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Abstract

Plasma cross-field diffusion in a magnetic nozzle is inhibited by increasing the magnetic field
strength in a helicon plasma thruster attached to a pendulum thrust balance, while maintaining
constant plasma density and electron temperature in the source tube, i.e. a constant plasma
injection into the magnetic nozzle, where the field strength near the radio frequency (rf)
antenna is less than 210 G and the operating argon pressure in the vacuum chamber is

0.8 mTorr. Inhibition of the cross-field diffusion yields a higher electron pressure in the
magnetic nozzle and a resultant larger thrust. The thrust component arising from the magnetic
nozzle approaches the theoretical limit derived from an ideal magnetic nozzle approximation
where no plasma is lost from the nozzle and there is an azimuthal plasma current originating
from the electron diamagnetic drift. It is also shown that the momentum of the plasma lost
from the magnetic nozzle is captured by a physical nozzle attached at the source exit resulting
in a larger thrust. Two physical nozzles of different sizes (nozzle 1: 10.5 cm in length with a
maximum diameter of 20 cm, nozzle 2: 26 cm in length with a maximum diameter of 36 cm)
are tested. The maximum thrust of 20 &£ 1 mN is obtained for 25 sccm argon propellant and

2 kW rf power with a reflection power less than 5 W, which gives a specific impulse of

2750 £ 165 s and a thrust efficiency of 13.5 £ 1.5%.

Keywords: helicon plasma thruster, magnetic nozzle, physical nozzle, thrust measurement,

plasma momentum, cross-field diffusion

(Some figures may appear in colour only in the online journal)

1. Introduction

Momentum, i.e. thrust imparted from electric propulsion
devices, is an important physical quantity used in assessing
the performance of thrusters. The performance of conventional
electric propulsion devices such as MPD arc jets [1-3], Hall
effect thrusters [4-6] and ion gridded thrusters [4,7, 8] has
been measured and theoretical models have been developed,
which incorporate the beam extraction parameters or the
interaction between magnetic field and discharge current.
In such devices, electrodes for plasma production and/or
acceleration are exposed to the plasma and can be damaged
by ion sputtering and thermal load; hence the development
of electrodeless plasma thrusters such as the Variable Specific
Impulse Magnetoplasma Rocket (VASIMR) [9], the helicon
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plasma thruster including the helicon double layer thruster
(HDLT) [10, 11] and the radio frequency (rf) plasma thruster
[12] has been proposed. The direct measurements of the
thrust imparted from the helicon plasma thruster, operated
below a few kW, started only a few years ago using thrust
balances [13—16]. The magnetic field applied to the helicon
plasma thruster principally plays two roles in the device
operation. One is enabling an efficient rf power coupling via
a helicon wave, which can propagate in plasmas immersed
in a static magnetic field [17]; another is the formation of a
magnetic nozzle downstream of the thruster exit [18]. The
performance of the magnetic nozzle plasma thruster has also
been analytically investigated and gives thrust components
arising from the plasma pressure (mainly electron pressure)
force onto the axial source boundary and from the Lorentz
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force due to the azimuthal plasma current and the applied radial
magnetic field [18-21]. The former and latter components
have been experimentally verified using a simple inductively
coupled plasma thruster [22] and by independently measuring
the thrust component arising from the magnetic nozzle [20].
The theoretical studies have now extended into plasma
cross-field diffusion [23] and plasma detachment from the
magnetic nozzle [24]. Plasma flow and instabilities in the
magnetic nozzle have also been investigated by particle-in-cell
simulations [25]. A recent experiment has briefly shown the
influence of the cross-field diffusion and the resultant plasma
loss from the magnetic nozzle on the thrust [26], where it was
observed that the thrust increases up to 10-11 mN for 1 kW
rf power when increasing the magnetic field strength. Hence
the key issue in improving the helicon thruster performance
is how to inhibit the plasma cross-field diffusion in the
magnetic nozzle. Some high-beta helicon experiments have
shown modification of the applied magnetic field lines by the
plasma current [27], which might be connected to the plasma
detachment phenomena, where the beta is defined as a ratio
between the plasma pressure and the magnetic pressure.

