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1
SPACECRAFT SHIELD

FIELD OF THE INVENTION

The invention relates to spacecraitt, and to the shielding of
spacecrait from potentially harmiul charged particles. Such
charged particles may include, for example, high energy pro-
tons which arise during a Solar Proton Event.

INTRODUCTION

The space environment 1s hazardous both to spacecraft and
astronauts, because of a variety of radiation types including
high energy photons such as cosmic rays and solar Gamma
and X-rays, and high energy particles such as solar energetic
particles (SEPs). SEPs notably include significant fluxes of
protons and electrons with energies of tens to several hun-
dreds of MeV which are generated by solar proton events
linked to coronal mass ejections and solar flares. Solar proton
events cause particular concern because although they are
typically infrequently experienced by a particular satellite
(perhaps a few events 1n a week, depending on solar activity)
and of short duration (hours to days), they have the potential
to do significant rapid damage, especially to satellites in
higher altitude orbits such as geosynchronous earth orbit
(GEO), where there 1s less natural protection from the Earth’s
own magnetosphere, or to interplanetary spacecratt.

Electronic components carried by spacecralt are increas-
ingly vulnerable to radiation damage as the size of functional
clements such as logic circuits and digital memory reduces.
Although electronic components can be designed with redun-
dancy against modest levels of radiation damage, 1t 1s aknown
operational technique to turn off radiation sensitive electron-
ics 1n communications satellites when a solar proton event 1s
anticipated.

DISCUSSION OF PRIOR ART

Radiation shields for spacecraft have been considered, for
example, in Levy and French “Plasma radiation shield—

Concept and applications to space vehicles”, J. of Space Craft
and Rockets, 5,570-577,1968, and in Cocks J., Watkins S. A.,

et al., J. of the British Inter. Soc., 50, 479-484, 1997, 1n
particular for protecting astronauts on journeys to the moon
and planets following a realisation of the potential dangers to
which astronauts of the NASA Apollo missions were
exposed. Using magneto hydrodynamic assumptions, the
amount of electrical power thought required to protect a
spacecrait from charged particle radiation using magnetic
and/or electrical field configurations was prohibitive. In par-
ticular, 1t was thought that the size of the shielded region
would need to be of a size similar to the Larmor orbit of the
potentially damaging charged particles, which for protons in
a solar proton event 1s several tens to several hundreds of
kilometers.

More recently, R. Bamford et al., Plasma Phys. Control.
Fusion 50, 2008 describes a new experiment to test the shield-
ing concept of a dipole-like magnetic field and plasma, sur-
rounding a spacecrait to form a “min1 magnetosphere”. Labo-
ratory experiments determined the effectiveness of a
magnetized plasma barrier to expel an impacting, low beta
supersonic tlowing energetic plasma representing the solar
wind. Optical and Langmuir probe data of the plasma density,
the plasma tlow velocity and the intensity of the dipole field
show the creation of a narrow transport barrier region and
diamagnetic cavity virtually devoid of energetic plasma par-
ticles. This 1s said to demonstrate the viability of being able to
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create a small “hole” 1n the solar wind plasma, of the order of
the Larmor orbit width, 1n which an inhabited spacecraft

could reside 1n relative safety. The experimental results are
supported with 3D particle-in-cell hybrid code simulations.
It would be desirable to provide further improvements to
the efficacy and power consumption efficiency of such a
spacecrait shield, for example to reduce the effect of charged

particles reaching the spacecraft along cusps 1n the magnetic
field.

SUMMARY OF THE INVENTION

The 1invention provides a spacecrait shield formed using a
shield magnetic field. A controller causes ongoing or continu-
ing perturbation of the shield magnetic field to improve the
shielding of the spacecratit from energetic charged particles.
The shield magnetic field 1s preferably configured to shield
the spacecrait from solar wind particles having a range of
energies extending above 10 MeV, and preferably up to at
least 50 MeV.

In order to increase the effectiveness of the shield at prac-
tical levels of power consumption, the shield magnetic field 1s
preferably perturbed, varied or fluctuated in an 1rregular or
stochastic manner. Various modes of perturbation including
perturbations 1 magnitude, direction and more complex
structural parameters may be used. Pretferably, also, the ongo-
ing perturbations are controlled to occur over characteristic
timescales typically in the range of 0.001 to 1.0 seconds
related to aspects of the particle and magnetic field environ-
ment around the spacecratt.

