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Design of a Fusion Propulsion System—Part 2: Numerical
Simulation of Magnetic-Nozzle Flows
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Numerical simulations of magnetic-nozzle flows have been successfully conducted in the interest of providing
valuable insights and detailed design guidance to near-future experimental efforts. Quasi-steady modeling using
helium propellant with classical resistivity demonstrates a nearly isentropic expansion of the confined gas to exhaust
speeds that exceed 270 km/s. For a stagnation temperature of 100 eV, approximately 70 % of the thermal power is
converted to thrust power (0.4 GW), producing 4.6 kN of thrust. Further expansion can lead to additional gains in
thrust by utilizing the thermal power that is retained in the 20-eV plasma at the exit. In the inlet of the nozzle, near
the plasma field interface, the development of nonuniformities in the magnetic field is exposed. For Ty =100 eV
as much as 50% of the mass flux is found to penetrate the current layer across the magnetic field lines. At fixed
plasma pressure and applied field the layer at the throat increases in thickness from approximately 3 to 5 cm when

the stagnation temperature is decreased from 250 to 100 eV.

Nomenclature
A = cross-sectional area, m>
B magnetic field, T
By magnetic field at coil center, T
b magnetic field unit vector
Jp = magnet coil current, Amp
Ly
m
N
P

magnet coil length, m

mass flow rate, kg/s

magnet coil turns/length, m~
pressure, Pa

1

Py = stagnation pressure, Pa

R = radius, m

R = specific gas constant, m*/s>-°K

Ty = stagnation temperature, °K

U = velocity component perpendicular to magnetic field,
m/s

u, s = resistive(“leaking”) speed across the magnetic field,
m/s

\4 = velocity vector, m/s

Wo = power, W

z = charge state

a, = electric diffusivity, m*/s

y = ratio of specific heats

8 = current layer thickness, m
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Introduction

XTENSIVE human exploration of the solar system requires

propulsion systems that provide high thrust-to-weight (T/W)
ratios for reduced travel times and high specific impulse values for
increased payloads. For example, nearly straight trajectories would
require exhaust speeds in the range of 200-500 km/s to achieve
maximum payload fraction.! Thermonuclear fusion is the primary
projected energy source that satisfies these requirements. Fusion re-
actants can be mixed with much higher mass flows of propellant gas
to produce optimized exhaust speeds at the desired values of T/W.
Critical features of fusion propulsion concepts can be evaluated
using Godzilla? a gigawatt-level facility with a 1.8-MIJ pulseline.
The facility can power a magnetoplasmadynamic(MPD) source’® to
provide plasma flow emulating that of a fusion-heated propellant.
When stagnated within a magnetic cusp configuration, this flow will
attain temperatures on the order of 100 eV. At such high tempera-
tures the plasma requires properly shaped magnetic fields to guide
the gas to high exhaust speeds through a “magnetic nozzle” while
retaining sufficiently low cross-field mass loss and tolerable thermal
loads to the surrounding walls. Proper operation of a magnetic noz-
zle in these high-energy-densitypropulsionsystemsrequires current
flow around the plasma. From a magnetohydrodynamic(MHD) fluid
viewpointcurrentis generated by the pressure-gradientforce acting
across the confining applied field. Under idealized conditions inter-
action of this current with the magnetic field is just sufficient to stop
the fluid motion across the field, leading to a state of magnetohy-
drostaticequilibrium. In dynamical systems operating with nonideal
plasmas, a variety of convective and diffusive processes (classical
and anomalous) will modify the gradients within the current layer
and, under certain conditions, jeopardize its preservation. Both the
thickness and downstream profile of the layer determine the extent
to which supplied power is efficiently converted to thrust power.
Accurate resolution of this plasma-field interface and quantitative
accounts of power losses in a magnetic nozzle require numerical
and experimental simulations.
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Preliminary Design

