future NASA missions such as
Heliostorm, Solar Polar Imager, and Interstellar Probe will be
solar sail with larger membrane size (∼ 200 m side square
sail). The material used for the design of the thin sail
membrane might be Mylar coated with aluminium, aluminized
Kapton, aluminized Polyimide, or carbon nanotubes.

Keywords—propulsion; e-sail; tether; sheath; outer planet
missions; Juno; Jupiter

I.

INTRODUCTION

Several alternatives to reach outer planets of the Solar
System have been proposed for decades. Gravity assists have
hitherto been used to reach these planets. The recent launched
NASA's Juno mission will require about 5 years to reach
Jupiter by using an Earth gravity assist performed on October
9, 2013. Electric solar sail (e-sail) uses bare wires in a new
technology application, which involves Coulomb forces on
charges instead of Lorentz forces on currents [1], [2]. An esail requires Coulomb drag calculations under intriguing
conditions. Early crude calculations of Coulomb drag on Low
Earth Orbit (LEO) satellites at relative motion with respect to
the ambient plasma, vrel (≡vorb - vpl) , involves i) satellites in
mesothermal flow, i.e. moving subsonic and supersonic with
respect to electrons and ions, respectively [3]; ii) complex
geometries with 3D-radius large compared with the Debye
length λD; and iii) satellites at negative bias φp, following the
floating probe condition, with -eφp a few times the electron
temperature kTe.

At 1 astronomical unit (AU) the photon pressure is 3 orders
of magnitude larger than the dynamic pressure in the solar
wind,
2
nN
⎛ 1AU ⎞ μN
2
(1)
Pdyn ≈ n∞ mi vsw
~ 2 2 , Pphot ≈ 4.563 × ⎜
⎟ 2
m
⎝ d ⎠ m
with a solar constant

Satellites orbiting in Medium Earth Orbit (MEO), such as
LAGEOS I and II, could float positive because of
photoelectron emission, which is dependent on weak solar
light but independent of ambient plasma density, thus
becoming relevant at low enough plasma density; twodimensional geometry involved tin/copper dipoles a few

2

⎛ 1AU ⎞ kW
(2)
S ≡ Pphot × c ≈ 1.27 × ⎜
⎟
2
⎝ d ⎠ m
where d is distance between Sun and spacecraft (SC) and c is
the light velocity. However, an e-sail may have a (virtual)
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II. AMBIENT SOLAR WIND CONDITIONS
Typical values for the ambient plasma at 1 AU in the
ecliptic plane are Te∼ 12 eV, n∞ ∼ 7 cm-3, solar wind velocity,
vsw = 400 km/s, and magnetic field, B ∼ 10 nT. The prevalent
ion species in the solar wind is H+. Density models [6]
become simply , n∞ ≈ 7.2 (1 AU/d)2 cm-3 beyond 1 AU.

eTether
Solar panel

In a simple isothermal outflow Parker model [7], the solar
wind velocity increases slowly with distance from the Sun as
∝ ln d . At 1 AU, it is about two orders of magnitude greater
than orbital velocity in LEO. In-situ observations have
established that the solar wind velocity increases from ∼ 400
km/s at ecliptic plane (slow solar wind) up to ∼ 700 km/s at
polar latitudes (fast wind).

HC

Solar wind
H+

e-

Different rough Te models may be used beyond 1 AU.
Using [8] and [9] we have for the slow wind model,
respectively,
1/3

⎛ 1AU ⎞
Te ≈ 12 × ⎜
⎟ eV ,
⎝ d ⎠
4/3
⎡
⎛ 1AU ⎞ ⎤
Te ≈ 3.8 ⎢1 + 1.5 ⎜
⎟ ⎥ eV ,
⎝ d ⎠ ⎦⎥
⎣⎢

Fig. 1. Schematic description of the electric solar sail for a set of parallel,
positive tethers. Solar panels will provide the electric power required for
running a High Voltage (HV) source, which will keep the tether at high
positive bias. Electrons collected along the bare tether will be ejected by a
hollow cathode (HC), whereas protons will be deflecd by tethers.

effective area per unit mass much larger than a standard sail
membrane; the e-sail thrust might be comparatively much
larger. Solar wind conditions at 1 AU, quite different from
LEO conditions, make Coulomb forces dominant. The
ESTCube-1 test mission for e-sail concept was recently
launched on May 8, 2013. The mission did validate a 10-m
tether deployment and it will measure the force produced in
LEO. Another test mission (Aalto-1) will be launched on 2015
with a 100-m tether deployment.

