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ABSTRACT 

CONFIGURATION STUDIES OF ELECTROSTATIC AND 
MAGNETOSTATIC ACTIVE SPACE RADIATION SHIELDING 

Trac K. Nguyen 
Old Dominion University, 2012 

Director: Dr. Ravindra Joshi 

Developing successful and optimal solutions for mitigating the hazards of 

radiation in deep space is critical for the success of deep-space long duration 

explorations, including mission to the Moon, Mars and beyond. A recent report (Tripathi 

et al., 2008) had explored the feasibility of using electrostatic shielding in conjunction 

with state-of-the-art materials shielding technologies. 

In this thesis research, we study the active electrostatic shielding strategy and 

examine a hybrid configuration that utilizes both electrostatic and magnetostatic fields. 

The main advantages of this system are shown to be: (i) much lower magnetic fields that 

could be below the thresholds set for health and safety for long-term exposures, (ii) a 

much better shielding and repulsion of incident ions from both solar particle events 

(SPEs) and galactic cosmic rays (GCRs), and (iii) reductions in the power requirement 

for re-charging the electrostatic sub-system. 

Furthermore, our results show that SPEs radiation can be almost eliminated by 

these electrostatic configurations. It is also shown that the power needed to replenish the 

electrostatic charges due to particle strikes from the GCR and SPE radiation is minimal 

and insignificant. 
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CHAPTERl 

INTRODUCTION 

1.1 Introduction 

There is growing interest in a possible manned mission to Mars within various 

space agencies worldwide including the National Aeronautics and Space Administration 

(NASA). However, the health risks of space radiation are arguably the most serious 

challenge to space exploration, possibly preventing these missions due to safety concerns 

or increasing their costs to amounts beyond what would be acceptable. Radiation in 

space is substantially different from Earth: high-energy charged particles provide the 

main contribution to the equivalent dose in deep space, whereas y rays and low-energy a­

particles are major contributors on Earth. This difference causes a high uncertainty on 

the estimated radiation health risk (including cancer and non-cancer effects), and makes 

protection extremely difficult. Estimates obtained as early as the 1970s of the mass of 

radiation shielding required for a crew during interplanetary space flight have shown that 

the radiation hazard defines, to a great extent, the choice of flight trajectory, launch date, 

spacecraft configuration, and types of propulsion [ 1]. 

Developing successful and optimal solutions to mitigating the hazards of severe 

radiation in deep space long duration missions is critical for the success these missions, 

including the Moon, Mars and beyond. Space crews traveling aboard interplanetary 

spacecraft will be exposed to a constant flux of galactic cosmic rays (GCRs), as well as 

intense fluxes of charged particles during solar particle events (SPEs). Unlike astronauts 

serving aboard the International Space Station (ISS), space crews aboard interplanetary 
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spacecraft (such as the mission of Mars envisioned by NASA) would not be protected by 

the Earth's magnetosphere. In addition, crews would be exposed to the radiation 

environment of interplanetary space for extended periods of time. Estimated transit times 

for a human mission to Mars vary from 100 to 150 days each way with a possible 

extended duration stay on Mars estimated to be 200 days [2]. 

In this chapter, the main issues in radiation shielding are briefly outlined. The 

research problem in the present context is defined, and the central tasks that arise are 

given. The next section discusses the scope of this thesis research more fully, while the 

overall outline of this thesis write-up and the subject-matter in the various chapters is 

given in a subsequent section. 

1.2 Thesis Scope and Problem Definition 

A strong focus on the safety of the missions and the crew for long duration space 

missions has begun to emerge as a critical component of planning and design. Hence, 

shielding of the spacecraft becomes an important issue. In principle, in order to provide 

shielding, both passive and active strategies can be used. Of these, passive shielding 

refers to the use of materials having a high atomic mass such as lead to stop or reduce the 

penetration of the incoming radiation flux. Active shielding, on the other hand, refers to 

the use of energy-driven devices (such as currents in superconducting magnetic rings, or 

special structured electrostatically charged to high voltages) to repel the incident ionic 

flux from the radiation. Of these, passive shielding is the more conventional strategy, 

and has been studied for over 50 years. Based on such conventional radiation shielding 

strategies, estimates predict that an interplanetary spacecraft would require substantial 

shielding of about 50 g/cm2 of aluminum [3] if the 50 milli-Sieverts (mSv) limit for 
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astronaut exposure is to not be exceeded. Though other materials (including carbon 

nanotube-based shielding) might reduce the weight somewhat, these passive shielding 

strategies are relatively bulky and amount to adding "dead mass" to a spacecraft which 

is not an economically viable solution. 

In passive shielding, the energy of the incoming particles is dissipated by multiple 

collisions within the material. As a result, the effectiveness of a material shield decreases 

severely with increasing energy of the incoming ions. Since thicker shields have a 

weight and cost premium, attempting to go with thick passive-shielding is not an 

attractive or viable path. For example, about 20-30 g/cm2 of Aluminum material might 

be needed for a passive shield against SPEs. Also, with passive shielding, the lighter 

elements provide more effective shielding per unit mass than heavier ones for space 

radiation environment. Solid material shields cannot be constmcted from hydrogen, and 

from a practical standpoint, carbon appears to offer some relative advantages. In this 

context, carbon nanotubes, and boron nitride nanotubes are promising. However, one of 

the disadvantages of passive shielding is the production of energetic high-energy 

secondary radiation particles (including neutrons) upon the interaction of the incoming 

ionic flux with the nuclei of the shielding material. These neutrons penetrate deeply can 

pose serious health risks. Furthermore, the bulkiness and large weight necessary for such 

passive shields becomes an added liability and burden. 

Consequently, more revolutionary technological concepts for space radiation 

shielding based on active shielding begin to take on added significance and importance. 

Current conventional radiation protection strategies based on materials shielding alone, 

have been worked on for about three decades. Any progress using the materials radiation 
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shielding would only be evolutionary (incremental) at best. Besides, one of the 

disadvantages of passive shielding is the production of energetic high-energy secondary 

radiation (including hazardous of neutrons radiation). Fmthermore, the bulkiness and 

large weight necessary for such passive shields becomes an added burden. 

Active shielding from ionizing radiation, works by deflecting charged particles 

outside the protected volume using electromagnetic fields arranged in a suitable 

configuration. A schematic showing this concept is given in Fig. 1-1. 

0::: 
cj 
u:i 

Passive shielding (Absorber) 

--

Active Shielding (Magnetic Lens) 

Fig. 1-1. Conceptual difference between passive and active shielding (After Ref. [12]). 

Since the early sixties, investigations on the feasibility of active methods, such as 

electromagnetic fields or plasmas, for shielding spacecraft from hazardous space 
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radiation have been undertaken with the intention of reducing the mass penalties 

associated with the use of bulk material shielding in manned spacecraft. These active 

concepts included the use of electrostatic fields [ 4], plasmas [ 5], confined magnetic fields 

[6] and unconfined magnetic fields [7]. The major focus of the proposed methods was 

shielding against electrons and protons. Later on, consideration was also given to active 

shielding against the high-energy heavy ions present in galactic cosmic rays [8]. A 

comprehensive listing of nearly all publications concerning spacecraft active shielding 

can be found in Sussingham et al. [9]. A short review of the field was given by Townsend 

[10]. 

Townsend [ 10] demonstrated that electrostatic shields are unsuitable for Galactic 

Cosmic Rays (GCRs) as well as for Solar Energetic Particles (SEPs) emitted in Solar 

Energetic Events (SEE). This was because the required electrostatic potentials exceed 

the current state of the art by over an order of magnitude. Furthermore, electrical 

breakdown considerations limit the minimum size of the shield configuration to 

dimensions of the order of hundreds of meters. This latter aspect would make the shields 

rather bulky. 

Among them "Magnetic Shielding" might appear to be a possibility [ 11 ] to deflect 

particles from a region surrounding the spacecraft. However, there seem to be some 

serious drawbacks to this technology. For this reason, here we would like to make the 

case in favor of the alternate Electrostatic Active Shielding. Some disadvantages of 

magnetic shielding include: 

(i) Requirements of large currents to produce magnetic fields of ~20 Tesla (T) [12]. 

However, this requires large currents to produce this range of magnetic field. 
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Current technological limitations on the achievable currents can yield magnetic 

fields that are roughly an order-of-magnitude smaller. This is in spite of using 

high temperature (Tc) superconductor materials. Given this limitation with the 

current state-of-the art, magnetic shielding cannot be touted as a quick and easy 

route to success for active shielding. 

(ii) Another technological issue concerns the power needed for such systems. 

Specifically, even if superconducting systems could be used for the currents 

needed to generate the required magnetic fields in a relatively "lossless" manner, 

a large amount of power would be demanded by the cryo-cooling system. This 

would be considered critical during the cool down phase, and also during the 

"ramp-up" of the magnet. The mass of the cryogenic material and cryogenic 

system (in addition to any protection system that may be necessary), would also 

add to the cost of this approach. 

(iii) Another problem with magnetic shielding using currents driven through 

superconducting coils is the adverse effect of magnetic fields on biological tissues 

[13-15]. For example, magnetic fields may set up damaging currents within blood 

vessels, as preliminary data seems to suggest [13]. Very simply, blood contains 

hemoglobin which contains iron (Fe). Since iron is a ferromagnetic substance, it 

can be affected by strong external magnetic fields. 

The circulating blood system can be viewed as fluid confined in space that is 

transporting ions and charge carriers through. These ions (e.g., sodium, 

potassium, calcium etc.) are free to move in the blood, but are obviously confined 

within a specific capillary volume. In the presence of an external magnetic field, a 
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resonance effect can result in which the ionic currents grow stronger. The strength 

of the resonance depends on the size of the capillary and the strength of the field. 

Kanokov et al. [ 16] suggest that this kind of resonance can occur in the aorta at 

magnetic field strengths of a few pico-Tesla (=10- 12 T) and in narrower capillaries 

at a few hundred micro-Tesla (µT). 

Moreover, the flow of blood in the presence of a magnetic field can give rise to 

induced voltages in the major arteries of the central circulatory system. Studies 

on rats have shown that magnetic fields can cause significantly increased leakage 

of their blood albumin through the blood-brain barrier (BBB). Other unwanted 

and toxic molecules in the blood were also seen to leak into the brain tissue and 

concentrate in and damage the neurons and glial cells of the brain [ 17]. 

