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Abstract 
 

In the process of terraforming Mars, cosmic radiation presents a significant problem due to long-term 
detrimental effects on human, animal, and plant biology. Moreover, it threatens to dissipate any artificial 
atmosphere on the planet. This paper presents three approaches to establishing a planetary magnetic 
field to protect Mars from cosmic rays: reactivating Mars’s dynamo, a plasma torus around Mars, and 
electromagnets. Each approach is evaluated for its feasibility and energy requirement. We find that the 
most feasible solution is an electromagnet made of yttrium barium copper oxide, or possibly pure copper, 
around the circumference of Mars. The plasma torus is potentially also viable. Reactivating Mars’s 
dynamo is infeasible due to the enormous logistical and energy demands.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

Table of Contents 
 

Abstract................................................................................................................................................. 1 
Table of Contents .................................................................................................................................. 2 
1 Introduction ....................................................................................................................................... 3 
2 Theory ................................................................................................................................................ 4 

2.1 The Fundamentals of Magnetism ................................................................................................ 4 
2.2 Requirements for Planetary Magnetic Field Strength .................................................................. 7 

3 Methods ........................................................................................................................................... 10 
3.1 Restarting Mars’s Dynamo ........................................................................................................ 10 

3.1.1 Dynamo Theory and Planetary Magnetic Fields ................................................................ 10 
3.1.2 Energy Requirements ......................................................................................................... 12 

3.2 Plasma Torus ............................................................................................................................. 14 
3.2.1 Infrastructure ...................................................................................................................... 14 
3.2.2 Energy Requirements ......................................................................................................... 16 

3.3 Electromagnets.......................................................................................................................... 18 
3.3.1 Superconductors ................................................................................................................. 18 
3.3.2 Conventional Conductors ................................................................................................... 21 

4 Feasibility and Applications to Current Space Travel ...................................................................... 23 
5 Conclusion ....................................................................................................................................... 24 
Acknowledgements ............................................................................................................................. 25 
Bibliography ....................................................................................................................................... 25 
List of Figures ..................................................................................................................................... 29 
Declaration of Authenticity ................................................................................................................. 30 
  

 

 

 

 

 

 

 

 

 

 



3 
 

1 Introduction 
 

The exploration and colonization of other planets has long fascinated humanity and led to great scien-
tific discovery and innovation. It is even considered imperative for humanity’s long-term survival in the 
face of existential threats, which include natural disasters such as supervolcanic eruptions and asteroid 
impacts as well as man-made catastrophes involving nuclear or bioweapons. The planet Mars has stood 
at the center of these ambitions due to its proximity to Earth and somewhat favorable habitability con-
ditions; NASA is speaking of the 2030’s as an optimistic goal for sending the first humans to Mars [1], 
and Elon Musk, founder and CEO of SpaceX, has envisioned permanent settlements of a million inhab-
itants on Mars by the 2050’s [2]. A next step could be its terraforming: a process which aims to alter a 
planet’s environment to make it more similar to Earth and allow human, animal, and plant habitation 
without any survival equipment such as spacesuits, special habitats etc. Birch [3], for example, provides 
a comprehensive overview of some important steps such as how we could warm the planet, create a 
breathable and dense atmosphere, and import water. Another crucial factor in the terraforming of Mars 
will be the focus of this paper: radiation protection. Since Mars does not have a global magnetic field 
like Earth [4], it is exposed to high-energy charged particle beams from space, i.e. cosmic radiation or 
cosmic rays. This is problematic because radiation damages the biology of life and disperses any exist-
ing atmosphere over the long-term. A breathable, dense atmosphere, like the one on Earth, would also 
protect Mars from harmful electromagnetic (especially UV) waves.  

Acute effects of exposure to energetic particle radiation on the human central nervous system (CNS) 
are fatigue, detriments in short-term memory, behavior changes, and a decrease in performance. Other 
adverse effects include nausea, vomiting, cataract formation, and in extreme cases skin burning and 
death. Late radiation morbidity is induced by continual exposure to radiation and leads to increased 
cancer risk, damage to the CNS, and possibly increased risk for cardiovascular disease [e.g. 5, 6]. Spe-
cifically, some models predict an equivalent radiation dose of 1.0 mSv per day on the surface on Mars 
during solar energetic particle events. Surprisingly, this number is still well below all NASA’s guidelines 
if we consider only a 30 day stay [7]. However, what is hazardous is the cumulative long-term radiation 
damage during a permanent stay [7], which will result in life-threatening late radiation morbidity. Such 
long-term low dose radiation exposure also has adverse effects on plants. In general, these are elevated 
rates of genetic damage including mutations, slower growth rates, decreased fertility, and developmen-
tal abnormalities [8].  

Mars likely used to have a denser atmosphere until the cessation of its global magnetic field when a 
process called sputtering likely contributed to its erosion, whereby O+ ions in the uppermost atmos-
phere are accelerated by interactions with the solar wind, colliding with other particles and causing 
them to escape [9, 10]. A magnetic shield is consequently needed to prevent the precipitating ions from 
eroding a dense artificial atmosphere, which is moreover a requirement for the existence of liquid water 
on the surface of a terraformed Mars: mean surface pressure is 6.1 millibars [11], less than 1% of 1 atm, 
under which condition liquid water boils if we assume air temperature is already Earth-like.  

The terraforming of Mars must therefore solve these problems. This paper will explore and comment 
on three approaches to shielding all of Mars from cosmic radiation by means of an artificial planetary 
magnetic field, detailing their operational mechanism, calculating approximate energy requirements, 
and contemplating technological prerequisites. Finally, the feasibility of the presented methods will be 
compared and evaluated and possible applications for current space travel will be considered. However, 
first of all, the theory section will present the underlying physics as well as some important preliminary 
calculations about the requirements for the artificial magnetosphere. 
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2 Theory 
 

2.1 The Fundamentals of Magnetism 
 

To follow the lines of argument in this paper, it is useful to understand the basic concepts of magnetism, 
of which this section provides a brief overview. The content presented here draws primarily from Col-
lege Physics [12] and Physik: Lehr- und Übungsbuch [13]. 

All magnets consist of one north magnetic pole and one south magnetic pole. Similar to positive and 
negative charges in electrostatics, unlike poles attract and like poles repel. However, the two poles of a 
magnet cannot be separated, different from how opposite charges may be separated. Consequently, if 
one were to halve a bar magnet (see Figure 1), two new magnets would be produced, each with its own 
north and south pole. The existence of a magnetic monopole is not explicitly forbidden by the laws of 
physics but has never been observed. 

Analogous to the electric field, the magnetic field, or the B-field, is defined to describe the forces ex-
erted by a magnet. We can represent the magnetic field using field lines: the direction of the field is 
tangential to the lines and their density is proportional to magnetic field strength. A property of magnetic 
field lines is that they are always continuous, i.e., they always form closed loops, unlike electric field 
lines. Intuitively, one can make sense of this because a beginning and end point would imply a magnetic 
monopole, similar to how electric field lines start at the positive charge and end at the negative charge 
in an electric dipole (see Figure 2). 

Experiments have shown that a magnet exerts a force on an electric current, as first observed by physi-
cist H. C. Ørsted. The force is described by the following equation:  

𝑑𝑑�⃗�𝐹 = 𝐼𝐼�𝑑𝑑𝑠𝑠 × 𝐵𝐵�⃗ � 2.1 

where 𝑑𝑑�⃗�𝐹 is an infinitesimal force vector acting upon a current 𝐼𝐼 in a segment 𝑑𝑑𝑠𝑠. 𝑑𝑑𝑠𝑠 points in the di-
rection of the current. 𝐵𝐵�⃗  is the magnetic field at 𝑑𝑑𝑠𝑠. Integrating 𝑑𝑑�⃗�𝐹 over a current segment results in the 
net force on the current. In the case of a straight current-carrying conductor in a uniform magnetic field, 
this means that:  

Figure 2: Electric field generated by an elec-
tric dipole.  

Figure 1: Magnetic field of a cylindrical bar 
magnet visualized with magnetic field lines. 
Note that the lines actually continue along 
the same direction within the magnet and 
thus form continuous, closed loops.  



5 
 

�⃗�𝐹𝑛𝑛𝑛𝑛𝑛𝑛 = 𝐼𝐼�𝑠𝑠 × 𝐵𝐵�⃗ � 2.2  

Since a current is equivalent to the motion of electrically charged particles, the above force must be the 
sum of smaller forces on individual particles. One such small force is called the magnetic force and is 
given by: 

�⃗�𝐹 = 𝑞𝑞�⃗�𝑣 × 𝐵𝐵�⃗ 2.3 

where 𝑞𝑞 is the electric charge of the particle and �⃗�𝑣 its velocity. The definition of 𝐵𝐵�⃗ , that is its direction 
and magnitude at any point in space, hinges on equation 2.1 or 2.3: 𝐵𝐵�⃗  is precisely the vector that satis-
fies these equations. The unit of �𝐵𝐵�⃗ � is therefore N

A⋅m
 or a Tesla (T). A Tesla is also equal to 104 Gauss 

(Gs). 

We have seen how a magnet exerts a force on a current. Due to Newton’s third law, one would expect 
that a current exerts a reactionary force back on the magnet. That is indeed the case, and it implies that 
the current generates a magnetic field through which this reactionary force is communicated. The nature 
of this magnetic field is mathematically describable. Ampère’s law is the most fundamental relation this 
paper will show:  

�𝐵𝐵�⃗ ⋅ 𝑑𝑑𝑠𝑠 = 𝜇𝜇0 ⋅ 𝐼𝐼𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒 2.4 

where ∮𝐵𝐵�⃗ ⋅ 𝑑𝑑𝑠𝑠 is the closed path integral of the dot product of the B-field with an infinitesimal segment 
of the path 𝑑𝑑𝑠𝑠. The right-hand side contains 𝐼𝐼𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒, which is the current enclosed by the chosen integra-
tion path. 𝜇𝜇0, the permeability of free space, is a constant with a value approximately equal to 4𝜋𝜋 ⋅ 10−7 
N

A2. In fact, until 2019, 𝜇𝜇0 was by definition 4𝜋𝜋 ⋅ 10−7 N
A2, and the Ampère was defined by the implica-

tions of equation 2.4, but now, the elementary charge 𝑒𝑒 is fixed and 𝜇𝜇0 must be experimentally deter-
mined [14]. Ampère’s law does not hold when magnetic materials are involved, or the magnetic field 
and currents are not stationary.  

