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The axial force imparted from a magnetically expanding current-free plasma is directly measured for

three different experimental configurations and compared with a two-dimensional fluid theory. The force

component solely resulting from the expanding field is directly measured and identified as an axial force

produced by the azimuthal current due to an electron diamagnetic drift and the radial component of the

magnetic field. The experimentally measured forces are well described by the theory.
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The momentum flux delivered by charged particles in
plasmas and its interaction with magnetic fields have been
significant subjects associated with astrophysical jets [1],
magnetospheric physics [2], thermonuclear fusion devices
[3], and electric propulsion systems [4]. It is essential to
understand and characterize the gain or loss mechanisms of
the momentum flux for clarifying the acceleration or con-
finement processes of charged particles in nature and in
terrestrial plasma devices. For instance, acceleration pro-
cesses in current-driven plasmas such as applied-field
magnetoplasma-dynamic arcjet plasmas have been inves-
tigated [5,6]. Recent theoretical studies concerning the
spontaneous formation of electric double layers (DLs)
have shown that no additional net momentum is delivered
by the DLs [7,8]. Instead, one- and two-dimensional theo-
ries have shown enhancements of the net axial force [7,9]
from an expanding cross section or an expanding magnetic
field (called thrust in the field of electric propulsion), even
in current-free plasmas such as radio frequency (rf) induc-
tively coupled or helicon mode discharges. Although direct
measurements of the net force from magnetically expand-
ing current-free plasmas are presently under investigation
[10–12], the role of the expanding magnetic field on the
gain or loss of the axial force in current-free plasmas has
not yet been described. In the present Letter, the axial force
imparted from the magnetically expanding current-free
plasma is directly measured for three different experimen-
tal configurations and compared with a two-dimensional
fluid theory.

Experiments are performed within the Irukandji vacuum
chamber at the Australian National University (ANU),
which is 100 cm in diameter and 140 cm in length and is
pumped down to a base pressure of about 10�6 Torr. Two
rf plasma source systems with an expanding magnetic field
are presently used. Figure 1(a) shows a schematic of the
first source (custom built at ANU), which has a 25 cm long,
9 cm inner diameter Pyrex source tube and an expanding
magnetic field applied by using a combination of two axial
solenoids located at z ¼ �5:5 cm (downstream current,

IB down) and �18:5 cm (upstream current, IB up), where

the open exit of the source tube is defined as z ¼ 0.
Axial profiles of the magnetic field Bz on axis for solenoi-
dal currents (IB up, IB down) of (6 A; 6 A) and (0 A; 6 A) are

plotted in Fig. 2(a) and labeled ‘‘A mode’’ and ‘‘B mode,’’
respectively. Topologies of the field lines are also drawn in
Fig. 2(b). Argon gas is fed into the source tube via a small
ceramic tube which is mechanically isolated from the
source tube [Fig. 1(a)]. The flow rate is maintained at
25 sccm, which gives a pressure within the chamber of
about 1 mTorr. A rf loop antenna (� 11 cm inner diameter
and 2 turns) is located at z ¼ �12 cm and is mechanically
isolated from the source tube. The second source is a
permanent magnet (PM) expanding source (custom built
at Iwate University) [11], with a similar structure as that
shown in Fig. 1(a): briefly, the PM source has a 6.5 cm
inner diameter, 8 cm long source tube (the cavity length is
adjusted using a movable insulating plate located at the
closed end of the source) and a combination of two con-
centric neodymium iron boron PM arrays providing an
expanding magnetic field shown in Figs. 2(a) and 2(b)
(labeled ‘‘C mode’’). The rf loop antenna (� 8 cm inner
diameter and 2 turns) is located at z ¼ �4:5 cm. For both
sources the antennas are powered from a 13.56 MHz rf
power generator through an impedance matching circuit.

