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Abstract

To reveal the argon plasma characteristics within the entire region of an electron cyclotron
resonance (ECR) ion source, the plasma parameters were diagnosed using a bended Langmuir
probe with the ﬁlament axis perpendicular to the diagnosing plane. Experiments indicate that,
with a gas volume ﬂow rate and incident microwave power of 4 sccm and 8.8 W, respectively,
the gas was ionized to form plasma with a luminous ring. When the incident microwave power
was above 27 W, the luminous ring was converted to a bright column, the dark area near its axis
was narrowed, and the microwave power absorbing efﬁciency was increased. This indicates that
there was a mode transition phenomenon in this ECR ion source when the microwave power
increased. The diagnosis shows that, at an incident microwave power of 17.4 W, the diagnosed
electron temperature and ion density were below 8 eV and 3×1017 m−3, respectively, while at
incident microwave power levels of 30 W and 40 W, the maximum electron temperature and ion
density were above 11 eV and 6.8×1017 m−3, respectively. Conﬁned by magnetic mirrors, the
higher density plasma region had a bow shape, which coincided with the magnetic ﬁeld lines but
deviated from the ECR layer.
Keywords: ECR plasma, probe diagnosing, ion thruster
(Some ﬁgures may appear in colour only in the online journal)

cavity at TE111 mode [5]. To improve the ion source performance, it is necessary to investigate the properties of the ECR
ion source operating at different microwave transmission
modes. Therefore, a new ECR ion source, composed of a
rectangular waveguide and a tapered resonant cavity operating at the TE01 and TE111 mode, respectively, was developed.
The parameter that estimates the microwave energy loss in
waveguide is attenuation coefﬁcient. According to [6], it has
been calculated that the attenuation coefﬁcient of rectangular
waveguide at TE01 mode is much lower that of cylinder
waveguide at TE11 mode. Based on this statement, better
performance of the developed ECR ion source with a rectangular waveguide is expected and the relevant primary
study is plasma diagnostics within this ion source to ﬁnd the
space distribution of the plasma parameters.

1. Introduction
ECR plasma has the beneﬁt of a high degree of gas ionization
and a large volume at low gas pressure, and its associated
apparatus are simple with high reliability, which makes it a
candidate to be the ion source of an ion thruster. Researchers
have designed and tested several ECR ion thrusters in
laboratories [1–4]. Up to now, two sets of ECR ion thruster
with low thrust level have been successfully used on deep
space detectors and have demonstrated a unique property of
this type of ion thruster, i.e. its long life span and high
reliability.
Currently, the ECR ion source of ECR ion thruster with
low thrust has been developed as apparatus composed of a
cylindrical waveguide at TE11 mode and a tapered resonant
1009-0630/18/085402+06$33.00
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When diagnosing plasma with a Langmuir probe, the
magnetic ﬁeld inside the ECR ion source generally decreases
the electron current collected by the probe [7] and the diagnosed electron density is lower than the actual value. In
addition, the magnetic ﬁeld makes the electron energy distribution function (EEDF) deviate from the Maxwellian
function [7] and the diagnosed electron temperature
throughout the transition region of the probe I-V curve will
have a larger error than that of non-magnetic plasma. However, if the inﬂuence of the magnetic ﬁeld is reduced to a
minimal level by taking certain measures, the Langmuir probe
is still a convenient tool to diagnose plasma in the ECR ion
source. One measure that can be taken is to install the probe
so that the probe ﬁlament axis is perpendicular to the
magnetic ﬂux line. References [8–10] have demonstrated that
this type of installation can decrease the magnetic inﬂuence
on the measured current to a minimal level. Further, obtaining
the plasma effective electron temperature using the diagnosed
EEDF via a probe can improve the accuracy of the temperature diagnosis [7]. However, the diagnosed EEDF is easily
be affected by the data processing. Therefore, diagnosing the
electron temperature using the transition region of the probe
I-V curve is still an effective method in a moderate magnetic
ﬁeld. In this study, a Langmuir probe whose ﬁlament axis was
most likely kept perpendicular to the magnetic ﬂux lines was
used. The electron temperature was deduced using the
transition region of the probe I-V curve, however, the ion
density was deduced from the ion information.
The experimental result will provide useful information
for understanding the plasma properties of the ECR ion
source used in an ECR ion thruster.

Figure 1. ECR ion source based on a rectangular waveguide.

