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Fusion propulsion for the exploration of the solar system is investigated. Minimum round-trip times for missions
to Europa and Mars are given as a function of power/mass ratio. A preconceptual study of a spheromak-based,
deuterium burning, fusion propulsion system is presented. The spheromak is sustained by inductive helicity in-
jection with the diverted edge plasma becoming the rocket exhaust. Power/mass ratios of nearly 2 kW/kg appear
possible, giving round-trip times of about 100 day for Mars and about one year for Europa. The vessel mass is
540 t not including fuel, a size suitable for human living. The Isp is optimized for a trip to Europa and a trip to
Mars and was found to vary between 10,000 to 40,000 s.

Nomenclature

a = acceleration

B = magnetic field

Ce = exhaust speed

Cex = minimum exhaust speed

E = electric field

e = magnitude of electron charge

Isp = specific impulse
J = electrical current density

L. = reactor length

m = particle mass

m = mass flow rate

Mele mass of all electrical power equipment
my = final mass

my = initial mass of rocket and fuel

n = particle density

P = power into the exhaust

Porem = bremsstrahlung radiation

P, = pressure at point n on Fig. 8

Pyyn = synchrotron radiation

p = pressure

0 = power out/power in or heat flux

R, = radius of Earth’s orbit around the sun
r = radius

T'gi radius of ion gyro radius

p = pressure ratio

S = safety factor

T = temperature or sometimes tritium

T, electron temperature

T; = ion temperature

t time

- = round-trip time

Ll = minimum ¢, with P/m, constraint
tm2 = t,, with minimum /sp and |a| = const. constraint
trE estimated effect of gravity on 7,

Vv = voltage

14 = velocity

Ve = orbital speed of the Earth around the sun
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VL = velocity of lithium coolant

W/lI = energy/impulse

Y = yield strength

ym = round-trip distance

B = p/(B/2u)

AT x = temperature rise

Av = / |a| dt

Avy = f |a|dt
for the entire trip

1) = thickness

sm = increment of exhaust mass

Econv = efficiency of converting electricity
into exhaust energy

n = efficiency, resistivity

0 = temperature ratio

A = relaxation global constant = (g j/B

A(Yr) = MA(y) is local value of woj/B

Lo = magnetic permeability of vacuum

0 = mass density

oer,T* = power radiated per unit area of radiator

o, = magnetic flux

I. Introduction

EOPLE of the future traveling within the solar system might

be enabled by fusion direct propulsion devices. Travel times
will be short, and the fuel, deuterium, can be found wherever hy-
drogen exists. Imagine quick trips to interesting solar-system desti-
nations such as Mars, asteroids, Jupiter, Saturn, and even to comets.
Human travel throughout the solar system could be possible using
spheromak direct propulsion. This paper will outline a spheromak
propulsion device for a spacecraft to Europa or Mars, which could
also be used for travel to other solar-system destinations. Europa,
one of Jupiter’s four largest moons, is a very attractive destination.
The recent evidence from the Galileo spacecraft shows that under
the water-ice shell could lay a vast ocean, warmed by geothermal
vents. This potential for an ocean creates a place where life might
exist.*

Human travel to Europa, Mars, and other planets of this solar sys-
tem by means of chemical propulsion is an overwhelming task. Trip
times for chemical propulsion are measured in years, with several
gravity-assist maneuvers, and would require large amounts of fuel.

Data available online at http://www.jpl.nasa.gov/galileo/status970523.
html [1997].
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The human travelers would be exposed to high amounts of solar
radiation as well as microgravity for long durations. The specific
impulse of chemical rockets is not suited for routine human travel
beyond the moon. The proposed solution is to use a fusion propul-
sion device to send humans to Europa and back in about a year and
to Mars and back in about 100 days.

Although fusion as a terrestrial power source might be decades
away, fusion propulsion systems could be developed sooner for the
following reasons: First, there is no need to be cost competitive
with the existing power grid. Second, the lifetime of the reactor
does not need to be as long. Third, because the edge plasma is
diverted directly to space to produce thrust, a diverter plate is not
required. Fourth, alow-Q, one-pass concept is impractical for power
generation on Earth because pumping and fuel reprocessing cost
in dealing with the large amount of diverted plasma (which is the
rocket exhaust in space) would be prohibitive. Fifth, only the safety
of well-monitored small crew is a concern, and a greater risk is
tolerable. Sixth, the size of the reactor is not limited to the size that
the power-distribution grid will accommodate. Seventh, if launching
large amounts of fission fuel is not allowed, there is no other option
for practical interplanetary space travel. The deuterium fuel for the
spheromak reactor is not radioactive.

There are two types of fusion currently being developed for both
power generation and space propulsion applications: inertial and
magnetic confinement fusion. Inertial confinement implodes pellets
of fuel using a particle or laser beam, thereby creating the reac-
tion. Two examples of studies that have looked into inertial con-
finement for propulsion applications are DELITE® (Earth-orbiting
device that propels spacecraft away) and the VISTA, a 60-day trip
to Mars concept.! In magnetic confinement, the hot reacting plasma
is insulated from the material walls by magnetic field, and the re-
actor can be steady state. Magnetic confinement has several types
of machines capable of creating a fusion propulsion reactor. Ex-
amples are tokomaks, stellarators, mirror machines, reversed field
configurations, field reversed configurations, and spheromaks. The
spheromak was chosen for this study and is the lowest mass concept
that has a high-beta, ideal-magnetohydrodymamics (MHD)-stable
equilibrium, with close flux surfaces. In addition, it can ohmically
heat to ignition, requiring no auxiliary heating system.

A previous study outlined a mission to Saturn using a spherical
tokamak fusion reactor.! This reactor concept would use ignited
D?He to heat hydrogen and exhaust the hydrogen along with some
of the edge plasma from the reactor out a magnetic nozzle to travel
to Saturn in 214 days. The spacecraft mass was estimated to be
2640 t, which included a 108-t payload, 45 t of D*He and 1292 t of
hydrogen propellant.

The dimensions of the reactor are as follows: major radius of
2.48 m and minor radius of 1.24 m. The plasma temperature was
50 keV. Other important elements of this reactor are that the reflec-
tivity of the first wall is very high at 98 % and the bootstrap current
was overdriven at 1.16 (Ref. 1).

This proposed mission to Saturn would utilize several theories
that need more research to prove effective. One of these theories
is using helicity ejection with the overdriven bootstrap current to
extract electric power from the reactor. Another issue that is not ad-
dressed in the research is how the 45 t of *He is mined. According to
their calculations, to process this amount of 3He on Earth, with cur-
rent world production rates of 18 kg/year, would take 2500 years.'
Even with processing on the moon, where He is more abundant,
“processing 40 km? of lunar regolith to a depth of 2 m, for example,
could yield 1 t of *He.” Thus, to get 45 t then 1800 km? of lunar
regolith would need to be processed. Only 1% of the *He fuel sup-
plied to the reactor is burned; this study did not look into recycling
the *He from the exhaust to save on the initial mass of fuel.

The study presented here, using the spheromak fusion concept, re-
quires more progress in plasma science but less progress with other

$Data available online at http:/www.islandone.org/APC/Beamed/05.
html.

IData available online at http://www.islandone.org/APC/Nuclear/
11.html.

technologies than this spherical tokamak concept. Several other fu-
sion propulsion concepts are discussed in Ref. 2. The spheromak
in this paper’s study uses only deuterium and exhausts the edge of
the reactor plasma directly to space to produce the thrust. The DD
fusion reaction is used because no recycling of the fuel from the
exhaust is necessary. To formulate what this future spheromak will
be like, data from the CTX spheromak experiment are extrapolated
to a scaled-up device.?

