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A new €electrodeless accelerator concept that relies on an RF-assisted discharge, an applied magnetic field,
and electromagnetic acceleration using an inductive coail is presented. The advantages of this concept include
efficient plasma production, magnetic field guided mass injection, and electromagnetic acceleration by Lorentz
forces that result from the interactions between the azimuthal current in an induced current sheet and both an
induced and applied magnetic field. The concept is inherently more compact than the Pulsed Inductive Thruster
and is promising for spacecraft propulsion. A proof-of-concept experiment has been constructed and used
to demonstrate inductive coupling between the preionized plasma and a pulse of current flowing in a planar
acceleration coil. Visua observations indicate that the plasma follows the applied magnetic field from the RF
discharge to the face of the planar acceleration coil, magnetic field probing yields evidence of the motion of
the current sheet and imaging using a fast-framing camera shows the formation and acceleration of the current

sheet.

I. INTRODUCTION

We first describe a new pulsed inductive accelerator
concept, the Faraday Accelerator with Radio-frequency
Assisted Discharge (FARAD), then list its advantages with
respect to other concepts and provide motivation for our
research.

A. Description of the Concept

A schematic representation of the FARAD concept is
shown in Fig. 1. It consists of two joined cylindrical Pyrex
tubes. The smaller one (to the left in Fig. 1) serves for
plasma generation while the adjoining larger-diameter ves-
sel is where the acceleration takes place. Both vessels
are surrounded by a set of applied B-field electromagnet
coils. The magnet has been configured to produce a highly
axial field inside the smaller tube and a highly diverging
and mostly radial field near the flat back-end of the larger
vessel, as shown by the representative applied B-field line
drawn in the figure.

Gas (presently argon) is injected into the smaller tube
(from the l€ft in the picture) and is ionized by a helicon
discharge, which requiresan axial magneticfield and an RF
antenng; the latter iswrapped around the outside of the tube
as shown in the schematic. A helicon discharge[1-3] isa
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radio-frequency inductive dischargethat is very efficient as
aplasma source. The highly ionized plasmais then guided
by the magnetic field to flow radialy outward along the
inside of the flat back-end of the adjoining larger vessel.

JxB
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Induced
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FIG. 1: Schematic illustration of the FARAD concept.

Thereis aflat inductive coil mounted on the outer side
of the back-end (which protects the coil from the plasma)
extending from the inner radius of the central opening to
the outer radius of the larger vessel (called the acceleration
stage). A large azimuthal current, labeled J ooy in Fig. 1, is
quickly pulsed through the coil. For a high-enough current
rise rate (dI/dt > 10'° A/s) this pulse induces a current
sheet in the plasma[4], which initially forms parallel and
very close to the back-end.

The current sheet, shown asathindisk in thefigure, con-
tains an induced azimuthal current, labeled Jp1asma, Which
flows in the opposite direction to the current in the coil.
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The induced current density, jg, interacts with the applied
magnetic field resulting in a Lorentz body force, labeled
J x Bapplied in thefigure. The resulting force density has
two components: thefirst, jy¢B,., is axial and acts to accel-
erate the plasma downstream while the second, j4 B, (due
to the smaller but finite z-component of the applied mag-
netic field) is radia and acts to confine the plasma away
from the wall, thus reducing wall losses. The thrust is due
to the action of this Lorentz force density vector and the
magnetic pressure that builds up between the back-end and
the sheet and drives the latter downstream.

B. Advantagesand Moativation

The FARAD concept shares only one basic feature with
a previous concept, namely the Pulsed Inductive Thruster
(PIT)[5-7]. That feature is the inductive production of a
current sheet via an externa coil. The plasma production,
mass injection, and plasma acceleration mechanisms are
all substantially different from the PIT. FARAD also of-
fers many advantages over existing concepts including the
PIT.

Itishelpful to contrast the PIT with the FARAD concept
showing the advantages of the latter.

e InthePIT, aneutra gasisinjected from alarge noz-
zle located downstream of the thruster onto a very
large coil (onthe order of 1 min diameter). That coil
needs to be large in order to produce the required
azimutha electric field for gas breakdown (~ 10
kV/m) while maintaining an acceleration stroke of
appreciablelength relative to the gas depth thickness
(~ 7-10 cm). In FARAD, there is no such reguire-
ment on the electric field strength. The plasmais pro-
duced independently and efficiently in the RF stage
of the device (the helicon source) which has adiame-
ter of only afew centimeters (6 cm in the present ex-
periment but can be made smaller). FARAD is there-
fore inherently a much more compact device than
PIT.

e In FARAD, the applied magnetic field needed for
the helicon source can be put to unique and advan-
tageous uses.

