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Presenter Notes
Presentation Notes
In this talk I will be discussing the critical issue of astronaut radiation exposure to Galactic Cosmic Radiation, or GCR on long interplanetary missions. It is believed that  we have discovered a suitable magnetic field topology for this shield which we refer to as a Dipolar Toroidal Magnetosphere (DTM). The shielding characteristics and advantages of this approach will also be described and compared to past efforts.  



Legal Limits based on annual exposure (radiation workers)
–5 REM/year in USA with guideline of <10 REM/5 years

•Epidemiological studies cannot track risk at <5 REM (acute) or <10 REM (lifetime)

Actual Doses:
-Sea Level Background Exposure 0.005 rad/year (.05 in brick houses)
-Airplane Cross-Country Trip  0.004 rem
-Chest X-ray    0.01 rem
-Typical Shuttle Flight   5.0 rem 
-Living in Denver (“Mile-High City”) 0.2 rem/year
-Dental X-ray    0.009 rem
-Apollo Moon Landings  0.2-1.1 rem
-Skylab (3 months)   7.4 rem
-ISS~      (0.1 rem)/day
-Estimated Mars trip (no solar flares) 100-150 rem

The Radiation Hazard

Rem is unit of radiation dosage applied to 
humans that causes the same biological 
injury as one rad of X rays or gamma rays.

SI units: the gray (Gy) [1 J/kg], where 
 1 gray = 100 rad.

Presenter Notes
Presentation Notes
It is worth a look at the actual doses one experiences for typical activities on Earth and in near space to get a sense of how damaging interplanetary travel is in terms of the exposure. You can see that the estimated Mars trip is orders of magnitude more radiation than what has been experienced in space up to now. I should point out the green box on the lower right corner. A REM takes into account the effect of radiation on humans and is the same as a rad of x or gamma rays . 100 rads are equal to one joule per kilogram which in SI units is a gray.  



Slide from “The Space Radiation Environment and Ground Based Simulations” – Tony C. Slaba

Presenter Notes
Presentation Notes
From the previous slide, it is clear that Gaactic Cosmic Rays, or GCR, are clearly one of the most, if not the most, significant biological risk for human exploration. The GCR are comprised of particles born and accelerated to relativistic speeds in supernova remnants. They include almost all the elements in the periodic table, and are bare nuclei fully stripped of electrons. They're very high energy. Most are  100s of MeV to GeV. There are continuous and essentially isotropic. Coming from an all directions. 



These are the particles
That need to be stopped

Presenter Notes
Presentation Notes
As can be seen in the graph at the left. The energies of the GCR extend well beyond GeV range, however flux falloff is exponential for these high energy particles. And while higher mass particles can do more damage they are much fewer in number. Still, as the graph on the right indicates, their contribution to the total radiation dose in not negligible. Unlike material shielding. A great advantage of employing a magnetic shield is that a magnetic shield has the same deflection effect on particles of the same charge to mass ratio, which is essentially a constant for all the GCR nucleons. So that if you can deflect Helium GCSR away, you can deflect iron GCR away with the same magnetic field strength. It should be noted that while it would be impossible to shield against all GCR , the concern is with. particles of in the range of several hundred MeV to a few GeV, and deflecting these would reduce exposure to an acceptable level. 



The proton flux of a 10-day SEP event in 1989, and the GCR proton, carbon, 
and iron nuclei fluxes for solar minimum and maximum periods 

Radiation Environment in Space
Evidence of the Effectiveness of Magnetic Shielding

Intensification of  the 
magnetosphere (B field)

 reduces exposure to GCR
 (Low energies  a lot

Higher energies a little)

Presenter Notes
Presentation Notes
It is also worth noting that the Earth's magnetosphere offers evidence of some protection against GCR from magnetic fields. Although the field strength of the magnetosphere is only a fraction of the Gauss. It is quite large – several earth radii, and it will be shown that its the product of the field strength and scale length of the magnetospheric field that is important. This product is significantly increased during a solar maximum due to the increased pressure of the solar wind and it can be seen that the actual GCR reaching the Earth is diminished. However. given the weakness of the field, it can only significantly limit the lower energy GCR reaching the Earth. The actual shielding at the surface of the Earth comes from the atmosphere itself. This type of shielding is generally referred to as passive material shielding. 



