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This Appendix contains the equations and numerical details that are the
basis of the surprising phenomena described in the SciFi-novel The EXODUS
incident. This document is meant to provide the necessary input to the reader
who wishes to verify the statements in the novel quantitatively. Some of the
following issues below can be discussed with high school physics, others need a
physics bachelor level
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Ramjet
The interstellar ramjet, proposed by Robert W. Bussard [1] collects interstellar charged particles (essentially H+ ) by some magnetic or electric field configuration. Interestingly, no details on the fields are given in Bussard’s original
publication. In spite of the fascination that the interstellar ramjet sparked
among scholars, proposals for possible field configurations are extremely rare.
The community remained shockingly silent, except of an arcane paper [2] presenting a seemingly working solution. On that detail, see the section on magnetic
shielding.
We assume here that the scooping of hydrogen fuel works with some future
technology. We assume further that the momentum of the influx matter is not
transferred to the vessel during the scooping process2 . For the sake of simplicity,
1 Many

of the fully worked examples given below were used in the lecture How Physics

Inspires Science Fiction.
2 It should also be noted that radiation losses and mass losses are not considered here. For
such details, see [3, 4].
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we use a semi-classical approach, i.e. the thrust equation of a classical ramjet [5]
F 0 = −(u0 − v 0 )Φ0 = (u0 − v 0 )Φ0

(1)

where v 0 is the inflow velocity, responsible for the ram drag term v 02 , u0 is the
exhaust velocity of the flowing medium, and Φ0 = v 0 ρ0 S is the mass flux of
this medium of density ρ0 collected over an area S. Relativity comes into play
because all primed quantities are measured in the ship’s rest frame. That said,
u0 − v 0 is a function of the ship’s speed, and is obtained from the relativistic
energy equation. Note that for a ship accelerating in positive x direction, both
u0 and v 0 are negative (velocity vectors of the proton flow pointing in negative
x direction).
In an inertial reference frame momentarily fixed to the moving ship an observer sees the interstellar hydrogen arriving with the ship’s speed |v 0 |. The
density ρ0 of the interstellar hydrogen is increased in the ship’s rest frame by
the relativistic Lorentz factor
1
γ(v 0 ) = p
1 − (v 0 /c)2
to ρ0 = γ(v 0 )ρ0 . The fusion process delivers energy E to each incoming proton.
It is convenient to write E in terms of the proton’s mass mp as E = αmp c2 .
For the proton-proton fusion process, α = 0.0071, for the CNO-cycle (see later)
α = 0.0066. A portion ∆E = Eη is transferred into directional kinetic energy
of the exhaust gas where η is the efficiency of this process. This increases the
speed of incoming gas particles from v 0 to the exhaust speed u0 . From energy
conservation
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γ(v 0 )mp c2 = γ(v 0 )(1 − α)mp c2 + αmp c2 .
A fraction αη accelerates the exhaust gas. Dividing by mp c2 :
γ(u0 )(1 − α) = γ(v 0 )(1 − α) + αη.
3A

fully relativistic approach would start from the relativistic version of Newton’s second

law, F = d(γ(v)mv)/dτ , and the energy - momentum conservation in the closed system
”proton flow and ship” [6]. When doing so, u0 differs from Eq. 2 by less than 1.6% for
the entire acceleration period. We assume therefore that the effect on the present results is
negligible.
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Solving this equation for u0 gives
u0 = u0 (v 0 ; α, η),

(2)

an expression containing polynomials of up to 4th order. With Newton’s 2nd
law Eq. 1 becomes a differential equation for the acceleration a0
a0 =

dv 0
F0
ρ0 S
=
= (u0 (v 0 ; α, η) − v 0 )v 0 γ(v 0 )
.
dτ
M
M

(3)

