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Abstract

Mars lacks a substantial magnetic field; as a result, the solar wind ablates the Martian atmos-
phere, and cosmic rays from solar flares make the surface uninhabitable. Therefore, any ter-
raforming attempt will require an artificial Martian magnetic shield. The fundamental
challenge of building an artificial magnetosphere is to condense planetary-scale currents
and magnetic fields down to the smallest mass possible. Superconducting electromagnets
offer a way to do this. However, the underlying physics of superconductors and electromag-
nets limits this concentration. Based upon these fundamental limitations, we show that the
amount of superconducting material is proportional to B-2a~2, where B, is the critical mag-
netic field for the superconductor and a is the loop radius of a solenoid. Since B. is set by
fundamental physics, the only truly adjustable parameter for the design is the loop radius;
a larger loop radius minimizes the amount of superconducting material required. This
non-intuitive result means that the ‘intuitive’ strategy of building a compact electromagnet
and placing it between Mars and the Sun at the first Lagrange point is unfeasible.
Considering reasonable limits on B, the smallest possible loop radius is ~10km, and the
magnetic shield would have a mass of ~10'”g. Most high-temperature superconductors
are constructed of rare elements; given solar system abundances, building a superconductor
with ~ 10" g would require mining a solar system body with several times 10°°g; this is
approximately 10% of Mars. We find that the most feasible design is to encircle Mars with
a superconducting wire with a loop radius of ~3400 km. The resulting wire diameter can be
as small as ~5 cm. With this design, the magnetic shield would have a mass of ~10'*g and
would require mining ~ 10'® g, or only 0.1% of Olympus Mons.

Introduction

Long-term terraforming of Mars would require the revival of its atmosphere, which over long
timescales also requires protective properties of a global magnetic field. In the past, Mars most
likely had an atmosphere and an ocean comparable to Earth’s Arctic Ocean (Villanueva et al.
2015). It also had a magnetosphere to protect the atmosphere (Connerney et al. 1999), and the
atmosphere protected the ocean. In addition to protecting the atmosphere, a magnetosphere
stops cosmic rays from reaching the planet’s surface. Unimpeded, these cosmic rays would
damage DNA and other bio-organic molecules (e.g. Baumstark-Khan and Facius 2002;
Dartnell et al. 2007). Therefore, an important step in terraforming Mars is building an artificial
magnetosphere, a magnetic shield.

Understanding the evolution of Mars” atmosphere and ocean helps to motivate the need for
a magnetic shield. Currently, the atmospheric pressure at the base of Mars is 0.01 bar, roughly
1% of Earth atmospheric pressure. In addition, the Martian atmosphere has very little oxygen
(0.06%). Even if the Martian atmosphere had Earth-like oxygen percentages (21%), the atmos-
pheric pressure is just below what is survivable by humans (0.063 bar) - this is known as the
Armstrong limit (NAHF 2007). If the desire is to breathe a Martian atmosphere, then the
Martian atmosphere needs to be thicker.

The thickness of the Martian atmosphere also has consequences for the long-term viability
of a Martian Ocean. Geology and geochemistry measurements (Villanueva et al. 2015) reveal
the current D/H ratio in water on Mars to be on the order of 107, which is higher than pre-
viously postulated primordial ratios (Usui et al. 2012). The high concentration of D/H today
suggests that Mars may have had an ocean as large as the Arctic Ocean (Villanueva et al. 2015).
Atmospheric models suggest that such an ocean can persist with a substantial Martian atmos-
phere (Read and Lewis 2004; Fairén et al. 2009; Fairén 2010; Fairén et al. 2011). Yet, today the
Martian atmosphere is so thin that any engineered ocean would sublime and then evaporate
into space on a time scale of ~ 10* years (Carr and Head 2003).

