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Abstract: High speed plasma jets are observed in the solabrona and in laboratory
experiments where magnetic reconnection heats anct@elerates plasma to Alfven speeds.
Two designs of electrodeless plasma thrusters thaéxploit this phenomenon were
constructed. The first design employed concentricpdit cylindrical conductors with equal
pulsed currents of varying duration flowing circumferentially in the inner and outer
cylinders. Those currents created magnetic fieldshat cancelled in the annulus between the
cylinders. A second rectangular thruster was consticted with spaced parallel plate
conductors carrying similar parallel currents that produced a magnetic field cancellation in
the space between the plates. Both thrusters wer@earated in argon plasma at pressures
between 5 x 18 and 1 x 10° Torr. High speed ions and electrons were detectedith a
Langmuir probe. An SCR was used to initiate a currat pulse from a capacitor bank and a
time delay with microsecond resolution was used toonnect a second SCR as a shorting link
to control the duration of the current pulse. The @ergy delivered to the thrusters was
determined by the capacitor bank voltage. The veldty of the ions was measured by the
sequential arrival time of accelerated plasma at te Langmuir probes, one 40mm behind the
other, both facing the outlet of the thruster. The parallel plate thruster produced
significantly larger ion outputs compared with theconcentric cylinder thruster for the same
energy input. Evidence for magnetic reconnection wathreefold: (1) The detection of an
initial flux with electron energy in excess of 15@V that resembles the outflow observed in
astrophysical objects; (2) The electron current caicided with the rising magnetic field and
was followed by a large ion current, again similarto astrophysical observations; (3) In
accordance with known physics of magnetic reconndon, the ion currents were found to
increase as the plasma became less collisional. Tiheasured speed of the out-flowing ions in
plasma with a density of 1.6 x 18 /m*® was 1316+ 575 m/s corresponding to an Isp of 134
58s.
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Nomenclature

B = magnetic flux density

By = upstream magnetic flux density
c = speed of light

Cpe = electron Alfven speed

dt = time step

O, = electron skin depth

9, = ion skin depth

E = electric field strength

e = electron charge

n = resistivity

i = thrust efficiency

J = current density

Le = current sheet length

l = current sheet width

Me = electron mass

m = ionmass

Ne = electron number density

n = plasma number density

Q = ion cyclotron frequency

Pe = electron pressure tensor
Ps = effective ion Larmor radius
Te = electron temperature

\ = fluid (ion) velocity

Ho = permeability of free space
Wi = ion plasma frequency

®pe = electron plasma frequency

. Introduction

AGNETIC reconnection occurs when domains of antafjel magnetic field lines that are frozen into

plasma meet. The interaction releases magneticggnand creates new domains together with an
accelerated outflow of heated plasma that is predua a current sheet or diffusion layer that arisg the
boundaries of the original domains. The processltes a rough equi-partition of the energy in thagnetic fields
into the thermal and kinetic energy of the accedataparticles. Magnetic reconnection was first psga by
Giovanellt in 1946as an accelerating mechanism for the hot, highdspagflows that were observed in the solar
atmosphere. Subsequently, Dungey student of Fred Hoyle, proposed that “linesonée can be broken and re-
joined” and developed an MHD theory where recorinacbccurs at magnetic nulls and the magnetic gnexg
converted to that of hot, high speed particleslawohg that work, Sweet and Parker produced a muodwlre the
breaking and reconnection of field lines occura iturrent sheet and where the out-flowing plasna&iglerated to
a speed comparable to the Alfven speed of thevinfig plasm&”. In the Sweet—Parker model of reconnection the
plasma resistivity; provides the dissipation required to break magnfaid lines and the tension associated with
newly reconnected magnetic field lines drives plasmway from the X-line at the Alfvén speed. The model
descriges reconnection as a stationary resistivddDNdrbcess that occurs with the conservation of naemk flux
(Fig. D).
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Figure 1. The Sweet-Parker model of reconnection piposes that collisions between two separate magreti
domains in plasma produce plasma jets by reconneoth of magnetic field lines in a current sheet or
diffusion region that forms between the domains. At < 0 inflowing plasma with embedded magnetic flux
initiates the process. At t = 0 an X-type magnetiaull is produced by the interaction of opposing magetic
field lines. The limiting field lines are known asseparatrices and form an “X” from which the term “X” type
null point is derived. At t > 0 a current sheet oflength L and thickness | forms a diffusion region, jets of
heated plasma are ejected from the current sheetnks of force are broken and rejoined and four sepate
magnetic domains are created6.