— Fird, it is used to passively bring the plasma
produced in the helicon source upstream of the
accel eration stage to the back-end of the accel-
eration stage, i.e. to the surface of the acceler-
ation coil. Thisisin sharp contrast to the PIT
where mass injection of the coail is through a
physical and sizable nozzle (greater than 30 cm
in diameter) that remains at al timesin the ac-
celerated plasma flow.

— Second, by a judicious design of the applied
magnetic field topology, the magnetic field
lines can be made mostly radial in the imme-
diate vicinity of the back-end (where most of

the acceleration takes place). The interaction
of theradial component of B with the azimuthal
current induced in the sheet provides an accel-
eration force density which isin addition to the
magnetic pressure that builds up between the
sheet and the coil and is the sole acceleration
mechanisminthe PIT?.

— A third advantage of the applied magneticfield
is the role of the j, B, Lorentz force density
component, mentioned above, in confining the
plasma away from the walls, significantly de-
creasing wall losses and beam divergence.

The FARAD also offers the following general advan-
tages over other existing electric propulsion concepts:

e FARAD iscompletely electrodel ess. Both the RF an-
tenna needed for the helicon source and the pulsed
acceleration coil are not in contact with the working
fluid. This mitigates the lifetime issues associated
with electrode erosion (chemical reactions and sput-
tering, as well as spot-attachment induced melting
and evaporation of electrodes) in electric thrusters.

¢ Related to the above advantage is the compatibility
of the FARAD concept with a wide variety of pro-
pellants since their compatibility with metallic elec-
trodesis not an issue. Water vapor, for instance, may
prove to be a viable propellant (although its use in
helicon discharges has not been explored). (Ne, Ar,
He, Kr, Hy, SiH4, O, Cl, F and Xe have all been
used successfully in helicon sources.)

e The separation of the ionization and acceleration
stages, the ionization efficiency of the helicon
source, and the reliance on the magnetic field to
guide and supply the working plasma to the accel-
eration stage, result in a significant decrease of the
fraction of neutralsin that stage. This should trans-
late into high mass utilization efficiency.

e Since it is a purely electromagnetic accelerator, the
FARAD does not suffer from the space charge limi-
tation of electrostatic devices (which limits the thrust
density) nor isit subject to the exhaust velocity limi-
tations inherent to electrothermal devices (dueto the
requirement of tolerable thermal fluxes).

e While the detachment of plasmafrom magnetic field
lines is a critical problem in some applied field
propulsion concepts where the ions are magnetized
and energized along the magnetic field lines, in the
FARAD theions are accelerated electromagnetically

1 An equivalent interpretation of the magnetic pressure effect in the PIT
is the repulsion between the current sheet and the coil which carry az-
imuthal currents of opposite directions. This, of course, does also hap-
pen in the FARAD but it is not the sole acceleration mechanism
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by Lorentz body forcesthat are always perpendicular
to the B-field. Thisis similar to the case of applied-
field MPDTS[8, 9] where plasma detachment and
thrust production have been demonstrated by many
experiments.

e FARAD is an inherently pulsed device. There-
fore it has the advantage of operating at a finite
duty cyclefrom an arbitrarily low steady-state power
and can thus, conceptually, be used on both high-
power and low-power spacecraft. Furthermore, if
the burst-pulse scheme of operation developed for
gas-fed pulsed plasmathrusterg 10, 11] is employed,
FARAD can benefit from the high propellant utiliza-
tion of that scheme and is largely free from the com-
plication and lifetime limitations associated with fast
acting valves?.

The outline for the rest of the paper is as follows. In
section Il the FARAD proof-of-concept experiment is de-
scribed. Visual observations and probe data obtained using
this apparatus are presented and discussed in section I11.

II. FARAD PROOF-OF-CONCEPT EXPERIMENT

The different components of the FARAD proof-of-
concept experiment are described below. These compo-
nents are assembled to form a dedicated experimental fa-
cility (showninFig. 2).