Current theories suggest that the collapse of the Martian atmosphere was likely precipitated
by the collapse of the Martian dynamo and magnetic field (Acufia et al. 1999). Even though
the Martian magnetic field is quite weak (0.015 G), the Mars Global Surveyor (MGS) measured
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magnetized crust in excess of 0.6 G (Acuna et al. 1998). This is
comparable to Earth’s surface magnetic field of 0.5 G, suggesting
that the Martian crust was magnetized by a historic Martian
dynamo. It is likely that this ancient Martian magnetosphere
deflected the solar wind and protected the Martian atmosphere
(e.g. Johnson et al. 2020). However, Mars lost that natural mag-
netosphere, leaving the Martian atmosphere vulnerable to abla-
tion by the solar wind. Measurements made by the Mars
Atmosphere and Volatile Evolution (MAVEN) spacecraft indicate
significant past and current outgassing. One indication is that
66% of argon on Mars has been lost to space (Jakosky et al.
2018). In addition, the MAVEN team estimates that the outgas-
sing rate for H and O is 2-3kgs™". According to Jakosky et al.
(2018), this current mass loss rate would only remove about
~ 78 mbar of CO, and a few metres global equivalent of water
from the Martian environment. This current rate is not enough
to remove a Martian atmosphere with 1bar of pressure.
However, the solar wind was significantly stronger in the past
due to higher rotation rates and solar activity, and Jakosky et al.
(2018) estimate that ~ 0.8 bar of CO, and the equivalent of a
23 m global ocean have ablated away over the last 4 Gyr. This
catastrophic atmospheric loss is likely due to the collapse of the
Martian dynamo 4 Gyr ago. Therefore, to protect any Martian
atmosphere building attempt, humankind will need to build an
artificial magnetosphere to protect the nascent atmosphere from
the solar wind.

Protecting human habitation with magnetic shields is not a
new idea. For example, on a much smaller scale, Bamford et al.
(2014) designed spacecraft-scale magnetospheres to protect
human occupants from energetic solar particles during deep
space travel. Although the planetary-scale design in this paper
may have implications for efficient spacecraft-scale designs, we
do not focus on those here. See the ‘Discussion’ section for
those implications.

To protect Mars from the solar wind, Green et al. (2017) con-
sidered placing a magnetic shield at the L1 Lagrange point in the
Sun-Mars system. Such a spacecraft would always be in between
the Sun and Mars and given an adequate magnetic field would
protect Mars from the solar wind. They modelled the interaction
of the solar wind with a magnetic shield to validate that an arti-
ficial magnetosphere could, in principle, be used to effectively
protect Mars. They found that an electromagnet with large scale
magnetic fields comparable to Earth’s is sufficient to shield Mars.

Even if construction of a magnetic shield is possible, there are
challenges in building up an atmosphere. Mars is currently out-
gassing to space, but stopping this outgassing is not enough to
build a Martian atmosphere on human timescales. Barring any
losses to space, it would take 107 years to double the mass of
the atmosphere (Jakosky and Edwards 2018). Additionally, the
available CO, at Mars is insufficient due to it only being able to
produce a maximum atmospheric pressure of 20 mbar if released
(Jakosky and Edwards 2018), making natural outgassing imprac-
tical. Mars requires both sublimation of polar deposits and
imported outside volatiles that could scale the outgassing rate
appropriately if significant greenhouse warming is to take effect.
Building a Martian atmosphere is the subject for another paper.

In this paper, we calculate the fundamental physical and
resource requirements for building a Martian magnetic shield.
The fundamental challenge is to compress planetary scale mag-
netic fields and currents into as small as a volume as possible.
As we will show, the physics and resource constraints challenge
the physics of superconductors and the abundance of materials
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in the Solar System that could be used to build a superconducting
magnetic shield. Our primary focus is to derive the important
scales and scaling relationships based upon the physics of super-
conductors, the physics of electromagnets and the abundance of
materials in the Solar System.

Deriving constraint equations for a magnetic shield

The strategy for deriving the constraint equations are as follows.
In the first step, we estimate the magnetic field required to deflect
the solar wind. Since Earth’s magnetosphere represents a success-
ful example of deflecting the solar wind, we use scaling relations
to estimate the magnetic field required to deflect the solar wind at
Mars’ orbit. In the second step, we use this required magnetic
field and the critical magnetic field of superconductors to derive
the minimum mass of the superconducting electromagnet. The
third step is to estimate the abundance of the rarest element of
the superconducting material. Finally, we use these constraints
to propose a design for the magnetic shield that maximizes its
ability to deflect the solar wind with the least amount of rare
superconducting material.

