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ABSTRACT

Two magnetic confinement concepts, the Spherical Tokamak (ST) and the Field Reversed Configuration (FRC) are
evaluated and compared with regards to their performance as core elements of fusion space propulsion systems
operating by the working gas drive principle.

To this end, two-dimensional, axisymmetric analytic models for the investigation of the respective magnetic confinement
of the fusion plasma are selected, implemented and expanded to include the modelling of thermodynamic plasma
quantities and energy transport phenomena. The introduction of a simple fusion criterion allows for the study of local
ignition conditions and facilitates the establishment of an energy balance. Burning D-T and D-*He plasmas are
considered for both confinement configurations.

An approximate system mass breakdown for each of the proposed thruster systems is presented, exploring the
approximate operational system range for both concepts and allowing for a direct comparison with regards to the mass
specific power and overall feasibility.

In general, D-T burning working gas fusion propulsion systems are shown to require the use of heavier blankets than
comparable D-*He thrusters, making them considerably more massive and severely restricting their practicability due to
throwing weight limitations of contemporary launchers.

In direct comparison, the results indicate that a relatively massive fusion propulsion system based on the FRC appears to
perform better when operated using the more attainable D-T fusion reaction. Contrastingly, higher mass-specific thrust
powers are achieved for the ST when burning the more advanced D-*He reactant couples while also keeping the system
mass within acceptable bounds. The absolute and mass-specific thrust powers attainable are shown to be mainly
dependent on the system-bound scaling of the energy confinement time 1e, with smaller values of Te permitting higher
thrust powers. For the ST, there also appears to be a strong inverse connection between the reactor size and the mass-
specific power, prompting the development of small, light-weight fusion propulsion systems to maximise efficiency.

1. INTRODUCTION exhaust velocity at a considerable expense of thrust, with

material limitations severely restricting the propellant

As of the early 21% century, one of the most notorious
restrictions imposed on extended spaceflight missions is
the limited performance of available propulsion systems.
Due to physical limitations of thrusters presently utilised,
missions to farther destinations such as the outer planets
of the solar system come at the cost of a very low
available payload mass fraction and/or extensive travel
durations. This is especially problematic when a manned
mission is envisaged due to the potential hazards
attributed to long travel times through space.

A parameter often used to assess the performance of a
propulsion system is its mass specific power
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where Pr is the propulsive power provided by the system
and m is its mass. This parameter can also be expressed
through the product of the acceleration a and the exhaust
velocity ce. Assuming a fixed oa-value for a given
propulsion system, it implies a trade-off between thrust
and specific impulse [1]. Present-day propulsion systems
may offer high thrust capabilities at a low specific impulse,
which is the case for chemical rocket engines, as
combustion processes only yield a limited amount of
energy to the propellant. On the other hand, electric
propulsion systems achieve a high specific impulse and

output at any given time.

A propulsion system yielding a high mass specific power
with generous limits to both the achievable thrust and the
specific impulse would constitute nothing short of a
revolution in manned and unmanned space flight, allowing
for high payload mass fractions while simultaneously
cutting travel times considerably by enabling direct
transfer manoeuvres between celestial bodies within the
solar system [2].

Nuclear propulsion has been identified as a means of
achieving a high mass specific power, making it a viable
candidate to bring about this change of paradigm. The
most promising practical concept is known as nuclear
thermal propulsion, where the heat from the nuclear core
is directly used to provide thrust by heating a propellant.
The feasibility and operative range of nuclear fission
rockets operating on this principle have been extensively
studied, e.g. through the Rover project, resulting in the
production and testing of the NERVA rocket engines [3].
While yielding promising results in their own right, nuclear
fission rocket engines are expected to be vastly
outperformed by nuclear fusion propulsion systems with
regards to their efficiency. Fusion propulsion systems yet
remain to be developed and constitute the subject of this
study.
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Nuclear fusion describes the process of two atomic nuclei
combining to form the nucleus of a heavier element.
Fusing two sufficiently lightweight nuclei releases a
considerable amount of energy corresponding to the mass
defect between the products and the reactants [4].
Creating enough individual fusion events for practical
purposes requires the reactants to be highly energetic.
This may be facilitated either through Inertial Confinement,
where nuclear fusion is induced by heating and
compressing fuel pellets through high-energy beams, or
alternatively by confining a highly energetic plasma into a
defined reactor volume using powerful magnetic fields [4].
The latter approach is known as magnetic confinement
fusion. Recent decades have seen various theoretical and
experimental studies of different magnetic configurations
which have been deemed practical for the confinement of
fusion plasmas, most often with the intention of eventually
realising a functioning, sustainable and economically
viable terrestrial fusion power plant [5, 6, 7]. The most
prominent current fusion research project is the
International Thermonuclear Experimental Reactor, or
ITER, based on a toroidal magnetic confinement
configuration known as the Tokamak [5].

A more compact version of the Tokamak, the Spherical
Tokamak (ST) [6] is also being investigated through a
variety of projects such as the National Spherical Torus
Experiment (NSTX) [8] and has been considered a viable
candidate for fusion-powered space propulsion systems
[9, 10]. As such, the ST is one of two magnetic
confinement configurations examined in this work.

The other concept examined is called the Field Reversed
Configuration (FRC) [7]. While it is also a toroidal
configuration, it has no central hole, requiring no magnetic
field coils running through a central column. Its field lines
generate a natural divertor that can be adapted to exhaust
plasma particles for space propulsion purposes.

This contribution constitutes a synthesis of two separate
efforts with the aim of implementing simple analytic
models suited to investigate the ST and the FRC
respectively with regards to their potential value as
working gas fusion space propulsion systems.

The following section gives an overview of the general
requirements imposed on a fusion reactor in space and
summarises the basic principles of magnetic confinement
within ST and FRC devices. Basic principles regarding the
operation of these machines as working gas fusion
propulsion systems [11] are outlined. Section 3 discusses
the analytical models implemented to describe
magnetically confined fusion plasmas in a state of
equilibrium within said devices. Results achieved through
the application of these models are presented in section 4
and discussed, before drawing conclusions and offering
an outlook into future research potential in the final
section.