The Godzilla power source can provide 1 GW to a matched load
at a maximum design charging voltage of 6 kV. The bank con-
sists of 2100 capacitors (43 uF) that can discharge the maximum
stored energy in a minimum pulse time of 1.625 ms. With a to-
tal transmission line impedance of 9 m§2, the maximum current to
a matched load is % MA. However, the bank configuration allows
for relatively easy modification for variation of deliverable power,
current level, and associated pulse time. Specifically, Godzilla is
arranged in three racks comprising seven rows of capacitors in 10
sections of 10 capacitors each. This allows for each section to be
connectedin series to provide the maximum pulse time of 17 ms ata
line impedance of 189 mS2. Electromagnetic accelerationof plasma
propellant within an MPD configurationcan provide exhaustspeeds
that correspond to stagnation temperatures of 100 eV (Ref. 3). Hy-
drogen propellant can be expanded through the main magnet coil
to exhaust speeds in the excess of 200 km/s; however, the present
experimentalapproachfavorsinert propellant(He) that can still pro-
vide the necessary insights at maximum speed of about 190 km/s.
In this particular effort design of the main magnet coil will con-
centrate on the requirements of 7o = 100 eV and Uy = 170 km/s.
Isentropic expansion of doubly ionized He (y = %) implies exhaust
temperatures 7, =20.12 eV, Mach number M, = 3.45, and radius
ratio (throat-to-exhaus of the converging-divergingmagnetic noz-
zle R,/R,=2. Design of the MPD plasma source® requires that
the stagnation density is of the order of py =5e¢—5 kg/m® (stag-
nation pressure, Py =0.355 MPa), which allows calculation of the
mass flow rate per unit area at the throat (m/A), =3 kg/m?-s. This
allows for the design of the throat radius based on power limitations
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where it = 2075 m?/s?-K and Z = 2. The power requirement is de-
termined by first designing the magnet coil. The characterization
of the magnetic nozzle’s flow parameters allows this preliminary
design. Based on the radius of the vacuum tank (30 cm), the magnet
coil radius is reasonably chosen as Rz =20 cm and the length is
taken as Lz =32 cm. For a finite length solenoid the field at the
centerline and L /2 is given by

L
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where f =0.625 for the particular choice of radius and length of
the solenoid. As a first-orderapproximation,we can equate the mag-
netic pressure before compression to the total stagnation pressure
B2 /210 = Py, which yields a field of 0.944T. Thus, from Eq. (2)
and for N =100 turns/length the magnet coil current Jz =12 kA.
At maximum charging voltage (6 kV) the input power required is
72.1 MW, which—by one possible configuration—can be delivered
by redirecting one rack of capacitors with all 70 sections (10 ca-
pacitors each) in series. Specifically, the power output assuming a
matched load at a line impedance of 189 m€2 is 95.6 MW, which
meets the requirement, and thus the energy can be delivered in a
pulse time of 5.6875 ms. This matched-load configuration requires
that the last interstage inductance is equal to that of the solenoid,
which can be achieved by iterating further on the combination of
magnet current and turns/length.

The power requirement for the plasma flow then becomes
W, < % GW, which allows for a maximum throat radius of about
6 cm and exit radius of 12 cm at 0.617 GW. The associated ideal
mass flow rate is then 34 g/s delivering thrustof 5.785 kN excluding
any further potential expansion to vacuum pressure.

Numerical Modeling
The interactionof several physical processesin the magnetic noz-
zle system that have intrinsically different scale sizes for time and
distances, represents a major obstacle in the design of the experi-
ment. Simplified theoretical modeling alone, using zero- and one-
dimensional analyses,*~® is insufficient. It fails to provide the re-
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COIL SPECIACATIONS
Length = 0.32m
Radius =0.2m
No. of turns = 32
Current =125 kA

Po = 0.355 MPa
INLET CONDITIONS
He 2+

To =100-250eV
Po = 3.5 atm

Mo ~ 0.02

Fig. 1 Magnetic nozzle geometry and specifications. The contour plot
displays the simulated azimuthal current-density distribution jo at
t = 0.25 ms and 7y = 100 eV. Minimum value at half-point (throat) =~
— 5 kA/cm?. (The ensuing MACH2 plots are drawn with a larger aspect
ratio (length/radius) for better clarity of contour and vector profiles.)

quired detailed understanding on a variety of pertinent processes
in the magnetic nozzle, such as resistive dissipation and turbu-
lence, throughout their evolution. Large-scale computer simula-
tion is therefore warranted in order to confirm the feasibility of
the planned experiment (under the intended operating conditions)
and to provide detailed coil specifications: magnetic field strength,
geometry and position relative to the plasma source.