Hence, the use of magnetic shielding as a standalone technology for human safety 

might come at a price. In fact, by creating its own health-related issues, this 

technology may be creating different kinds of problems from the standpoint of 

health and safety. 

Another issue that must be considered in the active shielding process is the 

presence of plasmas in space, and any potential effects that a shielding system may (or 

may not) have on such plasmas. The fields produced by a magnetic-shielding system for 

deflecting ions would not really steer any plasma that might be surrounding the 

spacecraft away. Instead, the magnetic fields would give rise to circulating plasma 

currents. Hence, anyone venturing out of the "protected" space-craft environment would 

still have to contend with the plasma source outside. 



8 

None of these issues exist for electrostatic shielding. On the contrary, electrostatic 

shielding dramatically reduces biological risks compared to passive material radiation 

shielding. So given this, the use of electrostatic shielding seems to be an attractive option 

for deep-space flights. In this context of revolutionary technology for space radiation 

shielding, detailed analysis was recently presented for a new configuration of electrostatic 

active shielding [18]. Relevant comparisons were also made with the state-of-the-art 

passive shielding material. However, there is a need to lower the requisite electrostatic 

potential for the active shielding, and to further improve upon such active shielding 

strategies. For example, by reducing the electrostatic potential, the energy requirement 

for powering up the system could be lowered. For a similar reason, any power expended 

in re-charging the electrostatic structure due to ionized particle strikes would be reduced 

if the electrostatic potential were smaller. Finally, electric field thresholds of ~ 104 V /m 

have been established from the standpoint of safety for very low frequency electrical 

excitations [19], and could be a rough limiting estimate for electrostatic charging. 

Though the magnetic and electrostatic shielding approaches appear to have 

advantages over the traditional passive shielding, the technological feasibility of 

achieving a more optimized result in terms of alternate configurations needs to be 

investigated. In addition, the use of a single technology alone (whether electrostatic or 

magnetostatic) could have some serious drawbacks. For example, shields which rely 

strictly on static magnetic fields to deflect charged particles via the Lorentz force, 

generally utilize current carrying wires (or coils) that are located at large distances from 

the spacecraft. However, with these configurations, though the amount of electrical 

current needed to sustain a given magnetic dipole moment decreases with the coil size, 
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the shielding capacity is also reduced significantly to the extent that almost no shielding 

occurs in a region near the center of the coil [20]. On the other hand, if the coils were to 

be located in close proximity to the spacecraft living for better shielding, then the 

magnetic field-strengths necessary for protection against GCR particles would be well 

above 10 Tesla [21]. 

In the best case scenario, perhaps a combination of the electrostatic and 

magnetostatic shielding might present a far superior alternative from the standpoint of 

radiation protection. A coupled, dual-approach could conceivable lower the field 

requirements, and thus be a safer alternative. The lower field intensities would have the 

added advantage of reduced power requirements. 

The primary goals of this thesis research, therefore, are the following: 

(i) Develop appropriate mathematical models that can be used to simulate the 

dynamics of the incident radiation in outer space. This will require the 

inclusion of spectra for both Solar Particle Events (SPEs) and Galactic 

Cosmic Rays (GCRs). 

(ii) Study the role of electrostatic shielding and the extent to which it can be 

used to stop or deflect the incident radiation. At least 2 different 

electrostatic configurations will be used. One would be a 12-sphere 

configuration proposed by Tripathi et al. [ 18] to serve as a baseline for 

comparisons. A second would be toroidal rings that might have superior 

shielding characteristics. Other variations and/or combinations will also 

be probed. 



(iii) Implement numerical codes that can track the evolution of SPE and GCR 

particle trajectories for the electrostatic configurations chosen. 

(iv) Evaluate the effectiveness of a hybrid approach that combines both the 

electrostatic and magnetostatic aspects. Specifically, a combined 

configuration that uses twelve electrostatic spheres in concert with a 

current-carrying superconducting ring for a superimposed magnetic field, 

will be studied. 

(v) Effectiveness of shielding, the particle penetration probabilities, and the 

possibility of charging/discharging the electrostatic structures will also be 

studied as a function of incident energy, as part of this thesis research. 

Other aspects such as the voltage dependence and role of the dimensions 

will be probed. 

1.3 Summary 

This thesis research centers on a simulation study of active radiation shielding. 

The electrostatic approach is the primary focus. However, in addition, a hybrid scheme 

involving both magnetostatic and electrostatic fields will be probed. This is primarily 

driven by the needs within NASA and other aerospace agencies worldwide to develop a 

comprehensive, economic and effective shielding strategy. 

In chapter 2, a literature review and background information on the state-of-the­

art will be presented and discussed. Next, in chapter 3, the model and numerical 

simulation technique used for this thesis research will be discussed in detail. This will be 

followed by a presentation of the results obtained. The significance and implication of 

the results will be discussed in chapter 4. Finally, a summary of this research finding, the 
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salient conclusions and potential implications will be given in chapter 5. In addition, 

possibilities for future work in this area will also be outlined in chapter 5 for 

completeness. 
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CHAPTER2 

BACKGROUND AND LITERATURE REVIEW 

2.1 Introduction 

The radiation in space is from three sources consisting of every known particle 

including energetic ions formed from stripping the electrons from all of the natural 

elements. The three sources of radiation are associated with different origins identified as 

those of galactic origin (Galactic Cosmic Rays, GCRs), particles produced by the 

acceleration of solar plasma by strong electromotive forces in the solar surface and 

acceleration across the transition shock boundary of propagating coronal mass ejections 

(solar energetic particles, i.e., SEPs), and particles trapped within the confines of the 

geomagnetic field. The GCR constitutes a low level background which is time invariant 

outside the solar system but can be modulated over the solar cycle. The SEP is associated 

with some solar flares which produce an intense burst of high energy plasma. The trapped 

radiation consists mainly of protons and electrons within two bands centered on the 

geomagnetic equator between Low Earth Orbit (LEO) to interplanetary space. However, 

the most concerning of the radiation in space are the SEP and the GCR. 

Astronaut exposure to galactic cosmic rays (GCRs) and solar particle events 

(SPEs) is an important safety concern for space exploration. Radiation risks include 

carcinogenesis, degenerative tissue effects such as cataracts [22] or heart diseases [23, 

24], and acute radiation syndromes [25]. Other risks such as damage to the central 

nervous system (CNS) are a potential concern for the GCR heavy ions [26]. In the past, 

career radiation limits have been based on fatal cancer risks. For low Earth orbit (LEO) 

programs, an excess 3% risk of a fatal cancer is used as criteria for dose limits, which arc 
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applied using age and gender specific close to risk conversion factors. Radiation risk 

projection models serve several roles, which include setting close-to-risk conversion 

factors needed to set close limits, projecting mission risks, and evaluating the 

effectiveness of shielding or other countermeasures. 

In the usual context, shielding implies an alteration of the radiation through 

interactions with intervening materials by which the intensity is decreased. Alternate 

techniques that rely on deflecting the incoming ionized particles (known as active 

shielding) may also be used. In this chapter, some of the strategies for shielding will be 

reviewed. The possible biological effects of radiation for long-duration space flights will 

also be discussed. Based on the literature review, a case can be made for the use of 

electrostatic or (even better) perhaps even a hybrid (electrostatic-cum-magnetostatic) 

shielding scheme. These radiation shielding approaches will then be taken up for 

analyses and numerical evaluation in subsequent chapters of this thesis research. 

2.2 Origin and Types of the Space Radiation 

The harsh conditions considered in space include energetic particle radiation, 

plasmas, absence of air (especially in human spaceflights) and debris, all of which pose 

severe challenges for astronauts and precision payloads. The space radiation 

environment is distinct from the others and deserves special attention. The radiation 

environment, consisting of trapped radiation belts in the Van Allen belts, albedo particles 

(mostly neutrons) produced by scattering of primary radiation from Earth's atmosphere, 

galactic cosmic rays, and solar energetic particles, leads to effects such as radiation 

damage, single-event upsets in electronics, background in detectors, and health hazards to 

astronauts in human spaceflights. In interplanetary space, the radiation environment 
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mainly consists of two sources: the galactic cosmic rays originating from outside of the 

solar system and the solar energetic particles. These particles are associated with the 

acceleration of coronal mass ejection (CME) [27] and possible acceleration in the solar 

surface due to a large disturbance [28]. The intensity of both components (SPE and 

GCR) depends on the level of solar activity. However, this dependence for GCR and SPE 

fluxes is opposite: at high solar activity GCR fluxes are relatively small, whereas the 

probability of SPE flux appearance is high; during low solar activity periods the situation 

is inverse. 

The extreme value of the solar energetic particle fluencies is certainly one of the 

factors limiting the diversity of human activity in space. More information relating to 

SPE distributions and characteristics can be obtained by gathering data from satellites. 

There has been much activity in this regard over the past 20 years, and numerous models 

of SPE have been constructed. The three best-known models for solar particles are those 

by Nymmik [29, 30], Xapsos et al. [31] and Feynman et al. [32]. Based on 

measurements, the model probability of the SPE flux is as shown in Fig. 2-1. In spite of 

the variety of prior analyses of solar proton events, no general procedure has emerged for 

describing the complete distribution of event magnitudes, either for event fluencies or for 

peak fluxes. Thus far, only empirical approaches have been used, and all of these give a 

reasonable description of only a limited portion of the probability distribution. For 

example, lognormal distributions [33, 34] and power law distributions [35] have been 

used. From a more general viewpoint, the basic difficulty with describing solar proton 

event distributions arises from the incomplete nature of the data. Extremely large events 

occur very infrequently. For example, since the earliest repo1ted peak flux values of 
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1967, only 3 separate events have produced five minute averages of> 10 MeV flux that 

exceed 104 cm-2s-1sf1
[ 36]. Such events are the most important from a radiation effects 

viewpoint, yet statistically are the least well characterized. SPEs are unpredictable, 

develop rapidly, and generally last for no more than some hours: however, some proton 

events may continue more than several clays. In a worst case scenario, the emitted 

particles can reach energies up to several Gigaelectron-volt (GeY) per atomic mass unit, 

and closes received could be immediately lethal for an astronaut in free space. 
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Fig. 2-1. Probability of the SPE flux based on the following four models: (1) The studies 
of Nymmik [30], (2) the model by Xapsos [31], (3) the Feynman model [32], and (4) 

best fit to experimental data available as of 2011 (After Ref. [30,31, and 32]). 