where τ is the time measured on board. Assuming a density of interstellar
hydrogen [7] of ρ0 = 106 mp /m3 and an efficiency η = 0.15 for the CNO-cycle,
with mp = 1.7 · 10−27 kg, a ship mass of 1500 tons, a scoop radius of 2000 km,
Eq. 3 can be solved numerically, resulting in a maximum acceleration of ∼ 0.1 g.
The peak thrust is about 1.8 million Newton. For comparison, the first stage of
the Saturn V rocket delivered a thrust of ∼ 35 million Newton. The ship must
have a minimum initial velocity, here 10−4 c for collecting enough hydrogen
fuel. This is achieved by conventional boosters and spending fuel from external
hydrogen supplies.
The acceleration a0 increases first because more hydrogen is scooped with
increasing velocity, but later it drops because in the limit
lim u0 = c

v 0 →c

so the speed difference u0 − v 0 → 0.
The ship travels at 80 % of the light speed when passing Proxima Centauri
after ∼ 10 years under permanent acceleration. However, breaking starts at
halfway which is reached at ∼ 7 years travel time. For breaking, thrust inversion is used by switching off the reactor and blocking the funnel exhaust. The
momentum of the hydrogen repelled by the magnetic field is transferred to the
ship. It is similar to breaking by air drag. It can be kept at 0.1 g by tuning the
magnetic field strength of the funnel. Only close to destination the fusion reactor must be reactivated for additional thrust inversion. It should be noted that
for the time being, no magnetic field configuration is known that could harvest
sufficient amounts of hydrogen. A proposal by Fishback [2] works theoretically,
but needs prohibitively long solenoids [8].
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Electron stripper
One to two thirds of interstellar hydrogen is neutral [7]. For magnetic scooping it must be ionized beforehand. A foil stripper, as used in particle accelerators, e.g. [9] charges the atoms. The process is based on charge exchange in
thin films, often carbon, graphene or nanotube foils [10]. For the EXODUS
starship an advanced version consisting of a carbon nanotube forest is used, in
order to enhance the efficiency. The thin sheet is positively charged. For a bias
voltage of 1 kV, the electric field at the tips of nanotubes of 2 nm diameter is
extremely strong, ∼ 1012 V/m, largely surpassing the threshold for field ionisation of hydrogen [11], Fc = 3.6·1010 V/m. Similar to ion thrusters, the electrons
extracted from the gas by the stripper anode are reinjected into the pipeline so
as to obtain a hydrogen plasma flow towards the fusion drive.
Drag
In the novel it is assumed that a magnetic funnel can collect ions into the
axial pipeline like a lens collects light into a narrow glass fiber, such that they
enter the fusion chamber at the ship’s speed. Then there is no drag force because
the speed of particles in a magnetic field is constant. This is wrong because ions
perform cyclotron motion around field lines, so their velocity vector in the high
magnetic field close to the pipeline entrance is almost perpendicular to the flight
direction. Averaged over a cyclotron period, their linear momentum is very
small; the largest part is transmitted to the magnetic field and thus exerts a
drag force on the ship. As a solution it has been proposed to slow the ions down
in an electrostatic field before they are fed into the reactor, and re-accelerating
the exhaust plasma in a tandem capacitor [12].
Fusion
the proton-proton reaction
p + p → 2 D + e+ + ν
has a very low cross section, 24 orders of magnitude smaller than the main
process used in fusion reactors with deuterium
2

D + 2D

→

2

D + 2D

→ T + p.
4

3

He + n

Whitmire [12] proposes a catalytic reaction based on the CNO-(or Bethe-Weizsäcker)
cycle [13] that takes place in hot main sequence stars.
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At typical fusion temperatures of the CN cycle of seveal hundred million Kelvin
these reactions are 1018 to 1019 times faster than the p-p reaction and can be
used as a catalytic fusion process — C, N and O are not depleted in the cycle.
At maximum speed, the scooped hydrogen is equivalent to a proton flux of
dN/dt ∼ 2 · 1027 particles/s into the pipeline. With a proton number density
of np = 5.1025 m−3 in the fusion chamber (which corresponds to roughly twice
the number density of air under standard conditions) and an average burning
rate [12] at ∼ 109 K of hσvi = 2.10−28 m3 s−1 the exhaust flow of fusion products
must equal the proton influx
dN
= np nC,N,O hσvi V
dt
with nC,N,O = np , the density of the catalysts, where from the volume V of
the fusion chamber can be obtained. For the EXODUS this corresponds to a
spherical reactor of ∼ 11 m radius. The total number of the catalyst atoms (C,
N, O) in the fusion chamber is nC,N,O V = 2.1029 which corresponds to ∼ 15
tons.
Space Travel
The starship’s world line, the time delay of radio/laser signals and visual
effects were calculated relativistically [14]. Henceforth the speed of light in
vacuum is set to c = 1, the units of space and time are then light year and year.
v is the velocity of the ship in earth’s inertial frame S. An object moving with
u seen from earth moves with
u0 =

