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It is shown analytically that the thrust from a simple plasma thruster (in the absence of a magnetic

field) is given by the maximum upstream electron pressure, even if the plasma diverges

downstream. Direct thrust measurements of a thruster are then performed using a pendulum thrust

balance and a laser displacement sensor. A maximum thrust of about 2 mN is obtained at 700 W

for a thruster length of 17.5 cm and a flow rate of 0.9 mg s�1, while a larger thrust of 4 mN is

obtained at a similar power for a length of 9.5 cm and a flow rate of 1.65 mg s�1. The measured

thrusts are in good agreement with the maximum upstream electron pressure found from

measurements of the plasma parameters and in fair agreement with a simple global approach used

to model the thruster. VC 2011 American Institute of Physics. [doi:10.1063/1.3610570]

Expanding plasma and double layer (DL) thrusters1–4

are receiving increasing interest due to their potential advan-

tages over conventional systems such as ion or hall thrusters.

Such advantages include the lack of an explicit neutralizer,

high power and thrust densities, and the absence of biased

electrodes.1 These systems typically produce plasma within

an insulating source tube through radio-frequency (rf) means

and make use of a magnetic field to help confine the plasma

and produce expansion at the thruster exit.1,2,5 The plasma is

then accelerated by ambipolar or double layer fields that

form internal to the plasma.1,2,4,6 While prolific studies of

the fundamental physics in such systems have been done,

detailed experimental measurements of the thrust of such

devices are only now beginning to be performed.7,8 These

thrust measurements are vital, as they allow almost all other

electric propulsion figures of merit to be determined,9 and

thus, the performance of such systems to be assessed.

Fruchtman has provided much of the theoretical ground-

work for such plasma thrusters and has performed a number

of detailed analyses in collisionless10 and collisional

regimes,11 as well as investigating the effects of neutral deple-

tion10,11 and magnetic expansion.12 In particular, in the ab-

sence of a magnetic field, the thrust has been predicted to be

strongly linked to the maximum upstream electron pressure.10

Recent direct thrust measurements7 of a permanent magnet

helicon double layer thruster (PM-HDLT) have agreed favour-

ably with this result; however, it is unclear how the presence

of both the DL and the magnetic field affects the measured

thrust. In order to test these theoretical results conclusively,

the thrust measurements in a system without a magnetic field

or DL are needed. With an improved understanding of the

physics involved in the thrust delivery mechanism, better opti-

mization studies can be performed.

In the present letter, we experimentally investigate the

thrust of a simple rf plasma thruster in the absence of a magnetic

field and under conditions where a DL is not present. We also

extend the theoretical results of Fruchtman10 by assessing the

effect that plasma divergence has on the expected system thrust.

We begin by addressing the question of how the thrust

of a plasma thruster is affected by possible plasma diver-

gence downstream of the thruster exit. The steady state colli-

sionless momentum equation (in the absence of a magnetic

field) for a particular plasma species, j, is given by13

Mjr � njvjvj

� �
¼ qjnjE�rpj; (1)

where Mj, nj, vj, qj, and pj are the mass, density, velocity,

charge, and pressure of the particular plasma species, respec-

tively. Here, we have assumed that the particle pressure is

isotropic. By then treating an electropositive, quasi-neutral

plasma with cold, singly charged ions, the ion momentum

equation (using cylindrical coordinates and assuming azi-

muthal symmetry) in the axial (z) direction is

@
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rMnvrvzð Þ ¼ qnEz; (2)

where M is the ion mass, n is the plasma density, vr and vz

are the ion flow velocity components, Ez is the axial electric

field, and q is the charge magnitude. The electron momentum

equation (ignoring electron inertia) is

0 ¼ �qnEz �
@

@z
qnTeð Þ; (3)

where Te is the electron temperature in eV. By adding Eqs.

