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Abstract

An electron cyclotron resonance ion thruster must emit an electron current equivalent to its ion
beam current to prevent the thruster system from being electrically charged. This operation is
deﬁned as neutralization. The factors which inﬂuence neutralization are categorized into the ion
beam current parameters, the neutralizer input parameters, and the neutralizer position. To
understand the mechanism of neutralization, an experiment and a calculation study on how these
factors inﬂuence thruster neutralization are presented. The experiment results show that the
minimum bias voltage of the neutralizer was −60 V at the ion beam current of 80 mA for the
argon propellant, and a critical gas ﬂow rate existed, below which the coupling voltage increased
sharply. Based on the experiment, the neutralization was analyzed by means of a onedimensional calculation model. The computation results show that the coupling voltage was
inﬂuenced by the beam divergence and the negative potential zone near the grids.
Keywords: ECR neutralizer, ion beam neutralization, coupling voltage
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1. Introduction

sheath and neutralized by the electrons from the wall. As
ﬁgure 1 shows, during these processes, the coupling voltage
should be adjustable to keep the ions, accelerated out from the
ion source, and the electrons, emitted from the neutralizer,
equivalent. But the neutralizer bias voltage U and the coupling voltage Uc should be low so that inside-wall surface
damage, caused by accelerated ions colliding through the
plasma sheath, and outside-wall surface damage, caused by
accelerated ions colliding through the coupling voltage, are
minimized. Therefore, the factors inﬂuencing the coupling
voltage and neutralizer bias voltage are very important, and
have been studied by various technical approaches. For the
widely used hollow-cathode neutralizers, an electron emitter
is heated to temperatures about one thousand kelvin [3, 4] so
that part of the thermionic electrons in the solid gain enough
energy to generate dense plasma [5], which can considerably
reduce the bias voltage and coupling voltage [6]. However,

Ion thrusters, which are composed of an ion source and a
neutralizer, utilize a sharply electrostatic potential gradient to
extract ion beams from their ion source to produce thrust.
Meanwhile, equivalent electron beams must be emitted from
the neutralizer to neutralize the ion beams and prevent the ion
thruster system from being electrically charged. The potential
of the neutralizer is usually lower than that of the ion beams
so that the electrons can be extracted. The potential difference
between the neutralizer and ion beams is deﬁned as the
coupling voltage, Uc [1]. The coupling voltage should be low
to relieve ion backﬂow, which will damage the neutralizer
body [2]. Electron emission into the ion beams is an important
procedure of thruster neutralization; in this process, when the
electrons are extracted from the neutralizer, the ions are
accelerated to the inside-wall surface through the plasma
1009-0630/17/105502+08$33.00
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Figure 1. Schematic diagram of the potential distribution.

thermionic electron emission causes challenges like high
working temperatures, gas purity requirements and a complex
electric circuit [3].
A promising solution to overcome the disadvantages is to
develop cathodeless neutralizers, like the inductively coupled
radiofrequency neutralizer [7], the resonant-cavity hollow
cathode [8] and the electron cyclotron resonance (ECR)
neutralizer [9–11]. The ECR neutralizer ionizes gas based on
ECR principles [12] and removes the thermal emitter. It has
been successfully applied in space [10]. However, the coupling voltage and the bias voltage of the ECR neutralizer are
usually higher than those of the hollow cathode when they are
operating at the same electron current level. Moreover, the
coupling voltages are sensitive to the ion beam and the neutralizer position relative to the ion source. Several types of
ECR neutralizers have been developed and investigated on
many aspects [13, 14]. However, knowledge of the performance of the ECR neutralizer is still insufﬁcient. Therefore, it
is important to investigate the factors that might affect neutralizer performance and to comprehensively understand
neutralization processes.
In this study, the performance of an ECR neutralizer is
studied based on a previously manufactured ECR ion thruster
[15–17]. The factors that might inﬂuence neutralization are
categorized into the ion beam parameters, the neutralizer
input parameters and the neutralizer position relative to the
ion source. By observing changes in the coupling voltage
when these parameters are adjusted, the effects of these
parameters on neutralization are summarized and analyzed.
Based on the experiment and further theorizing, a onedimensional calculation model is used to analyze the neutralization process. The results will increase understanding of
the ion beam neutralization process of the ECR ion thruster
and also offer some guidance on how to improve neutralizer
performance.

Figure 2. Schematic of the ECR ion source.

Figure 3. Schematic of the ECR neutralizer.