u−v
1 − uv
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Figure 1: Coordinate acceleration (full line) and proper acceleation (dashed) as a function of
ship time τ .

seen from the ship. After some algebra the acceleration of an object moving
with u0 in the ship frame is
ap :=

du0 du
1 − v 2 du
du0
=
=
dτ
du dτ
(1 − uv)2 dτ

where t is the time in the inertial frame S of earth, and τ is the proper time
measured on the ship. This equation was used for programming a freely falling
object on the ship. Such an object may serve as an accelerometer. Its starting
velocity in the ship’s frame is u0 = 0, so u = v, and the proper acceleration
ap =

1 du
du
dv
= γ2
= γ2 ,
1 − v 2 dτ
dτ
dτ

or
ap = γ 2 a0

(4)

with the relativistic factor γ and the instantaneous acceleration a0 , Eq. 3.
The proper acceleration ap can be measured on board with a spring balance;
it determines the axial component of the pseudo gravity. On the other hand, a0
is the coordinate acceleration, measured as the change of the ship’s speed in the
earth rest frame, but already as a function of ship time. The two accelerations
are shown in Fig. 1.
The (relative) speed of the ship’s environment, i.e. the speed of the receding
earth seen from the ship is v = dx0 /dτ = dx/dt. It is by definition identical
6

with the speed of the ship seen from earth. (Only the velocities change sign).
For constant ap , this gives the well-known expressions
u = tanh(ap τ ),
γ = cosh(ap τ ),
t=
x=

1
sinh(ap τ ),
ap

1
(cosh(ap τ ) − 1).
ap

For time dependent acceleration ap = ap (τ ), we separate the variables in
Eq. 4 as
γ 2 dv = ap (τ ) dτ
and integrate both sides:
Z
1
ap (τ )dτ = (log(1 + v) − log(1 − v)) = arctanh(v)
2
or
Z
v(τ ) = tanh[

τ

ap (τ 0 )dτ 0 ].

(5)

0

With dt/dτ = γ,

dx/dτ = dx/dt dt/dτ = vγ we obtain the space-time trajec-

tory of the ship as a function of the ship or proper time τ which serves as a
curve parameter:
x(τ ) =

Rτ

t(τ ) =

Rτ

0

v(τ 0 )γ(v(τ 0 )) dτ 0
(6)

0

γ(v(τ 0 )) dτ 0

Eqs. 5, 6 were used to calculate the world line x(τ ), t(τ ) of the spaceship in the
inertial reference frame S of an observer on earth. The curve parameter τ is the
proper ship time. The relativistic time dilation
slip correction = t − τ
was thus calculated. As input for the computations, the acceleration a0 (τ ),
obtained as the solution of the differential equation 3 was used.
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Rotating frames
Although scholars [15, 16] do not agree on the derivation of time dilation in
rotating reference frames (Einstein himself thought that the centrifugal force on
a rotating platform distorts spacetime, but this causes a paradox as shown by
Ehrenfest [17], there is general consensus that to first order the time τ measured
in a rotating frame relates to time t in an inertial system which is at rest with
the axis of rotation is

r
1−

τ=

ω2 r2
t,
c2

(7)

where ω is the angular velocity of the rotating reference frame, and r is the
distance from the axis. Replacing the centrifugal acceleration ω 2 r with the
gravitational acceleration GM/r2 , where G is the gravitational constant, the
equation is formally identical with the time dilation in a gravity potential of a
central mass M , apart of a factor 2:
r
τ=

1−

2M G
t.
rc2

(8)

Inserting the values — ω = 0.25 rad/s, r = 141 m at level 4 — the centrifugal
acceleration is 0.9 g, and one arrives at a relativistic time delay of ∼ 0.2µs/year,
the same order of magnitude as on earth, where it must be considered in GPS
systems.