laser- 
displacement
sensor

Ar gas

IB up IB down

source tube

z (cm)0-5.5-12-18.5-25

rf antenna

-15

0

15

di
sp

la
ce

m
en

t 
(µ

m
)

time (sec)
0 20 40 60

(a) (b)
LP

FIG. 1 (color online). (a) Schematic of the experimental setup.
(b) Typical displacement signal from the force balance.
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The solenoids or PMs are attached to the force balance
immersed within the Irukandji vacuum chamber and their
displacement (generated when initiating the plasma) is
measured using a high-resolution laser-displacement sen-
sor (resolution, 0:1 �m; sampling rate, 312.5 Hz) [11]. No
displacement is detected when the cold gas is introduced;
the force by the neutral gas is negligible in the present
experiments. The laser system is initially operated with
flowing gas and no plasma for a period of 20 s; the rf power
and argon plasma are subsequently turned on for about
10 s. After the plasma is turned off, the data are taken for
another 30 s. A typical signal of the displacement is plotted
in Fig. 1(b) as a thin line. As forces applied to the balance
result in an oscillation of the pendulum with a frequency of
about 1 Hz as shown in Fig. 1(b), the data are filtered to
remove the pendulum oscillation [bold line in Fig. 1(b)].

The displacement corresponds to the difference between
the positions measured during the ‘‘plasma off’’ and
‘‘plasma on’’ periods. The force imparted by the plasma
is obtained using the calibration coefficient relating the
displacement to the force (typically, 0:5–0:6 mN=�m for
the A and B modes and 0:35 mN=�m for the C mode),
which can be obtained as described in Ref. [11]. For the A
and B modes of the first source, the measurement of the
axial forces are performed when the source tube is attached
either to the solenoids or to the Irukandji vacuum chamber.
These two distinct configurations, respectively, lead to the
direct measurements of the total force Ttotal resulting from
both the source tube and magnetic field, and of the force TB

resulting solely from the magnetic field. For the C mode
of the second source, the source tube is attached to the
array of PMs and only the measurement of Ttotal is ob-
tained. The local plasma density (ni ’ ne ¼ n) and elec-
tron temperature Te are measured with a radially and
axially movable Langmuir probe, assuming a Maxwellian
electron energy distribution, and using Sheridan’s sheath
expansion model [13].
Figure 2(c) shows the normalized electron pressure

(pe ¼ nkBTe) derived from the plasma density n and elec-
tron temperature Te measured along the z axis, where kB is
the Boltzmann constant. The axial positions z0 having the
maximum electron pressure are at z0 ¼ �17, �7, and
�4 cm for the A, B, and Cmodes, respectively. The typical
plasma density and electron temperature at ðr; zÞ ¼ ð0; z0Þ
for an effective rf power of about 600 W are about
4:5� 1011 cm�3 and 4 eV, 5�1011 cm�3 and 4.5 eV, and
1:5� 1012 cm�3 and 5.5 eV for the A, B, and C modes,
respectively; the rf antenna current is simultaneously mea-
sured with the plasma ‘‘on’’ while performing all experi-
ments to derive the power transfer efficiency [14] and the
resultant effective power absorbed into the plasma.
Measurements of Ttotal and TB are carried out as a

function of rf power for cases A–C and for cases A and
B, respectively, and the results are shown as open squares
and open circles in Fig. 3. The total force Ttotal increases
with the effective rf power and reaches a maximum of
about 2, 6, and 3.5 mN for all the A, B, and C modes,
respectively. A significant difference in Ttotal between the
A mode and the B mode is observed despite their similar
maximum densities, electron temperatures, and source
radii. The force TB resulting from the magnetic field in-
creases to about 0.6 and 3 mN for the A and B modes,
respectively; it is found that the large values for Ttotal

measured for the B mode result from the large values mea-
sured for TB. The experimental results in Fig. 3 clearly
demonstrate the direct measurement of the axial force onto
the magnetic field in current-free magnetically expanding
plasmas and the subsequent contribution of this force to the
total measured force.
The origin of the force onto the magnetic field is now

derived from a fluid model. We consider an axisymmetric,
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FIG. 2 (color online). (a) Axial profiles of the magnetic field
Bz on axis for ðIB up; IB downÞ ¼ ð6 A; 6 AÞ (dotted line),