2. SYSTEM CONCEPTS
2.1. General requirements for fusion reactors in space

Regardless of the confinement concept, a variety of

specific issues needs to be addressed when attempting to

design a space propulsion system based on a fusion

reactor:

e The amount of energy yielded by self-sustaining fusion
reactors is expected to be abundant. Any excess heat

which can not be directed towards heating and
exhausting the propellant or recuperated into the
fusion plasma must be removed by other means,
usually requiring large radiators [9, 11].

e One obvious benefit of operating a fusion reactor in the
near-vacuum of space is that no vacuum vessel is
required as a prerequisite of generating and sustaining
the fusion plasma, as is the case for terrestrial devices
such as ITER. This allows for a skeletal design,
alleviating the waste heat issue addressed before by
allowing highly energetic excess neutrons and
bremsstrahlung radiation (see section 3.3) to escape
into free space [9], depending on the desired design
specifics.

e The reactor must be able to operate continuously [9].

e The vehicle design must incorporate an independent
ability for a reactor start-up, which in practice will likely
amount to the inclusion of an auxiliary fission reactor
as well as high-performance secondary batteries [9].

e The reactor mass and dimensions of an individual
reactor module must be sufficiently small to allow for
transport into orbit by available launcher systems,
assuming the option of vehicle assembly in space is
given [9].

o Considering piloted mission profiles and/or sensitive
payloads, some shielding of the crew and said payload
from stray radiation may be necessary [11].

e Assuming any kind of nuclear thermal propulsion
system, a mechanism by which to efficiently heat the
propellant, preferably utilising fusion products and/or
reactor waste heat, is required [11].

e Due to thermal limitations of materials, a magnetic
nozzle may be required to exhaust ionised propellants
and fusion products [9].

2.2 Working gas fusion drives

The working gas fusion drive is an improved variation of
the nuclear thermal drive concept. Conventional nuclear
thermal propulsion systems such as the fission-based
NERVA concept [3] utilise the waste heat of a nuclear
reactor core to generate thrust, expanding the heated
propellant through a nozzle. However, due to thermal
material constraints of the nozzle and reactor components,
there exists an upper limit to the propellant temperature,
strictly limiting the attainable specific impulse /s, and thus
exhaust velocity ce of such systems. Working gas fusion
drives remediate this issue by removing the propellant
from direct contact with solid reactor materials prior to it
reaching critical temperatures [11]. The magnetic
confinement field geometry is then exploited to continue
heating the ionised propellant in direct vicinity to the
reactor's plasma core before expanding it through a
magnetic nozzle. A cross-section of a hypothetical working
gas fusion propulsion system utilisihg a Spherical
Tokamak reactor core is pictured in FIG. 1.

The central element of any magnetic fusion propulsion
system is the magnetic confinement device supporting the
fusion plasma. This requires the use of powerful magnets,
providing the magnetic field necessary for confinement.
However, further subsystems are essential to ensure the
continued operation of the systems discussed in this work.
A generic schematic of the subsystems surrounding the
plasma core is given in FIG. 2. The innermost of these
subsystems is the blanket, which is situated at the first
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FIG. 1: Schematic cross section of a Spherical Tokamak working gas fusion propulsion system burning D-"He (Adapted from ref. [9]).

wall facing the plasma column. One purpose of the blanket
is to shield the other (sub-)systems of the spacecraft —
potentially including a manned module — from excessive
radiation and waste heat generated in the plasma core.
Depending on the physical properties of the first wall
facing the plasma, some of the radiation emanating from
reactor may be reflected back, contributing to the

sustainment of the fusion reaction.

The porous blanket allows for a coolant to flow through it,
absorbing significant fractions of the waste heat and
radiation through convection via the blanket. The liquid
coolant — ideally hydrogen due to its excellent caloric
properties — vaporises and is seeded out of the blanket
into the gap between the reactor’s first wall and the
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FIG. 2: Generic diagram of subsystem layers surrounding the
fusion plasma core for D-T and D-*He reactant couples.

plasma core, known as the halo. The coolant proceeds to
ionise, thus allowing the reactor’'s magnetic field prevent it
from entering the actual fusion plasma. Fusion products
leaking out of the fusion plasma thermalise with the
ionised coolant in a magnetic region within the halo called
the scrape-off-layer (SOL), heating the coolant further and
allowing for a rapid removal of the propellant mixture from
the reactor. The particles are then diverted into a magnetic
nozzle where they are expanded, thus generating thrust.
Using the coolant as the main component of the propellant
allows for an efficient generation of thrust from waste heat
while continuously removing a large fraction of it from the
spacecraft, greatly relieving the radiators. The working gas
drive concept also enables a continuous removal of fusion
products, which is necessary to maintain a steady-state
operation of the reactor and of the fusion propulsion
system as a whole.

A Direct Energy Conversion (DEC) system is installed
outside the blanket to further reduce losses and to
generate electrical energy, some of which can be used to
reheat the plasma core or stored for other purposes.

In order to regulate the temperature of the magnetic coils,
which may be required to be superconductive, a cryogenic
system is necessary. Any waste heat which is not
exhausted with the propellant needs to be removed
through radiators [13]. The cryogenic system and the
radiators are not pictured in FIGs. 1 and 2.

Some further subsystem requirements, often specific to
the magnetic confinement configurations considered in
this study, are discussed in the following subsections.