2.2. The probe diagnosing system and method

The experimental apparatus, shown in ﬁgure 2(a), was composed of a solid-state microwave source, a circulator, an
attenuator, a power metre, the ECR ion source, a Langmuir
probe, a computer, a gas tank and controller, a vacuum
chamber and oil diffusion vacuum pump. The microwave
power incident to the ion source was calibrated before
the experiment [5], and the reﬂected microwave power from
the ECR ion source was transmitted to the power meter to be
measured. As opposed to a normal ion source for ion beam
extracting, only one punched screen grid for passing probe
was used to diagnose the plasma, as shown in ﬁgure 2(b). The
Langmuir probe moved step-by-step in the radial and axial
directions.
As ﬁgure 3 shows, the Langmuir probe was composed
of a ceramic tube and a tungsten ﬁlament. Inside the ECR
ion source, the cyclotron radii of electron and ion, re and ri,
were estimated to be 0.25 mm and 2.2 mm, respectively.
Compared to the probe radius ra=0.1 mm, re<ra<ri.
Therefore, the magnetic ﬁeld will change the electron
saturation current, however, hardly inﬂuence the ion saturation current, hence the ion density diagnosis can be more
accurate.
As ﬁgure 3 shows, for the un-bended ﬁlament, the probe
axis was on the diagnosing plane and along the x-direction.
The magnetic ﬁeld components on the probe were Bx, By and
Bz, of which the ﬁrst and the latter two was parallel and
vertical to the ﬁlament axis, respectively. Therefore, the
inﬂuence of the magnetic ﬁeld on the probe current was only
from Bx [8, 9]. Similarly, for the bended ﬁlament, the
inﬂuence of the magnetic ﬁeld on the probe current was only
from Bz. Shown in ﬁgure 4, the calculated Bx and Bz distributions [11, 12] on the diagnosing plane demonstrated
that Bz was on a lower level compared to Bx. Therefore, the
bended ﬁlament installation can improve the precision of the
probe diagnosis.
Normally the I-V curve of a Langmuir probe is divided
into three regions of ion saturation, transition and electron
saturation. With proper plasma parameters, the thickness of
the plasma sheath on the probe surface is nearly unchanged as

2. The structure of an ECR ion source with a
rectangular waveguide and plasma diagnosing
system
2.1. The structure of an ECR ion source with a rectangular
waveguide

As shown in ﬁgure 1, the ECR ion source was composed of a
rectangular waveguide operating at the TE10 mode, a microwave coupling probe, a double screw adaptor, a cylindrical
tapered resonant cavity and a grid system. The coupling probe
was connected to a coaxial cable for wave transmission. The
double screw adaptor can be regulated to decrease the
reﬂected microwave power to the minimal level. Two
magnetic rings were mounted on the inside wall of the
resonant cavity to generate an ECR layer, where the magnetic
ﬂux density was 0.15 T at the 4.2 GHz microwave frequency
used in experiment. The grid system included a porous screen
and an accelerator grid, which were insulated from each other
by a 1 mm gap. To extract the ion beams, the screen grid was
positively biased to approximately 1000 V and the accelerator
grid was negatively biased to several hundreds of volts.
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Figure 2. Experimental system for the ECR ion source: (a) experimental facility and (b) coordinate system.

Figure 3. Probe orientation: (a) ﬁlament installation, (b) ﬁlament axis parallel to the diagnosing plane and (c) ﬁlament axis vertical to the

diagnosing plane.

Figure 4. Magnetic ﬂux density on the diagnosing plane: (a) Bx and (b) Bz.

[13]. Then, the electron temperature can be deduced by

the probe potential increasing and then the electron current in
the saturation region saturates, as shown by the dotted line in
ﬁgure 5. However, under unsuitable conditions, the electron
current increases or decreases with the probe potential variation, as shown by the solid line in ﬁgure 5, which makes it
difﬁcult to ﬁnd the knee point at the plasma potential. Using
the second derivative variation of the I-V curve to judge the
probe current and the potential at d2I/dV2=0 is a convenient
method to determine the knee point and the plasma potential

kTe »
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.
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According to the orbital motion limited (OML) modal,
the ion density can be obtained by
ni =

3
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Figure 5. The I-V curve of a Langmuir probe.

Figure 6. ECR plasma conﬁguration at a gas volume ﬂow rate of 4 sccm and an incident microwave power of (a) 8.8 W, (b) 17.4 W, (c) 30 W

and (d) 40 W.

where k, e, It, Ii and Ap are Boltzmann constant, electric
quantity of an electron, the collected current at the transition
region, the collected current at the ion saturation region and
the surface area of the probe, respectively.

3. Experimental results and discussion
Argon gas was used to operate the ECR ion source. The
operation parameters were the microwave frequency at
4.2 GHz, the incident microwave power ranging from 0 W to
40 W, a gas volume ﬂow rate of 4 sccm and the ultimate
vacuum degree maintained at less than 9×10−4 Pa.
3.1. The configuration of the gas discharge within the ECR ion
source

Figure 7. Microwave power absorbing efﬁciency versus incident
microwave power.