Here experiments are conducted on controlling the plasma
cross-field diffusion by the magnetic field strength while
maintaining a constant plasma production in a low-beta helicon
plasma thruster thus allowing the thrust components arising
from the axial and radial source boundaries and the magnetic
nozzle to be directly measured. The thruster is designed to have
amagnetic field strength less than 210 G near the rf antenna so
as to maintain an ion Larmor radius larger than or comparable
to the source tube radius; an unchanged plasma density in the
source tube is observed for these conditions. Some of these
results have been reported briefly in a previous paper [26]
and the detailed results are described here. Furthermore,
an effect of physical nozzle attached at the thruster exit is
experimentally investigated and the thruster performance is
successfully improved.

2. Experimental setup

Experiments are performed using a helicon plasma thruster
attached to a pendulum thruster balance immersed in a
60 cm-diameter and 140 cm-long vacuum chamber shown
in figure 1(a), and the detailed structure of the thruster is
shown in figure 1(b). The chamber is evacuated to a base
pressure of 107® Torr by a turbomolecular/rotary pumping
system (effective pumping speed for argon is 4001s~!). The
thruster cavity shown in figure 1(b) is a 6.4 cm-inner-diameter
and 20 cm-long pyrex glass tube. z = 0 is defined as the
open exit of the source tube and the ‘upstream’ end of the
source tube (z = —20cm) is terminated by an insulator back
plate with a 6 mm-diameter center hole. Argon propellant is
introduced via the center hole of the back plate using a 1 mm-
inner diameter and 2 mm-outer diameter ceramic tube. In
the present experiments the argon flow rate is maintained at
25scem (0.75mgs™!) using a mass flow controller with an
uncertainty of £1% in the flow rate; the chamber pressure
measured by a baratron gauge connected to a side port of
the chamber was 0.8 mTorr and the electron—neutral collision

mean free path is roughly estimated as ~65cm assuming a
collisional cross-section of ~6 x 1072°m=2 [28]. A 10cm-
inner diameter, 16.4 cm-outer diameter and 5 cm wide solenoid
with 560 turns is centered at z = —3.4 cm to create a magnetic
nozzle using a solenoid current of up to Iz = 15A. The
calculated magnetic field strength | B| in the x—z plane and on
axis for Iz = 15 A are shown by color contours in figure 1(b)
and by a solid line in figure 2, respectively. The white solid
lines in figure 1(b) are calculated magnetic field lines. The
magnetic field strength peaks at about 760G at z = —3.4cm
and rapidly decreases towards the upstream and downstream
sides of the plasma cavity. A 8 cm inner-diameter double-turn
rf loop antenna, made of a 6 mm-diameter copper tube and
shielded by a thick ceramic ring and grounded metallic parts
to prevent any parasitic discharges outside of the source tube as
described in [29], is located at z = —11.5 cm and powered by
a 13.56 MHz rf generator via an impedance matching circuit
consisting of three capacitors as shown in figure 1(c). The
argon ion Larmor radius calculated for the maximum solenoid
current /g = 15 A assuming an ion temperature of 0.2eV is
shown by a dotted line in figure 2. The ion Larmor radius
at the rf antenna position (z,,, = —11.5cm) is about 2.2 cm
for the magnetic field strength of 210 G. Here the ion Larmor
radius is comparable to or larger than the source tube radius
(for smaller solenoid currents) and no significant change in
the plasma loss rate onto the radial source wall is expected
and a constant plasma production is maintained as described
in section 4.

To investigate plasma cross-field diffusion in particular
radial loss across the magnetic nozzle, the experiment is also
designed to accommodate the addition of a physical nozzle
attached to the thruster exit plane as shown in figures 1(a) and
(b). Two different sized physical nozzles made of 0.2 mm thick
stainless steel plate are used: a small physical nozzle (labeled
‘nozzle 1’) with 9 cm diameter at z = 0 cm and 20 cm diameter
atz = 10.5 cmandalargenozzle (labeled ‘nozzle2’) with 9 cm
diameter at z = 0 cm and 36 cm diameter at z = 26 cm.