One possible strategy is to build the most compact supercon-
ductor, using the fewest resources. Due to fundamental physics
of superconductors, there are limits to the compactness.
Superconductors rely on Cooper pairs to transport current, and
these Cooper pairs have a finite binding energy. These Cooper
pairs remain bound below a critical temperature and/or below a
critical magnetic field. If the magnetic field is too high in the
superconductor, then the magnetic field can disrupt the Cooper
pairs — pairs of electrons (or fermions) bound at low tempera-
tures. Once these Cooper pairs are disrupted (through heating
or applied magnetic fields), the electrons can no longer occupy
the same quantum state, quenching the superconductor. The sud-
den increase in resistance to the current causes significant heating
and can lead to explosive consequences. Hence, superconductors
are limited to a critical magnetic field and temperature, B, and T..

Therefore, the two constraints on the electromagnet are that
(1) the magnetic field must be strong enough to deflect the
solar wind around Mars, but (2) it must be weaker than the crit-
ical magnetic field, B.. Using these constraints and seeking to
minimize the solenoid mass, we determine the wire bundle radius,
d, and the loop radius, a of the electromagnet. After deriving the
ideal geometry of the device, we calculate the power required to
keep the superconductor below its critical temperature, T..
Given the minimum mass of the superconductor and solar system
abundances, we then estimate the mass of bulk rock required to
extract enough raw material for the magnetic shield.

Minimum volume of the magnetic shield

The first step in estimating the minimum volume is to estimate
the minimum magnetic field necessary to deflect the solar wind
at Mars’ orbit. To arrive at the minimum field required, we relate
the ram pressure of the solar wind to the magnetic pressure at
Mars. The magnetic field will deflect the solar wind when the
magnetic pressure, B(r) */8n is of order the ram pressure of the
solar wind, Py, ~ pv*:

2
pv2 ~ B(r) . (D)

8w
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In these expressions, p is the density of the solar wind, v is the
wind speed and B is the magnitude of the magnetic field.
Earth’s magnetopause successfully deflects the solar wind; there-
fore, we derive the requirements on the strength of the Martian
magnetic shield by scaling the conditions of Earth’s magneto-
pause. A key parameter in the upcoming calculations is 7, the
standoff radius. The standoff radius is the distance from planet
centre to the magnetopause, so a careful choice of this parameter
affects the field intensity required. If we assume a dipole field for
Earth’s magnetic field, then the balance in pressures, equation (1),
is

B(r? B (Rs\°
P I = — | — 2
ram® 8w 87\ 1 @

where Rg is the Earth radius, 7, is the standoff radius of Earth’s
magnetopause and Bg, is Earth’s average magnetic field strength
at the surface. The ram pressure of the solar wind as a function
of distance, D, is P, ~ pvz. The mass loss rate from the Sun is
M = p4mwD?v. Assuming that M and v are constant at the
distances of Earth and Mars, the ram pressure as a function of dis-
tance is

o
ram

% Dg, 2
4’/_T?:>Pram,o’:Pram,EB % 5

where Dg is the distance from the Sun to Earth, and Dy is the
distance from the Sun to Mars. Now, having related the ram pres-
sure to both the magnetic field and the distance from the Sun, we
calculate the required strength of the Martian magnetic shield.
Once again, we assume a dipole magnetic field and scale the
strength of the magnetic field at the surface of Mars:
Bshield = Bo(Ry/ r;)3, where Ry is the radius of Mars and ] is
the standoff radius of the Martian magnetopause. This yields,

Rs\° R\ ® /Do)’
w(5) =2 () (32) ®
T’S ts Dd
Roughly, Ry ~ Rg/2 and Dg = (3/2)Dg. Given these, the
strength of the Martian magnetic shield is

N\ 3
B, = 16B@<ﬁ> . (4)

