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Abstract

A new conceptof electrodeless discharge and electromagnetic acceleration for next
generation electric propulsion has been proposed. A preliminary investigation was conducted for
a newly designed very small helicon plasma source of 2.5 cm i.d. with 4.7 cm long confined
geometry and 15 cm long open configuration using glass tubes. The RF frequency was selected
between 40 — 60 MHz ignitable for both configurations with less than and equal to 50 W input
power. For both configurations, plasmas were successfully initiated and stably maintained. The

plasma density was found to be®10 1012 cnr3 for Ar propellantof 0.8 — 20 mg/s flow rates

and applied magnetic fields of 0 — 300 G. These plasma features showed good qualitative
accordance with theoretical predictions using a parallel antenna and are promising for future
evolution to higher density.

1. Introduction

Helicon plasma sources have been paid keen attention worldwide. This type of plasma source has
versatile applications to various cylindrical plasma sources with diameters typically from 5 cm to 15 cm or
much larger diameters for plasma physics research up to 75 cm i.d (73.8 cm o.d.). (Fig. 1) using various

antennaé-6 The available plasma density can reacA316nr3 being equivalent to or exceeding ECR
plasmas. The helicon wave is so-called a whistler wave or R-wave under the existence of magnetic fields,
and the application frequency is in the followigrange, whereuj is ion cyclotron frequency an@qe is

electron cyclotron frequency.
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Since the plasma production process does not require resonant condition, the choice of RF frequency and
applied magnetic field strength are flexible parameters from MHz until microwave frequency, and from 30



over 1,000 G, respectively. The absorption mechan
of helicon wave was so far believed Landau damp
but has been pointed out that the process is
explained by the mode transformation from helicon

Trivelpiece-Gould wavé. :

Now there are some helicon sources in the field
next-generation electric propulsions with electrodel
configuration such as VASIMR (Variable Specif

Impulse Magnetoplasma Rock®t) M2P2  (Mini-
Magnetospheric Plasma Prorpuls%,n)helicon ion

thrusterlO and other smaller plasma sourédsThese
plasma sources are based on electrodeless pl
production, however, the VASIMR uses magne
nozzle acceleration dependent on ICRH (lon Cycloti
Resonance Heating) while the helicon plasma sot

Fig. 1 73.8 cm.d.(75 cm o.d.ghamber large

uses non-resonant process, the M2P2 is not a thrt helicon plasma source run in ISAS by
itself, and the helicon ion thruster employs gridd Shinohara and Tanikawsaft

electrostatic accelerations inherently erodible.

In this paper, we propose a new application
concept of helicon plasma source to the next generatioy
electric propulsion having no erodible discharg
electrodes for either plasma production or plasga
acceleration and also being free from resonafice 73.8cmid.

conditions that fix a usable RF frequency or a magnatic 2.5cmid.
field strength. This is one of the world smallest helicd /
plasma source, while the world largest helicon plasmg a

source of 73.8 cm i.d.(75 cm o.d.) vacuum chamber is in

operation in our group (Fig. 34
75cmo.d.

2. A New Concept of Helicon Plasma Thruster ) .
Fig. 2 From very large to very small helicon

2.1 Small Helicon Plasma Source blasma sources to lmeepared.

In thisstudy, two types of helicon plasma sources are investigated. One is a confined plasma source
having metallic bulkheads in both ends of a short cylindrical glass tube as described later. Another is an
open plasma source in the down stream direction as shown in Fig. 3. This provides a new concept of
electromagnetic acceleration thruster without cathodes nor anodes using a helicon plasma source. This
thruster is very small in size, 2.5 cm i.d. for plasma production region and about 15 cm in length including
plasma acceleration zone. In the plasma
production zone, a popular helicon source  GlassTube
configuration is employed with a glass tube and
an upstream end-plate having a propellant port.
This has a magnetic coil to apply an axial field to
the plasma production zone and a diverging fiel
to the plasma acceleration zone.

Vy=Vpsiwt

2.2 “Lissajous” Acceleration, An Electrodeless C
MPD Thruster Concept

The peculiar portion of this device is two
pairs of parallel plates applying sinusoidalvy=vgcoswt
electric fields with 90 degrees phase difference
so that the plasma in the acceleration zone is Paralld Antenna
rotated in azimuth direction just like a
“Lissajous” figure of the cathode ray in a CR
As shown in Fig. 4, the plasma equation
motion in this “Lissajous” acceleration i
expressed as following equations.

