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Axial force imparted by a conical radiofrequency magneto-plasma thruster

C. Charles,? K. Takahashi,” and R. W. Boswell

Space Plasma, Power and Propulsion Laboratory, Research School of Physics and Engineering,

The Australian National University, ACT 0200, Australia

(Received 28 October 2011; accepted 28 February 2012; published online 13 March 2012)

Direct thrust measurements of a low pressure (~0.133Pa) conical radiofrequency (rf at
13.56 MHz) argon plasma source show a total axial force of about 5mN for an effective 1f power
of 650 W and a maximum magnetic field of 0.018 T, of which a measured value of 2.5mN is
imparted by the magnetic nozzle. A simplified model of thrust including contributions from the
electron pressure and from the magnetic field pressure is developed. The magnetic nozzle is
modelled as a “physical” nozzle of increasing cross-sectional area. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.3694281]

Charged particles’ acceleration and confinement are
processes inherent to most non-magnetised and magnetised
plasmas. Studies range from basic sheath treatment at a
physical plasma-wall boundary' to plasma detachment from
a magnetic nozzle.” Recent theoretical and simulation studies
of the axial force imparted by a magnetised plasma have
highlighted the complex role of the plasma dynamics3_6
(charged particles velocity distributions, collisional proc-
esses...) and its relevance to the field of space plasma
physics and electric propulsion. Lately, this axial force has
been directly measured in rf plasmas, confirming the role of
the maximum electron pressure in the plasma source
cavity’ and identifying an additional axial force produced
by an electron diamagnetic drift in the expanding magnetic
field.'® These results were obtained using a cylindrical radio-
frequency helicon source or “thruster” of various length and
diameter where the magnetic field (if applied) would be gen-
erated using one or two axial solenoids or arrays of perma-
nent magnets. Plasma coupling and acceleration in a conical
helicon plasma source contiguously attached to a small vac-
uum chamber has also been reported,'’ which showed the
presence of a mode with a maximum magnetic field near the
exit of the source of potential interest to plasma propulsion.
Here, direct measurements of the axial force imparted by
such a conical helicon plasma source are obtained and mod-
eled. The contribution to the axial force of the plasma cavity
shape is identified.

Experiments are carried out using a 19.5 cm-long coni-
cal helicon plasma source (with an inner radius varying from
Tend = 1.8 cm to 1, =4.5 cm) attached to a grounded thrust
balance” and immersed in the 1 m-diameter 1.4 m-long Iru-
kandji vacuum vessel,'? which is pumped down to a base
pressure of about 1.3 x 10~ Pa (Figure 1). Argon gas is
introduced at the closed end of the conical cavity using a
3 mm-diameter cylindrical ceramic gas injector inserted on
axis (but not in contact with the cavity) through a 8 mm-
diameter hole and here a constant gas flow of about 25 sccm
is used to maintain an operating pressure of about 0.133 Pa
measured by a baratron gauge.12 z=0cm is defined at the
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small closed end of the conical cavity and z,, is 19.5cm
(Figure 1). The two axial solenoids, called the source sole-
noid and the exhaust solenoid, are centered at z=25cm and
z= 18 cm, respectively (the edge of the solenoid former is
located at z=21.5cm), and a 2.5 cm wide, 10.5 cm in diame-
ter two loop antenna is centered at z,,, = 10 cm. The antenna
is fed by rf power via a matching network located outside
vacuum and hosting a current probe and is not in contact
with either the plasma cavity or solenoids.'” Here, the meas-
ured vacuum resistance is about 0.58 Q and the measured
power transfer efficiency % is in the 80%—-90% range.
For zero current in the source solenoid and a current of 6 A
in the exhaust solenoid, a maximum magnetic field of about
0.018 T is generated and the axial profile is shown in Figure
2 (solid line). The vacuum vessel is equipped with a movable
4 mm diameter disc Langmuir probe used to measure the
axial and radial plasma parameters profile and a typical axial
density profile obtained for 530 W effective 1f power is
shown in Figure 2 (open squares). The same data analysis
method as in Ref. 7 is used with the assumption of a Max-
wellian distribution for the electrons.
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FIG. 1. (Color online) Schematic of the conical magneto-plasma thruster
(the thruster is attached to a thrust balance immersed in the /rukandji vac-
uum vessel equipped with the Langmuir probe and not shown here for
clarity but previously described in Refs. 7 and 12). The magnetic field lines
generated by zero current in the source solenoid and 6 A in the exhaust sole-
noid are shown by thin solid lines.
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FIG. 2. Axial magnetic field B.(0,z) (solid line) and axial plasma density
n(0, z) (open squares) measured for an effective rf power of 530 W. The
axial position of the respective maxima is zg;,qy = 18 cm and zp = 10.5 cm.

The axial force is measured as a function of the effective
rf power using a previously described thrust balance (a pen-
dulum) equipped with a laser displacement sensor.”® Two
distinct experimental configurations are used:'® in the first
configuration, both the solenoids and conical cavity are rig-
idly attached to the thrust balance to obtain the total gener-
ated axial force Tyy,; in the second configuration, the
conical cavity is independently supported by stands mounted
on the vacuum vessel, and only the solenoids are rigidly
attached to the thrust balance to obtain the axial force Tp,,
from the magnetic nozzle. The plasma generated inside the
cavity and expanding in the vacuum vessel is unchanged for
those two thrust balance configurations.

