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[1] The existence of a toroidal region from which charged particles are excluded was demonstrated by
Stormer (1955) for a dipole magnetic field geometry. Using a standard numerical code to trace the
trajectories of particles in a magnetic field, we find excellent agreement with the predicted region for a
variety of particle energies and masses. The ability of magnetic fields to shield certain regions from
energetic particles, such as galactic cosmic rays (GCRs), has led to the suggestion that certain magnetic
field configurations could be used to shield the occupants of a spacecraft from the harmful effects of GCRs
during interplanetary space travel. In particular, systems involving a deployed superconducting coil of wire
that extends well beyond the dimensions of the spacecraft have been proposed as a viable solution to
shielding GCRs. The correct use of the analysis by Stormer (1955) requires that the radius of such a coil be
much smaller than the dimension of the region being shielded. Alternatively, it is shown that the energy of
the particles shielded from a given region decreases as the radius of a coil with a constant magnetic
moment increases. The reality is that large magnetic fields, and thus currents, are necessary to adequately
shield GCRs, neither of which are provided by deployed magnetic shields.
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1. Introduction

[2] Strategies for protecting spacecraft inhabitants from
the harmful effects of galactic cosmic rays (GCRs) include
both passive and active techniques. Passive techniques
essentially entail using solid material to create a shield
which prevents particles from penetrating a given region
by absorbing the energy of incident particles. Such a
shield is all but impractical because of the mass and
energy required for a shield sufficiently massive to protect
from GCRs with energies >1 GeV [e.g., Spillantini, 2000].

[3] Active shielding eliminates the need for massive
shields by using electric or magnetic fields to deflect
particles from a region surrounding the spacecraft. How-
ever, a different set of issues both technical and practical
are presented by these shielding strategies. The most
serious is the safety concern due to the exceptionally large
voltages (>1 kV) or large magnetic fields (>1 T) in close
proximity to the spacecraft occupants that are required to
shield the hazardous GCRs [e.g., Townsend, 2000]. The
potential dangers of such strategies could exceed the harm

'Thayer School of Engineering, Dartmouth College, Hanover,
New Hampshire, USA.

’Department of Physics and Astronomy, Dartmouth College,
Hanover, New Hampshire, USA.

Copyright 2007 by the American Geophysical Union

S04001

caused by the energetic particles for which the shield is
intended.

[4] Advances in high-temperature superconductors
have led some to advocate the promise of a deployed coil
of wire that extends far beyond the confines of the space-
craft to provide a magnetic shield. Proponents of such a
solution point to the reduced current, energy, and mass
required for such a system to maintain a given magnetic
dipole moment over traditional systems confined to the
spacecraft [Cocks, 1991; Cocks et al., 1997]. Unfortunately
the analysis used in these studies to justify the shielding
capacity of a deployed superconducting coil is in error [cf.,
Shepherd and Kress, 2007]. The authors of these studies
mistakenly assume that the magnetic field of a loop of
wire is equivalent to a pure dipole field, which is only true
for distances much larger than the radius of the current
loop.

[5] It has been shown by Stérmer [1955] (hereafter
referred to simply as Stormer) that a toroidal region exists
around the center of a dipole magnetic field from which
particles of a given energy are excluded. We use a numer-
ical particle tracing code to demonstrate the existence of
this region and show that the shielded region near the
center of current loop is diminished as the radius of the
coil increases. The decrease in shielding capacity of a
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deployed coil can be interpreted as either an increasingly
poor approximation between the field of a current loop
and a dipole resulting in a reduced ability to shield
particles of a given energy near the center of the loop, or
that the energy of the particles that can be shielded by
such a configuration decreases. Our analysis suggests that
deployed current carrying coils are ineffective as magnetic
shields from GCRs.