2.3 The Spherical Tokamak (ST)

The Spherical Tokamak (ST) configuration, also known as
the Spherical Torus, is a variation of the well-studied
Tokamak device, the defining difference being the low
aspect ratio A, which relates the major radius Ry to the
minor radius a:
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(2) A= & .

a
The principle of confinement in an ST is essentially
identical to that of a regular Tokamak in that a strong
toroidal field is applied through external toroidal field coils.
lons and electrons gyrate around the magnetic field lines,
theoretically confining them. However, a variety of loss
mechanisms would lead to a rapid loss of confinement,
which is countered by a poloidal magnetic field induced by
a toroidal electric plasma current /». The superposition of
both magnetic fields results in magnetic field lines being
twisted into a helical shape, along which gyrating plasma
particles are constantly shifted around the minor axis of
the torus, resulting in a strong confinement [2, 8].
The resulting shape of the plasma resembles a cored
apple. A typical schematic outline of an ST plasma column
cross section is shown in FIG. 3.
The main advantage associated with STs as compared to
regular Tokamaks is an improved confinement efficiency.
Weaker magnetic fields are required to maintain a similar
degree of confinement, potentially dispensing with the
need of superconducting toroidal field coils and greatly
reducing the mass and cost of the system in general.
A further desirable effect of the low aspect ratio is that a
substantial fraction of the plasma current (the so-called
bootstrap current fraction fzs) required to induce the
necessary poloidal field for an effective confinement arises
automatically within the heated plasma, lowering the
requirements for an external current drive [6].
As is depicted in FIG. 1, an ST fusion propulsion system
operating by the working gas drive principle could make
use of a set of ITER-like poloidal divertors to continuously
remove propellant and product particles from the scrape
off layer and to divert them towards the magnetic nozzle.
Other approaches to utilise the ST as a propulsion system
have been suggested, one being to use divertors to
remove energetic plasma particles from the SOL and
feeding these to the propellant within a magnetic mixing
reservoir directly upstream of the magnetic nozzle [9]. An
alternative concept makes use of magnetic field ripples,

FIG. 3: Outline of smooth ST plasma column cross section with
characteristic magnetic flux surfaces (for W = const.) and
definition of geometric parameters (k: elongation, &: triangularity).

causing highly energetic fusion products to be deliberately
expelled from confinement into a preferential direction,
allowing for a smooth and uninterrupted plasma surface
and thus completely dispensing with the need of a
magnetic divertor, somewhat simplifying the reactor
design [10].

2.4 The Field Reversed Configuration (FRC)

The Field Reversed Configuration (FRC) is a magnetic
configuration that can be generated inside a cylindrical coil
without the need of invasive toroidal field coils running
through the centre of the plasma volume. Configurations
such as this, in which there is no central hole, are known
as Compact Toroids (CT). A variety of compact toroids
can be generated by combining varying components of
toroidal and poloidal magnetic fields. The FRC is a
particular case of a CT, in which the toroidal magnetic field
is negligible in relation to the poloidal field [13].

Due to low magnetic flux densities within the FRC plasma,
its stabilisation cannot be explained by using the ideal
magnetohydrodynamics (MHD) theory and is instead
attributed to non-ideal effects [7].

The absence of a central column and the effectively
nonexistent toroidal magnetic field result in a geometric
and magnetic simplicity that contribute to making the FRC
a promising concept for the confinement of fusion plasmas
[13]. The purely poloidal magnetic field results in a very
high ratio 8 between the kinetic pressure and the applied
magnetic pressure. In consequence, high plasma
pressures can be achieved, allowing highly energetic
aneutronic fusion reactions to take place [7].

Two important regions can be distinguished in an FRC, as
shown in FIG. 4. In the outer region, the magnetic field
lines are open in the domain of observation, i.e., the
interior of the magnetic coil. The magnetic field lines are
closed within the inner region, allowing for plasma to be
confined. The frontier between these two regions is known
as separatrix and is central to defining the geometry of an
FRC [14]. The separatrix can be defined by its semi-axes
a and b, and by its relative radius, which is the ratio
between the semi-minor axis of the separatrix a, and the
radius of the coil re.

The shape of the magnetic field lines outside of the
separatrix conveniently result in a natural divertor that can
be shaped into a magnetic nozzle, exhausting the fusion
products expelled by the plasma together with the heated
propellant in order to provide thrust or to generate energy
[13].
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FIG. 4: Outline of FRC cross section with characteristic magnetic
flux surfaces (for W = const) and definition of geometric
parameters (a: minor axis, b: major axis, Rcoi: coil radius).
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3. ANALYTIC MODEL

In an attempt to achieve results suitable to compare both
systems with regards to their overall performance, a
simple analytic model is constructed by combining existing
solutions regarding the modelling of the respective
magnetic confinement environment with a simple model
yielding approximate values of the thermodynamic
properties and transport phenomena expected to arise
within the fusion plasma.

A coordinate system is defined in accordance with FIGs. 3
and 4. By assuming axial symmetry around Z, the problem
is effectively reduced to a two-dimensional one.

3.1 Confinement Modelling

The first step in order to model the magnetic confinement
environment of both configurations is to obtain a
mathematical model of the distribution of the magnetic flux
W throughout the fusion plasma. For a 2D system, the
magnetic flux function ¥ is required to comply with the
Grad-Shafranov (GS) equation. The GS equation
describes an ideal magnetohydrodynamic (MHD)
equilibrium in a two-dimensional plasma [15] and is given

as
2
OR\ R OR 07>
where po is the vacuum permeability, p is the plasma
pressure and F = RBy. By(R,Z) is the toroidal component
of the magnetic flux density, which is generated by the
toroidal field coils in the ST and negligible for the FRC
configuration. Both p and F are considered functions of
Y(R,Z).
A variety of analytic solutions to the GS equation exist
based on different approaches to the problem, often
specific to the observed magnetic configuration.
Both solutions selected for modelling the magnetic
confinement environment within the ST and the FRC are
based on Solov'ev profiles, where p and F are assumed to
be in linear dependence of ¥ [16]. While this corresponds
to an unrealistic description of the toroidal current profile,
which in turn has a detrimental effect on the accuracy of
the resulting distributions of p and F, such solutions still
retain  many crucial physical properties of the
configurations in question, are simple to implement and
yield fast results [17].
The Spherical Tokamak is modelled using a solution
strategy presented in ref. [17]. This solution allows for a
full definition of the geometric shape parameters of the
fusion plasma column with little or no need to determine
operational parameters through iteration. If so desired,
single or double x-divertors can be considered in the
solution.
The solution selected to model the Field Reversed
Configuration is the Steinhauer Analytical Equilibrium [18],
which constitutes a superposition of two solutions of the
GS equation. The internal solution models the region
inside of the separatrix and is based on the Solov'ev
solution. It includes a term matching it to an external
solution, which models the magnetic configuration outside
of the separatrix, fitting it to the cylindrical coil.
Once the magnetic flux function Y¥(R,Z) has been
established, both the magnetic flux density distribution
B(R,Z) and the distribution of the plasma pressure p(R,2)

are defined. This allows for the further extraction of
plasma figures of merit such as the plasma beta B, which
relates the plasma pressure to the magnetic pressure
exerted by the magnetic environment. For the sake of
brevity, the calculation of these figures of merit will not be
discussed here, whereas they are explained in refs. [17]
and [18].