Numerical simulation of the flowing plasma through a mag-
netic guide field (Fig. 1) was made possible by utilizing the time-
dependent, two-and-one-half-dimersional, nonideal MHD code
MACH?2 (Ref. 7). The code solves the dynamic, single-fluid, resis-
tive MHD equationsin two dimensions while retainingall three spa-
tial componentsof vectorquantities. The computationalmesh canbe
purely Eulerian, Lagrangian, or arbitrary. The latter feature was im-
plemented in the present simulationsin order to concentratethe grid
in regions of sharp field gradients (Fig. 2). The simulated plasma
flow consisted of fully doubly-ionized, helium plasma (He*"). In
addition to the conservation laws for mass and fluid momentum
with the plasma pressure assumed isotropic, the energy equations
for electrons and ions allowed for resistive heating while assum-
ing thermal equilibrium between species. The thermal equilibration
time for the lower temperature (100 eV) simulations was estimated
tobe approximately 10 times less than the characteristicplasmatran-
sit time through the nozzle. At the higher temperatures and lower
densities the electron-ion equilibration times are more comparable
to plasma transit times. Anisotropic effects on resistivity were com-
puted based on the Braginskii formulas for transport coefficients.
The evolution of the magnetic field during plasma transit through
the nozzle was computed based on a magnetic induction equation
that combines Maxwell’s equations and the generalized Ohm’s law.
The present simulations did not include the effects of anomalous
resistivity, Hall term, diamagnetic drift caused by electron pressure
gradient nor thermoelectric contributions to the electric field.
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Fig. 2 Adapted mesh arrange-
ment (32 X 168) at t = 0.24 ms.

The simulated plasma flow initially entered a region of (vac-
uum) magnetic field applied by the external coil shown in Fig. 1.
This initial solenoidal field distribution was calculated based on
an algorithm® that incorporates the Biot-Savart law integrating in-
dividual current-carrying coil contributions. An adiabatic condi-
tion was imposed at the wall with plasma flow allowed to expand
freely through the downstream, open-end boundary. At the center-
line boundary, reflection symmetry was imposed. As implied by
Fig. 1, the computational region simulates a 1-m-long cylindrical
tube with a radius of 0.18 m.

Core Plasma Flow

Earlier simulations with MACH2 confirmed the possibility of
emulating the high-energy, fusion-heated plasma flow by means of
a modified inverse-pinch switch (resembling an MPD thruster) on
the Godzillagigawatt-levelpulser.? Under the available powerlevels
the electromagneticplasma source can provide high enoughexhaust
speeds to achieve the desired stagnationconditions. Specifically, the
high-speed plasma is to be decelerated to nearly stagnation condi-
tions of 7, &~ 100 eV and py ~ 5¢—5 kg/m® through a magnetic cusp
arrangement maintained by two magnet coils, and then accelerated
again to supersonic speeds through a magnetic nozzle. The present
work is a continuation of previous efforts to simulate the stagnated
plasma through a magnetic guide field imposed by the main magnet
coil?

A series of simulations were performed to validate proper quasi-
steady magnetic nozzle operation. Braginskii (classical) resistivity
was assumed with the helium plasma treated as a constant-y gas
(with y = %). Simulations using a real equation of state, which is
available in MACH2 (in tabular form) via the SESAME library,
introduced no major differences when compared with the ideal-gas
simulations. The three expectedregions—core-plasma flow (Figs. 3
and 4), magnetic guide field (Fig. 5), and azimuthal-current layer
(Fig. 1)—are distinctly identified. Under the aforementioned stag-
nation conditions the flow through the magnetic nozzle reached a
quasi-steady state within approximately 0.1 ms (Fig. 6). The con-
fined plasma expandedin a nearly isentropic fashion to a maximum
exhaust Mach number of 3.4 with the sonic point located approx-
imately halfway through the channel (Fig. 7). Table 1 compares
MACH2-computedratios of stagnation-to-throatand stagnation-to-
exit conditions near the centerline with values calculated based on
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Fig. 3 Velocity vectors
(Ty =200 eV, ¢ = 0.24 ms).

Fig. 4 Mass density con-
tours (Ty = 200 eV, ¢ =
0.24 ms).
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A=0.14E-5
C =0.30E-5
E=0.61E-5
G = 1.26E-5
+ = 2.60E-5 +

the isentropic relations. The isentropic ratios at the exit were de-
termined based on the exit Mach number that was computed by
MACH2 near the centerline. Substantial exclusion of magnetic flux
was achieved in the core plasma throughout the nozzle. At the lo-
cation of the throat, less than 3% of the maximum field across the
radius (0.97 ) persisted within a distance of 2.5 cm from the axis of
symmetry (Fig. 8).

