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A strong, current-free, electric double-layer witheF/kTe;3 and a thickness of less than 50 debye
lengths has been experimentally observed in an expanding, high-density helicon sustained rf
~13.56-MHz! discharge. The rapid potential decrease is associated with the ‘‘neck’’ of the vacuum
vessel, where the glass source tube joins the aluminum diffusion chamber, and is only observed
when the argon gas pressure is less than about 0.5 mTorr. The upstream electron temperatureTe

appears 25% greater than the downstreamTe , and there is a density hole on the downstream edge.
This experiment differs from others in that the potentials are self-consistently generated by the
plasma itself, and there is no current flowing through an external circuit. The plasma electrons are
heated by the rf fields in the source, provide the power to maintain the double-layer, and hence
accelerate ions created in the source out into the diffusion chamber. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1557319#

Electric double layers~DLs! in plasmas have been stud-
ied experimentally1–4 theoretically,5,6 and by computer
simulation.7,8 The interest has been driven by a desire to
explain auroral phenomena observed on spacecraft9–11 that
are associated with the acceleration of electrons to the earth
to produce the visible aurora. The close association of the
DLs with ion acoustic solitons12 has also been pointed out.

The majority of experiments reporting laboratory DLs
generally fall into two types: the first involves creating two
separate plasmas at different potentials and allowing them to
interact in a central chamber joining the two sources.13,14

Stable DLs can be formed by careful manipulation of the
external experimental parameters. The other type involves a
current flow in cylindrical ‘‘Q’’ machines15 or in direct cur-
rent discharges with an abrupt change in diameter.

An interesting experiment, similar to the one described
here, has been reported, in which measurements show a DL
in a weakly magnetized system expanding away from a small
source.16 The authors note that their field-aligned DL con-
tained no trapped or counter-streaming ions and was current-
free. The experiments were carried out in a pulsed system,
and the high potential in the upstream of the DL was pro-
vided by the anode of the plasma source. However, for pres-
sures above 531025 Torr, no DLs were observed, and
above 431024 Torr, no energetic ions were observed.

The experiment described in this letter presents a phe-
nomenon of a current-free double-layer in an expanding
plasma that could be the basis of an enhanced type of space
plasma thruster. It could provide thrust of comparable mag-
nitude to other systems.

A horizontal helicon system consisting of a 15-cm-
diameter helicon17 source ~a 30-cm-long cylindrical glass
tube surrounded by a 20-cm-long double saddle antenna and
terminated with a glass plate! is attached contiguously to a

32-cm-diam earthed aluminum diffusion chamber@Fig. 1~a!#.
The antenna is fed from a rf matching network/generator
system operating at 13.56 MHz. The argon feed gas is intro-
duced at the top of the source tube, and a turbomolecular/
rotary pumping system is connected to the sidewall of the
chamber. The base pressure is a few 1026 Torr, the pressure
being measured with an ion gauge and a baratron gauge. Two
solenoids situated around the source are used to create an
expanding magnetic field from the source center to the dif-
fusion chamber. Two field cases are shown in Fig. 1~b!: a
‘‘high’’-field case ~solid line! under investigation and a
‘‘low’’-field case ~dotted line! previously studied17 and pres-
ently used as a reference for calibrating the electric probes.
The high-field case corresponds to a field of about 250 G in
the source center decreasing to a few tens of gauss in the
diffusion chamber.

The end plate of the diffusion chamber is equipped with
an axially movable, retarding field energy analyzer~RFEA!
and a Langmuir probe~LP!. The RFEA measurements are
made on-axis with the entrance orifice facing radially; a de-
tailed description and optimization of the analyzer has been
previously reported, and showed that the energy resolution is
0.3 eV or better.18 Since the various grid voltages used in this
experiment are somewhat different from those in Ref. 18, the
energy resolution might differ slightly, but is expected to be
less than 1 eV. Although rf electric fields are very likely
present in the helicon source,17,19 the range of density is suf-
ficiently low ~low end of 1010 cm23) at pressures lower than
1 mTorr that the ion transit time through the sheath in front
of the earthed analyzer body and first grid is larger than the rf
period, and a single peak is observed for allz when plotting
the derivative of the measured current versus discriminator
voltage characteristicI (Vd). We stress here that we are not
measuring the actual ion energy distribution function, but
rather the energy of the ions falling through the presheath
and sheath of the earthed analyzer. We define the plasma
potential as the energy at the maximum derivative in theI
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versusVd curves. TheI (0) current is calibrated in density by
using the LP in the low-field case.17

Calibration and a check of the reliability of the probes
was made using a lower magnetic field configuration@Fig.
1~b!# with higher pressure and power operating conditions.
These are conditions we have used previously and which
yield plasma parameters that are internally consistent.17 The
on-axis plasma potential and plasma density are shown in
Figs. 2~a! and 2~b!, respectively. At 3 mTorr and typically at
pressures above 1 mTorr, the plasma is created in the source
and expands into the diffusion chamber, with the decrease in
the density being accompanied by a decrease in the plasma
potential, which follows the Boltzmann relation for electrons
in the diffusion chamber:20,21

n5n0 exp~2eF/kTe!.