Based on these calculations and assumptions that will be de-
scribed in this paper, the following mission and reactor character-
istics are determined. The round-trip travel time for the mission to
Europa is approximately 380 days using 1620 t of fuel to transport
the 540 t spacecraft.

In the following sections several questions essential to the design
of a spheromak propulsion device are discussed, including why
fusion propulsion is necessary for planetary travel as opposed to
chemical or nuclear thermal propulsion (Sec. II). Also discussed
are the assumptions of how the reactor scales to a propulsion de-
vice from current research (Sec. III). Section IV gives the reasons a
deuterium-deuterium reaction is chosen over deuterium-tritium and
deuterium-helium-3 reactions. The spheromak confinement device,
using a bowtie-shaped flux conserver, is discussed in Sec. VI.

Section VI.C discusses how the exhaust is diverted out the space-
craft using conducting ducts to produce thrust. The radiation prob-
lems associated with fusion reactors and heat removal using radia-
tors are both addressed in Sec. V. Also given in Sec. V is an intro-
duction to using a gas turbine system for extracting power from the
spheromak for the spacecraft. Present research in developing this
fusion propulsion power source is discussed in Sec. VI.

By addressing these major questions, an outline for a spheromak
propulsion device is created. This propulsion system could serve
as the basis for a network of capable spacecraft traveling between
the planets. The fast trip times to almost any destination will create
a way of transporting supplies and personnel throughout the solar
system, allowing human exploration and utilization of our solar
neighborhood.

This paper is the first to present a simple, accurate analytic expres-
sion for the round-trip times as a function of the power/mass ratio
using an optimized, variable /sp that is constained by a lower bound.
This paper is the first to explore, in some detail, a DD spheromak
as a fusion propulsion concept for interplanetary human travel.

II. Comparison of Chemical, Fission,
and Fusion Propulsion Devices

A round-trip mission to Jupiter orbit from Earth orbit requires a
specific minimum Av of about 64 km/s and to Martian orbit requires
14 km/s for a round-trip mission using a minimum propellant, semi-
ellipse, impulsive trajectory between Earth’s orbit and the target
planet’s orbit.* (Av is f |a| dt, where |a| is the absolute value of the
acceleration during the mission.) The round-trip Hohmann transfer
time between Earth and Jupiter is 5.48 years, or 2000 days, and 518
days between Earth and Mars.> Because a faster trip time is desired,
alarger Av is needed.

A comparison between chemical, nuclear-thermal, nuclear-
electric, and fusion types of propulsion systems and the final/initial
mass fraction is shown in Table 1. The rocket equation given by

mys/my = exp(—Av/c,) (€))

is used for chemical and nuclear-thermal systems. The optimum
variable ¢, as discussed in the next section is used for nuclear-
electric and spheromak fusion. The final/initial mass fractions shown
in Table 1 are based on round trips to Europa and Mars.

Table 1 shows that the specific impulse for the spheromak reactor
and nuclear electric are much more suited for a trip to either des-
tination. For this table, impulse acceleration and deceleration were
assumed for the chemical and nuclear thermal cases. Gravity was
ignored in all cases because, for the short mission times desired for
human travel, it does not make a large contribution to Av. The ini-
tial mass for the fusion case is on a reasonable scale because a new
heavy-lift launch vehicle could be capable of lifting up to 250 tons.'
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Table 1 Comparison of different types of propulsion

Round-trip times, days

Final mass/initial mass

Propulsion
type Isp, s Europa Mars Europa Mars
Chemical-bipropellant* 450 620 175 107° 10~
Nuclear-thermal® 1000 620 175 1074 1072
Nuclear-electric 3,000-20,000 620 160 0.14 0.25
Fusion-spheromak 10,000-40,000 380 100 0.25 0.41
Using this heavy-lift launch vehicle would only require about nine 5
launches to get the spacecraft components including fuel to Earth 5 4 — velocity
orbit for the trip to Europa. Obviously the chemical propulsion sit- S 3 — el vel
uation is not practical for high-speed interplanetary travel. >
A nuclear-thermal device uses a fission reactor to heat hydrogen S 2
propellant to high temperatures. The high-temperature hydrogen is o 11
then expanded out a nozzle much the same way the products of a > 0 . , : :
chemical reaction are exhausted. /sp is directly proportional to the \/
C 7 T 14 0 1 2 4
square root of the exhaust temperature, which is limited to that of )

material walls. Thus, a nuclear reactor operates at a much lower
temperature than a fusion reactor, and so therefore has a lower /gp.
The edge plasma temperatures of the fusion reactor can be varied
enough to create very high and variable specific impulses. For the
spheromak design the temperature is varied to give close to optimal
Isp in order to minimize trip time.

Nuclear-electric propulsion uses a nuclear reactor to produce elec-
tricity. This electricity is then used to power an electric propulsion
device. There are a wide variety of electric propulsion devices, but
the ones most suited for interplanetary travel are ion engines and
Hall thrusters. For the table, the optimum /sp above 3000 s is used.
A power-to-mass ratio, based on Sec. V.E, of 0.375 kW/kg is used.
The power to mass ratio is P /m ;. We have the technology to build
such a power system today.

With the fusion spheromak propulsion, for the table, the opti-
mum /gp above 10,000 s is used. A power-to-mass ratio, based on
Sec. VE., of 1.84 kW/kg is used.

III. Mission Times vs Power-to-Mass Ratio

For fusion propulsion (and also nuclear-electric) the key param-
eter that limits mission times is the power-to-mass ratio that can be
achieved. The big advantage to these methods, at least for interplan-
etary travel, is that they can produce an optimum, variable /sp. For
nuclear-electric the /sp is controlled by the operation of the plasma
thruster. In direct diverted fusion propulsion the /gp is controlled
through the edge temperature, which is controlled by the rate and
depth of fueling. Fueling control is an important part of developing
magnetically confined controlled fusion.

There are two energy costs associated with making rocket exhaust.
One is that spent at the time the exhaust is expelled, and the other
is the kinetic energy the fuel has from being onboard the rocket.
Define the relative kinetic energy as %msz, where m is the mass
of the rocket and fuel. The best that can be achieved is for all of the
energy that is spent expelling exhaust to be in the relative kinetic
energy of the rocket and remaining fuel. In a gravity-free space this
is achieved when the exhaust speed is varied to always equal Av. (It
is assumed, for this section, that all of the exhaust is produced with
the optimum speed at 100% efficiency.) In a simple acceleration
this condition leaves the exhaust at rest in the initial frame. Thus,
the exhaust has zero kinetic energy, and the rocket has all of it.
The relative momentum m Av is constant. In this case, as shown in
Appendix A, if the power is constant, the acceleration is constant.
By using relative energy and momentum, this result also applies to
rendezvous and return missions as well, which are the topics of this
section.

Define m; and Avy as the final mass and Av where all of the
fuel is spent and the mission is complete. Let P be the power that is
put into exhaust by the propulsion unit part of this 2 ;. The absolute
value of acceleration and deceleration |a| for the entire mission is
just2P /m ¢ Avy (see Fig. 1 for the velocity and Av of a rendezvous
and return mission).

Time (arb)

Fig. 1 Velocity and relative velocity vs time for a rendezvous and re-
turn mission with constant acceleration.

