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1 Introduction

Some of the most startling discoveries
about our solar system have been made in
the outer planets. Jupiter predominates
among these planets for many reasons. Just
like the Sun, it has its own Jovian system.
The study of this system has advanced our
understanding of the broader solar system
for nearly four centuries. Five NASA space-
craft flew past Jupiter in the past decades:
Pioneer 10 and 11, Voyager 1 and 2 and
Galileo.

However, outer planet exploration has al-
ways been handicapped by a scarcity of
power. Solar panels become rapidly inef-
fective further from the Sun. The solar in-
tensity at Jupiter, 5 AU distant from the
Sun, is only one twenty-fifth of its value at
Earth. As a consequence, energy is a scarce
commodity in this kind of missions and the
total energy which will be consumed by the
spacecraft should be transported onboard.

To tackle this problem Radioisotope
Thermoelectric Generators (RTG’s) have
been used as the source power in missions
to the outer planets. These devices use
thermocouples to convert into electrical en-
ergy the heat released by the natural de-
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cay of a strongly radioactive element (usu-
ally Pu - 238). RTG’s exhibit three char-
acteristics: i) the energy produced is ex-
pensive because the efficiency is low, rang-
ing between 3% and 10% (at present, the
estimated cost fluctuates from $40,000 to
$400,000 per watt), ii) the potential risk
is very high due to the management of
very radiative substances and iii) the mass
grows quickly with the energy produced.
Table 1 summarizes power and mass of the
RTG’s used in several missions: the mass
(in kg) is ∼ 20% of the power (in watt).

Mission Electrical W Mass (kg)

Pionner 10 150 54.4

Voyager 1 y 2 470 117

Ulysses 290 55.5

Galileo 570 111

Cassini 800 168

Table 1: RTG’s in past missions

These are reasons why NASA’s Jupiter
Icy Moon Orbiter (JIMO) mission investi-
gated the use of a nuclear-powered craft.
The spacecraft was to be propelled by a
new kind of ion thruster (HiPEP), and pow-
ered by a small fission reactor. Such a mis-
sion to the Jovian Galilean moons, initially
planned for 2015, was finally canceled in
2005.
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2 Electrodynamic tethers

A conductive rod moving in a magnetic
field ~B experiences a motional electric field
given by

~E = ~v ×
~B

In the vacuum, a redistribution of surface
charges takes place, leading to a vanishing
electric field inside the rod. Thus, a steady
state is reached with no motion of charged
particles.
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Figure 1: Conductive rod in a plasma envi-
ronment moving in a magnetic field

If the rod is moving inside a plasma en-
vironment, this picture changes drastically.
The plasma electrons are attracted by the
anodic end of the rod and the ions by the
cathodic end. Some of these charges are
trapped by the rod and produce a current
I which flows inside the conductive mater-
ial. The amount of current can be increased
with the help of plasma contactors placed
at the rod ends. Such a rod is, basically, an
electrodynamic tether (ET).

The interaction between the tether cur-
rent I and the magnetic field ~B gives place
to forces acting on the rod. They will break
(or accelerate) its motion. Their resultant,

~f e = L (~I× ~B) is the electrodynamic drag
(or thrust). There are two basic regimes for
an ET: the generator regime (drag) and the
thruster regime (thrust).

∆h = ai − af
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Figure 2: Deorbiting a satellite

Let m be the mass of a satellite orbiting
around a planet. When it descends from an
initial orbit of radius ai to a final orbit of
radius af the mechanical energy lost in the
process is given by

∆E =
mµ

2af

∆h

ai

where µ is the gravitational constant of the
planet. This approximated result assumes
the orbital system behaves as a point mass.

