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Design of a Fusion Propulsion System—Part 1:
Gigawatt-Level Magnetoplasmadynamic Source
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Optimum travel duration for manned interplanetary missions requires propulsion systems that deliver very high
thrust, on the order of a thousand Newtons, in conjunction with specific impulse capabilities that exceed 10,000 s.
Theoretically, rocket propellants consisting of fusion reactants intermixed with large masses of low-molecular-
weight fuels can be expanded within a magnetic nozzle to meet these requirements. To produce the power levels
associated with such systems, a gigawatt pulse line called Godzilla is adapted for experimental development.
The megajoule-level energy available is electromagnetically deposited in cold helium gas to simulate the fusion-
heated, low-molecular-weight propellant. The magnetohydrodynamic computer code, MACH?2, is employed to
provide guidelines in the design of this magnetoplasmadynamicplasma source. The numerical results specify the
geometric configuration and operation conditions required to overcome destructive effects associated with these

power levels within experimental limitations.
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universal gas constant, J-amu/K
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inner electrode radius, m
temperature, K, eV
velocity, m/s
axial coordinate, m
average charge
ratio of specific heats
characteristic dimension, m
current distribution factor
electrical resistivity, Q2-m
nondimensional temperature, 7/ 7,
thermal conductivity, W/m-K
viscosity coefficient, kg/m-s
permeability of free space, 4w x 10~7 H/m
nondimensional coordinate, z/8
mass density, kg/m?
= molecular weight, amu
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u = convection
n = current conduction
K = thermal conduction

Introduction

HE reduced transfer times required for human expeditions

within our solar system demand high thrust-to-weight, high
specific impulse propulsion systems. Optimum exhaust veloci-
ties for nearly straight trajectories range from 200 to 500 km/s.!
At present the leading concept that can meet such specifica-
tions is thermonuclear fusion power. Specifically, it has been
shown that from an overall vehicle-design viewpoint neutron-free,
Deuterium-Helium-3 (D-He-3) fusion systems are favorable over
Deuterium-Tritium (D-T) systems.!

Temperatures in neutron-free, fusion systems, however, exceed
values for “conventional” D-T fusion concepts by factors of about
five (~100 vs 10-20 keV). Plasma particles from a D-He-3 fusion
reactor would have an average speed of 3000 km/s. Even though
these velocities are much higher than the optimum values for fast
interplanetary travel, fusion reactants can still be utilized to heat a
much larger mass of low-molecular-weightplasma (e.g., hydrogen)
to stagnationtemperatures of ~100 eV. The stagnation confinement
can be achievedby a magnetic “cusp” configurationcomposed from
proper placement of magnet coils as shown in Fig. 1. Specifically,
the interactionof plasma and magnetic field (magnetic field lines of
constant flux are depicted as compressed ellipses in Fig. 1) forms
a thin layer of diamagnetic currents’ that in turn interact with the
magnetic field to provide a confining Lorentz force, which balances
the plasma pressure-gradientforces. In this manner only a portion
of the plasma intermixes with the magnetic field, providing dis-
tinct regions of field-free plasma and plasma-free magnetic field.
These azimuthal currents are a consequence of the density gradient
inside the layer, which results in nonzero Larmor gyration aver-
age velocities (diamagnetic drift). The same principles are utilized
to subsequently expand the propellant through the main magnetic
nozzle and thus provide the optimum speeds.

The present paper (Part 1) focuses on the design of a gigawatt-
level plasma source that will be used to emulate the stagnation
conditions. The source, which is fundamentally equivalent to a
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Fig. 1 Schematic of the fusion propulsion system depicting fusion-
reactant mixing with injected cold propellant and subsequent accel-
eration via a magnetic nozzle.

high-power magnetoplasmadynamic (MPD) thruster, will electro-
magnetically accelerate helium gas that is eventually stagnated by
the magnetic cusp. Part 2 (Ref. 3) concentratesin providinginsights
for the design of the main accelerating magnetic nozzle including
issues of proper plasma confinement and stability that directly relate
to the cusped arrangement as well. The challenges associated with
such power levels call for rigorous and detailed theoretical design.
For this we have utilized the MACH2 (Ref. 4) code, one of the
most sophisticated magnetohydrodynamic (MHD) numerical tools
currently available.