A series of additional simulations at higher stagnation tem-
peratures, but fixed applied field and stagnation pressure, cap-
tured the expected dependence of the (maximum) exhaust speed
on the square root of the stagnation temperature (Fig. 9).
The scaling indicates that the simulated magnetic nozzle is
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Table1l Comparison between plasma flow through a magnetic nozzle
from the MACH2 simulations (with values taken near the axis of
symmetry) and isentropic flow of constant « (case: Ty = 100 ev)

Location Model po/p To/T Py/P
Throat Isentropic flow (y = %) 1.54 1.33 2.05
MACH2 1.55 1.36 2.10
Exit Isentropic flow (y = %) 10.1 4.67 472
MACH2 10.9 4.76 51.9
*  Tesla-m
A=07el
C= 2.6el
E=4.6e2
G= 6.6e2
+= 8.5e2

Fig. 5 Magnetic field lines
(Ty =100 eV, £ = 0.24 ms).
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Fig. 6 Evolution of plasma and magnetic pressures near the axis of
symmetry at 30 and 50 cm from the inlet (7 = 100 eV).

comparable to a solid, converging-divergingnozzle of an area ra-
tio A,/A,~4.5 and an average Mach number of 3.6. The simu-
lations were largely conducted in the interest of gaining quantita-
tive insight on mechanisms driving the formation of the current
layer. The topic is discussed in greater detail in the following
section.

Current-Layer Formation
A critical issue in the magnetic nozzle is the manner in which
plasma and field intermix during confinement. The spatial extent
within which plasma and magnetic field interact is directly related
to kineticenergy losses and cross-field mass transport. Furthermore,
the interfaceis subjectto variety of potentially destructive MHD and
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Fig. 7 Pressure and Mach-number profiles along axis of symmetry for
To =100 eV at¢=0.24 ms.
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Fig. 8 Radial profiles of plasma and magnetic pressures at the throat
location (T = 100 €V, ¢ = 0.24 ms).
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Fig. 9 Maximum exhaust speed at different stagnation temperatures
in steady state. Effective nozzle area ratio Ae/A* ~ 4.5.

microinstabilitiesthat can developduring plasma transit through the
nozzle.

Our ability by means of numerical simulationto investigate prop-
erly the formation of the layer depends largely upon the inherent
limitations of a two-dimensional,axisymmetric, MHD code such as
MACH?2. Physical processes that possess fine-scale features such
finite Larmor-radius effects are beyond the realm of validity of
an MHD simulation. Moreover, trapped-particle instabilities and
anomalous transport must rely upon phenomenologicalmodels (de-
rived from kinetic theory principles) to determine their potential
implications.

Even within the validity of resistive MHD, a number of pertinent
unstable modes with possibly destructiveconsequenceson magnetic
nozzle operation have an inherent three-dimensionalnature and are
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Fig. 10 Half-section of the computationalregion (32 X 128 mesh) with
highlighted plotting path.
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Fig. 11 Axial variation of density ratio and fractional speed across the
current layer near the nozzle inlet (along the highlighted path of Fig.
10).

best studied with a three-dimensional MHD code. For example,
gravitational (or otherwise “g-mode”) instabilitiesthat can be driven
by “bad” magnetic curvaturein the nozzle entrance and exit, as well
as Kelvin-Helmholtz instabilities (driven by ExB shear), all have
wave vectors in the azimuthal direction and act in a manner that
distorts axisymmetry.

With the preceding restrictions in mind we turn to the results of
the present numerical simulations, specifically as they relate to the
formation of the currentlayer along the nozzle. With the fluid speed
normal to the magnetic field determined by,

lurl =+ IVI*> = (V- b)? 3)

the axial variation of u, /|V| at the inlet demonstrates that almost
50% of the mass flux infiltrates the layer (Figs. 10 and 11). Equiv-
alently, for a process during which plasma and field (under force
balance) interact by way of resistive diffusion the leaking speed
across the field can be approximated by,

sl = =y, P~ 22D @)
Lresl = 557 VL ~ -
B2/, B2/p 8

For resistive interaction between plasma and field near the inlet,
Eq. (4) gives approximately0.17 km/s for the cross-field speed. The
value determined by MACH2 using Eq. (3) is roughly 4.5 times
higher (0.75 km/s). By way of comparison, Eqs. (3) and (4) give
0.108 and 0.098 km/s, respectively, for conditionsat the throat vali-
dating the scaling assumed by Eq. (4). The extent of numerical con-
tribution (“artificial diffusion”) to the mass penetration was found
to be minimal after simulations with a finer grid were performed.
Specifically, a 64 x 128-node mesh resulted in an almost identical
localization of the adapted grid (in steady state), resulting simply
in a finer resolution of the current layer (Fig. 12). A comparison
of plasma and magnetic pressure profiles across the layer, near the
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Fig. 12 Comparison of adapted grid arrangements: left, 32 X 128
mesh; right, 64 X 128 mesh.
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Fig. 13 Comparison of plasma and magnetic pressures using two dif-