The mission has four equal length segments of length %a(tm /4)?
each. Thus, with simple algebra the round-trip time for gravity-free
space and only a P /m ; constraint is given by

1

merzt 3
ty = 4 2
! < 2P > @

In practice, there is a lower limit on the exhaust velocity and an
upper limit on the amount of initial fuel mass for the mission. To
realize Eq. (2), an infinite initial mass is required because the relative
momentum is constant and the initial velocity is zero. Nonetheless,
this equation gives the shortest possible mission time for comparison
purposes. For fusion propulsion with single pass deuterium, the
exhaust speed must be high enough so that the ionization cost (about
50 eV per D) is considerably less than the kinetic energy of the
exhausted D atoms. Choosing 100 eV for the initial exhaust energy
puts a lower bound on the initial exhaust speed c.x of 100 km/s.
As will be shown, this also gives a practical initial fuel mass for
interplanetary missions. As long as ¢ is small compared to Avy,
the mission times can approach that of Eq. (2). Therefore, a constant
acceleration is chosen for this problem as well, and the exhaust speed
is chosen to be ¢, = cex + Av. The mission time is then given by the
following:

tmy = 4[(myZn/P)(Zn/2 + Cexti2/16)]3 3

Although this is a cubic equation for #,,, (the mission time) that has
an exact solution, an iterative solution converges very rapidly for
the most interesting cases when Z >> cextn2/8 is satisfied. Equa-
tions (2—4) are derived in more detail in Appendix A.

In Eqgs. (2) and (3) the effect of gravity was ignored. The biggest
gravitational potential change is caused by changing of the solar
orbit. The amount this changes the trip time should be less than that
needed to accelerate the rocket from rest to the velocity needed to
reach the mission orbit from Earth orbit. This time #pg is given by

1

Zy mygty 2
e = v | - 4
e (Zn-l—ZRe 2P ) @

The actual increase in an optimized mission time can be considerably
less than this because the sun’s gravity helps on about half the trip
and hurts on half the trip to give offsetting total effect. The magnitude
of the effect is given by fpg. Figure 2 shows the three times #,,1, 2,
and tpg as a function of P /m ; for a mission to Mars. Figure 3 shows
the three times as a function of P /m s for a mission to Jupiter orbit.
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Fig. 2 Round-trip travel time to Mars with constant acceleration. The
upper curve is for a minimum exhaust speed of 100 km/s. The middle
curve is with no minimum and represents the minimum possible time
but requires an infinite initial mass. The bottom curve shows how gravity
could increase the time.
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Fig. 3 Round-trip travel time to Europa with constant acceleration.
The upper curve is for a minimum exhaust speed of 100 km/s. The
middle curve is with no minimum and represents the minimum possible
time but requires an infinite initial mass. The bottom curve shows how
gravity could increase the time.
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Fig. 4 Final/initial mass fraction for the Mars and Europa missions
with constant acceleration and an initial minimum exhaust velocity of
100 km/s.

Figure 4 shows the final/initial mass fraction at the beginning of
each mission [from (low Earth orbit)] as a function of P /m ; for the
case where c., = 100 km/s.

Increasing P /m s shortens the mission time. However, the weak
cube root dependence means that large improvements in P /m ; must
be made to significantly shorten the time. A spheromak reactor study
that was not optimized for low mass’ found a P/m of 1.2 kW/kg.
The present study shows that 1.84 kW/kg can be possible soon after
fusion power is generated with the spheromak concept.

Raising the initial exhaust speed c., increases the mission time
but reduces the initial fuel requirements. As long as cex?,, /8 is small
compared to Zy, there is little increase in mission time from raising

Cex> and a large decrease in initial fuel mass might be possible. For
example, raising cex from 100 to 141 km/s increases the Europa
mission time (at P/m ;=3 kW/kg) by 2% while increasing the
final/initial mass fraction by 30%.

In fusion propulsion using single pass deuterium, a c.x of 100 km/s
is probably about as low as would be desirable because the relative
ionization costs would become large at lower speeds. This value
gives very reasonable final mass fractions while still yielding mis-
sion times within 10% of the shortest possible time for a given
power-to-mass ratio for Europa and 20% for Mars. These estimates
ignored the effects of gravity, which are also shown to be an even
smaller effect. The most conservative upper bound on the round-trip
time would be to add ¢,, and tpg. Thus, the results of this section
bracket the minimum round-trip time with finite c.. A true optimiza-
tion for the minimum mission time as a function of power-to-mass
ratio and the lower bound on the exhaust speed, including gravity,
would be very interesting.

When applied to much higher P /m , the results from this anal-
ysis are in rough agreement, both in the absolute times and scal-
ing with those of Williams.® For example, at P/m; =100 kW/kg
and cex =0, 92 days are required for the round-trip Jupiter mission,
which is about 20% shorter than reported in that reference. Also,
P /my =100kW/kg and c., = 380 km/s gives a 25% initial pay load
fraction and 102 days for the round-trip Jupiter mission, which is
about 30% shorter then reported in that reference. As stated in that
reference, gravity effects are insignificant for this very large P /m
regime.

IV. Using DD Fusion

Both tritium (T) and helium 3 (*He) are very rare. Tritium has a
12-year half-life and does not exist in any significant quantity in
nature and must be bred by the fusion reactor. The DT reaction
produces one neutron, which is used with lithium (Li) to generate one
T. The neutron can be multiplied by interacting with wall material or
with 7Li. Breeding ratios of over one are possible, but large factors
like two are not. Thus, the reactor cannot afford to lose T. At least %
of the T produced must be burned. Because the energy deposited in
the plasma by one fusion reaction is over 2000 times the energy of
one exhausted particle, over 2000 particles must be exhausted to use
up this energy. If the plasma is about half T, there are about 1000 T
exhausted for each T produced. Affordable losses can only be about
one-fifth the amount produced. Thus a T recovery method can only
lose one in every 5000 recovered T. Otherwise, T will be lost faster
than it is produced. In addition, about % of the mass outflow is lost
in not letting the T escape. Thus, a D-T fusion reactor is not feasible
or practical for this propulsion device. D3He has the same problem
because *He is so rare that it is not feasible to have a significant
fuel mass in *He. Therefore, probably the only way DT or D3He
fusion would be practical is to run the fusion reactor with a closed
gas cycle and just generate electricity for electric propulsion similar
to nuclear-electric methods.

Another solution is to make a DT or D*He reactor with such good
confinement that 80% of the fuel is burnt in a single pass through the
reactor. However, such confinement, when the *He ash effects are
taken into account, is high enough to burn pure deuterium, which
is abundant enough that un-burnt D can be used for inert fuel mass.
With two-thirds burned up, the exhaust would be % D, % T, and % “He.
Assuming the same mix throughout the volume, the reaction rate
would be }T of that without the *He. The reaction rate is proportional
to the product of the density of D times that of T. With no “*He they
would each be half the total density instead of }—‘. Except for the
burn-up constraint only about 7% burn up is required. An additional
factor of 10 in confinement is needed to achieve the 67% burn up.
Thus, the high burn-up requirement increases the total confinement
needed by about a factor of 40. However, the reaction rate of DD is
a factor of 40 less than DT at a temperature of 50 keV. Thus, the best
solution is a single pass DD reactor having an engineering Q just
above one when considering only the neutron power, with the edge
plasma diverted to make the rocket exhaust. Having the inert fuel
being the same as the thermonuclear fuel also facilitates heating the
inert fuel without contaminating the reacting plasma.
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V. Spheromak Fusion Reactor

A. Scaling to a Fusion Propulsion Unit and Other Assumptions

The spheromak reactor physics used in this study is based on
scaling from the experimental results from the Los Alamos CTX
spheromak experiment.? The spheromak was formed with electro-
static helicity injection using a coaxial magnetized Marshall Gun
and then allowed to decay. During the decay, the spheromak was
ohmically heated to its B limit.” The temperature (0.4 keV) and
confinement were limited by the consequences of reaching this limit.
In these experiments, the shapes of the boundary and the current
profile were not optimized for high 8. Most of the high-temperature
plasma was ata higher g in a fraction of the entire volume. Therefore,
for the scaling we assume 1) the spheromak sustained with helic-
ity injection current drive has sufficient confinement to ohmically
heat to the 8 limit. This is justified because decaying spheromaks
are observed to ohmically heat to the 8 limit and the scaling of the
fluctuations levels required to sustain a hotter plasma should de-
crease to improve the confinement by more than the loss of heating.
However, this is a very important question that is being studied in
spheromak controlled fusion research, and a favorable outcome is
assumed.