Days to 15 REM Effective Dose Equivalent Limit

Presenter Notes
Presentation Notes
Since passive material shielding works on Earth, why not use it in space? As can be seen by the above graph, in order to effectively shield against. GCR using a passive material shield, the amount of material is so great it would require at least five heavy lift launches to bring sufficient shielding material into low Earth orbit. The biggest issue with material shelling Is the fact that the interaction between the very energetic GCR and the material Is such that many daughter particles are created when the GCR particle strikes a material particle. These daughter particles are still in the MeV range and therefore actually increase the radiation dose. The shielding mass must now be ever thicker in order to stop and absorb daughter and all subsequent generations until the GCR energy is fully dissipated. Sorry for the sexist naming convention. Son particles I sure you would be just as hazardous. 
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In order for a magnetic field to deflect a charged particle, the scale length of the magnetic field 
within the magnetic shield has to be comparable to the gyro-radius of the particle, 

Deflection of GeV/nucleon particle would then require

∫B⊥dr  to be ~ 10 T-m 

while solar wind particles would require only  -  0.001 T-m. 

Magnetic Field Requirements
Unlike the electric force, the magnetic force is a non-central force (induced motion 

NOT in the same direction as the force) ⇒ 
You can’t slow or stop GCR with a magnetic field – you can only deflect it.

Presenter Notes
Presentation Notes
As mentioned earlier, it is the product of the magnetic field and distance that is needed to deflect particles. It should be noted that, unlike the electric force, the magnetic force is a non-central force. In other words, it induces a motion that is perpendicular to the magnetic field direction. So you cannot stop a GCR particle with a magnetic field. You can only deflect it. When the GCR particle interacts with the magnetic field, it begins to be deflected. In a spatially constant B field. The particle would actually orbit the magnetic field with a radius as stated here. For shielding, we are only interested in a deflection of less than 90 degrees as it moves through the field. It turns out that when you look at the deflection of a GeV per nucleon particle, it requires something on the order of a 10 Tesla meter field. It should be noted that the structure of the field is very important as an improperly chosen geometry for the field can just as easily deflect a GCR into the spacecraft as well as away from it.



(a) (b)

HTSC Magnet designs from (a) NIAC 6-1 Solenoid study, and (b) ESA Toroid study. 

Previous Major Concept Studies for Magnetic Shielding

Presenter Notes
Presentation Notes
Given the fact that magnetic fields could be useful in shielding spacecraft from the GCR, several magnetic field-based concepts were developed.
 with a wide range of magnetic topologies., The two most promising concepts at the time, as well as the most developed in terms of both the physics and the required technologies for implementation are shown here. The European Space Agency developed a high current density toroid that surrounded the ESA proposed Columbus habitat  as you can see on the righthand side of the slide. The other was the result of a NASA Innovative Advanced Concept study where six long and large inflatable coils were to surround the habitat and a seventh coil providing a reverse directed field to buck out the return flux from the outer six solenoids.  I will refer to these concepts as NIAC 6-1 and ESA Toroid. Clearly both suffer from a serios lack of magnetic shielding from GCR coming in from the axisymmetric polar regions. There are even bigger issues for these concepts that rely on closed fields, that is deflecting fields that are primarily only inside the field generating coils .



 The vectors are color coded red to blue indicating magnitude of the field. The plots range from the 
maximum field down to 5% of the maximum. 

 The ESA toroid had no external fields larger han 1% of the maximum outside of the torus. 

2-D B vector plots for ESA toroid (midplane) and 6-1 solenoids

Presenter Notes
Presentation Notes
A plot of the magnetic field vectors in the symmetry plane for the ESA toroid on the left, and a cross section of the NIAC 6 - 1 solenoids is shown on the right. It can be clearly seen that the magnetic fields outside the coils are quite low and that there is no real significant field along the polar axis, and what is there provides no deflection as it is aligned with the direction of the incoming GCR.. 