The slope of the natural logarithm of the density against
plasma potential yields a temperature of 4.9 eV, which is
within 0.5 eV of the 4.4 eV derived from the LP. From this
we can gain confidence that both diagnostics are operating
properly for these pressures and that the plasma is expanding
in an understandable manner. The cross section for charge
exchange for low-energy argon ions is about 5
310215 cm2, which results in a mean free path~mfp! of 2
cm at 3 mTorr. With the measured field of 50 V m21 in the
chamber, the ions would only acquire about 1 eV of energy
before being scattered, and one would expect a fairly isotro-
pic ~if nonthermal! distribution of the ion energies. The
RFEA, which is oriented to measure ions in the radial direc-
tion, would measure an ion current that could be correctly
interpreted as a good measure of the plasma density.

The plasma potential and plasma density obtained with
the RFEA along thez-axis of the reactor are shown in Figs.

3~a! and 3~b!, respectively for the high-field, low-pressure
~0.2-mTorr! case. The measurements are made during one
run for increasing values ofz, starting in the source center.

There is a rapid and discontinuous change in the plasma
potential close to the exit of the source, accompanied by a
dip in the plasma density. In the source, the plasma potential
drops from around 80 V in the center (z5115 cm) to about
57 V at the top of the DL at 25 cm, which is just inside the
source. The results of Fig. 3~a! show that the field in the
source is reasonably constant along the axis and is equal to
about 220 V m21. Given that the mfp for charge exchange is
about 30 cm at 0.2 mTorr, we would expect a large propor-
tion of ions to be accelerated to at least 20 eV, which is
highly supersonic. The electron temperature determined from
the LP is measured to be 860.5 eV in the diffusion chamber,
which is what would be expected at this low pressure. In the
source, the fit of the electron current gives an electron tem-
perature of 1060.5 eV. Assuming thatVp2Vf is approxi-
mately 5.2Te for an argon plasma, the plasma~72.8-V! and
floating ~21.5-V! potentials measured with the LP positioned
at z520 cm yield an electron temperature of 9.9 eV. The
electron temperature upstream of the DL is 25% greater than
downstream, in agreement with previous reports.20 Other au-
thors have also noted the existence of a density dip on the
low-potential side of the DL.16,22

The interpretation of RFEA measurements can be diffi-

FIG. 1. ~a! Schematic of ‘‘Chi-Kung,’’ a horizontal helicon system, showing
major components and~b! Bz component of the dc magnetic field along axis
for the high~solid line!- and low ~dotted line!- field cases.

FIG. 2. ~a! Plasma potential and~b! plasma density measured with the
energy analyzer along thez-axis for 3-mTorr pressure, 800 W rf power and
low-field @Fig. 1~b!# conditions, respectively.
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cult in a flowing plasma, especially in the present case, in
which the flow is very supersonic. Consequently, the radially
oriented RFEA would underestimate the plasma density,
since it would not collect all the ions accelerated by the
electric field of the expanding plasma. However, it should
measure the local plasma potential accurately, with the width
of the derivative reflecting collisional processes in the
presheath and some broadening due to rf oscillations of the
sheath.

Although precise density measurements were not pos-
sible on axis for the DL condition~low pressure, higher
field!, our potential measurements are sufficient to character-
ize the type of DL as current-free, witheF/kTe;3, where
we use the potential drop of 25 V at the source exit and the
downstream electron temperature13,22of 8 eV. Although mea-
surements in the DL itself were difficult due to the probe
perturbing the potential structure, just upstream or just down-
stream, the DL was stable, and the results show that the DL
thickness is less than 1 cm, about 50 debye lengths for a
plasma density of 131010 cm23, making this a narrow DL
compared to those measured by other experiments.12,22,23

Why the simple expansion of the plasma with its associated
axial electric field changes to a DL at low pressure is not yet
clear. The position of the DL is close to the source to cham-

ber change in diameter, but it is also positioned at the great-
est value of the magnetic field. No theoretical analysis is
available in the literature and there have been no previous
measurements reported. Considerable work in both areas
needs to be carried out to explain these results.

In application to spacecraft, the thrust generated by this
system, which is defined as the rate of change of momentum,
can simply be calculated from the plasma density and the
potential drop~including the source!, along with an estimate
of the ion energy gain before charge exchange. For the
present configuration, we estimate a thrust of 2.5 mN, which
is limited by the gas flow~and therefore the pump! and the
power being put into the plasma. In space, the exit of the
source can be regarded as a black hole that would increase
the gas flow by a factor of around 100. The plasma density in
these sources generally increases linearly with the power, so
it is reasonable to expect that densities of over 1012 cm23

could be generated. Hence, it could be reasonably expected
that this simple configuration could be developed to be a
plasma thruster operating in space conditions with a thrust of
some hundreds of mN. It is also worth remarking that this
phenomenon could be of use in the surface processing indus-
try, where a flux of energetic ions that is uniform over a large
area could be of some use. We are pursuing this higher
power system with RFEA measurements viewed both along
and across the plasma flow.
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FIG. 3. ~a! Plasma potential and~b! plasma density measured with the
energy analyzer along thez-axis for 0.2-mTorr pressure, 250 W rf power and
high field @Fig. 1~b!# conditions, respectively.
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