(2) and (3) together and rearranging, we have

@s
@z
¼ � 1

r

@

@r
rMnvrvzð Þ; (4)

where s ¼ Mnv2
z þ qnTe. We now identify s as an axial force

per unit area and see that this force per unit area changes

along z as momentum flows into or out of the differentiala)Electronic mail: trevor.lafleur@anu.edu.au.
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volume. We are however interested in finding the total axial

force, T. To do this we integrate both sides of Eq. (4) in the

radial (r) and azimuthal (h) directions and define

T ¼
ð2p

0

ðRðzÞ

0

s r; zð Þrdrdh; (5)

where R(z) is the radial integration boundary at each axial

location. Thus by integrating Eq. (4), we obtain

dT

dz
¼ �2pM rnvrvz½ �r¼RðzÞ: (6)

Outside the thruster, by choosing R(z) large enough, the

plasma density will be zero or close to zero, so that the right-

hand side of Eq. (6) vanishes. Inside the thruster, the density

is not zero at the radial boundaries, and the right-hand side

of Eq. (6) represents a friction force on the radial thruster

walls. By ignoring this friction force, we can also set the

right-hand side to zero. Although ions are lost at the walls,

these are mainly the axially slower ions, and thus, the axial

momentum loss to the walls is small. Thus dT=dz ¼ 0, and,

therefore, T ¼ Mhnv2
z iAe þ qhnTeiAe ¼ constant, where

hnv2
z i and hnTei are cross-section averaged quantities, and Ae

is the thruster cross-sectional area. If we further assume that

the electron temperature is constant and that the ion axial ve-

locity is zero along a single plane, then the electron pressure

is a maximum when the ion flow velocity is zero, and thus,

T ¼ qhnimaxAeTe; (7)

where hnimax is the maximum cross-section averaged plasma

density. This result says that even though the plasma might

diverge downstream, the total axial flow momentum must be

conserved, and the thrust is still given by the maximum

upstream electron pressure. We now conduct a series of

measurements to confirm that the thrust of a plasma thruster

is indeed given by this upstream pressure.

Experiments are performed using a simple cylindrical

plasma thruster, a schematic of which is shown in Fig. 1.

The thruster consists of a Pyrex source tube of diameter 6.4

cm open at one end and closed at the other end by a move-

able insulating plate that allows the effective plasma cavity

length to be adjusted. The source tube is surrounded by a

copper double-turn loop antenna connected to a rf power

generator (operated at 13.56 MHz) through a p matching net-

work. Argon gas is fed into the thruster via a feedthrough

that passes through the insulating plate. The thruster is

placed inside the larger Irukandji space simulation cham-

ber,14 which is 1.4 m long and has a diameter of 1 m. This

chamber is connected to a turbomolecular=rotary pump sys-

tem, and system pressures are measured with a combination

of ion and baratron gauges.

The plasma thruster is mounted onto a grounded thrust

balance described previously.7,8 This balance consists of 4

aluminium support columns (not shown in Fig. 1) onto which

a double pendulum structure is attached. The pendulum

hinges are constructed using 0.1 mm thick stainless steel

flexible plates, and the thruster connects to the bottom of the

pendulum. The pendulum displacement is measured with a

high sensitivity rf-shielded Micro-Epsilon ILD 1700� 2

laser displacement sensor mounted to the thrust balance sup-

port structure. As in previous studies,7 both the gas feed-

through and rf antenna are not in physical contact with the

thruster source tube. With the plasma off, no measurable

thrust is observed with the rf on (no gas) and also with the

gas on (rf off).

When taking thrust measurements, the laser sensor is

initially run for 20 s with no plasma to obtain an equilibrium

displacement level, following which the plasma is turned on

and measurements taken for 5 s. The plasma is then turned

off and measurements are taken for a further 20 s. The laser

sensor data are then filtered to remove the mechanical oscil-

lations of the pendulum (� 1 Hz), and the thrust displace-

ment then determined. To calibrate the laser system, known

masses are placed in a small calibration basket attached to

the thrust balance support structure and thruster (see Fig. 1).

From static force equilibrium considerations, the applied

horizontal “thrust” force can be determined. The sensitivity

was found to be about 230 mN=mm, with a resolution of

0.023 mN. This is better than in previous studies,7 since the

present system is lighter due to the absence of the permanent

magnets used there. During calibration, both the gas flow

and rf are off.

Plasma parameters (i.e., density and electron tempera-

ture) are measured with a 4 mm diameter disc Langmuir

probe (LP). The plasma density is found from the ion satura-

tion region of the measured IV curve (obtained using a stand-

ard sweeping circuit), while the electron temperature is

found from the natural logarithm of the slope of the IV curve

after subtracting off the ion current contribution. Sheridan’s

method15 is used to account for expansion of the sheath

around the LP disc.