(3)
(4)

whereas for fast wind streams [9], we have
4/3
⎡
⎛ 1AU ⎞ ⎤
Te ≈ 25 ⎢1 + 0.55 ⎜
⎟ ⎥ eV ,
⎝ d ⎠ ⎦⎥
⎣⎢

(5)

As it will be shown in the next section, discussing
Coulomb and Lorentz forces involves two lengths, λD and
vrel/Ωi, which need be compared to tether radius R and length
L, respectively; Ωi is the ion gyrofrequency, eB/mi. The
dimensionless ratio Ωi L/ vrel will be typically small at 1 AU
and large in LEO. The dimensionless ratio λD/R will be large
in both LEO and 1AU. A summary is presented in Table I.

A review of the ambient solar wind conditions as compared
to LEO is presented in section II. In section III, we study the
forces acting on the e-sail, showing that the Coulomb-toLorentz force ratio for a tether at 1 AU would be very large;
the electrical power required for maintaining tethers at high
bias is also considered. In section IV, numerical and definite
law for the potential profile inside the sheath of the tether are
discussed. The ion scattering problem in that potential profile
and the resulting force on the tether are studied in section V.
In section VI, we briefly comment on possible sheathinterference effects in bare-tether array for both parallel and
starfish-like design. As example of interplanetary mission, a
coplanar orbit transfer from Earth to Jupiter is considered in
section VII. Conclusions are presented in section VIII.

III.

COULOMB-TO-LORENTZ FORCE RATIO

The Coulomb force on an e-sail wire is thrust because the
solar wind overtakes the sail. Originally, wire bias φp was set
positive but a negative bias allows for thrust too. A negative
bias illustrates the basic characteristics of the e-sail. The
Coulomb force is then made of two contributions to
momentum transfer, from i) ions that reach the wire, Fcoll,
and ii) ions that orbit within the sheath and escape, Forb. For
the e-sail we will have Forb >> Fcoll because the sheath is very
large assuming high bias and ratio λD/R >> 1. Further, Fcoll, is
just the OML ion current multiplied by the incident

Ambient plasma conditions
Localization
LEO
1 AU

Vrel (km/s)

8

B (Gauss)

0.3
-4

Species
+

O

+

H

Te (eV)

0.15
12

n∞ (cm-3)
5

6

10 -10

λD (m)

10

5·10

10

6

10

400

10

TABLE I.

TYPICAL VALUES FOR THE AMBIENT PLASMA AND CHARACTERISTICS LENGHTS

2

7.2

Vrel/Ωi (m)
2
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photoelectrons from its surface. A conductive tether emits
photoelectrons if a photon of energy hc/λ is absorbed by its
surface, where h and λ are Planck’s constant and wavelength
of the photon, respectively. The energy of the emitted
photoelectrons is E ph ≈1240 [ eV ⋅ nm] / λ [ nm] − W f , where Wf
is the work function. For an aluminum tether (Wf = 4.2 eV)
only radiation of λ smaller than 295 nm can produce
photoelectrons. In such short wavelength range, the Sun does
emit mostly UV radiation, and soft x-rays with a very low
intensity. For high-energy photons emitted by the Sun we have
e|φp|. For tethers at high positive
4.2 eV < Eph < 1.24 keV
bias, as in our case, photoelectrons have no enough energy to
overtake the potential. Photoelectrons will be attracted back to
the tether, without generating additional current. For a
negative-biased tether, however, photoelectrons are scattered,
contributing to the current collection. R. Grard on 1977
estimated that the photoelectron current is about 42 μAm-2
×2R×(1AU/d)2 per unit length [10].

momentum per unit charge,
Fcoll = I coll ×

2e φ p
mi vrel
,
, I coll ≈ 2 RL × e n∞
e
mi

(6)

while the Lorentz force is FL ∼ Iav LB, with the average current
Iav comparable to Icoll. The collected-to-Lorentz force ratio is
then
Fcoll
v
≈ rel
1.
(7)
FL
Ω iL
Considering both ion contributions, the Coulomb force can
be estimated as proportional to both frontal area and dynamic
pressure
FC ∝ 2 rsh L × n∞ mi vre2 l ,
(8)
where rsh is the sheath radius. Assuming a round wire and
positive bias, Φp >0, the Lorentz force on the average current
Iav reads
2eφ p
1
(9)
FL ~ 2 RL × e n∞
,
2
mi