To illustrate how one would work with this equation, the magnetic field for a long straight wire carrying 
current 𝐼𝐼 (see Figure 3) is derived: The integration path is chosen to be a circle with radius 𝑟𝑟. The wire 
passes through the circle’s center at a right angle with 𝑟𝑟. Due to symmetry, we expect 𝐵𝐵�⃗  to have the 
same magnitude everywhere on the integration path. Furthermore, we will rightly assume that 𝐵𝐵�⃗  is tan-
gential to the circle and that the angle between 𝐵𝐵�⃗  and 𝑑𝑑𝑠𝑠 is therefore 0. This gives: 

𝜇𝜇0 ⋅ 𝐼𝐼 = �𝐵𝐵�⃗ ⋅ 𝑑𝑑𝑠𝑠 = �𝐵𝐵 𝑑𝑑𝑠𝑠 = 𝐵𝐵 ⋅ �𝑑𝑑𝑠𝑠 = 𝐵𝐵 ⋅ 2𝜋𝜋𝑟𝑟 2.5 

where 𝐼𝐼 is  𝐼𝐼𝑛𝑛𝑛𝑛𝑒𝑒𝑒𝑒 and the ∮𝑑𝑑𝑠𝑠 is just the circumference of the circle. Solving for 𝐵𝐵:  

𝐵𝐵 =
𝜇𝜇0𝐼𝐼
2𝜋𝜋𝑟𝑟

2.6 

Ampère’s law is limited in the sense that computing 𝐵𝐵 is only possible when the problem exhibits a 
symmetry which allows 𝐵𝐵 to be taken out of the integral. The Biot-Savart law, on the other hand, di-
rectly computes 𝐵𝐵�⃗  at a certain point in space defined by position vector 𝑟𝑟:  

𝐵𝐵�⃗ (𝑟𝑟) =
𝜇𝜇0
4𝜋𝜋

�
𝐼𝐼�𝑑𝑑𝑙𝑙 × �̌�𝑟′�

|𝑟𝑟′|2
 

𝐶𝐶
2.7 
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𝐵𝐵�⃗  is given by a constant, 𝜇𝜇0
4𝜋𝜋

, multiplied by an integral over the current-carrying conductor 𝐶𝐶, such as a 

wire. The current 𝐼𝐼 in 𝐶𝐶 generates the magnetic field. In the integral, 𝑑𝑑𝑙𝑙 signifies an infinitesimal seg-
ment of the conductor and points in the direction of the conventional current 𝐼𝐼. 𝑟𝑟′ is the connecting 
vector from 𝑑𝑑𝑙𝑙 to the position indicated by 𝑟𝑟, and |𝑟𝑟′|2 is its norm squared. �̌�𝑟′ points in the same direc-
tion as the connecting vector 𝑟𝑟′ but has norm 1. This equation is powerful because it allows us to com-
pute 𝐵𝐵�⃗  at arbitrary positions. However, theoretically, one would have to account for all currents every-
where in space, which is why calculations for an estimate become very complex as soon as multiple 
currents are nearby.  

After brief examination, the law may reveal the direction of the magnetic field in some cases. Consider, 
for instance, the magnetic field due to a straight wire in Figure 3. The Biot-Savart law integrates a vector 
𝑑𝑑𝑙𝑙 × �̌�𝑟′. Because this is a cross product, the resulting infinitesimal vector will always point perpendic-
ular to 𝐼𝐼 and �̌�𝑟′, which means, in our case, that it is tangential to the circular field lines, and it will follow 
the right-hand rule. The integral of the infinitesimal vectors is therefore also tangential to the field lines 
and follows the right-hand rule.  

The Biot-Savart law can be used to derive the magnitude of the magnetic field on the axis of a conduct-
ing loop (Figure 4): 

𝐵𝐵 =
𝜇𝜇0𝐼𝐼𝑟𝑟2

2(𝑟𝑟2 + 𝑥𝑥2)
3
2

2.8 

where 𝑟𝑟 is the loop radius and 𝑥𝑥 is distance from the center of the loop. When 𝑥𝑥 ≫ 𝑟𝑟, the following is 
roughly accurate:  

𝐵𝐵 ∝
1
𝑥𝑥3

2.9 

 

 

Figure 4: The magnetic field of a current loop. The 
magnetic field lines follow the right-hand rule again.  

 

 

Figure 3: Magnetic field generated by a current 
in a straight wire. The right-hand rule describes 
the direction of 𝐵𝐵�⃗ : if the thumb points in the same 
direction as I, the fingers follow 𝐵𝐵�⃗ .  
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It turns out that this relation also holds for points which do not lie on the loop’s axis, just with different 
proportionality factors (which we will neglect in this paper for simplicity). Bar magnets exhibit the 
same behavior as in relation 2.9; observe the similarity between the fields in Figure 1 and Figure 4. It 
makes sense that current loops are considered magnetic dipoles like bar magnets.  

The reasoning behind 2.9 is the following: if we let the dipole’s radius 𝑟𝑟 approach zero but keep its 
magnetic moment 𝑚𝑚 = 𝐼𝐼𝜋𝜋𝑟𝑟2 constant, which results in an ideal magnetic dipole with infinite current 
and zero area, the relation is exactly true (from taking the limit in equation 2.8). Now acknowledge that 
observed over a sufficiently large scale, bar magnets and current loops approximate an ideal dipole. 

The significance of 2.9 reveals itself when considering the ratio between magnetic field strength at dif-
ferent distances 𝑥𝑥0 and 𝑥𝑥1 from the dipole: 

𝐵𝐵(𝑥𝑥1)
𝐵𝐵(𝑥𝑥0) ≈

𝑐𝑐𝑥𝑥1−3

𝑐𝑐𝑥𝑥0−3
=
𝑥𝑥03

𝑥𝑥13
2.10 

where 𝑐𝑐 is a proportionality factor specific to the dipole in question (see equation 2.8). In other words: 

𝐵𝐵(𝑥𝑥1) ≈ �
𝑥𝑥0
𝑥𝑥1
�
3
⋅ 𝐵𝐵(𝑥𝑥0) 2.11 

 

2.2 Requirements for Planetary Magnetic Field Strength 
 

To produce an estimate of the necessary magnetic field strength, ram pressure 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 from cosmic rays 

and magnetic pressure given by 𝐵𝐵
2

2𝜇𝜇0
 are equated. DuPont and Murphy [15] start off with the same equa-

tion: 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 =
𝐵𝐵(𝑟𝑟𝑆𝑆)2

2𝜇𝜇0
2.12 

where 𝜇𝜇0 is the permeability of free space, and 𝑟𝑟𝑆𝑆 the stand-off distance from the planet’s center, i.e., 
the distance for which the above equation holds since 𝐵𝐵 is a function of 𝑟𝑟𝑆𝑆. At the stand-off distance, 
the magnetic field will deflect charged particles originating from the Sun and outside the solar system 
because the pressure 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 they exert is counterbalanced. In a planetary context, this boundary is called 
the magnetopause.  

Ram pressure may be expressed as 𝜌𝜌𝑣𝑣2, where 𝜌𝜌 is density and 𝑣𝑣 is particle velocity, in the simple case 
of the radiation fully transferring its momentum to the magnetic shield. Therefore, equation 2.12 be-
comes: 

𝜌𝜌𝑣𝑣2 =
𝐵𝐵(𝑟𝑟𝑆𝑆)2

2𝜇𝜇0
2.13 

For this calculation, only radiation from the Sun (solar wind) will be considered due to its much greater 
density compared to galactic or even extragalactic cosmic rays. 

Dynamic solar radiation pressure at 1 AU, i.e. near Earth’s orbit, averages ~2 nPa but may vary greatly 
depending on solar activity, reaching 60 nPa on January 11th, 1997 [16], for example. However, radia-
tion pressure may be much greater during coronal mass ejections (CMEs), which belong to the Sun’s 



8 
 

most energetic events. CMEs are characterized by notable ejection of plasma mass and magnetic fields. 
Even during minimal solar activity, they occur at least once every few days [17]. Average particle ve-
locities range from 300 to 500 km⋅s-1 but reach more than 1500 km⋅s-1 in ~0.5% of cases [18]. The 
fastest CME was measured on January 20th, 2005, to be 3675 km⋅s-1 [18]. Maximum particle number 
density lies around 200 cm-3  [18]. It is reasonable to proceed our calculations with a velocity of 
3000 km⋅s-1, a number density of 200 cm-3, and a composition of solely protons, instead of a mix of 
protons and electrons, for a conservative estimate of required field strength; 𝜌𝜌 is expressed as the prod-
uct of number density (200 cm-3) and proton mass (taken from [19]). Maximum ram pressure near 
Earth’s orbit assumes 3.0 μPa or 3000 nPa using these values, according to the left-hand term of equa-
tion 2.13. 