ﬂow rate below 0.3 mg s−1. Microwave radiation at 4.2 GHz
is transmitted using two similar transmission lines respectively connecting the microwave sources to the ion source and
the neutralizer. The neutral gas is fed into the ion source and
neutralizer through electrically insulated pipes. The potential
of the vacuum chamber wall is taken as the ground potential
for the system. A power supply biases the ion source to
positive voltages of about one thousand volts with respect to
the ground while another power supply biases the acceleration
grid to negative voltages of about a few hundred volts with
respect to the ground. The ECR neutralizer is also biased to
negative voltages with respect to the ground by a third power
supply. The neutralizer current is recorded by the neutralizer
power supply. When the ion beam current equals the electron
current, the ion beam is considered neutralized. A cylindrical
Langmuir probe 6 mm in length and 0.2 mm in diameter is
assembled on the ion source axis 15 mm downstream from the
grid to obtain the beam plasma potential.
The factors considered to inﬂuence the neutralization are
the ion beam parameters, including the screen grid voltage Us,

2. Experiment setup and procedure
The diagrams of the ion source and the neutralizer are shown
in ﬁgures 2 and 3. The experimental system is shown in
ﬁgure 4. The neutralizer position with respect to the ion
source is shown in ﬁgure 5. The experiments are conducted in
a vacuum chamber 1.2 m in diameter and 3 m in length in
which the pressure is below 5 × 10−3 Pa for an argon mass
2
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ﬂuctuation of U is less than 3 V. The average value of the
recorded data is taken as the value of U on that working
condition. The statistical error for the voltage U is less than
3 V. Due to the limitations of the experimental system, most
of the working parameters are tested only once. At the same
time, the I–V characteristic of the beam plasma is recorded to
deduce the plasma potential j. Then the ion beam parameters
and the neutralizer input parameters are adjusted in sequence
to acquire other U and j values. When data at one position
are obtained, the vacuum tank is opened to adjust the neutralizer to a new position and acquire additional data.

3. Experimental results
3.1. The beam plasma potential under various parameters

The beam plasma potential shown in ﬁgure 6 is deduced from
the Langmuir probe characteristics [18]. The beam plasma
potential is 20–30 V and changes little unless the neutralizer
gas mass ﬂow rate q decreases and the measured electron
temperature is about 5 eV. With a low mass ﬂow rate, j
substantially increases and the ECR neutralizer bias voltage U
increases even more substantially. The changes in bias voltage U reﬂect the variations of the coupling voltage and are
analyzed in the following.

Figure 4. Schematic of the ion beam neutralization experiment.

3.2. The influence of the beam parameters on the neutralizer
bias voltage

Figure 7 shows the effects of the screen grid voltage Us, the
acceleration grid voltage Ua and the ion beam current Ib on
the ECR neutralizer bias voltage U. U similarly responds to
Us and Ua at the same test position. However, at neutralizer
positions close to the ion beam, U ﬁrst grows and then drops
with increasing Us and Ua whereas at neutralizer positions far
from the ion beam, U decreases ﬁrst and then increases with
increasing Us and Ua. Besides, Ua affects U more signiﬁcantly
than Us. The bias voltage U increases monotonically with
increasing ion beam current Ib at most positions.

Figure 5. ECR neutralizer positions in the experiments.

acceleration grid voltages Ua and ion beam current Ib; the
neutralizer input microwave power Pn and mass ﬂow rate q;
and the neutralizer’s position relative to the ion source. Each
factor is veriﬁed according to the following procedure: The
neutralizer is assembled ﬁrst at a ﬁxed position and the ion
source is turned on to beam the ion current at a certain screen
grid voltage and acceleration grid voltage. The intensity of the
ion beam current is adjusted through changing the ion source
gas ﬂow rate and input microwave power. When the ion beam
current is stable, the neutralizer is switched on at the preset
gas ﬂow rate and input microwave power. Then, the negatively biased neutralizer voltage is adjusted to the voltage U to
ensure that the neutralizer current is equal to the ion beam
current. When the neutralizer current is also stable, U is
recorded repeatedly for about one minute during which the

3.3. The influence of the neutralizer parameters on the
neutralizer bias voltage

As shown in ﬁgure 8, within the selected microwave power
range, the ECR neutralizer bias voltage U decreases rapidly
with increasing input microwave power Pn. The gas mass
ﬂow rate q affects U in a different way. The curves indicate a
critical value of q, below which U remains high and stable as
q continuously decreases. Changes in the axial and radial
neutralizer positions alter the critical values. Decreasing the
radial distance to the ion beam decreases U while U is
minimized at the axial position of 50 mm from the grids
among the three axial positions. The neutralizer angle hardly
inﬂuences the critical value of q though the corresponding
critical values are relatively high.
3
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Figure 6. Beam plasma potential at different positions represented against (a) the screen grid voltage; (b) the acceleration grid voltage; (c) the
ion beam current; (d) the microwave power into the ECR neutralizer; and (e) the gas ﬂow rate into the ECR neutralizer.