IV.

where bias has been taken uniform, and arising from solar
panels, because the very small magnetic field at 1 AU induces
a negligible motional electric field, Em= vrel ×B. The Coulombto-Lorentz force ratio will then read,
FC
v λ r
∼ rel D sh
FL Ωi L R λD

me
mi

2
mi vrel
/2
.
eφ p

POTENTIAL PROFILE FOR A SINGLE TETHER

Ion scattering occurs in the sheath of each bare-tether.
Calculation of force will be critically dependent on the sheath
model used. We consider the work in [11] for positive-bias
probe and the numerical method in [12]. The assumptions of
absence of both trapped electrons and plasma stream flow are
considered. The determination of the potential profile requires
solving Poisson's equation,

(10)

λD d ⎛ d eφ ⎞

In LEO, both ratios vrel/ΩiL and mivrel2/2eφp are small, and
λD/R is large. At 1 AU both ratios vrel/ΩiL and λD /R are
large, whereas mivrel2/2eφp should be moderately small for an
effective ion scattering. Ratios rsh/λD and me/mi are similarly
large and small, respectively, in both LEO and 1 AU. The
Coulomb force, determined by a front-area, is then dominant
at 1 AU, whereas it is negligible in LEO.

ne ni
− ,
⎜r
⎟=
r dr ⎝ dr kTi ⎠ n∞ n∞
with boundary conditions φ ( r = R ) = φ p and

r → ∞ . Since kTi = kTe

2
i sw

mv /2

(13)

φ → 0 as

eφ p , the normalized ion

density N i ≡ ni / n∞ for the repelled, positive particles gives
the simple Boltzmann law,
⎛ eφ ⎞
(14)
N i ≈ exp ⎜ −
⎟.
⎝ kTi ⎠

In the φp <0 case, the Lorentz force in (9) is reduced in the
ratio me / mi , making the Coulomb-to-Lorentz force in (10)
to increase in the inverse of that ratio, with |φp | replacing φp in
(10).

Considering that the angular momentum Jr is conserved, the
normalized electron density, N e ≡ ne / n∞ , reads

Solar panels in the spacecraft provide the electric power
required to run the HV source which will keep tethers at high
bias. The electric power depend on both the area A of panels,
and the solar constant S of equation (2), yielding
(11)
WHVs ∝ A × S .
In addition, the current collection from the tether might be
also used to start the HV power source up. Since the current
reaching the power source from the tether is Imax = 2Iav ∝ n∞
√φp , the power is then
(12)
WHVt = I maxφ p ∝ n∞ φ p φ p .

Ne =

1

π

∫

∞

0

J* E
J* E ⎤
⎛ E ⎞⎡
dE
−1 r ( )
−1 R ( )
−
exp ⎜ −
2sin
sin
⎥ , (15)
⎟⎢
kTe
Jr ( E )
J r ( E ) ⎦⎥
⎝ kTe ⎠ ⎣⎢

where
J r ( E ) ≡ 2me r 2 ⎡⎣ E + eφ ( r ) ⎤⎦ ,

J r* ( E ) = min { J r ' ( E ) ; r ≤ r ' < ∞} .

(16)
(17)

The systems equations are numerically solved with an
algorithm similar implemented in [11]. The integrand in (15)
is carried out with a trapezoidal quadrature algorithm. Since R
≤ r < ∞ the method truncates in a finite domain R ≤ r ≤ rmax.
The value of rmax is selected for each potential bias φp value.
Since rmax >> λD the potential is discretized with N points
not equally spaced. The potential φ at the mesh point is found
by looking with a Newton method for the zero of a vector-

Both powers WHVs and WHVt , which depend on S and n∞,
respectively, themself, vary with distance to the Sun as 1/d2.