Experimental Facility and Preliminary Design

A gigawatt-levelfacility called Godzilla® at The Ohio State Uni-
versity can providethe necessary energy and power levelsto emulate
the aforementionedconditions.Inits present configuration Godzilla
provides approximately 1.6 MJ over a pulse-time of 1.6 ms with a
maximum current of % MA. Deposition of this energy in a high
density propellant can accelerate it to speeds that when stagnated
within the magnetic “cusp” will attain the desired stagnation tem-
peratures. To create such a high-current, MPD plasma source, an
existinginverse-pinchswitching system® will be appropriatelymod-
ified. Inits originalconfiguration(see Fig. 2) the single outputswitch
consists of two copperrings, 35.6-cminner diameter, 1.25 cm thick,
separated by an axial gap of 3.2 cm, initially in a vacuum typically
of 1-2 torr. The ring electrodes are held apart by a 10.2-cm-long,
28-cm diam stepped-conicalinsulator.

Gas is delivered from the region interior to the rings by breaking
the diaphragmofa shock-tubereservoir. The volume of the reservoir
is sufficient to supply gas to the switch during the 1.6-ms current
pulse. Addition of gas to the interelectroderegion allows the break-
down voltage to drop below the applied voltage. A series of tests®
has confirmed that voltage hold-off is maintained during charging
times (several minutes), with the desired breakdown occurringupon
arrival of the high-pressure gas. Current flow interacts with the in-
duced azimuthal magnetic field to create an electromagnetic force
on the plasma discharge that is radially outward, i.e., an inverse
pinch. Gas flow to the discharge region continues to supply new
conducting material so that the discharge location does not change.
Plasma is accelerated through this region in a quasi-steady fashion,
similar to an MPD thruster at high current.

Because the fundamental hardware to provide such type of ac-
celeration is already functional, it is perceived that relatively basic
rearrangements, mainly geometric, can direct the high-speed ex-
haust gas toward a stagnation chamber. In particular, the copper
electrodes will be redesignedto producea configuration of a narrow
breakdown/accelerating gap, as shown in Fig. 3. Isentropic stagna-
tion to a desired temperature, as in a supersonic diffuser, can be
approximated by
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Fig. 2 Schematic of the original inverse-pinch switching system used
to deliver the Godzilla current to the load.
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Fig. 3 Schematic of the
computational setup for the
MACH2 simulations de-
picting computational re-
gion (extended to the - - -),
boundary and initial condi-
tions.

Helium Gas

under the assumption of a calorically perfect gas and neglecting the
exhaust static enthalpy contribution. Thus, design of the geometry
and operating conditions of the MPD plasma source can be guided
by electromagnetic acceleration to the required exhaust speed
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where the mass flow rate expression is obtained after substitution
of Eq. (1) into the preceding exhaust velocity expression. Specif-
ically, within experimental constraints, Eq. (2) estimates the re-
quired mass flow rate to achieve the desired stagnation condition.
The radius of The Ohio State University vacuum tank is 30 cm
(12 in.), and so the maximum outer electrode radius is limited
to 25.4 cm (10 in.). The choice for the dimension of the break-
down/accelerating gap (r, —r.) depends on the iterative method of
minimizing to achieve breakdown at the desired location (Pd Vs V)
and maximizing to obtain the target-exhaust velocity” For the
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preliminary design a gap of d =2.54 cm (1 in.) is chosen [i.e.,
inner electrode radius is 22.86 cm (9 in.)], which implies the pre-
scribed mass-flow-rate range 5 g/s < m < 40 g/s and exhaust speeds
100 km/s < U < 190 km/s for variable degree of ionization and
current distribution correspondingto 0 < & < 0.75 (Ref. 8). (Asso-
ciated thrustvaluesrange from 948 to 7694N!) Confinement of such
high-temperature stagnated gas cannot be provided by solid matter,
rather proper placement of magnetic coils will produce confining
poloidal magnetic fields in a cusped arrangement. However, poten-
tial limitations and compromises associated with such high energies
require a more accurate design.