Magnet Coil

B and E-fierl, ,d probes

Vacuum
Gauge

Turbopump

FIG. 2: Photograph of the facility used for the FARAD proof-of-
concept experiment. The picture shows the water-cooled electro-
magnet, Faraday cage, turbopump and associated equipment. The
plasma helicon source is located inside the box on the left hand
side.

2 In this burst-pulse mode, a“slow” and sturdy valve is operated at alow
duty cycle and the thruster is operated in a burst of discharge pulses,
with a At between each consecutive pulse equal to the time it takes
the current sheet to sweep the gas through the thruster. The time be-
tween the burstsis dictated by the available steady-state power and the
required (average) thrust.

A. Vacuum Vessel

The vacuum vessel consists of two Pyrex cylinders
placed inside of a0.1 Teslamagnet. The small cylinder is6
cmindiameter and 37 cm in length while the large cylinder
is20 cmin diameter and 46 cmin length. Thecylindersare
connected using a G-11 (fiberglass) plate with a6 cm con-
centric hole at the center to allow free flow of gas between
the two cylinders. Aninduction coil (used to accelerate the
plasma) is mounted to the G-11 plate inside the vacuum
chamber. A photograph of the small cylinder mated to the
G-11 plateis shownin Fig. 3.

Helicon
Antenna

Copper Stripline
(FARAD Caoil Power)

FARAD Power
Distribution Plane

FIG. 3: Side view of the fully assembled FARAD proof-of-
concept experiment. This photograph can be compared directly
to the conceptual schematic shown in Fig. 1.

A constant background pressure (0.1 to 55 mTorr) is
maintained by a gasfeed |ocated at the endplate of the large
cylinder and by a 150 I/s turbo pump with a conductance
controller backed by aroughing pump. A background pres-
sure of 5 x 10~¢ Torr can be maintained while the turbo
pump is operating and the conductance controller isin the
open position. All experiments presented in this paper were
performed with argon.

B. Applied Magnetic Field

The applied magnetic field is generated using a Varian
VA-1955A klystron magnet. No effort at this proof-of-
concept stage has been made to develop a compact magnet
that would be more ideal for an actua thruster. This ap-
paratus contains five separate, water-cooled magnetic coils
(see schematic in Fig. 4). The magnet wiring has been al-
tered to alow the currents in coils 1, 2 and 3 and coils 4
and 5 to be driven in opposite directions by two different
power supplies. By flowing current in opposite directions
in the different coil sets, a cusp in the magnetic field can
be created. Two Electronic Measurements EMCC 120-40
power supplies provide current to the coils.



CHOUEIRI AND POLZIN: FARAD Concept

30
[ Magnet Casing
j I‘SH"#JI [ #2 1 [ #3 1 [ #4 ] %
20 Coils ! 1 I 1 I 1 I 1 —
= B [ 1 [ 1 [ 1 L ] —
g - —
= B Large Glass Vessel
0F G-11 Midplate > spaLgas
i Indugtion Coi essel
: g ol —LL
ol i v v vyl
0 10 20 30 40 50 60
z [cm]

FIG. 4: An axisymmetric schematic depicting the geometry of the

magnet and vacuum vessel (to scale).
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1. Magnetostatic Modeling

A 2-D axisymmetric numerical model of the magnet
and case was constructed and solved using the Maxwell
SV magnetostatic modeling program (Ansoft Corp., Pitts-
burgh, PA). The model is shown to scale in Fig. 4. The
coil sets consist of three separate, concentric, toroidal cop-
per rings. Each ring carries an equal amount of the total
assigned current. The magnet case is modeled with arela
tive magnetic permeability of 60. Asin the experiment, the
currentsin coil sets 1, 2 and 3 flow in the same direction.
Coil sets 4 and 5 are driven by a separate power supply in
the opposite direction.

Measured (B + 1%)

Magnetic Flux Tubes

Numerical

j  — ] ] I
- | E— 1 1 I —
I  I— I I I w—

0 10 20 30 40 50 60

z [em]

FIG. 5. Applied magnetic field measurements (top) and modeling results (bottom) for the case where the current in coils 1-3 = 10.2
Amps and the current in coils 4-5 = 23.9 Amps, showing excellent agreement.