ET’s can deorbit satellites in different
scenarios (see [1, 2, 3, 4]) due to their ca-

pacity to produce electrodynamic drag ~f e

when they operate in the generator regime.
Such a drag brakes the spacecraft and pro-
vides the decay of the orbit. However, there
are two essential requirements for the oper-
ation of an ET: 1) the magnetic field ~B
and 2) the plasma environment. Both are
absent at the Moon where an ET can not
be operated. However, the Earth and other
planets, Jupiter for example, are appropri-
ated for the use of ET’s.
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3 Power generation

When using an ET the mechanical energy
lost in the descent process is dissipated
through different mechanisms (see [5]).
Roughly speaking, one part is spent bring-
ing electrons from infinity to the tether.
More dissipation takes place at the cathodic
contactor of the tether and through the
ohmic losses along the wire. Finally, a
part is dissipated in any interposed load ZT

placed at the cathodic end of the tether.

This last contribution is, in fact, useful

energy, i.e., energy that can be used

onboard to perform some task (charg-
ing batteries, moving electrical engines or
feeding some electronic circuit). Depending
on the tether configuration and the envi-
ronment conditions this contribution could
reach 40% of ∆E; values around 20% would
be considered quite reasonable.

This property allows one to consider elec-
trodynamic tethers as power sources, able
to supply the whole system. In the genera-
tor regime they work converting mechanical
energy into electrical energy and produc-
ing the required level of onboard energy;
the bare tethers are particularly effective
[6, 7]. As we show later on, in some mis-
sions a bare ET would provide much more
energy than RTG’s, enabling the utilization
of more powerful instrumentation.

The essential idea of this work is to
use an ET to obtain interesting amounts
of power by deorbiting one of the Jupiter
moonlets. Assume, for a moment, that the
tether is joined to the moonlet with a cable;
when the ET is switched on, the electrody-
namic drag will be transmitted to the moon-
let through the tension of the cable and the
deorbiting process will start. The moonlet
will be deorbited and therefore, its orbital
radius will decrease as time goes on. This
way the tether is able to recover a fraction

Figure 3: Jovian moonlets (from [14])

of the mechanical energy lost by the moon-
let during the deorbiting process.

Two aspects should be underlined. First
of all, the masses of the moonlets are larger
than 1016 kg. For example, the mass of
Amalthea is m = 2.09 × 1018 kg and its
orbital radius is ai = 181, 300 km. If we de-
orbit Amalthea only 1 mm (∆h = 1 mm) a
large amount of energy is obtained

∆E ≈ 4 × 1015J ≈ 1.1 × 109 Kwh

Thus, from a practical point of view, the
available energy is unbounded.

~vo

~f E

~f E

−
~f E

Figure 4: Deorbiting a Jovian moonlet

Second, the cable joining the S/C and the
moonlet is not necessary; in effect, we can
remove the cable if we place the S/C close
enough to the moonlet. In such a case, the
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gravitational force of the moonlet substi-
tutes for the cable tension and the deorbit-
ing process takes place in the same way.

If we place the probe in an equilibrium
position relative to the system Jupiter-
moonlet the ET will carry on deorbiting the
moonlet indefinitely. Adjusting the tether
length, diameter and material it is possi-
ble to obtain electrical power in a sustained
way at Jupiter’s neighborhood.

An ambitious attempt like this has, ob-
viously, obstacles. Without a doubt, one
of the greatest challenges is the extreme
Jupiter radiation environment. This is
a serious constraint that can be consid-
ered as a significant challenge for current
or near-term developing technologies. An-
other problem is the uncertainty associated
with the electronic plasma density in the
neighborhoods of Jupiter; this parameter is
important in the operation of any ET be-
cause the tether current strongly depends
on it. In the following we will not focus on
these challenges, however.

4 Dynamics

A detailed dynamical analysis can be found
in [8, 9]. The main aspects will be described
here from a global point of view.

There are three bodies involved in the
problem: Jupiter, the inner moonlet and
the S/C. Since all the moonlets have cir-
cular orbits around Jupiter with very small
inclination it is appropriate to consider the
problem as a generalization of the classi-
cal circular restricted three body problem
(CRTBP), in a first approximation.