Propelbnt

Fig. 3 Concept of rotating electric field “Lissajous”
acceleration of plasma (a sort of electrodeless
MPD thrusterwith heliconolasma source.
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Here,t : time, m : ion or electron masg : electronic charge, Vx=Vocoswt

Lge/o 100V
ing

v : collision frequencyB : applied magnetic field strength,:
ion or electron velocityE : applied electric fieldeg=eB/m, %
y ,z : Coordinates depicted in Fig. 3. The solution of the
differential equations includes a general solution decay
exponentially by wt and a valid special solution finally
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m (@~ ) + v Fig. 4 Rotating electric fields in x and y
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Apparently the ions and electrons gain rotational velocity around z-axis and power by rotating applied
electric fields ofEy and Ey as long as the collision frequeneyhas a finite value. The collision frequency

involves elasticvg|g and inelasticvjng|g collisions especially charge exchange collisiopggy, When an

appropriate frequencw, for example 13.56 MHz relatively a low frequency, the skin deépttabove

equation is an approximation of conductive surface) into plasma has an effective depth of deeper than 1 mm
where Lig is magnetic permeability and this is another reason of small helicon plasma source is selected.

The rotating radius of ions and electrons (a sort of equivalent LarmorR@@i&] determined by rotating
electric field) are well in the mm order, if one uses 500 W class RF power supply with expected loading of

several tens of volts.

After gaining rotational motion of plasma, that energy is transformed into a rotational momentum

Applied Magnetic Field

Axial velocity of plasma

Swir]l motion of plasma

Discharge Current

f

{ Induced Current

| Applied Magnetic Field

-----

Fig. 5 MPD arcjet acceleration mechanism with the external magnetic field applied (Left: swirl
acceleration by transformation of, rotational to translational velocity, Right: azimuth Hall

current x radial component of B-fiedmtcelerationﬂ-.2
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which in turn changed to translation energy through the magnetic expansion by the principle of
conservation of magnetic moment, or a more promising process of producing azimuth current interacting
with radially expanding magnetic field is expected as a “Hall current accelerator” This magnetic coil is also
used for helicon plasma production zone. These acceleration mechanisms resemble the processes utilized in
applied-field steady-state MPD thrusters as shown in Fig. 5. In other words, this “Lissajous” acceleration

type helicon plasma thruster is a kind of electrodeless MPD thifsie?.
3. Experimental Set-up and Measurement Method

3.1 Design of Tow Types of Small Helicon Sources

There are two types of small helicon sources in this study as the proof-of —concept. Both sources use
Pyrex glass tube having dimensions of 2.5 cm i.d. and 3.3 cm 0.d. The glass tube has a grounded metal end
plate with a propellant inlet port for Ar or other gasese such,a2ih and Air, although K+2H> and Air
were just used for ignition characteristics examinations this time. We employed a simple two —loop parallel
antenna having a copper strip width of 16 mm, the loop spacing of 8 mm, and the strip thicknegmof 70
as shown in Fig. 6.

Glass Reducer Pyrex Tube Glass Reducer Pyrex Tube
<+“—150 mm—»

\oint 33¢ o.d.

¥

200 mmg o i ‘ 200 mmg f

i J 25¢ id
Metal End-Plate Metal End-Plate
with Gas Port 16 mm

wit Gas Port
6 mm 16 mm

Metal Bulkhead ~alldAntenna Paralld Antenna

Fig. 6 Two types of small helicon sources used (Left: Short (confined) source, Right: Long (open)
sourcg

Short (Confined) Source

The Short (Confined) source has two grounded metallic bulkheads (1 mm thickness copper plates)
inside the tube with a 4.7 cm apart spacing for both positions of upstream and downstream sides of the
antenna module. Although the bulkheads confine most of the generated plasma, very small amount of
plasmas leaked from the peripheries of these bulkheads and the inner tube wall. This configuration
simulates an orificed plasma source to be used small but high-density electron or ion sources and the plasma
is evacuated to vacuum chamber via a glass reducer connecting portion.
Long (open) Source

The Long (open) source has an open at the downstream of the glass tube with a 15 cm straight portion
with a glass reducer and the two-loop parallel antenna is wound in the midst of the straight portion.

3.2 Experimental Facility and Measurement

The small helicon sources are connected by plastic joints through a Pyrex glass reducer to a metal
vacuum chamber of 1.2 m diam. and 2 m length being evacuated by a rotary pump and a mechanical
booster pump. The background pressure was less than 1 mTorr for 0.8 mg/s, 37 mTorr for 4 mg/s, 68 mTorr
for 20 mg/s flowrate of Ar. A signal generator of Kenwood SG-5150, an RF-amplifier of Thamway T142-
4749A with a matching box of Thamway T020-5558A were used for RF power source capable of
generating 0 — 100 W at the frequency range of 10 — 100 MHz. A directional coupler inside the matching
box monitors the antenna loading of the forward / reflection power and the voltage and current. A solenoid
coil of about 400 turns having an i.d. of 11 cm and a length of 14 cm produces 18 gauss/A uniform and
almost axial magnetic field at the helicon plasma source. All the experimental set-up is depicted in Fig. 7.
A set of floating double probe evaluated the plasma density and temperature. As shown in Fig. 8, a pair of 1
mm diam. tungsten wires were exposed at the tip of 1.5 mm from a 3.4 mm diam. ceramic tube for
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Fig. 7 Experimental set-up. Fig. 8 Double probe measurement circuit.