2. Applied Field Measurements

Measurements of the steady-state magnetic field in the

coil were performed using an FW Bell gaussmeter (model
5080) calibrated to an accuracy of 1%. The axial and ra-

dial components of the field were measured on a grid with
spacingsin both the axial and radial directions of 1.27 mm

(/2"). Thisgrid covers 10.16 mm (4") in the radial direc-

tion and 58.42 mm (23") in the axia direction. The cur-
rent provided by the power supply for coils 1-3 was 10.2
Amps while the current for coils 4 and 5 was 23.9 Amps.
The results of this measurement are given in the top half
of Fig. 5 while the bottom half of the same figure shows
results predicted by the magnetostatic model operating un-
der the same conditions. The agreement with the model is
excellent as the calculated and measured maps are almost
indistinguishable.
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C. Plasma Generation

A Boswell-type saddle antenna (helicon antenna)[12] is
placed around the small cylinder (shown on the left side of
Fig. 3) and used to generate the plasma. The antenna is
constructed of copper tubing to allow water cooling during
operation. The helicon discharge[1-3] is produced by sup-
plying power (steady-state or pulsed) to the antenna from
an ENI 13.56 MHz, 1.2 kW power supply through a tuner.
The tuner consists of an L network composed of two Jen-
nings 1000 pF, 3 kV variable vacuum capacitors. It islo-
cated as close to the antenna as possible to maximize cou-
pling.

Inductive dischargesare easily obtained using only afew
watts of forward RF power to the antenna, however to ig-
nite a helicon discharge the power level must be raised to
at least 500 Watts. The inductively coupled discharge is
homogeneous and occupies the entire cross section of the
small cylinder. The helicon discharge also occupiesthe en-
tiretube, but it is most intense along the cylinder centerline
where a bright blue column is observed.

Special precaution has been taken in choosing the back-
plate materia for the antenna side. In our case, molybde-
num is used to minimize sputtering.

The RF source produces a steady-state plasmawhich fol -
lows the magnetic field lines. Asit reachesthe back-end of
the acceleration region the plasma forms a circular slab,
spreading radially over the face of the induction coil. At
this point, it is ready for subsequent acceleration by the
FARAD induction coil.

FIG. 6: Skewed end view of the fully assembled FARAD experi-
ment showing the face of the acceleration coil.

D. Acceleration Coil

The FARAD acceleration coil (seenin Fig. 6) is similar
to the Marx-type coil used by Lovberg and Dailey in later
generations of the PIT[6]. However, it is quite different in
scale and pulse energy. The PIT MkV coil is comprised

of 18 half-turn coils, has an outer diameter of 1 meter and
operates at roughly 4 kJ/pulse. The FARAD, on the other
hand, possesses 12 half-turn coils, has an inner diameter of
20 cm and has been operated at up to 78.5 Jpulse.

The half-turn coils are connected in parallel using cop-
per strips. A 39.2 uF capacitor is remotely located and
connected to the coil using copper stripline. Current is
switched using asimple contact, or “hammer”, switch. Ina
real thruster, SCRs or some other type of solid-state switch-
ing could be used. A circuit schematic of the acceleration
stage, showing both the driver circuit and the inductively
coupled plasma, isshown in Fig. 7.

Le Re Switch

M

FARAD Circuit Plasma

FIG. 7: Circuit schematic of the FARAD acceleration coil and the
coupled plasma.

I1l. PROOF-OF-CONCEPT EXPERIMENT

During operation of the FARAD proof-of-concept exper-
iment, a helicon plasma is initiated and allowed to reach
a steady-state condition. The duration of the helicon dis-
charge prior to pulsing the acceleration coil is ~ 1-2 secs.
The helicon source remains active well after the accelera-
tion pulse (O (1-10) us) iscomplete.

We note here that in area thruster care should be taken
in choosing both the correct pulse widths and the inter-
pulsing scheme. There are three major pulsed systems in
the FARAD concept (the applied B-field being left in a
steady-state mode):

1. The neutral gas pulse, of temporal extent At ,, pre-
cedes the other pulses and should be long enough
to fill the helicon stage with neutral gas but short
enough to avoid leaking gas that will not be accel-
erated.