3.2 Plasma Performance Model

The ideal gas law applies to a fusion plasma [4]:

N
(4) p:kBﬂneTe-i_Tizan’

=

with N being the number of individual ion particle species j
confined to the plasma volume. n; is the particle density
and the temperature of j, whereas all ion species are
assumed to have the same temperature T, The electron
density and temperature are given through ne and T
respectively. kg is the Boltzmann constant.

Assuming a given temperature distribution, the respective
unknown property may be calculated from the pressure p
yielded by the confinement solution.

As only charged particles may be influenced through
electromagnetic forces, neutral particles such as neutrons
are considered to be almost immediately lost from the
confinement volume.

The two reactant species' ions are denoted through the
indices ' and 'k' and are usually assumed to exist in
identical quantities (n; = ny).

Neither fusion products, sometimes called ash, nor
contamination through heavier ions are considered at any
depth for the purpose of this study. However, their effects
on the electron and reactant densities are accounted for
through simplistic, but nonetheless effective means.

The charge neutrality condition requires that the plasma
remains in state of quasi-neutrality by assuring that

N
G no=yn(Z,),
j=1

where <Z> is the average charge state of the ion species j
and may be considered equal to its proton number, as
most species likely to be encountered in a fusion plasma
at temperatures of T = 8 keV are fully ionised [19].

Thus a certain fraction of ash and impurities within the
plasma shifts the overall balance towards a noticeable
majority of electrons. This is accounted for by simply
requiring that

6) n, =0.55n.

The direct displacement of reactant ions through ash and
impurities is approached in a similar fashion, by setting a
fixed ratio between the reactant species and electron
densities:

(7) e

n: =n, = y

TN s
with the residual density assumed to be an unspecified
composition of ash and impurities.
Other, more sophisticated and accurate ash and impurity
models have been implemented, but while eqns. (6) and
(7) appear to be overly simplistic, trials in which results
obtained using this method were compared to reliable
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values from previous works on experimental fusion
devices such as JET [20] [21] showed a remarkable
agreement. This simple method was thus implemented in
an effort to find a common denominator for the differing ST
and FRC models, enabling a direct comparison.

Of course, this holds true only when assuming that the
rate of ash removal as well as the degree of contamination
in an FRC plasma is comparable to that of a (Spherical)
Tokamak.

Under the assumption of a similarity to fusion plasmas in
regular Tokamaks [5], peaked temperature profiles, often
with Te # T;, are assumed for the ST analysis, whereas the
corresponding density profiles are comparatively flat.
Profiles are prescribed in a "piggy-back" manner by
assuming a similar, albeit inverted distribution as the
magnetic flux ¥ and exploiting the solution for the flux
function accordingly.

For the FRC, a constant temperature T, = T; = const. is
assumed throughout the plasma volume, based on
observations made in previous studies of experimental
FRC confinement devices [22]. The shape of the resulting
density profiles thus resembles the pressure profile
yielded by the confinement solution.

Once the individual particle density and temperature
distributions have been established, energy transport
phenomena may be modelled. Ref. [12] presents
expressions enabling the calculation of the fusion power
Pr = f(ny,n, T), the thermal losses P = f(n,T,7) and the
Bremsstrahlung and Synchrotron radiation losses, Pgs =
f(ne,ni,nk,Nasn, Te) and Psy, = f(ne, Te,B), respectively, for a
generic 0D fusion reactor. 1¢ is the energy confinement
time, which is approximated individually for the ST and the
FRC in accordance with literature data [22] [23] (see also
section 4.3).

The transport power expressions can be adapted for the
multidimensional model by applying the formulae to all
discrete data points and numerically integrating the thus
obtained power density values over the whole of the
plasma volume utilising the Guldinus theorem. As an
example, the total fusion power Pr is obtained thus:

n;n;
1+0;,

8)  Pp, =271 I (ov)E - RdA.
A

A represents the area of the plasma column's cross
section and Ok is Kronecker's delta, preventing identical
reactants from being counted twice. <gv> is the thermal
fusion reactivity, which is calculated in dependence of T;
and in accordance with ref. [24]. EF represents the energy
released through an individual fusion event.

3.3 Lawson Criterion

A generic energy balance equation is established in ref.
[12]. Its time derivative is

9) P, +P, =P,

whereas Pg, Pr and P, refer to the power gained, recycled
and lost, respectively.

The energy transport expressions are multiplied with
individual feedback fractions Kpack for those power losses
which may be partially recuperated through reflective walls
or other means in order to reheat the plasma. After
substituting these expressions into the energy balance
eqgn. (9) and rearranging the result, the generalised burn
criterion is obtained:

2
(10) 3 (= kp )k g T Yio, -

ntpl; =

Here, Wi is a particle multiple, relating the sum of all
confined particle densities to the first species reactant
density n; while also compensating for temperatures
deviating from T. The abbreviation Qf represents the
power gain through fusion processes, while Qg;s and Qsyn
represent the losses through bremsstrahlung and
synchrotron radiation. The parameter Kpack i is the thermal
feedback factor, while the equivalent factors pertaining to
the recuperation of neutron power and radiation are
included in the abbreviations Q. Moreover, n;.7e.T; is known
as the triple product and is supplied by the plasma
performance model for every discrete point throughout the
plasma volume. The right-hand side of egn. (10) is
evaluated accordingly.

The result may be interpreted in that all regions in which
the burn criterion is exceeded may be regarded as
contributing to the net power obtained from the reactor,
whereas the areas where the criterion is not met are
essentially losing power. However, bearing in mind that
eqn. (10) has been adapted from a generic 0D model, this
corresponds to the potentially unrealistic case in which
recuperated power loss fractions are fed back directly into
their point of origin.