The annual body dose equivalent of the primary GCR proton and He nuclei, with a breakdown 
of the contribution of each of the principal secondary particles. 

Big Problems with Previous Shielding Concepts
 Neither the ESA toroid nor the 6-1 solenoids have significant B field in the spaceward direction

 These systems are essentially vulnerable to ALL GCR – even from the lowest energy ones that 
would be deflected by the shield

Requires B flux densities 
beyond current HTSC

No B deflection

No B deflection

Presenter Notes
Presentation Notes
There is however an even bigger problem for both concepts as is illustrated in these bar graph. Since neither the ESA or the NIAC 6 - 1 solenoids have any significant magnetic field on the spaceward side of the coils, these systems are completely vulnerable to all GSR, even the lowest energy ones that would be deflected by the shield. They strike the both magnets and supports structures which are much larger than the habitat they're trying to protect. This interaction with these elements lead to the creation of daughter particles as described earlier in the discussion of passive. material sheilding. As you can see. that the primary GCR, exposure,  denoted by the blue regions in the bar graphs, reaching the Columbus habitat in this case. is significantly reduced by the magnetic field-distance product- at least for the GCR entering from the barrel region of the toroid. The daughter particle creation however is so significant that it actually intensifies the exposure. Increasing the magnetic field continues to diminish the primary GCR as higher energy GCR are deflected , but there is little improvement as neutrons and gamma rays are. Essentially unaffected by magnetic fields and only decrease by limiting even further the entry of higher energy primary GCR. To accomplish this requires High Temperature Superconducting technology well beyond current technologies.. 



Toroidal Currents Flow 
On Spacecraft Outer 

Surface Only

Dipolar Toroidal Magnetosphere (DTM)

Magnetic field Lines

Space Habitat

Calculated 
Trajectories of 
GeV Galactic 

Particles 
Deflected by 

DTM  

Dipolar magnetospheric shielding provided by toroidal currents Ic. The HTSC magnet (sliver colored 
shell) is placed external to the toroidally shaped space habitat. The magnet would fully surround 

the habitat to assure cancelation of all magnetic field inside the habitat.

Shielding Solution: Dipolar Toroidal Magnetosphere (DTM)

Presenter Notes
Presentation Notes
Fortunately, there is a solution to the magnetic shielding of spacecraft that avoids the problems that were encountered by the ESA and NIAC concepts.  It is referred to as the dipolar toroidal magnetosphere, or DTM. Here the habitat. Is shaped as a toroid ala 2001: a space odyssey if you like. ,Here the HTSC currents flow along the outer surface of the toroid in the toroidal  direction. This is opposed to the usual magnetic toroid winding, such as the ESA toroid,  where the currents flow in the poloidal direction. The high temperature superconducting magnets are placed external to the habitat and can thus be supported by the spacecraft itself. By adjusting the magnitude of the toroidal currents that surround the habitat one can make the magnetic fields  inside the habitat to be negligible and at the same time provide a deflecting magnetic field that is perpendicular to all incoming GCR regardless of direction.. 



Here the current flows only at the toroid surface such 
that the magnetic field vanishingly small inside.

Flux Lines and Magnetic Contours for a Dipole Torus at 
Spacecraft Scale Used for Initial GCR Shielding Calculations  

R
(m)

Z (m)

B
(T)

Fig. A

Fig. B

Presenter Notes
Presentation Notes
In order to evaluate the Dipolar Toroidal Magnetosphere as a shield, a computer code was written that would allow for tracking relativistic particle motion from charged particles (GSR) as they enter the field of the DTM isotropically from all directions.. This was done at a scale that would be appropriate for a potential interplanetary spacecraft. As can be seen, having the currents flow in just the right way on the surface of the toroid, it is possible to eliminate all the magnetic field inside the spacecraft while at the same time creating a large magnetic field external to the spacecraft and importantly, to do it in a manner that provides equal protection for the HTSC magnets as well.. The next slide will show linear plots of the magnetic field along the two dashed lines and denoted by figure A and figure B on the slide. 
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Magnitude of the Magnetic Field as a Function of Z on Axis
and at the Dipolar Toroid Large Radius R

• Currents must be arranged as above to produce ϕ = 0 surface at the toroid 
(habitat) boundary. 