2. The RF pulse, Atgy, is the duration of the power
supplied to the helicon stage. Whilethe helicon stage
can be operated in a steady-state mode (as we have
done in the proof-of-concept experiment), it must be
operated in a pulsed mode in a rea thruster since
the acceleration mechanismitself is pulsed. Inareal
thruster the RF pulse is not started until the injected
gas has filled the helicon stage and must end late
enough to allow most of the produced plasmato mi-
grate to the back-end of the acceleration stage but
early enough to avoid producing extraneous plasma
that may not participate in the acceleration process.
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3. The acceleration coil pulse, At,., must not start un-
til most of the plasma has been guided to the back-
end of the acceleration stage and must not end until
the current sheet has traveled an axial distance .,
which representsthe axial extent, from the back-end,
of the region in which electromagnetic coupling be-
tween the sheet and the coil occurs. For axial loca-
tions z > I the current sheet is decoupled from
the acceleration coil and survives only on a time
scale on the order of the recombination time scale,

trec-

While we have not performed any optimization of these pa-
rametersin the proof-of-concept experiment, it is clear that
the pulse inter-sequencing and relative magnitude of At g,
Atgr, Aty and t,... Will have significant impact on both
the mass utilization efficiency and the propulsive perfor-
mance of areal thruster.

A. Visual Observations

A simple visual observation provided verification of the
passive magnetic-field-guided plasmainjection onto the ac-
celeration coil. The helicon plasma is quite luminescent
and can be seen following the applied magnetic field lines
and spreading over the acceleration coil (see Fig. 8).

Also, avisual observation provided evidence of current
sheet formation. When current is pulsed through the accel-
eration coail, a very bright ‘flash’ of light appearsin athin
region near the coil. The flash is homogeneous over the
face of the coil and its intensity temporarily overwhelms
the light emitted by the steady-state (helicon) plasma. The
short duration, bright light emission is most likely indica-
tive of increased ionization and current sheet formation
across the coil face.

Acceleration étage Back-end

FIG. 8: Photograph of the steady-state RF plasma as it follows
magnetic field lines and spreads out over the face of the FARAD
coil (through a 1.0 neutral density filter). The bright area adjacent
to the back-end, where the accel eration coil islocated, isemission
from the injected plasma. The grid pattern in the picture is due to
the mesh of the Faraday cage enclosing the experiment.

B. Current Monitoring

The current flowing through the acceleration coil, J ¢,
is monitored using an air-core Rogowski coil[13]. The raw
probe output, which is proportional to the derivative of the
enclosed current, is integrated numerically to yield a cur-
rent waveform. Theerror on the calibration constant, which
multiplies the integrated Rogowski coil waveform, is £3%
and the integration errors have been estimated to add an
additional 2% error for atotal of +5%

A typical current waveform of driver circuit is given in
Fig. 9. Since thefractional changein the inductanceis low
(AL/Ly ~ 10%), the current in the coail is roughly the
same with or without a current sheet present. The maxi-
mum dI /dt in our circuit isroughly 1.8 x 101° A/s, which
isthe level required to form a plasma current sheet[4].
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FIG. 9: Total current in the acceleration coil, Jcoi1, (with atypical
error bar) for apulse energy of 78.5 J.

C. Magnetic Field
1. Applied Field

The values of the applied (steady-state) magnetic field
have been computed numerically using a realistic magne-
tostatic model. For completeness, plots of the variation of
the appliedfield (B, and B,) along an axial line at aradius
of 66 mm are givenin Fig. 10. Inthe model, coils 1-3 were
supplied with 36.5 Amps while 38 Amps were delivered
to coils 4-5 by the power supply. These numbers match
those used during the experiments. The B, field peaks just
in front of the coil while the B, field goes to zero, as ex-
pected.