) = —
3 Ts

Once again, 7, is the standoft radius of Mars’ magnetosphere, a
free parameter, and r; is the standoff radius for Earth’s magneto-
pause, r; = 6Rg. Note that the minimum field strength depends
on a choice of the Martian magnetopause, ry. To calculate the
minimum requirements for the magnetic field, we choose a rela-
tively small standoff radius for the Martian magnetopause. The
absolute minimum would be r; = Ry. However, such a small
standoff radius would barely protect the Martian atmosphere, so
we choose a slightly larger radius. To provide a little buffer, we
choose 7, = 2R, which is 7, & Rg, since 2Rz = Rg. This choice
also simplifies the ratio of standoff radii, r;/r, &~ 1/6. Given these
choices, the minimum field strength is By &~ Bg /40, which corre-
sponds to a magnetic field strength of 1.25 uT at the Martian sur-
face. This simple order-of-magnitude estimate for the necessary
magnetic field strength is consistent with the results of magneto-
hydro simulations (Green et al. 2017). Next, we calculate the mass
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of the magnetic shield given B, and B.. In general, the magnetic
field is a function of distance, B(r). At the edge of the supercon-
ducting magnet, the magnetic field can be no larger than B, yet
the magnetic must be have a characteristic strength larger than B,
to deflect the solar wind. The design of the Martian magnetic
shield is fundamentally a solenoid with N loops, each with a
loop radius of a; the bundle of wires has a radius d. In the follow-
ing derivation, we show that the constraints on the magnetic field
impose constraints on the dimensions for the solenoid. For an
illustration of the solenoid and magnetic field strength, see
Fig. 1. Since the goal is to compress planetary scale currents
and magnetic fields into as small a volume as possible, this solen-
oid will need to be made with superconducting wires.Using Biot-
Savart’s law, the magnetic field in the plane of the solenoid a
distance r from the centre is

NI (*7 ((r/a)cos 6 — 1)d6
B(T’) = — dma ‘[ > 372
o (14 (r/a)* — (2r/a) cos ) )
_ moNIL 7
T 4ma f(E)

The prefactor sets the overall scale of the magnetic field, and the
dimensionless integral gives the radial dependence. In general, the
integral, f(r/a) does not have a closed form, so we explore limiting
cases to show that this equation reduces to well-known fields.
These limiting cases are also useful in providing an analytic con-
straint equation for the magnetic shield. There are three limiting
cases that are analytic and are useful in the design of the magnetic
shield. First, at the centre of solenoid, r = 0, the magnetic field in
equation 5) is

I‘LONIC

BO)l ==

(6)

Second, in the far-field limit, r>>a, B(r) approaches the dipole
approximation

a\ 3
; .

lim |B(| ~ BO)(*) @)

Third, for a solenoid with a large loop radius a (bundle radius d is
much smaller than a) the magnetic field just outside the wire bun-
dle approaches the limit for an long straight wire,

HoNIe

lim |B 5 .
im 1B+ A~ 25

®)

Equations (6)-(8) represent three useful limiting cases that we will
use later in the derivation. Before we use the approximate mag-
netic field expressions, we first use the exact expression, equation
(5), to find algebraic expressions for the magnetic field con-
straints. For the first condition, the magnetic field at the surface
of the wire bundle should be less than the critical magnetic
field, B(a+d) <B.. In this case, the exact equation, equation
(5), becomes

NI d
|B(a + d)| :“407]‘<1+;> = B.. )

For the second condition, the magnetic field at a standoff radius
of r; = 2Rg is the minimum (B,) required to deflect the solar
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A —— Numerical Result
I === Dipole Approximation

Bla + d) = 420

\
\

[B(r)]

Fig. 1. Magnetic field strength as a function of distance from the centre of the solen-
oid. The solid curve represents the numerical integration of equation (5). We also
show three standard approximations for solenoids. The central magnetic field, B
(0), is roughly equal to the core magnetic field for a current loop. The magnetic
field at the surface of the wire is roughly that of a straight wire. The dashed line is
the far-field dipole approximation.

wind, B(2Rg) = By. In this case, the exact equation, equation (5),
becomes

NI. (2R
IB2Rg)| = B f (—O’> = By. (10)

41a a

The approximate analytic equivalents of the these two constraint
equations are as follows. The equivalent of equation (9) is