thermocouple. This probe was inserted to the midst of the helicon plasma sources. The probe biasing
voltage and polarity were determined by 63 V layer built batteries with a variable resistor and a toggle
switch, respectively to sweep the probe voltage from —63 V to 63 V. The probe voltage and current were
read out by electrically floating multimeter.s. As is often recognized in the RF plasmas, the probe curve is
skewed except for the ion saturation and very beginning of the electron current portions. Sometimes
sophisticated measurements system such as synchronized sweep with the applied RF frequency to trace a
single probe curve by using lock-in amplifier and an RF compensation probe are employed, however, in this
experiment, the plasma density and temperature were evaluated from the vicinity of ion saturation portion.

4. Experimental Results and Discussion

The first plasma was observed lastcBmber as exhibited in Fig. 9 at 60 MHz input for the Long
(open) source of Ar flowrate of 4 mg/s. We surveyed ignition characteristics first for both the Short
(confined) source and the Long (open) source varying RF frequency from 13.56 MHz to 108.48 MHz at
every 13.56 MHz increment. The most appropriate frequencies were found from 40 MHz to 80 MHz where
the ignition took place with less than 10 W or sometimes less than 1 W RF input power (Fig. 10).

Fig. 9 First plasma of Ar ( Left: Short (confined) source, Right: Long (open) source).

In order to determine a main frequency or other operating conditions for both the Short (confined)
source and the Long (open) source, under the input RF power range up to 50 W, the frequency dependence
was surveyed, the B-field dependence, and the flowrate dependence. For the no applied B-field case, which

is no helicon mode, at a flowrate 4 mg/s Ar, the plasma demditgreased with RF input power from9L0

cmr3 to 1010 cnr3 with electron temperature Te of 3 eV or dispersed at higher RF input power for the Short
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100

(confined) source and; of 1011 cm-3 was achieved ml
with relatively low Te of 2-3 eV for Long (open) so|
source (Fig. 11). We selected 40.68 MHz for Sho#t 70 |- 4
(confined) source, and 54.24 MHz for the Long (operg) U S e e e s
source because of the highest S

For the various B-fields with a flowrate of 4 mg/s gg n

Ar, the Short (confined) source achieved a density 20 \ P
increase by two order of magnitudes fron? 103 to 10 \ U P
1011 cnr3 at a B-field of 300 gauss with Te of 2-4 eV, © e :

while the Long (open) source exhibited more rapid 1996 2742 4068 ©a2d4 br8 8136 9492 10848
increase from 1Blem3 to 1012 cn3 with lower Te
of 1-2 eV (Fig. 12).

For the various Ar flowrates, the Short (confined) source at 100 gauss B-field, only 0.8 mg/s indicated
apparent density jump at higher RF input power 25 — 50 W with Te of 2- 4 eV, while the Long (open) source

revealed a rapid; increase up to 1@ cnr3 the maximum dens ity in this study with relatively low Te of 1-

2 eV (Fig. 13). In all cases the Te at higher power around 50 W was scattered violently 1-6 eV perhaps due
to RF effects on the probe even if the very restricted portion of the probe curve around ion saturation was
used. The plasma load resistance for both Short (confined) source and the Long (open) source were
measured to be 0.1 —Q from forward and reflected RF powers and antenna V, | loading characteristics,

however, the error of this measurement reaches 100 % due to imperfect matching and was discarded.
Usually the RF plasmas are ignited from CCP (Capacitively Coupled Plasma) mode, increase density
in ICP (Inductively Coupled Plasma) mode, and make a density jump at helicon mode at a certain input
power. The jump condition is a function of both pressure and applied magnetic field. The experimental
results of Fig. 11 are obviously in ICP mode because no magnetic field was applied. But the density jump
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Fig. 10 lgnitable RFpower vs. frgueng.
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Fig. 11 Plasma density and electron temperature without B- field at Ar flowrate of 4 mg/s vs. RF input
power for various RF frmuencss (Upper: Short(confined source Lower: Loro (open) source.
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Fig. 12 Plasma density and electron temperature at Ar flowrate of 4 mg/s vs. RF input power for various B-
fields (Upper: Short (confined) source, Lower: Long (open) source).
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Fig. 13 Plasma density and electron temperature at a B-field of 100 gauss vs. RF input power for various
flowrates (Upper: Short (confined) source, Lower: Long (open) source).
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observed at 0.8 mg/s under 100 gauss for Short (confined) source in Fig. 12 and the rapid density increase
observed at 4 mg/s under 100 gauss for Long (open) source in Fig. 13 is considered as helicon modes.