2. Induced Field

The induced (time-varying) magnetic field measure-
ments are acquired using B-dot probes[14]. Three Pana-
sonic 220 nH wire-wound non-magnetic core surface
mount inductors are used to measure dB/dt in three or-
thogonal directions (note that the orientation of the probe
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FIG. 10: Calculated applied magnetic field strengths in the r and
z directions in front of the acceleration coil at aradius of 66 mm.
The coil position (z = 0) and the edge of the glass plate covering
the coil are sketched in the plot.
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FIG. 11: Time histories of the measured induced radial magnetic
field strengths (with atypical error bar) along an axial line at ara
diusof 66 mm. The axial positions are spaced evenly every 5 mm.
The discharge energy was 78.5 J and the background pressure was
23 mTorr.

is not the same as the r-6-z coordinate system in which our
data is presented). The dB/dt signals were numerically
integrated in time, multiplied by their respective calibra-
tion constants, and linearly combined to obtain B(t) in the
r-0-z coordinate system. The maximum error on the cali-
bration constantsis +5.4% and the maximum error on the
measurement of B, is +7%.

A plot showing the temporal and spatial variation of the
induced magnetic field at aradius of 66 mm is presented in
Fig. 11. The axia, z, locations are evenly spaced every 5
mm between 1.8 cm and 5.3 cm from the coil face. A few
points should be made regarding this plot. First, the traces
all beginincreasing immediately at ¢ = 0. This feature has
been previously observed in pulsed inductive devices [5,
15] and indicates that initially the field induced by the coil
rapidly diffuses through the plasma, implying low initial
conductivity. Another observable feature in the waveforms
isadistinct ‘knee’ intheradial magnetic field. Thisfeature
isdirectly attributableto the current sheet andits origin and
meaning are discussed below.

3. Discussion

The induced magnetic field in any pulsed inductive dis-
charge has two sources (see Fig. 12). The first is the cur-
rent, Jooi1, being driven through the induction coil, while
the second is the current sheet induced in the plasma,
Jplasma. The measure of the induced magnetic field ac-
quired using B-dot probesis alinear superposition of these
two fields.

Induction
Cail Sheet

i J. lasmz
@ Bcoil Bcs pasma
Joil
@

centerline

FIG. 12: Schematic representation of the driver circuit and in-
duced current sheet and their associated contributions to the mag-
netic field.

The magnetic field components, B.. and B, induced by
the current flowing in the coil, J¢.i, are directly propor-
tional to that current, in accordance with the Biot-Savart
law,

,LLOIdLXf'

dB =
d7rz

@

where I isthe current flowing through an element of length
dL and 7 is the unit vector specifying the direction of the
vector r, which points from the current element to thefield
point. It isimportant to note that the solution for any scalar
component of theinduced field alwayshastheform B « I,
where all of the geometric information in the problem is
contained within the proportionality constant. Once this
constant is known for any given point, either through a
calibration or a detailed computation based upon Eq. (1),
the induced field due to Jc.i (¢) can be calculated. While
unintentional, one of the benefits of having a low frac-
tional change in circuit inductance over the acceleration
stroke length was that Jcoi (t) (and the induced magnetic
field) are essentially unchanged by the presence of a cur-
rent sheet. As such, a magnetic field trace obtained when
no plasmawas present is taken as the contribution of J i
to the total induced magnetic field.

Waveforms showing the contributions to the magnetic
field due to the induction coil and the current sheet are
shown in Fig. 13. The current sheet contribution has been
inferred by subtracting the contribution due to the coil from
the total measured field.
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FIG. 13: Measured radial magnetic field contributions of the
induction coil and the current sheet to the total induced field
(z = 1.8 cm). The discharge energy was 78.5 J and the back-
ground pressure was 23 mTorr. (Typica error bars shown for the
time where B, cs is minimum.)

While the data provides a qualitative indication of the
presence and effect of a current sheet, magnetic field maps
along a single axia line are not a good method for de-
termining a current sheet’'s exact position, velocity and
strength in an inductive accelerator. While a clear mini-
mum does exist in the plots of the current sheet contribu-
tion to the induced field (see Fig. 13, center plot) thereisa
great deal of ambiguity in interpreting this minimum.

Thesituation for an inductive accel erator is considerably
more complicated than that found in non-inductive (direct
discharge) pulsed plasma accelerators where the plasma
completes the only circuit in the device[16]. In the induc-
tive case, the sheet iscreated by theinteraction of dB ¢s/dt
with the plasma through Faraday’s law,

dt -’

where the induced electric field, E, drivesthe current flow-
ing in the sheet. This implies that the sheet strength is
dependent upon d.Jc. /dt through Eg. (1). However, the
sheet also decouples from the induction coil as its axia
distance, z, from the coil increases. As either dJcoi/dt
decreases or z increases, the induced current sheet weak-
ens. The rate at which the sheet strength is changing can-
not be deconvolved from therate at which it is approaching
a given point for a series of measurements along a single
line. A minimum in the plot of B¢g could be due to either
effect.