From a numerical perspective the extreme current levels
specifically, the extreme ratios of 0.225 x 10 A%-s/kg < J2/m
< 1.8 x 10" A%-s/kg—present a set of unique numerical calcula-
tions without guidance from earlier similar efforts within a magne-
toplasmadynamic configuration. In particular, the potential for nu-
merical diverging instabilities has been documented at much lower
ratios of J*/m and has been shown to be consistent with physi-
cal phenomena’ However, we proceeded with relative confidence
based on previous simulations of self-field MPD thrusters with the
MACH?2 code that have captured experimental trends and magni-
tudes of terminal variables, currentdistribution,and current voltage
characteristics!°

Numerical Simulations and Analysis

The need for accurate design motivates the present effort to-
ward the numerical simulation of the MPD plasma source, using the
state-of-the-artunsteady, two-dimensional,axisymmetric,nonideal,
MHD code, MACH2. The code was developedin the mid-1980s by
the Mission Research Corporation under U.S. Air Force contract
to study collisional plasmas for problems of complex geometries.*
The objectives include exploration of the possibility of designing
the equivalentof an MPD thruster that produces exhaust speeds on
the order of 100 km/s within the geometric constraints of the exist-
ing inverse pinch and the hazards associated with gigawatt power
levels. The main challenges are associated with producing a con-
figuration that will sustain the current discharge at the location of
the accelerating gap, protect insulating material from heat conduc-
tion, and minimize radiation effects by minimizing the discharge’s
view-factor.

Modeling capitalized on the diverse capabilities of the code
including thermal nonequilibrium and real equations of state
(SESAME!"!) for the helium gas. The latter provided the thermo-
dynamic properties of the gas including average degree of ioniza-
tion, which is a critical feature of the exhaust flow. The simulations
utilized classical transport with Braginskii coefficients'? that incor-
porate the tensor nature of the electrical resistivity. The fluid was
modeled as inviscid with boundary conditions, as depicted in Fig. 3.
Inparticular,the velocityboundary conditionswere modeledas free-
slip, electrode,and insulatorthermalboundary conditionsconducted
heatat appropriateconstanttemperatures. The computationalregion
was extended well downstream of the exhaust region to fully cap-
ture current distention and acceleration. The dashed lines of Fig. 4
depict these outlet boundary conditions that model variables at zero
gradient. Initial conditions, geometry, mass flow rate, and inlet flow
profiles varied through the series of simulations and are discussed
later; however, Fig. 3 depicts the final configuration and operating
conditions.The currentlevel was set to a constantof 0.3 MA to study
steady-state operation with minimized computational expenses; in
general, steady state was achieved within 200 ps without numerical
difficulties.

Current Distribution

Initial calculations concentrated in ensuring a breakdown at the
acceleratinggap (by prescribingan initial magnetic field distribution
within the chamber) and examining geometric variations that will
maximize exhaust speeds. The iteration demonstrated the benefits
of a rigorous calculation and in particular the need for accurate
calculation of the current distribution as a result of diminished ex-
pected exhaust-speedimprovements as discussed next. Specifically,
Eq. (2) prescribes improvements that exceed a factor of 1.5 from
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Fig. 4 MACH?2 steady-state mass density (flooded contours) and en-
closed current (line contours in MegaAmps) distributions.

increasing the gap by only 1-2 cm; MACH2 simulations showed
that the increase is confined within 10% as a result of variations of
the currentdistribution.Figure 4 depicts the typicalenclosed current
distribution calculated by MACH2. By design the outer electrode
was longer than the inner electrode, so as to direct the electromag-
netic force toward the throat of a decelerating magnetic nozzle.
Such configuration would incorporate contributions from both ra-
dial and axial acceleration mechanisms, which within the idealized
modeling would prescribe ~ 0.75 and thus thrust values exceeding
7000 N. However, current distribution variations predicted by the
simulations confined thrust within 2000 N. Gap-size increases (i.e.,
increasingr, /r.) mainly increasedcurrentdistentionover the inner-
electrode’s surface, thus minimizing exhaust-speed improvements
(i.e., decreasing the effective factor ¢).