4. ANALYSIS
4.1 Fuel selection considerations

A variety of nuclear fusion reactions of different reactant
pairings have been considered for application in reactors
and propulsion systems [11]. The use of two distinct fuel
pairings is considered in this work, both of which are
considered the most likely candidates for the realisation of
working fusion reactors within the foreseeable future:

D+T  — n’+°%He
D+°He — p*+"He

The first fusion reaction, referred to here as the
Deuterium-Tritium or D-T reaction, imposes relatively low
requirements on the reactor system with plasma
temperatures around 10 keV usually being sufficiently high
for a sustained reaction. This makes it the fusion reaction
of choice for many conceptual and experimental terrestrial
fusion devices such as JET [20] and ITER [5]. The supply
of fuel components is considered ample. However, since a
considerable fraction (approx. 80%) of the fusion power is
yielded to the produced neutrons, shielding of the payload
and of reactor materials prone to radioactive activation
through neutrons are of considerable concern, often
requiring an excessive amount of additional mass. [11, 12]
Furthermore, as the neutrons can not contribute to the
reheating of the fusion plasma, some additional external
plasma heating may be required, further complicating the
system.

The Deuterium-Helium-3 (D-*He) fusion reaction greatly
alleviates this problem, as neutrons are produced merely
in a side reaction (not shown here) at a fraction of approx.
5%, thus considerably reducing the shielding and probable
reheating requirements. However, temperatures of around
100 keV are required to sustain such a reaction, imposing
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high requirements on the effectiveness of the magnetic
confinement. Helium-3 (*He) is considered to be extremely
rare and difficult to obtain in significant quantities on Earth,
while abundant supplies are expected to be found
elsewhere in the Solar System, most notably on the Moon
and the gas giants.

Further, more advanced fusion reactions yielding few or
no neutrons have been considered for fusion space
propulsion systems:

"B+p”  — 3'He
*He +°He — 2p" +‘He

However, the requirements imposed on adequate
magnetic confinement systems are immense. Early trials
conducted for this work have suggested that the magnetic
flux densities required to uphold the necessary plasma
pressures would cause excessive energy losses through
bremsstrahlung radiation, surpassing even the energy
gained through the fusion reaction. Thus, no analysis was
conducted incorporating these advanced reactant pairings.

4.2 Design point selection

The ST and the FRC propulsion systems are compared by
determining the range of the mass specific power a that
can be achieved under practical circumstances. Reactor
design points are selected both for D-T and for D-He
reactions with the intention of encompassing the
respectively largest possible range of operation. The
volume-averaged net power Py of the propulsion system
is zero, which corresponds to the case in which the
Lawson criterion eqn. (10) is met for the plasma volume as
a whole. A practicable fusion propulsion system would
operate close to this point without exceeding it, thus

guaranteeing a mostly self-sustaining fusion reaction while
retaining full control over the reactor.

The working gas drive concept applied to both
confinement configurations considered in this study
requires the absorption of much of the waste energy
emitted in the form of electromagnetic radiation and
neutrons by the plasma column within the blanket [12]. All
of the thus absorbed waste energy is assumed to be
efficiently used to preheat the coolant conductively prior to
it being seeded into the halo. A significant fraction of the
thermal losses, however, are absorbed by the preheated
coolant within the halo before reaching the blanket.

The maximum heat and neutron loads Pbinmax = 5MW/m?®
and Pbno max = 20MW/m® are not to be exceeded at the first
wall for any configuration, effectively enforcing a lower
limit with regards to the reactor size, as wall loads grow
with a reduced plasma volume. For added safety, the
thermal loading at the first wall was asserted disregarding
the prior heat absorption by the coolant within the halo.
Parameters concerning the recuperation of energy losses
such as wall reflectivities and blanket absorption
efficiencies for the individual energy loss phenomena are
prescribed at common values as given in ref. [12] so as to
simplify a direct system comparison. The power gain Q is
set to Q — « , assuming a fully self-sustaining reaction.
The Spherical Tokamak system design evaluated here is
based on the ARIES-ST reactor study [25]. While
maintaining identical geometric and magnetic confinement
field proportions, the desired design points were met by
rescaling both the volume of the plasma column and the
toroidal vacuum magnetic flux density By The
corresponding energy confinement time 71 is calculated
using the adapted ITER-89P scaling mode as given in ref.
[23]. A normalisation towards the baseline values of the

Fuel D-T D-*He Fuel D-T D-*He
A 1.60 Leoi / m 108 [ 20 [ 20 [ 9 | 20 | 20
K 3.40 Reoil / m 2 2 3 1.5 1.5 2

5 0.64 a/m 072 | 072 | 06 | 06 | 06 | 046
Ro/m 06 | 16 | 22 | 16 [ 22 [ 27 |[b/m 36 | 667 | 667 | 3 | 667 | 6.67
Veasma/m’ | 480 | 914 | 237 | 911 | 237 [ 438 || Viwsma/m’ 9.32 | 17.36 | 12.06 | 540 | 12.1 | 7.09
Bo/T 431 | 221 [ 178 | 6.37 | 513 | 446 || B/T 4.50 5.1 8.41 10.19
o/ MA 112 [ 153 | 16.9 | 44.0 | 487 | 520

fos/ % 84.5

B/ % 50 B/ % 91 | 97 | 89 96
% 12.2

<T> keV 16 | 50 <T>keV 23.7 | 110.4

Ty/<T> 2 Ty/<T> 1

<ne>/10"m® | 713 | 1.88 | 122 | 4.98 | 3.23 [ 244 || <n.>/10"m’ 10.6 14.7 7.78 12.37
no/<n> 1.26 no/<n> 1.10 1.03 1.13 1.04
re/s 030 | 114 [ 176 | 149 | 230 | 3.04 || /s 0.21 0.15 0.84 0.53
Prit/MW | 456.0 | 600.3 | 656.2 | 904.2 | 989.5 | 1046 || Priot/ MW 2654 | 4762 | 6287 | 284 | 636 | 940
Puno/MW | 887 | 116.8 | 127.7 | 737.7 | 807.0 | 853.9 || Puneot/ MW 493 | 955 | 1209 | 239 | 536 | 893
Pasi/MW | 4.87 | 640 | 7.00 | 190.2 | 208.1 | 220.1 || Parsior/ MW 21 | 39 | 52 | 36 [ 80 | 118
Psynot/MW | 008 | 011 | 012 [ 875 [ 957 | 10.1 || Pynw/MW [ 0.02 | 0.03 | 0.01 | 0.19 | 043 | 0.20
Pr/ MW 430.6 | 566.7 | 619.5 | 835.6 | 914.1 | 967.1 || Pr/MW 2409 | 4476 | 5909 | 258 | 576 | 852
Pdw/MWm™ | 161 | 2.99 | 1.73 | 0.28 [ 0.16 | 0.11 || Pdw/MWm® 20 16 0.25
Pdy/MWm™ | 393 | 073 | 042 | 459 | 2.66 | 1.87 || Pdn/MWm® 4.56 4 5

TAB. 1: Geometric and operational parameters for a Spherical
Tokamak (ST) fusion propulsion system reactor.