Figure 7. The ECR neutralizer bias voltage at different positions represented against (a) the screen grid voltage; (b) the acceleration grid

voltage; and (c) the beam current.

current of 80 mA but at higher ion current, U peaks at 45
degrees among the three test angles.

3.4. The influence of the neutralizer position on the neutralizer
bias voltage

As shown in ﬁgure 9, increasing the radial distance r to the
ion beam causes a rapid increase of U. Moreover, the increase
of the bias voltage U with r is smaller for higher ion beam
current. With an 80 mA ion current, U is minimized at the
position 50 mm from the grids among the three axial positions
while with a 90 mA or 100 mA ion current, U increases
monotonically with increasing radial distance to the beam. U
decreases as the neutralizer angle increases at an ion beam

4. Discussion
4.1. Analysis of the ECR ion thruster neutralization

The neutralization process can be analyzed in ﬁgure 10. When
the ions are accelerated to high speed in one direction, a
conical plume boundary will form and its shape will shift with
4
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Figure 8. The ECR neutralizer voltage bias at different positions represented against (a) the neutralizer microwave power and (b) the

neutralizer gas ﬂow rate.

the variation of the beam parameters [3, 19, 20]; a plasma
bridge [21, 22] will also be developed to connect the neutralizer plasma and the ion beam. To build such a plasma
bridge, enough ions should be produced along the bridge
[22]. The electrons accelerated by the electric ﬁeld between
the neutralizer and the beam will ionize the neutral atoms
from the neutralizer to produce ions. However, a double
sheath [23, 24] or multi-step double sheath [25] may exist in
the plasma bridge. The double sheath refers to the space
charge layer between two plasmas. The conditions in which
such a sheath can form can be satisﬁed by the neutralizer
plasma, the beam plasma and the space between them [23].
Once the double layer emerges, the electron sheath portion
may hinder the low-energy electron transport in the plasma
bridge. But the electron obstruction may be reduced through
increasing the voltage between the neutralizer and the
ion beam.
From the experiment, it can be concluded that the electric
ﬁeld intensity and the outer neutral atom density between the
neutralizer and the ion beam are critical factors in the neutralization process. The electric ﬁeld is thoroughly produced
by the potential difference between the ion beam and the
neutralizer. The neutral gas near the extraction aperture of the
neutralizer mainly comes from the ECR neutralizer. So the
neutral atom density is mainly controlled by the input gas
mass ﬂow rate of the ECR neutralizer. Generally, a higher gas
mass ﬂow rate results in higher neutral atom densities near the
aperture. So increasing the radial distance from the neutralizer
to the ion beam decreases the electric ﬁeld intensity. Reducing
the input gas ﬂow rate to the neutralizer decreases the neutral
gas density between the ion beam and neutralizer. The input
microwave power affects the electric charge production inside
the neutralizer. With decreasing microwave power, the
plasma density reduces as well as the extracted electron beam
current [25]. All these changes inhibit plasma bridge formation so that a higher voltage between the neutralizer and the
ion beam is required to compensate for the modiﬁcation of

these experimental conditions. As a result, the neutralizer is
more negatively biased to sustain the same electron current
level. For constant ion beam current, varied grid voltages
change the ion beam divergence, shift the ion beam boundary
and change the distance from the neutralizer to the ion beam,
resulting in changes in U. The ion beam current affects U in
two ways: higher ion beam current requires higher electron
current, thus increasing U, whereas higher ion current also
increases the ion beam divergence, thus decreasing U.
4.2. One-dimensional neutralization model

As described in section 3.2, the neutralizer bias voltage U
responds to the screen voltage Us and the acceleration grid
voltage Ua differently at different positions and Ua affects U
more signiﬁcantly than Us does. The analysis in section 4.1
could not explain the experiment phenomenon of how the
radial distance r affects U, which needs a one-dimensional
model along the axial direction as ﬁgure 11 shows for
explanation.
Assuming all the beam plasma parameters in the radial
direction are uniform, the sheath voltage between the ion
source plasma and the chamber wall is neglected, the ions are
assumed singly charged, the electron energy is in Maxwell–
Boltzmann distribution, and the model equations are
d2j
e
= - (n i - n e )
2
e0
dx
Ib = en i vA
⎛j ⎞
n e = n¥ exp ⎜ ⎟
⎝ Te ⎠

(2 )

1 2
mv + ej = eUs
2

(4)

(1 )

(3 )

where ni/e is the ion/electron density; e is the fundamental
charge; ε0 is the permittivity of the vacuum; j is the potential
of the beam plasma; Ib is the ion beam current; v is the ion
velocity; A is the beam plasma cross-section area; Te is the
5
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Figure 9. Neutralizer bias voltage represented against (a) the axial distance to the grid; (b) the radial distance to the beam; and (c) the

neutralizer angle.