Current Confinement

Based on the modeling results, the most important issue is the
location of the discharge at steady state relative to the insulating
material. It is obviously imperative to confine the discharge at the
minimum-areaopening and shield the insulator from excessive heat
transfer. This is also a unique requirement imposed on the design
as a result of the elevated power levels. We recognized that in or-
der to achieve steady-state operation with the discharge maintained
at the breakdown location geometric design and operating condi-
tions should balance the volumetric Joule heating rate and convec-
tion cooling at that location. To better guide the computationally
expensive simulations, we examined if such balance is possible
within operating and geometric constraints by utilizing a simple
one-dimensionalanalysis. Specifically, we can write and nondimen-
sionalize the energy equation for steady state under the ideal gas and
thermal equilibrium assumptions as follows:
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where the current density squared j2 is normalized over an area
average. Equation (3) also implies the inviscid assumption, which
requiresjustification. For the geometry and mass flow ratesinvolved,
the viscous Reynoldsnumber Re = pud /i =més/ A ~ 26000 fora
characteristiclength of § ~ ((2.54 cm) and viscosity coefficient for
doubly ionized helium'® of O(107%) kg/m-s. This, in turn, suggests
a boundary-layerthickness of less than a millimeter, validating the
omission of viscosity in Eq. (3).

For a characteristicdischarge temperature of 3 eV and fully dou-
bly ionized helium, 5, =3.974 x 10~* Q-m and «, = 3.16 W/m-K
based on the Braginskii transport coefficients utilized by MACH2
that differentiate between parallel and perpendicular components
to the magnetic field.!> For equivalent convection and current con-
duction characteristiclengths §, = 8, ~ 5.08 cm (approximately the
length of current conduction shown in Fig. 4) and mass flow rate
of the order of 40 g/s, the characteristic numbers defined by the
nondimensional form of Eq. (3) are of the order of

neJ? RS,
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which implies that thermal conduction operates in an inner layer of
orders, ~ +/(1.07 x 1073)m =0.33 cm < 5.08 cm, thus convection
and Joule heating can be balanced on the order of an outer layer. In
otherwords, for§, ~ 4§, =4,, K ~2.1 x 10~* « 1, and thus thermal
conductionis negligible. Within experimental and operational con-
straints, H ~ O(1) shows that this balance is achievable; however,
it does not reveal the location of the interface, which is determined
during the unsteady phase. We can approximate the temperature
evolution based on a simple one-dimensional heat diffusion and by
consistently assuming a constant characteristic discharge temper-
ature of 3 eV. Then the temperature evolution based on constant
thermal conductivity of cold helium, (« ~0.14 W/m-K) is given
by14

0,10 —1 z
-1 erf (§), £ o

For a very low-density initial helium fill of the chamber emulating
vacuum conditions p, ~ 1077 kg/m,? the temperaturein the vicinity
of the insulator (x ~ 10 cm) exceeds 2 eV at simulation times of
200 ws. This implies that thermal conduction is adequate to elevate
the insulator temperatures above tolerable limits and cause catas-
trophic melting of the insulator. In addition, as the low-density gas
is heated in the vicinity of current conduction its electrical con-
ductivity will increase allowing upstream evolution of the current
distribution; this will enhance the destructive heating.

Numerical simulations that introduced uniform mass flow into
a vacuum chamber (modeled at initial density of 1077 kg/m® and
300 K) were performed to more accurately examine the preliminary
findings. Indeed, MACH?2 calculated an upstream evolution of the
current distribution reaching the vicinity of the insulator. Thermal
conduction was more than sufficient to heat the preexisting gas em-
ulating vacuum conditions. This, in turn, increased the electrical
conductivity of this low-density gas, allowing current conduction
well upstream of the desired location. Convection from the cold
inflow (at maximum 40 g/s and 300 K) was insufficient to contain
plasma temperatures [remarkably, of the order 2 eV in accordance
to the simplified model of Eq. (5)] away from the insulator. Differ-
ent ignition schemes—mass injection through ports as opposed to
uniform mass flow along the insulator—did not alleviate the heat-
ing rates; surprisingly steady-state operation was very insensitive
to such variations. In addition, geometric variations could not ad-
equately reduce radiative heat transfer by completely shielding the
insulator surface from view of the discharge.

