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Abstract 

Deep Space Radiation Shelter through Magnetic Shielding 

Author: Lauren Elizabeth Eastberg Persons 

Advisor: Samuel Durrance, PhD 

As human space exploration begins to reach beyond Earth for the first time in 50 years, we 

must prepare for the eventuality of long-duration missions outside the protection of Earth's 

magnetic field. In interplanetary space astronauts are exposed to highly energetic galactic 

cosmic radiation, most commonly in the range of 1-GeV protons. Present day shielding 

technologies are not sufficient to protect astronauts against such particles; as such, the 

following paper proposes an alternate method of creating deep space radiation shelters 

through the use of magnetic shielding. 

Using a series of circular superconducting loops arranged in the shape of a shell, a 

spacecraft of a given size can be protected by superimposing the magnetic fields of each of 

the loops. A protected volume can be created at the center of the shell by using two 

embedded shells of different radii and opposite current direction, causing the magnetic 

fields to cancel at the shells' center. Using an inner radius of 30 meters and an outer radius 

of 50 meters, capable of housing NASA's Lunar Orbital Platform-Gateway, different 

configurations were explored by altering the maximum current of each field, (using 

currents of 5     and 1     amps,) and by altering the total number of loops in each 

hemisphere (using 8, 10, and 12 loop configurations.) 

The resulting analysis found that up to 75% of incoming particles can be deflected with a 

max current of 1     amps using either the 10 loop or 12 loop configuration. 
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Chapter 1 

Introduction 

1.1 Background 

Apart from nine lunar missions in the late 1960's and early 1970's, to date humanity has not 

ventured beyond the Earth's orbit. From the 1980's to the 2010's, all manned spaceflight 

took place in low-Earth orbit (LEO) within the convenient protection of our planet's 

magnetic field. The adverse effects of solar radiation and galactic cosmic radiation (GCR) 

on the human body could be mitigated by remaining close to the Earth; radiation shielding 

for crafts intended to leave LEO, however, have proven difficult to design. Without any 

missions to drive the technology, little progress has been made toward shielding crews on 

long-duration deep-space missions.  

In the last decade there has been a renewed interest in human spaceflight outside of Earth's 

orbit. Companies such as SpaceX and Lockheed Martin have proposed manned missions to 

the Moon and Mars, while NASA's current vision includes a Lunar Orbital Platform-

Gateway (LOP-G), a manned space station in lunar orbit that will function as the staging 

point for future manned missions to Mars. With these missions, humans will be spending 

more time outside of LEO than ever before. In fact, round trips to Mars would last longer 

than any humans have consecutively spent in space. Now more than ever there exists a 

need to create reliable spacecraft shielding for missions outside low-Earth orbit. 
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1.2 Galactic Cosmic Radiation 

The most common sources of radiation in interplanetary space are solar electromagnetic 

radiation, solar charged particle radiation, and galactic cosmic radiation (GCR). Although 

solar radiation originates by the sun, by the time particles from a solar event arrive at Earth  

any crafts in that region are effective engulfed by a "cloud" of charged particles such that 

they experience no directionality from the radiation. Similarly, galactic cosmic radiation is 

isotropic, meaning it originates from all directions uniformly. This makes shielding against 

it very difficult, as the shield must be able to protect against high energy particles in all 

directions at once. 

Compared to solar radiation, GCR is much more energetic. GCR is composed of ionizing 

radiation: atomic nuclei that have been stripped of their electrons and are traveling at 

extremely high velocities. The vast majority of GCR in deep space is hydrogen protons, 

whose energy spectrum peaks just under 1-GeV. As was compiled by Cucinotta et al. [2], 

Figure 1 displays the percent increase of risk of exposure-induced death (REID) due to 

GCR by energy, and demonstrates how the 1-GeV protons represent the most dangerous 

portion of the spectrum.  
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Figure 1: %REID GCR Spectrum in MeV 

Although higher energy particles do exist and are much more damaging to the human 

body, they have a much lower probability of occurrence, and the cumulative effect of 

exposure to the lower energy 1-GeV particles should not be ignored. Once the high-

probability 1-GeV particles can be successfully shielded against, any future designs can be 

scaled up to protect against the less frequent and more dangerous, higher-energy particles. 

As such, the following paper focuses on deflecting particles with energy of  

1-GeV. 

 

1.3 Astronaut Radiation Exposure Limitations 

Protecting astronauts from GCR is important to limit their exposure to harmful radiation. 

Cumulative radiation doses, measured in millisieverts (mSv), are limited by NASA in  
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order to ensure that the lives of spacefarers are not endangered by a high cancer risk as a 

result of the radiation exposure.  

Table 1: Radiation Exposure by Mission Type [8] 

 

As seen by Table 1, a stay on the ISS exposes the astronauts to about 160 mSv; however a 

round-trip mission and 600 day stay on Mars would expose astronauts to nearly ten times 

the amount of radiation. While this might not seem to be a prohibitive limitation, based on 

the length of the mission, it does push the bounds for NASA's career exposure limits. 

As seen in Table 2, the radiation exposure for young astronauts would be met (if not 

exceeded) with only one round trip to Mars.  
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Table 2: NASA Radiation Exposure Career Limits [8] 

 

The older the astronaut is, the more lax the radiation requirements are, as with increased 

age there will be a natural increase in likelihood for cancer to develop independent of 

radiation exposure. However, long-term missions to the Moon, Mars, and beyond will be 

severely limited – if not impossible – to astronauts of all ages unless better spacecraft 

shielding is developed. From Table 1(comparing an 8 day shuttle mission in LEO to a 9 

day mission around the Moon)  it can be implied that a mission to the Moon will result in 

double the radiation exposure astronauts experience in LEO for a similar mission duration. 

Therefore, if a spacecraft shield can reduce radiation exposure by 50%, it can be 

considered to be an effective design. 

 

1.4 Active and Passive Shielding 

Modern day spacecraft shielding is done passively, by placing thick sheets of material 

between the radiation source and a desired protected volume. Passive shielding has the 

advantage of equally blocking both charged and uncharged particles; however the method 

falls short with highly energetic particles, whose penetrative depths can exceed the 

thickness of the shield. Not only is the thickness of the shield an issue, but secondary 

scattering can occur when the energetic particles interact with the shielding material, 

knocking loose additional ions and effectively increasing the amount of radiation the 

passengers are exposed to.  