The current collection from a sunlit spacecraft in lowdensity plasma ambient is usually affected by emission of
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function of components fi (φ ) = φi − φi and φi = φ ( r =ri ) for

0

10

i=0,...,N. Trying with an initial potential profile φi, the ion
density is calculated with (15), (16) and (17). This readily
finds the new potential φi by solving Poisson's equation (13)

−1

10

40 kV
10 kV

and imposing boundary conditions, φ ( R ) =φ p and φ ∼ 1/ r at

−2

10

A simple, analytical law was used to determine the entire
potential profile [13],
−b
−b
if r ≤ rsh e−b ,
⎪⎧ln ( rsh e / r ) / ln ( rsh e / R )
φ ( r ) =φp ⎨
(18)
if r > rsh e− b ,
0
⎪⎩
where b was approximated by a fit-law in the 10-40 kV
potential bias range. The sheath radius rsh for a high positive
bias tether can be analytically determined [14],
4/5
4/3
⎡
⎛ λD ⎞ ⎤ ⎛ rs ⎞
⎛ r ⎞ eφ p
1.53 ⎢1 − 2.56 ⎜ ⎟ ⎥ ⎜ ⎟ ln ⎜ s ⎟ =
.
(19)
⎢⎣
⎝ R ⎠ kTe
⎝ rs ⎠ ⎥⎦ ⎝ λD ⎠
In Fig. 2 we compare both numerical and analytical
solutions of the potential for R<r<rmax. Notice the soft
transition between the numerical solution and the potential φ
~1/r, which is imposed as a boundary condition when
Poisson's equation is solved. The potential in (18), which we
will use to calculate the propulsive force in the next section,
underestimates the numerical potential. Approximated values
of b equal to 0.69, 0.74, 0.79 and 0.81 are determined for
φp=10, 20, 30 and 40 kV, respectively.
V.

φ/φ

p

rmax.
−3
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−4
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Numerical
Analytical

−5
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φ ∼ r−1
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Fig. 2. Potential profiles at 1 AU for R = 20 μm and φp=10 and 40 kV.
Numerical and analytical results are represented by full and dashed line,
respectively. Notice that the potential is ~1/r faraway the tether for the
numerical solution.

Regarding the analytical model in (18) we have φf =0 and
rf → ∞ in (20). Using polynomial interpolation we obtain an
explicit function of χ(ρ) in the range 0<ρ<rf.
From classical considerations for scattering in a central
field, the force per unit tether length reads [13],
rmax
⎡ χ (ρ)⎤
Fc
(22)
= 4 Pdyn ∫ sin 2 ⎢
⎥ d ρ.
0
L
⎣ 2 ⎦
Fig. 3 shows both analytical and numerical results of the thrust
for several φp values and a range of distance from 1 to 6 AU.
The force scales as d − β with distance to the Sun.

ION SCATTERING AND COULOMB FORCE
CALCULATIONS

The momentum exchanged between solar wind ions and
the tether determines the Coulomb force. We first analyze the
deflection of a single particle of mass mi moving in a field
φ(r). The center of mass of the system is at rest. The deflection
angle is χ = π-2δ, where
⎧
⎫
⎪
⎪
rf
dr
dr
⎪ rmax
⎪
δ = ρ ⎨∫
+∫
⎬ , (20)
rmin
rmax
2
2
ρ eφ f ⎪
ρ eφ ( r )
⎪
2
2
r 1− 2 −
r 1− 2 −
⎪
Esw ⎪⎭
r
r
Esw
⎩

Large variability in the solar wind conditions can modify
the propulsive force; the solar wind velocity shows large
variations over a month period. Since Fc ∝ Pdyn ∝ vsw2, the
force should increase with the solar wind velocity vsw.
However, notice in Fig. 4 that fast solar-wind streams (Esw ~ 5
keV) do reduce the thrust for φp=10 kV, whereas the force
increases for larger φp values. For φp=10 kV, fast solar-wind
streams penetrate deeply into the potential field generated by
the tether, reducing the scattering angle faster for far
collisions.