Construction
Artificial gravity
The construction takes care that still standing persons always stand on a horizontal surface. The condition is that the centrifugal acceleration b = (rω 2 , a0 )
is always perpendicular to the tangent t = (dr, dz) of the curved surface, that
is b · t = 0 or
r drω 2 + a0 dz = 0,
or
d 2
r = −2a0 /ω 2
dz
with boundary condition r = 0 at z = 0. It can be immediately integrated.
Since a0 < 0,
r2 =

2|a0 |
z,
ω2
8

(9)

defining a parabola with axis z, the flight direction. The equation was solved
for an angular frequency of ω = 0.25 rad/s.
Atmospheric pressure
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Figure 2: Atmospheric pressure on the spaceship. Dashed: Original version with barometric
height equation

An earth like atmosphere at a pressure of 890 Hektopascal was simulated,
corresponding to a standard pressure at 1000 m over sea level, according to the
barometric height equation
p(r) = p0 ergM/RT
where g is (earth’s) gravity, M is the molar mass of air, R is the gas constant,
and T the temperature in degrees Kelvin. In a rotating environment g must be
replaced by the artificial gravity r/ω 2 , with the angular rotation frequency ω of
the module so
p(r) = p0 er

2

ω 2 M/RT

.

Fig. 2 compares the pressure when descending from the axis with that on earth
(starting at 1000 m above sea level). Up to an axial distance of 330 m the
pressure increase is below that on earth. The pressure differences within the
belt are less than 1 hPa whereas the earth like atmosphere would show 5 hPa.
The dimensionless Rossby number
Ro =
9

v
2Lω

where v is the characteristic velocity of winds, L is a characteristic length of the
atmospheric phenomenon, and ω the angular frequency of the ship’s rotation,
gives a quick estimate whether circulating atmospheric cells can occur. At
intrinsically low wind speeds of a few km/h and ω = 2π/25 s−1 , the Rossby
number for the belt (L = 50 m) is Ro ∼ 0.1, similar to low pressure systems on
Earth. Thus, circulating cells are expected. They were simulated with a finite
element code [18].
Coriolis trajectories
Trajectories of freely falling objects were calculated as straight lines in a
non-rotating reference frame with initial conditions ~x(t = 0) = ~x0 ,

~v (t =

0) = ~v0 , and transformed into the rotating paraboloid. As an example, Fig. 3
shows trajectories for a starting velocity of 40 km/h for a number of throwing
directions.

Figure 3: Freely falling objects for a starting speed of 40 km/h, thrown into different directions.

GCR shielding
At the maximum speed of 0.56 c, protons hit the ship’s bow with a kinetic
energy of 194 MeV. The stopping power — energy loss E per unit path length
x — dE/dx = f (E) in water is well documented, e.g. [19]. After the separation
of variables
dE
= dx
f (E)
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the differential equation can be solved as
Z E0
x(E) =
|f (E)|−1 dE.
E

This function peaks at the maximum penetration depth which in the present
case is 24.5 cm where all protons come to a halt. Since the slowing down
is a stochastic process the sharply peaked curve must be convolved with an
appropriate broadening function such as a Gaussian, here with a FWHM of 1.5
cm.
Weaponry
The relative speed between the EXODUS and the JIAN TOU is 0.15 c. The
ejection speed of the Al bullets is vb = 3 km/s. (As of 2020, the speed record for
electromagnetic launch systems is 2.4 km/h, equivalent to the escape velocity
from the moon [20]). The distance to the JIAN TOU at its closest approach is
dmin = 104 km. Leading the target by 45 degrees, the time to impact is
t=

dmin
= 4700 s.
vb sin(π/4)

