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An electrodynamic tether can propel a spacecraft through a planetary magnetized plasma without using

propellant. In the classical embodiment of an electrodynamic tether, the ambient magnetic field exerts a Lorentz

force on the current along the tether, the ambient plasma providing circuit closure for the current. A suggested

propulsion scheme would hypothetically eliminate tether performance dependence on the plasma density by using a

full wire loop to close the current circuit, and a superconductor to shield a loop segment from the external uniform

magnetic field and cancel the Lorentz force on that segment. Here, we use basic electromagnetic laws to explain how

such a scheme cannot produce a net force. Because there is no net current in the superconducting shield, the

circulation of the magnetic field along a closed line outside the full cross section, in its plane, is just due to the current

flowing in the loop segment. The presence of the superconducting shield simply moves the Lorentz force from the

shielded loop segment to the shield itself and, as a result, the total magnetic force, acting on full loop plus shield,

remains zero.

I. Introduction

E LECTRODYNAMIC tether (EDT) applications, including
spacecraft deorbiting, thrusting, and power generation, require

a planetary magnetized plasma for current exchange and circuit
closure, and for both inducing a tether current and exerting a Lorentz
force on it [1]. Tether performance thus depends on ambient plasma
density ne and magnetic field B. If either ne or B is low enough,
performance could be unacceptably weak. These limitations appear
intrinsic to the EDT concept.

However, modifications of that concept have been suggested, with
the purpose of trying to eliminate either the need for a magnetic field,
by having the spacecraft produce and carry its own field onboard [2],
or the need for ambient current closure, by using a full wire loop to
close the circuit [3]. We limit our discussion here to this second
scheme. There is, of course, a basic difficulty in the wire-loop
scheme: a magnetic field presenting negligible spatial variations in a
region with the size of the tether, as in the actual case of interest,
would exert no force on the loop [4].

Attaining a net force had been thought possible by diamagneti-
cally shielding a segment of the loopwith amaterial of highmagnetic
permeability, so that the actual magnetic field inside the wire would
be nonuniform along the loop. It was then shown, however, that the
forces on the wire segment and shield add to the same force acting on
the segment if left unshielded, and so no net force on the loop could
be achieved [3]. It has now been suggested, nonetheless, that a
superconducting shield might work [5]. Here, we use basic electro-
magnetic laws to explain how such a scheme cannot produce a net
force either.

II. Wire Loop Versus Electrodynamic Tether

The Lorentz force exerted by a uniform field on any finite, steady-
current distribution is zero.Using charge conservation,r � �J� 0, the

current density �J� �r� may be written as

�J � �J � r �r� �J � r �r� �r � �J� �r � r � � �J �r� (1)

r �r being the unit tensor. Integrating Eq. (1) over a volume that
includes the entire cloud of current and usingGauss’s theorem yields

Z
dV �J�

Z
dVr � � �J �r� � 0 (2)

From the Lorentz force per unit volume �J ^ �B, the total force on the
cloud due to a uniform field �B0 does indeed vanish:

�F�
Z

dV �J ^ �B0 �
�Z

dV �J

�
^ �B0 � 0 (3)

This result applies to a wire loop as just a particular case.
The forces on segments of the loop can, of course, be different

from zero and this feature can be used, for example, to stretch a wire
loop in orbit [6], the net force vanishing, however. That forces on
parts of a current cloud need not be zero is used in the EDT concept,
where integrating Eq. (1) over just the tether volume yields

Z
tether

dV �J�
Z
tether

dVr � � �J �r� �
Z
S1;S2

d �S � �J �r�L �I (4)

Here S1, S2 are the two end cross sections, with �I pointing along the
tether (assumed straight and insulated for simplicity) in the direction
of the current I. In the case of dc current closure through the plasma
(but also for the actual case of steadywave-emission closure [7]), one
must also have

Z
plasma

dV �J��L �I (5)

Although the forces on tether and ambient plasma are opposite and
equal, a net magnetic power on the tether/plasma system arises from
the difference in velocities,

�L �I ^ �B0� � �vtether � ��L �I ^ �B0� � �vplasma � � �I � �EmL (6)

where the so-called motional electric field

�E m � � �vtether � �vplasma� ^ �B0 (7)
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is the field, in the tether frame, at the highly conductive ambient
plasma.