ρ is the impact parameter, Esw=mi v2sw/2, rmin, is the closest
approach to the centre, and rf is the distance for φ f → 0 . We
assume a distance rf large enough for each potential bias φp.
Since φ ~r--1 at rmax, the potential φf is equal to
φ ( rmax ) / (1 + r − rmax ) for the numerical model here

Results obtained can be compared with previous results
found in the literature, specifically in [1], [2] and [15].
Equation (3) of [1] gives
−1/ 2

mi vsw
⎡
⎤
Fc
⎛ 2λD ⎞ eφ p
⎢
⎥ ,
(23)
= 2 K Pdyn λD ⎜
−
1
⎢⎝ R ⎟⎠
⎥
L
⎢⎣
⎥⎦
where K is a constant obtained from test particle calculations,
whose value is about 2-3. For typical values φp ∼ 30 kV,
mivsw2~ 2 keV, the exponent inside the bracket is about 0.067.
For the single tether, with ≥ 10 μm, we have 2λD/R ~ 106,
2

considered. The distance of closest approach, rmin , is obtained
from equation
ρ 2 eφ ( rmin )
(21)
+
=1.
2
rmin
Esw

4

2

10

r/λ
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yielding FC/L ~5λD Pdyn. Equation (23) roughly gives, FC
∝λD∝√Te, whereas (22) gives Fc∝rsh∝λD(eφp/kTe)3/4∝Te-1/4
assuming that rmax is a fraction of rsh. Considering a potential
structure without trapped electrons, equations (31), (33) and
(34) in [2] give larger thrust results. These equations can be
approximately expressed in a simplified form with equation
(3) in [15], which reads
eφ p eφ p
Fc
ε0
(24)
= 0.18 Pdyn × φ p
≡ 0.18 Pdyn λD
.
2
2
L
kTe
mi vsw
n∞
mi vsw

4

10

Note, first, that (24) is independent of Te, as against
FC ∝ Te−1/ 4 in (22), and is linear in φp , as against FC ∝ φ p3/ 4
in (22).
VI.

3

40 kV

10

c

Force per unit length, F /L (nN/m)

Numerical
Analytical

30 kV
20 kV

10 kV

2

10

INTERFERENCE IN SHEATH STRUCTURE

Interference in sheath-structure may occur within a tether
array [16]. Interference depends on the type of e-sail. There
are both parallel and starfish-like arrays represented in Figs. 1
and 5, respectively.

1

10
300

500

600

700

800

900

1000

Solar wind velocity, vsw (km/s)

Fig. 4. Analytical and numerical results of the force per unit tether length
versus solar wind velocity at 1 AU for several φp values, with a tether of
radius equal to 20 μm.

In a parallel tether array, Nt tethers are separated a distance
of 2rsh to avoid the superposition of the sheaths (Fig. 1). In a
starfish-like design, Nt tethers meet at the spacecraft/power
system. At the opposite ends, sheaths of adjacent tethers are
assumed to just not overlap (Fig. 5). The number, Nt, of tethers
deployed for obtaining the largest, circle, front-area possible
using this symmetry, must be
π
L
Nt = ≈ π ,
(25)
γ
rsh
where γ = tan −1 ( rsh / L ) . Since L

400

rmax

Tether

g
Solar wind
Solar panel

rsh , the number of tethers

would be very large.
3

Force per unit length, Fc/L ( nN/m)

10

Fig. 5. Schematic description of an e-sail, starfish-like design. Notice that
rmax ≈rsh.
40 kV

β = 0.91

30 kV
2

10

β = 0.98

10 kV

Notice that sheaths will strongly interfere at points closer to
the spacecraft. Also, a parallel array has a mass per unit area
ρtπR2/2rsh, where ρt is the tether density, whereas the value
for the starfish-like configuration is ρtπR2/rsh. Clearly, a
parallel array performs better than a starfish array in two
respects. First, the parallel array has half the mass per unit
area. Secondly, sheath interference is strong over most of the
starfish-array circle.

β = 0.93

20 kV

β = 1.17

Numerical
Analytical

1

10

1

1.5

2

2.5

3

3.5
4
Distance (AU)

4.5

5

5.5

6

VII. ORBIT TRANSFER FROM EARTH TO JUPITER
An e-sail might be used for flyby towards outer planets.
The resulting thrust in Fig. 3 is used to determine the optimal
trajectory from Earth to Jupiter for a minimum transfer time. A
set of parallel, cylindrical tethers and no interference among
them is considered. Since the ecliptic inclination is about 1.3
deg and the Jovian eccentricity is small (~ 0.048), an orbit
transfer between two circular, coplanar orbits is assumed. We

Fig. 3. Analytical and numerical results of the force per unit tether length
versus distance from the Sun to the spacecraft for several φp values, with a
tether of radius equal to 20 μm. Since the force exerted by the solar wind on
the tether scales as d-β with the distance to the Sun the force decreases faster
for smaller φp values. Notice that thevalues of β with φp.