However, two significative differences
should be emphasized: 1) electrodynamic
forces are acting on the system and, 2) the
attitude of the S/C should be considered
since it plays an important role. Fig. 5
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Figure 5: Reference frame

shows the synodic frame Oxyz with origin
at the center of mass of the Jovian moon-
let, and where both primaries are at rest.
The S/C must be placed in an equilibrium
position relative to this frame.

Four main forces act on the system: the
Jupiter gravity gradient, the Coriolis force,
the gravitational attraction of the moon-
let and the electrodynamic drag. Since the
reduced mass ν of the moonlet is small
the Hill approach provides an appropriated
model to tackle the dynamic problem.

We will take a bare electrodynamic tether
(BET) because is more effective collecting
electrons. The electrodynamic forces play,
obviously, an important role. They depend
on the external fields (magnetic field and
plasma environment) and on the tether de-
sign (material, cross section, length). Two
non-dimensional parameters, (χ, ε) mea-
sure their influence:

χ =
ImB0L

mℓω2ν
1

3

, ε =
J1B0

Isω2
(1)

Electrodynamic drag: the para-
meter χ is a measure of the electrodynamic
drag. Im is the averaged tether current, B0

the magnetic field, L the tether length, m
the mass of the S/C, ℓ the distance between
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both primaries, ω the angular rate of the
synodic frame and ν the reduced mass of
the Jovian moonlet.

Lorentz torque: the parameter ε is
a measure of the Lorentz torque at the cen-
ter of mass of the S/C. Is is the moment of
inertia of the S/C relative to a straight line
normal to the tether by the center of mass,
and J1 is the following integral

J1

σEmAtL2
∗

=

∫ ℓt

0

(ℓt cos2 φ− ς) ie(ς) dς (2)

where ς is the non-dimensional distance
from the upper tether end, ie(ς) the cur-
rent profile (non-dimensional), At the cross
section of the tether, σ the electrical con-
ductivity of the material, Em the compo-
nent along the tether of the induced electric
field, φ the mass angle (see [10]), ℓt = L/L∗

a non-dimensional tether length and L∗ is a
characteristic length typical from the bare
ET’s given by:

L∗ =
(meEm)1/3

e 27/3
(3π

σht

n∞

)2/3

which essentially depends on the electronic
plasma density n∞ of the environment and
the transversal distance ht; ht is the radius
for a round section, and the thickness for a
tape (e electron charge, me electron mass).

A detailed analysis (see [8, 9]) provides
two families of equilibrium positions of the
S/C which depend on the value of χ. In the
analysis the tether is self-balanced, that is,
we select the mass angle φ in order to get a
zero Lorentz torque (see [11, 12]). For both
families the tether lies into the orbital plane
of the moonlet. Fig. 6 shows the position of
the center of mass for both families. We call
the main set to the equilibrium positions
close to the moonlet orbit (red line). A lin-
ear analysis shows stability when χ < 0.115
for the main set; when χ > 0.115 there are

different instability regions and the tether
can be operated in a reliable way by using
a simple feedback control law (see [9]).
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Figure 7: Relative position

Fig. 7 shows the relative position of the
tethered system in the synodic frame. In
two moonlets (Amalthea and Thebe) the
BET is just in front of the moonlet. In
the others (Adrastea and Metis) the BET is
just behind the moonlet. This is due to the
different position of the moonlets relative
to the stationary Jovian orbit.
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5 External fields

Magnetic field: in the neighborhoods
of Jupiter the magnetic field is clearly dipo-
lar and its polarity is just the opposite to
the polarity of the geomagnetic field. As a
consequence, it can be modeled as

~B(~r) = µm
R3

J

r3

(

~um − 3(~um · ~ur)~ur

)

(3)

where µm = 4.27 · 10−4 Teslas is the in-
tensity of the dipole, RJ = 71492 km is
the equatorial radius of Jupiter and −~um

is a unit vector in the direction of the di-
pole. Since the tilt of the dipole is small,
β = 9.6◦, we assume a non-tilted dipole.
This way the magnetic field, considering the
Hill approximation, takes the value

~B = B0
~k, B0 = µm

R3
J

ℓ3

Inner plasmasphere: we follow the
model of Divine & Garret (see [13]). When
RJ < r < 3.8RJ (the inner plasmasphere)
the electronic plasma density, in m−3, is
given by

n∞ = 4.65 · 10−6 exp
{r0

r
−

( r

H0

− 1
)2(

λ − λc

)2}

The parameters involved are

r0 = 7.68RJ , H0 = 1.0RJ , λc = 0.123 cos(l − l0)

where l and λ are the longitude and lati-
tude, in Jupiter System III (1965), respec-
tively, and l0 = 21◦.

