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Influence of extraction voltage on electron and ion behavior
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The characteristics of the extracted ion current have a significant impact on the design and testing of ion source
performance. In this paper, a 2D in space and 3D in velocity space particle in cell (2D3V PIC) method is utilized to simulate
plasma motion and ion extraction characteristics under various initial plasma velocity distributions and extraction voltages
in a Cartesian coordinate system. The plasma density is of the order of 10!> m~3-10'® m~3 and the extraction voltage is
of the order of 100 V-1000 V. The study investigates the impact of various extraction voltages on the velocity and density
distributions of electrons and positive ions, and analyzes the influence of different initial plasma velocity distributions on
the extraction current. The simulation results reveal that the main reason for the variation of extraction current is the space-
charge force formed by the relative aggregation of positive and negative net charges. This lays the foundation for a deeper
understanding of extraction beam characteristics.

Keywords: extraction voltage, plasma, ion beam, ion current

PACS: 52.65.—y, 52.65.Rr, 29.25.—t, 29.25.Ni

1. Introduction

In many plasma applications, the plasma produced by a
discharge will pass through a diffusion region and then pos-
itive ions are extracted.!!:?] The ion extraction characteristics
in this process have attracted the attention of researchers. The
plasma density (of the order of 10" m™3-10'® m=3) and dis-
tribution, extraction voltage (of the order of 100 V to 100 kV)
and extracted ion beam intensity (of the order of 1 HA to
100 mA) and its distribution are important parameters of most
concern. Kosonen investigated the applicability of the Child—
Langmuir (CL) law to ion source extraction and indicated that
the CL law is not valid for the total beam current but instead
requires collimation for the emergence of the CL effect.’] Li
and Sun presented a two-dimensional (2D) hybrid model to
simulate the ion optics for positive ion extraction and demon-
strated that the thermal velocities of ions can affect the per-
veance condition of the ion beams.!*l Abadi and Mahjour-
Shafiei demonstrated the correlation between the emittance
of the He' beam extracted from a cold cathode Penning ion
source and the source voltage, anode length and cathode-to-
anode distance using 2D in space and 3D in velocity space
particle in cell (2D3V PIC) Monte Carlo simulations.® Ab-
delrahman discussed the principles of plasma generation and
ion extraction from various types of ion sources. He also pre-
sented the theory of ion focusing, along with some exam-
ples of electrostatic focusing systems.!®) Soliman et al. op-
timized the extraction and focusing system of the ion beam
without any losses by using the SIMION 3D code. Addition-

ally, they described the possible plasma boundary curvatures
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during ion extraction.!”! Dorf et al. investigated the relation-
ship between the extracted beam current and plasma density,
and suggested that beam formation in the plateau regime could
suppress noise and stabilize the extracted current.[®! Keller
observed the process of ion beam formation and the extrac-
tion system for high-current beams extracted from plasma ion
sources. He developed a general scaling model for extraction
systems that can be applied to a wide range of beam current
and energy values.!”! The space-charge-limited current!!?-!?!
and plasma sheath!13-16] related to ion extraction have also re-
ceived widespread attention. These studies mainly focused on
the changes in ion emission surface, the intensity and distribu-
tion characteristics of the extracted beam under acceleration
voltages of tens or even hundreds of kV, as well as the sheath
characteristics formed by the interaction between plasma and
the wall. There are few studies on the characteristics of the ex-
tracted ion beam at lower voltages; however, ion current mea-
surements of ion sources often use lower extraction voltages.
Therefore, it is necessary to study the plasma diffusion and
ion extraction characteristics under these lower-voltage condi-
tions.

In this paper, a 2D3V PIC code!!”-18] is utilized to es-
tablish a simulation model of plasma diffusion and ion beam
formation under different extraction voltages. The impact of
different extraction voltages on the motion behavior of elec-
trons and positive ions is analyzed. The similarities and differ-
ences in the velocity, density and current of charged particles
in the extraction ion beam under different initial plasma veloc-

ity distributions and extraction voltages are discussed, as well
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as the reasons for the differences.

2. Simulation model

Based on the 2D3V PIC method, a simulation model for
plasma diffusion and extraction is established. A schematic
diagram of the model is shown in Fig. 1. The model consists
of a plasma chamber (including grids) and an extraction elec-
trode, all made of metal. The plasma chamber and grid are
grounded, the extraction electrode is connected with a nega-
tive voltage, and the areas without electrodes on both sides are
set as the Neumann boundary condition. The calculated area
is 5 mm x 5 mm. The wall thickness, inner length and width
of the plasma chamber are 0.1 mm, 4.8 mm and 2.5 mm, re-
spectively. The grid has a length of 0.05 mm and a width of
0.1 mm. The distance between the plasma chamber and the
extraction electrode is 2.4 mm, and the plasma injection area
is 1 mm long.
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Fig. 1. Schematic diagram of the simulation model (not to scale).