We recognized that a higher-density gas fill in the chamber prior
to the breakdown could ameliorate the situation. Equation (5) sug-
geststhatforaheliumdensity of O(1073) kg/m? the insulatorsurface
temperature would not exceed 400 K. The remedy presents a dual
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Fig. 5 Steady-state MACH2 distribution of the heavy-particle temper-
ature.

potential: reduction of heat-conduction rates balanced by convec-
tion away from the insulating surface and shielding from radiation
effects. Indeed, MACH?2 simulations with a chamber initial density
of O(107%) kg/m? proved quite successfulin confining the discharge
in the vicinity of the accelerating region at steady state as depicted
in Fig. 4. Subsequently, a series of numerical iterations ensued that
varied the initial density so as to minimize the thermal load to the
insulator and ensure exhaust speeds of the order of 100 km/s. Obvi-
ously, limitations on the inlet speed and geometric constraints from
the experimentalapparatusallowed meaningfulmanipulationsof the
mass flow rate, and consequently the exhaust speed [Eq. (2)], only
through changes of the initial chamber density. This, in turn, implies
that decreasing the chamber density increases the heat-conduction
rates to the insulating surface. These computations converged to a
range of mass-flow-rate values that will satisfy both criteria, and
the results are presented for the value of m = 12.7 g/s at chamber
density of 3.5 x 1075 kg/m>.

Even though heat-conduction rates were greatly diminished,
they were not completely eliminated. Figure 5 shows the two-
dimensional distribution of heavy particle temperature and reveals
upstream evolution to the insulator exceeding 1000 K. Specifically,
for this particularchamber density temperature in the vicinity of the
insulator (see Fig. 6, top) exceeded 1600 K, a value that would not
be tolerated by mostinsulating materials available. These maximum
values occurred closer to the discharge as a result of faster mass
depletion (see density distribution in Fig. 4). Some elevated tem-
perature values at the bottom of the insulator occurred as a result
of diminished convection cooling (Fig. 6, top). Thus, ensuring the
desired exhaust speed values implies that high-tolerance ceramic
materials have to be utilized in the fabrication of the MPD plasma
source. A very good candidate for suchinsulationis aluminaceramic
with a melting temperature of 2470 K (Ref. 15). This will easily tol-
erate the temperature magnitudes predicted by the MACH?2 compu-
tations. Additional description of the heat-conduction containment
and characterizationof the discharge is provided by Fig. 6 (bottom)
which displays the electron and heavy-particle temperature profile
along the z direction at a radius of 24.13 cm (9.5 in.), (i.e., a sliced
profile through the middle of the discharge gap). Current is con-
tained beyond 19.05 cm (7.5 in.) from the bottom conductor, which
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Fig. 6 MACH2 temperature profiles. Top: heavy-particle temperature
along insulator surface. Bottom: profiles at a radius of 24.13 cm (9.5 in.)
(middle of discharge gap).

identifies the thin layer of high thermal gradients of the order of
1.27 cm (% in.) as is generally predicted by the preliminary anal-
ysis of Egs. (3) and (4). These temperature profiles also imply the
importance of nonthermal equilibrium as they prescribe discharge
electron temperatures of the order of 2.5 eV, but ion temperatures
of the order of 2 eV. Further downstream, the discrepancy increases
implying more significant influence to the overall energy deposi-
tion and consequent exhaust speeds. (Heavy particle temperature
decrease is as expected as a result of expansion; however, elec-
tron temperatures are increasing implying an increasing degree of
ionization.) Further examination of Figs. 4 and 5 shows preliminary
indicationsof the desired operation within the cusped magnetic field
configuration. Specifically, the axis of symmetry boundary condi-
tion forces partial stagnation of the gas (upper left-hand corner of
the two-dimensional plots), i.e., the radial velocity component, with
associated elevated temperatures exceeding 12 eV. Once the sec-
ondary magnetic coils are designed and in place—at outer electrode
radius and a few centimeters downstream, the exhaust gas will be
directed towards the same location, which will be in the vicinity of
the throat of the decelerating magnetic nozzle.