Active shielding, on the other hand, relies on strong electric or magnetic fields in order to 

deflect the trajectory of incoming charged particles. With large enough magnetic fields,  
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even 1-GeV particles can be deflected away from a protected volume. A variety of papers 

have been written on various designs over the years, attempting to find the ideal 

configuration for a system that could protect a spacecraft in interplanetary space. A few of 

these designs are detailed below: 

 As examined in Tripathi et al. [10], electrostatic shielding is a type of active shield 

which places charged spheres around the spacecraft in order to create an electric 

field to deflect the incoming charged particles along specific paths. This method 

has been shown to be effective; however only for lower energy particles in the 

range of 10-100 MeV. The energy needed to charge these spheres becomes 

excessively high as the system is scaled up, and so is not a realistic option for 

spacecraft shielding in the 1-GeV range with current day technology.  

 Another design involves using superconductors that are attached to the spacecraft. 

Outline by Battiston et al. [1], the idea is to use magnetic fields to deflect particles 

through the use of superconducting loops attached to the spacecraft's hull. This 

method has shown to be effective at deflecting particles in the desired 1-GeV range 

– however several drawbacks to the design still need to be overcome. As the 

structure is directly attached to the spacecraft, a large magnetic field is induced 

very close to the habitat, which can have negative repercussions for the astronauts 

residing within. Furthermore, the spacecraft acts as a heat-sink for the 

superconductors, creating extreme thermal management problems. Most 

problematic, however, is that the shield would require a redesign of the spacecraft 

it is protecting; it would be impossible to implement this shield around spacecraft 

that already exist or are in current development. 

 

The ideal design for an active radiation shield would be one that can be implemented with 

any spacecraft, regardless of shape or size, and could be developed independently of the  
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spacecraft it is intended to protect. Keeping in mind the limitations of previous designs, the 

following report details the design of an embedded shell of detached superconducting 

solenoids capable of shielding a protected volume of any desired size.  
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Chapter 2 

Methodology 

2.1 Premise 

To model the effectiveness of an active shield design, a fundamental physics problem must 

first be addressed: How can a void be created – and sustained – in an isotropic field of 

charged particles?  

An isotropic field is one in which particles' positions and velocities are distributed in a 

random yet uniformly dense matter – that is to say, the particles do not originate from any 

one direction more than another, and the particle density at any given point should be 

roughly the same. Interplanetary space, for the purposes of this simulation, can therefore be 

modeled as an isotropic field of charged particles at 1-GeV. Concurrently modeling a 

magnetic field at different strengths can then be used to analyze the extent to which an 

isotropic distribution of charged particles can be disrupted. The magnetic field equations 

are derived from the magnetic field of a conducting loop (or toroid,) which can be used to 

propagate the positions, velocities, and accelerations of the particles in the field over time. 

In this simulation the particles are assumed to be too small and few to collide or interact 

with each other, and so are modeled independently. Due to the large scale of the model, 

tens of thousands of particles are needed to create an isotropic distribution, which 

necessitates the use of a supercomputer. The Florida Institute of Technology's Blueshark 

supercomputer cluster was used to model 50,000 particles per simulation. The method for 

creating an isotropic distribution is discussed in section 2.4 Blueshark Simulation.  
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2.2 Magnetic Field Equations for a Solenoid 

Running an electric current through a loop of conductive metal produces a magnetic field 

around the object; these conductive loops are often called solenoids. The Biot-Savart law is 

commonly used to find the magnetic field at any given point for a conductive wire with a 

constant current. The magnetic field at the center of a toroid is linearly and inversely 

proportional to its radius, by the equation: 

    
   

  
      (1) 

However, the Biot-Savart law can be difficult to use in computer simulations given the 

computational time it takes to calculate the magnetic field components at a random point in 

space. The Biot-Savart law calculates the magnetic field at any given point by breaking a 

loop into infinitesimally small dl segments, calculating the magnetic field due to that dl 

component, then summing each of these magnetic field components to find the total 

magnetic field vector at that point. Given the number and size of loops in this simulation, 

the computations for even a simple scenario becomes unreasonably time consuming. 

(Furthermore, the Biot-Savart law assumes the wire to be infinitesimally thin, meaning the 

magnetic field diverges as it approaches the surface of the loop.) Instead, analytical 

solutions which don't require infinitesimal summations can be used to finding the magnetic 

field at any point. Engineering models have been derived for expressly this purpose; 

additionally, engineering models have the added benefit of including the size of loop in the 

calculations, which prevents the field from diverging as a particle approaches the surface. 

As originally solved by Simpson et al. [9], the magnetic field produced by a solenoid can 

be found from the vector potential: 

   
    

  
 

        

                   

  

 
    (2) 

as was originally obtain through Jackson [4]. Rewriting the vector potential with elliptical 

equations to get rid of the integral, the equation becomes: 



10 

 

 

   
    

    
                  

              
     (3) 

Where k is defined as: 

   
       

             
 

 

 

Figure 2: Coordinate System for a Solenoid 

Using the coordinate system displayed in Figure 2, the magnetic field in polar coordinates 

are defined as: 

   
 

     

 

  
             (4) 

    
 

 

 

  
           (5) 

           (6) 

These equations can then be solved from the vector potential    in order to be written in 

terms of the elliptical equations       and      . 



11 

 

 

   
       

   
           (7)  

   
 

        
                              (8) 

          (9) 

Where: 

  
   

 
 

             

             

    
  

   

To convert from polar to Cartesian coordinates, the following substitutions can be made: 

            

        

     
 

 
 

     
 

 
 

Resulting in the final form of the magnetic field components in Cartesian coordinates: 
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                         (10) 

   
   

      
                       

   

 
   (11) 

   
 

    
                          (12) 

In the code outlined in section 2.4 Blueshark Simulation, ellipe and ellipk are built-in scipy 

tools used to calculate the elliptical equations E(  ) and K(  ). From these equations, the 

magnetic field can finally be calculated at any point by summing like-components of the 

magnetic field for each solenoid present.  