• Only for torii at very large aspect ratio (torus diameter/habitat diameter = α) does 
it approach uniformity poloidally. 

• For a typical aspect ratio α ~ 10, a larger current must flow on the inner wall of 
the torus to produce the ϕ = 0 boundary shown. 

Fig. A

z (m) r (m)

z = 0r = 10 m Fig. B

Presenter Notes
Presentation Notes
As the toroid aspect ratio, that is the diameter of the toroid compared to the cross section of the toroid becomes large. The magnitude of the toroidal currents as one goes from inside to the outboard side of the torus more uniform. For a typical aspect ratio of 10, a large current must flow along the inner wall as shown in figure B to keep the flux inside the spacecraft at 0. 



30

20

10

0
-30               -20                -10                    0                 10                   20                 30

r (m)

z (m)

Trajectories of 1500 isotropic 1 GeV particles on to dipole ring. 
Apparent shielding at small R reflects the volume reduction as r ⇒ 0.

3D Particle Trajectory Calculations

Presenter Notes
Presentation Notes
The results from the initial testing of the DTM were very encouraging. As you can see in the graph, there is absolutely no penetration into the spacecraft from the one Gev particles. 1500 proton particles were used in this numerical calculation emitted from a cylindrical boundary at 30 meters. The apparent lack of particle traces one sees at small radius just reflects the fact that the volume goes like R-squared and so in a 2D R-Z plot it looks as though there is a dearth of particles when in fact it is just the r weighting. 



Comparison of prior proposed magnetic shielding 
geometries to the DTM

Four main criteria which will be used to evaluate the three most 
developed concepts 

1) Effectiveness of the magnetic shielding – Determined based on Ω 
parameter:

      In – current in conductor n

      Ln – length of conductor n

    
2) Issues with secondaries - daughter particle generation from primary 

GCR

3) Launch and space assembly – The amount of mass, scale of 
structures, and complexity of assembly 

4) Advantages and other uses for the shield outside GCR protection.

n
n n
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Presenter Notes
Presentation Notes
It has been difficult to determine just how good a given concept is at shielding since each concept has previously been evaluated for both the fields and technologies required in ways unique to the particulars of the concept. It was decided that in order to make comparisons, a set of criteria needed to be developed that would allow for the unbiased evaluation of all concepts across the board based on normalized parameters common to all concepts.. For the effectiveness of the shielding, the best  parameter for evaluation of shielding efficacy was the total HTSC mass required to stop at least ¾ of the GCR of a given characteristic energy per unit volume of habitat.  Without specifying the HTSC material, the amount of mass will be proportional to the sum of all the currents required times conductor length. This number divided by habitat volume for that particular concept was used and denoted by the symbol, capital omega. The second criteria has been discussed. And is clearly a key criterium. Amount of total mass, scale of structures and complexity of assembly  must also be considered.  As the cost of access to space is still a determining factor in concept feasibility. Finally, there may be other advantages for the shield outside GCR protection, given the likely high cost of the shielding systems. What other uses for the shield might be? Might there be besides crew protection that would help justify the investment in shield deployment. Not surprisingly. The DTM has great advantage in all four criteria. Over. The other two concepts. As mentioned already. The issue with secondaries is. mitigated by the fact that the. magnetic field of the DTM shields both the magnets and the spacecraft. In terms of launch and space assembly., the DTM Magnets can be incorporated as part of the structural  elements  of the spacecraft itself. There are in fact other applications for the DTM besides shielding. that will not be discussed here due to time constraints, but are presented in the paper that describe using the DTM for aerobraking in planetary atmospheres and thereby significantly reduce the fuel and mass requirements for these missions.  