The structure of the magnetic field proximate to the bound-
ary between the shield magnetic field and the background
magnetic field (for example of the solar wind) 1s determined
by complex interactions between the magnetic fields, and the
associated plasmas including any energetic charged particles
which are to be detlected away from the spacecrait. Pertur-
bations of the shield magnetic field over appropriate times-
cales leads to a complex magnetic field line structure within
the plasma proximate to the boundary, having a depth of the
order of the electron skin depth, typically tens of meters for a
local plasma density of around 1x10"'m™". It is thought that
the complex magnetic field line structure causes external
energetic charged particles to be deflected away from the
spacecrait by multiple small trajectory increments without
completing full Larmor orbits of an equivalent strength lami-
nar magnetic field.

In particular the mvention provides a spacecralt compris-
ing a magnetic field source, or shield source, arranged to
generate a shield magnetic field to protect the spacecraft from
energetic charged particles; and a source controller arranged
to operate the magnetic field source so as to provide ongoing
perturbation of the shield magnetic field, to thereby increase
the effectiveness of the protection.

The source controller and magnetic field source are prei-
erably adapted to generate a shield magnetic field having an
average field strength of at least 1x10™> Tesla, and more
preferably at least 1x10™* Tesla, at the magnetic field source.
Similarly, the source controller and magnetic field source
may be adapted to generate a shield magnetic field having an
average strength of at least 1x10~" Tesla at a distance of at
least 10 m from the source, and preferably at a distance of at
least 100 m from the source.

The source controller may be arranged to cause ongoing,
perturbation of the shield magnetic field 1n one or more of: an
irregular manner, a stochastic manner, and a pseudorandom
manner. This perturbation 1s preferably maintained at effec-
tive continuous or time averaged field strengths of the overall
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shield such as those mentioned above over extended periods
of time, for example over periods of at least ten seconds and
more preferably at least 100 seconds.

The source controller may be arranged to cause ongoing,
perturbation of the magnetic field in one or more dynamic
modes, for example selected from one or more of changes 1n
field magnitude, changes 1n field direction, changes 1n field
structure, and changes 1n the number, magnitude, direction
and strength of dipole and optionally higher order magnetic
poles.

The source controller may be arranged to cause ongoing
perturbation of the shield magnetic field such that the pertur-
bations demonstrate a characteristic timescale 1n the range of
0.001 to 10 seconds, and more preferably 1n the range o1 0.01
to 0.1 seconds. The perturbations may be generated to dem-
onstrate a characteristic dynamic range over said character-
istic timescale of at least 3%, and more preferably at least
10%. This dynamic range may be over one or more dynamic
modes, for example being determined according to changes
in field direction, field strength and so forth.

To generate the shield magnetic field, the spacecraft may
comprise a power supply arranged to deliver electrical power
to the magnetic field source of at least 100 Watts, and option-
ally at least 500 Watts, and optionally at least 1000 Watts.

The magnetic field source may be arranged to generate the
shield magnetic field with at least a quadrapole or higher
order pole component. The magnetic source may comprise
one or more separate coil elements, and the perturbations may
be generated by fluctuations 1n the current applied to at least
one of the coils, for example ongoing current fluctuations of
at least 1%, at least 3%, or at least 10%, on the timescales
mentioned above.

The source controller may comprise a computer element
arranged to implement a perturbation control algorithm to
thereby generate a shield control signal, and the shield control
signal being used to control the magnetic field source to

generate a shield magnetic field 1n accordance with the algo-
rithm.

The spacecrait may comprise at least one of a solar wind
particle detector and a magnetic field detector, the at least one
detector being operably coupled to the source controller, and
the computer element may be arranged to use measurements
from the at least one detector in generating the shield control
signal.

Similarly, the spacecralt may further comprise a telemetry
signal receiver, wherein the computer element 1s arranged to
used data from a received telemetry signal 1n generating the
shield control signal.

The spacecrait may further comprise an 1njector element
adapted to 1nject material into the shield magnetic field to
enhance the efficacy of the shield, by increasing plasma den-
sity within a protection cavity formed by the shield magnetic
field. Such an 1njector may also be used with a non-perturbed
or substantially static shield magnetic field, which may oth-
erwise have strength/intensity properties or be generated
using driving apparatus and currents as set out above. The
invention also provides corresponding methods.

The invention also provides a method of shielding a space-
craft from energetic charged particles, for example by pro-
viding a shield magnetic field as set out above. The method 1s
preferably adapted to shield the spacecrait from protons hav-

ing energies ranging above 1 MeV preferably at least up to or
above 50 MeV.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the imnvention will now be described, by
way ol example only, with reference to the accompanying,
drawings, of which:
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FIG. 1 1s a schematic illustration of a spacecrait adapted to
form a particle shield according to the invention; and

FIG. 2 illustrates the spacecrait of FIG. 1, with further
exemplary details of elements which may be used to assist in
the shuelding process.