 

2.3 Basic Configuration 

Stacking two loops of the same size and current, but with opposite direction, the two 

magnetic fields will cancel out at the origin. Original designs for a protective magnetic 

fields were based on this concept, where the protected craft was stationed at the center of 

an array of toroids that were arranged in the shape of a shell (as seen in Figure 3.) If the 

direction of the current in the upper hemisphere were opposite to the direction of current in 

the lower hemisphere, the field would have a null magnetic field at its center, where the 

spacecraft would reside. The magnetic field at any other point could then be calculated by 

superimposing the magnetic fields of each toroids at that point (using equations 10, 11, and 

12.)  
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Figure 3: Single Shell Toroid Configuration with 4 Loops per Hemisphere 

However, as the sum of the magnetic fields of both hemispheres would be equal and 

opposite at the equator, the magnetic field would cancel not only at the center of the shell, 

but along its entire equator as well, leaving that plane exposed to GCR.  

Furthermore, the zero B-field would only occur along this plane, while any offset above or 

below the origin would expose the protected craft to small-magnitude magnetic fields. 

While this is not an issue for small displacements, as the protected craft becomes larger the 

areas of the craft that are located far from the shell's center would be exposed to higher 

magnetic fields that could pose health risks to the astronauts residing within. As such, a 

modification of this design is needed. 

A double-shell configuration will solve many of the problems that occur in the single-shell 

configuration. In order to create a zero B-field at the center, the direction of the current in 

the outer shell must be opposite to the direction of the inner shell (while the directions of 

each of the loops within each shell are the same.) Furthermore, the magnitude of each of 

these fields must be equal and opposite within the protected volume for them to cancel at  
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the center. By Equation (1), the current of the inner toroid can be found when the current of 

the outer toroid and both of their radii are provided. In a simplified case about the origin, 

equating the magnetic fields of the inner and outer loops can be used to determine how the 

current of the inner shell can be scaled from the current of the outer shell: 

     
  

  
      (13) 

As pictured in Figure 4, this configuration provides a protected volume (PV) within the 

inner shell and eliminates the magnetically neutral plane at the equator. The only region of 

the shield that remains susceptible to charged particles is at the poles. 

 

Figure 4: Double Shell Toroid Configuration with Four Loops per Hemisphere 

The following modeling, simulation, and analysis uses this double-shell configuration. 
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2.3 Integral Field Parameter (IFP) 

To create the ideal configuration for the double shell model – such as choosing the number 

of loops per hemisphere and determining maximum currents – it is advantageous to 

perform a back-of-the-envelope calculation to determine the effectiveness of the 

configuration before a full 50,000 particle simulation is run. As the Blueshark simulation 

can take days to complete, only viable models are desired for analysis.  

The integral field parameter is a quantity used to determine the extent to which a magnetic 

field is capable of deflecting energetic particles. Given a magnetic field strength and a 

distance along which an energetic particle travels through that field, the IFP is defined as 

the sum of the particle's deflections due to the magnetic field and the perpendicular 

component of the particle's path: 

                   (14) 

Therefore, the units of IFP are in Tesla-meter      . By dimensional analysis, the units 

can be rewritten: 

       
   

   
     

 

 
 
 

 
      

 

 
  

This notation can then be written in terms of the speed of light, so the units of IFP can be 

given in        or, more conveniently,        . This notation is useful in order to 

compare the IFP to the change in momentum of a charged particle. Given in units      

  , the change in momentum can be related to the IFP by: 

                      (15) 

Where the momentum of a particle    is in the same direction as    . From this equation, an 

IFP of 1 [     would produce a change in moment of            . The IFP at any point 

can therefore be calculated when the change in momentum of a particle – in this case, a 

proton – is known.  



16 

 

 

To create a large deflection angle, a change in momentum should be on the same order of 

magnitude as the momentum of the particle itself. 

 

Figure 5: Change in Momentum of a Charged Particle due to a Magnetic Field 

As shown in Figure 5, the angle of deflection is maximized as the ratio of    /p approaches 

1, or     . The IFP for a field needed to deflect a proton can therefore be found from the 

momentum of a proton itself; this is a known quantity, and can be calculated from the 

energy-momentum equation: 

                    (16) 

Which can be rearranged to solve for p and written in terms of kinetic and rest energy as: 

                (17) 

For a K = 1-GeV proton, knowing its mass and the speed of light, its momentum is found 

to be 1695 [MeV/c]. Using this, the IFP acting on an incoming particle at any incident 

angle can be found and compared to the momentum of a proton. If the change in 

momentum of the particle is on the same order of magnitude as the proton's momentum, it 

should be sufficient to significantly deflect the particle away.  
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It should be noted, however, that even if the      ratio is less than 1, the field can still be 

capable of deflecting the particle. For example, in the case where          the 

deflection angle would be       

As demonstrated in Figure 6, the IFP will be highest at the equator, where the particle path 

is entirely perpendicular to the magnetic field, while the IFP at the shell's poles (±90°) will 

gradually drop off as the vector components of the magnetic field and particle path become 

parallel.  

 

Figure 6: Particle Distribution Used for Calculating the IFP at Different Angles of Incident 

Two scripts are used to perform the IFP analysis. First is the cusp-integral-field.py which 

calculates an integral field parameter for the desired configuration and saves the results, 

while plot-ifp-dp.py turns these results into a plot to visualize the field's effectiveness. 
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Figure 7: Magnetic Field Direction for a Double-Shell Configuration as seen in Figure 4 

Given a desired maximum current and number of toroids, the cusp-integral-field.py first 

creates the positions of all the loops by evenly spacing the distance between them across 

the surface of a two-dimensional circle. The total magnetic field at any point can be 

calculated by superimposing each of the toroid's magnetic field at that point. (As can be 

seen in Figure 7, the opposite directions of the magnetic fields of the outer and inner shells 

causes the fields to cancel within the center protected volume, while the magnetic fields in 

between the two shells are additive. The magnitudes of these fields are displayed in 

Appendix A.) Provided a desired precision of angle increments, the integral field parameter 

is then calculated at all angles between ± 90° of the equator.  

