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Radiation Belts
Planetary magnetic fields trap energetic electrons and ions in ‘belts’ that 
encircle the planet

Electrons and ions with pitch angle w r t magnetic field lines greater than the ‘loss cone angle’ reflect
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Radiation Effects
Energetic electrons and protons disrupt and 
degrade spacecraft systems:
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degrade spacecraft systems:degrade spacecraft systems:

Degradation of electronic component performance
Cause single-event upsets in avionics
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Darken optics & coatings
Weaken structural materialsWeaken structural materials
Reduce power generation capabilities of solar panels
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Weaken structural materials
Reduce power generation capabilities of solar panels

I bi l i l t ti ti lIn biological systems, energetic particles cause 
cellular damage:
In biological systems, energetic particles cause 
cellular damage:

Cancers
Weaken immune systems
Cancers
Weaken immune systems
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Electrostatic Remediation Concept 
Particles will leave the belts if their pitch angle is deflected into the loss cone

Pitch angle scattering caused naturally by coulomb collisions and EM wave interactions

Particles precipitate into atmosphere and dissipate energy through collisions
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essentially all electrons will encounter HV sheath several times per day

Strong electric fields near the tether structures will scatter pitch angle of particles that 
pass close by

Bounce & azimuthal drift of relativistic electrons, along with orbital motion of ES Structures, ensures that 
essentially all electrons will encounter HV sheath several times per day

Strong electric fields near the tether structures will scatter pitch angle of particles that 
pass close by

Voltage on structures must be comparable to particle energy to cause significant scatteringVoltage on structures must be comparable to particle energy to cause significant scattering
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Electrostatic Radiation Remediation Challenges

• Approach
• High voltage wires create strong electric fields that 
scatter energetic electrons into the loss cone

Challenges
• Ions & electrons in ionospheric plasma react to the high 
voltage:

•Charge redistribution limits range of wire’s electric fieldCharge redistribution limits range of wire s electric field
• Ions attracted to wire requires power input to maintain 
charge & voltage on wire

•ES Remediation feasibility requires creating large 
high-voltage sheath with low power requirementshigh-voltage sheath with low power requirements

–Single wire not good enough

5



Analytical Model
Number of ES Structures required to remediate a given radiation belt:Number of ES Structures required to remediate a given radiation belt:
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where C1 is a constant

Remediation effectiveness is STRONGLY dependent upon sheath size
Net result:  Single-wire tether structure sheath size is insufficient to enable 
remediation with a reasonable number & length of ES structures
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Net result:  Single-wire tether structure sheath size is insufficient to enable 
remediation with a reasonable number & length of ES structures
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Multi-Wire Structure Increases Sheath Size

Creating a sufficiently large sheath with a single wire 
requires megavolt potentials... not technically realistic

I t d t l h th b di t ib ti th

Creating a sufficiently large sheath with a single wire 
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I t d t l h th b di t ib ti thInstead, we can create a large sheath by distributing the 
same total charge over a number of wires separated by 
several meters
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ES Structure Power Requirements
System power requirements are driven by 
collection of current from plasmasphere 
(P = I V)

System power requirements are driven by 
collection of current from plasmasphere 
(P = I V)

GCPM Ionospheric Plasma Density

(P  I V)
Bias structure negatively so that it collects 
protons rather than more mobile electrons

(P  I V)
Bias structure negatively so that it collects 
protons rather than more mobile electrons
Amount of current collected is bounded by 
two models:

Orbit Motion Limit (OML)

Amount of current collected is bounded by 
two models:

Orbit Motion Limit (OML)Orbit Motion Limit (OML)Orbit Motion Limit (OML) Peak Power Requirement
100 kV, 100 km, 25 wire structure

Beam Collection ModelBeam Collection Model

8 Reasonable
ES System Power Requirements Are 
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ES Remediation System Architecture

System Architecture:
E h ES T th St t
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Modular ES System Architecture
250 W Microsatellite Bus 
with High-Voltage
Power Conversion

250 W Microsatellite Bus 
with High-Voltage
Power Conversion

Solar-Dynamic
Power System
Solar-Dynamic
Power System

Multi-Wire Tether 
Structure
Multi-Wire Tether 
Structure

Insulating Tether
Segment
Insulating Tether
Segment

Electron-collectingElectron-collectingWi B ll t d tWi B ll t d t
20 m20 m

20 m

g
Conducting Tether 
Segment

g
Conducting Tether 
Segment

Wires Balloon out due to 
Electrostatic Repulsion
Wires Balloon out due to 
Electrostatic Repulsion