When the incident microwave power was gradually increased
to 8.8 W, the gas ionized to form plasma with luminous ring
as shown in ﬁgure 6(a). When the incident microwave power
was increased to a higher level, the luminous ring would be
converted into bright column with narrow central dark zone as
shown in ﬁgures 6(a), (c) and (d). Figure 7 shows the curve of
the microwave power absorbing efﬁciency, η, deﬁned by the
ratio of the ion source absorbed and the incident microwave
power. The ion source absorbed microwave power is the
difference between the incident and reﬂected microwave

power. Figure 7 demonstrates that η is lower when the incident microwave power is lower than 26 W; this state can be
deﬁned as the lower mode. When the incident power is above
26 W, η is higher; this state can be deﬁned as the higher
mode. As shown in ﬁgure 6, the luminous ring at the higher
mode is brighter and the dark area near the axis is narrowed
compared to that at the lower mode.
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Figure 8. Diagnostic results at an Ar volume ﬂow rate of 4 sccm: (a) Te at 17.4 W, (b) ni at 17.4 W, (c) Te at 30 W, (d) ni at 30 W, (e) Te at
40 W and (f) ni at 40 W.

reasonable that at the higher mode, the high Te region separated into two parts, one near the ECR layer and the other in
the low magnetic ﬂux intensity region. At the lower mode,
however, the region of high Te could be only observed at the
low magnetic ﬂux intensity region because the strong
magnetic ﬁeld at ECR layer generated strong interference on
the measurement of very weak probe current, and hence
accurate Te diagnosing result at ECR layer could not be
obtained.
The ni distribution property can be explained according
to the electron movement in the magnetic mirror ﬁeld formed
by the two magnetic rings shown in ﬁgures 8(b), (d) and (f).
With the conﬁning magnetic mirror, the electrons inside the
ion source were restricted around the magnetic ﬂux lines and
drifted to the low B region due to the electron momentum and
magnetic torque conservation and the effect of diffusion [7].
Therefore, the electrons would gather in the region of low
magnetic ﬁeld intensity, and hence the high electron density
region was in a bow shape coinciding with the magnetic ﬁeld
lines. According to the bipolar diffusion property of plasma,
the ion density distribution would be similar to that of the
electrons. Therefore, the high ni region corresponded to that
of the low magnetic ﬁeld intensity and showed a bow shape
coinciding with the magnetic ﬁeld lines.
It is a fact that dense electrons cause frequent collisions
with heavy particles and increase the density of the excited
heavy particles. When the dense excited heavy particles
spontaneously decayed to the de-excited state, the stronger
emission line was observed, which generated to a bright

3.2. Results and analysis of the diagnosis

The electron temperature, Te, and ion density, ni, at different
power levels with a ﬁxed Ar volume ﬂow rate of 4 sccm were
diagnosed as shown in ﬁgure 8, where the calculated magnetic ﬂux lines and the ECR layer are also presented [14]. It
can be seen that the ECR layer was near the sidewall of the
cavity and the magnetic ﬂux intensity sharply decayed away
from the side wall. In addition, at each power level, the high
Te and ni regions were positioned between the two magnetic
rings and the high ni region deviated from the ECR layer. As
shown in ﬁgures 8(a) and (b), for the lower mode and the
incident power of 17.4 W, the high-level region for Te and ni
was exclusive and positioned between the ECR layer and the
axis line. At the higher mode with an incident power of 30 W
and 40 W, the high-level region for ni was exclusive, as
shown in ﬁgures 8(d) and (f). However, the high Te region
was separated into two parts, one positioned around the ECR
layer and the other near the high ni region, as shown in
ﬁgures 8(c) and (e).
The Te distribution properties in ﬁgures 8(a), (c) and (e)
can be explained according to the electron heating procedure.
In the ion source, electron was heated to high temperature via
the ECR procedure occurred near the ECR layer because this
resonating condition was only associated with the magnetic
ﬁeld. Further, electron was also heated to higher temperature
via the high hybrid wave resonance procedure in the region of
lower magnetic ﬂux intensity and higher plasma density as
soon as the resonating condition was satisﬁed. Therefore, it is
5
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plasma image [15]. Therefore, it is reasonable that the diagnosed high ni region corresponded to the ring shape of the
plasma, as shown in ﬁgure 4. With the power increasing, the
ion and electron density increased and plasma diffused from
the high-density area to the axis line, which caused the centre
dark area of the ion source to be narrowed.

with the magnetic ﬁeld lines. The diagnosed electron
temperature and ion density distributions corresponded to
the actual plasma image. When the ion source state
changed from the lower to higher mode, the high ni and
plasma luminance region increased.
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To study the plasma characteristics within an ECR ion source
with a rectangular waveguide, a detailed diagnosis of the
distribution of the plasma parameters was completed. In the
experiment, a Langmuir probe with a ﬁlament perpendicular
to the diagnosing plane was used. The experiment results
were as follows.
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(1) The lower and higher modes of the ECR ion source were
identiﬁed. At the lower mode, the ion source operated at
lower power and efﬁciency and the electron temperature
and ion density were lower. At the higher mode, the
electron temperature and the ion density were higher.
(2) At an incident microwave power of 17.4 W, the
diagnosed electron temperature and ion density were
below 8 eV and 3×1017 m−3, respectively. While at
an incident microwave power of 30 W and 40 W, the
maximum electron temperature and the ion density were
above 11 eV and 6.8×1017 m−3, respectively.
(3) In the ion source, electrons received microwave energy
according to the ECR and the high hybrid wave resonance
procedure, which caused the high electron temperature
region separated into two parts: one around the ECR layer
and the other in lower magnetic ﬂux intensity region.
(4) Due to the conﬁning magnetic mirror and plasma transport
property, the high ni region positioned in the low magnetic
ﬁeld intensity area and showed a bow shape coinciding
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