The thrust is equal in magnitude and opposite in direction
to the axial force exerted on the source structure and directly
measured using a pendulum thrust balance, as shown in
figure 1(a), which has been briefly described in [26]. The
helicon plasma thruster is attached to the balance, while the
rf antenna and gas feedthrough are mounted on mechanical
structures connected to the inner wall of the vacuum chamber
and are mechanically isolated from the balance. As the plasma
is not in contact with the rf antenna and the contact cross-
section of the gas feedthrough is much smaller than the source
back plate area, the forces imparted from the plasma to these
two components are negligible. The displacement of the
source structure during plasma production is measured using
a laser displacement sensor. Prior to performing displacement
measurements, the variable capacitors in the rf matching
circuit are pre-tuned to minimize rf power reflection from the
impedance matching circuit including the antenna and plasma
loads (less than 5 W reflection for 2kW rf power input). The
typical raw displacement signal from the laser sensor is plotted
as a thin line in figure 3. The laser system, magnetic field and
plasma are successively turned on at # ~ 0Os, 10s and 18s,



Plasma Sources Sci. Technol. 23 (2014) 044004

K Takahashi et al

40 cm 30 cm

30 cm 40 cm

(a)

A
\ 4
A

baratron gauge

>

pirani gauge ionization gauge

laser sensor {_l — 5

mE

Ar gas

60 cm diameter

helicon thruster

3 573

thrust balance

LP( pumping

stepping motors

mn=|

=

140 cm length

>
>

A

back plate

glass tube

.

1 i )

\\\

X (cm)

(c) ‘

Nozzle 2

|B| (Gauss)
1000

900
800

700
- 1600
- 1500

L1400

directional
coupler

: 0 !
! L ! rf antenna
1 — Pt \
1 ! : \
: o !
impedance vacuum
matching circuit ~ feedthrough

Figure 1. (a) Schematic diagram of the experimental setup. (b) Schematic diagram of the helicon plasma thruster. The color contours show
the calculated magnetic field strength | B| in gauss for /5 = 15 A (maximum value used in the present experiment), and the white lines show

the magnetic field lines. (c) Schematic diagram of the rf circuit.

respectively. The displacement data are acquired for about
5 s before reversing the steps (plasma, magnetic field and laser
system successively off att ~ 25,32 s and 50 s, respectively).
The shift in the equilibrium positions measured with the plasma
on and off corresponds to the displacement resulting from
the plasma force. As the rf generator and the subsequent
plasma production reach steady state within 0.5s, the data

acquisition for about 5 s is enough to estimate the equilibrium
positions during the steady-state thruster operation. As seen
in the raw displacement signal (thin line) in figure 3, the
pendulum thrust balance has an oscillating component of about
1 Hz, which depends on the weight of the thruster components
attached to the balance. To minimize the estimation error
of the equilibrium positions, the oscillating component is
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Figure 2. Calculated axial profile of the magnetic field strength for
x = 0 cm on the axis (solid line) and ion Larmor radius (dotted line)
assuming an ion temperature of 0.2 eV for Iz = 15 A.
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Figure 3. Typical raw (thin solid line) and filtered (bold solid line)
displacement curves from the laser sensor where the solenoid
current and the rf power are turned on for the # ~ 10-33 s and

t ~ 18-26s periods, respectively.

filtered by using Fourier analysis and plotted by a bold line
in figure 3; then the displacement caused by the plasma force
can be obtained with an error less than +5%. The absolute
value of thrust is obtained using a calibration coefficient
relating the displacement to the force carried out before pump
down and verified after venting the chamber. During the
thrust measurements, a Langmuir probe (LP) described later
is located at (x,z) = (20cm,40cm). In addition, as no
noticeable change in the measured displacement was observed
when moving the LP position, the thruster operation is not
significantly affected by the presence of the LP.

As described later in section 3 the total thrust is the sum
of three components and written as Tio = 15 + Ty + T
where T is the force onto the axial source boundary (back
plate in figure 1(b)), Ty is the axial force in the radial wall
boundary (glass tube in figure 1(b)) and Tj is the Lorentz
force onto the magnetic nozzle (solenoid on figure 1(b)). The
present experimental setup has been designed so that these
three components can be independently measured by attaching

either the source back plate, glass source tube or solenoid to
the thrust balance. The total thrust Ty is also measured by
connecting all three components to the balance.

The 3 mm-diameter planar LP with a dog-leg shaft is
mounted on a computer-controlled stepping motor system, as
shown in figure 1(a); one of the motor stages connected with
the probe shaft is moved along the z-axis and the rotation of
the shaft yields the radial measurement. The probe voltage is
swept from —90 to ~70V and the electron temperature (7¢)
can be obtained by fitting its semi-log plot to a linear line.
The plasma density (np) is obtained from the ion saturation
current, taking into account the sheath expansion around the
probe tip [22]. The effects of the applied magnetic field are
currently neglected for the data analysis. The uncertainty of
the T, estimation is less than £15% and the error in the ion
current measurement is less than +5%. Hence the estimation
uncertainty for the plasma density is about £15%.