Galactic cosmic rays (GCRs) are cosmic rays that have their origin inside our 

galaxy, outside our solar system. GCRs are high-energy charged pmticles, and are 

usually protons, electrons, and fully ionized nuclei of light elements. The advanced 

composition explorer (ACE) of NASA launched in 1997 has been in orbit for many 
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years. Several high-resolution spectrometers onboard the ACE have measured the 

elemental, isotopic, and ionic charge state composition of nuclei from H to Ni (1< Z: < 

28) from solar wind energies of~ 1 ke V /nucleon to galactic cosmic ray (OCR) energies of 

~500MeV/nucleon [37]. Most cosmic rays are the nuclei of atoms, ranging from the 

lightest to the heaviest elements in the periodic table. Cosmic rays also include high 

energy electrons, positrons, and other subatomic particles. About 89% of the nuclei are 

hydrogen (protons), 10% helium, and about 1 % heavier elements [38]. The common 

heavier elements (such as carbon, oxygen, magnesium, silicon, and iron) are present in 

about the same relative abundances as in the solar system, but there are important 

differences in elemental and isotopic composition that provide information on the origin 

and history of galactic cosmic rays. For example there is a significant overabundance of 

the rare elements Li, Be, and B produced when heavier cosmic rays such as carbon, 

nitrogen, and oxygen fragment into lighter nuclei during collisions with the interstellar 

gas. Electrons constitute about 1 % of galactic cosmic rays. Their kinetic energies 

extending beyond 1020 e V [39] are thought to be of galactic origin with sources like 

supernova explosions of massive stars. Energies above 10 18 eV are thought to have 

extra-galactic origin [40]. The energy range of OCR extends over more than 15 orders of 

magnitude from less than 1 MeV (=106 eV) to more than 1021 cV. When OCR enters our 

Solar System, it has to overcome the outward-flowing solar wind, the intensity of which 

varies according to an approximately 11-year cycle of solar activity. Hence, the OCR 

fluxes also vary with the solar cycle, an effect known as solar modulation. Differences 

between solar minimum and solar maximum are a factor of approximately five. At peak 

energies of about 200-700 MeV/unit during solar minimum, particle fluxes (flow rates) 
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reach 2xl03 protons µm-2 year-1 and 0.6 Fe-ions µm- 2 year- 1
. As dose to an individual 

cell is proportional to the square of the particle's energy dependent effective charge 1411, 

the iron ions contribute nevertheless significantly to the total radiation close. Typical 

radiation sources in our solar system are shown in Fig. 2-2. Some of the models that 

have been developed and frequently used in the space dosimetry literature are those of 

Tylka et al. [42] and Badhwar-O'Neill [43]. These models have the capability of 

describing spectra of GCR nuclei between 1 ::S Z ::S 26 over an energy range from 10 to 

105 Me V /nucleon. 

Fig. 2-2. Space radiation sources of our solar system. Of special concern for long­
duration space missions are GCR, electrons, protons and heavy ions of SPE (After Ref. 

[ 46]). 
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2.3 Shielding Strategies for the Lunar Environment 

Unlike Earth, the Moon does not have a magnetic field to deflect or trap galactic 

cosmic rays (GCRs). On the other hand, solar particle events (SPEs) surface exposures 

are only about half those experienced in deep space due to the shadowing provided by the 

Moon itself [44]. The skin shell concepts currently proposed for NASA's Crew 

Exploration Vehicle (CEV) design [45] consisting of 5.0-7.0 mm thick aluminum is 

expected to be adequate for GCR protection over short- duration surface missions. This 

would be expected to keep the dose exposures below a designated 500 mili Gray (mGy) -

the equivalent of radiation annual limit. 

A variety of accommodations for a crew of four have been proposed under lunar 

conditions. These include storm shelters (from solar flares and SPE activity), and 

deployable and movable sleep and radiation shelter schemes. Some of concepts [46] are 

shown in Fig. 2-3 and 2-4. Deployable drop-down sleeping units with water tube 

radiation shielding can utilize potable and wastewater in separate tubular piping systems. 

Fig. 2-3. Single-person storable/reloadable radiation shielded sleep unit (After Ref. [46]). 
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Fig. 2-4. Deployable drop-down sleeping units with water tube radiation shielding (After 
Ref. [46]). 

Water supply for these systems can conceptually be located above the ceiling (as shown 

in Fig. 2-), and heights of the sleeping units might be kept to a minimum in order to 

reduce water requirements. For a four-person sleeper in Fig. 2-4, the lengths and widths 

could be on the order of 2 meters and 1.5 meters, respectively. However, for deep space 

mission, the high-energy GCR radiation is a primary concern (rather than SPE which has 

lower particles energies), the simple deployable and movable sleep and radiation shelter 

schemes will not be sufficient for the radiation shielding. Revolutionary active shielding 

or hybrid strategies would be required. These aspects are discussed in the next section. 

2.4 Radiation as a Risk Factor for Humans 

Radiation risk as a factor for humans in space falls in two categories: i) it can 

nearly immediately affect the probability for successful mission completion (mission 

criticality), and ii) it can result in radiation late effects in the individual space traveler. In 
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both cases, risk is considered to be a monotonic, increasing function of close and, thereby, 

correlated to space environmental parameters and mission duration. Up to now, manned 

missions outside the shield provided by the Earth's geomagnetic field were limited to the 

short visits of the lunar surface by the Apollo crews. Fortunately during these excursions 

the normal, 'steady' state of the cosmic radiation field prevailed. thereby the Apollo 

crews were spared to exposure to higher fluxes of SPEs. Long-term manned missions 

started with the Skylab crews were extended by the Mir cosmonauts and will further 

expand during the utilization of the International Space Station (ISS). 

From the standpoint of health and safety of the space-crew, quantitative estimates 

of the biologically effective radiation doses and the radiobiological effects on humans 

and impact on the performance and life expectancy have to be developed. Early health 

effects from acute irradiation have the potential to degrade crew performance and, hence. 

to inte1i'ere with mission success, whereas late effects will not ensue until years, 

sometimes decades, after completion of the mission. A well-known late effect from 

space radiation with higher doses is the induction of lens opacities 147]. The threshold 

for detectable cataract formation is about 2 Sieverts (Sv) for acute sparsely ionizing 

radiation doses and 15 Sieverts (Sv) for protracted doses. For example, the astronauts of 

the Apollo 11 mission, returning from the Moon, reported light flashes, i.e. faint spots 

and flashes of light at a frequency of one or two per minute after some period of dark 

adaptation. Evidently, these light flashes result from high energy particles of cosmic 

radiation penetrating the spacecraft structure and the astronaut's eyes and producing 

visual sensations through interaction with the retina. 
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Fatal neoplasm of the blood forming organs (BFOs) give rise to one of the most 

frequent radiogenic cancer. i.e., leukemia. which in addition, has the smallest latency 

times of radiogenic cancers of the adult. The development of a tumor as a radiation late 

effect is still poorly understood, but it is clear that many stages are involved. The first 

stage. induction or initiation, can definitely be caused by radiation. although its role in 

promotion and progression is not yet clear. The development of a tumor as a radiation 

late effect is still poorly understood, but it is clear that many stages are involved. The first 

stage, induction or initiation. can definitely be caused by radiation, although its role in 

promotion and progression is not yet clear. NASA currently does not accept higher than 

a 3% risk of a fatal cancer over the lifetime of an astronaut. For the pmticles composing 

space radiation, energy deposition is highly localized along the trajectory of each particle. 

High-energy charged particles lose energy when they traverse any material, even the 

human body. GCR particles of average energy can penetrate a substantial thickness of 

materials, and their lighter secondary products will be able to penetrate even further. For 

this reason, the biological effectiveness of radiation will change as a function of depth of 

penetration. A broad spectrum DNA lesion is also induced as a result of exposure to 

ionizing radiation [ 48]. 

Tables 1. and 2 give the radiation equivalent closes 1491 for the skin, the ocular 

lens, and blood forming organs (BFOs). 

Tissues 30 days Sievert (Sv) Annual Career 
Skin 1.5 3.0 6 

Ocular lens 1.0 2.0 4 
Blood forming 

0.25 0.5 
0.075*(Agc-30)+2 (m) 

organs 0.075*(Age-38)+2 (t) 

Table 1. NASA organ dose limits based on age and gender (rn/f) (After Ref. [ 491) 
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Shield/thickness Tissue Free space Lunar equivalent Mars 
equivalent dose dose Sievert (Sv) equivalent dose 

Sievert (Sv) Sievert (Sv) 

Space suit 
(0.3 g cm-2 Al) Skin 295.l 147.55 0.45 

Space suit Ocular 
81.3 40.65 0.44 

(0.3 g cm-2 Al) lens 

Space suit 
Blood 

(0.3 g cm-2 Al) forming 4.21 2.11 0.32 
organs 

Pressure vessel 
Skin 64.4 32.2 0.44 (1 g cnf2 Al) 

Pressure vessel Ocular 
35.5 17.75 0.42 (1 g cm-2 Al) lens 

Pressure vessel 
Blood 

(1 g cm-2 Al) forming 3.52 1.76 0.31 
organs 

Room 
Skin 6.48 3.24 0.38 (5 g cm-2 Al) 

Room Ocular 
5.54 2.77 0.37 (5 g cm-2 Al) lens 

Room 
Blood 

(5 g cm-2 Al) forming 1.93 0.97 0.28 
organs 

Shelter 
Skin 2.62 1.31 0.33 (10 g cm-2 Al) 

Shelter Ocular 
2.43 1.22 0.32 -, 

lens (10 g cm - Al) 

Shelter 
Blood 

(10 g cm-2 Al) forming 1.26 0.63 0.25 
organs 

Table 2. Mission doses from SPE under various conditions (After Ref. [49]). 
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2.5 Passive Shielding for Deep Space 

Unlike the lunar environment where the radiation tends to be dominated by lower 

energy SPE, deep-space exploration including colonization of Mars will involve 

shielding against GCR ions. These have much higher energy and mass, and thus are 

more penetrating. Hence, this issue needs to be addressed. A Moon-base scenario will 

likely consist of a lunar human outpost on the South Pole with constant sunlight 

illumination and potential resources of water-ice deposits [ 49J. Possible plans include a 

follow-up sho1t-term trip to Mars of about 500 days with a 30-day stay on Mars, or a 

long-term Mars scenario of about 1,000 days with a 525-day stay on the Mars surface. In 

this context, a manned mission to Mars offers advantages that automated missions cannot 

provide. For example, humans can make their own decisions when it comes to acting on 

data. 