••Modular design enables deployment ofModular design enables deployment ofModular design enables deployment of Modular design enables deployment of 
100100--km, multikm, multi--kW ES Structures using kW ES Structures using 
multiple identical microsatmultiple identical microsat--class class 

dd

10
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Remediation Simulation Tool
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Remediation Simulation: Solar Quiet Period

Simulated remediation of ‘nominal’ radiation 
belt flux using 25 Electrostatic Structures
Simulated remediation of ‘nominal’ radiation 
belt flux using 25 Electrostatic Structuresbelt flux using 25 Electrostatic Structures

No sources or sinks

belt flux using 25 Electrostatic Structures
No sources or sinks

Inner Electron Belt
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Remediation Simulation: Solar Quiet Period

Inner Electron Belt

No Remediation
Natural Sources & Losses Only

With Remediation
Natural Sources & Losses

13



Remediation Simulation: Solar Quiet Period

Proton Flux:

• More ES systems required to dramatically lower proton
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More ES systems required to dramatically lower proton 
fluxes



Remediation Simulation: Solar Active Period

Two large solar storms 
inject radiation flux 10X 
Two large solar storms 
inject radiation flux 10X 
‘nominal’ levels 75 days 
apart
‘nominal’ levels 75 days 
apart
Model includes natural 
sources and sinks
Model includes natural 
sources and sinks

Radial diffusion

Precipitation due to collision and wave scattering

ES Remediation System

Radial diffusion

Precipitation due to collision and wave scattering

ES Remediation SystemES Remediation System 
reduces radiation flux by 
two orders of magnitude 

ES Remediation System 
reduces radiation flux by 
two orders of magnitude g
within 50 days
Reduces net dosage by 

g
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Remediation Simulation: Solar Active 
Period

Particle
Injection

Particle
Injection

Particle
Injection

Particle
InjectionInjection Injection

No Remediation
Natural Sources & Losses Only

No Remediation
Natural Sources & Losses Only

With Remediation
Natural Sources & Losses

With Remediation
Natural Sources & Losses
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Natural Sources & Losses OnlyNatural Sources & Losses Only Natural Sources & LossesNatural Sources & Losses



Solar Storm Remediation Simulation

SAMPEX data for Spring 2001 Solar StormSAMPEX data for Spring 2001 Solar Storm

No Remediation
Natural Sources & Losses Only

No Remediation
Natural Sources & Losses Only

With Remediation
Natural Sources & Losses

With Remediation
Natural Sources & Lossesyy
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Potential Side-Effects
Enhancement of precipitating electron flux:Enhancement of precipitating electron flux:

0 days 50 days 100 days

Effects on Ozone Layer
Slight reduction in ozone densities only during period of

Effects on Ozone Layer
Slight reduction in ozone densities only during period ofSlight reduction in ozone densities only during period of 
enhanced precipitating flux - short-lived effect only

RF Disruption

Slight reduction in ozone densities only during period of 
enhanced precipitating flux - short-lived effect only

RF DisruptionRF Disruption
Comparable to mild “B1” solar flare -- very minimal effects

RF Disruption
Comparable to mild “B1” solar flare -- very minimal effects
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Technology Tall Tentpoles
Models for size & structure of multi-wire structure 
high-voltage plasma sheath need to be validated
Models for size & structure of multi-wire structure 
high-voltage plasma sheath need to be validatedg g p
Models for current collection by multi-wire structure 
need validation

g g p
Models for current collection by multi-wire structure 
need validationneed validation
High-Voltage & High-Power:
need validation
High-Voltage & High-Power:

Tether & S/C materials technology to enable -100 kV tether bias 
without arcing
N d hi h lt t f ≥100 kV ≥1 kW

Tether & S/C materials technology to enable -100 kV tether bias 
without arcing
N d hi h lt t f ≥100 kV ≥1 kWNeed high voltage power system for ≥100-kV, ≥1 kW
HV spacecraft engineering
HV t d i t k ft b l l t ti l

Need high voltage power system for ≥100-kV, ≥1 kW
HV spacecraft engineering
HV t d i t k ft b l l t ti lHV system design to keep spacecraft bus near local potential

Radiation tolerant power generation & avionics
HV system design to keep spacecraft bus near local potential

Radiation tolerant power generation & avionics
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Conclusions

Analytical and detailed numerical simulations indicate 
remediation of Electron & Proton fluxes in Inner Belt using
Analytical and detailed numerical simulations indicate 
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Number of ES systems and total power required is
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Remediation of Inner Belt would reduce exposure of 
people & spacecraft in LEO to trapped radiation by >95%
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Extends lifetime of spacecraft
Reduce risks & costs of long-duration manned spaceflight
Protection against cosmic rays and solar event fluxes still needed
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physics needed to validate ES Radiation Belt Remediation 
feasibility
physics needed to validate ES Radiation Belt Remediation 
feasibility
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