Equation (6) shows that the (Lorentz) mechanical work on tether
and plasma, and the work done through the electromotive forces
induced as they move, add to zero net work, as required from
magnetic forces [8]. In the simplest case of tether parallel to the
motional field, there is a potential difference EmL across the ends of
the tether, driving a current in it. If all impedances in the tether circuit
are passive, implying �I � �Em > 0, the magnetic field will take energy
out of themotion of tether and plasma into the tether electrical circuit;
the Lorentz force on the tether would be thrust, nonetheless, if �vtether
is opposite the relative velocity, �vtether � �vplasma. A counter-
electromotive force may always be used to invert the direction of the
current.

III. Magnetic Force on a Current-Carrying
Superconductor

Because Newton’s third law holds for the mutual forces between
any two clouds of steady current [4], a current-carrying wire loop in a
uniform field �B0 will exert no net force either on the distant current
distribution of effectively unlimited extent producing �B0. In the
proposed scheme, that field would supposedly exert a net force on a
loop if just modified by having a segment shielded by a super-
conductor [5]; this wouldmean that either the loopwould now exert a
net force on the current distribution producing �B0 or the third law
would fail to hold, breaking momentum conservation for the
combined system. In what follows, we will show that none of the
aforementioned holds.

The proposed scheme is based on the facts that a superconductor is
perfectly diamagnetic (no magnetic field inside it) and capable of
transporting a current (with zero resistance), the result apparently
being that no magnetic force would act on its current. The preceding
two statements, however, are overly simplified. The ampere
equation, which has general validity for steady conditions,

r ^ �B� �0
�J (8)

shows that there is a magnetic field wherever there is a current. The
fact is, a superconductor may support a field �B in very thin surface
layers (thickness typically on the order of 10�5 cm), while any
current is carried in such layers. That is, current and field must, and
do, coincide spatially in a superconductor too, and result in possibly
intense volume forces in thin layers, given as

� ��10 �B ^ �r ^ �B� (9)

The pioneering analysis of London was a model of those layers [9].
Loopsmodified, first by simplymaking a segment superconductor

as considered in this section, and next by enclosing a segment in a
superconductor, to be discussed in Sec. IV, do exhibit such thin-layer
forces.We consider the simplest geometry for a loop segment, which
is a tape of lengthL� widthw� thickness h, and two cases:
1) there is an external magnetic field Ba0 parallel to the long sides of
the cross section but no current (Fig. 1a); 2) there is a current Ib0 along
the tape but no external magnetic field (Fig. 1b).

In Fig. 1, we place the tape segment cross section in the x–y plane.
With w� h, both �B and �J will only vary in the x direction, their
components lying along the y and z axes, respectively. Equation (8)
then reduces to

dBy
dx
� �0Jz (10)

Figure 2 shows the simple distributions of By and Jz across the x
axis for both cases 1 and 2, when the tape is a normal conductor (with
negligible magnetization). In neither case is there a magnetic force.
In case 2, the current density is Ib0=wh and thefield outside the tape is
Bb0 � �0Ib0=2w.Wemay now apply superposition to determine the
magnetic force when there is both current and an external magnetic
field.We thenfind the standard result for the force along the x axis, as
following from Eq. (3):

� Fx �
Z

dVJzBy

�
Z
h=2

�h=2
Lw dx

Ib0
wh

�
Ba0 �

�0Ib0
2w

2x

h

�
� LIb0Ba0 (11)

Figure 3 shows the distributions of By and Jz when the tape segment
is a superconductor, where both field and current vanish except in
thin layers (grossly exaggerated in thefigure) on either side.Note that
the signs of Jz and dBy= dx are equal at every point, in agreement
with Eq. (10). In the London model, both By and Jz would vary
exponentially with x but the following results are independent of the
actual variation.

Note also that there is no net current in case 1, whereas the area
under the Jz graph in case 2 equals Ib0=wh as in Fig. 2. Although
there is no physical difference between currents in the two cases [8],
one can still say that case 1 involves diamagnetic currents and case 2
involves (charge) transport currents.