Calculating the IFP at different positions in the magnetic field corresponds to different 

levels of particle deflections that can be achieved. By comparing the maximum IFPs of  
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different toroidal configurations, a design that is capable of deflecting highly energetic 

particles can be determined.  

 

2.4 Blueshark Simulation 

Due to the higher number of particles needed to model the double shell configuration, the 

Blueshark cluster at Florida Tech was utilized to simulate an isotropic particle distribution 

in a magnetic field. The supercomputer requires two scripts to use: a shell submission 

script, and a python main code.  

The shell submission script used for this simulation was mpitest-closed.sh. This shell 

defined the maximum memory and runtime, loaded the python module, and ran the python 

script over a desired range of particles.  

The python script used to simulate particle paths was gcr-cusp-series-iso.py. Given a 

maximum current, number of loops, and size of the inner and outer shells, the code creates 

an output file for each particle (specified in the submission script) with the three 

dimensional position and velocity vectors of the particle over time.  

  

Figure 8: Model of Node Distributions (Uniform and Random) for Input Particle Showers 
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Based on the number of desired particles, the python code creates a sphere at a 500 meter 

radius from the origin and assigns each of the particles to a position on the surface of that 

sphere. These nodes are the starting coordinates of each particle shower, with the direction 

of the particles' velocity vectors being randomized each time the simulation is run. This is 

done in order to create an isotropic distribution of particles within a desired field of view. 

Figure 8 illustrates a distribution of these particle initialization nodes in three dimensional 

space.  

To create a sufficiently large isotropic distribution for a shield with an outer shell radius of 

50 meters, the field of view is set to 200 meters in radius. As such, the direction of the 

initial particle's velocity vector is limited to a cone that prescribes the 200 meter sphere 

field of view, as seen in Figure 9. 

 

Figure 9: Example of the Range of a Node's Initial Velocity Vector 

Each point in Figure 9 represents a different starting node where particles are spawned, 

and corresponds to the nodes pictured in Figure 8. When all the particle tracks are run and 

superimposed on top of each other, a three-dimensional sphere with an isotropic  
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distribution of particles within a 200 meters radius is created. A two dimensional slice of 

this field is pictured in Figure 10. 

 

Figure 10: Two Dimensional View of an Isotropic Field with a Radius of 200m 

From trigonometry, the direction of the points in Figure 9 are: 

                 

                 

           

Where   and   are constrained by: 

       

                 



22 

 

 

Once the particle position and direction has been initialized, its movement through a 

magnetic field can be mapped over time. In order to calculate the force that the magnetic 

field enacts on a charged particle, the Lorentz Force equation is needed: 

   
  

  
              (18) 

Where m is the mass of the particle, q is charge, the electric field E is omitted, B is the 

magnetic field, and v is the instantaneous velocity of the charged particle.  

This equation can be written in a dimensionless form, as derived by Huang et al. [3] and 

Kress et al. [5], by making substitutions for each component of the Lorentz force by 

replacing each variable with a nondimensional scalar (marked with a tilde) and a 

corresponding scaled variable. The nondimensional form is necessary in order to reduce 

runtime on the Blueshark supercomputer by expressing high digit variables as simplified 

expressions.  

The substitutions are as follows: 

      

        

       

        

       

Substituting these definitions into Equation (18) produces the following: 

     
        

      
                        (19) 
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Where   and     can be removed from the derivative. Similarly, the constants            

can be removed from the cross product, resulting in: 

     
      

     
                        (20) 

After rearranging the equation and simplifying, the form becomes: 

    

       

   

   
 

 

 
                 (21) 

In order to simplify this equation further, a value for   can be chosen that is convenient for 

the force calculations. Using the gyro-frequency of a charged particle in a magnetic field: 

  
   

 
 

 

 
      (22) 

This can be substituted back into Equation (21) to reduce the equation into its final form:  

  
   

   
 

 

 
                  (23) 

Note that Equation (23) appears similar to the original Lorentz Force Equation (18), 

however all the terms are now nondimensional and there exists an extra term of Z/M on the 

right hand side. The Z/M term is also a scalar, which represents the charge-to-mass ratio of 

the particle. This simulation uses a Z/M term of 1, which is the ratio for a thermal proton. 

Finally, then, Equation (23) reduces to: 

   

   
 

  

  
              (24) 

Using a time step of 0.01 (1% of the instantaneous gyroperiod,) and given the initial 

position and velocity, a python package scipy uses the built in ordinary differential 

equation solver .odeint to solve Equation (24) and produce a series of positions and 

velocities for a particle over a defined duration of time. This duration was linked to the size 

of the simulation, such that as the size of the input particle shell increased or decreased, the  
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duration of the simulation would be linearly dependant. In the case of a simulation size 

with a 500 meter radius, the simulation ran until         , meaning it ran for 200,000 

time steps.  

 

2.5 Data Compilation and Exposures 

After the output files have been created from gcr-cusp-series-iso.py, a new script is used to 

compile the results into one large file and plot the results as a two dimensional "exposure." 

The shell bsexposure.sh launches the python script exposure-bs.py, which reads in the 

positions of each particle at every time step. The simulation is then "pixelated" into meter-

cubed increments – that is, chopped into tens of thousands of 1   cubic volumes, wherein 

the particle counts at each time step in each pixel is totaled. (Figure 11 singles out one such 

pixel [not to scale] in order to demonstrate how the two-dimensional exposure image is 

created.) 

Because the simulation is much larger than the protected volume itself, compressing the 

three dimensional results into a two dimensional exposure would wash out the protected 

volume. To avoid this, the exposure depth is set to the diameter of the protected volume, 

and only the pixels within one radius in either direction are compressed to create the two 

dimensional image. This matrix of particle densities is then saved, and a heat map of the 

results is produced. The following few figures break down this process.  
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Figure 11: Full 3D View of Simulation Including the Protected Volume (Center) 

Starting from the full three-dimensional simulation in Figure 11, the volume is first 

reduced to a slice equal to the diameter of the protected volume, as shown in Figure 12. 

One pixel at the top of this slice is highlighted in order to demonstrate how the full volume, 

comprised of thousands of such pixels, is compressed to create the exposure. 