5
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consider a two-dimensional model for a heliocentric polar
inertial plane [17],
d = u,

(26)

v
,
d

(27)

θ =
u=

90
120

60
5.2 AU

30

150

β

μ
v
⎛ 1AU ⎞
− 2 + aτ cos α × ⎜
⎟ ,
d d
⎝ d ⎠
2

(28)

β

uv
⎛ 1AU ⎞
(29)
+ aτ sin α × ⎜
⎟ ,
d
⎝ d ⎠
where μ is the Sun's gravitational constant, θ is the polar

10 kV

v=−

180

μ
re

3000 kg
30 kV
2000 kg

20 kV

210

330

1000 kg

240

300
270

,

(30)

Fig. 6. Orbit transfer from Earth to Jupiter for several masses values and φp =
10, 20, 30 and 40 kV. A set of 100, paralell, aluminum tethers with L = 20 km
and R = 20 μm is considered. Notice that payload masses larger than 1 ton
require very high potential bias for a direct orbit transfer.

where re is the distance from Sun to Earth and t0 is the time at
the initial position of the orbit. A minimum flight time is
determined through the Hamiltonian
⎛ v2 μ ⎞
v
uv
(31)
+ H0 ,
H = λd u + λθ + λu ⎜ − 2 ⎟ − λv
d
d
⎝d d ⎠

1

10

where λd, λθ,, λu and λv are the adjoint variables associates
with the states variables d, θ , u, and v, respectively. The term
H0 explicitly depends on the switching law τ for a bang-bang
control and the coning angle α [17],

10 kV

30 kV

Time (years)

20 kV

β

⎛r ⎞
H 0 ≡ aτ ( λu cos α + λv sin α ) ⎜ e ⎟ .
⎝d⎠

0
40 kV

angle in the orbit, u and v are the radial and transverse
components of velocity, respectively, and β is the power law,
which is approximately given by the thrust profiles in Fig. 3.
The e-sail acceleration a is equal to FcNtL/(mt+mp), being mp
and mt the masses of payload and tether, respectively. The
initial conditions for the state variables are
d ( t0 ) = re , θ ( t0 ) = u ( t0 ) = 0, v ( t0 ) =

1 AU

100 kg

(32)

Following the procedure of [17], the optimal control law
for a rendezvous mission is determined. From Euler-Lagrange
equations for the adjoint variables and Pontryagin's maximum
principle, an optimal control law can be determined by
maximizing H0. The minimum flight time is found imposing
final conditions as in [17]. As example, one may choose a set
of 100 tethers of 20 km and R=20 μm for Earth-to-Jupiter
orbit transfer, i.e. orbit transfer from 1 AU to 5.2 AU. Fig. 6
shows the minimum-time orbit transfer from Earth to Jupiter
for several mp and φp values. The time of flight versus
payload mass is represented in Fig. 7. For a 2-ton, Juno-type
spacecraft the time of flight will be less than 2 years for φp=
30 and 40 kV.

40 kV

0

10

−1

10

1

10

2

3

10

10

4

10

mpayload ( kg)

Fig. 7. Time of flight in an orbit transfer from Earth to Jupiter for a range of
payload masses values and φp = 10, 20, 30 and 40 kV. A set of 100, parallel,
aluminum tethers with L = 20 km and R = 20 μm is considered.

numerical and analytical-law solution is comparatively similar
for φp=10 kV, whereas numerical solutions show higher thrust
in a broad distance range from the Sun and for larger φp
values. In addition, the large solar wind variability may
modify the Coulomb force. For 10 kV the thrust decreases if
solar wind velocity increases whereas the force increases with
solar wind velocity for higher potential bias.
Regarding the time of flight a set of 100, parallel,
aluminum tethers with L=20 km and R = 20 μm is considered.
Time of flight is reasonably small for moderate payload masses
and the potential bias range here considered. For payload
masses larger than 1 ton, the potential bias should be larger

VIII. CONCLUSIONS
Both numerical and analytical law of the potential structure is
studied to calculate ion scattering due to a simple tether. The
analytical-law of the potential profile clearly does
underestimates the real potential for very high φp values. As it
is shown in Fig. 3 the propulsive force given by both
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than 30 kV. Additionally, increasing both Nt and L will
effectively increase e-sail acceleration.