First, an overview and discussion of passive shielding is given in this section. 

The basic idea is to stop incoming ions from penetrating a shield. A simplistic view 

might be that better shielding can be achieved by having a thicker layer for reduced 

penetration. However, as the thickness increases, shield effectiveness drops. This is the 

direct result of the production of a large number of secondary particles, including 

neutrons, caused by nuclear interactions of the GCR with the shield material. SPE 

radiation is less of an issue because it does not produce these secondary particles. For 

example, the outer walls of the spacecraft provide total protection from protons up to a 

50-70 MeV when about 5 g/cm2 of material is used for shielding. However, during some 

exceptionally intense solar events, a great number of protons are ejected at higher 

energies. In this case, the dose released in a few hours can exceed the dose limits 
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recommended for astronauts' protection, and lead to acute, deterministic effects, 

including lethal radiation syndromes. 

Immense work has already been done in developing passive shielding strategies 

for human space exploration missions, mostly performed by NASA researchers [50, 51]. 

This activity resulted in numerous workshops and publications in this area. All 

calculations and measurements show that light, highly hydrogenated materials (such as 

polyethylene) are ideal materials for space radiation shielding [52, 53]. Bulk shielding 

poses obvious weight problems on the spacecraft. A heavy load, added purely for 

reducing radiation exposure, becomes a substantial mass penalty and may therefore 

dramatically increase the mission cost. 

Currently, NASA uses aluminum for radiation shielding. This material is 

marginally effective at radiation shielding, since it has a low electron density. Therefore, 

researchers have been looking for other materials, which have higher hydrogen content 

than aluminum, to use as radiation shielding materials. Polymers have been a natural area 

of interest, due to the possibility of creating very good multi-functional materials. 

Polyethylene is often used along with aluminum as a benchmark for making comparisons 

about the radiation shielding effectiveness of a new material. Polyethylene is of 

particular interest because it inherently has the highest hydrogen content possible in a 

polymer. Furthermore, polyethylene does not contain any large nuclei, which is 

important because the absence of large nuclei dramatically reduces the risk of the 

shielding material fragmenting from a collision with a radiation ion. That is beneficial, 

because it reduces the number of particles that must be dealt with by an effective 

radiation shield. Unfortunately, polyethylene does not possess particularly good thermal 
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and mechanical properties, and so it is difficult to use it in the harsh space environment. 

More recently, new materials such a carbon nanotubes are being tested for possible use. 

2.6 Active Shielding for Deep Space 

Active shielding eliminates the need for massive shields by using electric or 

magnetic fields to deflect particles from a region surrounding the spacecraft. However, a 

different set of issues both technical and practical are presented by these shielding 

strategies. The most serious is the safety concern due to the exceptionally large voltages 

(>1 kV) or large magnetic fields (>l T) in close proximity to the spacecraft occupants 

that are required to shield the hazardous GCRs. 

The main types of active shielding methods that have been proposed and studied 

are based on either magnetic shielding or electrostatic shielding. For certain magnetic 

field configurations, the influence these fields impart on charged particles via the Lorentz 

force can lead to regions of space for which particles below a certain energy are 

forbidden access. These regions of space are said to be shielded from such particles. 

Using the concept of a magnetic potential barrier, Stormer first showed the existence of a 

shielded region for a dipole magnetic field configuration [54]. Specifically, Stormer 

showed that a toroidal region exists around the center of a dipole magnetic field from 

which particles of a given energy are excluded. 

With regards to magnetic shielding, there have been several ideas for creating the 

fields necessary for deflection of incoming radiation. One concept is based on plasma 

magnets. In this scheme, a plasma (ionized gas containing positive ions and/or electrons) 

surrounds the spacecraft. A rotating magnetic field drives current in the plasma similar to 

the circular motion of an electric fan. This current then produces a static magnetic field 



26 

which can act as the barrier to incoming radiation and deflect both SPE and GCR 

particles. The required rotating magnetic field can be generated based on a coupled 

capacitor-inductor circuit as shown below in Fig. 2-5. A conceptual view of such plasma 

driven magnetic shield is shown in Fig. 2.6. Another possibility is that of using a circular 

loop of radius "a" that created a shielded region around a spacecraft as shown in Fig. 2-6. 

Yet another configuration is of using a toms with current carrying wires that surround the 

spacecraft, sketched in Fig. 2-7. The magnetic fields produced once again could be 

utilized for deflection. Finally, a double toroidal-solenoid superconducting magnetic 

shield as shown in Fig. 2-8 was proposed by Hoffman at the Massachusetts Institute of 

Technology [55]. 

Transformer 

Series 
Capacitor 
(C) 

RMF 
Coil 
(L) 

Fig. 2-5. Circuit schematic for obtaining a rotating magnetic field (After Ref. [56]). 
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Fig. 2-6. Circuit schematic of magnetic shielding based on deflection (After Ref. [ 56]). 

Fig. 2-7. Magnetic shield based on a current carrying wire loop (After Ref. [56]). 
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Fig. 2-8. An unconfined magnetic produced by a current carrying loop (After Ref. [6]). 

B=O Outside 

B=O 
Inside Crew 
Compartment 

Fig. 2-9. The double toroidal-solenoid superconducting magnetic shield proposed by 
Hoffman (After Ref. [55]). 
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Electrostatic shielding is based on charging a given configuration or systems of 

elements to a large potential. The voltages can be very high in the Mega-Volts range. 

An example of such a recently proposed configuration is by Tripathi et al. [57], with the 

proposed geometry shown in Fig 2-10. 

(a) 
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Fig. 2-10. A proposed electrostatic shielding configuration (After Ref. [57]). (a) A 
configuration in 3D model, (b) A configuration in 3 coordination model. 
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In the geometry shown in Fig. 2-10, the overall configuration was composed of a set of 

12 spheres, with the center sphere represents a protected region within which is the 

spacecraft itself. The outer spheres were taken to be 20 min radius, located 160 m along 

each axis, and kept at a potential of -300 MV. The inner spheres were 10 min radius, 

located 50 m along each axis and are at a potential of +300 MV. 

The electrostatic idea can be taken further in order to make it better suited for 

space applications where light-weight and compactness are important considerations. 

Thus one could think of using inflatable, mesh structures such as the configuration shown 

below in Fig. 2-11. In this mesh structure, the grid points denote charged dielectric 

spheres while the interconnections provide a support structure. Initially such a structure 

could be in an uncharged and collapsed state. Upon charging the grid points at the time 

of deployment, mutual repulsion would automatically lead to their separation, and the 

entire strncture would inflate to a final spherical geometry. Such an inflatable, mesh­

strncture would have numerous advantages. These include: (i) Light weight, (ii) 

Compactness, (iii) Lower secondary emission due to decreases in the contact surface area 

and target collisional sites. (iv) Higher charge retention leading to significantly lower 

steady-state power requirements. (v) Finally, the separation between the individual grid 

points can be an additional tunable parameter. Increasing the spacing, for example, would 

reduce leakage currents even further. 

The electrostatic shielding concept could be used not just around spacecraft, but 

also as shelters for extra-terrestrial bases. This is shown conceptually in Fig. 2-12. Due 

to the inflatable nature of these structures, such shields would mimic "anti-radiation 

umbrellas" and scaled down versions could even be deployed on space vehicles and 
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transportation platforms. These light-weight structures could inflate through electrostatic 

charging. 

Fig. 2-11. Possible mesh-type geometry for electrostatic shielding (After Ref. [58]). 

The biggest advantage of active electrostatic radiation shielding is that by 

preventing ions from hitting the spacecraft, the unknown harmful biological effects of 

continuous long duration exposure to space radiation would be significantly reduced ( ~ 70 

% ) for galactic cosmic rays (GCR) and nearly 100% for solar particle events (SPE). It is 

believed that the best strategy for radiation protection and shielding for long duration 

human missions is to use electrostatic active radiation shielding while, in concert, taking 

the full advantage of the state-of-the-art evolutionary passive (material) shielding 

technologies for the much reduced and weakened radiation that may escape and hit the 

spacecraft. 



Fig. 2-12. Concept of electrostatic radiation shield on an extra-terrestrial base with 
negative outer spheres and positive inner spheres (After Ref. [58]). 

2.7 Summary 
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So in conclusion, the demands of deep-space exploration, including possible 

colonization of the moon and expeditions to Mars place a critically important need on 

radiation shielding for the health and safety of astronauts. Previous research and 

development in radiation shielding had primarily relied on passive methods using thick 

material covers and envelopes. However, in deep space where high energy particles 

(arising from GCR and SPE) are generally encountered, the passive shielding methods 

would likely not be very useful. Very thick shields would be needed to counter act the 

penetrating power of the incident radiation. Given that bulky volumes are unacceptable 

due to the high costs of building and transporting such large and unwieldy structures in 

deep space, passive shielding does not appear to be a viable solution. Hence, new 
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concepts and ideas based on active shielding are required. Electrostatic and magnetic 

shielding are two of the plausible technologies in this realm. Of these, electrostatic 

shielding might have an advantage since it does not lead to large magnetic fields that can 

potentially be dangerous from the standpoint of human exposure. Consequently, here in 

this thesis work, we will focus primarily on the electrostatic shielding aspect. However, 

for completeness, a hybrid approach that includes some elements of magnetic shielding 

will also be evaluated. The next chapter will focus on the underlying theory and 

equations used for our active shielding analyses. The results obtained from our model 

implementation will then be presented and discussed in chapter 4. 
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CHAPTER3 

METHOD OF ANALYSIS 

3.1 Introduction 

In this chapter the methodology for analyzing the effectiveness of shielding 

systems against space radiation will be presented. First, the mathematical model and 

related equations for predicting the trajectories of incident space radiation will be 

discussed for electrostatic systems. These can be used for any configuration. Such 

system configurations will all be assumed to be held at some fixed potentials Vi. In a 

later section, the simulations appropriate for ionized particle deflection by both 

electrostatic and magnetostatic fields will be discussed. This is finally followed by 

discussions of the Monte Carlo method for keeping track of the trajectories of incident 

particles that encounter such shielding systems. 