/‘LONIC ~

B % ~~
|B(a + d)| yrd

B, (11)

and the equivalent of equation (10) is

NI [ a \’
|B(2R)| w“‘)—(—) ~ By. (12)

2a 2Ry

Together, the exact constraint equations, equations (9) and (10),
provide a joint constraint on the loop radius, a, and the wire bun-
dle radius, d. Solving both equations for p, N I./(4na) and then
equating them gives the following constraint

f(ZRo’/a) By
f(l+d/a) B )

In summary, this constraint defines the magnetic shield
dimensions required to achieve the magnetic field ratio, By/B..
It is a two parameter constraint that depends upon a and d. For
a given loop radius, a, one may find the wire bundle radius, d,
that satisfies the constraint. Again, due to equation (5) not having
a closed form for intermediate values of r, we used numerical
methods to both compute the magnetic field (Fig. 1) and the
wire bundle radius, d (Fig. 2). Using the approximations for the
magnetic field near the wire (equation (11)) and far from the
wire equation (12), we derive an analytic expression for equation
(13):

BO _ 7Tda2

- 3
B. S8R

(14)
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Fig. 2. Physical constraints on the solenoid dimensions: wire radius (d) and supercon-
ducting material volume as a function of loop radius (a). The dashed purple line
shows the analytic result, equation (7), and the solid yellow curve is the numerical
result, equation (13). These dimensions are calculated by requiring the field strength
to be B(2R5) = Bg /40 and below a critical superconducting field of 200 T at the wire.
The left axis shows the superconducting bundle radius (d) as a function of the solen-
oid radius (a); the right axis shows the material volume (2n° d” a) as a function of a.
The required volume goes down for a wider loop. Therefore, the most optimum solu-
tion is to wrap the magnetic shield around Mars.

The material volume is dependent on the dimensions of the loop
bundle as well as the loop radius,

Vsuperconductor =27d’a (15)
where we calculate d using the constraint equation, equation (13).
Using the analytic constraint, equation (14), we can express the
volume in terms of the magnetic field constraints and the loop
radius,

) > (16)
C

2 R6

Vsuperconductor =128 <&) < .
This equation shows that the physics of superconductors and
solenoids apply strong constraints on the design of the
magneto-shield. For one, the superconducting volume goes
down as the critical magnetic field squared. The strongest depend-
ence is on the loop radius. The material required for solenoid goes
down as the loop radius cubed. Figure 2 shows both d and V as a
function of a. The solid line shows the numerical result of solving
equation (13) for d; the dashed line shows the result when using
the analytic result, equation (14). As a reminder, constraints on
the magnetic field are that By = Bg /40, and B. =200 T. The crit-
ical field value is of order the critical magnetic field for bismuth
strontium calcium copper oxide (BSCCO), which was discovered
to have one of the largest B. for a superconducting wire
(Golovashkin et al. 1991). Another unique quality about
BSCCO is that it is able to produce round wires, ideal for this
type of shielding construction. Based on this result, if we wrapped
a wire around Mars’ equator (operating near the critical field of
~200T), the material volume would be roughly 2.25 x 10°> m>.,
Moreover, a smaller loop radius a requires a much larger wire
thickness and hence volume of superconductor. For example, a
loop radius of a ~ 10 km, would require a wire radius of d ~ 10
km, giving a volume of ~ 10'> m’. An illustration of the different
geometries we consider for the magnetic shield is shown in Fig. 3.
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(a)

(b)

(c)

Fig. 3. Martian magnetic shield designs. Panel (a) shows the current interaction
between the Martian atmosphere and the solar wind. A lack of magnetic field allows
the solar wind to ablate away the Martian atmosphere, making Mars inhospitable to
life. The challenge of building a Martian magnetic shield is to build an electromagnet
that can produce planetary scale magnetic fields with the least amount of supercon-
ducting material; however, the critical magnetic field of superconductors limits the
size of the electromagnet. The mass of the electromagnet scales as B;%a~3, where
B. is the superconducting critical magnetic field, and a is the loop radius. Panel
(b) shows the most compact design possible: a solenoid with a wire radius and
loop radius of order 10 km. Counter-intuitively, this ‘compact’ design would require
the most superconducting material and would require mining 10% of Mars to extract
the rare superconducting material. This is clearly an impractical design. Panel (c)
shows a more practical design: the electromagnet is a loop of wire around the
Martian equator. The wire radius is b=5cm and requires mining only 0.1% of
Olympus Mons for the rare superconducting material.
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Power requirements to keep the conducting wire cool