3. Thrust modeling

In this section, a simple analytical model of the thrust imparted
from the magnetically expanding plasma, previously detailed
in [30,31], is used. Assuming an axisymmetric plasma,
negligible electron inertia, negligible radial ion inertia and
cold ions, the total thrust corresponding to the axial plasma
momentum emitted from the thruster is given by Tiom =
T, + Ty + Ty, where

I, =21 / rpe(r. ) dr, (1)
0
0
Ty = —271/ remiy ity (rs, Du(rs, 2) dz, @
Zend
z prp@ B, (r, 9 :
Tp = —Zn/ / B 0Dy g
0 Jo B.(r,z)  or

T's, Ip» 20, My, U are the source tube radius, plasma radius, axial
position at maximum electron pressure, ion density at the radial
wall boundary and ion velocity, respectively.

T; in equation (1) corresponds to the maximum electron
pressure integrated over the source tube cross-section. The
net axial momentum at any position z is given by the sum
of the static electron pressure (npkg7:) and the ion dynamic
momentum (mnpug). The latter is equal to zero at zg since the
ion drift velocity is zero at the axial plasma density maximum.
The axial electron pressure force acts onto the axial source
boundary (back plate on figure 1) via ion acceleration in the
sheath and conversion of electron pressure into ion dynamic
momentum. Hence the present experimental setup allows
the direct measurement of the force exerted onto the axial
boundary (back plate), 7;. This term can also be computed
using direct LP measurements of the maximum electron
pressure within the cavity. T, in equation (2) shows the surface
integration of the axial momentum (mu_) delivered by the ions
lost to the radial source boundary, where the ion flux to the
radial wall is given by nyu,. Here the present experimental
setup allows the direct measurement of the force T, exerted
onto the radial source tube wall. Finally, Tp in equation (3)
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represents the volume integration of the Lorentz force resulting
from the radial magnetic field component B, and the azimuthal
electron diamagnetic drift current B '9p./dr. Thrust is
generated via this downstream plasma acceleration. Again
the present configuration allows the direct measurement of the
force Ty exerted on the solenoid when only the solenoid is
attached to the thrust balance.

Fruchtman et al have demonstrated that the thrust
component Tp in equation (3) can be simplified using a
one-dimensional model assuming the paraxial approximation
B,(r,z) ~ B;(0, z) = B,o(z) toread [31]

T~—fz< (AR — B0 4 @)
B — A PelZ ZBZO 8Z Z.

This approximation leads to an underestimation of Tp
by ~20% compared with the two-dimensional model of
equation (3). (p.(z)) and A(z) are the radially averaged
electron pressure and plasma cross-sectional area, respectively.
Considering an ‘ideal’ magnetic nozzle expansion with no
radial plasma loss (no cross-field diffusion) and with a
plasma radius increase as rp(z) = rya/Bexit/Beo, the value
of (pe(z))A(z) is conserved along z and equal to the value at
the source exit ( pexit) Aexit- Given the radial profile of electron
pressure at the source exit and the magnetic field strength B,
on the axis (figure 2), the theoretical limit of the 7 component
for an ideal nozzle, Tg igeal, 1S

1 3B,

Z
T3 ideal = — /o (pexit)AexitB_zo oz

dz. ®)

4. Results and discussions

Figure 4 shows the axial profiles of (a) the plasma density
and (b) the electron temperature on the axis with the solenoid
current /g as a parameter for no physical nozzle configuration
and rf power of 1kW. For all values of Iy, the profiles of
figure 4(a) have a density maximum near the rf antenna
position of z ~ —12cm. The density on the axis for no
magnetic field (Iz = 0A) is asymmetric while it becomes
more symmetric within the source cavity (z < 0) when
the magnetic field is applied. Above 2 A, no measurable
change of the density in the source tube is seen, while for
z > 10cm the density clearly increases as /g is increased as
seen in figure 4(a). The electron temperature in figure 4(b)
is fairly uniform on axis within the source cavity (z < 0) at
about 6 = 1eV and gradually decreases along the z-axis to
values of ~3¢eV at z ~ 40cm; this decrease in the electron
temperature being invariant with the magnetic field. Although
the physical mechanism of the electron cooling along the
magnetic nozzle is still unclear, one possible reason is the
adiabatic cooling of the electrons suggested by Arefiev and
Breizman [32]. Figures 5(a) and (b) show the x profiles of
the plasma density and electron temperature measured at the
axial position of the maximum density (hence the maximum
electron pressure) for /5 = 5 A (filled squares) and 14 A (open
circles) with no noticeable change between the two cases.
Hence it can be deduced from figures 4, 5(a) and () that the
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Figure 4. Axial profiles for x = 0 cm of (a) plasma density and