Again, there is no magnetic force in either case. Applying
superposition, we now determine the magnetic force when there is
both current and an external magnetic field. Using Eq. (10), we find

� Fx �
Z
h=2

�h=2
Lw dx

1

�0

�
dBya
dx
�

dByb
dx

�
�Bya � Byb� (12a)

Fig. 1 Cross section of tape with either a) external field Ba0, or
b) current Ib0.

Fig. 2 Field and current density across normal conductive tape for
cases a and b of Fig. 1; field as produced by Ib0 in case b.

852 SANMARTÍN AND LORENZINI



or

� Fx 	
2�0

Lw
�
Z
h=2

�h=2
dx

d

dx
�Bya � Byb�2 ) ��Bya � Byb�2

(12b)

� 
�Ba0 � Bb0�2 � �Ba0 � Bb0�2� � 4Ba0
�0Ib0
2w

(12c)

where � represents change across the tape thickness. The result in
Eq. (12c) is just as in Eq. (11).

IV. Force on a Superconductor Shielding a Current

Figure 4 shows the arrangement of a superconductive tape shield
enclosing a tape segment of a loop carrying a current (whether this
inner tape is a superconductor or a normal conductor); all x
dimensions are small compared with w. In an actual situation, the
conductor must be supported mechanically inside the shield so that
they move together.

There is clearly no force on the inner conductor. The right (R) and
left (L) parts of the shield will set up diamagnetic currents, due to the
“outside” field Bb0 � �0Ib0=2w, in surface layers left and right,
respectively. With the shield carrying no net current, diamagnetic
surface layers will also set up next to the respective outer sides of
parts R and L. Figure 4 shows the directions of By and Jz inside the
surface layers of the shield, which can be readily drawn by
comparing with the graphs in Fig. 3. Note the difference in directions
of Bb0 on the outer sides of the shield, that is, opposite to the case of
the external field; the opposite directions are indeed responsible for
the force acting on the shield, as shown next.

Following Eq. (12b), we again recover the result expressed in
Eq. (11):

� Fx 	
2�0

Lw
��R�Bay � Bby�2 ��L�Bay � Bby�2

) �Ba0 � Bb0�2 � �Ba0 � Bb0�2 � 4Ba0
�0Ib0
2w

(13)

�L,�R being variations across the L and R parts; contributions from
the layers next to their inner sides balance each other.

The results in Eqs. (12c) and (13) [and in Eq. (11), too] can be
summarized as

� Fx � Lw 	
�
B2
y

2�0

�right side� �
B2
y

2�0

�left side�
�

(14)

whereB2
y=2�0 is magnetic pressure [8]. Equation (14) just expresses

the difference between magnetic-pressure forces on both (most)
external sides, where the magnetic field is made of the applied field

and the field generated by the current (Ib0 here) flowing along the full
loop. The force is thus independent of cross section structure.

In conclusion, a Lorentz force equal to that exerted on the loop
segment if unshielded, acts on the superconducting shield.

V. Conclusions

It had been claimed that enclosing a segment of a wire loop within
a superconductor, to magnetically shield a segment from an external
uniformmagnetic field, could result in a net Lorentz force on the full
loop. We have here shown, however, that the force on the enclosing
superconductor is the same force acting on the loop segment if left
unshielded, and so no net force can be achieved. This is in agreement
with Newton’s third law for the mutual forces between the wire loop
and the distant current distribution producing the uniform magnetic
field.

As detailed in our analysis, there exist London layers of current
density and accompanying magnetic field next to the inner sides of
the superconductor, which shield its interior from the magnetic field
that lies between the loop segment and superconductor, which is due
to the current flowing in the segment. Because no net current flows in
the shield, there are London layers next to the outer sides too,
resulting in a magnetic field outside the entire cross section, in
addition to the external magnetic field. Those London layers are
subjected to volume forces that result in a net magnetic force on the
shield.

Because the London layers add to no net current in the
superconductor, the circulation of the magnetic field along a closed
line outside the cross section, in its plane, is just due to the current
flowing in the loop segment, as it follows from the ampere equation.
One could then just ignore the structure of the cross section and say
that, outside it, the addition of the uniform external magnetic field
and the nonuniform field due to the current in the loop, do result in a
nonuniform magnetic pressure, which produces the same net force
whatever the cross section structure.
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