DESCRIPTION OF EMBODIMENTS

Referring to FIG. 1, energetic charged particles 10 which
form a plasma in association with a background magnetic
field 12 approach a spacecrait 14 embodying the invention.
The spacecrait 14 carries a magnetic field source 16 operable
to generate a shield magnetic field 18 to protect the spacecrait
14 from the energetic charged particles 10 when the space-
craft 1s deployed 1n a space environment, for example 1n a
geostationary orbit or interplanetary trajectory. A source con-
troller 20 controls the operation of the magnetic field source,
and therefore the configuration of the shield magnetic field
proximate to the source. A power supply 22 provides power
for generation of the magnetic field.

Interaction between the shield magnetic field and any
enhanced density shield plasma associated therewith on the
one hand, and the energetic charged particles and associated
background magnetic field on the other, defines the boundary
ol a protective cavity around the spacecraft. This “mini-mag-
netosphere” acts as a barrier to energetic particles by using a
combination of magnetic field and plasma. The combination
of magnetic field generation and plasma which may also be
released 1nto the cavity from the spacecraitt results 1n plasma
collective effects that produce electric fields. It 1s the collec-
tive electric fields that are predominantly responsible for the
scattering and deflection of energetic charged particles, 1n
contrast to a single particle or MHD model where an energetic
particle 1s deflected by a vxB force.

The source controller 20 causes the shield magnetic field at
the magnetic field source to change or fluctuate, preferably
irregularly or a-rhythmically. This ongoing perturbation of
the shield magnetic field provides improved detlection of the
energetic charged particles 10 away from the spacecrait 14.
The shield magnetic field may be a substantially dipole field,
or more preferably may include significant quadrapole and/or
other multi-pole elements.

In order to provide an effective shield, the strength of the
shield magnetic field 18 at the source 16 1s preferably at least
1x10™* Tesla. To obtain a boundary between the shield mag-
netic field 18 and a typical solar wind background magnetic
field of around 1x10~7 Tesla (perhaps 5x107° to 5x10~° Tesla
depending on the conditions of the solar wind) at a distance of
up to a few hundred meters from the spacecraift a field strength
of less than 0.1 Tesla at the magnetic field source 16 will
generally be sufficient. Allowing for effects of field persis-
tence 1n the plasma environment, average electrical power
from about 100 W to 10 kW, and more preferably from about
500 W to 5 kW may be provided by the power supply 22 to
drive the magnetic field source to generate the shield mag-
netic field.

The source controller may control the source to perturb the
magnetic field over time 1n various ways. The perturbation
may be i a smoothly continuous manner or may be discon-
tinuous to the extent inductance eflects allow. Generally,
however, the changes should be over a characteristic times-
cale or be of a characteristic frequency or frequency range
which 1s related to the behaviour of the plasma and magnetic
fields proximate to the boundary between the shield magnetic
field 18 and the background field 12. At geosynchronous orbit
the background magnetic field is typically about 1x10~’
Tesla, so that the gyroperiod for protons 1s about 0.1 seconds,
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and about 0.2 seconds for heavier alpha particles and higher
mass ions such as C°*, N’* and O°* which are commonly
found in solar energetic particle events. Perturbations or
changes 1n the shield magnetic field over a characteristic
timescale of around 0.01 to 0.1 seconds, or more generally
from about 0.001 to about 1.0 seconds, are therefore appro-
priate and the field source, controller and power supply may
be designed accordingly.

The shield magnetic field may be changed over time 1n one
or more of several different modes, including magnitude, pole
direction, and more detailed configuration details of field
shape and pole structure.

The details of the timescales, dynamic ranges and modes of
variation of the shield field may be selected according to the
background magnetic field, the local plasma environment,
and the spectrum of properties of the energetic charged par-
ticles to be deflected. Typically, however, changes in the
shield magnetic field over characteristic ranges of at least 1%
ol average values and more preferably at least 3% or 10% 1n
one or more of the possible modes may be appropriate.

The timescales of the perturbations may be defined, for
example, as a frequency with which a point 1n the shield
magnetic field typically changes in magnitude or direction by
at least 1%, more preferably at least 3%, and optionally by
10% or more. Of course, depending on the field configuration,
some parts of the field may change much more than others, so
such a measure may be applied at a predetermined point such
as the point of maximum change at a distance of 100 m, or an
average over the surface at a distance of 100 m from the
spacecrait.