(b) electron temperature on the axis for /z = 0 A (crosses), 2 A
(open diamonds), 5 A (filled squares), 8 A (open circles), 11 A (filled
diamonds) and 14 A (open squares), respectively, with no physical
nozzle and rf power of 1 kW. Data for (a) are from [26]. Typical
errors in both density and temperature estimations are +15%.

plasma production is unchanged when the solenoid current is
increased since the ion Larmor radius at the rf antenna position
remains comparable to or larger than the source tube radius, as
described in section 2. Figures 5(c) and (d) show the x profiles
of the plasma density and electron temperature measured for
Iy = 5 A (filled squares) and 14 A (open circles) at z = 8§ cm
at the position of the magnetic nozzle. The x profiles show the
greater density at |[x| > 10 cm for Ig = 5 A compared with that
obtained for the 14 A case. The electron temperature profiles
remain unchanged, where the higher electron temperature at
|x| ~ 4 cmis due to the transport of the energetic electron along
the magnetic nozzle as observed in the previous experiment and
simulation [33, 34]. The x profile of the density, the increase
in the density in the magnetic nozzle (figure 4(a)), and the
unchanged electron temperature profile show that some of the
plasma within the magnetic nozzle diffuses across the field
lines and is lost radially from the magnetic nozzle. The radial
plasma loss gives rise to the larger decay of the density within
the magnetic nozzle.

The detailed variation of the plasma density upstream
within the source (z = —12cm) and downstream within the
magnetic nozzle (z = 30 cm) as a function of /I, respectively,
are plotted in figures 6(a) and (c) as filled circles. When the
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Figure 5. Radial profiles of (a), (¢) plasma density and (b), (d)
electron temperature for /z = 5 A (filled squares) and 14 A (open
circles), respectively, with no physical nozzle and rf power of 1 kW.
The data in (a), (b) and (c¢), (d) are taken at z = —12 cm (within the
source tube) and z = § cm (within the magnetic nozzle),
respectively. Data for (a) and (c) are from [26].

magnetic field strength is increased from 0 to 14 A solenoid
current, the downstream density increases (figure 6(c)), while
the upstream density is almost constant (figure 6(a)). Hence
the present experiment demonstrates the decoupling between
plasma production and plasma expansion in the magnetic
nozzle, and shows that only the cross-field diffusion in the
magnetic nozzle can be inhibited by the magnetic field strength
while maintaining the constant plasma injection into the
magnetic nozzle.

The thrust component 7; given by equation (1) can be
calculated from the electron pressure profile at the maximum
pressure position (zg = —12 cm) and the value of 7§ calculated
for Iz = 14 A from the measured profiles (open circles in
figures 5(a) and (b)) is 2.8 £ 0.3 mN and is indicated by
a horizontal bold solid line in figure 6(a). To calculate the
theoretical upper limit of T given by equation (5), the radial
measurement of the plasma density and electron temperature
are performed at the thruster exit (z = 0) for /g = 14 A and
the results are plotted in figure 7. Substituting the averaged
electron pressure at the source exit (which is estimated from the
measured profiles in figure 7) and the magnetic field strength
on axis B, into equation (5), the axial profile of Ty jgea; Shown
by a solid line in figure 8 is obtained. It is found that the
values of T igeq increases along the z-axis. The dotted line
in figure 8 shows the estimated plasma radius r,, according to
the procedure in section 3 and reaches the chamber radius of
30cm at z = 29.3 cm. As the theoretical limit of 7T should be
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Figure 6. Directly measured values (open squares) of the thrust
components (a) T, (b) Ty, (¢) T and (d) Ty as a function of I
with no physical nozzle and 1 kW rf power. The filled circles in (a)
and (c) show the plasma density measured at z = —12 cm and 30 cm,
respectively. T calculated from the electron pressure profile in (a)
and Ty estimated assuming the ideal magnetic nozzle are drawn by
bold lines in (a) and (c), respectively. Data for the figure are

from [26]. Typical error in the thrust measurement is within +5%.
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Figure 7. Radial profiles of (a) plasma density and (b) electron
temperature measured at z = 0 (source exit) with no physical
nozzle, Iz = 14 A, and 1 kW rf power.

that computed for a plasma radius approaching the chamber
radius, the value of T jgeq is about 8.4 mN and is indicated by
a horizontal bold solid line in figure 6(c).