3.2 Forces and Equations of Motion due to Electrostatic Fields for Spheres and 

Rings 

For a given potential configuration, the influence that the electrostatic fields have 

on incident charged particles via the collective Coulomb forces can lead to regions of 

space within which pmticles below some energy are unable to enter. These "forbidden" 

regions of space are said to be shielded from the incoming particles. A simple example 

of this concept to the electrostatic case is shown in Fig. 3-l(a) and 3-l(b). The 

geometries considered for electrostatic shielding in Fig. 3-1 (b) consists of six inner 

positively charged spheres, while the configuration of Fig. 3-l(a) shows three positively 
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charged toroidal rings. Each of the figures 3-l(a) and 3-l(b) include six negatively 

charged outer spheres. 

The easiest to consider is the simple configuration of a single charged sphere, held 

at potential ½ and having an associated charge Qj on the surface. The equation of motion 

of a particle with charge qi, moving with velocity vi in a collective electrostatic field is 

given by: 

(a) 
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Fig. 3-1. Geometries considered for electrostatic shielding. (a) Three toroidal rings with 
six negatively charged spheres, and (b) a twelve-sphere with six positive and six negative 

spheres. 
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where mi is the rest mass of the /11 particle, ri and ri are the position vectors of the 

incoming particle and the center of the sphere held at a surface potential \,'), respectively. 

In the equation (3.1), the summation is over all the charged spheres in the 

shielding configuration, y = (1 - lvd2 /c2 l is the relativistic correction factor, c is the 

speed of light, eo is the free-space permittivity, and Eij the electrostatic field at the 

location of the charge qi. 

The potential and electric field distributions for toroidal rings are somewhat 

different from those created by charged spheres. The electrostatic shielding here is taken 

to consist of three doughnut-shaped toroidal rings with axial symmetries along the x-, y­

and z-directions. For simplicity, figure 3-2 shows only one ring being considered around 

the z-axis. 
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t) ,.., 

8 25 
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0 
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-25 • 

(meter) -45 .45 
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Fig. 3-2. Toroidal ring geometry for simple analysis. 
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The mean radius of the torus in the z = 0 plane is 45 meters with a thickness of 10 

meters. Given the geometry, the toroidal co-ordinate system is best suited for the 

analyses. Using the notation (v,u,<I>), the toroidal coordinates are related to the usual 

Cartesian co-ordinates (x,y,z) as: 

x = A sinh(v) cos(<I>)/[cosh(v)- cos(u)], 

y = A sinh(v) sin(<I>)/[cosh(v)- cos(u)], 

z = A sin(u) /[cosh(v)- cos(u)]. 

(3.2a) 

(3.2b) 

(3.2c) 

The coordinates are restricted to the domain: v £ [O,oo], u £ [0,2n], and <D £ [0,2n]. 

Here, if "a" denotes the mean radial distance to the toroid from the center, and "b" the 

thickness of the torus in the z = 0 plane, then the toroidal surface is given by values of 

constant v = v0 = Ln[ (alb)+ { ( alb )2-1 } ½], and also satisfies the equation: z2 + [ ( x 2 + y2 )½ -

A coth(v0)]2 = [A/sinh(vo)J2. In this notation, the parameter A of equation (3.2) is related 

to the mean radial distance "a" as: A= a tanh(vo), and also to the parameter "b" as: A= b 

sinh(v0). Thus, in this system, distances from the center (in the z=O plane) to the inner 

and outer rims of the torus are "a-b" and "a+b", respectively. The inverse 

transformations are given by: 

where 

<I> = tan-1(y/x), 

v = Ln(d1/d2), 

u = cos-1[{d1
2 

+ d/-4A2}/(2 d1d2)], 

d1,2 = [(x2 + y2)½ ± A)2 + z2 ( 2
• 

(3.3a) 

(3.3b) 

(3.3c) 

(3.3d) 

Here, the toroidal ring is taken to be charged and held at a constant potential V 0. 

The potential around the ring can then be conveniently obtained by solving the Laplace 
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equation, with the assumption that the deep-space environment has no atmosphere and 

negligible charge density. The governing equation can be written [59] as: 

{o[sinh(v) oF/ov]/ov}/sinh(v) + o2F/ov2 + {o2F/o<l>2 }/sinh2(v) + F/4 = 0, (3.4) 

where the required voltage V(v,u,<l>) is expressed in terms of F(v,u,cI>) as: V = [cosh(v)­

cos(u)]½ F(v,u,cI>). The solution to this Dirichlet problem then works out to: 

V(v,u,<I>) = ( 0 )[2{ cosh(v)-cos(u)} f'n=oI 00

[Qn.•1,( cosh(v0))/P0v,( cosh(vo)) IPn½( cosh(v))cos(v), (3.5a) 
rr 

In the above, Pn.½(x) and Qn-½(x) are the Legendre functions of the first and second kind, 

respectively, of degree "n-½". 

Based on the solution from equation (3.5a), results for the potential due to a 

toroidal ring with mean radius a = 45 meters, thickness b = 10 meters, with its surface 

held at 300 MV are shown in Fig. 3-3. The surface voltage of 300 MV was taken to 

match the value reported in the literature [57]. As expected the values are the highest in 

the equatorial plane and fall off along with distance along either direction of the z-axis. 

'/oils,, 10' 

75 

150 ,, 

Fig. 3-3. Potential profile of a toroidal ring held at a 300 MV potential. 
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Based on equation (3.5a), the charge Q on each ring required to maintain the 

toroidal structure at a particular value of constant potential VO can be obtained through 

Gauss' law. Thus, 

Q = Eo Jf E hv h<1> d<I> du, (3.5b) 

where hu and h<1> are the scale factors ( or metric coefficients from which the Lame, 

factors can be obtained) associated with the differentials "du" and "d<I>". For the toroidal 

system chosen: 

hu = hv = A/[cosh(v)- cos(u)], 

and h<1> = A sinh(v)/[cosh(v)- cos(u)]. 

Here since dV/dv is independent of <I>, and hence one gets: 

Q = -21teoA ofn {(dV/dv) {sinh(vo)/[cosh(vo}-cos(u)]} du = Q(V0). 

(3.5c) 

(3.5d) 

(3.5e) 

Since the potential around the ring is determined by the bias V0 [as given in eqn. (3.5a)], 

the dV/dv term in eqn. (3.5e) implicitly involves this applied voltage [ i.e., Q=Q(V0)]. 

Consequently, the total charge becomes a function of V 0. The electric field E normal to 

the constant v = Vo surface, required in Eqn. (3.5b) can be obtained in a straight-forward 

manner as: 

E = - (dV/dv)lhv = - (dV/dv) [cosh(v)- cos(u)]/A. (3.5f) 

Thus by computing the total charge Q(V 0) on the ring at a given voltage, the energy 

expended to build up the requisite potential [ = Q(V 0) V 0/2] can easily be computed. 



40 

In these calculations, three toroidal rings were used with their axes of symmetry 

along the x-, y- and z-directions. The potential along the <111> direction for such a 

three-ring configuration (with all three surfaces held at 300 MV) is shown in Fig. 3-4. 

For comparison, the potential profile along this same <111> direction for a six-sphere 

configuration positioned on either sides of the three axes and held at 300 MV is also 

shown. To maintain some degree of geometric equivalence between the two 

configurations, each sphere was taken to have a radius of 10 meters with their centers on 

the three axes located 50 meters from the center. The profile of Fig. 3-4 brings out the 

advantage of the toroidal configuration. The potential is seen to be much higher with a 

sharper gradient (especially for the shorter distances) which create larger electric fields. 

7-------....----------
---6 Spheres 

6 • • • • • • • • • 3 Toroidal Rings . 
., . ,, .... ' .. ' ~ ...... ' .. ' .... ' .. ' ... , . •' .. , ' .... , ... . 

. . 

·••i. 

: : : : : : :: : ! t • ~ ' • • i • ~ : ; ; 

50 100 150 200 
Position (meters) 

Fig. 3-4. Potential profile along the <111> direction for a three toroidal rings with each 
geometric surface maintained at a 300 MV bias. Potential for 6 spheres is also shown for 

comparison. 



41 

3.3 Forces and Equations of Motion due to Magnetostatic Fields 

Perhaps a combination of the electrostatic and magnetostatic shielding might 

present a far superior alternative from the standpoint of radiation protection. A coupled, 

dual-approach could conceivable lower the field requirements due to mutual synergistic 

effects, and thus be a safer alternative. The lower field intensities would have the added 

advantage of reduced power requirements. Here one possibility might be to probe a 

hybrid configuration that uses twelve electrostatic spheres, in concert with a current­

carrying superconducting ring for a superimposed magnetic field. The geometry is 

shown in Fig. 3.5, and consists of six outer spheres held at a negative potential (-Vneg), 

six inner spheres held at a positive potential (V pos), and superconducting ring ( carrying a 

loop current I) for providing the magnetic field. The innermost blue sphere denotes the 

volume to be shielded. The six outer negatively charged spheres are designed to play a 

role in repelling the free electrons from the solar wind [60]. 

180 ,:, 
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180 
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Fig. 3-5. Geometry considered for a dual electrostatic-magnetostatic shielding 
configuration. 



42 

Without such protection against the negative charge, three potential problems could arise: 

(a) electrons accelerated due to the positive potential would become dangerous to the 

astronauts and pose substantial health risks, (b) the acceleration would lead to excessive 

Bremsstrahlung levels, and (c) the electron current collected by the shielding elements 

(e.g., the toroidal rings) held at positive potential would annihilate the charge and lead to 

enhanced power requirements to maintain an effective electrostatic shield. 

As regards a magnetic field, it has been shown [54] that a toroidal region exists 

around the center of a dipole magnetic field from which particles of a given energy are 

excluded. However, recent calculations have shown that the shielded region near the 

center of a current carrying loop is diminished as the radius of the coil increases [20]. 

Such analysis seems to suggest that deployed current carrying coils alone may not be 

very effective as magnetic shields, especially from high energy from OCR radiation. 

However, a combination of a magnetic current loop and charged electrostatic spheres 

(e.g., Fig. 3-5) might present a better design. 