TAB. 2: Geometric and operational parameters for a Field
Reversed Configuration (FRC) fusion propulsion system reactor.
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ARIES-ST study yields
] 0.85 B 0.2
Tpop =2.14184s- - | ==
’ 28.49MA 2.08T

. <l’le> 0.1 . ﬁ 1.5 . PTR -0.5
1.58-102% 73 3.2 7443 MW '

Prr is the total of the power required to reheat the plasma.
This scaling law applies only to ST reactors of identical
geometric proportions as ARIES-ST. For simplicity, similar
or identical operational parameters to those given for
ARIES-ST are prescribed where possible.

Operational boundaries such as the Greenwald density
limit [26] were not exceeded. An effective upper limit to the
reactor size was somewhat arbitrarily enforced by not
allowing the propulsion system diameter to exceed a total
value of Dit = 12m, catering to a generous upper limit of
contemporary launcher capabilities. The most prominent
geometric and operational parameters for the proposed
ST propulsion system are given in TAB. 1.

The FRC configurations given in TAB. 2 have been
selected by taking into account that higher values for the
specific power can be achieved with minimal core radii.
However, a minimum value of the coil radius below which
it is impossible to operate the FRC without exceeding the
physical limitations of the first wall exists and was taken
into consideration. The length of the magnetic coils has
been constrained to a maximum value of 20m due to
space launch system limitations. The size of the separatrix
inside the coil has been optimised for maximum power
generation without exceeding the physical constraints.

The energy confinement time scaling law for the FRC
propulsion system is determined in analogy to the ST by
normalising the scaling law provided by ref. [22] to the
ARTEMIS-L fusion reactor study, obtaining

a 2.7 B 1.35
T =6.7s- .
e (1.68m] (5.36Tj

[<Z>j1435 [ T jOA_’aZS

1.5 83.5kelV’ '

where <Z> is the average proton charge number of the
reactants. It is assumed that the volume-averaged
magnetic flux density within the separatrix <B> roughly
scales proportionately to the externally applied field B.
While the criteria concerning the power output of both the
ST and the FRC propulsion system may be satisfied with a
variety of configurations, some of which may prove more
efficient than the designs discussed here, the given
configurations can be regarded as typical examples of the
respective systems.

(11)

(12)

4.3 System mass model

A simplistic mass approximation model [12] is applied to
the individual design points of the ST and the FRC
propulsion systems, covering the subsystems described in
section 2.2, however neglecting other essential
components such as an auxiliary fission reactor,
secondary batteries, plasma heating and current drive
systems, plasma refuelling mechanisms as well as the
magnetic nozzle, fuel storage and structural elements.
Neither is the remainder of the vehicle mass considered. It

is assumed that, for a similar performance, the respective
masses of the neglected systems scale independently
from the utilised fusion reactor system or can be neglected
with little error.

FIG. 2 displays the layering of the subsystems
encompassing the plasma core for both reactant couples
considered.

The inner (local) radius of the blanket rgyin is assumed as
retin = 1.25 rp, whereas rp is the local radius of the
separatrix. The thickness dg of the blanket and thus the
outer radius are subject to shielding considerations. As the
penetration depth of electromagnetic radiation into a given
material is regarded as being considerably lower than for
neutron radiation, the thickness of the blanket is
determined by the requirement of absorbing = 95% of the
neutrons emanating from the plasma core for a D-T
reaction. The thickness is accordingly set to dg: =1.5m
[12].

In contrast, the D->He reaction yields a considerably lower
quantity of neutrons due to a side reaction which has been
neglected earlier on in this study. The blanket thickness is
set to dgr = 0.5m [12], allowing it to absorb = 70% of the
neutrons while keeping the overall system mass low.

The mass of the blanket can be approximated as follows:

(13) Mg = PV (1=kp,,) .

pet is the density of the blanket material, which is
assumed to be made of SiC with pgr = 4000 kg/m?*. SiC is
considered to be highly resistive against radioactive
activation [12, 27]. The porosity of the blanket is
considered via the volume fraction kpo = 0.66.

The volume of the blanket is dependent on the shape of
the fusion plasma it encompasses. While a simple
cylindrical approximation is used for the FRC, the ST
blanket is assumed to resemble a prolate spheroid,
neglecting the narrow central column running through the
plasma toroid, which generally allows only for a limited
blanket or shield thickness. The shielding of the central
column itself must, however, be sufficiently thick to
effectively reduce the neutron load on the inboard toroidal
field coils to an acceptable level, thus likely increasing the
minimum size for a feasible ST fusion propulsion system
when using D-T reactants. Neglecting the surface area of
the central column when calculating the wall loads may
alleviate this issue to some extent. The system mass
analysis in general is also simplified with relatively little
error by neglecting the volume and mass of the central
column.

When calculating the blanket volume for a D-T reactor, the
embedded magnetic field coils are not assumed to
influence the blanket thickness dgi (see FIG. 2).