The Sweet-Parker model is accepted as a limitestrigigion of the basic mechanism of magnetic
reconnection, calculations based on the model estierate the rate at which reconnection occurénlimit of
low resistivity — such as in the solar corona -deyeral orders of magnitude. In order to resolve difficulty,
Petschekproposed a different steady state model in whidlomnection is forced to occur at an X point. Intcast
with the Sweet-Parker model, Petschek's model yieltonnection rates that are near-Alfvenic, withveak
logarithmic dependence off. Later work demonstrated that reconnection depepds kinetic effects that occur
on scale lengths where MHD breaks down.

The evolution of the magnetic field in a plasmahwigsistivityy, is governed by the magnetic induction equation
(based on Faraday’s, Ampere’s and Ohm’s Laws) whiescribes the motion of magnetic field lines iplasma
that is described as a conductive fluid:

a_B:Dx(va)+lDZB 1)
ot Ho

This equation states that the magnetic field chaupgetly because of the transport of the plasmafitkt term
on the right hand side) and partly because of iffiestbn of the magnetic field through the plasrige(second term
on the right hand side). In most regions of theverse the magnetic field is frozen into the plasmd the diffusion
term is negligible as whep= 0, i.e. the plasma is a perfect conductor ardi#id lines move with the plasma. The
simplified resistive MHD Ohm'’s law equation wheesistivity breaks the frozen-in condition is givan
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In this approximation time derivative terms aret included which means that the Hall currents, tebec
pressure and electron inertia that operate at ssnale lengths make no contribution. In high terapee plasmas
the width of the diffusion region becomes compaablkinetic scales so terms incorporating thefecesf must be
included. The more complete generalized Ohm’s kgiven by:

v xB JXB_D[PE+rrledJ

E + =n)+ —
T enc enc ne? dt
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The additional terms introduce respectively dispwer whistler waves, kinetic Alfven waves througkatron
pressure and electron inertia into the systemthdse effects have associated scale lengths @Zothskin depth,

o = C/a)pi , the effective ion Larmor radiupg = /To/m /Qi and the electron skin depth (also known as

electron inertia)d, = c/a)pe respectively. When the resistive scale length efdtfusion region is comparable to

or larger than these scale lengths then the nesisHD theory is valid. Otherwise the appropriatents must be
incorporated in the calculatiohs

At small scales the field lines are frozen inte éhectron fluid, the motion of the electrons amki decouple and
when the transverse scale length of the diffusémion, is smaller than the ion skin degh then thed x B term
must be incorporated in Ohm’s Law. The effect @ thclusion is to bring the dynamics of whistleawes into the
equation. Simulations reveal that whistler waves/@ central role in driving electrons away frore thagnetic X-
line where the outflow is propelled by the Halla@te and magnetic fields. In these simulations e width of
the diffusion layer is equal to the electron skaptth,d., the magnitude of the electron outflow speed drilg the
whistler is equivalent to the electron Alfven spéed

Cp, = BX/1/47Tmen (4)

Fast reconnection requires either the couplindigpersive waves at small scales or a mechanismnfmmalous
resistivity. A basic analysis shows that duringoreection approximately 50% of the energy in thgmnetic field is
converted into heat and kinetic energy of the pladi’. In a thruster those particles may then be furdueelerated
with a magnetic nozzt& In a simple thruster design, particles are symialy expelled from the current sheet that
is aligned with the axis of the device so that ayngdic mirror at one end may be required to maxéntie thrust.
Other proposals, such as a longitudinal densitdigra of propellant inside the thruster, could lsedito produce
the required asymmetric outflow12.

II.  Methods

Measurements were made in a purpose-built vacuuamber to which was attached a plasma source that
consisted of a 200mm diameter quartz tube supgpéihelicon antenna that was fed through a matahétgork
with 250 watts of 13.56MHz RF energy (fig. 2). Timeusters that were insulated from the plasma wermected
to a 4.5 x10-3 F capacitor bank that was chargewliages between 30V and 120V. A Labview prograitiated
the discharge of the capacitor bank into the tlerssthrough an interface to an 800A silicon cotgrbkectifier. In
order to investigate the effect of varying durasiaf driving current pulses, a device with au$0resolution that
could limit the time that current was deliveredtte thruster was constructed. The driving curreippied to the
thruster was measured with a Rowgowski coil andréselting electron and ion outflow current frone thhruster
was detected with a Langmuir probe. That currerd w@asured with a differential amplifier whose itspwere
connected to the Langmuir probe. Data from expeanmwere collected by a Tektronix model 2014 digitorage
oscilloscope operating under the control of theMiely program.

