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Progress Toward Electrostatic Radiation Shielding of
Interplanetary Spacecraft

Philip T. Metzger'", John E. Lane’, and Robert C. Youngquist'

'NASA/The KSC Applied Physics Laboratory, YA-C3-E, John F. Kennedy Space Center, FL 32899
*ASRC Aerospace, MD: ASRC-10, John F. Kennedy Space Center, FL 32899

Introduction

Particle radiation remains a significant obstacle to human exploration of space. Passive
(materials-based) shielding technology has made significant progress but continues to be a costly in-flight
option due to the required mass. Magnetic shielding has not come of age because it requires
superconducting coils that are not only heavier than passive shields but contain single-point failure
mechanisms and remain a technological challenge. Electrostatic shielding has been largely rejected
because repulsion of the protons would attract a cloud of electrons, neutralizing the shield, whereas
concentric shells of shielding to repel both electrons and protons would be heavy and would require large
voltages over short radial distances, exceeding our current technology.

This paper provides a non-technical introduction to the radiation problem and a brief review of
the various shielding strategies. Then it advocates an overlooked alternative: a multipole expansion of
the electrostatic fields, which leverage the asymmetries inherent in the physics so that isotropic protection
may be obtained without the limitations of concentric shells. This has the potential to dramatically reduce
the mass of passive shielding while increasing the shielding effectiveness.

The Space Radiation Problem

Human exploration and development of the solar system is not possible without space radiation
shielding to protect the crew and the spacecraft. The radiation damages biological tissues and may cause
either acute (severe and immediate) effects or delayed (long-term and cumulative) effects. The acute
effects from a severe solar radiation event may lead to death within a matter of weeks, whereas the
delayed effects may increase the life-time cancer risk above an acceptable level. Long-duration missions
on the Moon or to Mars without shielding is unacceptable for both reasons: the accumulated dose is
unacceptably high even in the best of circumstances, and the risk is too high that a lethal radiation event
may occur during the mission. Therefore, the president’s agenda for exploration cannot proceed without
radiation shielding.

The most damaging radiation consists of charged particles (electrons, protons, and heavier
positively-charged ions) which are accelerated to nearly the speed of light in processes within our solar
system (solar activity) or from without (supernovae). This leads to two categories of space radiation:
radiation from Solar Particle Events (SPEs) and Galactic Cosmic Radiation (GCR). The SPEs are further
categorized into two types of events: impulsive SPEs that are associated with solar flares, and gradual
SPEs that are associated with coronal mass ejections (CMEs), during which the sun blows off a shell of
plasma from some large region of its photosphere as illustrated in Fig. 1. Impulsive SPEs are known to
be rich in electrons and to occur over a period of just hours. Gradual SPEs are known to be richer in
protons and to occur through a period of several days.
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of low-energy electrons in the solar wind compared to the SPE electrons, a difference of many orders of
magnitude. Accelerating these low energy electrons to 100 MeV would create a bremsstrahlung dose that
would be lethal. If that were not bad enough, this influx of electrons would neutralize the shield and
eliminate the protection against positively-charged particles.

To fix this, it was assumed that an electrostatic shield must consist of concentric shells of
alternating charge. (As we show below, this assumption was incorrect.) The overall spacecraft would
then be maintained at a slightly negative charge in order to drive away the large quantity of low-energy
electrons. The electric field between the concentric shells would be directed outwardly to drive away
positively-charged particles. As discussed in Ref. 4, maintaining 3.02 GV between the concentric shells
would be enough to drive away iron particles up to 1.4 GeV, which is in the band of GCR energies.
However, this creates a secondary problem. In order to get 3.02 GV between concentric shells, the
electric field will be 3.02 GV divided by the spacing between them. If this exceeds approximately 20
MV/m [7] then the shells will undergo vacuum breakdown, meaning that the electrons will be stripped
away from the surface of one conductor and accelerated through the vacuum toward the other, thus
discharging the shield. Keeping below this vacuum breakdown limit requires a spacing of 151 meters
between shells. A conductive shell at over 150 meters radius would obviously be quite heavy for an
exploration spacecraft. It was this consideration that killed the concept of electrostatic shielding.