In this section then, we discuss the modifications to the equations of motion that 

will become necessary to include the presence of a magnetic field. Such a magnetic field 

will, for example, be produced by the current carrying rind shown in Fig. 3-5. The 

equation of motion for the incident charged particles due to a combination of electrostatic 

fields E and magnetic fields B having Cartesian components Ex, Ey, and E2 and Bx, By, 

and B2 , respectively, are given by: 

'Y mx dvxfdt = q [Ex+ (vy Bz - Vz By) ], 

y my dv/dt = q [Ey + (Vz Bx - Vx Bz)], 

(3.6a) 

(3.6b) 
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and y mz dv/dt = q [Ez + (vx By- Vy Bx)]. (3.6c) 

The magnetic field components Bx, By, and Bz for a current carrying loop of radius "a" 

oriented in the x-y plane can easily be computed from the Biot-Savart law, yielding: 

Bz = [µo I/(2 a 1t Q)] [E(k) {1 -a/- a/}l{Q - 4ai} + K(k)], 

Bx= cos(cp) [µo I aJf(2 a 1t Q)] [E(k) {1- a/- a/}l{Q - 4a1} + K(k)], 

and By= sin(cp)[µo I aJf(2 a 1t Q)] [E(k) {1 -a/-a/}l{Q - 4ai} + K(k)], 

(3.7a) 

(3.7b) 

(3.7c) 

where I is the current in the superconducting loop, µ0 is the free-space permeability, a is 

the loop radius, Q = (1 + a1)2 + a/, a1 = [(x2 + y2) 112]/a, a2 = z/a, a 3 = z/[(x2 + y2)1/2], k = 

(4a1/Q) 112
, cp = tan- 1(y/x), while K(k) and E(k) are the complete elliptic integrals of the 

first and second kind, respectively. Here for computational simplicity, the elliptic 

integrals were evaluated using an approximation based on the three-point Gauss 

quadrature [ 61]: 

and 

K(k) = 0.512/(1 - 0.776 k2
/' + 0.258/(1 - 0.987 k2f' + 0.8/(1 -0.177 k2)'i', 

E(k) = 0.232 (1 - 0.993 k2
/' + 0.707 (1 - 0.115 k2)'i' + 0.632 (I - 0.751 k2)'i'. 

3.4 Monte Carlo Simulations for Particle Trajectories 

(3.8a) 

(3.8b) 

Calculations for charged particle penetration into the shielding structure to gauge 

its effectiveness can be performed based on Monte Carlo simulations for the specified 

configurations. These include either the toroidal or spherical geometries for the 

electrostatic cases, or the spherical and current-ring set up for the hybrid shielding case. 

The kinetic-based, Monte Carlo numerical simulations were used to follow the 

trajectories of 10,000 particles. These particles were taken to be injected inwards at 

random angles from a spherical simulation boundary of radius 150 meters. Trajectories 
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of each ionized particle were computed based on the relativistic equations of motion. 

The electrostatic driving force (= -q I,v'Vi) from the three toroidal rings, as well as the 

spheres, was dynamic, based on the instantaneous position of the particle from the 

charged surfaces. By tracking the trajectories of all the 10,000 simulated particles, this 

process naturally allowed for the evaluation of the fraction penetrating the central region, 

those completely deflected by the electrostatic shielding arrangement, and the fraction 

incident onto the charged rings. The latter helps provide a measure of the rate of charge 

annihilation (and hence, voltage discharge) for a given space-environment and flux 

density for the spherical and toroidal geometries. 

In order to accurately gauge space radiation responses to the shielding system via 

the Monte Carlo simulations, one has to first mimic the characteristics of both solar 

particle events (SPEs) and galactic cosmic rays (GCRs), and their respective energy­

dependent fluxes. The solar activity cycle is approximately 11 years long [62] with about 

seven years of solar maximum. The published compilation of fluence spectra for the 

larger solar particle events [63] can serve as a convenient data set. It is believed that 

there are two categories of solar particle events and that each one accelerates particles in 

a distinct manner [64]. Solar flares have characteristics that tend to be electron rich, last 

for hours, and have unusually high 3He content relative to 4He and have low energy. On 

the other hand, Coronal Mass Ejection (CME) is a large eruption of plasma that drives a 

shockwave outward, tends to be proton rich, last for days, and has small 3He content 

relative to 4He and are of higher energy range of up to a hundreds of Me V range and are 

often used for testing radiation shield design. Here, for a more realistic and critical 

simulation assessments of the shielding capability for the electrostatic configurations, the 
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longer-term CME events were used. A description of the integral SPE flux cp used here 

can be expressed as Webber spectrum [65]: 

<I> = 109 exp[{239.1 - (E(E+1876))½ }/100] #particles/ cm 2 (3.9) 

For GCR, the model spectra of Badhwar and O'Neill [43] was used here since it is 

commonly used for space missions design investigations. A sample plot of the energy­

dependent differential flux for galactic cosmic ray radiation is shown in Fig. 3.6 for a few 

representative ions. The peak is seen to occur at energies slightly below 1 Ge V per 

nucleon. 
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Fig. 3-6. Plot of the differential flux for a few select ions comprising the GCR spectra. 
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CHAPTER4 

RESULTS AND DISCUSSION 

4.1 Introduction 

In this chapter, the methodology described and discussed in the previous chapter 

will be used to simulate the penetration of incident charged space-particles through some 

select shielding systems. First, all-electrostatic systems will be analyzed with a couple of 

different geometries. Next, the results will be presented for a hybrid electrostatic­

magnetostatic system. The simulation predictions will again be analyzed, and differences 

between the two approaches will be discussed. 

4.2 Results and Analyses for the Electrostatic Shielding Systems 

Numerical simulations were carried out to obtain particle trajectories based on 

equations given in the previous chapter. Each incident ion was taken to have the same 

initial starting energy, but assigned random position on a starting spherical surface. The 

initial velocities were also chosen to have random components, but in an inward 

direction. The Crank-Nicholson scheme was used which is an implicit, second-order 

method in time, and is numerically stable. A very small time step of 2 pico-seconds was 

chosen. 

First, Monte Carlo based results for the 12-sphere configuration was obtained. 

For clarity, the 12-sphere configuration is shown again in Fig. 4-l(b), while Fig. 4-l(a) 

shows three toroidal rings in conjunction with six outer negatively charged spheres. The 

corresponding simulation results obtained for SPE and GCR protons for the 12-sphere 

configuration are given in Fig. 4-2. 
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Fig. 4-1. Geometries considered for electrostatic shielding. The twelve-sphere 
configuration is shown in 4-1 (b ). 
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For concreteness the differential flux and the probability of protons hitting any one of the 

six outer negatively charged spheres are both shown. These calculations are important 

since one can gauge the amount of incident particles that would collide with and hit the 

spheres. Any such collision will lead to charge alteration, and hence, the possible 

annihilation of the charging potential on the spheres. From a practical standpoint, such 
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annihilation would need constant re-charging, and hence, the replenishment of energy 

from a suitable source. 
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Fig. 4-2. Differential flux and computed probability of proton capture by the set of twelve 
charged spheres due to: (a) SPE radiation, and (b) protons from incident GCR flux. 
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The re-charging can thus amount to burdensome costs to the running of the overall 

system, and should be as minimal as possible. In the calculations, the six outer negatively 

charged spheres ( as shown in Fig. 4-1 b) were taken to be at a -100 MV potential, while 

the six inner positively charged spheres were each set at 100 MV. The radii of the outer 

and inner spheres were 20 and 10 meters, respectively, and their locations were at mean 

distances of 160 and 50 meters, respectively, from the center. As might be expected, at 

lower energies there is a stronger possibility for the protons to be captured by the set of 

six negatively charged outer spheres. These results can be used to evaluate the voltage 

discharge rate of the negative spheres and allows the average power loss from SPE 

collisions of various ions to be obtained. 

Extending the calculations to alpha particles and iron ions in the GCR spectra 

yielded the results shown in Fig. 4-3. For GCR, the probability and flux curves have 

much less overlap (as compared to SPE), which is indicative of a negligible contribution 

to voltage discharging. The reduced overlap decreases the probability of a collision with 

the outer negative spheres, and makes voltage discharging (and hence the need to 

replenish and re-power the negative spheres) even more negligible. Overall, our 

calculations for SPE protons yielded a reduction of only ~ 1.163 Volts per Solar Particle 

Event based on the numerical values of the "hitting probability". This is clearly 

negligible compared to the assumed 100 MV initial bias. The computed values of power 

loss from GCR particle collisions were: 0.16462 mW (due to protons), 0.07234 mW (for 

alpha particles), and 1.587 µW (for Iron ions). 

Next, predictions of the three-toroidal ring configuration [Fig. 4-l(a)] were 

compared to the results of the all-sphere geometry [Fig. 4-l(b)]. For a realistic head-to-
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head comparison, the energy requirement for the two configurations was intentionally 

maintained at the same fixed level. This meant adjusting the equipotential across each of 

the three rings, and was carried out as follows. 
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Fig. 4-3. Differential flux and computed probability of alpha and iron ion capture by the 
negatively charged spheres due to incident GCR flux. (a) Incident alpha particles, and (b) 

iron ions. The differential flux is also shown for clarity. 
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First, for the all-sphere configuration, the charge Q associated with a positive sphere of 

radius "a" (= 10 meters) held at a potential VO of + 100 MV was computed as: Q = 

4nae0V0 = 0.11121 Coulombs. For the 6 inner positive spheres, this then leads to an 

overall energy of 3.3363x107 Joules [= 6(0.5 Q V0)]. An equivalent energy for the ring 

toroidal configuration, then places a condition on the potential VO such that: 0.5x Vo 

Q(V0)x3 = 3.3363x107 as well in order to match the energy for the all-sphere 

configuration. Using equations 3.5(e) - 3.5(f) these quantities can be evaluated. The 

results upon numerical evaluation for the three toroids at "a" = 45 meters and "b"= 10 

meters, yield a potential of about 50 MV for equivalent energy. 

To gauge the performance based on this common energy requirement, simulations 

were carried out to compare proton transmission probabilities for the configuration 

involving the 6 negative and 6 positive spheres held at ± 100 MV, and the alternate 

geometry consisting of 3 rings at 50 MV and 6 outer negative spheres held at -100 MV. 