Also assumed is that 2) the resistivity scales approximately like
Spitzter resistivity (o<T~>/?) and 3) the efficiency of the sustain-
ment of the magnetic energy is 50% for the power delivered to
the spheromak and 90% efficiency in power conditioning from the
generator to the spheromak. Assumption 2) is justified because a re-
laxed stable plasma will be left with only collisional resistivity that
scales like Spitzer. In assumption 3) we allow for the “anomalous”
resistivity caused by helicity conserving relaxation. Experience to
date indicates that 50% loss of injected power caused by relax-
ation is typical. Although it might be possible to improve this, we
stick with proven results. With modern power handling methods
90% of the electricity from the generator can be delivered to the
spheromak.

The volume-averaged betas of over 10% are calculated for the
bowtie geometry and were observed in the “tuna can” geometry of
the Los Alamos experiments.® Most of the plasma is near the mag-
netic axis at much higher than 10% beta. Of course, beta is zero
at the edge. To estimate reactivity and radiation losses, 8, calcu-
lated using the volume-averaged B2, is assumed 4) to be 30% over
one-third the volume and zero elsewhere, giving the 10% volume-
averaged B. The spheromak edge fields are lower than the volume
average so that the engineering beta (2uop/B2,) is 43% over one-
third the volume. This is a simplifying assumption, but it would be
unrealistic and pessimistic to assume a uniform 10% beta for this
0D model. For example, in a tuna can experiment that reached the
B limit, the peak of the electron pressure before instability was 20%
of the volume-average magnetic pressure.” Assuming 7, =T, the
B was 40%, based on volume-averaged magnetic field. Taking into
account the decrease in the local field caused by that pressure, the
local B was over 60%. The half-maximum minor radius of the pres-
sure was 0.12 m, and the minor radius of the plasma was 0.3 m for
a plasma volume of 16% of the total. Considering these results, this
assumption is very conservative.

Based on the spheromak reactor study,’ the neutron wall loading
is assumed 5) to be limited to 20 MWm 3. (Actually, 13.5 MW/m?
is used.) The burn-up fraction of all of the deuterium and reaction
products is based on the confinement time required for ohmically
heating the plasma to the 50 KeV. It is assumed 6) that the particle
confinement times in the burning plasma regions is equal to the
energy confinement time. This yields 15%, 42%, and 100% burn-up
fractions of D, *He, and T, respectively. The *He reaction provides
about half of the fusion power to the plasma. Most of the exhaust
plasma is produced by passing deuterium through the edge at the
correct rate so that it is heated to the temperature required for the
desired Isp.

The tank masses and radiation shielding mass required to contain
and shield the D fuel is assumed 7) to be small. With the weightless-
ness of space and the very small acceleration of the rocket, the force
to contain the fuel is very small so that the tanks can be extremely
low mass. Thus, fuel tank mass is very small compared to the fuel

Table 2 Parameters scaled up from CTX experiment

Parameter CTX(1990) Reactor R™ scaling
Vessel radius and length, m 0.28 3.13 n=1
Toroidal current, MA 0.78 98 2
Magnetic field at wall, T 1.0 11 1
Magnetic energy, MJ 0.054 9579 5
Temperature, keV 0.4 50 2
Magnetic decay time, s 0.001 175 5
Sustainment power, MW 110 110 0
Fusion power to plasma, MW n/a 954 n/a
Fusion power in neutrons, MW n/a 1360 n/a

mass, a few percent at most. In the vacuum of space, only radiation
shielding is required for insulation, which would be layers of very
thin metal foil. Shadowing the sun and the power radiators would be
the main task. The tanks would be jettisoned when they are empty,
and their mass does not add to m ;. Their impact on the mission
times will be small. The power/mass ratio is effectively lowered by
a fraction equal to half of the tank/fuel mass ratio. (Jettisoning the
empty tanks wastes their kinetic energy, but that is only half the
energy given to normal fuel.) This effect is much smaller than the
uncertainties in our estimates given in this paper.

The reflectivity of the first wall to synchrotron radiation is con-
servatively assumed 8) to be 90%. There are wall materials that
have higher reflectivity such as optical beryllium,' but the continu-
ous use of the reactor and plasma interaction with the wall causes
the wall to become less reflective, therefore increasing the power
losses to radiation. Also because the edge plasma is diverted to form
the propulsive exhaust, the portions of the wall where the plasma
escapes are not reflective. Especially at the synchrotron radiation
wavelengths, a reflectivity of at least 90% is attainable. This is con-
servative compared to the 98% assumed in Ref. 1.

Table 2 shows some of the key parameters of the experiment
and the proposed fusion propulsion reactor. In addition to the pre-
ceding assumptions, the scaling assumes constant: current density
(j =10 MA/m?), volume-averaged density (n=4.2 x 10% m~3),
and B. This gives a j/n of 2.4 x 10~'* Am, which is an acceptable
value. The extrapolation is large, but current research is underway
to test and develop this concept as discussed later. The size is chosen
for 50 keV, which is optimal for a DD reactor.

B. Radiation Concerns

There are several types of radiation emitted from the spheromak
reactor. Two types that present a significant source of power loss
to the reactor are synchrotron radiation Py, and Bremsstrahlung
radiation Pyer,. The equations for the power loss from both types of
radiation are given next.'

InRef. 10 synchrotron radiation is discussed in terms of the length
of aslab L of plasma needed to provide the power radiated from the
DD reaction alone. It gives

L o [¢(T)/B.B] ©)

and quotes a value L =0.32 m with § =04, B=10T, T =50keV,
and reflectivity =0.9. In the plasma proposed here, 8 and B are
0.43 and 9 T, respectively, giving L =0.28 m. The power loss by
synchrotron radiation is then the DD particle power to the plasma
reduced by L/(plasma minor radius).

Bremsstrahlung radiation is given by

1
Porem = 5 x 107302, (W/m?®) (6)

where the number density 7 is in m~ and 7, is in keV. Using these
equations for a 3.13-m DD burning, spheromak reactor, the power
losses caused by radiation are 124 MW of synchrotron radiation and
180 MW of bremsstrahlung radiation. (The plasma minor radius is
0.9 m.)
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Fig. 5 Diagram of spheromak with first wall, blanket, and equilibrium
coils.

C. Reactor Structure and Blanket

The spheromak reactor structure has coils to create the magnetic
fields, a first wall able to take the extreme heats and pressures, and a
cooling blanket as well as heat exchangers. Figure 5 shows a diagram
of all of these elements.

The equilibrium coils create the magnetic confinement of the
fusion plasma. Superconducting material is used for the coils based
on a lower mass than other options. The material for the coils is
Nb3;Sn wires. The wires are stabilized by copper filaments, and
liquid helium is used as a coolant in the coils. This configuration
has demonstrated current densities of as high as 3 x 10° Am~2 with
magnetic fields up to 12 T (Ref. 11).