We now visit the power needed to maintain the superconductor at
a temperature of order 100 K. The optimal electromagnet design
is a superconducting wire around Mars that has a wire diameter
of 5 cm. Insulating the superconducting wire will require building
an insulating tube around the wire. No insulator is perfect and
some heat will leak into the system. As a result, there will need
to be active cooling systems placed along the wire, and these
cooling systems will require some power to maintain the low tem-
peratures. Typically the power required is of order the power
of heat flowing through the insulator. For the purposes of this
order-of-magnitude calculation, we imagine that the insulator is
a 1m diameter tube that envelopes the entire loop. The tube
has a near vacuum. Except for the loop radius being the size of
Mars, the other dimensions (tube diameter) and design are simi-
lar to standard dewars (vacuum flasks). The power of heat flow
through an insulator is given by the Fourier equation for unidir-
ectional conduction

. AT e Az
Q:fj KT)dT' = ZkAT 17)

To

where A is the cross-sectional area, L is the length of the heat con-
duction path, Q is the heat flow rate, T is temperature, k is the
thermal conductivity of the material and k = f ; k(T)dT' /AT
is the mean thermal conductivity of the material
Vacuum-insulated panels can achieve thermal conductivity as
low as 0.004 Wm™ K™' (Véjelis et al. 2010). Using this value, a
temperature difference AT = (Tampient — 1) ~ 173K, a cross-
sectional area of 10" m?, and a conduction path of 1 m, we obtain
a vacuum dewar heat flow rate of 1 MW. This is the average power
capacity of a wind turbine. Hence, the primary challenge in con-
structing the electromagnet is not in cooling it.

Can the device fit in a rocket? Critical magnetic field required
to fit the electromagnet on today’s rockets

To further illustrate the extreme constraints for building the
Martian magneto-shield, we calculate what the required B.
would be if one built the superconducting wire on Earth, shipped
it in a rocket and placed it a the L1 Lagrange point. This strategy
requires fitting the wire inside the rocket fairing. Once completed,
the SpaceX Starship will have the largest payload capacity.
Starship has a 9 m diameter; for ease of calculation we will just
assume that today’s current rockets could fit a coil of supercon-
ductor that has a volume of 10’ m’>. If one kept the supercon-
ductor compact with a ~d ~ 10 m, then equation (14) indicates
that the critical magnetic field would have to be 10" T or 10"
G. This is a magnetar field, and the energy density of such a
field far exceeds the bulk modulus of any terrestrial solid.
Clearly, this solution is not feasible. Another alternative is to
transport the spool to Mars, unwind it to make a loop around
Mars. With this configuration, the wire radius would have to be
d~7 mm, and the critical magnetic field would have to be B. ~
1400 T. This is a factor of ten larger than current B. limits.
Fitting the superconducting material in one of today’s rockets is
not feasible either. These estimates show that it is not possible
to build the electromagnet on Earth and transport it to Mars.
Rather, the electromagnet must be constructed on or near Mars
using local material.
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Bulk rock mass required to mine superconducting material

Using the solar abundances shown in Fig. 4 (Cameron 1973), we
estimate the amount of bulk rock required to mine the elemental
ingredients of the superconductor. For BSCCO superconductors,
the rarest element is bismuth (Bi), so its abundance would dictate
the bulk rock required. Asteroids are often dominated by carbon-
aceous materials, so the relative ratio of rock to Bi is roughly given
by the abundance ratio of C to Bi. The larger planets are predom-
inantly silicates, of which silicon is the most abundant element.
Therefore, the ratio of Si to Bi gives a rough scaling for the ratio
of rock to Bi. For the optimum magneto-shield design (loop
around Mars® equator), the superconductor volume is 2 x 10° m”.
Assuming an average rock density of 3 g cm ™, the superconducting
mass is 6 x 10" g. The ratio of mass in Bi to the bulk rock mass is
given by the equivalent abundance ratios:

Mg Xpi
Mcssi Xcysi

(18)

Here, Mg; and Mcs; are the Bi ore masses and silicate/carbon
masses, respectively. Given these ratios, the mass of bulk rock as
a function of the loop and bundle radii is:

Xcysi
M(a, d) = 2P pad® =5
Bi

(19)

Figure 5 shows the required superconductor mass and bulk
rock mass as a function of the loop radius, a. In addition, to Bi,
we also calculate the bulk rock required if the limiting element
for the superconductor is yttrium or carbon. Yttrium is the limit-
ing element for yttrium barium copper oxide (YBCO), which is
a ceramic superconductor that has a high critical temperature
(~93 K) and magnetic field (Wu et al. 1987) but is usually con-
structed in an anisotropic tape form as opposed to a round
wire (e.g. Kametani et al. 2015). Carbon is included for the case
of carbon nanotubes; the benefit to carbon nanotubes is that car-
bon is many orders of magnitude more abundant than most
superconducting materials, but the drawback is that carbon nano-
tubes are difficult to construct long wires and they have a low crit-
ical temperature (~5 K) and magnetic field (~4 T). Figure 5
clearly indicates that the most feasible magneto-shield is one
with a loop radius of order the size of the planet. If the loop radius
is of order ~10 km and one fabricates the superconductor using
Bi, then the amount of mined bulk rock is 10% of Mars. Even
if the magneto-shield is composed of carbon nanotubes and a
more common element (C), the amount of bulk rock is equivalent
to the mass of a very large ~10 km asteroid. On the other hand, if
the loop radius is @~ 10°km, then the amount of bulk rock
required for Bi is 0.1% of Olympus Mons', the largest mountain
on Mars. In the case of carbon nanotubes, the bulk rock is only
107¢ of Olympus Mons. Therefore, building a loop around
Mars is the most feasible solution when constructing a Martian
magnetosphere.

"Note that we use Olympus Mons only to illustrate the scale. Mars® surface materials
are not carbonaceous, but closer to volcanic basalt, so in practice one cannot use the
materials in Olympus Mons to build this magnetic shield as they will be even further
from carbonaceous. See more in Blake et al. (2013).

https://doi.org/10.1017/51473550421000069 Published online by Cambridge University Press