 

Figure 12: 3D Region Used to Create Exposure Image 
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After the volume in Figure 12 is obtained, the x component is then compressed by 

summing all the counts from     to     for a given y-z position. The final product is a two 

dimensional exposure of the field over time, as shown in Figure 13. 

 

Figure 13: Exposure Image after the 3D Volume is Compressed into Two Dimensions 

The final product produces a qualitative way to examine the results. The protected volume 

should show fewer particle tracks than the surrounding field if the magnetic field is 

effective. These results are compiled in Chapter 3.3 Exposures. 

 

2.6 Number Density  

Also calculated with the exposure-bs.py script is the total number of particles within 

different volume shells (pictured in Figure 14.) Knowing the total volume of the regions 

between two radii, and the total number of particle tracks recorded in those regions, the 

particle number density as a function of radius from the origin can be calculated.  
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Figure 14: Volume Shells with Different Radii Used to Calculate the Number Densities 

As opposed to the exposure images, plotting the number density versus radius provides a 

quantitative way to analyze the results. In an isotropic field, the number density within 

each shell should be constant. However, once the magnetic field is activated, the area 

within the protected volume should record a lower number density than the volumes 

outside of it. Figure 15 displays an example diagram of expected number densities within 

the different shells for scenarios with and without a magnetic field present.  

 

 

Figure 15: Expected Number Density Distribution by Shells 
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Chapter 3 

Results 

3.1 Baseline Dimensions 

The dimensions of the magnetic field shells are entirely dependent on the size of the 

desired protected volume; to come up with a preliminary design for the simulation, and to 

keep the design relevant to future space travel outside LEO, the dimensions of NASA's 

Lunar Orbital Platform-Gateway were used. However, as the project is still in its 

preliminary design, no official dimensions have yet been released. Based on an info 

graphic released by NASA in spring of 2018 [8], seen in Figure 16, a rough estimate for 

the size of LOP-G can be made.  

 

Figure 16: Size Comparison of LOP-G to ISS 
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As the ISS is 109 meters wide, the LOP-G appears to be roughly 50 meters in its largest 

dimension. (This estimate can be reaffirmed by comparing the size of LOP-G to the Orion 

capsule, which also has known dimensions.) Building in a 5 meters of buffer to any side, a 

fair estimate for the protected volume is a 60 meter diameter, or a 30 meter radius.  

Using these dimensions, some preliminary simulations can be run in order to find the ideal 

size of the outer shell radius. 

As there are no constraints on the size of the outer shell, finding the ideal configuration 

comes down to a trading-off of mass and current. The larger the outer shell, the more 

massive the structure would be, increasing the number of launches it would take to bring 

the loops into orbit. However, increasing the size of the outer shell also decreases the 

maximum current needed to deflect an energetic particle away from the protected volume. 

Similarly, reducing the number of loops in a shell decreases the overall mass, but increases 

the maximum current needed to successfully protect the volume. The ideal configuration, 

therefore, minimizes the number of loops, the outer shell radius, and the max current, while 

trying to maximize the number of particles that are deflected away from the protected 

volume. Based on present day technologies, an artificial constraint has been placed on the 

maximum current to limit the design to no more than       amps. Furthermore, the outer 

shell should be at least 10 meters away from the inner shell. Given these constraints of max 

current and minimum outer shell radius, the number of loops and size of the outer shell can 

be altered to find an ideal configuration. 

 

3.2 IFP 

Running the Integral Field Parameter script with the maximum current and minimum outer 

shell radius, using 20 loops per hemisphere, a preliminary IFP plot can be created.  
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Figure 17: IFP for 30m-40m 20 Loop 1e6A Configuration 

The peaks and valleys in the IFP in Figure 17 correspond to particles heading toward the 

loops (peaks) and between the loops (valleys.) (Compare this to Figure 6 and the geometry 

of the image becomes clear.) The left axis represents the IFP, while the right axis is the 

change in momentum capability of this field. This configuration would create an IFP value 

around 3 [    , which corresponds to a Δp of 900 [MeV/c]. As the change in momentum 

is about half the momentum of a 1-GeV proton, (represented by the horizontal black line,) 

it appears this design configuration might not produce a large angle of deflection.  

Increasing the number of loops would reduce the valleys between the peaks, and would 

increase the magnitude of the IFP, but would also significantly increase the total mass of 

the system. Rather than adding more loops, increasing the radius of the outer loops can also 

have drastic results. 



31 

 

 

 

Figure 18: IFP for 30m-50m 20 1e6A Loop Configuration 

By increasing the outer radius by 10 meters, from 40m to 50m, the configuration is now 

more than capable of significantly deflecting a 1-GeV proton from all but the poles (where 

the magnetic field becomes parallel to the particle path, causing the IFP to drop to 0.)  

However, this design is now "overkill." So long as a majority of the configuration's IFP is 

on the same order of magnitude as the proton's IFP, the field can cause significant 

deflections. In order to reduce mass, the number of loops per hemisphere can be reduced.  
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Figure 19: IFP for 30m-50m 12 Loop 1e6A Configuration 

As can be seen in Figure 19, 12 loops per hemisphere is roughly the minimum required for 

a maximum deflection angle (that is, the ratio       .) This design is therefore used as 

the preliminary configuration for the Blueshark simulation, as explored in the following 

section. 

More IFP plots for other loop configurations can be found in Appendix B.  

 

3.3 Exposures 

In order to visualize the effectiveness of different model configurations, two-dimensional 

exposure plots were created using a variety of different maximum currents for each unique 

design. First, a zero-current field was created in order to demonstrate the simulation's 

capability to create an  isotropic field of GCRs. Then the configuration was run using the 

maximum magnetic field created from       amps; finally, the simulation was run again  
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using a current halfway between the other two, with       amps. Three different 

configurations are examined in the following section, each run with all three currents.  

 

Figure 20: Isotropic Field with No Magnetic Field 

Figure 20 displays an exposure of 50,000 particle tracks in an isotropic field over time with 

no magnetic field present. Using an exposure depth of 30 meters in either direction of the 

origin, representative of the radius of the protected volume, the figure displays a two 

dimensional representation of the total particle density over time.  