FI1G. 2 illustrates spacecrait 14 in more detail, with various
optional and examplary features. The magnetic field source
16 may comprise one or multiple coils arranged so as to
generate a desired range of magnetic field configurations and
perturbations. Driver circuitry 30 provides electrical power to
the coils, in accordance with a shield control signal 32
received from a computer element 34. Power for the driver
circuitry to apply to the magnetic field source 1s provided by
power supply 38, which may be dertved for example from a
solar panel source 40.

An algorithm 42 stored 1n a computer memory 1s used by
the computer element 34 to generate the shueld control signal.
This algorithm could take a variety of forms, for example
providing stochastic or pseudo-random variations in the
strength, and/or direction, and/or combinations of dipole and
higher polar order components of the shield magnetic field.
The perturbations may be defined 1n terms of the current
applied to one or more of the coils of the magnetic field
source, for example by requiring the current to such a coil to
fluctuate by at least 1%, at least 3%, or at least 10% over the
characteristic timescales discussed elsewhere 1n this docu-
ment, for example at frequencies between 0.1 Hz and 1000
Hz, or more preferably between 1 Hz and 100 Hz.

In using the algorithm 42 to generate the control signal the
computer element may also take account of input from other
elements, such as one or more environmental sensors 44, and
data or 1nstructions from a telemetry receiver 46. For
example, a solar wind particle sensor may be provided, and
the strength of the shield magnetic field or the rate, size or
nature of the perturbations may be varied according to
detected particle fluxes or spectra. A solar wind magnetic
field detector may be similarly used. Telemetry may be used
to recerve advance warnings of changes in the solar wind
detected elsewhere, so that the shield magnetic field can be
suitably configured 1n preparation for expected bursts of ener-
getic particles.

10

15

20

25

30

35

40

45

50

55

60

65

6

A major element 1n the creation of a protective cavity may
be the ability of the particular scheme to generate a shield
magnetic field structure that can trap and increase the density
of plasma 1n the cavity well beyond the density of the back-
ground medium. This 1s undoubtedly the case where large
enhancements of the shield plasma density occur. Having a
significant shield plasma density 1s important for setting up
space charge electric fields that are responsible for the deflec-
tion of the energetic charged particles. For the energetic par-
ticles to sup up self-consistent electromagnetic fields, it 1s
preferable to have them interact with a shield plasma with a
short transition 1n the density. If the shield magnetic field 1s
rippled then the shield plasma density will likewise have a
similar structure and the surface of interaction will not appear
to be smooth, which will help 1n the deflection of the particles.
Incident energetic charged particles will not only see the
space charge field set up by the ponderomotive force as they
interact with the shield magnetic field, but will also be respon-
sible for setting up their own space charge field by interaction
directly with the shield plasma within the shield cavity. Ener-
getic 10ns incident on the shield plasma will induce an attrac-
tive force on the electrons. These electrons respond almost
instantaneously forming a space charge shield around the
energetic 1ons. As a consequence of attracting the electrons
and not the plasma 10ns, a space charge field forms that shows
the incident energetic 1ons. For this to be effective the shield
plasma that forms the barrier must be much more dense that
the surrounding solar wind plasma and there should be a sharp
transition between the ambient plasma and the shield plasma
forming the barrer.

To this end, the spacecrait 14 may also be provided with an
injector element 48 arranged to inject gas or other particles
into the vicinity of the spacecrait, and in particular within a
shield cavity formed by interaction of the background field 12
and incident energetic particles with the shield magnetic field
and shield cavity plasma. For example, baritum or lithium
atoms could be released. Ionisation of these particles may
then lead to an increased plasma density 1n the vicinity of the
spacecrait, enhancing the effectiveness of the shield magnetic
field.

A variety of vanations and modifications to the described
embodiments will be apparent to the person skilled 1n the art
without departing from the scope of the invention.

The invention claimed 1s:

1. A spacecrait comprising:

a magnetic field source configured to generate a shield
magnetic field to protect the spacecrait from energetic
charged particles; and

a source controller configured to control the magnetic field
source so as to provide ongoing perturbation of the
shield magnetic field, the perturbation being ongoing,
independently of changes 1n an external environment
around the spacecratt.

2. The spacecrait of claim 1 the source controller being
configured to cause the ongoing perturbation of the shield
magnetic field 1n one or more of: an irregular manner, a
stochastic manner, and a continuous mannetr.

3. The spacecrait of claim 1 the source controller being
configured to cause the ongoing perturbation of the magnetic
field 1n one or more dynamic modes selected from: changes 1n
magnitude; changes in direction; changes in structure; and
changes 1n the number of magnetic poles.