A fourth concept is the “Plasma Radiation Shield” [8]. This is an attempt to combine the best of
electrostatic and magnetic shielding. The idea is that a positive electrostatic field will repel the protons
and an electrically negative plasma will be captured and maintained around the spacecraft by a magnetic
field. Thus, the 151 meter outer shell has been replaced by a plasma of nearly zero mass. The
effectiveness of plasma radiation shielding against the higher-energy GCR particles has not been
investigated [1]. Perhaps the chief concern with this method, though, is that it is complicated and remains
largely theoretical.

A new, fifth concept is the “M2P2” or the Mini-Magnetospheric Plasma Propulsion system [9].
As its name implies, this was originally proposed as a propulsion system and only as a side-benefit has it
been considered as a method of shielding. The idea is to create a plasma with an embedded magnetic
field structure, which can be inflated to many kilometers in diameter. This creates a much larger
magnetic field structure than the brute-force use of superconducting coils, and without the excessive
mass. This is a new concept which needs further study, but it seems to us that two problems exist. First,
the magnetic bubble has two poles located at the ends of the spacecraft, and therefore particles that follow
the field lines will be directed in at both ends (as with the Earth’s auroras). While this does allow the
passive (materials) shields to be concentrated at the two ends, reducing spacecraft mass by eliminating the
need for isotropic protection, it also raises the question how focused the pole-seeking particles will be. If
they are not sufficiently focused, then the passive mass may need to cover significant regions of the two
ends of the spacecraft, essentially putting the need for isotropy back into the passive shielding. Second, it
has been learned recently that magnetic structures in the solar wind frequently break the Earth’s magnetic
field lines and attach themselves to their ends. This creates a direct thoroughfare of radiation into a
“hotspot” region of the aurora. The M2P2 would seemingly be subject to the same problem, and if solar
wind magnetic lines attach to the M2P2’s bubble then large quantities of radiation would be channeled
directly in. Even worse, the bubble might completely break and be swept away during the passage of a
CME’s magnetic structure, leaving the spacecraft with no shielding at all just at the time it is needed the
most. These problems have not been demonstrated, but we raise them here only as concerns that should
be investigated.

A sixth concept is a multipole expansion of electrostatic fields [10] to be presented below. In
summary of the other five shielding strategies, the active (electrostatic and magnetic) systems can
completely repel the entire flux of particles below some cutoff energy level. However, the problem is



generating fields strong enough to repel the highest energy particles in the GCR. Passive shielding, on
the other hand, , can provide a reduction of flux even for the most energetic GCR particles, but it does not
provide a complete cutoff and so the fraction of the flux that gets through may still be too high if the
incident flux is extremely large, as in the case of a large SPE. It is possible the best solution will be a
combination of active and passive shielding. The passive shields may be needed to adequately reduce
mission dose of the GCR, while the active system may be needed to entirely eliminate the flux of the less
energetic but higher-fluence SPE particles during the course of a solar event. The concept in the next
section may fill that purpose. However, it is also possible that this new concept may be adequate by itself
without passive shielding.

Multipole Expansion in Electrostatic Shielding

It is well-known that arbitrary electrostatic fields may be decomposed mathematically into an
infinite superposition of components, a decomposition known as a “multipole expansion.” The lowest-
order term in this expansion is the monopole component, followed by the dipole, the quadrupole, and so
on. The monopole component decreases in strength inversely proportional to the distance, r™', whereas
the sequence of higher order components decay like r, r>, r” and so on. At a particular distance, one of
the terms will dominate the field. It should be possible to assign different shielding functions to each
term in a multipole expansion of the fields. For example, a very strong quadrupole term may dominate
the physics closest to the spacecraft, while a weaker but farther-reaching monopole term dominates the
physics further away. Thus, it is possible to have “shells” of protection surrounding the spacecraft
without using any concentric structures to deploy them. Thus, electrostatic shielding is possible without
the mass of the 151 meter sphere and without the complications of magnetic plasma containment.