( )
3

0
00 z 00 3

I RB and B r gB
2R r
µ

= =

The shielding effectiveness can be characterized by the Bz field on axis at 
the center of the toroid (B00), and the far-field dipole magnetic field Bz(r): 

where it was found that g = 0.5. B00 is typically less than the field strength at the 
torus boundary but serves the purpose of relating the field strength to the shielding 
effectiveness. If one assumes that an incoming particle penetration distance must be 
less than a characteristic deflection distance (shown on previous slide), one has: 
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where the relativistic nature of the GCR particle is explicitly expressed. Integrating 
using expressions above one obtains:
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Dipolar Toroidal Magnetosphere (DTM) Field Characterization 

Presenter Notes
Presentation Notes
I show this slide just to indicate what the analytic analysis of the dipolar toroidal magnetosphere yields as a function of the magnetic spatial and GCR energy parameters. The results from the detailed numerical calculations follow this scaling closely and were actually  somewhat more favorable  than the criteria is shown here.  



Figure 8. Left: ESA-toroid (length – 13.6 m, width at midplane – 3.6 m, bore – 3 m) with Columbus habitat inside (4.5 
m diameter, 6 m long). Center: NASA 6-1 solenoids with 6 outer solenoids with inner solenoid carrying reverse current 
(8 m diameter, 20 m length). Cylindrical habitat is 3 m diameter and 10 m in length. Right: DTM with a toroid major 
radius of 12 m and a 4 m by 2.2 m elliptical cross-section. As the current coils are supported by the spacecraft habitat 
wall, the coil surface and habitat cannot be distinguished

Magnetic coil surfaces and habitats assumed in the ESA-
Toroid, NIAC 6-1 Solenoids, and DTM studies.

Presenter Notes
Presentation Notes
A quick slide just to show. The various scales and geometries of the three concepts that were used in the GCR shielding effectiveness numerical studies. 



Current Flow for the Three Candidate Shielding Concepts

All currents are surface currents. The magnitude of the current is uniform around the toroidal direction for the 
ESA toroid, but varies in the poloidal direction as the surface cross-section changes from inside to outside. The 
azimuthal currents in the 6-1 solenoids are also uniform along the Z-axis for each solenoid, and is equal in 
magnitude for the outer six solenoids. The toroidal belt currents in the DTM vary in strength poloidally from 
the inner side to the outer side so as to maintain the magnetic flux inside the ellipsoidal toroid near zero, i.e. a 
null magnetic field

Presenter Notes
Presentation Notes
Again, a quick slide just to show the direction of the current flow for generating of the magnetic felds employed in the three concepts. 
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Modulus B along the X-axis. The X-axis was chosen to lie in the plane of mirror symmetry for each 
configuration and along the direction that was perpendicular to the magnetic field direction thereby 
reflecting the maximum magnetic field strength. This X-axis can be chosen to be in any direction in 
this plane for the ESA Toroid and the DTM due to azimuthal symmetry. It was oriented to pass 
through the central axis (Z-axis) of three of the 6-1 Solenoids (two outer and the one central).

Magnitude of the Magnetic Field for the Three Candidate 
Shielding Concepts

Presenter Notes
Presentation Notes
This slide to show modulus be along the primary axis for the three concepts. It is clear from this that. The DTM has by far the largest fields external to the habitat. The key to avoiding. Secondary particles. 



Spherical Surfaces for the Random Launch of GCR Test Particles for 
Isotropic Bombardment of the 3 Shield Configurations

The magnetic coils are shown as semi-transparent with the habitat incased within as described for the three 
concepts. The meridian lines are for showing position of spherical surface and had no significance with regard 
to the calculations

Presenter Notes
Presentation Notes
Shown here are the spherical surfaces where the GCR particles are randomly and Isotropically emitted for characterizing the shielding effectiveness of the three concepts which can be seen inside the semi-transparent spherical. launch surfaces. 