In this case, the 12 loop configuration was run with a 30m and 50m radius shells. With no 

current being run through the system, the figure displays a roughly uniform isotropic field, 

as expected.  
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Figure 21: Particle Distribution Created from a 12 Loop Configuration with 5e5 Amps 

When a maximum current of      amps is used, as seen in Figure 21, the protected 

volume within the 30m radius begins to become apparent. While not all particles are 

deflected away from the desired area, the exposure reveals a marked decrease in particle 

tracks. By increasing the magnetic field's current, further deflections can be achieved. 
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Figure 22: Particle Distribution Created from a 12 Loop Configuration with 1e6 Amps 

Compared to Figure 21, the protected volume in Figure 22 becomes more stark. This 12 

loop       amp configuration is the baseline design that was originally conceived from 

the IFP plots. However, it is important to confirm the effectiveness of this design by 

comparing it to other configurations. As such, in an attempt to reduce the mass of the 

system, the simulation was run for an 8 loop and 10 loop configuration as well. Even 

though the IFP plots indicated that these other designs might be less effective, it is 

important to quantify their effectiveness.  
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Figure 23: Isotropic Field Used for the 8 Loop Configuration 

Figure 23 displays another exposure for a null B-field, which was used when the 8 loop 

configuration was run. As expected, the pseudo-random nature of the simulation means 

that, while this field is not identical to the one created for the 12 loop configuration, they 

are both clearly isotropic. (Additionally, a third isotropic simulation was run when 

simulating the 10 loop configuration as well. This plot is included in Appendix C.) In the 

results section later compiled in Table 3, the track counts of these three isotropic fields are 

averaged when calculating the effectiveness of the different designs, so the 8 loop, 10 loop, 

and 12 loop configurations all reference the same baseline. The resulting % error was 

calculated from the spread of particle counts between these three baselines, which comes 

out to about 2%.  
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Figure 24: Particle Distribution Created from a 8 Loop Configuration with 5e5 Amps 

Interestingly, when using a max current of       amps with the 8 loop design, (Figure 24) 

the protected volume is barely noticeable. As compared to Figure 21, reducing the number 

of loops per hemisphere at the given max currents results in a significant reduction in the 

field's effectiveness at deflecting high energy particles.  
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Figure 25: Particle Distribution Created from a 8 Loop Configuration with 1e6 Amps 

On the other hand, the protected volume once more becomes obvious using a 8 loop 

configuration at the maximum current of       amps (Figure 25). This seems to indicate 

that the max current, rather than the number of loops, has a bigger impact on the 

effectiveness of the design. In order to quantify this, the following section records the 

precise number densities of particle tracks within the different volumes. 

 

3.4 Volume Density Plots 

As the original exposure-bs.py code compiled all of the particle tracks into one file, it also 

ran a check on the position of each track at every time step. Breaking the field into 

different volumes of increasing radius (using 5 meter increments,) the particle track density  
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within each of those volumes over the entire course of the simulation were recorded. From 

these quantities the effectiveness of different configurations could be compared. 

 

Figure 26: Particle Density of the Averaged Isotropic Field 

For an isotropic field of GCRs with no magnetic field, the number of particle tracks per 

volume [          ] should be roughly constant at any point in space. Figure 26 

demonstrates this trend for a 50,000 particle simulation, where the red line represents the 

radius of the inner shell (which encompasses the protected volume,) while the black line 

represents the radius of the outer shell. The particle densities are calculated by dividing the 

total track count between two radii (for instance, between 5m and 10m from the origin,) by 

the volume of that shell (that is, v(10m) – v(5m).)  

The small variation in particle density close to the origin results from the random nature of 

the simulation and the smaller sample size of tracks inside those volumes. For example, 

there were roughly 40,000 tracks inside the 5 meter volume at the simulation's origin,  
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while there were over 50,000,000 tracks in the outer most shell at 100 meters. The 

disparity in these sample sizes likely accounts for the deviations in number density seen at 

smaller radii.  

The error bars in this figure are found from comparing the particle number densities of the 

three different isotropic fields that were simulated. Accounting for this uncertainty, the 

number density appears to be relatively constant throughout the field. Appendix D includes 

a figure of all three isotropic fields on the same plot, which further demonstrates the 

variation of particle densities witnessed at small radii. 

Given a larger simulation with more particle tracks, (or more isotropic simulations to 

average between,) this variation is expected to be greatly reduced. However, as the total 

reduction of particles within the protected volume is desired, this small variation within the 

null B-field does not impact the final results.  
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Figure 27: Particle Density for 8 Loop 1e6 Amp Configuration 

By turning the magnetic field on, a clear trend in particle density begins to take place. 

Figure 27 displays the particle density spread for the 8 loop configuration using a 

maximum current of       amps. Compared to Figure 25, the exposure plot of this same 

configuration, these results are as expected. The particle densities remain constant outside 

of the magnetic field, and drop off quickly once inside the solenoid shells.  
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Figure 28: Comparison of Different Loop Configuration with 5e5 Amps 

Comparing the three different configurations for a max current of       amps, it quickly 

becomes apparent how the number of loops impact the effectiveness of the shield's design. 

As was previously observed in Figure 24, the track count for the 8 loop design does not 

experience significant reduction within the protected volume. The 10 loop configuration, 

intuitively, displays a larger particle track reduction than the 8 loop design, but a smaller 

particle track reduction than the 12 loop design. As expected, Figure 28 demonstrates that 

increasing the number of loops results in a decrease of particle density inside the protected 

volume. 
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Figure 29: Comparison of Different Loop Configuration for 1e6 Amps 

Comparing the same configurations at a maximum current of       amps, however, 

appears to yields limiting returns (Figure 29.) In fact, the particle track density of the three 

configurations appear very comparable at most radii within the field—especially so for the 

10 loop and 12 loop configurations. This seems to suggest that, while adding more loops 

and increasing the max current does reduce the number of tracks within the protected 

volume, there comes a limit where the particle density cannot be further reduced. In all 

likelihood, this is due to the exposed poles of the shell design, which are incapable of 

deflecting particles at ±90°. In order to find the ideal configuration for loop number and 

max current, the following figures compare particle density spreads at different currents for 

given loop configurations. 
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Figure 30: 8 Loop Configuration Comparison of Different Max Currents 

For the 8 loop configuration, as seen in Figure 30, doubling the max current more than 

doubles the number of particles deflected from the protected volume. Given the IFP plot in 

Figure 19 and the exposure plots in Figure 24 and Figure 25, these results are as expected. 