For a plasma current of 98 MA, a total superconducting cross
section of ~0.033 m? is therefore needed. An average coil radius of
3.4 m, and a mass density of Nb;Sn of approximately 9000 kg/m?
translates to a superconductor mass of about 7 metric tons. Nb3Sn
wires are typically manufactured with copper/noncopper ratios
greater than 1, meaning that the total mass of the coils would actually
exceed 14 tons. Because of the necessity to maintain the supercon-
ductor below liquid helium temperature (4.2°K), a coil-to-coolant-
infrastructure mass ratio of 1:2.5 was assumed, adding 38 tons to
the mass estimate, while power requirements for the refrigeration
system are assumed to be negligible (<1 MW) (Ref. 1).

The coils, however, are also subject to a large B%/2u, mag-
netic pressure so that they must be held using a material with a
high strength-to-mass ratio. Titanium alloys, specifically Ti-6A1-
4V, have a high yield strength of ¥ = 1.9 x 10° N/m?. The mass of
Ti needed to support the coil is estimated by calculating the thick-
ness needed for a uniform pipe to hold the magnetic pressure. For a
safety factor of S, the thickness needed is given by

thickness = (SB’r /2u1,Y) N

where r is the radius, set at 3.4 m, the magnetic field is given as B and
is 11 T, then the thickness is about 0.19 m, assuming a safety factor
of 2. Using a density of the titanium of 4400 kg/m? and a length of
3.13 m, this supporting structure adds 60 t to the coil structure. In
Fig. 6 the coil cross section is shown with titanium support structure,
superconducting filament, copper structure, and cooling channels.
The conducting liquid lithium coolant in the blanket region acts as
a flux conserver for high-frequency wall-stabilized plasma modes.
The skin time of the 0.275-M-thick hot lithium, with a resistivity
of 3.0 x 1077 Q-m, is about é of a second and will stabilize modes
with frequency above about 1 Hz. Thus, low-frequency feedback
stabilization will be necessary to stabilize lower-frequency modes

Table 3 Summary of the lithium
blanket characteristics

Characteristic Value
Lithium thickness 0275 m
Resistivity (lithium) 3% 1077 Q-m
Flow velocity 0.1 m/s
Blanket mass 25-30 mt
High temperature 1400 K
Low temperature 600 K

Equilibrium coil cross<séction

Ti-alloy structural brace
Coolant /_
channel /
/Copper stabilj

o\o o/
O/

o 0o o /-Su rconductor filament
O O A1
o 0 ]

Fig. 6 Equilibrium coil cross section.

like the resistive wall modes. Pumping the liquid parallel to the
large edge magnetic field (~11 T) minimizes any ohmic losses and
additional heating of the lithium caused by v x B induced currents.

The lithium blanket also serves to remove heat and absorb the
high-energy neutrons from the DD reaction. The T produced in the
blanket can be stored and used for reactor startup and also can be
used as fuel at the end of missions where a higher burn-up fraction
is needed for the higher /sp. The reactor emits neutron and radiation
for a wall loading of 13.5 MW/m?. The lithium flow rate is found by
assuming that the heating is uniform, and a temperature rise A7 .«
is desired for power generation. The relation

01 < Cy8 AT max (®)

is used where Q is the heat flux, ¢ is the transit time of the coolant,
§ is the thickness, and C, is the volumetric heat capacity. Assum-
ing a uniform heat transfer and conduction in the blanket over one
traversal of the entire reactor length L., the velocity requirement
is found by solving Eq. (8) for # and substituting into vy; = L /t:

vLi 2 QLrCtr
C,ATS

(&)

Using a blanket thickness of 0.275 m, a reactor length of 3.13 m,
Q =13.5MW/m?,C, ~ 1.8 x 10° J/(m® - K), and AT = 800°K, the
velocity of the lithium pumped through the reactor blanket is ap-
proximately vy ; > 0.1 m/s. A summary of the blanket characteristics
is shown in Table 3. Approximately 10 metric tons of lithium is
required to fill the blanket volume once. Additional material is nec-
essary to complete the heat-exchanging circuit and fill the pumping
reservoir volume. More mass is needed to provide structural sup-
port capable of retaining strength at the high blanket temperatures.
A rough estimate of between 35-40 metric tons for the total blanket
mass is used.

Table 4 summarizes the mass estimates for the blanket and coil
structures of the reactor.
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D. Electricity Generation

A closed helium gas turbine cycle is proposed to be suitable for the
power conversion system of a fusion-powered spacecraft. Helium is
chosen for its high heat capacity, inert nature, and its low density. For
source temperatures more than 800 K, a highly recuperated Brayton
cycle is the most efficient cycle available.'> The power conversion
efficiency of a simple Brayton cycle with a regenerator (recuperator)
is estimated. Figures 7 and 8 illustrate the schematic of the simple
Brayton cycle and the corresponding temperature (T)-entropy (S)
diagram.

An ideal Brayton cycle is composed of two isentropic processes
and two isobaric processes, which make the efficiency of the cycle
only depend on the temperature ratio, or the pressure ratio."?

Nideal = 1- (1/"17)(}/_1)/)/ (10)

Here y is the common, specific heat ratio. The existence of irre-
versibility of the turbine and the compressor (the dashed lines in
Fig. 8) causes a decrease of the cycle efficiency. The adiabatic effi-
ciencies of the working components and the efficiency of the recu-
perator are chosen based on Ref. 12.

The principal design parameters used in the calculation are the
following: adiabatic efficiency of the turbine 1, =0.93; adiabatic
efficiency of the compressor 7. = 0.90; efficiency of the recuperator
nge =0.95; pressure ratio r, = P,/ Py = P4/ Ps; temperature ratio
0 =T,/ Ty; and mass flow rate of the working gas (helium) 7. With
a given power input and the temperature at the high-temperature
reservoir (T, = 1400 K), the temperature ratio and the mass flow rate
determine the cycle efficiency. A high-temperature ratio requires a
large radiator mass to radiate power to space at a low temperature.
A high mass flow rate requires more rotating machinery mass. For a
given efficiency there is an optimum combination for the minimum

where oer, T* is the power radiated per unit area, C, is the heat
capacity, and A is the radiator area. The mass of recuperator, tur-
bine, ducts, and supporting structure is assumed to be proportional
to the mass flow rate of the working fluid (helium) with the ratio of
905, taken from Ref. 1. At each efficiency, this subsystem, including
the radiators, is optimized for the maximum shaft power per kilo-
gram. This shaft power is delivered to the alternator. In the second
subsystem, the mass of the alternator, power conditioning and distri-
bution equipment, low-temperature radiators for cooling electrical
equipment, and support structure is assumed to be proportional to
the power generated. The ratio for this subsystem is assumed to
be 5 kW/kg, again consistent with Ref. 1. These solutions for the
two subsystems are then combined for the maximum P/ at
each efficiency, where P, is the electrical power out and mg is
the total mass of the two subsystems. The result is shown in Fig. 9.

T
A

Q

> S

Fig. 8 Temperature-entropy plot for an ideal Brayton cycle.

total mass. The radiator mass strongly depends on the temperature 4 —
of the working fluid at the inlet and the outlet of the radiator. The F \
mass value of the carbon duct (1.25 kg/m?) is given in Ref 1. The - Fo\
radiator mass can be estimated using 2 E \\
< 3+t ¥
oo R L
A= SLpom 1 .dT an =
T, O €Ty T4 q;’ N
0 2
g
o A PIM
Table 4 Summary of reactor blanket and coil masses ‘2:; N
@
Component Mass, t &1
N
Bulk Li coolant 25 AN
Blanket structure ~ 12 ~1
Total blanket mass ~ 37 (o) SN 7
Superconductor + copper stabilizer 14 0.1 0.2 0.3 04 05 0.6
Mechanical support structure 60 Efficiency
Cryogenic systems 38 . . .
Total equilibrium coil mass ~ 112 Fig. 9 Optimum Pgjc/mejc (solid curve) and dPgc/dmel. (dashed curve)
Total blanket and coil mass ~ 150 as a function of efficiency at T4 = 1400 K. T varies nearly linearly from
about 800 K at £ =0.1 to 400 K at € =0.5.
4 0
t
Alternator
Lithium Blanket
Compressor
5 -2
Radiator
T ITTITITNT
g
[] ']
Fusion plasma 3 .
Recuperator 6

Fig. 7 Schematic of gas turbine power cycle.
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Also calculated is the corresponding dP./dm. while following
the Pejc/mei curve. The dPe./dme at fixed input power is needed
for optimization. If £copyd Peic /dmieyc is greater than P /m ¢ (defined
in Sec. III), the efficiency should be increased, where &,y is the effi-
ciency of converting electricity into exhaust energy (assumed 0.9). If
it is less, the efficiency should be decreased. The optimized electri-
cal generation system should operate at P /m ; = £conyd Peic /d meic.