ð0 A; 6 AÞ (solid line), and the PMs (dot-dashed line). These
are labeled A–C modes, respectively. (b) Topologies of the
magnetic field lines. The position of the radial wall of the outer
chamber is r ¼ 50 cm. (c) Axial profiles of the normalized
electron pressure measured on axis for A mode (open triangles,
470 W), B mode (open circles, 540 W), and C mode (open
squares, 320 W).
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magnetically expanding, current-free plasma system.
Assuming quasineutrality, negligible electron inertia, and
cold ions, the radial and axial components of momentum
equations for electrons and ions in cylindrical coordinates
(r; �; z) are given by

� enðEr þ v�BzÞ ¼ @pe?
@r

; (1)

� enðEz � v�BrÞ ¼ @pek
@z

; (2)

enðEr þ u�BzÞ ¼ 0; (3)

enðEz � u�BrÞ ¼ 1

r

@

@r
ðrmnuruzÞ þ @

@z
ðmnu2zÞ; (4)

where ðEr; E�; EzÞ, ðBr; B�; BzÞ, ðvr; v�; vzÞ, ður; u�; uzÞ,
and n are the electric field, magnetic field, electron veloc-
ity, ion velocity, and plasma density, which are functions of
ðr; zÞ. e is the elementary charge and m is the ion mass.
pe?ðr; zÞ ¼ nkBTe? and pekðr; zÞ ¼ nkBTek are the elec-

tron pressures perpendicular and parallel to z, where Te?
and Tek are the electron temperatures perpendicular and

parallel to z, respectively. The radial component of the ion
inertia is also neglected as the ions are mainly accelerated
along the z axis in this type of plasma system whether
by the DL or by ambipolar axial electric fields [15,16].
By eliminating Ez from Eqs. (2) and (4), a net axial
momentum flux �ðr; zÞ � mnu2z þ pek per unit cross sec-

tion, which can be regarded as a pressure, can be given as

@�

@z
¼ enðv� � u�ÞBr � 1

r

@

@r
ðrmnuruzÞ; (5)

where the first term on the right-hand side (rhs) is the
Lorentz force due to the net azimuthal current and the
radial component of the magnetic field. The electron
and ion azimuthal currents can be obtained from Eqs. (1)
and (3) as env�¼�enEr=Bz�B�1

z @ðpe?Þ=@r and enu�¼
�enEr=Bz, which correspond to the currents from the
electron E� B drift, the electron diamagnetic drift, and

the ion E�B drift, respectively. Hence, the net current
can be expressed by only the electron diamagnetic cur-
rent as the E�B drifts cannot drive a net current.
When the plasma expands with an axially varying plasma
radius rpðzÞ, and has zero density at r � rpðzÞ, the total

axial force TtotalðzÞ is given by the volume integration of
@�=@z as

TtotalðzÞ ¼ Ts � 2�
Z z

z0

Z rpðzÞ

0
r
Br

Bz

@pe?
@r

drdz

� 2�
Z z

z0

Z rpðzÞ

0

@

@r
ðrmnuruzÞdrdz; (6)

where Ts ¼ 2�
Rrs
0 rpekðr; z0Þdr originates from the maxi-

mum electron pressure [7] and corresponds to the constant
of integration along z when integrating from z0. As sug-
gested by Fruchtman, this term is conserved along z in the
absence of the magnetic field even for collisional plasmas
[17]. rs is the source tube radius, and the contributions
from the magnetic field and the radial source wall upstream
of z0 are not included in Eq. (6) for simplicity. The third
term on the rhs in Eq. (6) presents an axial force delivered
by the ions flowing into the radial source wall; it vanishes
as the plasma density is assumed to be zero at the plasma
edge. The second term on the rhs in Eq. (6) shows the axial
force imparted from the Lorentz force and corresponds to
the measured force TB onto the magnetic field (Fig. 3). It
results from the azimuthal current [B�1

z ð@pe?=@rÞ] of the
electron diamagnetic drift and the radial component (Br) of
the applied magnetic field. Hence, the present theory
clearly identifies the gain (loss) of the net axial force for
negative (positive) radial gradient of the electron pressure
in an expanding magnetic field in addition to the electron
pressure term Ts inside the source tube.
To compare the theory with the experiments, TB, Ts,