DuPont and Murphy [15] now use a clever way to relate solar wind pressure near Earth’s orbit to pres-
sure near Mars’s orbit: �̇�𝑀 describes the Sun’s mass loss due to solar wind over time and can be refor-
mulated using dimensional analysis: 

�̇�𝑀 =
𝜌𝜌𝜌𝜌
Δ𝑡𝑡

= 𝜌𝜌𝑣𝑣𝜌𝜌 = 𝜌𝜌𝑣𝑣4𝜋𝜋𝐷𝐷2 2.14 

where 𝐷𝐷 is the distance from the center of the Sun. Because �̇�𝑀 and 𝑣𝑣 will be assumed to be constant, 
this means that 𝜌𝜌 ∝ 1

𝐷𝐷2
. This paper cites Elliott et al. [20] for reference, who confirm this given that 

solar wind is analyzed in large datasets. For smaller parcels of particles, however, this description is 
insufficient due to local compression or rarefaction, but it will suffice to relate ram pressure near the 
orbits of Earth and Mars. Ram pressure as a function of distance is, therefore: 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟(𝐷𝐷) =
�̇�𝑀

𝜌𝜌𝑣𝑣4𝜋𝜋𝐷𝐷2 𝜌𝜌𝑣𝑣
2 =

�̇�𝑀𝑣𝑣
4𝜋𝜋𝐷𝐷2 2.15 

Then, as one would already expect from the inverse square relation of density: 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟,𝑀𝑀 =
�̇�𝑀𝑣𝑣

4𝜋𝜋 �𝐷𝐷𝐸𝐸 ⋅
𝐷𝐷𝑀𝑀
𝐷𝐷𝐸𝐸

�
2 =

�̇�𝑀𝑣𝑣
4𝜋𝜋𝐷𝐷𝐸𝐸2

⋅ �
𝐷𝐷𝐸𝐸
𝐷𝐷𝑀𝑀

�
2

= 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟,𝐸𝐸 ⋅ �
𝐷𝐷𝐸𝐸
𝐷𝐷𝑀𝑀

�
2

2.16 

where 𝐷𝐷𝐸𝐸 is distance from the center of the Sun to Earth’s orbit and 𝐷𝐷𝑀𝑀 is distance to Mars’s orbit. 
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟,𝑀𝑀 and 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟,𝐸𝐸 represent ram pressure near Mars’s and Earth’s orbit, respectively. A reasonable es-
timate for maximum ram pressure near Mars’s orbit is: 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟,𝑀𝑀,𝑟𝑟𝑟𝑟𝑚𝑚 ≈ 3.0 ⋅ �
1.0
1.5

�
2

≈ 1.3 μPa  

where we used maximum ram pressure near Earth’s orbit of 3.0 μPa. The ratio between the distances 
𝐷𝐷𝐸𝐸
𝐷𝐷𝑀𝑀

≈ 1.0
1.5

 comes from [19]. Returning to equation 2.12, 𝐵𝐵(𝑟𝑟𝑆𝑆) must be around 1.8 μT to defy this pres-

sure. DuPont and Murphy [15] approached the calculation of 𝐵𝐵(𝑟𝑟𝑆𝑆) differently by using a comparison 
to Earth’s stand-off distance, but us working with concrete values for ram pressure is more accurate 
considering that 𝑟𝑟𝑆𝑆 is not constant, neither for Earth nor a terraformed Mars.  

Furthermore, we can replace 𝐵𝐵(𝑟𝑟𝑆𝑆)2 in equation 2.12 to include the stand-off distance 𝑟𝑟𝑆𝑆 and the sur-
face magnetic field strength 𝐵𝐵0 on Mars using the dipole approximation (see equation 2.11). Therefore: 

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 2𝜇𝜇0 = 𝐵𝐵(𝑟𝑟𝑆𝑆)2 = 𝐵𝐵0 
2 ⋅ �

𝑟𝑟𝑀𝑀
𝑟𝑟𝑆𝑆
�
6  

2.17 
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or: 

𝐵𝐵0 = (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 ⋅ 2𝜇𝜇0)
1
2 ⋅ �

𝑟𝑟𝑆𝑆
𝑟𝑟𝑀𝑀
�
3

2.18 

where 𝑟𝑟𝑀𝑀 is the radius of Mars (see [19]). Evaluating 𝐵𝐵0 for maximum ram pressure (1.3 μPa from be-
fore) and for stand-off distance 𝑟𝑟𝑆𝑆 = 1.3𝑟𝑟𝑀𝑀  results in a surface magnetic field strength of 4.0 μT  or 
0.040 Gs, accordingly. Earth’s magnetic field ranges from 24 μT to 66 μT (e.g. [21][22]). Surface in-
tensity on Earth is therefore up to 17 times stronger than it would be on Mars. 1.3𝑟𝑟𝑀𝑀 is chosen for 𝑟𝑟𝑠𝑠 to 
provide some buffer when protecting an artificial atmosphere.  

DuPont and Murphy [15] do not justify their stand-off distance of 2𝑟𝑟𝑀𝑀. This paper will show by analogy 
to Earth that even 1.3𝑟𝑟𝑀𝑀 should suffice: Almost all our atmosphere is contained below the exosphere, 
the outermost atmospheric layer. The altitude of its lower boundary (the exobase) ranges from 500 km 
to 1000 km [23]. Next, we want to find equivalent altitudes for an artificial Martian atmosphere, which 
is necessary in a terraforming scenario. We will assume a scaled-down version of Earth’s atmosphere. 
An exact analysis of how an artificial atmosphere for Mars should be composed and layered, however, 
lies beyond the scope of this paper.  

The property which defines an exobase will here be simplified to the ratio of gravitational force on the 
surface versus at the exobase for any object with mass. In reality, one would have to account for other 
effects. Equating these ratios for Earth and Mars yields:  

𝐹𝐹𝑆𝑆,𝐸𝐸

𝐹𝐹𝑛𝑛𝑚𝑚𝑒𝑒,𝐸𝐸
=

𝐹𝐹𝑆𝑆,𝑀𝑀

𝐹𝐹𝑛𝑛𝑚𝑚𝑒𝑒,𝑀𝑀
2.19 

with 𝐹𝐹𝑆𝑆,𝐸𝐸  and 𝐹𝐹𝑆𝑆,𝑀𝑀 being the gravitational force at the surface of Earth and Mars and 𝐹𝐹𝑛𝑛𝑚𝑚𝑒𝑒,𝐸𝐸 and 𝐹𝐹𝑛𝑛𝑚𝑚𝑒𝑒,𝑀𝑀 
at the exobase. From Newton’s law of gravitation, the left and right side reduce to: 

𝑟𝑟𝑛𝑛𝑚𝑚𝑒𝑒,𝐸𝐸
2

𝑟𝑟𝐸𝐸2
=
𝑟𝑟𝑛𝑛𝑚𝑚𝑒𝑒,𝑀𝑀
2

𝑟𝑟𝑀𝑀2
2.20 

with 𝑟𝑟𝑛𝑛𝑚𝑚𝑒𝑒,𝐸𝐸 and 𝑟𝑟𝑛𝑛𝑚𝑚𝑒𝑒,𝑀𝑀 being the distances from the planets’ centers to the exobase and 𝑟𝑟𝑀𝑀 and 𝑟𝑟𝐸𝐸  the 
radii. Rearranging equation 2.20: 

𝑟𝑟𝑛𝑛𝑚𝑚𝑒𝑒,𝑀𝑀 =
𝑟𝑟𝑛𝑛𝑚𝑚𝑒𝑒,𝐸𝐸

𝑟𝑟𝐸𝐸
⋅ 𝑟𝑟𝑀𝑀 2.21 

𝑟𝑟𝑛𝑛𝑚𝑚𝑒𝑒,𝑀𝑀  assumes 3.92 ⋅ 106 m  given 𝑟𝑟𝑛𝑛𝑚𝑚𝑒𝑒,𝐸𝐸 = 𝑟𝑟𝐸𝐸 + 1000 km . This means an exobase altitude of 
~530 km or ~0.156𝑟𝑟𝑀𝑀 for Mars. Again, planetary radii are taken from [19]. It is prudent to at least 
double this value to account for any underestimations to 0.3𝑅𝑅𝑀𝑀, confirming a minimum stand-off dis-
tance of 1.3𝑅𝑅𝑀𝑀. 
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3 Methods 
 

3.1 Restarting Mars’s Dynamo 
 

3.1.1 Dynamo Theory and Planetary Magnetic Fields 
 

Earth generates its magnetic field by means of a dynamo effect. The general idea of the first method is 
to copy this mechanism to produce a magnetosphere for Mars. 

Here is an outline of how the dynamo effect works on Earth: Earth’s core is made up of a solid inner 
core with radius of 1221 km and a liquid outer core which extends to 3480 km [24]. Both are com-
posed of iron, some nickel, and trace amounts of lighter elements [25]. The fluid in the outer core is in 
motion due to convection. Two types of convection power the geodynamo [25]: Compositional convec-
tion is driven by the buoyancy of lighter elements, which rise into the liquid outer core after exclusion 
from solidification together with the sinking iron at the inner core. Thermal convection is driven by 
temperature differences: Alfè et al. [24] estimate temperature at the core-mantle boundary (CMB) to 
~4000 K and at the boundary between the inner and outer core to 5400 − 5700 K. The sources of this 
abundant thermal energy in the core are left-over heat from the planet’s formation, frictional heating 
from compositional convection, and latent heat release during solidification of liquid material at the 
inner core [25]. Estimates state that around 80% of power to the dynamo is provided by compositional 
convection and the remaining 20% by thermal buoyancy, though the error margins are large [25]. The 
Coriolis force also plays a key role in the fluid’s motion as it organizes flow patterns into vertical helices 
[26]. The presence of a “seed” magnetic field now exerts a magnetic force (see equation 2.3) on the 
moving, conductive liquid, producing a current within. Equally, this current induces a new magnetic 
field due to Ampère’s circuital law (equation 2.4), which again influences currents in the fluid. This 
process creates a feedback effect, and so, the resulting amplified magnetic field (see Figure 5) has to be 
modelled by non-linear partial differential equations, for which numerical solutions have become fea-
sible only under idealized conditions [26]. 

Mars’s core would lend itself to an active dynamo: Its radius is approximated to be 1830 ± 40 km [27], 
which is about half the radius of Earth’s core. Most importantly, it is also composed of an iron-nickel 
alloy with trace amounts of lighter elements (S, C, Si, O, N, and H) [28]. Its sulfur content is much 
higher, though, with estimates thanks to meteorites whose parent body is Mars ranging from ~11% to 
15% mass [29], while the maximum content in Earth’s core is 1.7%, according to [30]. Models of the 
interior of Mars by Sohl and Spohn [31] suggest that central temperature is in the 2000 to 2200 K range 
and the temperature at the core-mantle boundary is around 1750 to 1900 K. There is uncertainty and 
lack of consensus regarding the existence of a solid, inner core similar to Earth’s (e.g., [28, 32]) since 
little is known of Mars’s planetary physics. New seismic data from NASA’s InSight mission to Mars 
has confirmed a liquid component of Mars’s core, but the presence of an inner core remains uncertain 
according to the authors [27]. 