ferent grid arrangements: 32 X 128 and 64 X 128 nodes. Profiles are
plotted across paths A— A’ (see Fig. 12).
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Fig. 14 Axial variation of velocity and magnetic field vectors along the
highlighted path of Fig. 10.

stagnation region, revealed little difference between the two cases
(Fig. 13). The almost identical characteristic layer thickness com-
puted with the different mesh configurations implies that the deter-
mining mechanism for the observed mass loading of the layer is
independent of the grid choice (as long as a sufficient number of
nodes is provided to resolve the gradients in the region).

Figure 14 suggests that the penetration at the inlet is allowed by
a tendency of the field lines to break away from the direction of
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Fig. 15 Variation of current-layer thickness with stagnation tempera-
ture as computed by MACH2 at the throat.

the flow. The behavior is akin to changes in the topology of the
field observed in fusion devices such as field-reversed theta pinches
(FRTPs) during magnetic reconnection. In contrast to FRTPs how-
ever, where the reconnection rate depends not only on resistivity
but also on the reverse bias field trapped during implosion,'®!! the
activity in the magnetic nozzle depends largely on the ability of the
dynamic pressure to oppose field-line reversion. The tendency for
reconnectionis further enhanced at the nozzle inlet by the condition
of axial flow along the wall boundary. The cusped field configura-
tion can therefore alleviate the effect once the secondary magnet
coil is added, by allowing fluid streamlines and field lines to adjust
more freely under conditions of low resistivity.

The penetratingmass flux serves as a pumping mechanismduring
the formation of the currentlayer. Under the relatively slow spatial
variation of plasma conditions near the inlet, the quasi-steady extent
of the layerin the region dependslargely upon the rate at which flow
of mass into the layer is expelled from regions of high flux penetra-
tion. At the higher stagnation temperatures and lower densities the
speed ratio u, /|V| near the inlet increases, but the total mass flux
decreases allowing for less mass into the layer. Upon entering the
layer, the flow of plasma remains strongly coupled to the field. Near
the throat, and further downstream, cross-field transportis mainly a
resultof resistive diffusion (1) ~ u ) with opposing plasma iner-
tia and field curvature forces becomingincreasinglyimportantin the
evolutionof the layer to its quasi-equilibriumextent. Figure 15 por-
trays the variation of the layer thickness at the throat as calculated
by MACH2 for various stagnation temperatures but fixed stagnation
pressure and applied field. Closer to the nozzle exit further disper-
sion of the layer combines with high radial diversionof the magnetic
field lines to induce reductions in ideal nozzle performance.

Exhaust Flow and Propulsive Performance

The manner in which the plasma expands downstream of the
throathas importantrepercussionson the performanceof the nozzle.
Integrated conditions across the exit (for the case of T, = 100 eV)
indicate that the magnetic nozzle produces approximately 4.6 kN
(1025 1bf) of thrust at a (maximum) exhaust speed of 170 km/s
(Figs. 3 and 9 ). Referring to Fig. 8, for a throat radius of 7.2 cm
and stagnation conditions Py =0.355 MPa and 7, =100 eV the
corresponding mass flow rate based on isentropic flow through a
converging-diverging nozzle is 50 g/s. At this rate, and assuming
uniform conditions across the exit, the ideal thrust would be almost
45% higher at approximately 8.4 kN (1890 Ibf).