One solution to this problem is to measure the magnetic
field in atwo-dimensional r-z plane and use Ampere'slaw,

VXxE=—

VXBzuoj,

to compute the current density, j, in the sheet. The only
portion of the magnetic field in the region of interest that

is not curl-freeis that part attributable to the current sheet.
This measurement will, therefore, unambiguously yield the
sheet position and strength as a function of position and
time and will be carried out in future experiments.

D. Current Sheet Visualization

Visudization of the current sheet formation and subse-
guent motion is accomplished using a Hadland Photonics
Imacon 792/L C fast-framing camera. The photographsare
obtained using a20 million frames per second module, with
each frame having an exposure time of 10 ns. No filtering
was used to obtain these photographs, so any light emission
that was bright enough is seen. However, the RF/helicon
plasma did not produce enough light on its own to appear
in any of our photographs, thus the light in each expo-
sure corresponds to emission from the current sheet. Due
to obstructions in the optical path only one region of the
plasma, extending some 20 mm radialy, is shown in the
photographsin Fig. 14.

Acceleration Stage Back-end

At = 450 ns

centerline

FIG. 14: High-speed photographs acquired using a fast-framing
camera at a framing rate of 20 million frames per second show-
ing the current sheet formation (left panel) near the back-end of
the acceleration stage and the sheet’s position 450 ns later (right
panel). (The contrast in these photographs has been enhanced
through digital image processing.) The inferred velocity is ap-
proximately 7.1 km/s.

The photographs presented show the current sheet (for
a driver circuit having C = 3 uF, Vo = 2 kV and
AL/Lgy = 30%) during an early stage of its evolution after
it has formed along the back-end of the acceleration region
(left panel) and at a time 450 ns later when it has moved
about 3.2 mm further downstream. A rough estimate of the
sheet velocity based on these picturesis approximately 7.1
km/s. It is important to note that this does not represent
the typical exhaust vel ocity of the FARAD concept because
1) no effort was made to optimize the accel eration process,
2) the sheet may have reached its peak velocity and de-
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celerated due to neutral drag and 3) no photographs have
yet been acquired at discharge energies greater than 6 J. In
this proof-of-concept experiment, we refrain from making
quantitative projections of the propulsive performance of
FARAD.

Finaly, it is interesting to note, from the same pho-
tographs, that the sheet has moved radially towardsthe cen-
ter axis (located bel ow the bottom edge of the photographs)
as would be qualitatively expected under the effect of the
radial component of the Lorentz force (4 B.) whose pres-
ence and confining action (reducing wall losses) are main
features of the FARAD concept.

IV. CONCLUSIONS

We have presented a new RF-assisted pulsed inductive
accelerator concept, FARAD, and described a proof-of-
concept experiment.  The following conclusions can be
made regarding the conceptual design of such adevice and
the experimental results:

e By decoupling the ionization and acceleration pro-
cesses, the FARAD can be scaled to lower operat-
ing voltages and smaller physical sizes that previous
pulsed inductive accelerator concepts.

e The FARAD advantages include efficient plasma
production, mass injection directed along applied
magnetic fields, and electromagnetic accel eration re-
alized through an interaction between the induced

current sheet and both the induced and applied mag-
netic fields.

e A proof-of-concept experiment possessing a low
fractional change in circuit inductance (i.e. not opti-
mized as a thruster) has been used to show coupling
between the preionized plasma and the acceleration
coil.

e Visua observations in the proof-of-concept exper-
iment indicate that the pre-ionized plasma follows
magnetic field lines and forms a plasma slab on the
face of the acceleration coil. Also, when current is
pulsed through the acceleration coil, a bright flash
on the coil surface is visible to the naked eye. This
bright flash is, most likely, indicative of increased
ionization and current sheet formation.

e Magneticfield probing along asingle axial line gives
qualitative evidence of the presence and effect of a
current sheet.

e Visuadlization using a fast-framing camera provides
an observation of the formation of the current sheet
and its acceleration to avelocity of 7.1 km/s.
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