Moreover, a dynamo for Mars might be a plausible idea because there is substantial evidence to indicate 
an ancient Martian dynamo. Locally strong crustal magnetic sources suggest an ancient magnetic field 
of interior origin [33]. This stands in contrast to the overall weak present field of at maximum ~0.5 nT 
or 5 ⋅ 10−4 μT [4] (compare to our desired strength of at least 4.0 μT calculated in section 2.2). This 
raises the question why the Martian dynamo ceased to function. The three possibilities are [34]: Firstly, 
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and this is the most well-developed theory, core cooling rate decreased drastically because the core 
became too cold meaning that thermal energy loss from the core decreased. Additionally, compositional 
convection fails to occur because no inner core formed. So, neither thermal energy nor gravitational 
energy are being converted into magnetic energy. Secondly, convection patterns changed from an effi-
cient mode like Earth’s to a stagnant mode, which prevents efficient compositional convection and ef-
ficient core cooling. This explanation works for both the absence and presence of an inner core. Thirdly, 
Mars’s inner core increased in size sufficiently to render the liquid core too thin to sustain a dynamo.  

 

Figure 5: A snapshot of Earth's magnetic field simulated by the Glatzmaier-Roberts geodynamo model [35]. Field lines are 
yellow where the radial component is facing outward and blue where it is facing inward. The rotational axis is vertical. Out-
side the core, the field strongly resembles a magnetic dipole. Inside the core, the field is much more chaotic and intense. 
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3.1.2 Energy Requirements  
 

Bamford et al. [36] propose heating Mars’s core until it matches the temperature of Earth’s in an effort 
to reinvigorate its lost dynamo. However, they do not differentiate between the different scenarios of 
the dynamo’s death and arbitrarily state some goal temperature; we will account for these preconditions, 
and we will try to calculate some reasonable value. However, we will still make some simplifying as-
sumptions because of the complexity of dynamo theory. First of all, the component of 𝐵𝐵 powered by 
thermal convection, 𝐵𝐵𝑛𝑛, is roughly proportional to core heat loss rate �̇�𝑄 because, as mentioned, energy 
that is lost from the core powers the dynamo. Furthermore, we assert intuitively that the ratio between 

�̇�𝑄 and the conductive heat loss at the CMB  �̇�𝑄
�̇�𝑄𝐶𝐶𝑀𝑀𝐶𝐶

 is constant: 

𝐵𝐵𝑛𝑛 ∝ �̇�𝑄  ⇔  𝐵𝐵𝑛𝑛 = 𝑐𝑐�̇�𝑄  ⇔ 𝐵𝐵𝑛𝑛 = 𝑘𝑘�̇�𝑄𝐶𝐶𝑀𝑀𝐵𝐵 3.1 

where 𝑐𝑐 and 𝑘𝑘 are some constants. Conductive heat transfer in a hollow sphere (synonymous to heat 
loss from the CMB to the planet surface: �̇�𝑄𝐶𝐶𝑀𝑀𝐵𝐵) is described as follows: 

�̇�𝑄𝑒𝑒𝑒𝑒𝑛𝑛𝑐𝑐𝑐𝑐𝑒𝑒𝑛𝑛𝑐𝑐𝑐𝑐𝑛𝑛 =
𝑇𝑇1 − 𝑇𝑇2
𝑟𝑟2 − 𝑟𝑟1

⋅ 4𝜋𝜋𝑟𝑟1𝑟𝑟2𝜆𝜆 3.2 

where 𝑟𝑟1 is the inner radius, 𝑟𝑟2 is the outer radius, 𝑇𝑇1 and 𝑇𝑇2 are the temperatures of the respective radii, 
and 𝜆𝜆 is the heat conductivity of the hollow sphere. The above equation can be derived from the one-
dimensional version of Fourier’s law [37] as conduction proceeds only radially when considering a 
sphere: 

𝑞𝑞 = −𝜆𝜆
𝑑𝑑𝑇𝑇
𝑑𝑑𝑥𝑥

3.3 

Here, 𝑞𝑞 is heat flux, which is measured in W
m2, and 𝑐𝑐𝑑𝑑

𝑐𝑐𝑚𝑚
 is the temperature gradient.  

Our second key assumption is that 𝐵𝐵𝑛𝑛 is constant provided that the ratio between the core radius and the 
absolute distance from the planet’s center is constant. Of course, heat loss rate also has to be constant 
as a precondition. In other words, scaling down the size of the dynamo will not have any effect on 𝐵𝐵𝑛𝑛 
as long as distance from the planet is also scaled down accordingly.  

Combining equation 3.2 with our assumptions yields:  

𝐵𝐵𝑛𝑛,𝑟𝑟𝐶𝐶𝑐𝑐
= 𝑘𝑘 ⋅ �

𝑇𝑇𝐶𝐶 − 𝑇𝑇𝑆𝑆
𝑟𝑟 − 𝑟𝑟𝐶𝐶

⋅ 4𝜋𝜋𝑟𝑟𝐶𝐶𝑟𝑟𝜆𝜆� 3.4 

The left-hand side represents the thermal component of field strength at some fixed ratio 𝑟𝑟𝐶𝐶
𝑐𝑐

 between 
core radius 𝑟𝑟𝐶𝐶 and distance from the center 𝑑𝑑. 𝑘𝑘 is the constant from equation 3.1 assumed to be equal 
for Earth and Mars. 𝑇𝑇𝐶𝐶 is the core temperature, 𝑇𝑇𝑆𝑆 is surface temperature, and 𝑟𝑟  is the planet radius. 
Heat conductivity of the mantle 𝜆𝜆 will be assumed to be equal for Earth and Mars as the true values, 
which actually vary with depth, lie in the same order of magnitude [38, 39, 40].  

The ratio between core and planet radius is almost the same for Earth and Mars with 𝑟𝑟𝐶𝐶,𝐸𝐸
𝑟𝑟𝐸𝐸

≈ 𝑟𝑟𝐶𝐶,𝑀𝑀
𝑟𝑟𝑀𝑀

≈ 0.5 

(see section 3.1.1 as well as [19]). Therefore, we will calculate the constant 𝑘𝑘 for the ratio 𝑟𝑟𝐶𝐶
𝑐𝑐

= 0.5, 
using data from Earth. The constant 𝑘𝑘0.5 will then pertain to surface magnetic field strength for both 
planets: 
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𝑘𝑘0.5 =
𝐵𝐵𝑛𝑛,𝐸𝐸,0.5�𝑟𝑟𝐸𝐸 − 𝑟𝑟𝐶𝐶,𝐸𝐸�

(𝑇𝑇𝐶𝐶,𝐸𝐸 − 𝑇𝑇𝑆𝑆,𝐸𝐸)4𝜋𝜋𝑟𝑟𝐶𝐶,𝐸𝐸𝑟𝑟𝐸𝐸𝜆𝜆
3.5 

In the first, most likely scenario of the death of Mars’s magnetic field, an inner core did not form, so 
we cannot expect it to do so when we heat the core up. The dynamo will have to run solely on thermal 
convection, meaning 𝐵𝐵𝑛𝑛,𝑀𝑀 at the surface, or synonymously 𝐵𝐵𝑛𝑛,𝑀𝑀,0.5 will have to equal 4.0 μT (computed 
in section 2.2). Therefore, from equation 3.4 and using 𝑘𝑘0.5 from equation 3.5: 

𝐵𝐵𝑛𝑛,𝑀𝑀,0.5 =
𝐵𝐵𝑛𝑛,𝐸𝐸,0.5�𝑟𝑟𝐸𝐸 − 𝑟𝑟𝐶𝐶,𝐸𝐸�

(𝑇𝑇𝐶𝐶,𝐸𝐸 − 𝑇𝑇𝑆𝑆,𝐸𝐸) ⋅ 4𝜋𝜋𝑟𝑟𝐶𝐶,𝐸𝐸𝑟𝑟𝐸𝐸𝜆𝜆
⋅
𝑇𝑇𝐶𝐶,𝑀𝑀 − 𝑇𝑇𝑆𝑆,𝑀𝑀

𝑟𝑟𝑀𝑀  − 𝑟𝑟𝐶𝐶,𝑀𝑀
⋅ 4𝜋𝜋𝑟𝑟𝐶𝐶,𝑀𝑀𝑟𝑟𝑀𝑀𝜆𝜆 3.6 

where quantities labeled with subscript E and M indicate their correspondence to Earth and Mars. Re-
member that 𝐵𝐵𝑛𝑛,𝑀𝑀,0.5 and 𝐵𝐵𝑛𝑛,𝐸𝐸,0.5 both concern surface intensity with the ratios between core radius and 
planetary radius being ~0.5. Additionally, the thermal component of magnetic field strength on Earth 
𝐵𝐵𝑛𝑛,𝐸𝐸,0.5 is 20% of total field strength, as discussed in section 3.1.1. A mid-range value for total intensity 
on Earth’s surface is 45 μT [7, 8]. For 𝑇𝑇𝐶𝐶,𝐸𝐸, a reasonable value of 5000 K (see section 3.1.1) can be 
used. Finally, average surface temperatures of 288 K for Earth and 208 K for Mars [41] are used. Solv-
ing 3.6 for 𝑇𝑇𝐶𝐶,𝑀𝑀 yields:  

𝑇𝑇𝐶𝐶,𝑀𝑀 ≈
𝐵𝐵𝑛𝑛,𝑀𝑀,0.5(𝑇𝑇𝐶𝐶,𝐸𝐸 − 𝑇𝑇𝑆𝑆,𝐸𝐸)�𝑟𝑟𝑀𝑀  − 𝑟𝑟𝐶𝐶,𝑀𝑀�𝑟𝑟𝐶𝐶,𝐸𝐸𝑟𝑟𝐸𝐸

0.2𝐵𝐵𝑛𝑛𝑒𝑒𝑛𝑛,𝐸𝐸�𝑟𝑟𝐸𝐸 − 𝑟𝑟𝐶𝐶,𝐸𝐸�𝑟𝑟𝐶𝐶,𝑀𝑀𝑟𝑟𝑀𝑀
+ 𝑇𝑇𝑆𝑆,𝑀𝑀 ≈ 4200 K 3.7 

Increasing the temperature of the Martian core from a mid-range value of 1960 K (see section 3.1.1) to 
~4200 K requires the following amount of heat: 

𝑄𝑄 = 𝑐𝑐𝐶𝐶,𝑀𝑀𝑚𝑚𝐶𝐶,𝑀𝑀Δ𝑇𝑇 =
4
3
πrC,M

3 ρC,M𝑐𝑐𝐶𝐶,𝑀𝑀Δ𝑇𝑇 ≈ 2.1 ⋅ 1029 J 3.8 

where 𝑐𝑐𝐶𝐶,𝑀𝑀 is specific heat capacity of the Martian core. We approximate this with 600 J
kg⋅K

, which is 

characteristic for iron containing 11% sulfur by mass [28]. Mean core density of Mars ρC,M is estimated 

to be 5.7 to 6.3 g
cm3 [27], so we use the average of 6000 kg

m3 in the above calculation. Of course, the 
result here does not include other issues such as drilling and heat loss, which may well raise energy 
requirements by another order of magnitude.  

