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Phenomenological behavior of ion beam acceleration through the grid system in 50W class RF ion thruster has been investigated
using PIC simulation and evaluated by experimental test using Faraday probe. Beam trajectory for various grid voltages reveals
that the metal engine cover of the ion thruster which is needed to seal RF coil around the discharge chamber affects the beam
divergence angle. Simulation result shows that the divergence angle increases by 10.52% mainly because of the larger radial
electric field in the presence of the metal engine cover. The divergence angle increases as the accelerator grid voltage increases.
The current density distribution measured by the Faraday probe shows a bigger divergence angle with the engine cover
installed. For the test cases with mass flow rates from 3 sccm to 4 sccm at the RF power of about 50W, the current density
distribution exhibits the 2nd peak at the radial position about 4 cm from the centerline.

1. Introduction

Electric propulsion is widely used in satellite propulsion
system owing to the successive development of Hall
thrusters and ion thrusters. In 1884, Hittorf first intro-
duced the radio frequency ion thruster (RIT) in which
the ions are produced by an electromagnetic field [1–4].
It has several advantages such as higher efficiency and
higher exhaust speed, and hence, higher specific impulse
compared to the other similar class microscale plasma
thrusters [5–7]. In the design and development of ion
thruster, the grid system must be designed and optimized
for individual thrusters in that the divergence angle and
morphology of the ion beam are important as it directly
affects the specific impulse and thrust. It is reported in
the previous experimental and theoretical research that
the divergent characteristics of the ion beams produced
by single and multiaperture accelerator systems are
affected by geometric parameters of the grid and operating
conditions [8–12]. However, these studies have not ana-
lyzed the influence of the metal cover enclosing the engine
on the divergence angle of the ion beam. The engine cover
is installed to minimize any unnecessary spark from the
grids and to protect the RF coil surrounding the engine.

The induced magnetic field in RF ion thruster is very
small and hence Lorentz force mostly depends on the elec-
tric field that plays a role in the movement of the particles
when passing through the grid aperture. Potential distribu-
tion through the grid system affects the ion perveance and
plume shape. To evaluate this effect, we adopt PIC simula-
tion [13, 14] which is widely used to understand the
behavior of the ion beam passing through the grid system
of an RF ion thruster for the purpose of determining the
divergence angle of the ion beam. The model solves elec-
tric field and ions dynamics in the overall domain which
is 2D-axisymmetric and includes grids. In order to con-
firm the simulation result, the ion current density in the
radial direction was measured by the Faraday probe
system.

2. Working Principle of a Radio Frequency (RF)
Ion Thruster

Schematic drawing of the gridded radio frequency (RF) ion
thruster used in this study is shown in Figure 1. The ions
are produced in a conical-shaped discharge chamber by the
oscillating electric field which is excited by 13.56MHz RF
power and heats the electrons to ionize the propellant gas
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(Xe) [15]. The produced ions are accelerated by the electric
field across a two-grid system (screen grid and accelerator
grid). Acceleration of the produced ions through the grid
system strongly depends on the potential distribution where
Child-Langmuir sheath forms near the grid holes and affects
the concentration and parallelism of an ion beam. The cur-
rent density of the ion beam (JB) through the sheath can
be calculated by

JB=
πε0
9

2ⅇ
mi

� �1/2 ds
le

� �2
V3/2

T , ð1Þ

where VT is total accelerating voltage between the grids, ⅆs is
hole diameter the screen grid, le is effective acceleration
length, ε0 is free space permittivity, and mi is ion mass
[12]. Then, the ion perveance per hole becomes
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from which the optimal grid geometries and voltages are
chosen to achieve the best perveance. However, this per-
veance does not account for the beam divergence outside
the grid system where the charge distribution can be modi-
fied by the electric field formed outside the accelerator grid.