(Left) Trajectories of four protons directed towards a specific point on the torus midplane. 
(Right) Close-up near DTM. All protons have the same directional energy (500 eV) 

LORENTZ 3D® Trajectory Calculations with the Subscale 
Dipolar Toroidal Magnet 

Presenter Notes
Presentation Notes
The Lorentz 3D code from Integrated Engineering was used to accurately determine the GCR particle trajectories. These calculations were performed using thousands of test particles. What's shown here is the ray tracing for just a few, showing in this instance how they are deflected by the magnetic field from the DTM. 
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The efficacy is measured by the total 
HTSC mass per unit volume of habitat 
where the sum is over all the current 
elements times the length of that 
current element

Presenter Notes
Presentation Notes
For the shielding effectiveness comparison, 500 MEV protons were employed which characterized the peak of the GSR spectrum which was 200 to 500 MeV. The fraction f that reached the habitat compared with the number that wee launched and struck the habitat with no magnetic shielding. This is plotted as a function of the HTSC mass per habitat volume It is clear from this plot. That the DTM is overwhelmingly more effective. Neither the 6 - 1 solenoids or the ESA toroid could reduce the GCR to zero regardless of the current magnitude. This is primarily due to the fact that there is unshielded areas at each end on the polar axis. In fact, the ESA toroid plateaued before reaching a the ¾ reduction criterium. 




Linear Plot of GCR in Relevant Parameters for Magnetic Shielding

Recall condition for full deflection in DTM:
(where cB is a constant depending on

toroid geometry)
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Presenter Notes
Presentation Notes
With the comparison done and the winner determined, I will now discuss only the results of the DTM and how it would perform using the full spectrum of the GCR. What is plotted on the lefthand side is the magnitude of the GCR proton flux. It is plotted now on a linear scale rather than in log log scale shown earlier, as it is far more realistic in representing the bulk of the GCR and how much is actually found at a given energy per nucleon. Recall the analytic condition shown earlier for the full deflection of the DTM. The result from the numerical calculation and experimental results which I will not discuss here but can be found in the paper, the constant of proportionality C sub B. has a value of roughly one.. The plot on the left and be replotted in terms of the relativistic parameters gamma and beta. Which is shown on the right. Here it is assumed that the nucleon mass is that of the proton or 0.94 Gev. 



Predicted Attenuation of the GCR Spectrum from
Dipolar Toroidal Magnetosphere (DTM)
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Presenter Notes
Presentation Notes
The magnetic shielding results employing the DTM for the biggest and principle, bad actors, that being hydrogen, carbon and iron, can be found in these three plots. It can be seen for highly reasonable on-axis central magnetic field strength of 0.64 Tesla. A very significant attenuation of the GCR can be obtained for all three elements. In the case of GCR protons, which have the highest flux of any GCR element, an increase of magnetic field to just one Tesla on-axis reduced the proton GCR to a negligible amount over the region of most concern. 



The Dipolar Toroidal Magnetosphere (DTM) Solution

 Discovered a magnetic shielding 
configuration referred to as a 
Dipolar Toroidal Magnetosphere 
(DTM) that can deflect the vast 
majority of the GCR including 
HZE ions

 DTM shields both habitat and 
magnetic coils significantly 
reducing secondary particle 
irradiation hazard

 DTM magnetic shielding can be 
mounted on spacecraft reducing 
structural mass and complexity.  

Low cost method for testing shielding on Earth was realized with a subscale DTM using 
surrogate ion beam in a large vacuum chamber

Presenter Notes
Presentation Notes
In summary, a magnetic shielding configuration was discovered that can deflect the vast majority of the GCR. It is referred to as a Dipolar Toroidal Magnetosphere., or DTM The DTM shields both habitat and magnetic coils, significantly reducing secondary particle irradiation hazard. The DTM magnetic shielding can be mounted on the spacecraft reducing structural mass and complexity. A low-cost method for evaluating the shielding effectiveness on Earth was realized with a subscale DTM test using a surrogate ion beam in a large vacuum chamber. 
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