4. The spacecraft of claim 1 the source controller being
configured to cause the ongoing perturbation of the shield
magnetic field such that the perturbations demonstrate a char-
acteristic timescale 1n the range of 0.001 to 10 seconds.
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5. The spacecrait of claim 4 the source controller being
configured to cause the ongoing perturbation of the shield
magnetic field such that the perturbations demonstrate a char-
acteristic dynamic range over said characteristic timescale of
at least 1%, at least 3%, or at least 10%, of an average value,
in one or more dynamic modes.

6. The spacecrait of claim 4, the source controller being
configured to cause the ongoing perturbation of the shield
magnetic field such that the perturbation demonstrates a char-
acteristic timescale 1n the range of 0.01 to 0.1 seconds.

7. The spacecraft of claam 1 the source controller and
magnetic field source being configured to generate a shield
magnetic field having an average field strength of at least
1x10-5 Tesla.

8. The spacecrait of claim 7, the source controller and
magnetic field source being configured to generate a shield
magnetic field having an average field strength of at least
1x10-4 Tesla at the magnetic field source.

9. The spacecratt of claim 1 the source controller and the
magnetic field source being configured to generate a shield
magnetic field having an average field strength of 1x10-7
Tesla at a distance of at least 10 m, and preferably at least 100
m from the magnetic field source.

10. The spacecratit of claim 1 further comprising a power
supply configured to deliver electrical power to the magnetic
field source of at least 100 W.

11. The spacecrait of claim 10, the power supply being
configured to deliver electrical power to the magnetic field
source of at least 500 W,

12. The spacecraft of claim 1 the magnetic field source
being configured to generate the shield magnetic field with at
least one of a quadrapole and a higher order pole component.

13. The spacecrait of claim 1 the magnetic field source
being configured to generate the shield magnetic field using
one or more magnet coils.

14. The spacecraft of claim 13 the source controller being
configured to cause ongoing perturbation of the shield mag-
netic field by varying the current 1n at least one of said coils.

15. The spacecraft of claim 14 the source controller being
configured to cause ongoing perturbation of the shield mag-
netic field by varying the current 1n at least one of said coils,
by at least 1%, or at least 3%, or at least 10%.

16. The spacecratt of claim 14 the source controller being
configured to vary the current over the specified range at
frequencies between 0.1 Hz and 1000 Hz.

17. The spacecraft of claim 16 the source controller being
configured to vary the current over the specified range at
frequencies between 1 Hz and 100 Hz.

18. The spacecrait of claim 1 the source controller com-
prising:

a computer element configured to implement a perturba-

tion control algorithm to generate a shield control signal
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so as to control the magnetic field source to generate a
shield magnetic field 1n accordance with the algorithm.

19. The spacecrait of claim 18, further comprising at least
one of a solar wind particle detector and a magnetic field
detector, the at least one detector being operably coupled to
the source controller.

20. The spacecrait of claim 19 the computer element being,
configured to generate the shield control signal based on
measurements from the at least one detector such that a rate or
s1ze or nature of the ongoing perturbation 1s varied according
to the measurements.

21. The spacecrait of claim 18 further comprising a telem-
etry signal recerver,

the computer element being configured to generate the

shield control signal based on data from a received
telemetry signal.

22 . The spacecratt of claim 1 further comprising an injector
clement configured to inject matenal into the shield magnetic
field.

23. The spacecrait of claim 22 further comprising an
increased density shield plasma formed from the material
injected nto the shield magnetic field, the increased shield
density plasma providing increased protection of the space-
craft from said energetic charged particles.

24. A method of shielding a spacecrait from energetic
charged particles comprising:

generating a shield magnetic field with an ongoing pertur-

bation so as to protect the spacecrait from energetic
charged particles, the perturbation being ongoing inde-
pendently of changes 1n an external environment around
the spacecratt.

25. The method of claim 24, the shield being generated so
as to protect the spacecraft from protons 1n at least some of a
range of energies of 1 MeV to 50 MeV.

26. The method of claim 24, generating a shield with an
ongoing perturbation including causing the ongoing pertur-
bation by varying driving current applied to one or more
magnet coils.

277. The method of claim 26, varying the driving current
including varying the driving current according to a predeter-
mined algorithm.

28. The method of claim 26, varying the driving current
including varying the driving current on a characteristic
timescale 1n the range 0.001 to 10 seconds.

29. The method of claim 28, varying the driving current
including varying the driving current on a characteristic
timescale 1n the range of 0.01 to 0.1 seconds.

30. The method of claim 24 further comprising 1njecting
material from the spacecrait into the shield magnetic field to
increase the density of plasma 1n a vicinity of the spacecratt.
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