According to the International Energy Agency [42], global energy consumption in 2019 was  
6.17 ⋅ 1020 J. Heating the core would require at least 340 million times more than that. Another way to 
conceptualize 2.1 ⋅ 1029  J is to calculate how many nuclear power plants would have to run during a 
period of, for example, one year. If we consider the net electrical power generation of Switzerland’s 
most powerful nuclear reactor in Leibstadt with an output of 1220 MW [43], we will need at least 5.5 
trillion of them.  

Under the second hypothesis of the dynamo’s death, we would have to invest the same amount of energy 
to restart it if, again, we were to approximate magnetic field strength to be proportional to core cooling 
rate. Plausibly, energy requirements would be lower in the case of the existence of an inner core because 
compositional convection would additionally power the dynamo. However, it is entirely conceivable 
that there is a much more energy-efficient way to change convection patterns from this stagnant back 
to a productive mode, which is hidden in the complexities of dynamo theory. A separate paper might 
like to investigate this issue. Under the third hypothesis, energy requirements would probably be of the 
same order of magnitude as the energy requirements posited by the first hypothesis; additional heating 
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is required for the phase transition, but the necessary core temperature is lower due to compositional 
convection contributing to the dynamo.  

The most significant unresolved issue in all scenarios is the “seed” magnetic field, which is necessary 
for any dynamo to start functioning. Further research might endeavor to determine whether the strong 
local magnetization of the crust is sufficient for this purpose. 

 

3.2 Plasma Torus 
 

3.2.1 Infrastructure 
 

Bamford et al. [36] further propose that one could construct a rotating ring of plasma (i.e. a torus, see 
Figure 6) around the planet. Since a plasma is essentially a pool of electrons, ions, and possibly neutral 
particles [44], this will constitute a current and therefore also a dipole-like magnetic field, analogous to 
the magnetic field of a current loop. We need infrastructure to maintain the bulk velocity, compensate 
thermal energy losses, and guide the trajectory of the charge-carriers. Three different torus positions are 
possible: on the surface with 𝑅𝑅 = 𝑟𝑟𝑀𝑀, where the infrastructure would be very accessible. However, we 

will discard this idea because this would raise the infrastructure demands enormously; the confinement 
of the plasma would have to be near perfect to maintain surface habitability in the vicinity of the torus. 
Next, we could place a very compact torus at the 𝐿𝐿1 point between the Sun and Mars (see Figure 8), 
where the gravitational attraction from the two bodies is in equilibrium, about a million kilometers from 
Mars’s center of mass [45]. The problem with this approach is, on the one hand, the distance from the 
Martian surface, complicating construction and maintenance. On the other hand, protection from galac-
tic cosmic rays, which come from all directions, is severely limited. Even the protection from solar 
radiation cannot be guaranteed as magnetotails are known to undulate under varying solar wind condi-
tions (see [46] for an in-depth summary of the behavior of Earth’s magnetotail). Bamford et al. [36] 

Figure 6: A torus. 𝑅𝑅 is its major radius, 𝑟𝑟 its minor radius, and 𝜌𝜌 its cross-sectional area. The red arrow indicates the poloidal 
direction, and the blue arrow the toroidal direction.  
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solely propose the optimal solution of placing the torus in the orbit of a Martian moon, Phobos or Dei-
mos, which would allow us to evaporate material off one of them to form the torus. Because the first 
exhibits larger dimensions than the second [47], the authors argue that the increased surface area would 
provide more evaporation capacity and space for the necessary infrastructure, such as nuclear power 
generators. One could add that the shorter mean distance of Phobos to Mars’s surface (1.77𝑟𝑟𝑀𝑀 versus 
5.91𝑟𝑟𝑀𝑀 [47]) is also a significant advantage, facilitating maintenance work, as well as its mass, which 
is about ten times greater [47], extending the lifetime of the torus. 

Valuable insights into plasma confinement have been produced by research into nuclear fusion power; 
tokamak devices, which are the most well-funded and understood approach, work by trapping the 
plasma in a torus shape by means of magnetic fields. In essence, a helical magnetic field around the 
plasma torus is required to keep it stable. This resultant field consists of a superposition of three mag-
netic fields (see Figure 7): one in the toroidal direction generated by multiple coils wrapped around the 
torus, another in the poloidal direction generated by the current inside the plasma, and a vertical third 
generated by coils about the toroidal field coils [48].  

We can directly compare the Martian torus to a scaled-up version of a tokamak like Bamford et al. [36]. 
This implies the necessity of current loops all around the orbit of Phobos, which are to impose a guiding 
magnetic field along the toroidal axis. However, this paper will add that we will likely have more leeway 
concerning the toroidal field coil density along the trajectory as particle losses are acceptable here in 
space as long as the ionization of Phobos can compensate for them. This is why a surface plasma torus 
would require that much more infrastructure. The poloidal component will be given by the plasma cur-
rent. This paper will add that the vertical coils might be dispensable because their purpose in tokamaks 
is only to fix the plasma current in place. Such a fixation might even be counterproductive for the 
Martian torus as we want to maximize the current for a strong magnetic shield. This paper also argues 
that the implementation of a large enough transformer would be impractical. Besides, a transformer 
cannot generate a continuous current since it works in pulses [48], but we would like a continuous 
magnetic shield for Mars. Instead, a current-drive system could be used as proposed by Bamford et al. 
[36]. A current-drive is based on either inducing electromagnetic waves or neutral particles asymmetri-
cally into the plasma in order to generate a continuous plasma current [49].  

Figure 7: Structure of a tokamak. The transformer's function is to induce the plasma current. 
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In conclusion, the necessary infrastructure consists of numerous space-based current loops encircling 
the plasma all around the planet, each needing a power supply. More infrastructure is required to con-
tinuously generate the plasma current. Finally, a way must be found to keep the plasma at an appropriate 
temperature by reheating it. To make these constructions more compact, they might be combined into 
singular space stations. A more detailed execution plan and concrete calculations, however, lie beyond 
the scope of this paper. 

 

3.2.2 Energy Requirements 
 

In the following, approximate energy requirements of the torus system itself, without accompanying 
logistics, will be investigated. First, we need to consider the total current 𝐼𝐼 inside the structure:  

𝐼𝐼 =
𝑄𝑄𝑛𝑛𝑒𝑒𝑛𝑛
Δ𝑡𝑡

= 𝑄𝑄𝑛𝑛𝑒𝑒𝑛𝑛
𝑣𝑣
Δ𝑠𝑠

=
𝑄𝑄𝑛𝑛𝑒𝑒𝑛𝑛
𝜌𝜌

𝜌𝜌 ⋅
𝑣𝑣
Δ𝑠𝑠

=
𝑄𝑄𝑛𝑛𝑒𝑒𝑛𝑛
𝜌𝜌

𝜌𝜌𝑣𝑣 = 𝑛𝑛𝑞𝑞𝜋𝜋𝑟𝑟2𝑣𝑣 3.9 

where 𝑄𝑄𝑛𝑛𝑒𝑒𝑛𝑛 is the total amount of charge passing through cross-sectional area 𝜌𝜌 of the torus in a time 
frame Δ𝑡𝑡, 𝑣𝑣 is bulk charge-carrier velocity assumed to be constant inside the torus, 𝑛𝑛 the number den-
sity of the charge-carriers, and 𝑞𝑞 is the charge of an individual particle. Here, we assumed uniform 
current density, drift velocity, and equal charge of the particles. Since a plasma contains both positive 
and negative charge carriers, we could give them opposite velocities to enhance the current, in which 
the above equation becomes:  

𝐼𝐼 =
𝑄𝑄𝑛𝑛𝑒𝑒𝑛𝑛,𝑐𝑐

𝜌𝜌
𝜌𝜌𝑣𝑣𝑐𝑐 +

𝑄𝑄𝑛𝑛𝑒𝑒𝑛𝑛,𝑛𝑛

𝜌𝜌
𝜌𝜌𝑣𝑣𝑛𝑛 = (𝑛𝑛𝑐𝑐𝑣𝑣𝑐𝑐𝑞𝑞𝑐𝑐 + 𝑛𝑛𝑛𝑛𝑣𝑣𝑛𝑛𝑒𝑒)𝜌𝜌 3.10 

where 𝑛𝑛𝑐𝑐 and 𝑛𝑛𝑛𝑛 are ion and electron number densities, 𝑣𝑣𝑐𝑐 and 𝑣𝑣𝑛𝑛 their (positive) bulk velocities. 𝑞𝑞𝑐𝑐 is 
ion charge and 𝑒𝑒 is the elementary charge. One could further extend the equation to account for different 
ion charges. For simplicity’s sake, however, we will only work with electrons. Bamford et al. [36] also 
show equations 3.9 and 3.10 but do not elaborate further.  