Downstream of the throat the plasma has gained sufficient ax-
ial momentum, while retaining a high magnetic Reynolds number
(>1000), to induce a bell-shaped contour pattern (e.g., see Figs. 3
and 5). Although the effect is favorable as it reduces radial losses
of axial momentum (u, < 0.15u, at the exit), the strong coupling
between plasma and field introduces additional losses to the highly
conducting exhaust. These losses are evident in Fig. 16. Between
12-14 cm the flow speed (plotted in reference to conditions at the
axis of symmetry) is reduced by approximately 60%. The magnetic
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Fig. 16 Profiles of flow speed (in reference to value at the axis of sym-
metry) and magnetic field (unit vector) components at the nozzle exit.
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Fig. 17 Profiles of density and axial velocity at the nozzle exit (in ref-
erence to conditions at the axis of symmetry).

field profile implies a region of high radial diversion of the lines as
they make their way back to the coil. Consequently, the relatively
hot (20 eV) plasma experiences a resistive drag force!? during its
motion across the field. The reduction of directed axial momentum
in this annular section is therefore not caused by radial diversion
of the fluid streamlines (commonly associated with flow expanding
from conical solid nozzles) but by a reduction in total flow speed
by the resistive drag force as the particles detach from the magnetic
field lines.® Approximately one-half of the reduction in the ideal
thrust (24%) takes place between 12-14 cm.

Closer to the axis of symmetry, the axial velocityis seen to follow
a uniform profile along the exit for approximately% of the channel
radius. The density is (smoothly) reduced by 65% from its value
at the axis of symmetry (Fig. 17). The reduction is caused by the
sustained interaction between plasma pressure and magnetic field
in the region. The associated azimuthal currents are relatively low
in magnitude but extend to a larger radius because of the continued
broadeningofthe layer downstream of the throat. With the exclusion
of parallel (to B) electron thermal conduction (no thermal-diffusive
effects were includedin the presentsimulations), the plasmatemper-
ature follows a relatively gradual drop across the exit as allowed by
the negligiblerates of resistiveheatingthatoccurin the exhaust. Pos-
sible expansionof the flow to uniform-density conditions would im-
ply an estimated 21% increase in thrust without accounting for any
additional reductions caused by resistive drag further downstream.
These reductions may be enhanced if electron thermal conduction
allowed for substantial heat transfer from the hot upstream plasma
to the exhaust. For the simulations at 7, = 100 eV the characteristic
timescale for heat transfer by means of parallel electron thermal
conduction ~L?2/a,, (with L being the nozzle length and ;. being
the parallel electron thermal diffusivity in square meters/second) is
found to be approximately two times higher than the characteris-
tic time for axial plasma transit through the nozzle ~L/V (based
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on conditions at the nozzle throat). At the higher temperatures and
lower densities the effect is expected to introduce more significant
deviations from the isentropic result. Nonclassical electron thermal
conduction can also be important, as shown by previous studies,
and would therefore further alter deductions that are based on ideal
mechanisms alone.

Beyond the 15-cm point low-density plasma exits the channelat a
rate of approximately3 g/s (total mass flow rate atexitis 30 g/s). The
flow of plasmahereis causedby accumulated cross-field mass losses
along the nozzle. These occur mainly from the outer segment of the
layerat the inlet (see Fig. 11) and near the exitas plasma escapes the
main axial outflow to follow the radially diverging magnetic field
lines (~1 g/s). The former (responsible for approximately 1 g/s)
is caused by the interaction of the layer with the wall boundary
and can therefore be mitigated upon utilization of the cusped-field
arrangement. As illustratedin Fig. 8, the plasmathat has escaped the
core flow has sufficient pressure to cause modest modifications to
the magnetic field distributionin the region. Based on the simulated
mass flow rate of 30 g/s, approximately 70% of the thermal power is
convertedto thrustpower (0.4 GW). The high-temperatureplasmaat
the exit is found to retain more than 0.1 GW into its thermal modes,
implying that additional conversion of thermal to thrust power is
possible.

Conclusions

Critical features of magnetic-nozzle flows have been quantita-
tively investigated by utilizing the two-dimensional simulation tool
MACH2 as a resistive-MHD code. The code’s adaptive-grid capa-
bilities allowed for the accurate resolution of the steep gradients
that persist in the expected thin current layer throughout its evolu-
tion along the nozzle. During quasi-steady transit of the resistive
plasma flow through the injection region (inlet), nonuniformitiesin
the magnetic field led to substantial penetration of mass flux into
the current layer. Cross-field mass loss is observed near the exit
as plasma escapes the main axial outflow to follow the radially di-
verging magnetic field lines. Detachment of plasma in this region
results in a 24% reduction of the ideal thrust. Additional mass loss
is allowed by the interaction of the layer with the wall boundary,
near the inlet, and can therefore be alleviated upon utilization of
the cusped magnetic field configuration as originally perceived for
the total acceleration system. Conditions at the exit indicate that
additional conversion of thermal to thrust power is possible.
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