5. Discussions and Theoretical Prediction

In the analytical prediction the plasma loe

resistance and profiles of the RF pow
absorption were evaluated using a model of 1

source reported as shown in Fig. 14 with
specific geometrical parameters similar
experimental conditions described above. T\
options were examined, i.e.,Long source
length 15 cm instead of open and Short source
length 4.7 cm, both 2.5 cm in diameter. Ti
computations were performed for Ar pressure
30 mTorr and electron temperature of 4 eV. T
radial plasma profile was assumed to be
parabolic form with edge density equal to 1 %
the center densityyg.

Figure 15 shows the plasma resistance in
ICP mode, i.e., at zero external magnetic fie
One can see that the resistance values
practically equal in both cases. The reason is t
the RF power in this mode is absorbed under
antenna in a narrow layer of width equal to tl
skin size which is smaller than the source size,
seen from Fig. 16. The resistance increases v
density but remains at a quite low level even

the range of 1 cnv3. It turns out to be
somewhat higher at a higher excitation frequer
(see Fig. 15). The increase of the plasr
resistance occurs in the helicon mode, i.e., a
finite external magnetic field.

As seen from Fig. 17, for Long source thk
increase is the most substantial above 200 ge
at an optimal driving frequency about 60 MH:

A
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n(r) =no— (Mo~ Neage) (r/ o)’

Ve= VentVei ,

Fig. 14 Theoretical model used in the analysis by
Shamrai, et di°

The resistance is increased even larger and at
lower magnetic fields for the small source, as seen from Fig. 18. The main reason for the resistance increase
is spreading of the absorption area from the antenna. This effect occurs due to irradiation of waves which is

more efficient at higher magnetic fieIéIéAbsorption profiles at finite magnetic fields are shown in Fig. 19.

In conclusion, an ICP mode of the small source operation seems to be inappropriate from the viewpoint of
the high electric efficiency inasmuch as estimated plasma resistance is quite low and thus a fraction of the
power absorbed in plasma is comparable with circuitry losses. An economic regime of the source operation
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15 Dependences of the plasma resistance on density operating in the ICP mode at various

frequencies (Left: Short (confined) source, Right: Long (open) source.
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Fig. 16 Absorption profiles for the Short (confined) source and Long (open) source, at zero
magnetic field. Plasma density is 2 ®4enr3 and frequency 60 MHz.
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Fig. 17 Contour plots of the plasma resistance for the Short (confined) source as dependent on
magnetic field and density, at driving frequencies of (a) 40 MHz, (b) 80 MHz and (c) 120 MHz.
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Fig. 18. The same as in Fig. 17 but for the Long (open) source, at frequencies (a) 40 MHz, (b) 60 MHz
and (c) 100 MHz.

Fig. 19 Absorption profiles for the Short (confined) source at 400 gauss (Left) and for the Long (open-
end) source for 100 gauss. Other parameters are the same as in Fig. 16.



can be attained in the helicon mode at magnetic fields of the order of a few hundred gauss. When we think
about larger plasma loss in the Short (confined) source, the experimental results do not contradict the
theoretical prediction, and large plasma load resistance does not guarantee high density plasma, The higher
RF frequencies were not necessarily advantageous in the experiment because smaller mobility of electrons
in the ignition phase.

6. Conclusions

For the next generation electric propulsion, a helicon plasma source with rotating electric field
acceleration (“Lissajous” ) of plasma has been proposed and expected as a sort of electrodeless steady-state
MPD thruster. Perhaps one of the world smallest helicon plasma source was successfully created for Ar
propellant applying a two-loop parallel antenna to a 2.5 cm i.d., 4.7 cm length short confined source and to
another long source having an open end at 15cm downstream portion. Appropriate RF frequencies for these
ranged from 40 to 80 MHz within 50 W RF input power.. Low frequency of popular 13.56 MHz and high
frequency nearly 100 MHz were discarded due to ignition problem. The Long (open) source achieved the

plasma density higher than ¥dcnt3 at 54.24 MHz for of 4 mg/s Ar under the applied magnetic field of

100 gauss. The Short (confined) source indicated an obvious density jump into helicon mode at 40.68 MHz
for 0.8 mg/s Ar under the applied magnetic field of 100 gauss. These results encourage the application of
the small helicon source as well as the large helicon source to electric propulsions.
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