In this particular example, P/m is about 1.84 kW/kg and
Econvd Perc /dmeyc 1s equal to this at an efficiency of about 0.29. There-
fore, the best P /m s is achieved at this efficiency for electrical con-
version.

The turbine and generator can also be used as an energy storage
device to provide the necessary energy for reactor startup. Although
this stored energy would be less than the magnetic energy for DD
operation, it would be enough for a DT startup that could then transi-
tion to DD operation. The initial spin-up of the turbine and generator
could come from chemical energy.

E. Overall Power Flow and Total Mass

The spheromak reactor produces 2658 MW of power. This power
is mainly directed into space either as thrust or as radiation to the
walls. However, the reactor and spacecraft are sustained by a fraction
of this generated power. The flowchart in Fig. 10 shows the power
distribution of the spacecraft. Although 110 MW are required to
sustain the plasma current, the optimum amount of 344 MW is given
to the spheromak. The extra capacity is also valuable for startup and
as asafety factor. The reactor Q (power out/power in)is only seven. It
is assumed that the input power and the power from fusion-produced
charged particles is converted into Pyrem, Psyn, and exhaust power
for thrust by the plasma. The total mass is 540 metric tons.

Table 5 shows the major components of the mass. The 100 t for
“life support and others” is based on the results of Ref. 1.

Thus, the power-to-mass ratio is 1.84 kW/kg requiring about
100 days for travel to and from Mars and about one year to and
from Europa. (There is not a weight growth contingency in these
estimates. Adding 30% more mass for contingency would increase
the times by about 10%.) These should be acceptable mission times
because they are similar to the time to circumnavigate the globe
in the 19th (Nellie Bly) and 16th (Ferdinand Magellan) centuries,
respectively.

A 575-t pressurized-water fission reactor can generate 1600 MW
of heat.” From Fig. 9 this heat can be converted to about 720 MW
of exhaust power with 600 t of generator and radiators with a power

Table 5 Spacecraft’s component mass
and total mass my

Component Mass, t

Reactor 150

Electricity generation and radiators 290

Life support and others 100

Total 540

Thrust: R
Reactor: 994 Erstwall 4
Neutrons: irst wall: .
Charged €360 Liquid Li Electricity
Particles: 954 Bremsstrahiun cooled 1664 | generation
€l ung: i »>
Neutrons: 1360 180 Gy Wall Ioadlng
Injected: 344 Svnchrotron: 13.5 MW/m Efficiency:
Total 2658 ync1 ;;z TN, Total: 1664 29%
A
Waste heat: | Radiators |Waste heat:
344 Power 38 1220 182
lconditioning
Efficiency
90% 382 Electricity

Pumping distribution Electricity:
Cooling 482
Living | 100
Other

Fig. 10 Flowchart of the power distribution in the spacecraft in
megawatts.

generation efficiency of 0.5 and power conditioning efficiency of
0.9. It might take about 650 t of ion thrusters to convert the 720 MW
of conditioned power to exhaust.* Adding 100 t for living and other
needs, the total mass is 1925 t for a power-to-mass ratio of about
0.375 kW/kg, which was used for Table 1. A more careful system
study and optimization might allow nuclear-electric to achieve even
larger power to mass ratios.

VI. Reactor Concept

The experiment that was scaled for the basic reactor parameters
justused had electrostatic helicity injection, which is discussed next,
with the edge open field lines landing on electrodes and not diverted
into space.’ The shape was a simple tuna can shape, which does not
lead to high beta in a reactor.>'“!> The higher beta bowtie shape is
not very compatible with helicity injection using coaxial electrodes.
These considerations plus the fact that magnetic confinement has
had greater success with inductive driven machines leads to the
conclusion that inductive helicity injection might be superior. With
inductive helicity injection, the very edge, open field line and plasma
can be diverted into space for thrust and the adjacent closed field
plasma driven with the inductive injectors.

A. Helicity Injection Current Drive in General

Reversed field pinch and spheromak experiments and consider-
able theoretical analysis have shown that magnetic helicity (defined
next) is the best constant of the motion of a magnetized plasma.'>~!7
The Taylor minimum energy principle states that, in a plasma, mag-
netic fields relax to a state of minimum energy while conserving
magnetic helicity. If relaxation is complete, then V x B = LB, where
A is a global constant.'® Utilizing Ampere’s law yields A = oj/B.
This understanding is valuable in predicting the effects of instability
on magnetic profile evolution. Namely, if the plasma boundary is
a helicity barrier, magnetic activity will conserve helicity and flat-
ten the pgj/B profile. Therefore, driving j high in one region of
the plasma leads to current drive throughout the plasma volume.
Helicity injection current drive is simply driving current high in the
region of the plasma that is most convenient and allowing relaxation
to produce the current throughout the volume.

Helicity conservation plays a key role in dictating that magnetic
activity, which impedes current in the high A () regions, must also
drive current in the low A (v) regions, where A () is the local value
of 1y j/B. Because any region of low A () inside the helicity barrier
can absorb and dissipate helicity, open field lines in the edge regions
such as behind a limiter must be avoided as undesirable helicity
sinks. Indeed, such regions on reverse field pinches (RFPs) and
spheromaks increase the anomalous resistivity and severely degrade
confinement.'>? Thus, open field lines degrade performance and
should be avoided. Because the current increases when the helicity
increases and helicity is the most conserved quantity, it is the most
important quantity to inject.

Helicity is the linkage of magnetic flux with magnetic flux, and the
helicity from the linkage of flux tubes ¢; and ¢, is 2¢, ¢, (Ref. 21).
As flux becomes linked or unlinked, an electric field is produced
parallel to the magnetic field. If the magnetic field penetrates or
links the boundary, then the linkage is uniquely defined such that
the vacuum helicity is subtracted giving the simple relation for the
change of helicity as

dK
E:Z/Ev-Bvdvol—Z/E~deol

where K is the helicity, E and B are the electric and magnetic fields
in the plasma, and E, and B, are the electric and magnetic fields for
the vacuum case with the same E parallel and B normal to the bound-
ary and the same flux linking the boundary as in the plasma case. The
integrals are done inside the plasma volume.'> The first term on the
right is the helicity injection term, and the second is the dissipation.
Helicity injection can be electrostatic or electromagnetic.?? Usually,
helicity is injected by applying a voltage Vi, to some flux ;,; that
either penetrates electrodes (for electrostatic injection) or links the
boundary (for electromagnetic injection). The injection term is then
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2Vinj¥inj, Where Vi is the voltage between the electrodes in the
electrostatic case or the loop voltage in the electromagnetic case.
For example, in a transformer driven tokamak or RFP, the helicity
injection rate is 2Viop Por. From the minimum energy principle,
helicity is dissipated only by resistive diffusion. Therefore

/E-deol:/n]'«deol

However, E does not equal nj at each point because relaxation
activity produces anticurrent drive in regions of high A(yy) and
current drive in regions of low A(y.).