The impact occurs at a distance of 14 000 km. The EXODUS passes JIAN TOU
0.22 seconds later at its closest approach.
Leading the target at 90 degrees minimizes the time to impact (in the exam√
ple, it is shorter by a factor of sin(π/4)/ sin(π/2) = 1/ 2). Arguments favoring
a lead angle towards the flight direction in order to hit the target earlier are
wrong.
At a speed of 0.15 c, a spherical Al bullet of 200 mm diameter has a kinetic
energy
p2
M γ 2 v2
=
2M
2
equivalent to 2300 kilotons TNT explosive power, almost 200 times the energy
Ek =

of the Hiroshima bomb.
Astrophysics
Geometric aberration of the star field
The relativistic aberration of star positions [21] was implemented as
cos θ =

cos(θ0 ) − β
.
1 − β cos(θ0 )
11

By aberration, the star field is contracted around the forward flight direction,
and stars are brighter there than for an observer at rest, also known as beaming
effect (see Doppler effect below). At the ship’s maximum speed of 0.56 c the
aberration is almost linear up to 50 degrees viewing angle as shown in Fig. 4,
stars appear at roughly half the angle (measured from the forward direction)
than for an observer at rest. That means, in front view the star field is compressed, whereas in rear view it is thinned out.
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Figure 4: Angular aberration of stars seen from the ship at maximum speed of 0.56 c.

Doppler effect
The Doppler effect changes the frequency of starlight arriving at viewing
angle θ, measured with respect to flight direction, as
ν0 =

ν
.
γ(1 − β cos θ)

(10)

p
β = |v|/c, and γ = 1/ 1 − β 2 is the relativistic factor. This changes the color
of stars seen from the ship - to the blue into flight direction (θ = 0), and to the
red in rear view. To a good approximation, stars emit black body radiation
P ∝ ν3

1
ehν/kT − 1

(11)

Here, T is the temperature of the emitting body, and h, k are Planck’s and
Boltzmann’s constants. Inserting Eq. 10 into Planck’s Eq. 11 it is evident that
the Doppler shift changes the apparent temperature T of a star to
T 0 = T /γ(1 − β cos θ)
12

(12)

as a function of the ship’s speed and the viewing angle θ. γ is the relativistic
factor. In the CIE color space, black bodies of temperature T lie along a line
called Planckian locus. At maximal speed of 0.56 c, for Sol in rear view, inserting
the surface temperature of a G-class star of 5800 K, the apparent temperature
becomes 3100 K, slightly cooler than Antares, the orange-reddish star in the
constellation of Scorpius. In flight direction, Proxima Centauri with a surface
temperature of 3000 K appears as a star of 5600 K, yellow as our Sun.
The emittance of a body is P ∝ σT 4 , according to the Stefan-Boltzmann
law. With Eq. 12
P
= γ 4 (1 − β cos θ)4
P0
the change in brightness of a star according to the Doppler effect can be calculated.
The translation of emittance change to stellar magnitudes is based on the
magnitude definition: an emittance increase by a factor of 2.5 corresponds to
one magnitude.
Terrell rotation
Assume an object of size R moving at relativistic speed with respect to the
observer in positive x direction. The observer is at y  R We look at the
object at closest distance of the fly-by. When simulating instantaneous images
(”snapshots”’), the relativistic Lorentz contraction must be supplemented by
the run time difference of light coming from parts of the object at different
distances y to the observer. In order that all light rays arrive at the observer at
the same time:
x0 = x/γ − βy.

(13)

For β = 0.15, the deviation of the Lorentz contracted ellipsoid from a sphere is
1.5 % and invisible for the naked eye. For β = 0.9, the effect is much stronger.
The situation is depicted for a sphere in Fig.5. The Lorentz contracted sphere
moves from left to right, the observer is far away at the bottom of the page. The
image shows the moving sphere from above the north pole with the different
run time of light from the surface points of the sphere to the observer, Eq. 13
taken into account. The projection for the distant observer is again a sphere,
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Figure 5: Terrell effect: A sphere moving at 0.9 c from left to right. Light rays (red dashed)
travel to a distant observer at the bottom of the page. The more distant point A is seen at
an earlier time (A’), the nearer point B at a later time (B’).