3. PIC Simulation of the Ion Beam

The acceleration process of the ions and the divergence phe-
nomenon of the ion beam through the grid system were
investigated by PIC simulation featured in OverViz plasma
simulation suite [16]. Numerical simulation helps to visual-
ize the ion beam trajectory and provides the ion density dis-
tribution from which the divergence angle of the ion beam

can be determined [17, 18]. Figure 2 shows two different
computational domains with corresponding boundary con-
ditions. Figure 2(a) consists of only two grids, while
Figure 2(b) includes the engine cover placed to investigate
the effect of the engine cover on the divergence of the ion
beam. The self-consistent electrostatic potential is solved
using Poisson’s equation for charged species.
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Voltage at the screen grid is set constant at 1500V, and
the accelerator grid voltages are varied from -350V to
-250V to investigate the effect of total acceleration voltage
on the beam divergence. The metal engine cover is
grounded. Singly ionized xenon is launched at uniform den-
sity over the gray area marked on Figure 2 and is accelerated
through the grid system. Ion motions under the calculated
electric field are solved using PIC method in which the ion
kinetics are calculated by Newton’s law [19]. The divergence
angle is calculated by [12].

θ = tan−1 Ra − RBð Þ
L

� �
, ð4Þ

where L is the distance from the accelerator grid to the right
exit plane, RB is the radius of the ion beam at the accelerator
grid, and Ra is the radial extent of ion density distribution at
the right exit plane where the propellant gas leaves the com-
putational domain as shown in Figure 2. Grid parameters
used in the simulation is listed in Table 1.
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Figure 1: Schematic drawing of the RF ion thruster.
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4. Results and Discussion

4.1. Radial Electric Field and Divergence Angle. Figure 3
shows the velocity distribution of Xe+ ions obtained from
PIC simulation which explains the envelop of the ion beam
trajectories. The upper image corresponds to the case with-
out the metal engine cover, and the lower image corresponds
to the case when the engine cover is installed. It can be seen
in the figure that the grid geometries are well designed such
that the ion beam exhibits very directional trajectories with-
out hitting the accelerator grid which infers a good ion per-
veance. The maximum ion velocity reaches up to 6 × 104m/s
as it passes through the accelerator grid. The divergence
angle can be calculated by measuring the beam width at
the exit plane. Yellow bars placed on the right exit plane
which have the same height indicate that the divergence
angle is bigger when the engine cover is installed.

Divergent motion of the ions outside the grid system is
linearly dependent on the radial electric field. Figure 4 shows
the electric field distributions in radial direction at z = 0:5
mm away from the outer surface of the accelerator grid. It
can be seen that the radial electric field is stronger when
the engine cover is installed. Larger radial electric field
enhances the ion motion in the radial direction away from

the centerline, which results in more diverged ion trajectory
as shown in Figure 3(b). The increment in the radial electric
field strength ranges from 15% at the centerline to 19% at
r = 0:7mm away from the centerline.

The accelerator grid voltage modifies not only the veloc-
ity of ions emitted through the grid system but also modifies
the radial electric field. Figure 5 shows the divergence angle
of the ion beam for various accelerator grid voltages. As the
negative potential on the accelerator grid increases, the total
voltage drop across the grid system increases. However, the
beam current increases simultaneously, and hence, the per-
veance increases. When the perveance value is less than the
optimal value, the beam divergence angle is inversely pro-
portional to the perveance [12]. As shown in Figure 5, the
divergence angle increases as the accelerator grid voltage
increases due to a reduced beam current. However, the effect
of the engine cover becomes weaker due to a weaker radial
electric field. It is interesting to notice from the computa-
tional result that the divergence angle slightly drops at
-325V when the engine cover is installed, which is not
observed when the engine cover is removed.

4.2. Ion Beam Distribution from Faraday Probe. The effect of
the engine cover is experimentally investigated by Faraday
probe measurement. Figure 6 shows the schematic drawing
of the Faraday probe measurement system. The ion engine
developed in our laboratory is 50W class RF ion thruster
with beam diameter on the accelerator grid is 45mm. Sur-
face area of the collector of Faraday probe from which the
beam current is measured is 10mm. The ion engine is placed
at a specific location from the probe and the probe translates
in r-direction as shown in the figure. Distribution of the ion
beam current informs about the divergence angle [20]. Beam
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Figure 2: Computational domains with (b) and without (a) metal engine cover.

Table 1: Grid parameters used in the simulation.