The right-hand side of equation (5) implies that dj/dx is
determined by the difference between ni and ne. This equation
can be physically interpreted as follows: in the downstream
region near the grids, ions increase the potential, and electrons
slow down the potential rising rate. Inserting in equation (5)
the previous equations (1)–(4), we derive the following
equation used for numerical calculation of the plasma
potential proﬁle:
⎛ I ⎞ 2 ⎛ 2e ⎞- 14
dj
=⎜ b ⎟ ⎜ ⎟
⎝ Ae0 ⎠ ⎝ m ⎠
dx
1

´ 4 Us - j - 4 Us +

Figure 11. Scheme of the one-dimensional neutralization model.

electron temperature in electron volts, usually between 1 eV
and 10 eV in this case [22]; and n∞ is the electron density at
inﬁnite distance. The ion velocity can be calculated from
equation (4). At a distance far enough from the grids, the ion
beam is considered adequately neutralized so that ni equals
n∞, and the potential is taken as zero for reference. Therefore,
the boundary conditions are j = 0, dj/dx = 0 at x = ∞, and
j = −Ua, at x = 0. The following equation (5) is derived:
j¥

òj

x

1
(n i - n e ) d j.
e0

(6)

The beam plasma potential in ﬁgure 12 is obtained by
numerical integration using the Runge–Kutta scheme. Based
on the different parameters in the experiment, ﬁgure 12(a)
shows the calculated potential assuming Te = 5 eV.
Figure 12(b) shows the calculated potential under different
electron temperatures corresponding to the neutralizer input
microwave power and the gas mass ﬂow rate employed in the
experiments [26]. The results imply that a negative potential
zone extends downstream 4 to 10 millimeters from the
acceleration grid in the axial direction. In this negative
potential zone, variations in the electron temperature and the
beam parameters, especially in the acceleration grid voltage,
cause obvious beam potential changes. However, out of this
zone, the beam parameters and the electron temperature
hardly affect the beam potential. In the experimental situation,
the negative potential zone is possibly wider than the calculation results because the charge density proﬁle deviates
from the model assumption. The beam divergence increases
the beam cross section A and decreases ni in equation (5). The
electrons come from the adjacent neutralizer rather than the
background plasma, and the electron energy distribution
function may deviate from the Boltzmann–Maxwell distribution because of the high-energy electron portion in the
ECR plasma [12]. These factors will increase ne near the grids
and make the negative potential zone wider.
Now, combining the neutralization analysis in the radial
direction and the axial beam potential calculation, an

Figure 10. Schematic of the neutralization process, where Uc is the
coupling voltage.

1 ⎛⎜ dj ⎟⎞2
=
2 ⎝ dx ⎠

⎞
⎛j ⎞
2Te ⎛
⎜exp ⎜ ⎟ - 1⎟ .
⎝ Te ⎠
Us ⎝
⎠

(5 )
6
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Figure 12. Calculations of the beam potential along the axis of symmetry using the one-dimensional neutralization model: (a) beam

parameters; (b) different electron temperatures.

explanation for the phenomenon in which the neutralizer bias
voltage responds differently to the screen grid voltage Us and
the acceleration voltage Ua at different neutralizer positions is
as follows. From the analysis in the radial direction, it is
concluded that variations in the ion beam divergence angle
change the radial beam–neutralizer distance and affect the
neutralizer bias voltage. Changes in the beam–neutralizer
radial distance Δr are determined by
Dr = aDq

non-monotonic and varies at different neutralizer positions.
According to the one-dimensional model, a negative potential
zone exists downstream from the grids and increases to zero
in a short distance. The ions in the beam increase the potential
whereas the electrons slow down the potential rising rate. The
acceleration grid potential and the electron temperature affect
the range of the negative potential zone in the axial direction
signiﬁcantly. To decrease the absolute value of the neutralizer
bias voltage, the neutralizer should be placed beyond this
region and as close as possible to the ion beam in the radial
direction.

(7 )

where a is the axial distance between the neutralizer and the
grids, and Δθ is the variation of the beam divergence angle.
When the ECR neutralizer is near the grids, it is in the
negative potential zone and changes in the beam divergence
angle result in little changes in the radial beam–neutralizer
distance for a is small. So in the negative potential zone, the
neutralizer bias voltage U is mainly affected by the beam
potential, which is affected by the grid voltages Us and Ua.
When the neutralizer is distant from the grids, it is out of the
negative potential zone and changes in the beam divergence
angle affect the beam–neutralizer radial distance signiﬁcantly.
In these positions, the neutralizer bias voltage U is mainly
affected by the beam–neutralizer radial distance. Changes in
the grid voltages Us and Ua that decrease the beam potential
in the negative potential zone possibly increase the beam
divergence and decrease the radial beam–neutralizer distance.
As a result, Us and Ua affect U differently at different neutralizer positions.
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