We will assume that the magnetic field inside the plasma torus is uniform in regard to Mars. This is 
accurate enough as long as the torus radius 𝑅𝑅 (here 2.77𝑟𝑟𝑀𝑀) is larger than 𝑟𝑟𝑀𝑀 (see Figure 4 or equation 
2.8). Combining equations 2.8 and 3.9 yields:  

𝐵𝐵S =
𝜇𝜇0𝑅𝑅2

2(𝑅𝑅2 + 𝑟𝑟𝑀𝑀2)1.5 𝐼𝐼 =
𝜇𝜇0𝑅𝑅2

2(𝑅𝑅2 + 𝑟𝑟𝑀𝑀2)1.5 𝑛𝑛𝑒𝑒𝜋𝜋𝑟𝑟
2𝑣𝑣 3.11 

We now want to solve for 𝑛𝑛. 𝐵𝐵𝑆𝑆 has to be 4.0 μT as discussed in section 2.2. 𝑒𝑒 is taken from [19]. We 
have chosen 𝑥𝑥 = 𝑟𝑟𝑀𝑀 rather than 𝑥𝑥 < 𝑟𝑟𝑀𝑀 (𝑥𝑥 is from equation 2.8) to get a conservative estimate. 𝑅𝑅 is 
equal to 2.77𝑟𝑟𝑀𝑀 for our torus coinciding with the orbit of Phobos. A sensible minor radius could for 
example be twice the length of the major axis of Phobos, which results in 52 km [47]. This would allow 
enough space for the material being ionized from Phobos to be contained without excessive operational 
effort. However, we still want to keep the radius as small as possible to minimize the logistics of guiding 
and reheating the plasma. 𝑣𝑣 = 3.0 ⋅ 106  m

s
 is derived on the next page. 

𝑛𝑛 =
2𝐵𝐵𝑆𝑆(𝑅𝑅2 + 𝑟𝑟𝑀𝑀2 )1.5

𝜇𝜇0𝑅𝑅2𝑒𝑒𝜋𝜋𝑟𝑟2𝑣𝑣
≈ 1.8 ⋅ 1010 m-3 3.12 
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The bulk velocity 𝑣𝑣 of the electrons has to be high enough to reduce outward drift and a consequent 
loss of the charge-carriers; this is facilitated if it exceeds the thermal velocity of single electrons. To 
determine a possible thermal velocity, we examine the energy range of the natural space plasma around 
the Earth, which spans from 0.1 eV to 100 keV [50]. The following equation relates the kinetic energy 
to thermal velocity 𝑣𝑣𝑛𝑛ℎ without taking into account relativistic effects, which will be negligible for the 
energies we will work with: 

1
2
𝑚𝑚𝑛𝑛𝑣𝑣𝑛𝑛ℎ2 = 𝐸𝐸𝑘𝑘𝑐𝑐𝑛𝑛 ⟹ 𝑣𝑣𝑛𝑛ℎ = �

2𝐸𝐸𝑘𝑘𝑐𝑐𝑛𝑛
𝑚𝑚𝑛𝑛

3.13 

We have to consider several factors when choosing an appropriate kinetic energy of a torus electron: on 
the one hand, kinetic energy has to be high enough in order to sustain the plasma state and keep ions 
and electrons separate. On the other, we want to keep energy requirements low. In addition, greater 
energies result in increased hazards for spacecraft passing through the torus; [50] suggests that electrons 
in the tens of keV to MeV range may penetrate the surface of the spacecraft and deposit charges inside, 
damaging vital electronic systems. This problem is even more pronounced when ions are included in 
the torus due to their greater mass. We will therefore choose an arbitrary kinetic energy of 1 eV, which 
is on the low end compared to the energy range of Earth’s plasma. Of course, lower energies can, too, 
lead to problems such as surface charging [50], where potential differences on the spacecraft hull cause 
electric discharges, which may interfere with onboard electronics or directly damage spacecraft com-
ponents. Mitigating these risks through clever engineering choices and material selection, however, is 
easier than stopping high-energy particles from penetrating the hull.  

1𝑒𝑒𝜌𝜌 corresponds to a thermal velocity of ~5.9 ⋅ 105  m
s
 according to equation 3.13. As stated before, 

ideally, the bulk velocity would best far exceed it. However, considering the escalating difficulty of 
guiding a rapidly rotating plasma torus, we will limit the bulk velocity of the plasma equal to five times 
the thermal velocity. 

With 𝑛𝑛 ≈ 1.8 ⋅ 1010  m-3 and 𝑣𝑣𝑛𝑛ℎ ≈ 5.9 ⋅ 105  m
s
, the make-up of the torus closely resembles low-earth-

orbit plasma conditions (high density, low energy) [50], with the exception of the bulk plasma move-
ment 𝑣𝑣 = 5𝑣𝑣𝑛𝑛ℎ, indicating it would probably still be possible for spacecraft to pass through the torus, 
though avoiding longer stays, if possible, would be prudent.  

Using the number density 𝑛𝑛, we can compute further relevant data on the torus; the total number of 
electrons has to be 

𝑛𝑛𝜌𝜌 = 𝑛𝑛 ⋅ 2𝜋𝜋2𝑟𝑟2𝑅𝑅 = 8.9 ⋅ 1027 3.14 

from the volume of a torus. Since we defined the kinetic energy of a single electron before (1 eV), we 
can compute the total internal energy of the torus system: 1.4 ⋅ 109 J. The nuclear reactor in Leibstadt 
would have to run for only ~1.2 s to generate such an amount of energy. This value also provides in-
formation on the power requirements of maintaining plasma temperature as kinetic energy is lost all the 
time to thermal radiation, requiring constant replenishment; as an upper bound, one could dictate that 
the entire internal energy of the system is lost in a second, implying a maintenance power of 1.4 ⋅ 109 W. 
This is, of course, a very conservative estimate seeing that the system will most likely not cool to abso-
lute zero in a second.  

The kinetic energy stored in the bulk rotation of the torus sounds equally achievable:  
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𝐸𝐸𝑘𝑘𝑐𝑐𝑛𝑛 =
1
2
𝑚𝑚𝑛𝑛𝑒𝑒𝑛𝑛𝑣𝑣2 =

1
2
𝑛𝑛𝜌𝜌𝑚𝑚𝑛𝑛𝑣𝑣2 ≈ 3.6 ⋅ 1010 J 3.15 

because we had assumed bulk velocity 𝑣𝑣 was uniform; velocity in circular motion is angular velocity 
times distance from the center, and since 𝑅𝑅 ≫ 𝑟𝑟 for our planetary torus, the fluctuation of 𝑣𝑣 is small 
compared to its total value. 𝑚𝑚𝑛𝑛 is taken from [19]. In conclusion, what makes the plasma torus a futur-
istic scenario does not stem so much from the intrinsic energy requirements, but rather from the complex 
infrastructure. 

 

3.3 Electromagnets 
 

3.3.1 Superconductors 
 

The idea is analogously to have a current generate a magnetic field which counters ram pressure from 
cosmic radiation. This time, the current would run inside multiple loops of wire, bundled together into 
a torus shape. The important quality of the wire is its superconductivity, which will briefly be discussed 
now, based on information adapted from [51]. Superconductivity is a property which is defined by the 
expulsion of magnetic field from within a material, termed the Meissner effect, and by zero electrical 
resistance. The absence of electrical resistance would theoretically allow a direct current to flow eter-
nally without diminishing and without requiring any voltage. Consequently, because no power is lost, 
the wire does not heat up. We can use these traits to try to minimize energy requirements for the Martian 
shield. Superconductivity has been reported in about 30 elements and several thousand metallic alloys 
and chemical compounds. The caveat is that only below a critical magnetic field 𝐵𝐵𝑒𝑒 at the conductor’s 
surface and only below a specific transition temperature 𝑇𝑇𝑒𝑒 do these materials demonstrate supercon-
ductivity. For many materials, 𝑇𝑇𝑒𝑒 is below 77 K, requiring the use of expensive liquid helium for cooling. 
More recently discovered materials exhibit a higher 𝑇𝑇𝑒𝑒 which is still well below room temperature but 
allows for cooling with the much more affordable liquid nitrogen. These high-temperature supercon-
ductors (HTS) also have a higher 𝐵𝐵𝑒𝑒. Owing to these advancements, many applications have become 
more economically viable. Often, however, HTS are characterized by challenging mechanical proper-
ties such as brittleness.  

Returning to the Martian magnetosphere, DuPont and Murphy [15] derive a relation for relevant pa-
rameters: 

𝜌𝜌𝑆𝑆 ≈ 128
𝐵𝐵(𝑟𝑟𝑠𝑠)2𝑟𝑟𝑀𝑀6

𝐵𝐵𝑒𝑒 
2𝑎𝑎3

3.16  

where 𝜌𝜌𝑆𝑆 is the volume and 𝑎𝑎 is the major radius of the superconductor. 𝐵𝐵(𝑟𝑟𝑠𝑠) is the magnetic field at a 
desired stand-off distance, which ought to be 𝐵𝐵(1.3𝑟𝑟𝑀𝑀) = 1.8 μT, as demonstrated in section 2.2. 𝐵𝐵𝑒𝑒 
is the magnetic field at the surface of the operating superconductor, meaning it must be less than the 
material-specific critical magnetic field 𝐵𝐵𝑒𝑒. The relevant idea this equation conveys is that the necessary 
volume of the superconductor is inversely proportional to the square of 𝐵𝐵𝑒𝑒 and the cube of 𝑎𝑎.  

DuPont and Murphy [15] further suggest three possible materials for the Martian superconductor: car-
bon nanotubes, yttrium barium copper oxide (YBCO), and bismuth strontium calcium copper oxides 
(BSCCO). The advantage of carbon nanotubes is, of course, the abundancy of carbon in nature and their 
extensively studied synthesis, which is easy to scale up, with large quantities (10 to 100 g per day) 
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already being produced in some laboratories [52]. However, we will have to discard carbon nanotubes 
due to contentions concerning their superconductivity [53] and reported 𝑇𝑇𝑒𝑒 being very low (~15 K) in 
studies that identify a resistivity drop [54, 55]. Ideally, the superconductor should operate at tempera-
tures as high as possible in order to minimize the engineering challenges of achieving and maintaining 
the superconducting state below 𝑇𝑇𝑒𝑒 on a planetary scale.  