and the Lorentz ellipsoid appears rotated

4

Diurnal cycle of Proxima
The semi major axis of the orbit is 0.0485 AU. The numerical eccentricity
 = 0.11. This leads to a strong anomaly [23] (periodic east-west oscillation of
Proxima on the sky). Superimposed is a south-north seasonal motion because
the rotation axis of the planet is inclined by 15 degrees to the pole of the ecliptic.
The planet has a tidally bound rotation with periodicity of one stellar year (269
hours). The Equation of the Center (Mittelpunktsgleichung, J. Kepler 1609)
∆α = (2 −

3
) sin(α)
4

yields the true anomaly ∆α as a function of the angular position α of a reference
object on a circular orbit with the same long axis where α = 2πt/T and t, T
are time and orbital period. The true anomaly is the angular deviation of the
4 Einstein

thought that the Lorentz contraction could be ”‘seen”’. That this is not the

case was first mentioned by James Terrell in 1957 and published two years later [22]. Roger
Penrose and others have also published on the subject.
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central star on the sky from a hypothetical star in a circular orbit at the same
time. It causes a periodic oscillation of the object over the hypothetical star
in the ecliptic plane. This oscillation must be transformed into the equatorial
coordinate system of the planet with tilted axis (here 15 degrees with respect
to the ecliptic pole) and superimposed with the rotation of the planet. We perform the transformation of points P between coordinate systems with rotation
operators by an angle δ over a rotation axis with unit vector ~r given in spherical
coordinates ~r = {θ, φ, r = 1}:
R~r (δ) = ei 2 ~r·~σ = cos(δ/2)1 − i sin(δ/2)~r · ~σ
δ

where ~σ = {X, Y, Z} is the 3D-vector of Pauli matrices


0 1

X = 
1 0


0 −i

Y = 
i 0


1 0
,
Z = 
0 −1
and 1 is the unity matrix. (This formalism is widely used in quantum mechanics, especially for the manipulation of qubits.) Points on the (Bloch) sphere
transform as
P 0 = R~r (δ) · P,
where the rotation axis ~r is the orientation of the equinox, which we fix in
x direction: ~r = {1, 0, 0}, and δ = 15 degrees. The ecliptic longitude of the
periastron is assumed to be 103 degrees as for the earth orbit. The apparent
track of Proxima on the sky can then be visualized for any position on the planet,
again by another rotation operation. Seen from the landing site, Proxima tracks
a tilted, almost circular loop on the western horizon. Fig. 6 compares it with
what we would see on earth were she tidally locked to the sun (dashed line). The
dotted line refers to a circular earth orbit - the yearly north-south oscillation is
transformed into a self-crossing loop due to the transformation from ecliptic to
equatorial coordinates.
The angular size of Proxima on the sky of Atlantis is D/d where D =
107000 km is the diameter of Proxima (or 0.154 diameters of our sun) and d =
15

Figure 6: Track of Proxima on the western horizon, seen from the equator/terminator position.
The dashed line is what we would see for a tidally locked earth. The dotted line applies to a
circular earth orbit.

0.0485 A.U. is the distance to Proxima. This results in an angular diameter of 1.6
degrees, 3.17 times larger than the sun on earth. According to the eccentricity
 = f /a where f is the distance of the focus from the center of the ellipse, and
a is the half long axis, Atlantis is closer to Proxima in summer than in winter,
with a distance d = a(1 ∓ ). Consequently, Proxima’s size in the sky varies by
∓11%.
The luminosity of a star of surface area A and absolute temperature T is
given by Stefan-Boltzmann’s law,
L ≈ A σT 4
where σ is Stefan-Boltzmann’s constant. With the size of Proxima and its
temperature of 3000 K, L = 1.7% of the luminosity Ls of the sun. As a rough
estimate, the stellar constant Gp at Atlantis relates to that of our sun Gs as
Gp
Ld2
= 2 s = 0.72
Gs
d Ls

(14)