The thrust components 75, Ty, and T and the total thrust
Tiotal are directly measured for the same condition as in figure 4
as a function of Iz and the results are plotted in figures 6(a)—
(d), respectively, as open squares. The measured Ty, agrees
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Figure 8. Axial profiles of the force component Tp jgey (solid line)
and the plasma radius r;, (dotted line) calculated from the 1D ideal
magnetic nozzle approximation and the averaged electron pressure
derived from the measurements of figure 7.

with the sum of the measured three components (75 + T, + Tp)
with an error being less than +=5%. The value of the measured
T, is independent of I since the maximum electron pressure
is invariant with Iz as shown by the filled circles in figure 6(a).
The directly measured value of T is in good agreement with
the 7 value calculated from the measured electron pressure
(bold solid line in figure 6(a)). The results validate the model
which shows that the maximum electron pressure force acts
on the axial source boundary [18]. Figure 6(b) shows that
Ty is close to zero above 2 A solenoid current, validating the
previous model which neglected the loss of the axial plasma
momentum into the radial source boundary [20, 35], while the
results with zero or weak magnetic field less than about 1 A
show a negative value of T,,. The large density decay within
the source cavity along the z-axis is seen for the 0 A case in
figure 4(a), which implies a plasma potential decay from the
rf antenna position to the source exit. In this situation, it is
expected that ions accelerated by the electrostatic field have
a significant axial velocity and ion flux lost into the radial
source wall boundary is also greater, although it has not yet
been quantitatively understood. In this case, significant axial
momentum is lost to the radial boundary, which can be seen as
the negative value of the thrust component Ty, in figure 6(b).
Figure 6(c) shows the increase in T with increasing /g which
does not affect the B,/B, factor in equation (3) but yields
an increase in the electron pressure due to the inhibition
of the cross-field diffusion (figure 4(a) and filled circles in
figure 6(c)). Then the increased absolute value of dp./dr in
equation (3) and the resultant increase in Tp can be obtained.
The experimentally measured Tp is found to approach the
theoretical upper limit 7' jgea1 Shown by the horizontal bold line
in figure 6(c) derived from the ideal one-dimensional magnetic
nozzle approximation. As a result of the increased Tp, the
constant T, and the negligible Ty, the directly measured total
thrust Tio, is also increased by the magnetic field strength as
seen in figure 6(d). Hence these results show that one of the
key issues in improving the performance of the helicon plasma
thruster is the inhibition of cross-field diffusion in the magnetic
nozzle.

Here it should be mentioned that the theoretical upper limit
given by equation (5) is not that of the helicon plasma thruster,
as the averaged electron pressure at the source exit, which is
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Figure 9. Total thrust Ty, as a function of the rf power with ‘no
physical nozzle’ (open circles), with ‘nozzle 1’ (filled triangles), and
with ‘nozzle 2’ (open squares), respectively, where the solenoid
current /p is maintained at 15 A for all three cases. Typical error in
the thrust measurement is within £5%.