As mentioned above, the radii of the inner positive spheres were 10 meters, while the "a" 

and "b" parameters for the three toroids were taken to be 45 meters and 10 meters, 

respectively. As evident from Fig. 4-4, a significant lowering in the transmission 

probability is predicted for the configuration involving the three inner toroids. This 

reduction occurs at the high particle energies beyond the 200 Me V range, a regime that 

typically applies to GCR radiation. This reduction is occurs in spite of the toroidal 

voltage having been reduced down to +50 MV from the +100 MV value for the six­

positive sphere case. Furthermore, though not explicitly shown here, further benefits can 

be expected by also replacing the six outer negative spheres by three corresponding 

negatively charged toroidal rings having a suitably larger radius "a". 
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Finally, for completeness, the role of structural dimensions for the toroidal rings 

was examined. One expects a torus with a larger radius to be better able to block 

incoming ions given its larger volume. In order to probe this quantitatively, simulations 

were performed for incoming protons for the three-ring configuration at the same 50 MV 

biasing, but for different values of the b-parameter for the toroidal ring. The results are 

shown in Fig. 4-5. With increasing value of the radial parameter b, the transmission 

probability is predicted to progressively decrease. In fact for a=45, the limiting 

probabilities drop from ~0.95 for b=l meter down to ~0.45 at b=lO meters. 
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Fig. 4-4. Predicted transmission probabilities of GCR protons to penetration through an 
inner 20 meters spherical zone. Simulations were aimed at comparing the all sphere 

geometry of Fig. 4.l(b) and the toroidal configuration of Fig. 4. l(a) based on an equal­
energy criteria. 

This not only underscores the inherent advantage of the toroidal structure, but points 

towards construction of larger radii tori for more effective electrostatic active shielding. 
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The only conceivable downside might be in terms of the larger size and volume of the 

shielding structure. However, if advances in the flexible gossamer materials (or even 

mesh-like structures) are employed to advantage, this possible inconvenience associated 

with a larger structural mass can be overcome. It may be mentioned that the transmission 

probability in the 700-1000 MeV range over which the GCR spectra peaks is 

substantially reduced. For concreteness and clarity, the GCR spectra is shown below in 

Fig. 4-6. 
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Fig. 4-5. Predicted proton transmission probabilities for the three-ring toroidal 
configuration for a= 45 meters, but for three different values of the b-parameter. 

The y-axis shows the differential flux of the positive GCR particles, while the energy per 

nucleon is given on the x-axis. For different constituents of the GCR spectra, protons, 
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helium ions, carbon ions, and iron ions, representing the different ions present in the 

galactic cosmic ray distribution are shown in Fig. 4-6. 
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Fig. 4-6. Plot of the differential flux for a few select ions comprising the OCR spectra. 

4.3 Results and Analyses for the Hybrid Shielding System 

As already mentioned, perhaps a combination of the electrostatic and 

magnetostatic shielding might present a far superior alternative from the standpoint of 

radiation protection. A coupled, dual-approach could conceivable lower the field 

requirements due to mutual synergistic effects, and thus be a safer alternative. The lower 

field intensities would have the added advantage of reduced power requirements. Here 

one possibility might be to probe a hybrid configuration that uses twelve electrostatic 

spheres, in concert with a current-carrying superconducting ring for a superimposed 

magnetic field. The geometry is shown in Fig. 4. 7, and consists of six outer spheres held 
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at a negative potential (-V neg), six inner spheres held at a positive potential (V pos), and 

superconducting ring ( carrying a loop current I) for providing the magnetic field. The 

innermost blue sphere denotes the volume to be shielded. The six outer negatively 

charged spheres are designed to play a role in repelling the free electrons from the solar 

wind. 
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Fig. 4-7. Geometry considered for a dual electrostatic-magnetostatic shielding 
configuration. 

Simulation results were obtained for the configuration of Fig. 4-7 that included 

twelve charged spheres and one current-carrying ring. The six outer negatively charged 

spheres were taken to be at a -100 MV potential, while the six inner positively charged 

spheres were each set at 100 MV. These voltages, incidentally, are much lower than the 

values of± 300 MV chosen for the all-sphere, electrostatic scheme by Tripathi et al. The 

lower voltage values reduce the energy requirement, and so as such represent an 

improvement. The radii of the outer and inner spheres were 20 and 10 meters, 
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respectively, and their located at mean distances of 160 and 50 meters, respectively from 

the center. The inner zone to be protected was taken to be a spherical region of radius 20 

meters. An important task in the design of the chosen hybrid shielding system is to 

determine the radius and current through the ring for optimal deflection of the incident 

ions. A larger current would produce a higher magnetic field, and be a more effective 

active shield. However, caution has to be exercised to ensure that the magnetic field 

values within the spherical shielded region produced by the ring are below the safety 

threshold of 0.5 Tesla [66]. The radius of the ring and the ring-current are also important 

design parameters. As will be shown in the numerical results, a larger ring radius helps 

keep the peak location of the magnetic field further away from the central protected zone. 

Under this situation, the current for a larger ring can then be increased to produce 

stronger magnetic fields further away, while still ensuring the peak value within the inner 

spherical protected zone (sphere of radius 20 meters), is below 0.5 Tesla. For the chosen 

configuration, though, the ring has a natural geometric constraint on the maximum radius 

due to the presence of the charged spheres. For the dimensions chosen, the radius can be 

at most 40 meters to avoid the ring from coming in contact with the a positive sphere. 

Figure 4-8 shows the maximum values of the total magnetic field[= (B/ + B/ + 

B/)½] as a function of the ring current. These maximum magnetic field values were 

obtained both within the spherical protected zone of radius 20 meters, and for the overall 

simulated space. The ring radius for this calculation was set at 25 meters. The linear 

dependence is expected from equations (3.7(a) - 3.7(c)), but more importantly, the result 

shows that while a much higher magnetic field can exist (near the current-cmTying ring 

for example), values within the inner protected zone as shown in Fig. 4-8 can be 
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significantly lower. This situation would serve the dual purpose of deflecting incident 

ions at distances far away from the center, while ensuring that the magnetic intensity 

within the inner 20 meters region remains within the 0.5 Tesla limit. 
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Fig. 4-8. Maximum magnetic field intensities due to a 25m ring as a function of its loop 
current. Values within a 50 meters region, and those within a 20m inner protected zone 

are shown. 

Figure 4-9 shows the magnetic field distributions for two different ring radii of 25 

meters and 40 meters, but with their currents adjusted so as to maintain the magnetic field 

at a maximum of value of 0.5 Tesla inside the 20 meters protected zone. The 25 meters 

radial ring had a current of 8.8lx106 Amperes and produced the distribution of Fig. 4-9(a) 

with a maximum magnetic field of 15.27 Tesla. Besides the radial distance, only the 

polar angle has been shown in Fig. 4-9(a) due to the azimuthal symmetry. As apparent 
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from Fig. 4-9, the peak intensity occurs at the ring circumference and is in the plane of 

the ring (= angle of rr/2) for both the ring radii. 

a) 
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Fig. 4-9. Magnetic field intensity as a function of radial distance from the center and the 
polar angle for two different current-carrying rings. (a) 25m radius ring, and (b) a 40m 

radius ring. 
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For a 45 meters radius ring, the results of which are shown in Fig. 4-9(b ), the peak value 

is predicted to be 34.25 Tesla. The maximum current for this ring size was taken to be 

2.55x107 Amperes to ensure the magnetic intensity remained below the 0.5 Tesla limit 

within the protected zone. Thus for a larger ring radius, the magnetic intensity is much 

higher, though it still occurs in the plane of the ring at the circumference. 

Numerical simulations were carried out for the 40 meters ring (in addition to the 

12-spheres) based on equations (2) to obtain the trajectories of a collection of incoming 

ionized particles. Each incident ion was taken to have the same initial stmting energy, 

but assigned random position on a spherical surface at a distance of 500 meters from the 

center. The starting velocities were all chosen to have random components, but in an 

inward direction. The Crank- Nicholson scheme was used which is an implicit, second­

order method in time, and is numerically stable. A very small time step of 2 pico-seconds 

(psec) was implemented. Figure 4.10 shows the computed trajectories of 50 sample 

particles starting from random locations at the simulation surface 500 meters from the 

origin. Potentials of ±100 MV were assumed for the positive and negative spheres, with 

a 2.55x107 Ampere circulating current in the ring set at a 40 meters radius. Each injected 

particle was assigned a 1000 MeV energy. The trajectories of Fig. 4-10 clearly reveal 

that most of the incident particles are successfully turned away from the central zone. 

Next, results were obtained for the probabilities of incoming protons to enter the 

inner 20 meters radius region as a function of various incident energies. The simulated 

transmission probability into the inner zone is shown in Fig. 4-11. As done previously, 

the six outer and six inner spheres were set at a biasing of -100 MV and + 100 MV, 

respectively, while the 40 meters ring was taken to have a 2.55x107 Ampere circulating 
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current. For a clearer comparison, Fig. 4-11 ( a) shows the transmission probability of 

protons for this configuration, with and without the current-carrying ring. 

50 

y coordinate x coordinate 

Fig. 4-10. Simulation result shows the representative 2000 Me V proton trajectories for 
the 1-ring and 12-sphere shielding configuration of Fig. 1-1. 

The benefits of the hybrid system are obvious. Though the degree of deflection 

(and hence, transmitted fraction) is energy dependent, the hybrid system is better able to 

provide active at all energies. For example, 2000 Me V protons are predicted to have a 

penetration probability of almost ninety percent with electrostatic shielding alone, but a 

probability below sixty percent for the hybrid system. For completeness, the 

transmission probabilities of the hybrid electrostatic-magnetostatic system for a few other 

ions are also shown in Fig. 4-11 (b ). There were significant improvements over the 

simple electrostatic configuration in all cases. Most importantly, the transmission 
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probability is seen to be substantially reduced in the 700-1000 Me V range, a span where 

the GCR flux has its peak. 
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Fig. 4-11. Energy dependent probability of protons to penetrate through a 20 meters 
spherical zone for the 1-ring and 12-sphere shielding configuration. (a) Results for 

protons with and without the current-carrying ring, and (b) Transmission probability for 
the hybrid system for several ions. 
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The differential flux and the probability for protons to hit one of the six outer 

negatively charged spheres were also evaluated. This is an important calculation since it 

directly yields the amount of charge neutralization (and hence the voltage discharge) for 

the electrostatic component of the shielding system. These results, with and without the 

current-carrying ring, are shown in Fig. 4-12. They reveal, as might be expected, that at 

lower energies there is a stronger possibility for the protons to be captured by the set of 

six negatively charged outer spheres. However, differences between the all-electrostatic 

and hybrid systems exist with the hybrid system predict to have a lower probability of 

hitting the six negative spheres. So once again, from the standpoint of having to re­

charge the electrostatic spheres, the hybrid configuration shows superior performance. 