B. Steady Inductive Helicity Injection Current Drive

Steady inductive helicity injection has constant inductive helicity
injection on the bowtie spheromak. For inductive drive, the time-
averaged voltage on one injector is zero with the voltage passing
through zero. Thus, for constant injection two injectors must be
used so one can inject during the zero crossing of the other. To
prevent helicity ejection when the voltage is negative, the flux must
change sign with the voltage. The HIT-SI experiment is among the
simplest that can meet these requirements and be compatible with
the bowtie spheromak. It has two oscillating injectors driven 90 deg
out of phase.?® The injectors are 180-deg segments of a toroidal
pinch attached to a slotted flux conserver as shown in Fig. 11. The
transformers and coils needed for the voltage and flux circuits are
shown on the right. The flux conserver and injector surfaces are
of high-conductivity copper alloy. The different colors are used to
show electrically insulated pieces. The dashed lines on the left show
the location of narrow insulating gaps or slots. These gaps allow the
injector flux to oscillate in out of the injector and spheromak regions.

Because the electric field is zero in the metal of the conduct-
ing shell, the voltage across the insulating gap is uniform along
its entire length. Thus, the narrow gaps in the conducting shell
ensure that complete flux tubes are injected simultaneously with
no open flux penetrating the wall. The transformers induce an os-
cillating loop voltage in each injector. The transformer cores can
be small because they are driven at a high frequency. For space
propulsion air core transformers might be used because of the
lower mass. This transformer is the last element in the power con-
ditioning equipment. Because this provides the current drive and
the plasma ohmically heats to ignition, no significant additional
mass is needed for plasma current drive and heating equipment.
The toroidal flux is produced in each injector using coils, wrapped
around the injectors, and by the passive, flux-shaping shells. He-
licity is injected into the plasma volume at the rate 2Viy;i,. The
Vinj and iy; of each injector are oscillated in phase with ampli-
tudes ¥y and V. In one injector the flux and voltage oscillate

as sinwt, in the other as coswr. The helicity injection rate
is  dKiy/dt =2V, sin® wt + 2V cos ot = 2V, = constant.
The injectors connect to the outer fields and drive a high current
density in that region. This concept is pursued at the University of
Washington.? Figure 12 is an assembly drawing of this experiment.

C. Exhaust Divertor

In addition to the HIT-SI geometry, the fusion propulsion engine
has exhaust pipes attaching to the geometric center of the bowtie
spheromak. The edge flux will be diverted out the conducting pipes.
Figure 13 shows a minimum energy state equilibrium calculation
for a bowtie spheromak with edge field lines diverted out exhaust
pipes. The liquid lithium coolant flows around the exhaust pipes as
it enters and leaves the blanket around the spheromak.

To create thrust, the exhaust must be redirected in one direction so
that net thrust will be realized. A conducting pipe with some parallel

Fig. 12 Cutaway view of the HIT-SI experiment that has steady-state
helicity injection current drive. All colored parts are copper; the gray
is stainless steel. The light green surface is the cross-section cut on the
copper.

Fig. 11 First wall of HIT-SI.
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Fig. 13 Minimum energy state equilibrium calculation for a bowtie
spheromak with edge field lines diverted out exhaust pipes.

Burning
plasma

«—Exhaust

"-Exhaust pipe

Fig. 14 Sketch of the topology of the exhaust tubes with magnetic field
lines. The magnetic field lines have arrows showing the direction. Black
walls are conducting. Blue walls are insulating.

magnetic field can turn a corner, and the plasma will follow the field
with less than a gyro radius of motion off the field lines. The tubes or
ducts maintain a magnetic field within to divert the plasma around a
90-deg corner as shown in Fig. 14. The field lines are turned into the
wall at the end of the ducts using insulators; this allows the plasma
to exhaust through the pipes without causing excess drag.

D. Transporting Diverted Plasma to the Exhaust

Using the generalized Hall, Ohm’s law, and the magnetohydro-
dynamics momentum equation and neglecting ohmic heating and
pressure gradient as well as gravity terms, the two equations be-
come

i % B
Etvxp=I*B (12)
en
& B (13)
Py =

Because the walls of the tube are conducting, there is no potential
difference across them so that £ =0. Substituting Eq. (12) into
Eq. (13) results in the following:

d
en(v x B) = pd—: (14)

Using this governing equation, the following description shows how
the plasma turns the corner in the duct.
Figure 15 illustrates the scenario of plasma entering a turn. From
the figure we see that initially, v x B is in the positive z direction.
From Eq. (14), dv/d¢ is in the positive z direction, and the ions
begin to accelerate out of the page. This new component of velocity
produces a v. By, resulting in a force in the inward radial direction.

Fig. 15 Conducting copper
duct with magnetic topology
and geometry. The arrow shows
the direction of the fluid flow
and of the magnetic field. The
electric field is zero because of
the boundary is a conductor.

Fig. 16 Magnetic field
B lines diverted into wall of in-
sulating duct at end of ex-
haust tube. Black lines show

I vavs the plasma flow, and blue
lines with arrows show the
y magnetic field lines.
X
z

This force increases until pdv, /df = /"’Izmrauel/ r, which is the cen-
tripetal force necessary to keep the particles traveling in a path such
that the non-z components of velocity are parallel to B;. While
moving along this path, there are no other forces on the plasma
(when viewed as a fluid) save the centripetal force, and so this is the
equilibrium trajectory.

To see how far the ions travel in the z direction (across the field),
during this quarter turn the governing equation is rearranged to give

env.B = p(vﬁmnel/l‘) (15)
which then leads to:
vt = (n/z)(mvparallel/EB) = (77/2)"gi (16)

where #, is the time it takes for the plasma to turn 90 deg. Thus, the
plasma drifts about a gyro-radius as it makes the turn, which can
be quite small, and the plasma essentially follows the field lines.
The key element is the conducting wall, which provides the return
path for the current that traverses the plasma in the z direction. This
current crossed into the guide field turns the plasma and keeps it
following the field.

When the ions have reached the end of the exhaust duct, the
magnetic field lines are turned into the wall as shown in Fig. 16.

The end of the duct is made of an insulating material to allow
an electric field to be produced by the particle drifts in the +x
directions. An E field into the page builds up, which allows the
plasma to cross the magnetic B field undeflected. From a particle
viewpoint, the force caused by this electric field cancels the v x B
force. Thus, the plasma is allowed to cross the magnetic field lines
and exit the ship, producing thrust. The key elements for this concept
are 1) the insulating wall so that return current cannot flow to prevent
the plasma from crossing the field and 2) diverting all of the field to
one side so that azimuthal currents will not flow within the plasma
to prevent the plasma from crossing the B field. Simply letting the
field lines symmetrically enter the insulating wall would fail because
azimuthal currents would flow to prevent the plasma from crossing
the field. (Another solution is to expand the duct to a large diameter
at the exit. This would lower the field line tension so that it does not
significantly impede the rocket and the plasma would not need to
cross B-field lines.)

Figure 17 shows an artist’s conception of the fusion propulsion
engine. The dark blue tubes represent the inductive helicity injectors.
The green pipes are the exhaust pipes for directing the diverted
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Fig. 17 Artist’s conception of the first wall of a spheromak-based
fusion propulsion engine.

plasma to the exhaust. The red and light blue define the first wall of
the spheromak confinement region.