[6]
[7]

Notice that relativistic effects should be considered if
eφp~mec2 [18]. Relativistic effects will be considered in a
future work. Additionally, we consider the absence of electron
trapping in this work. In laboratories electron trapping may
occur through collisional effects due to the slow φ~1/r decay
for cylindrical probes. For tethers, instead, is typically
negligible in space plasma conditions. Adiabatic trapping in
mesothermal condition might occur as troughs develop in time
[19]. In [20] it is shown that ion ram motion breaks the
quasineutrality in the presheath. In the relativistic case [18],
electron density can also exceed n∞ making driven trapping
less of a problem.

[8]

[9]

[10]
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Electric solar sail concept
o Electric Solar Sail (e-sail) is a new technology (P. Janhunen, JPP 2004) which
use the dynamic pressure of the solar wind for propulsion
o E-sail is an array of bare tethers. For simplicity cylindrical tethers will be
considered
o High positive (negative) bias is requred for an effecive ion scattering
o This new application of bare wires involves Coulomb forces on charges
(instead of Lorentz forces on currents)

Since the solar wind overtakes
the e-sail, the force is thrust.
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o Standard solar sails use a physical membrane whereas e-sails would use a baretether array to set up a virtual sail.
o At 1AU the photon pressure is 3 orders of magnitude larger than the dynamic
pressure in the solar wind,
2

Pdyn

$ 1AU ' µ N
nN
2
≈ n∞mi v sw ~ 2 2 , Pphot ≈ 4.563× &
) 2
m
% d ( m

o However, an e-sail may have a (virtual) effective area per unit mass much larger
than a standard sail membrane; the e-sail thrust might be comparatively much
larger.
o Solar Wind conditions at 1 AU make Coulomb forces dominant

• IKAROS, the first solar sail mission was launched by JAXA on 2010
• ESTCube-1 test mission for e-sail concept was launched on 7 May, 2013
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Ambient Solar Wind conditions
o Typical values for the ambient plasma at 1AU in the ecliptic plane are

3
B ⇠Te10⇠nT,
cmnT,
,
12 eV,N1B⇠⇠7 10

3
-3
n∞ ≈ 7.2
vNsw
km/s,
H+⇠ions
⇠400
7 cm
, vsw
400,km/s,
H+cm
ions
1⇠

o Density models (Leblanc et al. 1996) become simply

n∞ ∝1/ d 2 beyond 1 AU

o Different rough Te models may be used beyond 1 AU
Slow solar wind
1/3

# 1AU &
Te ≈ 12× %
( eV ,
$ d '

Fast wind
4/3
(
" 1AU % +
Te ≈ 25*1+ 0.55$
' -eV ,
*
# d & -,
)

o In a simple isothermal outflow model, the solar wind velocity increases slowly
2
/ ln rsc . At 1 AU, it is about two orders of
with distance from the sun vsw
magnitude greater than the orbital velocity in LEO
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Potential profile
o Ion trajectories to obtain an estimation of the potential profile requires
solving Poisson’s equation

λ D d ! d eφ $ ne ni
## r
&& =
− ,
r dr " dr kTi % n∞ n∞
For repelled-particle, the normalized ion density Ni ⌘ ni /n1
gives the simple Boltzmann law

# eφ
N i ≈ exp %% −
$ kTi

&
((.
'

The normalized electron density Ne ⌘ ne /n1 reads (J. Sanmartin and R.
Estes, 1999)
*
*
*
"
%
J
E
J
E
∞
dE
E ,
1
r
R
/,
'' 2sin −1
N e = ∫0
exp $$ −
− sin −1
kTe
π
Jr E
J r E /.
# kTe &,+

( )
( )

where J r ( E ) ≡ 2me r 2 "# E + eφ ( r )$%,

( )
( )

J r* ( E ) = min {J r ' ( E ) ; r ≤ r ' < ∞}.