The masses of the DEC mpec and of the radiators mgaq
are proportionate to the waste heat Puwaste, Which
corresponds to the residual energy flux that has passed
through the blanket without being absorbed:

P
(14) mDEC — 77 Waste ,
A pEc
and
(1_77)P aste
(15) Mgy = ——aste.
aRad

Here, n represents the efficiency of the DEC and is
assigned a value of n = 0.06. apec = 569 W/kg and
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Fuel D-T D-*He Fuel D-T D-*He

Ro/m 0.6 1.6 2.2 1.6 2.2 2.7 Leoi / M 10.8 20 20 9 20 20
Diot/ M 544 | 950 | 1194 | 741 9.54 | 11.57 || Reoi/ m 2 2 3 1.5 1.5 2
Mg/t 116.8 | 483.3 | 825.6 | 70.93 | 131.1 | 195.3 || mg:/t 311.4 | 576.8 | 833.1 | 167.0 | 371.2 | 519.7
Mpec / 286 | 3.76 | 411 | 7.78 | 851 | 9.00 || mpec/t 16.00 | 29.73 | 39.25 | 2.60 | 5.82 | 8.61
MRaq /'t 0.85 | 112 | 122 | 231 | 253 | 2.68 || Mra/t 475 | 883 | 11.7 | 077 | 1.73 | 256
Mg /'t 0.96 | 273 | 414 | 194 | 306 | 414 || mus/t 546 | 10.12 | 29.14 | 8.95 | 19.88 | 51.91
Meryo/ t 032 | 091 | 138 | 645 | 10.2 | 13.8 || mcyo/t 182 | 337 | 9.80 | 298 | 6.63 | 17.30
Mot/ t 121.8 | 491.8 | 836.5 | 106.7 | 183.0 | 262.2 || M/t 339.5 | 628.8 | 923.3 | 182.3 | 405.2 | 600.0
Pr/ MW 430.6 | 566.7 | 619.5 | 835.6 | 914.1 | 967.1 || Pr/MW 2409 | 4476 | 5909 | 258 | 576 | 852
a/Wkg' 3536 | 1152 | 740.6 | 7821 | 4996 | 3688 || a/Wkg™' 7095 | 7118 | 6400 | 1414 | 1422 | 1420

TAB. 3: Diameter, system mass breakdown and performance of
the Spherical Tokamak (ST) fusion propulsion system.

900
B Cryo. Sys.
800 O Magnets [
700 0 Radiators
B DEC
600 @ Blanket
& 500
»
o}
= 400
300
200
S O i
O = T T

D-T D-T D-T D-*He D-*He  D-°He
Ro=0.6m Ro=1.6m Ro=2.2m R,=1.6m Ro=2.2m Ro=2.7m

FIG. 5: Mass breakdown of different ST fusion propulsion system
configurations.

oRrad = 30 kW/kg are the respective mass-specific powers
of the subsystems [12].

Assuming the use of superconducting electromagnets, the
magnet subsystem mass mus,g may be approximated
using the virial theorem [12, 28]

CMa pSCVMa :
1) ’“Mag:nggB’
0™ sc

where psc = 2500 kg/m3, and 0s. = 10° Pa are the density
and the upper stress limit of the superconductive material,
respectively. The parameter Lo is the vacuum permeability
and Cuag = 2 a design safety factor. Vs is the total
volume encompassed by the magnetic field coils. For all
system designs discussed here, the magnets are
assumed to be located at ryag = 0.5m from the first wall of
the blanket. For D-*He reactors, this effectively
corresponds to the magnets being fully located outside of
the blanket, whereas for D-T systems the magnets are
assumed to be embedded in the blanket at said position
and thus within the DEC system, whose thickness in any
case is assumed to be negligible. This design reduces the
magnet mass and allows for a greater design range for the
FRC system in particular, in which the relative radius
between the plasma core and the magnets is of concern.
The same layout was selected for the corresponding ST
system in order to maintain a good comparison.

TAB. 4: Dimensions, system mass breakdown and performance
of the Field Reversed Configuration (FRC) fusion prop. system.

1000
B Cryo. Sys.
900 O Magnets [
800 0O Radiators |_|
B DEC
700 O Blanket  |—
.. 600
& 500
©
= 400
300 A
200 +
100 i
0 I T T T T T
D-T D-T D-T D-*He D-*He D-*He
L= L=20m L=20m L=9m L=20m L=20m
10.8m R=2m R=3m R=15m R=15m R=2m

FIG. 6: Mass breakdown of different FRC fusion propulsion
system configurations

Obviously, a deeper investigation of the magnet’s neutron
load limits is required.

As it is for the blanket, the shape and mass of the
magnetic coils are subject to the shape and physical
properties of the plasma contained.

The cryogenic subsystem mass is roughly approximated
by assuming

mMag

mCrya = 3 ’

thus concluding the scope of the mass model. The total
system mass myy corresponds to the sum of the blanket,
DEC, radiator, magnet and cryogenic subsystem masses
and may be used to derive mass specific power values
suitable for a direct system comparison using eqn. (1).
TABs. 3 and 4 give an overview of the values obtained for
the fusion propulsion system configurations based on the
Spherical Tokamak and on the Field Reversed
Configuration, respectively. FIGs. 5 and 6 present the
mass composition of the individual configurations in visual
form.

(17)

4.4 Discussion

Interesting result values pertaining to the absolute and
mass-specific powers of the evaluated systems have been
obtained, suggesting that the Spherical Tokamak and the
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Field Reversed Configuration perform very differently
depending mainly on the choice of fusion reactants. The
highest power densities for an ST system were achieved
assuming a D-’He fusion plasma, with comparatively
moderate results when utilising the more attainable D-T
reaction. Contrastingly, downright spectacular absolute
and relative thrust powers were obtained for an FRC
system using D-T reactants, with far lower values when
using the more advanced D-"He fuel combination.

In general, the absolute thrust powers attained were very
similar to those achieved and envisioned for the NERVA
project, where the use of reactors yielding thrust powers of
up to 5 GW had been considered, with the mass specific
power values clearly falling short of this comparison due to
the far lower system mass of a NERVA rocket engine [3].
However, the specific impulse /s, and thus the exhaust
velocity ce achievable with the working gas propulsion
systems discussed here can easily be expected to exceed
any values established for fission-based solid core nuclear
thermal propulsion systems considerably [11].

The absolute thrust power values determined for the
evaluated system configurations are subject to the design
condition requiring zero net power and dependent of both
the plasma ion temperature T; and the energy confinement
time 71, which scales very differently for both confinement
concepts (see eqns. (11) and (12)). 1 directly and
inversely affects the amount of thermal power losses. A
high fusion power output is thus required in order to
maintain a zero net power for small energy confinement
times at a given temperature.