This model provides a quasi-constant
value for the electronic plasma density at
the orbits of the Jovian moonlets (λ = 0◦).
Fig. 8 shows the variations of n∞ with l for
the four satellites. The variation between
the extreme values is lower than a 7% in
all cases. This important fact permits to
predict a small variation of the current col-
lected in the BET without control.

We use another feature of the model of
Divine & Garret: the most habitual ions in
the region are: sulfur S+ (about 70 %) and
oxygen O++ (about 20 %).
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6 Tether design

Fig. 9 shows an scheme of the BET. Let
ZT be the interposed load just placed at
the cathodic end of the tether.
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L
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Figure 9: Tether
scheme

This load is essen-
tial and plays two
complementary roles:
1) it is used to model
the useful power ob-
tained from the BET
and 2) it permits the
basic control of the
system.

The useful power
that can be obtained
from the tether is
given by

Wu = I2

CZT

However, the main pa-
rameter in the tether
design is the ratio
Wu/mT where mT is
the tether mass. It takes the value

Wu

mT
=

σE2
m

ρv
· Ω i2C(ℓt, Ω) (4)

where ρv is the density of the material, Ω =
ZT /RT is the non-dimensional form of the
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interposed load ZT (here, RT = L/(σAt)
is the electrical resistance of the tether, IC

the current at the cathodic end).
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Figure 10: Useful power Wu(ℓt, Ω); the pic-
ture shows the dependence on Ω for differ-
ent values of ℓt = 0.5, 1.0, . . . , 5

In fact, assuming the BET is working in
the OML regime, the electrodynamic per-
formances of the tether are basically func-
tions of only two parameters: the non-
dimensional tether length ℓt and the non-
dimensional interposed load Ω. Fig. 10
shows the dependence Wu = Wu(Ω) for
different values of ℓt = 0.5, 1.0, . . . , 5. It
is clear that there is a line of maxima ℓ̃t =
ℓt(Ω)

∣

∣

max
. Along this line the tether perfor-

mances are functions of only one parameter:
the control parameter Ω.

Tether material: we select Alu-
minum since the ratio ρv/σ reaches a min-
imum value for it.

Selection of the Jovian moon-
let: for any BET, the current collection
is governed by the external fields. Par-
ticularly, the electronic density of the sur-
rounding plasma n∞ and the magnetic field
(through the component of the electric field
in the direction of the tether Em). High val-
ues of these parameters make easy to oper-
ate the system because benefit the electron

collection by the tether. As a consequence
we select Metis as the Jovian moonlet

where the tether will be operated.
Tether section: first of all, we will

select the shape of the tether cross sec-
tion: a tape of thickness h and width dw.
This rectangular section is more appropri-
ate than a circular one because the value
of L∗ is lower for the same cross section; a
lower value of L∗ provides a higher value
of ℓt and, in general, the electron collec-
tion will be benefitted. As a consequence,
tape is better than wire. We must se-
lect the value of h as small as possible. At
present, it is possible to make tapes as thin
as h = 0.1 mm, and this will be the thick-
ness of our tape. Perhaps in the near future
thinner tapes can be constructed.