Knowing the energy-dependent "hitting probabilities" allows the evaluation of the power 

loss from SPE collisions due to various incoming ion species. 
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Fig. 4-12. Differential flux and computed probability of SPE proton capture for the 
hybrid (lower dashed curve) and 12-sphere all electrostatic (dotted curve) configurations. 
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Our calculations for SPE protons yielded a reduction of only 0.168 Volts. This is totally 

negligible as compared to the applied -100 MV potential. Hence, this shielding 

configuration is practically immune to any re-charging requirement from a solar particle 

event. This low discharge value is easily understood from the negligible overlap between 

the "hitting probability" and SPE differential flux curves. Repeating the above 

calculation for protons from the GCR characteristics yielded the plots shown in Fig. 4-13 

that compare the hybrid and all-electrostatic systems. The computed value of power loss 

from GCR proton collisions was about 1.5 nano Watt (nW) and hence, totally negligible. 
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Fig. 4-13. Differential flux and computed probability of proton capture for the hybrid 
(dashed) and 12-sphere all electrostatic (dotted curve) configurations from incident GCR 

flux. 

4.4 Summarizing Conclusions 

Detailed simulation studies to evaluate a toroidal configuration for its potential 

towards electrostatic shielding were performed. A simpler all-sphere structure was 
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included to provide a reference and convenient comparison. The SPE radiation was 

shown to be almost eliminated by these electrostatic configurations. Furthermore, it was 

shown that the power needed to replenish the electrostatic charges on the all-sphere 

shielding configuration due to particle hits from the GCR and SPE radiation is minimal 

and insignificant. Most importantly, it was shown that novel structures such as toroidal 

rings appear to be very promising. Comparisons were also made between the two 

configurations at a fixed common energy. The results showed substantial improvements 

in shielding, even at the high energies above 200 Me V per nucleon. 

Our study represents a simple first-step evaluation. Improvements are certainly 

possible by choosing other novel structures or meshed designs to reduce weight and costs 

while still achieving the requisite active shielding. More interestingly, the dimensions 

and aspect ratio of the spheres and/or toroidal rings could be altered to achieve an even 

higher degree of radiation protection. Finally, a simple extension can then be the 

replacement of the six outer negative spheres with three larger toroidal rings held at a 

negative potential. 

In addition, numerical studies were also performed to evaluate the potential for a 

hybrid system for active shielding against space radiation. Most previous approaches 

have been based on a single concept alone, such as the magnetic, electrostatic or plasma 

shielding. However, all of the conventional approaches (including passive shielding) 

have potential problems. The main advantages seen for the hybrid system were: (i) much 

lower magnetic fields that could be below the thresholds set for health and safety for 

long-term exposures, and (ii) a much better shielding and repulsion of incident ions from 
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both SPE and GCR, and (iii) reductions in the power requirement for re-charging the 

electrostatic sub-system. 
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CHAPTERS 

CONCLUSION AND SCOPE FOR FUTURE WORK 

5.1 Introduction 

This final chapter summarizes the main aspects and elements of this thesis 

research. The contributions and novel features are highlighted. This work is merely 

represents the beginning of a more thorough and in-depth research into shielding for 

deep-space applications. The importance of such simulations is that a number of 

important aspect and alternative designs can quickly be evaluated and analyzed without 

having to build a costly system. In time, as an optimal design gradually emerges, actual 

testing of a possible prototype can be carried out. This chapter ends with a brief 

description of possible tasks for the future and scope for follow-up research work. 

5.2 Summary of Thesis Work and Accomplishments 

The health threat from cosmic rays is the danger posed by galactic cosmic rays 

(GCRs) and solar energetic particles to astronauts on interplanetary missions. Galactic 

cosmic rays consist of high energy protons (85%), helium (14%) and other high energy 

nuclei. Solar energetic particles consist primarily of protons accelerated by the sun to 

high energies via proximity to solar flares and coronal mass ejection. They are one of the 

most important barriers standing in the way of plans for interplanetary travel by 

spacecraft with crew. 

Life on the Earth's surface is protected from galactic cosmic rays by a number of 

factors as given below: 
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1. The Earth's atmosphere is opaque to primary cosmic rays with energies below 

about 1 GeV, so only secondary radiation can reach the surface. The secondary 

radiation is also attenuated by absorption in the atmosphere, as well as by 

radioactive decay in flight of some particles, such as moons. Particles entering 

from a direction close to the horizon are especially attenuated. The world's 

population receives an average of 0.4 milli-Sieverts (mSv) of cosmic radiation 

annually (separate from other sources of radiation exposure like inhaled radon) 

due to atmospheric shielding. At 15 km altitude, above most of the atmosphere's 

protection, radiation dose as an annual rate rises to 20 milli-Sieverts (mSv) at the 

equator to 50 - 120 milli-Sieverts (mSv) at the poles, varying between solar 

maximum and minimum conditions. 

2. Except for the very highest energy galactic cosmic rays, the radius of gyration in 

the earth's magnetic field is small enough to ensure that they are deflected away 

from Earth. Missions beyond low earth orbit leave the protection of the 

geomagnetic field, and transit the Vann Allen radiation belts. Thus they may need 

to be shielded against exposure to cosmic rays, Van Allen radiation, or solar 

flares. The region between two to four earth radii lies between the two radiation 

belts and is sometimes referred to as the "safe zone". 

3. The interplanetary magnetic field, embedded in the solar wind, also deflects 

cosmic rays. 

As a result the energy input of GCRs to the atmosphere is negligible - about 10-9 of 

solar radiation which is roughly the same as starlight. 



68 

In this thesis, detailed simulation studies to evaluate a toroidal configuration for 

its potential towards electrostatic shielding were performed. A simpler all-sphere 

strncture was included to provide a reference and convenient comparison. The SPE 

radiation was shown to be almost eliminated by these electrostatic configurations. 

Furthermore, it was shown that the power needed to replenish the electrostatic charges on 

the all-sphere shielding configuration due to particle hits from the OCR and SPE 

radiation is minimal and insignificant. Most importantly, it was shown that novel 

structures such as toroidal rings appear to be very promising. Comparisons were also 

made between the two configurations at a fixed common energy. The results showed 

substantial improvements in shielding, even at the high energies above 200 Me V per 

nucleon. 

Our study represents a simple first-step evaluation. Improvements are certainly 

possible by choosing other novel strnctures or meshed designs to reduce weight and costs 

while still achieving the requisite active shielding. More interestingly, the dimensions 

and aspect ratio of the spheres and/or toroidal rings could be altered to achieve an even 

higher degree of radiation protection. Finally, a simple extension can then be the 

replacement of the six outer negative spheres with three larger toroidal rings held at a 

negative potential. 

In addition, numerical studies were also performed to evaluate the potential for a 

hybrid system for active shielding against space radiation. Most previous approaches 

have been based on a single concept alone, such as the magnetic, electrostatic or plasma 

shielding. However, all of the conventional approaches (including passive shielding) 

have potential problems. The main advantages seen for the hybrid system were: (i) much 
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lower magnetic fields that could be below the thresholds set for health and safety for 

long-term exposures, and (ii) a much better shielding and repulsion of incident ions from 

both SPE and GCR, and (iii) reductions in the power requirement for re-charging the 

electrostatic sub-system. 

In addition to a numerical study of an all-electrostatic system, this thesis research 

also extended the shielding strategy to study a hybrid configuration based on both 

electrostatic and magnetostatic fields. The main advantages of this dual-system were 

shown to be: (i) a much better shielding and repulsion of incident ions from both solar 

particle events (SPE) and galactic cosmic rays (GCR), (ii) reduction in the power 

requirement for re-charging the electrostatic sub-system, and (iii) low requirements of the 

magnetic fields that are well below the thresholds set for health and safety for long-term 

exposure. Furthermore, the present results show transmission levels reduced to levels as 

low as 30% for energies around 1000 MeV, and near total elimination of SPE radiation 

by these hybrid configurations. It was also shown that the power needed to replenish the 

electrostatic charges due to particle hits from the GCR and SPE radiation is minimal. For 

example, the computed value of power loss from GCR proton collisions was about 1.5 

n W and hence, totally negligible. The power loss from SPE collisions due to various 

incoming ion species was calculated, and for SPE protons, yielded a reduction of only 

0.168 Volts. This is totally negligible compared to the 100 MV potential on the 

electrostatic system. 

5.3 Scope for Future Work 

Some basic and useful work through simulation analyses was cmTied out in the 

area of active shielding for deep-space applications. However, this represents only a 
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small start, and a number of issues still remain to be probed. As part of continuing effort 

in this area, the following tasks can be carried out in the future. These efforts would 

broaden the scope and improve the shielding protection from radiation for the astronauts. 

1. Carry out systematic studies of varying the size of the toroidal rings with regards 

to both their mean radius, as well as changes in the applied potential. On the one 

hand, increasing the potential would repel more ions, but would come at the cost 

of enhanced energy and power requirements. So an optimal solution would be 

desirable. 

2. Evaluate the trajectories and stopping power of mesh-like tori. Such mesh-like 

structure would save material and be lightweight for easier manipulation in space. 

3. Determine the range of values of both the negative and positive potentials for the 

all-electrostatic system. It is very likely that changing the potential of one (say 

the positive voltage) would need subsequent modifications in the negative 

potential to achieve the desired level of protection. The changes in the potential 

need to be such that the greatest protection with the least energy loss due to 

particle strikes is achieved. 

4. Conduct detailed studies of the dual hybrid system. This would mean changing 

the size and location of the electrostatic spheres, while altering the magnetic fields 

for maximum protection. 

5. Use toroidal structures instead of spheres for the hybrid scheme, and evaluating 

the resulting performance predictions. 

6. Look at other aspects such as the structural stability and practical requirements for 

any tethers for holding the shielding configurations in place. 
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