In general, the mass specific power of the ST fusion
propulsion system is shown to be highly dependent on the
reactor volume, with smaller reactors generally performing
better while yielding only slightly reduced absolute thrust
powers. In contrast, the mass specific power of FRC
propulsion systems appears to be mostly independent of
the plasma volume, enabling a straightforward rescaling to
achieve a desired absolute thrust power.

It seems apparent that a fusion propulsion system based
on the FRC, utilising a D-T reaction with effective
propellant heating through the blanket is an excellent
choice for missions requiring high thrust densities at short
burn times, while burning fuels which can be readily
obtained on Earth. However, a high coolant/propellant
mass throughput is required to continuously absorb the
high amount of reactor waste heat during burn times [12].
This suggests very limited burn times and that the system
would be highly impractical for the execution of
correctional manoeuvres requiring a limited Av, especially
when considering a most likely costly and tedious reactor
start-up procedure.

When burning D-*He fusion plasmas, the FRC systems
evaluated appear to be clearly outperformed by their ST
counterparts.

As the values for the approximate (sub-)system masses in
TABs. 3 and 4 and their respective visualisations in FIGs.
5 and 6 suggest, working gas fusion propulsion systems in
general are found to be considerably more massive for D-
T fusion plasmas, which can almost exclusively be
attributed to the use of a thicker blanket required to absorb
higher neutron fluxes from the plasma core.

The maximum reasonable Earth-to-LEO (Low Earth Orbit)
payload mass limit considered attainable using
contemporary or near-future chemical rocket technology is
=~ 250t. Concerning the assembly of a fusion propelled
spacecraft, the most sensible course of action would likely

10

be to assemble individual modules in orbit, the design of
which would require well-defined interfaces enabling an
easy coupling of the modules [9].

A fusion propulsion system containing the subsystems
considered in the mass model would most likely constitute
a singular module. Bearing the payload mass constraint in
mind, all but a very narrow range of feasible FRC systems
prove too massive for mid-term space applications.
Extrapolating from the data obtained for this study, one
solution to this problem would be to select reactor design
points with shorter coil lengths, reducing the overall mass
without exceeding neutron and heat wall load limits due to
the cylindrical geometry of the FRC. Regarding the ST
propulsion system, most evaluated configurations
operating on D-’He fuel and a range of small D-T-burning
systems appear to comfortably comply with the throwing
mass constraint of launcher systems.

5. CONCLUSIONS AND OUTLOOK

The performances of two distinct magnetic confinement
concepts, the Spherical Tokamak (ST) and the Field
Reversed Configuration (FRC) were evaluated and
compared with regards to their practical applicability as
working gas nuclear fusion space propulsion systems
using simple analytic models.

A simple fusion plasma performance model was coupled
to two-dimensional solutions of the Grad-Shafranov
equation corresponding to the respective confinement
devices. Energy transport phenomena were modelled and
a generalised Lawson criterion was adopted and applied
resulting in a coarse analytic representation of a fusion
reactor. Design points were selected specifically for the
utilisation of the studied magnetic confinement fusion
devices as fusion space propulsion systems, taking
physical and practical constraints into account. The results
were compared and discussed. The findings suggest that
while fusion propulsion concepts operating on the grounds
of the FRC principle operating with D-T fuel may offer
potentially spectacular performances with regards to their
mass specific and absolute thrust powers, ST propulsion
systems may, however, be more manageable due a
reduced absolute power yield, ST drives also appear to be
the more realistic mid-term option, simply because of a
generally lower overall system mass, particularly for small
reactor sizes and when burning D-*He reactants.

The models implemented for this study offer a variety of
possibilities for future improvement. For example, the
fidelity of the results regarding the performance of the
fusion plasma may be enhanced by implementing a more
sophisticated plasma model, incorporating ash and even
impurities into the analysis rather than coarsely
approximating their effects by enforcing simplistic particle
multiples. As the model implemented here has merely
been verified as being within an acceptable margin of error
for Tokamak configurations, a more detailed examination
of the subject might yield notable improvements of overall
accuracy, especially with regards to results obtained for
the FRC. Furthermore, issues pertaining to the necessary
extraction of fusion products from the plasma were
essentially ignored in this analysis.

While an effort was made to effectively adapt the
generalised Lawson criterion presented in ref. [12] to a
two-dimensional form, some aspects such as the
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distribution of recuperated energy losses fed back into the
fusion plasma were not dealt with.

The focus of this work lay on the application of the ST and
the FRC as working gas drive fusion propulsion systems.
Thus, no alternative concepts regarding the generation of
thrust using these confinement concepts were explored in
depth, neglecting a range of interesting options with
potentially considerable effects on the overall system
performance and mass.

The implemented mass model also leaves room for
improvement. Some geometric properties, mainly the
central column of the Spherical Tokamak have been
mostly ignored in the analysis. While the column is
expected to make up only a small fraction of the overall
system mass, its position and relatively delicate structure
are likely determining factors when assessing the fusion
reactor's range of operation. The central column also
houses the inboard part of the toroidal field coils, a fact
which has not been considered in the approximation of the
magnet mass in this study. Furthermore, potential
constraints concerning the maximum neutron load of the
superconductive magnet materials and subsequent
implications for the shielding requirements were not
explored in depth.

Other subsystems required to operate a working gas
fusion propulsion system, such as those listed in section
4.3, have been neglected from the mass approximation.
Their inclusion may be worth or even necessary to
consider for a more detailed analysis.

A deeper analysis of the performance for both of the
discussed fusion propulsion systems may be conducted
using data obtained and presented in this study, assuming
a certain degree of fidelity of the results. While further
figures of interest such as the propellant mass flow rate
are only mentioned briefly on the side in this analysis,
such values may be derived from the information given
and applied to outline and specify ranges of possible
mission scenarios for the ST and FRC working gas fusion
propulsion systems respectively.

NOTE

Since the initial submission of this conference article in
September 2013, the model presented here has been
refined, especially with regards to the blanket modelling,
yielding result values with a higher fidelity. The updated
model as well as the results obtained therewith are
presented and discussed in ref. [29].
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