The sun’s solar constant on Earth’s upper atmosphere is 1300 W/m2 . Atlantis
receives 72% of that, ∼ 940 W/m2 with a variation of ±22% due to the variation
of distance during a Proxima year.
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Atlantis
Atmosphere
Proxima Centauri is an M5 flare star (surface temperature 3000 K) with an
intense X-ray and UV spectrum during its active periods. The upper atmospheric flux on Atlantis is about 870 W/m2 , equivalent to ∼ 60 − 70 % of the
solar flux on Earth [24], very close to the estimate Eq. 14. The strong X-ray
and UV intensity counts only for ∼ 0.3 W/m2 and is negligible for the total
thermal input to Atlantis. The planet was assumed to have a strong magnetic
field that protects the surface from stellar winds during the low activity of the
star. During flares, superconducting coils serve as protecting shields against
strong particle showers (see the section on magnetic shielding).
A basic problem is water trapping on the night side with km-thick ice sheets,
depriving the planet of liquid water. This is expected for tidally locked planets
with little water and a prevalence of continents on the night side. However,
simulations show that a planet with continents and oceans like Earth develops
a system of heat- and water circulation creating moderate climate conditions,
especially close to the terminator [25].
Shielding: Magnetic fields
The magnetic field of the superconducting coils deflects the protons, creating
a safe space. The calculation proceeds from the vector potential of a ring current
I in spherical coordinates [26]


µ0 4Ia (2 − κ2 )K(κ2 ) − 2E(κ2 )
√
Aϕ (r, θ) =
4π
κ2 a2 + r2 + 2ar sin θ
where E and K are elliptic integrals, a is the radius of the current loop, and µ0 =
4π10−7 H/m is the vacuum permeability. κ is a function of the dimensionless
variable ρ = r/a,
κ2 =

a2

4ρ sin θ
4ar sin θ
=
.
2
+ r + 2ar sin θ
1 + ρ2 + 2ρ sin θ

The magnetic field is
~ = ∇ × A.
~
B
The Lorentz force on a particle of charge e and mass m (here the proton)
~
F~ = e~v × B
17

and Newtons second law lead to the differential equation
e ˙ ~
~r¨ =
~r × B
γm
for the trajectory ~r(t), which can be solved with any symbolic solver. In fact,
protons are deviated from their otherwise straight trajectory. Those with impact
parameter inside of the coil are mostly reflected, those outside of the coil are
deflected. Only charged particles close to the axis will pass. Some trajectories
are shown in Fig. 7.
The kinetic energy mv 2 /2 is conserved for motion of a charged particle in a
magnetic field. The angular momentum
L = mrv⊥ =

2
mv⊥
ωc

is an adiabatic invariant [27], i.e. it remains constant under adiabatic variations
of the magnetic field, dB/dt  B. Here r is the gyration radius, v⊥ is the
velocity component perpendicular to the magnetic field, and ωc = qB/m is the
cyclotron frequency of a particle with charge q and mass m. One can expect
that sufficiently slow particles experiencing an adiabatic change of the magnetic
field follow the field lines that lead them toward the center of the coil. Let us
see what happens to such a particle that crosses the axial field line under an
angle θ at a long distance zmax from the loop. It has v⊥ = v sin(θ), and
L=

m2 v 2 sin(θ)2
qB1

where B1 = Bz (zmax ). The particle gyrates over the z-axis towards the loop,
experiencing an ever increasing field B(z). Now since L is conserved,
m2 v 2 sin(θ)2
m2 v 2
m2 v⊥ (z)2
≤
=
qB1
qB(z)
qB(z)
which results in
sin2 (θ) ≤

B(zmax )
B(z)

(15)

because v⊥ ≤ v. Particles starting under a larger angle to the field line at
zmax are reflected before they reach z. This effect is known from magnetic
bottles. Since the dipole field of a coil of radius R goes as B ∝ (z/R)−3 and
zmax  R the acceptance angle Eq. 15 is very small for z = 0. It follows
that the magnetic field compresses the ions towards the axis, but only a narrow
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Figure 7: Some trajectories of 50 MeV-protons in the magnetic field of the big coil with radius
3 m and a central field strength of 2 T. The coil is at the origin, Protons enter from above.
Scale in units of the ring radius. Only a small part of the protons would pass through the ring
(red lines), spiralling down according to cyclotron gyration, the rest is deflected (black lines).