Clearly, a       amps design is the minimal current needed for an 8 loop design to be able 

to sufficiently protect the desired volume. However, the 10 and 12 loop designs, while 

requiring more mass, might be able to provide an equally effective field with half the 

current, as seen in Figure 31 and Figure 32. 
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Figure 31: 10 Loop Configuration Comparison of Different Max Currents 

The 10 loop comparison, while similar to the 8 loop comparison, demonstrates a starker 

difference in number densities at given max currents. The       amp max current, of 

course, results in significant reduction of particles within the protected volume; however 

      amps produces a more apparent decrease in number density within the protected 

volume than the equivalent current with the 8 loop configuration. Compared to the 12 loop 

configuration, the trend becomes apparent.  
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Figure 32: 12 Loop Configuration Comparison of Different Max Currents 

This 12 loop comparison once again demonstrates what is expected from the associated 

IFP and exposure plots. Both the       and       amp max currents results in significant 

reduction of particles within the protected volume, though doubling the current in this 

configuration does not result in a significant increase of deflections within the protected 

volume; it appears this configuration is approaching design limit. The results for all three 

configurations are summarized in Table 3 below.  
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Table 3: Particle Tracks within Protected Volume (30m Radius) with ± 2% Error 

 Isotropic            % Reduction            % Reduction 

8 Loop 

10,466,005 

8,508,268 18.7 3,579,283 65.8 

10 Loop 6,151,061 41.2 2,596,481 75.2 

12 Loop 4,079,860 61.0 2,632,047 74.9 

 

Clearly, the best results for any given configuration come from the highest maximum 

current. However there is only a 14% difference between the two currents used in the 12 

loop configuration. Furthermore, using the maximum current of       amps, the 10 loop 

and 12 loop configurations are nearly identical, and their particle counts fall within the 

error bound of 2%. Based on these preliminary findings, the particle deflection limit 

appears to be 75%. This leads to the question: at what maximum current is the limit 

reached for each configuration, and what is the minimum loop configuration that can be 

used to achieve this limit?  

Yttrium barium copper oxide (YBCO) tape is a superconducting material that can operate 

at higher temperatures, lending it useful to space applications where heat dissipation can be 

a difficult issue to solve. The material itself is very thin, covering a core of structural 

support material that comprises most of the system's mass. Using YBCO tape as an 

example, (though other materials can certainly be used,) the total weight of the structure 

can be calculated.  

Given a structural density of           , and a persistent current of 300 amps for a 

length of tape that is 0.12 m by         m, (obtained from Levine et al. [6],) the cross 

sectional area of loops encased in YBCO can be determined for different maximum 

currents. In turn, the total mass of the system can be found from the total number and size  
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of loops used, coupled with the mass density of the YBCO structural support material. 

These results are summarized in Table 4. 

Table 4:  Mass Breakdown of Different Configurations 

Max Current  

(Amps) 

Cross 

Sectional 

Radius     

8 Loop  

Total Mass 

(kg) 

10 Loop 

Total Mass 

(kg) 

12 Loop  

Total Mass 

(kg) 

      0.018 47,077 58,812 70,553 

      0.025 94,154 117,625 141,105 

 

However, the values in Table 4 are calculated assuming a cross sectional area needed to 

support the structure in Earth gravity. Outside of Earth's orbit, however, less material 

would be needed to support the YBCO tape: Table 5 gives the reduced mass for loop 

configurations using half the structural density of their Earth-based counterparts. 

Unsurprisingly, a significant reduction in mass can be obtained. 

 

Table 5: Reduced Mass Breakdown of Different Configurations 

Max Current  

(Amps) 

Cross 

Sectional 

Radius     

8 Loop  

Total Mass 

(kg) 

10 Loop 

Total Mass 

(kg) 

12 Loop  

Total Mass 

(kg) 

      0.018 23,539 29,406 35,276 

      0.025 47,077 58,812 70,552 
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Chapter 4 

Discussion 

The goal of this paper has been to provide a realistic, preliminary design for an active 

magnetic spacecraft shield. While several configurations have been demonstrated to be 

effective, how realistic a design is depends not only on the capabilities of present day 

technology, but also on the capabilities to enact such technology. As such, the following 

section will touch lightly on present day capabilities to deliver the design outlined in this 

paper to lunar orbit. 

 

4.1 Launch Capability 

Applying the radiation shield designed in this paper to NASA's LOP-G, the structure 

would need to be delivered to lunar orbit. As the trip from the Earth to the Moon is only a 

few days, while manned operations of the space station in lunar orbit could take weeks or 

months, it is more important to protect the astronauts while they are at the Moon than while 

they are traveling there. (Though, in theory, smaller shields could be used to protect the 

astronauts while in transit.) For the scope of this paper, cost of delivering the shield to 

lunar orbit must be examined.  

As discussed in the NASA technical document The Great Escape: SLS Provides Power for 

Missions to the Moon [7], the predicted capabilities for different blocks of the Space 

Launch System (SLS) are provided, and summarized in  

Table 6 below.  
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Table 6: Launch Capability to Lunar Orbit of Different SLS Blocks 

 Block 1 Block 1B Block 2 

Mass (kg) per Launch 25,855 37,195 44,905 

 

From the configuration mass breakdown in Table 4 and Table 5, and the launch capabilities 

summarized in  

Table 6, the total number of launches needed to deliver the shield materials into lunar orbit 

can be calculated (rounded up to the nearest whole launch.) The results for the number of 

launches required to deliver the preliminary mass (Table 7) and reduced mass (Table 8) are 

summarized below. 

Table 7: Number of Launches Needed for Different Shield Configurations 

Block 8 Loop  
      

Amp 

8 Loop  
      

Amp 

10 Loop  
      

Amp 

10 Loop  
      

Amp 

12 Loop  
      

Amp 

12 Loop  
      

Amp 

1 2 4 3 5 3 6 

1B 2 3 2 4 2 4 

2 1* 2* 2 3 2 4 

* Where the weight of these configurations were less than 5% more than the max payload capacity 

per launch. 