o The conservation of angular momentum is considered
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o Numerical model (Choniere et al., 2004), we solve the system of equations for
the finite domain R ≤ r < rmax (We consider R = 20 µm)
o Analytical-law model of the potential in the range

"
−b
ln
r
e
/r
sh
$
$
φ ( r ) = φ p # ln rsh e −b / R
$
$%
0

(
(

)
)

R ≤ r < rmax ≡ rsh e −b

if r ≤ rsh e −b ,
if r > rsh e −b ,

where the sheath range rsh for a high positively biased tether can be analytically
determined with (Sanmartin, 2008)
4/5
4/3
(
" λ % +" r %
" r % eφ p
sh
D
*
1.53 1− 2.56 $$ '' $$ '' ln $ sh ' =
.
*
# R & kTe
# rsh & -,# λ D &
)

Approximated values of b equal to 0.69, 0.74, 0.79 and 0.81 are determined for
φp=10, 20, 30 and 40 kV, respectively.
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Ion scattering and Coulomb force calculations

	
  

o The momentum exchanged between solar wind ions and the tether determines
the Coulmb force.
o The classical scattering problem of the deflection of a single particle moving in
a field is here considered.
#
'
	
  
%
%
% rmax
%
rf
dr
dr
δ =ρ $ ∫r
+∫
(,
rmax
min
2
%
ρ eφ f %
ρ 2 eφ ( r )
2
2
r 1− 2 −
r 1− 2 −
%
%
E
r
E sw
r
sw )
&
o For simmetry considerations
! $
2 χ
the exchanged momentum is 4mi v sw sin # &
"2%

H+
o The deflection angle is

=⇡
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o The Coulomb force per length is then

	
  

"χ ρ %
∫ 0 sin 2 $$ 2 ''d ρ.
#
&
With the potential profiles for several φp values and the ambient conditions in the
1-6 AU range, the scattering angle χ is determined. The Coulomb force follows
a power-law	
  

Fc
=4 Pdyn
L

Fc " 1 %
∝$ '
L #d &

β

rmax

( )

For the numerical model	
  

For both numerical and
analytical model the value
of β does reduce with 	
  φp
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Large variabilities occur in the solar wind velocity. High-velocity streams can
exceed 700 km/s	
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For an effective ion scattering eφp should be much higer than the solar wind ion
bulk energy (which is about 1 keV) 	
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Interference effects in an e-sail

	
  

!

o In a parallel tether array, tethers are
separated a distance 2rmax to avoid
the superposition of adyacent
potentials
o In a starfish, tethers meet at the sc/
power system. The number of tethers
deployed for obtaining the largest
front-area possible must be
Nt =

where
	
  	
  

⇡

⇡⇡

= tan

1

L
rmax

,

(rmax /L)

rmax, the number of
Since L
tethers would be very large.	
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Interplanetary mission from Earth to Jupiter

	
  

Since the ecliptic inclination is about 1.3 deg and the Jovian eccentricity is small,
an orbit transfer between two, circular, coplanar orbits can be considered
	
  
Using tethers of 20 km, N =100
(or L = 10 km, Nt =200 )
	
  

t
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Conclusions
o Numerical solutions for ion scattering due to a single tether are determined for
several φp values
o Thrust results of about 800 and 500 nN/m are found at 1 AU for positively
biased tethers of φp= 40 and 20 kV, respectively.
o Higher potentials reduce the value of β in the power law.
o E-sail might be used for a direct Earth-to-Jupiter orbit transfer. A Juno-type
spacecraft would reach Jupiter in less than two years.
o The solar wind velocity affects propulsive force (eφp>>mivsw2/2).
Issues
o Since solar wind does not penetrate within the planetary magnetosphere, the esail does not work there. A secondary propulsion system to reach the planet is
required.
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The exchanged momentum on the plane would be

Δp = p sin χ / sin δ

The momentum transferred to the tether, which onlycontributes effectively to
the x-directed thrust, reads
2Δp cos #$ π − χ / 2%&

(

)

o The Coulomb force per length is then

	
  

$ χ (ρ ) ' $ π − χ (ρ ) '
rmax
Fc
) cos &
)d ρ = 4 P
= n∞v sw × 2 ∫ 2mi v sw sin &
dyn
0
&% 2 )( &%
)(
L
2

∫

rmax
0
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Positively biased tether

H+
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