Exhaust Speed

With containment of the discharge away from the insulator and
diminished insulator temperature, MACH?2 predicted that the de-
sired exhaust speed magnitudes are achievable as shown by the
two-dimensional speed distributionin Fig. 7. The main core of the
exhaust gas reaches speeds of the order of 100 km/s. As we progress
toward the centerline, these magnitudes decrease to accommodate
the axis-of-symmetry boundary condition. Once again the nature
of the current distribution directs the flow toward the centerline,
which is a very favorable feature that will reduce associated in-
stabilities when interacting with the poloidal magnetic field lines.
These instabilities are shown to be quite significant by our exam-
ination of magnetic nozzle processes carried out in Part 2 of this
effort.> Some redirection of the flow toward the inner electrode sur-
face fills the region with some low-density, cold gas—also shown
in Figs. 4 and 5; however, it is negligible when compared to the
main gas core. Figure 8 shows the speed profile downstream of the
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Fig. 7 Steady-state MACH2 speed distribution.
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Fig. 8 Steady-state MACH2 profiles downstream of the exhaust de-
picting plasma speed and average degree of ionization.

accelerating gas, confirming the computation of the desired velocity
magnitudes. Further, Fig. 8 displays the average charge state of the
exhaust gas consisting of fully ionized helium (mostly fully doubly
ionized). This is another essential objective for the proper operation
of the plasma source because it ensures full interaction with the
confining magnetic fields at high electrical conductivity.

Final Configuration

The series of iterative numerical simulations with the MACH2
code have resulted in a final configuration for the experimen-
tal design. Within experimental constraints and numerical lim-
itations MACH?2 indicates that the necessary high-power MPD
thruster/plasma source can be operated and will satisfy the objec-
tives of producing fully ionized helium plasma exhaustingat speeds
on the order of 100 km/s. The geometry suggested by the model
will utilize a 2.54-cm (1-in.) accelerating gap defined by inner and
outerelectroderadiiof 22.86 cm (9 in.) and 25.4 cm (10 in.), respec-
tively. The distance between the outer electrode (and consequently
the location of the discharge) and the verticalinsulatoris maximized
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Fig. 9 Schematic of the final configuration for the MPD plasma source.

at 24.38 cm (4.4 in.). The length of this vertical insulator will be
20.32cm (8 in.) for the initial tests. Figure 9 depictsthe geometrical-
terations to the original inverse-pinchswitch configuration (Fig. 2),
along with the inclusion and placement of the new materials as
prescribed by the MACH?2 modeling. For this geometry operating
conditions will utilize helium propellant at a chamber density of
3.5 x 107 kg/m® and mass flow rate of 12.7 g/s.

For this range of operating conditions, MACH?2 predicts that cur-
rents of the order of 0.3 MA will be confined to the accelerating
region, providing the desired speeds and producing thrust values in
the excess of 1300 N. Heat conductionupstream of the accelerating
region results in maximum temperatures in the local gas that do not
exceed 1700 K, a value that should be tolerated by the high-strength
ceramic materials we plan to utilize for fabrication of the vertical
insulator.

Conclusions

The design of a high power magnetoplasmadynamic plasma
source was successfully undertakenby utilizing the magnetohydro-
dynamic computer code, MACH?2. This plasma source will emulate
the stagnation conditions of a fusion-powered propulsion system
by utilizing electromagnetic energy form a 1.6-MJ facility to ac-
celerate gas to very high speeds. The deposited kinetic energy will
be converted to thermal energy by stagnating the high-speed gas
via a magnetic nozzle. The numerical simulations identified several
concerns to be resolved, such as current distribution and confine-
ment and excessive upstream heat transfer. This was to be achieved
within a configuration that was limited by experimental availability
and the necessary terminal exhaust speeds and plasma state. In-
deed, MACH2 has guided the design toward a final configuration
and operating conditions that resolve the concerns associated with
operating a thruster/plasma source at such high power levels and
produce the required exhaust speeds.
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