VII. Conclusions

The use of a fusion reactor based on the spheromak magnetic con-
finement device as a rocket engine for interplanetary space travel is
explored. For the purposes of this study, a fairly accurate analytic
expression for the minimum round-trip travel time subject to the
constraints of the power-to-mass ratio and a lower bound on the
exhaust velocity was derived. The power is that into the exhaust,
and the mass is the total mass at the end of the mission. The di-
verted edge plasma from the reactor is directed into space to create
the engine exhaust. This eliminates the need for divertor plates, a
major problem area in controlled fusion. The edge plasma is heated
from the power produced by charged fusion reaction products and
electrical input power. Most of the exhaust mass is unburnt fuel.
For this concept, pure deuterium is used as the fuel. Its low cross
section disadvantage (compared to DT and DHe) is offset by the
abundance of the fuel, the lack of the need for breeding, and the
simplicity of having the fusion fuel being identical to the inert fuel.
The neutron power and other radiation power are used to generate
electricity, in an optimized Brayton cycle including radiator mass
in the optimization. This electricity is used to power the spacecraft
and to sustain the magnetic fields of the spheromak. Although the
power generator is very massive, its use avoids the need to evoke
untested direct conversion schemes.

The reactor uses liquid lithium coolant and superconducting mag-
nets. The total mass not including fuel is estimated to be 540 metric
tons. This concept might achieve power to mass ratios of nearly
2 kW/kg giving round-trip times to Mars and Europa of about 100
days and 380 days respectively in a ship large enough to support
human life.

The only major extrapolation from existing technology is the
spheromak reactor itself. The reactor represents a large extrapola-
tion from a small, pulsed experiment to over an order-of-magnitude
larger steady-state reactor. An attractive reactor is found by as-
suming constant beta, constant density, constant current density,
Spitzer resistivity scaling, and steady inductive helicity injection
for sustainment. Work is presently underway to develop this con-
finement concept. If the spheromak reaches its potential as a fusion
plasma confinement device, then it will lead to a most attractive
space propulsion method for exploration of the solar system.

Appendix: A

The following is a more detailed derivation of Eqgs. (2—4). Finding
the optimum /gp at any given time requires maximizing the energy
efficiency by minimizing the energy required to produce the rocket
exhaust. There are two energy costs to produce exhaust. The first
is the internal energy spent. For m mass exhausted, this energy is
(%)((Sm)cg. The other cost is the energy spent to bring the fuel to the
speed of the rocket. This is (%)(Em)vz. The total energy required
divided by the impulse is

W 1@Em)ct + 1@mw?

I 8m)c,

w 1 v?
—=—|c.+— Al
1 2<c+cf> (AD

We find the extreme with respect to ¢, by taking d(W/I)/dc, =0.
This gives

%(1 — vz/cﬁ) =0, or when vV==c, (A2)
The maximum efficiency turns out to be 100%, and it is when the
exhaust speed matches the rocket speed, that is, when the exhaust is
made to be at rest in the initial stationary reference frame. Thus, the
Isp needs to increase during the mission for maximum efficiency.
Because all of the energy supplied to the exhaust ends up as kinetic
energy of the final mass, this condition also represents the shortest
time to reach that Avy, the highest Avy it can reach in that time,
and the farthest distance it can go in that time.

When the c, is optimized to match the rocket speed, the limiting
factor is the power-to-mass ratio, where the mass is the total mass
at the end of the mission and the power is that going into exhaust.

We can calculate and solve the equation of motion if we use the
fact that the power is constant and the exhaust speed is the rocket
speed. The constant power condition gives us

P = constant = 1rc?, m=2P[c (A3)
We insert Eq. (A3) into Newton’s law using v =c¢,:
dv . 2P dv
m— =mv=—, my— =
dr v dr

Because the exhaust comes to rest in the initial inertial frame, the
momentum in the exhaust is zero. Thus the momentum of the rocket
and fuel is constant and equals, for example, the final momentum
so that we have mv =m Av;. Thus we have

dv 2P
dr - mfAvf

2P (A4)

(A5)

where a is the acceleration. Thus, the acceleration depends on the
power-to-mass ratio and Av; . The big advantage of controllable c,
is that the initial mass required does not go exponentially with the
final velocity but is only proportional to the final velocity.

The rocket accelerates uniformly for the first half of the outbound
flight and then slows to zero for the destination and repeats for the
return flight all at the same magnitude of acceleration, yielding

Avy = at, Ef|dv| (A6)

The total distance traveled is

1 () 1
Zy 4><5a(zm> =§at,i

11A 5
= -—Av
8a 7
_ lmfAvf )
6 P !
1 my
=5 M (A7)
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Using Eq. (A6) and the first line of Eq. (A7) allows us to find Avy
as a function of 7, and Z,. Substituting yields

Zo= Ymp/PYSZaft).  ZE=(P/32mp)),  (AS)
This is essentially Eq. (2).

In addition to having no energy in the exhaust, there is also no
momentum in the exhaust: myvy =m s Av,. Because we must have
the necessary final momentum, there must also be an initial mo-
mentum. Thus, if the initial velocity is zero the initial mass must be
infinite. Neither a zero initial exhaust velocity nor an infinite initial
mass are practical. In practice, there is a minimum exhaust speed
cex for which the propulsion unit will be efficient. One solution is
to keep the constant acceleration result but start with the minimum
exhaust velocity ce. (Surprisingly, this gave shorter mission times
than having ¢, = cex until Av =c and then have ¢, = Av for the
remainder of the trip.) This will also yield a finite initial mass. To
write down the acceleration, imagine the rocket started with infinite
mass and zero velocity in an inertial frame moving at —c., with
respect to the Earth. The rocket reaches the Earth with zero velocity
with respect to the Earth where our mission starts. In this case we
can use Eq. (A5) for the acceleration, but the imagined mission Av
increases by cex; thus, we have

_ 2P (A9)
o m(Avy + cex)
Using this and Eq. (A6) and solving for a yields
—Cox + +/C% + (8P /m )ty
a= ot BF/mp) (A10)

2tm

Substituting a from Eq. (A10) into the top Eq. (A7) and solving for
P/m yields

P/my =32(Z% [13) + 4(caZn /1) (A1l)

This is essentially Eq. (3).
From the momentum being constant in the imagined frame, the
mass fraction at Earth is given by

my — _ G (A12)
m, Cex + Avy
If weknow P/m s, Z,, and cc, then Eq. (A11) can be used to find #,,.
With this, the top Eq. (A7) can be used to find @ and Av s equals at,,.
Equation (4) is an estimate of the effect that gravity might have
on the mission times. It is a simple estimate. It assumes the possible
additional time to change orbits caused by ignored gravity is no
more than the time it takes to give the rocket the perpendicular
kinetic energy equal to the change in the total orbital energy in
going from Earth orbit to the destination orbit. Circular orbits are
assumed. The specific potential plus kinetic energy for an object in
a circular orbit around the sun are given by

PE. +KE. = —(vlr./2r) (A13)

where v, and r, are the speed and radius of the Earth orbit and r is
the radius of the object orbit. The estimated Av? needed is then

Av = v (L =1, /ry) (A14)
where r, is the radius of the orbit of the destination. Using
Zy=2(rqg—re) (A15)
yields

Avpg = Zn i (A16)
VPE = Vel 7 o

For simplicity we approximate the acceleration as Eq. (A5) and use
Eq. (A6) to eliminate Av to arrive at

a=@QP/mt,)? (A17)

Using tpg= Avpg/a and Egs. (A16) and (A17) yields

1
Zrl mftm .
top = [ ——=— Al8
FE (zn+2r¢, 2P> (A18)

This is Eq. (4).

Expressions for trip times as a function of specific power, with
both constant and variable /gp, and under a variety of other opti-
mization constraints can be found in Ref. 24.
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