In contrast, YBCO and BSCCO are classified as high temperature superconductors with critical tem-
peratures of 80 K [56] and up to 108 K [57], respectively. Additionally, their critical fields are also very 
high at 168 ± 28 T for YBCO and up to 200 ± 25 T for BSCCO, both measured at 4.2 K [58]. It is 
relevant to note that 𝐵𝐵𝑒𝑒 is temperature-dependent and decreases to zero as temperature approaches 𝑇𝑇𝑒𝑒 
for all superconductors [59], which [15] does not take into account. Moreover, the space for most ap-
plications of high-temperature superconductors lies below the smaller irreversibility field 𝐵𝐵𝑐𝑐𝑟𝑟𝑟𝑟(𝑇𝑇) in-
stead of the larger 𝐵𝐵𝑒𝑒(𝑇𝑇), because in the range between these two, certain magnetic effects inhibit loss-
less current flow despite the material still being in a superconducting state according to quantum me-
chanical considerations [60]. It turns out that despite BSCCO’s higher critical field and higher transition 
temperature, YBCO is starting to replace it in most applications due to its higher irreversibility field 
[61], which allows for the generation of stronger magnetic fields: the new second generation HTS wires, 
based on coated conductor technology, prefer the use of YBCO and additionally exhibit superior me-
chanical properties to the first generation wires [62], which use BSCCO. Manufacture of the 2G wires 
is already proceeding in kilometer lengths [62].  

We will therefore choose to construct the Martian superconductor with YBCO and now try to minimize 
the necessary volume given by equation 3.16. An operational temperature of 50 K seems reasonable, 
allowing the superconductor to work at 30 T [63]. Significantly lower temperatures would be hard to 
maintain from an engineering standpoint, and temperatures closer to 𝑇𝑇𝑒𝑒 would drastically lower 𝐵𝐵𝑐𝑐𝑟𝑟𝑟𝑟 
and subsequently increase the volume. A suitable major radius 𝑎𝑎 could be 𝑟𝑟𝑀𝑀 since that would allow 
wrapping the superconductor around the planet, while loops of larger radius would necessitate place-
ment in orbit, complicating the engineering of the cooling infrastructure, so they are not worth the de-
crease in superconductor volume. Concretely, these values imply a necessary volume of 1.8 ⋅ 107  m3 
according to equation 3.16. From the volume of a torus, the minor radius of the superconducting wire 
bundle is computed to 0.5 m. The superconductor’s mass is 1.1 ⋅ 1011 kg assuming a maximal density 
of YBCO, 6370 kg

m3 [64]. Notice that these results do not include other materials required in YBCO 
wires.  

We can now estimate the bulk amount of rock required to extract the elemental ingredients of the nec-
essary YBCO. The assumption is the mining of Earth’s continental crust, to which access is the easiest. 
This means Yttrium will be the rarest element to gather, and it will therefore dictate the mass of the 
continental crust required. Yttrium’s total mass in our superconductor is 1.8 ⋅ 1010  kg supposing a re-
alistic relation 𝑌𝑌: 2𝐵𝐵𝑎𝑎: 3𝐶𝐶𝐶𝐶: 7𝑂𝑂 between the elements [56]. Abundance of Yttrium in Earth’s crust is 
about 3.3 ⋅ 10−3% by mass [65]. Earth’s continental crust constitutes 0.40% [66] of its total mass (see 
[19]) and consequently has a mass of 2.4 ⋅ 1022 kg, in which 7.9 ⋅ 1017 kg of Yttrium are contained. 
Dividing the necessary Yttrium by this number and assuming a more realistic yield of 50% instead of 
100% reveals that 4.4 ⋅ 10−6% of Earth’s continental crust would have to be mined. This is certainly a 
feasible undertaking, especially if the mining is complemented on Mars or on asteroids.  

Equation 3.16 also showcases that a compact superconducting torus of a 20 km major radius, for ex-
ample, falls short, as volume increases by a factor of ~28720. Like in section 3.2.1, the idea would 
have been to place the object at the 𝐿𝐿1 point about one million kilometers away from Mars (see Figure 
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8), instead of placing the torus around Mars’s center. This would be possible because maximum ram 
pressure from the solar wind is not much larger at the 𝐿𝐿1 point than near the planet, given its much 
greater distance from the Sun, around 227 million kilometers [45]. The dipole’s magnetic field would 
therefore still be able to deflect the charged particles from the Sun. As discussed before, further prob-
lems include distance of the superconductor from the Martian surface, which complicates construction 
and maintenance, severely limited protection from galactic cosmic rays, which come from all directions, 
and magnetotails known to undulate under varying solar wind conditions (see [46]). Inspecting the ef-
fectiveness of a magnetic shield at the 𝐿𝐿1 point in detail is beyond the scope of this analysis. For now, 
we can discard even superconductors of large major radius placed at the 𝐿𝐿1 point due to these problems. 

An indicator regarding energy requirements to cool our superconductor of radius 𝑟𝑟𝑀𝑀 is heat conduction. 
We will wrap the YBCO in a layer made of vacuum-insulated panels, as proposed by DuPont and Mur-
phy [15], with heat conductivity as low as 0.004 W

m⋅K
. For the purpose of this calculation, the radius of 

the tube consisting of the superconductor and the insulator will consistently be 1 m. Conductive heat 
transfer in the insulator is described analogously to heat transfer of a hollow cylinder since the tube is 
essentially just a cylinder curved around the planet: 

�̇�𝑄 =
𝑇𝑇1 − 𝑇𝑇2
ln �𝑟𝑟2𝑟𝑟1

� 
⋅ 2𝜋𝜋𝐿𝐿𝜆𝜆 = −0.18 GW 3.17 

where 𝑟𝑟1 is the inner radius, 𝑟𝑟2 is the outer radius, 𝑇𝑇1 and 𝑇𝑇2 are the temperatures of the respective radii, 
𝜆𝜆 is the heat conductivity, and 𝐿𝐿 is cylinder length. DuPont and Murphy [15] use a different approach. 

Figure 8: An electromagnet or plasma torus at the 𝐿𝐿1 point in the Sun-Mars system. The magnetosheath marks where particles 
are influenced by the magnetic field. The magnetopause indicates where most particles are deflected.  
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As a reminder, 𝑇𝑇1 is 50 K, 𝐿𝐿 is the circumference of Mars, and we will take 𝑇𝑇2 to be the average surface 
temperature on Earth, namely 288 K; the terraforming of Mars also encompasses achieving this tem-
perature. The negative sign shows that the heat flows towards the superconductor. The cooling system’s 
task is to remove 0.18 GW of power in order to keep the internal energy constant. Since no cooling 
system is one-hundred percent efficient, though, the energy requirements might potentially be higher 
by up to an order of magnitude. Even so, the power involved is entirely attainable, showing that the 
challenge lies predominantly in manufacturing the superconductor and building the cooling infrastruc-
ture.  

As a side note, the above equation could again be derived from the one-dimensional version of Fourier’s 
law [37]. 

 

3.3.2 Conventional Conductors 
 

The advantages of conventional conductors are that they do not require elaborate cooling infrastructure 
and that manufacture is easier and more cost-effective. A sensible material choice for our project might 
be copper, which is very commonly used in cables due to its low resistivity, 1.754 ⋅ 10−8 Ωm at 20°C 
[19], and its cheapness; to illustrate, on the 27th of November 2023, the London Metal Exchange closed 
with a copper cash-settlement of 8281 US dollars per ton [67]. We will now estimate power demands 
of sustaining a large enough current in a copper wire loop based on the following equation: 

𝑃𝑃 = 𝑈𝑈𝐼𝐼 = 𝐼𝐼2𝑅𝑅𝑛𝑛𝑒𝑒 3.18 

where 𝑃𝑃 is the power the wire generates, 𝑈𝑈 is voltage and 𝑅𝑅𝑛𝑛𝑒𝑒 is the electrical resistance. Consequently, 
𝑃𝑃 is also the power which needs to be reintroduced into the wire. First, 𝐼𝐼 is substituted with more rele-
vant parameters according to equation 2.8: 

𝑃𝑃 = �
2𝐵𝐵0(R2 + 𝑟𝑟𝑀𝑀2 )1.5

𝜇𝜇0R2
�
2

𝑅𝑅𝑛𝑛𝑒𝑒 3.19 

where 𝐵𝐵0 is the desired surface field strength (4.0 μT), R the major radius of the loop, and 𝑟𝑟𝑀𝑀 the radius 
of Mars. Notice that 𝐵𝐵0 describes magnetic field strength only on the axis of the loop and at distance 
𝑟𝑟𝑀𝑀, namely at the two points where the axis and the surface intersect. This is sufficient for the purpose 
of this estimation since the dipole’s field would vary only moderately on the surface (compare to Earth, 
where it ranges only from 24 μT to 66 μT, e.g. [21] [22], or see Figure 4). Now 𝑅𝑅𝑛𝑛𝑒𝑒 is substituted: 

𝑃𝑃 =
4𝐵𝐵02(R2 + 𝑟𝑟𝑀𝑀2 )3

𝜇𝜇02R4

 

ρel
𝑙𝑙
𝜌𝜌

=
4𝐵𝐵02(R2 + 𝑟𝑟𝑀𝑀2 )3

𝜇𝜇02R4

 

ρel
2𝜋𝜋𝑅𝑅
𝜋𝜋𝑟𝑟2

3.20

=
8𝐵𝐵02(R2 + 𝑟𝑟𝑀𝑀2 )3

𝜇𝜇02R3𝑟𝑟2

 