[6]] We first demonstrate the excellent agreement
between our numerical results and the analysis performed
by Stormer for an ideal dipole magnetic field (hereafter
referred to as Stormer theory); section 2 provides a brief
description of the important results from Stormer theory;
section 3 describes the numerical technique used to trace
particles as well as the results of the numerical simulation
for a dipole magnetic field. In section 4 the numerical
technique is applied to the magnetic fields produced by
deployed coils of various radii and the shielding capabil-
ities of these devices is discussed is section 5.

2. Stormer Magnetic Shielding

[7] For certain magnetic field configurations the influ-
ence these fields impart on charged particles via the
Lorentz force can lead to regions of space for which
particles below a certain energy are forbidden access.
These regions of space are said to be shielded from such
particles. Using the concept of a magnetic potential barrier,
Stormer showed the existence of a shielded region for a
dipole magnetic field configuration.

[8] The equation of motion of a particle with charge g
and moving with velocity v in a static magnetic field B(r)
and no electric field is given by

d
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where m is the rest mass of the particle, v = (1 — 213V is
the relativistic correction factor, and c is the speed of light;
SI units are used throughout. While ~ is more generally
part of the derivative in equation (1), the Lorentz force in
the case of a static magnetic field with no electric field is
always perpendicular to the particle trajectory and the
speed of the particle is therefore constant.

[9] In general, no closed form solution of equation (1)
has been found except for a few special cases. Stormer
showed the existence of a magnetic potential barrier in a
dipole magnetic field, which shields charged particles
entering from a large distance away. Stormer begins his
mathematical development with equation (1), first finding
two integrals of the motion; the energy and the azimuthal
component of the generalized momentum. These dynam-
ical constants are then shown to bound the particle motion
to certain regions of space.

[10] The azimuthal component of the generalized
momentum of the particle is given by

Py = mpug + %PAQ‘ (2)
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with cylindrical coordinates (p, ¢, z) used and A = AM is
the magnetic vector potential. By inserting the analy-
tical expression for the vector potential of a pure dipole
A, = —Mplr®, with dipole moment M = Mz into
equation (2), Stormer shows the existence of an inner
forbidden region that a particle arriving from a large
distance away cannot access. The boundary of this
region is defined by the equation

o [Map cos® A )
4mymo1 + /1 + cos® X

where ) is the magnetic latitude (7/2 — ) and r is the
radial distance from the center of the dipole in
spherical coordinates.

[11] From equation (3), we see that the extent of the
surface bounding the forbidden region for a given M is
determined by the so-called rigidity of the particle R =
vymuclq. The factor

Mqpo M e
= |—— =1\ 4
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has the dimensions of length and is called the Stormer
length. This quantity is sometimes used as a length scale
to characterize the size of the shielded region. Note,
however, that the shielded region is somewhat smaller;
the toroidal region defined by equation (3) has an outer
radius of approximately 0.4 C, for A = 0.

3. Numerical Technique

[12] In order to numerically solve equation (1) for a
given static magnetic field configuration, we use a stan-
dard Runge-Kutta 4th order method to solve the coupled
set of six first-order ODEs for the Cartesian position (r = xX +
yy + zz) and velocity (v = v,x + v,y + v.2) of a single
particle. An adaptive time step is used by adjusting the
step size to be 0.1% of the instantaneous gyroperiod of
the particle. A maximum step size of 1 s is used, but no
lower bound on the minimum step size is imposed. In
the case of a particle approaching the center of a dipole
located at the origin, where the field becomes unbound-
ed, the step size is allowed to become as small as
necessary to resolve the trajectory. Such trajectories
can take exceptionally long to compute, but are never-
theless allowed to run to completion and no trajectories
are discarded.

[13] Two basic configurations of the static magnetic field
are used in our numerical simulations. In the case of a
dipole, the magnetic field is determined at each time step
from the exact analytic expression for a dipole field. The
magnetic field due to a circular loop of wire, on the other
hand, must be approximated at each time step. We use the
Biot-Savart Law to compute the magnetic field at the given
location of the particle that is due to a straight-line
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