Marcus DuPont and Jeremiah W. Murphy

Discussion and conclusion

The primary results and conclusions are as follows. First, to pro-
tect the Martian atmosphere, the magnetic shield should have a
field strength of 1.25uT at a distance of one Earth radius. This
result is consistent with magneto-hydrodynamic simulations
(Green et al. 2017), where we take into account the decrease in
ram pressure at Mars. The binding energy of Cooper pairs limit
the magnetic field strength within the superconductor to a critical
magnetic field, B.. Given this constraint and the physics of sole-
noids, we derive the total amount of material required to con-
struct the magnetic shield (see Fig. 5). The total amount of
superconducting material scales as d°a, where d is the solenoid’s
wire bundle radius, and a is the loop radius of the solenoid.
Limiting the magnetic field at the surface of the solenoid to B,
limits the wire bundle radius; this limit scales as d oc B_'a™2.
Therefore, the total amount of superconducting material scales
as BZ?a~>. In other words, the amount of superconducting vol-
ume goes down as the cube of the loop radius. Given these phys-
ical constraints, making the solenoid as compact as possible -
where d~a - is unreasonable. For a BSCCO superconductor
with a B, of 200 T, the minimum size possible for a magnetic
shield is a ~ d ~ 10 km. This corresponds to 10'° g of supercon-
ducting material. The rarest element in BSCCO superconductors
is Bi, which has an abundance ratio of 0.143 when normalized to
Si=10°% To extract the necessary Bi, a terraforming operation
would have to process 10*° g or 10% of Mars’ mass. Clearly, build-
ing the most compact magnetic shield is impractical. However, a
magnetic shield with a loop radius, a, that is the size of Mars is
feasible. Since the superconducting volume goes down as the
cube of a, the total amount of Bi required is only ~5x 10'®g.
To extract this amount of Bi would require mining only ~ 107>
of Olympus Mons. If the superconductor is made of carbon nano-
tubes, then the main constituent, carbon, is much more abundant.
Constructing a magnetic shield of carbon nanotubes with a loop
radius the size of Mars would only require mining ~ 10~'% of
Olympus Mons. Rather than placing the magnetic shield at the
L1 Lagrange point of the Sun-Mars system, we recommend wrap-
ping a superconducting wire around Mars. Although constructing
a magnetic shield with a loop radius the size of Mars is far more
feasible than a ~ 10 km, constructing such a long superconduct-
ing wire would have its own challenges. For instance, BSCOO is
currently made in kilometre lengths. Assuming one could
build a BSCOO wire 20,000 km in length operating at 200 T
with d ~ 7 mm, the sheer processing and production costs at a tar-
get high-temperature superconductor price of $10/kA m could
exceed ~$ 70, 000 m™" using our shield estimates (Grant and
Sheahen 2002). Note that this does not include the accompani-
ment of the vacuum insulator which will have to be wrapped
around the Martian equator, near Olympus Mons as well as the
caldera deep in its summit. Nonetheless, measurements indicate
that the resistance in a superconducting wire is truly zero, i.e. it
takes zero voltage to maintain the current in a superconducting
wire. Hypothetically, a superconducting current could persist
indefinitely. Experiments have confirmed that a superconducting
current can persist for at least 100,000 years (File and Mills 1963).
Whether this could be maintained over thousands of kilometres is
completely untested. If superconducting wire is lossless over thou-
sands of kilometres, then the power losses of a superconductor are
minimal. The main source of power may be in keeping the super-
conducting wire at superconducting temperatures. Shi et al.
(2012) investigated the superconducting properties of double-
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Fig. 4. Relative abundance of chemical elements in the Solar System (Cameron 1973). The x-axis represents atomic number and the y-axis represents abundance of
elements for every 10° atoms of Si. The relevant elements for this paper are Si, a primary constituent in silicate bodies such as Earth, and C, a primary constituent
of most asteroids. The rare elements Bi and Y represent two important elements in the construction of high T. superconductors (e.g. the magnetic shield).

Figure credit: public domain.
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Fig. 5. Constraints on the superconductor mass as a function of electromagnet loop radius, a. The larger loop radius requires the least amount of superconducting
mass. The three dots indicate three potential solutions. The annotations for each dot show estimates for the amount of bulk rock that is required to mine key
elements for superconductors. For the smallest loop radius, a ~ 10 km, the construction project would need ~ 10% g of Bi, and given Solar System abundances,
this amount of Bi would require mining 7 x 10%° g of bulk rock. This amount of bulk rock is equivalent to ~10% of Mars. Alternatively, a larger loop radius, the radius
of Mars, would require ~ 10** g of Bi and ~ 5 x 10'® g of bulk rock, or 0.1% of Olympus Mons. The most reasonable solution is a magnetic shield wrapped around

Mars.

walled carbon nanotubes and yielded promising results, but one
of the hurdles to overcome is figuring out how to maintain
their superconducting states for extended periods. Once the mag-
netic shield is in place, then the next phase of the terraforming
operation may begin: restoring the Martian atmosphere. The
Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft
measured Martian outgassing of hydrogen and oxygen at a rate
of ~2-3 kgs_1 (Jakosky et al. 2018). This is equivalent (by

https://doi.org/10.1017/51473550421000069 Published online by Cambridge University Press

weight) to 21 of water leaving every second. With a magnetic
shield this outgassing would begin replenishing the Martian
atmosphere. At this rate, it would take a Gyr to replenish the
Martian atmosphere to one equivalent to Earth’s. Therefore,
replenishing the Martian atmosphere will also require enhanced
outgassing efforts. In summary, terraforming Mars will require
building a magnetic shield to protect a nascent Martian atmos-
phere. Given the physics of superconductors, we show that
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volume of superconducting material scales as BZ?a”>.
Considering the abundance of superconducting materials, the
most feasible solution is to wrap Mars in a superconducting wire.
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