 

Starting with the baseline mass in Table 7, there appears to be no significant difference in 

number of launches required the 10 loop and 12 loop configuration between the Block 1B 
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and Block 2 versions of the SLS. It is also interesting to note that the       amp 

configuration would take the same number of Block 1B launches, regardless of which loop 

configuration is used. If using the Block 1B, the 12 loop       amp design seems to be the  

 

most efficient configuration for the number of launches (and, thus, the cost,) required to 

deliver the shield to lunar orbit. However, if the Block 2 is used, the 8 Loop       design 

becomes the better option. Interestingly, no matter which Block is used, the       amp 

design appears to have a prohibitively large number of launches for both the 10 loop and 

12 loop configurations. For Block 1, only the 8 loop       amp design could be launched 

in 2 or less flights; however, given the limited effectiveness of this configuration, Block 1 

does not appear to be the ideal launch vehicle for any of these shield designs. 

Table 8: Reduced Mass Number of Launches for Different Shield Configurations 

Block 8 Loop  
      

Amp 

8 Loop  
      

Amp 

10 Loop  
      

Amp 

10 Loop  
      

Amp 

12 Loop  
      

Amp 

12 Loop  
      

Amp 

1 1 2 2 3 2 3 

1B 1 2 1 2 1 2 

2 1 1* 1 2 1 2 

 

On the other hand Table 8, using the reduced mass design produces more launch options 

for any given configuration. By halving the mass of the loops, the number of launches 

needed to deliver the shields to lunar orbit is also halved (rounding up to the nearest whole 

launch.) Using the reduced mass design, now all three configurations at       amps can 

be launched in only one Block 1B or Block 2 flight! Even the highest max current designs, 

at       amps, become attainable in two launches.  
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4.2 Ideal Configuration  

Returning to Table 3, the most effective designs are clearly the high current and high loop 

configurations. Coupled with Table 8, all three configurations at a max current of        

amps could be delivered to lunar orbit in two or less launches, with the       counterparts 

able to be launched in only one. Clearly, reducing the amount of mass needed to support 

the YBCO causes launches (and, thus, the launch cost,) to be very attainable.  

However, if a more conservative approach is desired, the non-reduced masses in Table 4 

and Table 7 can still be used. Although these structures would take more launches to 

deliver, an argument can be made that two or even three launches is a small price to pay for 

the added protection the shields would provide. After all, with a 50 meter radius the shield 

is as large as the International Space Station, which took over 40 launches to fully 

assemble. At a fraction of the launches—and cost—even the most massive shield 

configuration could be deployed. 

 

4.3 Scalability 

The intent of this paper was to demonstrate the feasibility of the double-shell toroid design 

as means to shield spacecraft on future interplanetary missions. Using the LOP-G space 

station as an example, and only targeting 1-GeV particles, such a design was shown to be 

effective. However, it is important to note that this is just a baseline; the double-shell shield 

can be scaled up or down, in size and in current, to accommodate other missions and their 

shielding requirements. A smaller craft, such as Orion, could be shielded with a much 

smaller structure. Or, if 10-GeV particles must be deflected, the design can be scaled up to 

accommodate. The ultimate takeaway is that the design outlined in this paper is just a 

preliminary configuration for the LOP-G project. Optimized configurations will be custom 

to the requirements of each mission.  
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Regardless, the implications of this simulation are clear. Using detached, superconducting 

toroid structures in a shell configuration can not only cut radiation exposure in half, but in 

many configurations can deflect up to 75% in incoming radiation, effectively quadrupling 

the length of a mission for equivalent radiation exposure. This surpasses the original goals 

this project aimed to meet. Hopefully, as interplanetary missions become more common, 

active shielding will prove a viable option for extending the duration of human operations 

in deep space.  
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Appendix 

Appendix A 

 

Integral Field Parameter plots for other loop configurations and current ranges 

 

 

Figure 33: Magnetic Field Strength for Max Current of 1e6 Amps 
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Appendix B 

 

Integral Field Parameter plots for other loop configurations and current ranges 

 

 

Figure 34: IFP for 30m-40m 8 Loop 1e6A Configuration 
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Figure 35: 8 IFP for 30m-50m 8 Loop 5e5A Configuration 

 

Figure 36: 8 IFP for 30m-50m 8 Loop 1e6A Configuration 
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Figure 37: IFP for 30m-50m 10 Loop 5e5A Configuration 

 

Figure 38: IFP for 30m-50m 10 Loop 1e6A Configuration 
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Figure 39: IFP for 30m-50m 12 Loop 5e5A Configuration 
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Appendix C 

 

Exposure plots for the 10 loop configuration at various currents 

 

 

Figure 40: Isotropic Field Used for the 10 Loop Configuration 
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Figure 41: Field for 10 Loop Configuration at 5e5 Amps 

 

Figure 42: Field for 10 Loop Configuration at 1e6 Amps 
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Appendix D 

 

Particle Density plots for all loop configurations and current ranges considered in this 

paper 

 

 

Figure 43: Comparison of Different Isotropic Distributions 

All three isotropic fields used with the 8 loop, 10 loop, and 12 loop configurations are 

plotted together in Figure 43 to confirm all three isotropic fields follow the same trend. As 

seen in the figure, the fields have roughly the same particle density at higher radii; at lower 

radii, however, the smaller sample sizes coupled with the random nature of the model 

causes a larger deviation and higher error in number density between the three simulations. 

The average of these three number densities are used to create the baseline isotropic field. 
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Figure 44: Isotropic Distributions for 8 Loop Configuration 

 

Figure 45: Number Density Plot for 10 Loop Configuration with 5e5 Amps 
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Figure 46: Density Plot for 10 Loop Configuration with 1e6 Amps 
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Appendix E 

 

Distance between loops for different design configurations 

 

Table 9: Spacing Between Loops [Meters] 

 8 Loop 10 Loop 12 Loop 

Inner Shell 5.88 4.71 3.92 

Outer Shell 9.80 7.85 6.54 

 

 

 