To investigate the plasma parameters and thrust of the

thruster, two test cases are used. In the first case, the cavity length

is set to 9.5 cm (with the antenna located at z ¼ �5:5 cm) and

FIG. 1. (Color online) Schematic of the rf plasma thruster attached to the

thrust balance. Also shown is the laser displacement sensor, thrust balance

calibration system, rf antenna, and LP.
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the gas flow rate is 1.65 mg s�1(giving a chamber pressure of

0.24 Pa), while in the second case, the cavity length is 17.5 cm

(with the antenna located at z ¼ �9 cm) and the gas flow rate is

0.9 mg s�1(giving a chamber pressure of 0.13 Pa). The measured

maximum upstream plasma density and upstream electron tem-

perature are shown in Figs. 2(a) and 2(b). The results are all plot-

ted against effective power, which is the total power absorbed by

the plasma. These powers are determined by taking resistance

measurements (with an rf current probe) of the antenna=plasma

system to establish the power transfer efficiency16 (measured to

be between 60%-80%).

Figure 2(a) shows that the plasma density for the long

cavity (closed circles; taken at z ¼ �10 cm) is approxi-

mately linear with effective power, going from around

4� 1017 m�3 at 125 W to around 13� 1017 m�3 at 650 W.

A similar result is seen with the short cavity (closed squares;

taken at z ¼ �6 cm), except with higher densities of

8:5� 1017 m�3 at 140 W and about 30� 1017 m�3 at 680

W. The measured electron temperatures in Fig. 2(b) show

that for both cases the temperature is approximately constant

with effective power, with a value of about 5.5 eV for the

long cavity and 4 eV for the short cavity.

Figure 3 shows the thrust measurements from the thrust

balance for the long cavity (closed circles) and short cavity

(closed squares), where similarly to the densities in Fig. 2(a),

the results are approximately linear with effective power.

The thrust reaches a maximum of about 2 mN at 700 W for

the long cavity and around 4 mN at a similar power for the

short cavity. Also plotted in Fig. 3 are the calculated thrusts

from Eq. (7) (open squares and open circles) using the

plasma parameters obtained in Figs. 2(a) and 2(b). Equation

(7) requires the cross-section averaged density, which is

found by multiplying the densities in Fig. 2(a) with a scaling

factor (c9:5 � 0:58 and c17:5 � 0:53 for the short and long

cavities, respectively) obtained from a measurement of the

radial density profiles within the source region. As seen, the

calculated thrusts are in good agreement with those found

from the thrust balance, and since the electron temperature

remains roughly constant with power (see Fig. 2(b)), this

shows that the increasing thrust is a sole result of the increas-

ing plasma density. These results show that the total thrust

force is given by the maximum upstream electron pressure,

which in the present system serves as the only source of mo-

mentum for the plasma. Thus, if the upstream density and

electron temperature can be predicted, the thrust can be

determined directly from Eq. (7) without needing to account

for plasma divergence effects at the thruster exit.

Insight into the results in Figs. 2-3 can be obtained by

making use of a simple global model. By considering a uni-

form plasma density discharge together with a constant neu-

tral gas density and assuming that ions reach the Bohm

velocity at the thruster exit, the electron temperature can be

found by equating the total particle loss and generation

rates,17

n0AuB ¼ n0ngKizV; (8)

where n0 is the plasma density, A ¼ hLð2pR2Þ þ hRð2pRLÞ is

the total effective loss area with R and L, the source tube

FIG. 2. (Color online) (a) Maximum upstream plasma density as a function

of effective power. The closed squares show the measured results at z ¼ �6

cm for a cavity length of 9.5 cm and an argon flow rate of 1.65 mg s �1(giv-

ing a working pressure of 0.24 Pa), while the closed circles show results at

z ¼ �10 cm for a cavity length of 17.5 cm and an argon flow rate of 0.9 mg

s �1(giving a working pressure of 0.13 Pa). The dashed line and solid line

show the global model results for each of the respective cases. (b) Upstream

electron temperatures for the cases in (a).