smaller than the maximum electron pressure in the source due
to the plasma loss to the radial source wall, is used for the
calculation. As the role of the magnetic nozzle (as well as the
physical nozzle) is the conversion of the plasma momentum
from the radial to axial directions [18,30], inhibiting the
plasma loss to the wall and guiding the plasma to the magnetic
nozzle could improve the thruster performance. Furthermore,
Tp calculated from the one-dimensional analysis with the
approximation of B, (r, z) ~ B.(0, z) underestimates the value
of T by 20-30%. Hence it is expected that some of the plasma
is still lost from the magnetic nozzle even for the maximum
solenoid current of 15 A in the present experiment. To capture
the momentum delivered by the plasma lost from the magnetic
nozzle, the physical nozzles (‘nozzle 1’ and ‘nozzle 2° in
figure 1) are attached at the thruster exit. The total thrust
measured with no physical nozzle, with ‘nozzle 1°, and with
‘nozzle 2’ are plotted by open circles, filled triangles and open
squares in figure 9, respectively, where the solenoid current is
maintained at 15 A for all the cases. It is found that the total
thrust is increased by attaching the nozzles and more thrust
can be obtained for the larger nozzle (nozzle 2); the maximum
thrust of 20 & 1 mN was obtained for the 2 kW rf power. The
ion saturation currents I of the LP located at z = 40cm
and biased at —70V are 125 A with no physical nozzle, and
145 A with both ‘nozzle 1’ and ‘nozzle 2°, respectively, for
the rf power of 1 kW. This 16% increase in I, is similar to
the 14% increase in thrust for nozzle 1 by significantly smaller
than the 33% increase in thrust measured for nozzle 2. These
data suggest that the radial momentum delivered by those ions
lost from the magnetic nozzle is captured and converted into
the axial force by the physical nozzle. This increase might
be qualitatively similar to that observed in the conical helicon
thruster [36]. It should be mentioned that the physical nozzles
are electrically grounded in the present experiment and the
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Figure 10. (a) Specific impulse and (b) thrust efficiency as a
function of rf power with ‘no physical nozzle’ (open circles), with
‘nozzle 1’ (filled triangles), and with ‘nozzle 2’ (open squares),
respectively, where these values are obtained from the measured
thrust of figure 9 and the known propellant mass flow rate

(0.75mg s ). The estimated errors for the specific impulse and the
thrust efficiency are £6% and £11%, respectively.

effect of the sheath at the inner surface of the nozzle on the
thrust has not yet been verified. The comparison between the
thrust for an electrically floating or a biased nozzle will be the
subject of future investigations.

Two important parameters for electric propulsion device
assessment are the specific impulse /g, and the thrust efficiency
nt defined as Iy, = Tiora/mg and ny = Ttgml /2m P, where
m, g and P are the mass flow rate of the propellant gas, the
gravitational constant at sea level and the electric power [4].
Both the dc power for the solenoid and the rf power for the
plasma production have to be included in the electric power P;
however, the dc power is not included in the present assessment
as the solenoid can be replaced by permanent magnets as has
been demonstrated by authors [37]. Iy, and 57 calculated
from the measured thrust in figure 9 for all the three cases
(with no physical nozzle, with ‘nozzle 1°, and with ‘nozzle 2’)
are plotted in figure 10 by open circles, filled triangles and
open squares, respectively. The errors in I, and 5t estimated
from the errors in the thrust measurement and the flow rate are
+6% and £11%, respectively. For the case with ‘nozzle 2°, a
maximum specific impulse of 27504165 s is obtained yielding
a thruster efficiency of 13.5 + 1.5% for 2kW rf power. A
different helicon thruster has also been operated in a high
pumping speed vacuum facility [12] and 10.8 mN thrust has
been quoted for 2kW rf power and 2.2mgs~! gas flow rate.
The effect of the pumping speed and operating pressure on the
helicon thruster performance have yet to be fully investigated.

5. Conclusion

The force components exerted on the axial source boundary
(Ty), radial source boundary (7y,), magnetic nozzle (7g) and
the total thrust (7o, ) imparted from the helicon plasma thruster
have been independently measured for plasma conditions such
that a constant plasma injection into the magnetic nozzle
is maintained and some control of the plasma cross-field

diffusion and expansion within the magnetic nozzle is obtained
by changing the magnetic field strength. The thrust arising
from the magnetic nozzle (Ty) is increased by inhibiting the
cross-field diffusion and approaches the theoretical upper limit
(Tp igear) derived for a one-dimensional ideal magnetic nozzle
approximation for maximum axial magnetic field strength
of 760 G. Direct measurements of 7; and T, validate the
predicted electron pressure force onto the axial boundary
and the negligible radial loss of the axial momentum when
some axial magnetic field is applied (=50G). Some of the
momentum lost from the magnetic nozzle can be ‘captured’ and
converted into axial momentum by adding a physical nozzle
attached to the thruster exit. The maximum measured thrust
is 20 £ 1 mN for 25 % 0.25 sccm argon propellant and 2 kW
rf power, giving a specific impulse of 2750 & 165s and a
thrust efficiency of 13.5 £ 1.5%. Testing the thruster in a high
pumping speed environment has yet to be fully investigated.
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