Useful energy: once the useful en-
ergy that the BET should provide is fixed,
the tether length L, width dw and mass mT

become functions of the control parameter
Ω when we work on the line of maxima. Fig.
11 show this dependence for Metis and for
a production of 500 watts of useful energy.
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Figure 11: Optimum conditions at METIS
(h = 0.1 mm, Wu = 500 w ∼ Galileo S/C)

Figure shows a wide range of reasonable

nominal values which provide the desired
useful energy.
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Obviously, the selection of one of these
design should be made taking into account
another factors not yet considered in the
analysis. For example, the nominal value to
be selected for Ω should involve a detailed
study of the batteries charging process.
These technological points should be clari-
fied in the future, but for the moment they
should be placed separately.

7 Optimization

To understand more deeply the optimiza-
tion process we constructed figure 12 which
correspond to a tape operated in Metis and
about 0.1 mm thick. In the abscissa-axis
figure shows the tether mass mT (in kg);
in the ordinate-axis figure shows the use-
ful energy provided by the tether (in kilo-
watts); in both axes we use a logarithmic
scale. On the figure two families of curves
have been drawn: the green lines show the
variation of the useful power Wu with the
tether mass mT when the tether length L is
fixed; along these lines the only parameter
which changes is the tether width dw. The
red lines show the variation of the useful
power Wu with the tether mass mT when
the tether width dw is fixed; along these
lines the only parameter which changes is
the tether length L. For the red lines, the
slope is larger than for the green lines, this
explains why the useful energy is more sen-
sitive to the variations of the tether length
L than to the variations of the tether width
dw. Obviously, changing the tether length
and width simultaneously is possible to in-
crease Wu keeping the tether mass mT con-
stant.

Some important conclusions can be
drawn from this figure. First of all, the
BET provides more energy than the RTG’s,
for the same mass (around one order of

L (km) dw (mm) mT (kg)

50 2.7 35

40 4.7 49

30 9.5 76

20 26 140

Table 2: Some optimum configurations
from figure 12 for Wu = 2 kw

magnitude more). For example, it is pos-
sible to obtain 500 w of useful power with a
tether 17 km long and 10 mm width which
weights 45.22 kg. The same level of en-
ergy produced by RTG’s require much more
mass: 111 kg in the case of the Galileo
spacecraft. But there is a range of val-
ues of the useful energy that cannot be
reached with RTG’s because of the pro-
hibitive mass required and, however, it can
be reached with an BET. For example, a
tether 30 km long and 9.5 mm width which
weights 76 kg is able to produce 2000 w (see
Table 2). To obtain this amount of energy
with RTG’s the mass required would be,
probably, about hundreds of kg. Finally,
we underline that with tether masses about
200 kg is possible to reach useful powers
about 10 kw.

8 Conclusions

From our analysis some conclusions can be
drawn; we comment them briefly in what
follows.

1) Significant amounts of energy can be
obtained by deorbiting any of the inner Jov-
ian moonlets (Metis, Adrastea, Amalthea
or Thebe). From a practical point of view
Metis, the innermost moonlet, is the prefer-
able to be deorbited with a bare, self-
balanced, electrodynamic tether.

2) There exist equilibrium positions
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where the tether could be operated appro-
priately; some of them are stable and other
unstable. At first sight, the operation of
the probe in an stable equilibrium position
would be preferable; however, the probe
would be operated in an unstable equilib-
rium position with the help of a feedback
control law.

3) The appropriate parameter to estab-
lish a control strategy is a variable inter-
posed load placed at the cathodic end of the
tether. In that strategy the interposed load
plays two simultaneous roles: i) it simulates
the electrical resistance associated with the
batteries of the S/C and ii) it controls the
tether current acting as a potentiometer (in
series with the batteries).

4) For the same mass the BET is able
to produce more energy than traditional
RTG’s. In fact, by increasing the tether
mass it would be possible to obtain much
more energy (one order of magnitud more).
Thus, the bare tether would open new
prospects unattainable with RTG’s.

5) The onboard energy provided by the
bare tether is cheaper than the energy pro-
vided by RTG’s.

There are many more points involved in a
mission as the one proposed in these pages.
For example, how to face the strong radi-
ation environment in the neighborhood of
Metis, or how to place the probe precisely
in the equilibrium position where it should
be operated. Some of these subjects will be
studied in the near future.
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