and Ttotal ¼ Ts þ TB are calculated from Eq. (6), together
with the following model of the two-dimensional electron
pressure peðr; zÞ along with the two-dimensional magnetic
field (Br; Bz) for the three experimental configurations. To
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FIG. 3 (color online). Directly measured forces Ttotal (open squares) and TB (open circles) as a function of the effective rf power for
the (a) A mode, (b) B mode, and (c) C mode, respectively. The forces Ts (filled triangles), TB (filled circles), and Ttotal (filled squares)
calculated using Eq. (6) are also plotted together with the fitted curves (dotted, dashed, and solid lines) added as visual guides.

PRL 107, 235001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

2 DECEMBER 2011

235001-3



model peðr; zÞ, the plasma radius along z is assumed
to be determined by the source tube radius as rpðzÞ ¼ rs
for z � 0 and by the expanding magnetic field as rpðzÞ ¼
rs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bzð0; 0Þ=Bzð0; zÞ

p
[18] for z > 0, and the electron

temperature is assumed to be isotropic (Te? ¼ Tek). The
two-dimensional r-z profile of the electron pressure nor-
malized by peð0; z0Þ is modeled as peðr; zÞ=peð0; z0Þ ¼
penð0; zÞfðr; zÞ, where penð0; zÞ and fðr; zÞ are the normal-
ized electron pressure along z in Fig. 2(c) and a function
giving a radial profile of the normalized electron pressure
at z, respectively. fðr; zÞ for r � rp is given by fðr; zÞ ¼
1� ½r=rpðzÞ�a1 for the A and C modes, and by fðr;zÞ¼
a2f1�½r=rpðzÞ�a1ga3þð1�a2Þf1�½r=rpðzÞ�a4ga5 for the

B mode, respectively, and fðr; zÞ is assumed to be zero
for r > rp. a1–a5 are fitting parameters of the electron

pressure radial profiles measured at z0 for A–C modes
(not shown here), respectively, and remain unchanged
along z. The values of a1–a5 are a1 ¼ 5:37 for A mode,
a1–a5 ¼ 2:07, 3.72, 2.16, 2.89, and 4.83 for B mode, and
a1 ¼ 2:07 for C mode, respectively. The maximum elec-
tron pressures peð0; z0Þ (plasma density and electron tem-
perature) measured for various rf powers are used for the
calculation, and the axial integrations in Eq. (6) are per-
formed from z0 to the most downstream positions of the
electron pressure measurement (z ¼ 40 cm for A and B
modes and z ¼ 13 cm for C mode).

The calculated TB (filled circles), Ts (filled triangles),
and Ttotal (filled squares) are plotted in Figs. 3(a)–3(c),
respectively, where the dashed, dotted, and solid lines are
fitted curves added as a visual guide. As is seen, the
measured momentum fluxes TB (open circles) and Ttotal

(open squares) are in fairly good agreement with the cal-
culated fluxes (filled circles and squares) for all cases
tested. This demonstrates that the axial force in an expand-
ing magnetic field can be enhanced as a result of the
momentum gain due to the Lorentz force, a force produced
due to an electron diamagnetic drift, and the radial com-
ponent of the magnetic field. As the downstream electron
pressure for B mode is larger than that for the other cases,
the contribution from the electron diamagnetic effect is
greater and gives the larger TB. The larger discrepancy of
about 20% observed between the theoretical and measured
Ttotal and TB for case B could result from the simplifica-
tions related to the radial component of the ion inertial

term, the axial force delivered onto the radial source wall,
and the two-dimensional profile of the electron pressure.
In summary, the direct measurements of the axial force

imparted from magnetically expanding current-free plas-
mas have been performed in three different configurations
and compared with a two-dimensional fluid theory. The
gain of axial force by the presence of the expanding
magnetic field is clearly demonstrated in the experiments.
A fluid theory is developed which shows that the axial
force is enhanced by the azimuthal current of the electron
diamagnetic drift and the radial magnetic field. The di-
rectly measured and theoretical forces are in fairly good
agreement.
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