In a typical experiment, the plasma density west fneasured with a Langmuir probe. The equipmexst then
re-configured to measure electron and ion currpraduced by the thruster in the same plasma. Twiargypulses
of driving current were fed to the thruster and ¢kectron and ion currents produced by the thrusere averaged.
The ion current produced by the thrusters was fdartge directly proportional to the duration of théving current
pulse.
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Figure 2. Sectioned schematic of the magnetic recoection experimental apparatus showing the installéon of
the cylindrical thruster tubes inside a vacuum charber. The thruster tubes were normally covered withTeflon
insulation that is not shown in order to expose thstructure of the thruster. Plasma was produced irargon by a
helicon antenna outside a quartz tube that was fewith radio frequency energy through a matching netvork at
13.56MHz. A Langmuir probe, part of a retarding field energy analyzer, either facing the annulus betwan the
thruster tubes or the center of the tubes, detecteidns and electrons accelerated by a current puldajected into

the thruster tubese6.
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Figure 3. Schematic of the cylindrical (LHS) and tle rectangular (RHS) thrusters. The cylindrical thruster was
constructed from copper tubes while the rectangulathruster was constructed from sheet aluminium. Bdt thrusters
were insulated from the plasma in which they weremnmersed with enclosures of Teflon that are not shawin order
to make the illustrations clearer. Parallel currens flowing in the conductors created magnetic fieldthat cancelled in
the region between the cylinders and plates resp@etly. Magnetic reconnection in those regions procted a

measured outflow of high speed electrons and ions.
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1I. Results

Measurements of ion and electron currents prodbgetthe cylindrical and rectangular thrusters weede In
all experiments the Langmuir probe was kept atltage of -150V in order to repel electrons. lonreuts from the
thrusters were observed to increase in synchrotly e rise of the driving current pulse. A thrdsheffect was
evident and a driving current of at least sevetaldied amps was required to produce an ion cufrem the
thrusters. The magnitude of the resulting ion aurgroduced by the rectangular thruster (fig. 5y war a similar
driving current and plasma density, approximatéhg fimes as great as that produced by the cykatithruster
(fig. 4).
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Figure 4. Measured ion currents collected by a 15mndiameter Langmuir probe produced by the tubular
thruster when driven by a 50QS current pulse.
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Figure 5. Measured ion currents collected by a 15mndiameter Langmuir probe produced by the rectangula
thruster when driven by a 50QS current pulse.
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The effect of varying lengths of driving currentiges supplied to the rectangular thruster was tigeged. A clear
correlation between the length of driving currentsp and the quantity of accelerated charges peatiby the
thruster was found (fig. 6).
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Figure 6. Measured ion currents collected by a 15mrdiameter Langmuir probe were produced by the rectagular
thruster as a function of the driving current pulseduration. The ion currents produced by the thruste increased in
proportion to the length of the driving current pulse
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Figure 7. Measuring ion velocity using two Langmuirprobes aligned with the axis of the rectangular truster
with the second probe located 40mm behind the firgirobe. The consecutive arrival times of the acomlated
plasma at the probes were used to determine the iarelocity. 25 samples were taken and then averagéal
produce a velocity figure. The average ion velocitwas 1316 + 575 m/s corresponding to an Isp of 134568 s.
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Conclusions

The purpose of this investigation was to deternifitiee phenomena of magnetic reconnection coulddssl as
a means of accelerating plasma in a thruster daifabspacecraft. We have demonstrated that magoetnection
can be used as a mechanism in a simple electrgdel@sma thruster to produce a significant ionentrat a high
velocity. The experimental results strongly supptbie occurrence of magnetic reconnection in thesécds.
Although the average measured ion velocity (131%/% m/$ was much less than the calculated Alfven velocity,
(21,800 m/s) the relatively high pressure thatvilecity measurements were made at (1 % I6rr) meant that the
plasma was collisional and the high-energy elecfhax associated with reconnection at lower pressuf x 10
Torr) where the plasma is collisionless was noeoled.

The physics of magnetic reconnection indicate thatinherent thrust efficieney of an optimized thruster

would be approximately 50%, the result of the cosioa of the magnetic energy into a rough equiparntibetween
the thermal and kinetic energies of the accelerptaticles. The thrust efficiency would be increhbg the effect
of the magnetic nozzle formed by the diverging nadigrfield produced by the currents in the thruster

Equation (1) shows that the ion velocity is projmoral to the rate of change of the magnetic fiéld.increase in
the rate of change in the magnetic field — which gactical proposition - would lead to incredsibn velocity.

We have shown that comparing cylindrical and regtider devices, the production of accelerated plagma
enhanced when the thruster geometry produces aetiagnll between domains of equivalent field sgtbnsince
the magnetic field strength on the exterior ofitiveer tube is much less than the field strengtidethe outer tube.
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