For example, the quadrupole term may be assigned the task of repelling positively-charged
particles, including those at very high energy (protons and HZE particles). The monopole term may be
assigned the task of repelling electrons. This arrangement may leverage the two natural asymmetries that
exists in the physics mentioned above: (1) the flux of the lower energy particles is much higher than the
flux of the higher energy particles, and (2) electrons are more easily stopped by the spacecraft’s hull than
are protons and heavier nuclei. Thus, while the monopole term may not be strong enough to repel the
highest-energy electrons that are part of an SPE or a component of the GCR, there are not enough of these
to create a significant bremsstrahlung problem when they strike (and are stopped by) the hull of the
spacecraft. The great quantity of lower-energy electrons need only to be brushed away from the central,
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(which would create a bremsstrahlung
problem). On the other hand, the high
energy positively-charged particles and
the much higher quantity of lower-energy
positively-charged particles (which are
and ions part of the solar wind) will both be
5 \ repelled by the large quadrupole term
dominating the region immediately
=400 =200 around the spacecraft. Thus, it is

u/""'_— possible for one multipole expansion to

5 solve all parts of the shielding problem.
Figure 4. Typical electric field resulting from a linear An example of an electric field obtained
quadrupole arrangement. with a linear quadrupole shield geometry
is shown in Fig. 4.
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e S ; .-~ Figure 5. View of 3D particle
\‘:\‘ . o L , - trajectories. The outer circles
C “ e ‘ - are the balloons. The central

circle is the spacecraft .

(Left) Electrons are repelled
over a wide region.

(Right) Protons are repelled

| from the central region (the
spacecraft). No particles reach
the spacecratft.

This arrangement can be deployed very easily by lightweight structures in space. The charge that
creates the electric field may be driven onto the surface of lightweight balloons, which self-inflate under
the Coulomb force when the voltage is applied. That voltage may be created by simple electrostatic
generators such as a Van de Graaf machine. The current output from such a device is very low, but
likewise the influx of solar and galactic particles onto the balloons is also very low and so it is feasible for
the generators to sustain the voltage. Tethers and only lightweight, flexible rods may be sufficient to
deploy the balloons around the spacecraft. Thus, the entire system is low mass and depends only upon
well-known technology. Some improvement is needed in the electrostatic generators to provide the level
of voltage that is needed to protect against the largest solar flare protons and against the most significant
flux of HZE particles, but this improvement seems achievable, as described below.

Simulations of such a shielding strategy have been performed at the Kennedy Space Center. A
model was written in Fortran to simulate the trajectories of high-energy charged particles in the presence
of a set of charged balloons. For now, the radiation of energy away from the deflected particles has been
neglected, but this will be included in the next generation of the model. Also, the distribution of charges
on the balloons has for the present been assumed uniform, which we found to be a valid simplification as
long as the spacing between balloons is more than three times their diameter. A future version of the
model will include the method of image
charges and other numerical techniques to
more accurately predict the fields that result
from the actual (non-uniform) charge
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reduce the GCR dose, if the electrostatic voltages are a factor of 40 greater than what is currently
available using Van de Graaf generators on the Earth. This seems achievable for two reasons. First, in
space there is no risk of atmospheric ionization and so greater electric fields can be sustained. Therefore,
it is possible to simply connect multiple generators in series to increase the voltages (equivalent to
increasing the belt length in a Van de Graaf machine). This is sufficient by itself to solve the problem.
Second, until now there has been no motivation to improve electrostatics generators in a way that will
support typical applications in the space environment (where there is no atmosphere, no ever-present
ground plane, and more spatial freedom due to a lack of gravity) and so the technology is still relatively
immature and rapid advances can be expected.

Even if the most energetic GCR particles cannot be stopped by multipole electrostatics, used in
conjunction with passive shielding it will provide a dramatic improvement over passive shielding, alone.
Passive shields cannot provide sufficient reduction of flux for the most powerful SPEs without the
addition of excessive mass. Electrostatics with very little mass will deflect the entire flux up to a
particular energy level. It will also reduce the energy of those GCR particles that get through, thereby
reducing secondary radiation. Thus, electrostatic protection against SPEs coupled with passive shielding
protection against the highest energy GCR may, in that case, provide the optimal solution.

Conclusion

Multipole electrostatic shielding is a promising concept that deserves further attention. A proper
multipole expansion of the field leverages the asymmetries in the physics and thereby repels both
electrons and protons without generating excessive bremsstrahlung radiation. It does not require heavy
structures or concentric shells of charge to deploy the fields, and the vacuum breakdown limit can be
easily avoided. This concept may provide a lightweight, inexpensive solution to the radiation problem
that may be implemented on spacecraft immediately, thus enabling human exploration and development
of the solar system.
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