bundle obeying Eq. 15, known as the loss cone in magnetic confinement [28] can
pass the region with the strongest magnetic field in the current loop. The rest
is reflected or deviated. Faster particles are just deviated from their straight
path, avoiding the coil center [29]. As a consequence, the magnetic field of a
ring coil (or a solenoid) is very efficient as a protective tool but cannot collect
charged particles over a large sweep area into a funnel such as the intake of
a fusion chamber. Fishback [2] proposed a solution to the problem, exploiting
a paraboloidal magnetic field. Closer scrutiny reveals that the proposal works
in principle but suffers from the same problem of the very narrow loss cone.
Scooping sufficient fuel with a Fishback field needs magnetic funnel lengths of
 106 km in flight direction [8].
Shielding: Mechanical support
The Lorentz force per volume — the force density — on the current carrying
loop is
dF~
~
= ~j × B.
dV
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Figure 8: The mechanical support of a superconducting loop experiences a radial outward
Lorentz force from the magnetic field (red arrow). The stress on the two cross sections is
obtained from an integral over half a loop of the force component perpendicular to the cross
sections.

Since B is predominantly in z direction, and ~j is tangent to the loop, the force
density points radially outward. Writing
dI
dF
=
B
ds dA
dA
with the current I. The volume element on the wire is dV = ds dA where ds
is the line element along the wire, and dA is the surface element perpendicular
to the line element. Assuming a cross section ∆A of the wire, within which the
force density, the current density and the B field are approximately constant,
the integral
Z
∆A

dF
dA =
ds dA

Z
∆A

dI
B dA
dA

yields the surface tension of the loop:
dF
= I B.
ds
The hoop stress, i.e. the tensile force on a cross section of the loop is the
integral of the component of the surface tension which is perpendicular to the
cross section, over half a loop of radius R:
Z
Z π
dFy
Ft =
ds = RIB
sin(φ) dφ = 2RIB.
s ds
0
This is sketched in Fig. 8. For an order of magnitude estimate of the force we
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may take the expression of the B field in the center of the loop,
B0 = µ0

I
2R

which gives
Ft =

(2R B0 )2
µ0

where µ0 is the magnetic permeability of vacuum. For the personal shields
(B0 = 6 T, R = 0.3 m) this gives a considerable tensile hoop force of ∼ 107 N.
In order that the mechanical support sustains the tensile stress on the cross
section S the yield stress σy of the material must obey:
σy >

Ft
.
2S

The factor 2 in the denominator comes from the fact that in equilibrium, the
outward force Ft acts on two cross sections of the ringlike support in the (x, z)plane. We are thus looking for a material with high yield stress and — for
weight reasons — low density. For Kevlar, the above values stipulate a rope of
5 cm diameter which weighs ∼ 6 kg.
The magnetic field at the wire itself is higher than our order of magnitude
value B0 . Garren and Chen [30] give a correction factor of ln(8R/r) − 0.75 for
the force density at the loop which results in a thicker Kevlar support weighing
∼ 20 kg. I leave it to the reader to calculate the numbers for the big shield.
Life forms
The energetic limit for splitting a water molecule - a main ingredient in photosynthesis - is 1.23 eV, corresponding to a wavelength of 1000 nm. But plant
leafs on Earth reflect infrared radiation with wave length > 700 nm. If this
limit were pushed into the near infrared region, a larger portion of the star’s
spectrum could be used [31]. It is known that some cyanobacteria utilize a different phytosynthesis cycle with lower photon energy. A similar mechanism was
assumed to be at work on Atlantis. Still, the lower photonic influx and the less
effective photosynthesis leads to slower growth of plants, probably resembling
the vegetation on Earth at high latitudes.
The strong X-ray and UV spectrum during stellar flares, up to 200 times
higher than on Earth, poses a problem for plant survival. There could be a
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remedy: The bacterium Deinococcus radiodurans supports 104 Gray, a dose
more than thousand times higher than a human being could sustain. The gene
sequence RADPR codes for a rapid repair mechanism in this bacterium [32].
Genetical engineering could create radiation resistant life forms.
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