FIG. 3. (Color online) Thrust as a function of effective power. The closed

squares show the measured results at z ¼ �6 cm for a cavity length of 9.5

cm and an argon flow rate of 1.65 mg s�1(giving a working pressure of 0.24

Pa), while the closed circles show results at z ¼ �10 cm for a cavity length

of 17.5 cm and an argon flow rate of 0.9 mg s�1(giving a working pressure

of 0.13 Pa). The dashed line and solid line show the global model results for

each of the respective cases, while the open squares and open circles show

the calculated thrust using the measured plasma parameters in Figs. 2(a) and

2(b), a scaling factor to account for the radial density profile, and Eq. (7).
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radius and length, respectively, and hL and hR the ratio of the

sheath-to-center density in the axial and radial directions,

respectively,17 uB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qTe=M

p
is the Bohm velocity, ng is the

neutral gas density, Kiz ¼ KizðTeÞ is the ionization rate factor

for Maxwellian electrons, and V ¼ pR2L is the total ioniza-

tion volume. The plasma density can then be found from a

power balance,17

Pabs ¼ qn0AuBET ; (9)

where Pabs is the total absorbed power, and ET ¼ Ec þ Ei

þEe is the energy loss per electron-ion per lost from the sys-

tem (measured in eV), with Ec ¼ Eion þ ðKexc=KizÞEexc

þð3m=MÞðKel=KizÞTe the collisional energy loss and

Ei þ Ee ¼ 1
2

Te þ Vs þ 2Te the kinetic energy loss. Here, Eion

and Eexc are the ionization and excitation potentials, Kexc and

Kel are the excitation and elastic collision rate factors, and

Vs ¼ 1
2

Te ln½M=ð2pmÞ� is the sheath potential, with m the

electron mass. By then using the known radial density factors

(c9:5 and c17:5), the thrust can be found using Eq. (7). The

global model results (solid and dashed lines) are plotted in

Figs. 2-3. Here, good agreement is seen with the measured

electron temperatures, but only moderate agreement with the

plasma density and thrust, with deviations of about 20%-

40%. The under predicted density (and hence thrust) is a

consequence of the assumption of a uniform plasma density

in the global model. In reality, this is not the case, and thus,

the power loss to the wall is lower, which would result in a

larger maximum density.

Two important performance measures for electric pro-

pulsion systems are the specific impulse, Isp ¼ T=ð _mg0Þ, and

the thruster efficiency, gT ¼ T2=ð2 _mP0Þ, where T is the total

system thrust, g0 is the sea level gravitational acceleration, _m
is the total input propellant flow rate, and P0 is the input

power. Neglecting the thrust contribution from the neutral

gas pressure and using the thrust measurements in Fig. 3, the

present system has a maximum Isp � 230 sec and gT < 1%,

which is very poor compared with conventional electric pro-

pulsion systems.9 Part of the poor performance can be traced

to a low propellant utilization, which gives a measure of how

much of the input gas is ionized and is defined as

gd ¼ _mi= _m, where _mi is the total ion mass flow rate at the

thruster exit. The ion mass flow rate can be approximately

given by _mi ¼ MneuBAe, where ne is the density near the exit

where the ions reach the Bohm velocity. The neutral flow

rate at the exit can be given by _mn ¼ 1=4MngvgAe, where vg

is the neutral gas velocity. Since the total mass flow rate is

_m ¼ _mi þ _mn, the propellant utilization can be written as

gd ¼
_mi

_m
¼ 1

1þ ngvg

4neuB

: (10)

In the present study, ng � 1020 m�3, ne � 1018 m�3, and

uB � 3500 ms�1, and thus, the propellant utilization is quite

low at about 20%� 30%. An analysis of the global model

results shows that most of the plasma=power loss in the sys-

tem occurs at the radial boundaries (since the radial loss area

is much larger than the axial boundaries). If the thruster cavity

could be redesigned, improvements in performance would

occur, and a larger propellant utilization could be obtained. A

better option, however, would be to effectively eliminate ra-

dial losses altogether, which might be achievable with a cor-

rectly applied magnetic field. There is experimental evidence

to suggest this approach is feasible2 and does indeed greatly

improve performance.

The results from the present study (where no DL is pres-

ent) show that the upstream electron pressure determines the

thrust. In previous work (where a DL was present; Ref. 7), a

similar result was obtained. This implies, as predicted in Ref.

12, that the DL cannot directly increase the momentum of

the plasma. It can only “convert” the electron pressure into

ion momentum through the electric field in the DL; a process

similar to what would occur in ambipolar type electric fields,

and thus implies the DL does not perform a significant role.

In summary, we have shown analytically that the thrust

from a collisionless plasma is given by the maximum

upstream electron pressure, even in the presence of plasma

divergence. Direct thrust measurements were performed on a

plasma thruster for a range of operating conditions, and the

results are in good agreement with the measured upstream

electron pressure, verifying the analytical result.
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