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Abstract

We critically review our recent claims that it is possible to obtain
a propellantless propulsion device similar to electrodynamic tethers by
means of a closed wire partially shielded by a superconductor from the
outer magnetic field. We find that such a device is not possible as it
violates basic physical laws. Furthermore, we show what is the correct
local picture for the currents distribution within the superconductor.

1 Introduction

There exist several contributions in the literature [1, 2, 3] where superconduct-
ing materials have been proposed as for an outer magnetic field onboard of a
spacecraft. The concepts include the claims that superconducting materials can
be used to shield forces and that a partially shielded current in this way could
serve as an alternative to electrodynamic tethers. We critically review these
concepts here and show that such a device cannot work.

The impossibility of such a device follows from a global evaluation of the
Lorentz force acting on any finite and steady-current distribution J in a certain
volume V: the net force due to a constant external magnetic field By indeed is

zero due to
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where the current conservation V.J = 0 has been used and the result holds if
now current flows through the surface oV'.

Of course, local variations on the magnetic field may cause local forces, but
these are just internal forces that do not generate a net force. This should also
and in particular be true for the shielding by means of a superconductor unless
fundamental properties of electrodynamics would be lost in that case.

2 No external magnetic field

Still, one would like to understand in detail why the concept cannot work. The
aim of this short note is to discuss the forces that act on a closed wire in a
magnetic field, if the former is partially shielded by a superconductor. In this
section we consider the situation without an external magnetic field and ask
what happens exactly in the superconductor. The situation we are considering
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Figure 1: The situation of the superconducting shield if a current flows in the
tape but no external magnetic field is present.

is sketched in figure 1: A current I flows in a tape which is itself put into a
hollow superconductor. The current is assumed to be closed somewhere far
away from the superconductor such that it does not influence local physics. For
simplicity we assume that the width w of the tape (and therefore the y-extension
of the superconductor) is much bigger than the thickness of the whole device in
x direction. Therefore we may simply assume that all magnetic fields point in
the y direction and are constant.

The current density J = I/w in the tape produces a magnetic field By =
tol/(2w). Can this be shielded by the superconductor? The answer follows
from the integrated version of Ampere’s law if we take the area bounded by the
path A in figure 1. Then

§ By =po [0 (0o = ot 2)
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where the result follows from the fact that there cannot flow any net currents
in the superconductor (of course the latter is assumed to be of finite size.) It
should be noted that the integration through the superconductor is harmless as
long as one considers the magnetic induction B , as this quantity is well defined
everywhere. Though equation (2) tells us that the magnetic field effectively
cannot be shielded outside of the superconductor, it does not yet say how the
latter is produced there. Indeed, the current I flowing in the tape cannot
be responsible, as its magnetic field is shielded by the superconductor. For
each point on the path A there exists a region between that point and the



tape, where B = 0. Therefore B outside of the superconductor is produced by
surface currents that can flow in the London layers of the outer surface of the
superconductor.

Let us consider these currents a little bit more in detail. The superconduc-
tor is assumed to be thick, i.e. the thickness is much bigger than the London
penetration depth, so there exists a region far enough from the surface where
B =0. The currents effectively shielding the magnetic field flow at the surface
in the so-called London layers. A superconductor has magnetic susceptibility
Xm = —1, so the split of the magnetic induction as B = uo(H + M ) is not de-
fined umquely. As the superconductor considered here is not simply connected
there exist two different types of currents; the first type closes topologically non-
trivial around the region with B = 0 and is denoted by I (cf. also figure 1),
the second type closes topologically trivial (i.e. local within one London layer)
and therefore reminds of the characteristic of magnetization, it will be referred
to as I;,. Although these namings are arbitrary, the physical nature of the two
different types of currents is essential. Which type of current is responsible to
shield the magnetic field produced by the tape in the superconductor? To an-
swer this question we again use the integrated version of Ampere’s law, but this
time we integrate around path B in figure 1. In this way we obtain

}iB(F)sz 0= o /ZB J(7) - A(F)do 3)

so the total current flowing through the area must vanish. The topologically
trivial currents clearly cannot contribute so equation (3) tells us that

Ip=—1)2. (4)

Therefore in both inner surface layer there flows a current with strength —I/2
and consequently the opposite currents flow in the outer surface layers. In the
current situation no further shielding is necessary at the inner surface. Consider
e.g. the inner right wall: adding together the magnetic field from the current
and from the current I at the inner left wall yields a total magnetic field By /2
to be shielded, which is exactly balanced by the current I. This last conclusion
is a consequence of the particular geometry chosen and will not generalize to
different situations.

Having concluded what happens at the inner surface, let us now consider
the outer one. The topologically non-trivial current I7 of course is of the same
strength as at the inner surface. It produces a magnetic field By = ol /(4w) as
indicated in figure 1. Outside of the superconductor this is half of the magnetic
field needed to satisfy Ampere’s law in equation (2), at the same time I causes
a magnetic field inside the superconductor, which must be shielded by means
of local currents or magnetization, resp. As the difference in the magnetic field
between the surface and the center of the superconductor has the correct value
solely with the current Ip,

1
Br(surface) — By (center) = HoZ , (5)
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the local currents I;, must induce a constant shift of the magnetic field by
1ol /(4w) in such a way that the correct boundary conditions on the magnetic
field are met. In terms of a magnetization M this would correspond to the
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Figure 2: The situation of the superconducting shield if a current flows in the
tape and external magnetic field is present.

constant case M (surface) = M (center) # 0. This terminates the calculation of
the case without external magnetic field.

3 External magnetic field

Now we slightly modify the situation by turning on an external magnetic field
Bpg (treated as a background field.) The new situation is depicted in figure 2.

As is easily seen this external magnetic field can be shielded by a current
flowing around the complete superconductor (instead of just one wall as in the
case of It.) In order to prevent an overloaded picture no arrows for the induced
magnetic fields due to I'g have been added. What is the total force acting on
the superconductor? The relevant expression for the Lorentz force reads

F=IIxB, (6)

where [ is the length over which the current flows. In our case the magnetic
field is the external field Bg. The current is Iy flowing in the London layer of
the outer surface. The interaction can be made explicit by taking the integral
over the complete London layer:

0 A 0 1 ) 0
F, = —A/ J.Bydr = —— 0By By = §By , (7)
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where A denotes the area of one of the outer walls of the superconductor and
the integral is taken from the surface S to the center 0 of the superconducting
wall. Adding both sides and carefully choosing the sign one obtains

A 2wB
Fo= 2 ((Bo+ BrY — (Bu — Bi)?) = ~1Bp( !

= —[Bgl . 8
o o ) B (8)

Therefore it is seen that the same Lorentz force acts on the shield that would
act on the wire and therefore the shielding by a superconducting cylinder does
not work. This now is intuitively clear as on both surfaces together there flows
a total current I.

4 Conclusions

From the force in equation (8) acting on the superconducting shield it is seen
that the net Lorentz force acting on a superconducting shield is exactly the same
as the one that would act on a bare wire. Therefore a propellantless propulsion
device relying on the concept of a partially shielded wire cannot work. The same
conclusion is held by observing simply that on any current cloud there can be
no net force if this is immersed on a constant magnetic field.
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