ρel 3.21

=
16𝜋𝜋2𝐵𝐵02(R2 + 𝑟𝑟𝑀𝑀2)3

𝜇𝜇02R2𝜌𝜌
ρel 3.22

 

where ρel  is the material-specific electrical resistivity, here of copper, 𝑙𝑙  the length of the wire, 𝜌𝜌  its 
cross-sectional area, and 𝑟𝑟 its minor radius. The final step replaces 𝑟𝑟2 using the volume 𝜌𝜌 of the toroidal 
wire. To show some concrete values, we will compute 𝑃𝑃 for 𝑅𝑅 equal to 𝑟𝑟𝑀𝑀, which would again allow us 
to encompass the diameter of Mars with the wire, as well as 𝑅𝑅 equal to an arbitrary 20 km. In the latter 
case, the 𝐿𝐿1 point is the most reasonable position but poses the same problems as discussed in section 
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3.3.1. Then, to reduce power, 𝑟𝑟 in equation 3.21 or 𝜌𝜌 in equation 3.22 should be as large as possible 
since they only occur in the denominator. The drawback is, of course, that increasing these values re-
quires more copper. The first scenario is therefore 𝑅𝑅 = 𝑟𝑟𝑀𝑀 and, arbitrarily, 𝑟𝑟 = 0.5 m, mimicking the 
dimensions of the superconductor from before, which yields 1.8 PW, which is ~91 times more than the 
average global power consumption in 2019 [42]. The required volume is 1.7 ⋅ 107 m3. The second sce-
nario is 𝑅𝑅 = 20 km  and 𝑟𝑟 = 6.509 m , resulting in the same volume, and yields 6.4 EW , around 
330′000 times the average global power consumption in 2019 [42]. Using the volume of 1.7 ⋅ 107 m3, 
the density of copper from [19], and its price on November 27th, we arrive at a total cost of ~1.2 trillion 
US dollars. This is only ~4.8% of the 2022 GDP of the USA (for the November 2023 dollar value) [68]. 
2.1 ⋅ 10−5% of the Earth’s crust would have to be mined given an abundance of 60 μg⋅g-1 [65] and a 
50% yield. This is somewhat more than was necessary for the Yttrium, but on the one hand, YBCO is 
made up other elements, which have to be mined, and on the other, it is practically a smaller challenge 
because copper extraction infrastructure is much better developed (in 2016, 19′400′000 tons of copper 
and 6′000 tons of Yttrium were produced [65]). However, we should still be cautious about increasing 
𝑟𝑟 in order to reduce power consumption because the copper will have to be expensively shipped from 
Earth if extraction on Mars is not well-established. Additionally, copper contents of the Martian mantle 
are estimated to only 2.0 ± 0.4 μg⋅g-1 [69]. 

It is now interesting to rephrase equation 3.22 as a function and analyze its properties:  

𝑃𝑃(𝑅𝑅,𝜌𝜌) =
16𝜋𝜋2𝐵𝐵02(R2 + 𝑟𝑟𝑀𝑀2)3

𝜇𝜇02R2𝜌𝜌
ρel 3.23 

The inverse proportionality on volume is immediately obvious. For extreme values of 𝑅𝑅, the power 
requirements behave in the following way:  

lim
𝑅𝑅→0

𝑃𝑃(𝑅𝑅,𝜌𝜌) = ∞ 3.24 

lim
𝑅𝑅→∞

𝑃𝑃(𝑅𝑅,𝜌𝜌) = ∞ 3.25 

This implies that local minima exist. Taking the derivative with respect to 𝑅𝑅 and setting to it zero 
shows: 

𝜕𝜕
𝜕𝜕𝑅𝑅

𝑃𝑃(𝑅𝑅,𝜌𝜌) = 0 ⇔  𝑅𝑅 =
𝑟𝑟𝑀𝑀
√2

3.26 

The exact mathematical steps are irrelevant for this paper and are left out for conciseness but could 
easily be retraced. The equations in 3.26  say that given some 𝜌𝜌 , the least power is required if 𝑅𝑅  is 
uniquely 𝑟𝑟𝑀𝑀

√2
  or ~71%  the radius of Mars. This also clarifies why power requirements were much 

greater for 𝑅𝑅 = 20 km than for 𝑅𝑅 = 𝑟𝑟𝑀𝑀.  

Let us finally compute 𝑃𝑃(𝑟𝑟𝑀𝑀
√2

, 1.7 ⋅ 107 m3) for comparison: 1.5 PW or ~76 times the average global 

power consumption in 2019 [42], and 𝑟𝑟 would be 0.59 m. For 𝑃𝑃(𝑟𝑟𝑀𝑀
√2

, 76 ⋅ 5.3 ⋅ 106  m3), of course, we 

get the average global power consumption, but at 76 times the cost, that is 360% of the 2022 United 
States GDP, or all of the copper in 1.6 ⋅ 10−3% of Earth’s crust given 50% mining yield.  

 



23 
 

4 Feasibility and Applications to Current Space Travel 
 

To conclude, we will discuss the feasibility of providing a planetary magnetic field to Mars and compare 
the methods. Restarting Mars’s core is the most unrealistic. The challenge lies not only in the enormous 
amount of energy required but also in transferring it to the core, i.e. drilling kilometers deep into the 
planet to detonate bombs, for example. Then, energy leakages and losses will occur during the heating 
process, further raising energy requirements. At present, we cannot be certain that the dynamo would 
work at all: firstly, the local magnetization of the Martian crust might not suffice as a “seed” magnetic 
field, and we would additionally have to construct one. Next, the interior structure of Mars is not well 
understood; notably, the existence of a solid inner core remains uncertain. Finally, dynamos are very 
complex systems due to their chaotic, nonlinear behavior. Given these various scientific and engineering 
challenges and uncertainties, the prospect of restarting the Martian dynamo remains highly speculative.   

The plasma torus circumvents these absurd energy requirements but comes with its own unique engi-
neering hurdles. Although we have experience in plasma containment, drawing from progress in nuclear 
fusion technology, the scale of establishing and sustaining a plasma torus around Mars is not to be 
underestimated. Before a more comprehensive analysis of these hurdles is conducted, it is wrong to call 
this the most feasible method.  

Conversely, electromagnets are more straight-forward concerning engineering hurdles. Superconduc-
tors require cooling infrastructure and thermal insulation, whereas conventional conductors are simpler, 
requiring only a source of voltage and maybe some cheap electrical insulation. Additionally, conven-
tional conductors are more easily produced; copper, for example, is cheap and easy to extract. Super-
conductors, however, are often very complex compounds, cumbersome to produce and difficult to work 
with. Simpler materials, such as aluminum, only exhibit superconductivity at extremely low tempera-
tures [70]. In exchange, the power needs of the conventional conductors are significant but still not 
nearly as futuristic as the energy needs to restart the dynamo. This obstacle might even diminish as 
humanity finds innovative ways to generate power, particularly in light of rapid advancements in nu-
clear fusion. Given the current state of technology, however, superconductors present are a more feasi-
ble approach to generating a magnetic shield for Mars. Furthermore, they have great potential for im-
provement concerning transition temperatures, critical magnetic fields, mechanical properties, etc. due 
to very active research in the field ([55], [70], and many others). 

The insights of this paper might prove useful to space travel in the near future. Currently, human pres-
ence in space is limited to low Earth orbit (LEO) in the ISS, where the geomagnetic field still provides 
ample protection from radiation. The need for additional shielding besides the materials present for 
other uses (spacecraft structure and contents, water tanks, etc.) is low; NASA standards restrict occu-
pational radiation exposure throughout an astronaut’s career to a less than 3% increase in late cancer 
mortality probability [71]. The absolute radiation doses are then age and gender specific. Evidently, 
these standards are quite strict, but they are still effectively adhered to in LEO. However, studies such 
as [71] show that further reducing radiation exposure in LEO is plausible using shielding made from 
polyethylene, a cheap and stable material. In contrast, trying to achieve shielding using electromagnets 
like the ones for Mars would be absurd in this case. The cost of construction and maintenance far out-
weighs the slight health advantage to astronauts on the ISS. Nevertheless, this type of shielding might 
become interesting for extended space flights outside of Earth’s magnetic field and atmosphere where 
mitigating radiation requires increasingly thicker shielding meaning more mass to carry in the space-
craft. The optimal solution might involve a hybrid of a physical and a magnetic shield, especially con-
sidering the possible advent of superconductors. This remains to be seen in more detailed future research. 
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5 Conclusion 
 

When terraforming Mars, radiation from space proves a significant problem due to long-term hazards 
to human, animal, and plant biology. Cosmic rays would also dissipate any artificial atmosphere on 
Mars. This paper discusses three approaches to establish a planetary magnetic field around Mars in 
order to protect the planet from cosmic radiation: restarting Mars’s dynamo, a plasma torus around Mars, 
and electromagnets. Given the current state of technology and scientific research, superconducting elec-
tromagnets seem to be the most reasonable approach. To arrive at this conclusion, this paper demon-
strates order of magnitude calculations for energy requirements and logistical arguments. The main 
methodological shortcoming of this paper is the simplification of the calculations for conciseness. Nev-
ertheless, the insights on feasibility in section 4 remain valid; indeed, the temperature of 4100 K from 
section 3.1.2 is only an extremely rough estimate due to the neglected complexity of dynamo theory, 
but it adequately shows that some more or less large temperature increase is necessary. This inevitably 
translates into exorbitant energy requirements due to the sheer mass of iron that needs to be heated. The 
accuracy of the calculations in section 3.2.2 are also limited because we neglected the intricacies of 
plasma physics, but even if we had included them, the intrinsic energy requirements of the torus would 
most likely stay low, so that the argument remains that the logistics and infrastructure pose the main 
challenge. The results in section 3.3.1 are probably the most accurate because we used the least simpli-
fying assumptions. Additionally, the accurate and conservative 4.0 μT necessary on the surface of Mars 
(section 2.2) provides a buffer against underestimations in later chapters.  

This paper has covered the most promising methods for building an artificial magnetosphere for Mars. 
Further research in connection with this topic should mainly elaborate on the infrastructure of a plasma 
torus or the detailed application of electromagnets. 

Finally, we can say that building a magnetic field that spans an entire planet, be it even as close as Mars, 
will be a multigenerational project for the foreseeable future, which will demand significant energy and 
financial expenses. However, this would not be the only among humanity’s notable achievements, from 
the construction of the pyramids and the Manhattan Project to landing on the Moon.  
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