Parameter Value

Screen grid diameter (mm) 2

Accelerator grid diameter (mm) 1.4

Screen grid thickness (mm) 0.5

Accelerator grid thickness (mm) 0.5

Distance between two grid holes (mm) 1
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current density (JB) is calculated by

JB =〠
k

eΓkZk =
IEP

AC + kG
kSEE , ð5Þ

where IEP is measured beam current, Ac is the area of the
collector surface of the probe, kG is a correction for the col-
lector area, and kSEE is a correction factor accounting for the
secondary emission on the collector [21]. kG and kSEE are
calculated by

kG = π R2
GR − R2

C

� 	 2πRChC
2πRChC + 2πRGRhGR

� �
, ð6Þ

and

kSEE =
1

1 + Σk Ωkγk/Zkð Þ , ð7Þ

where RC is the radius of the collector, hC is the height of the
collector, RGR is the radius of the guard ring, hGR is the
height of the guard ring, and Ωk, Zk, γk are ion current frac-
tion, charge number, and secondary emission yield, respec-
tively. The maximum uncertainty level of the current
measurement system which was obtained at 5 sccm and
55W is about 0.5mA/cm2 for a 95% confidence interval cal-
culated by assuming that the statistical error follows the stu-
dent’s T distribution used when the number of samples is
not large [22].

Figure 7 shows the distribution of the current density of
the ion beam measured at z = 15 cm away from the acceler-
ator grid surface. The RF input power is 50W, and the mass
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Figure 3: Velocity distribution of Xe+ with (lower) and without (upper) the engine cover.

0.0 0.2 0.4 0.6
Radial position (mm)

0.8

0.0

0.2

0.4

0.6

0.8

1.0

Ra
di

al
 el

ec
tr

ic
 fi

el
d 

(k
V

/c
m

)

1.2

1.4

1.6

1.8

Without a cover
With a cover
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Figure 5: Divergence angle for various accelerator grid voltages.

4 International Journal of Aerospace Engineering



flow rate is 3 sccm. The dot symbol corresponds to the case
with the engine cover, and the hollow circular symbol corre-
sponds to the case without the engine cover. It can be seen
that the current density in both cases drops monotonically
in the radial direction. Considering the uncertainty level, it
is marginal to state that the divergence angle of the ion beam
is larger when the engine cover is installed which is consis-
tent with the PIC simulation result.

Figure 8 shows the current density distribution of the ion
beam for various RF powers when the engine cover is
installed. Mass flow rate is set constant at 4 sccm, and the
probe is placed at 10 cm away from the accelerator grid sur-
face. As expected, the beam current density is highest along
the centerline and drops as the Faraday probe moves in the
radial direction. As RF power increases, the beam current
density increases across the entire radial positions. However,

it is observed that the current density increases again as the
probe moves from 3 cm to 4 cm for each input power.
Figure 9 shows the current density distribution of the ion
beam for different mass flow rates. The RF input power is
50W, and the probe is placed at 10 cm away from the accel-
erator grid surface. As the mass flow rate increase, the beam
current density increases across the entire radial positions.
However, it is also observed that the current density rises
again at 4 cm as observed in Figure 8. It is conjectured that
the electric field which is mainly responsible for the particle
motion under very weak induced magnetic field does not
change monotonically in the radial direction. Another rea-
son can be a nonuniform density distribution inside the dis-
charge chamber due to a conical shape of the ion thruster.
As the flow rate decreases, the 2nd peak becomes relatively
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Figure 6: Schematic drawing of Faraday probe measurement system.
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Figure 7: Distribution of current density in the radial position
when the engine cover is in use (dot symbol) and when the
engine cover is removed (hollow circular symbol).
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weak. Full characterization of a RF ion thruster requires a
thrust measurement which is currently unavailable.

5. Conclusions

PIC simulation result has shown that the radial electric field
is increased by up to 19% when the metal engine cover is
installed. This explains an increase in the divergence angle
of the ion beam by 10.52% due to the engine cover. The
divergence angle which is inversely proportional to the ion
perveance increases as the accelerator grid voltage increases
because of the lower beam current resulting in the lower
ion perveance. Faraday probe measurement shows similar
behavior where the current density drops off earlier in the
radial direction when the engine cover is installed. Beam
current density increases as the input RF power increases
and the mass flow rate increases. However, it is observed that
there exists the second peak in the current density at r = 4
cm which is repeatedly observed in the tested operating con-
ditions for 50W class RF ion thruster.

Data Availability

The data of the results of this study is related to the develop-
ment of 50W class RF ion thruster. Upon request, a part of
the data can be obtained from the corresponding author.
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