Figure 3 shows the maximum plasma density 7n(0,zo)
(open squares) measured at zp = 10.5cm on the z-axis and
the measured total axial force Ty, (open triangles) versus
effective rf power: a somewhat direct correlation between
total axial force and density of 1mN per 10" cm ™ of
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FIG. 3. (Color online) Maximum plasma density n(0, zo) measured on axis
(open squares), total axial force T, measured in the first thrust balance
configuration (open triangles) and axial force Tp,,,, from the magnetic nozzle
measured in the second thrust balance configuration (open circles) versus
effective rf power.
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FIG. 4. (Color online) Calculated axial force Ty, from Eq. (1) (crosses),
Tcope from Eq. (2) (open triangles), Tp,,,, from Eq. (3) (open squares) and the
sum Tspurce + Teone + Ty, (Open circles) versus effective rf power.

charged particles, i.e., a force of SmN for a density of
5% 10" cm ™ at 650 W. The axial force Tg,,, from the mag-
netic field is measured versus effective rf power in the sec-
ond thrust balance configuration and the results are also
plotted as open circles on Figure 3. The maximum value for
T, is 2.5mN at 780 W and the fraction TBﬂ(,,t,/Tmm[ is about
50% and constant with rf power. The electron temperature is
quasi-constant at about 4.5e¢V (*£0.25eV), and the maxi-
mum plasma potential (at zop = 10.5 cm) increases from 39 to
47V (£2V) when the effective rf power is increased from
200 to 800 W.

Although a complete description of the axial force
imparted by this magneto-plasma is well beyond the scope
of a letter, a simplified 1D model is developed using plasma
parameters measurements. With the assumption of an iso-
tropic electron temperature (T, = T,, = T,//), the electron
pressure (p, = gn,T, with T, in Volts) is maximum when the
ion flow velocity is zero;”® assuming that the latter is veri-
fied along the single cross-sectional plane at zj, the axial
force term T, transferred to the back of the cavity (from
z=0cm to z=1zp) is approximated similarly to a cylindrical
case® as

Tsource = <P(V,ZO)>;-A0 = CK"O(", ZO)Te(raZO)>,-A07 (1)

where A, is the cross-sectional area at the axial position zg
of maximum density 7n(0,z) (Figure 1), (p(r,zp)), is the
radially averaged electron pressure measured along the z
cross-sectional plane ((p(r,zo)), ~ 0.5 p(0,z)), and q is the
elementary charge. The results are shown by crosses in Figure
4, and the maximum value of T, is 0.6 mN for 780 W.

With the assumption that the plasma follows the conical
nozzle shape (Figure 1), the additional axial force term T,y
from the physical nozzle of angle 0 (where r(z) = r,,q +ztan0)
from zg to z,;, (Figure 1) can be written as

Z@(\-[/ dA
Teone = J (p(r,2)), (E) dz, where dA = 27r,(z)tan0dz,

@)
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where the plasma radius r,(z) corresponds to the cavity ra-
dius (Figure 1). Ty, 1s calculated assuming the same varia-
tion of axial density for all rf powers as that measured for
530 W effective rf power on Figure 2 and the same variation
of radial density as that measured for zop = 10.5 cm yielding
an electron pressure fit in the form p(r,z) = (1 — (r}zz))”)b
with a= 1.5 and b=0.8. The results are shown by open tri-
angles in Figure 4 and the maximum value of T,,,, is about
0.4 mN for 780 W (about 0.6 X T,c.). Under these assump-
tions, the sum of both electron pressure contributions amount
to 1 mN at 780 W, which is about 20% of the measured total
axial force, i.e., 40% of the measured (T, — T,,,) value of
2.5mN (Figure 3).

The axial force Tp,, induced by the magnetic nozzle
results from an electron diamagnetic drift in a non-uniform
radial density profile and can be calculated by a two-
dimensional fluid model.'"” Here, we use a simpler quasi
one-dimensional model of the magnetic nozzle®'? based on
the paraxial approximation B.(r,z) = B.(0,z) and
A(2)B.(2) = Const. = A(Zexit)B- (Zexir), Where A(z) = mr,(z)?
(the plasma flow is attached to the magnetic field lines and
rp(z) is the expanding plasma radius shown in Figure 1). The
axial force Tp,, from the magnetic nozzle is then formulated
as a “physical” nozzle (as in Eq. (2)) and written as

Zdetachment _ 1 d BZ
TBr‘ield = <p(r7Z)>;'BZ(Z€XiI)A(Zexif) ﬁ g dZv (3)

Zexit

where Zgeiacnmens Would be the axial position of plasma
detachment from the nozzle. For this calculation,
Zgetachmens = 10cm is  used, which corresponds to an
“effective” plasma radius r,(z) of 50cm, ie., a few cm
greater than the [rukandji vacuum vessel inner radius. z,;
represents both the start of the magnetic field divergence and
the end of the cavity (Figure 1). The axial profiles of density
and magnetic field shown in Figure 2 allow the calculation
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of Tg,,,. The results are shown by open squares in Figure 4
and the maximum value of Tp,,, is 2mN at 780 W, which is
about 40% of the measured T,,,,. The calculated TBM . agrees
within 20% of the directly measured maximum T, value
of about 2.5 mN (Figure 3), giving confidence in the plasma
parameters measurements.

In summary, the measured axial force imparted from a
conical magneto-plasma thruster shows contributions from
both the electron pressure (a force on the wall of the source)
and the magnetic field pressure (a force in the region where
the magnetic field diverges). Using a simplified 1D model,
which approximates the force on the back and side walls of
the cavity and a force on the diverging magnetic field, about
60% of the measured thrust can be accounted for. This model
does not include other possible effects such as ion inertia and
shear force at the radial wall.
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