As Ar is a relatively safe inert gas commonly used in
many experimental discharge cavities we used it in our sim-
ulations. The simulated particles are electrons and Ar™, and
the secondary electron effect resulting from particle bom-
bardment on the device wall is not taken into account. In
the plasma injection area, the flux of the electrons is set as
1 x 10*! m=2.s7! with a temperature of 5.0 eV and aver-
age velocity of 1 x 10° m-s~!, and the flux of Ar" is set as
1 x 10%° m~2.s7! with a temperature of 0.1 eV and average
velocity of 1 x 10* m-s~!. These parameters refer to the ex-
perimental results for our gas discharge ion source. It should
be noted that the initial velocities of all particles are in the
Y direction. Two types of initial plasma (electrons and ions)
velocity distributions are considered in the simulation. The
uniform distribution implies that all electrons and ions have

the same initial velocity of 1 x 10° m-s~' and 1 x 10* m-s~!

in the Y direction, respectively. The Maxwellian distribution
means that the velocities of the electrons and ions follow a lo-
cal Maxwellian distribution around the average velocities of
1 x10° m-s~! and 1 x 10* m-s~! in the Y direction, respec-
tively. The time step and space step are 10~ 2 s and 0.025 mm,
respectively.

After numerous rounds of simulation and comparison, we
found that the simulation results converge steadily at 3 ps, as
depicted in Fig. 2. Therefore, the results at 3 ps are discussed
in the following sections.
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Fig. 2. Ion density distribution at different times.

3. Simulation results for uniform distribution of
injected plasma velocity

Based on the simulation model in the previous section,
and setting a uniform distribution of injected plasma veloc-
ity, the extraction electrode is connected with voltages of
I1x107°V (close to 0V, because the code does not allow a di-
rect setting of 0 V), =10V, =50V, —100 V, —200 V, —500 V,
—1000 V and —5000 V. The density distributions of electrons
and Ar' under different extraction voltages at 3 us are ob-
tained by simulation, as shown in Figs. 3 and 4.

It can be seen from Fig. 3 that when the extraction voltage
is about 0 V, the electrons mainly move vertically toward the
extraction electrode. Due to the space-charge force, a small
number of electrons will be repelled and escape to both sides,
causing the electrons to fill the whole simulation area. As the
amplitude of the extraction voltage increases, the negative ex-
traction voltage suppresses the electrons outside the plasma
chamber, resulting in virtually no electrons escaping outside
the plasma chamber. As the amplitude of the extraction volt-
age increases, the electric field entering the plasma chamber
also increases, leading to a decrease in the number of escap-
ing electrons in the chamber. Furthermore, the distance that
the main electron beam can travel to the extraction electrode
also decreases with increase in the extraction voltage ampli-
tude. When the extraction voltage amplitude is 500 V, the
main electron beam starts to be confined in the plasma cham-
ber, and when the extraction voltage amplitude is increased to
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5000 V, the main electron beam can only travel halfway across
the width of the plasma chamber.

10"? m~3 10" m~?

—200 V —500 V —1000 V —5000 V
Fig. 3. Electron density distribution under different extraction voltages.
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Fig. 4. Ton density distribution under different extraction voltages.

As can be seen from Fig. 4, when the amplitude of the
extraction voltage is no greater than 200 V, the extraction
voltage has minimal impact on the Ar" ion beam within the
plasma chamber. However, outside the plasma chamber, the
Ar" ion beam diverges as the extraction voltage amplitude in-
creases. This divergence occurs because the extraction voltage
hinders electrons, causing them to travel a shorter distance to
the extraction electrode as the extraction voltage amplitude in-
creases. In other words, electrons separate from positive ions
at an earlier stage. When the Ar™" ion beam continues to move
forward after losing electrons, its own space-charge force will
cause the ion beam to continuously diverge. The earlier it
separates from electrons, the greater the degree of divergence.
Through the simulation results of potential distribution at the
grid (y = 2.6 mm) under the condition of an extraction volt-
age amplitude of 100 V=500 V, as shown in Fig. 5, it can be
observed that even if the extraction voltage amplitude reaches
500V, the potential that can penetrate into the plasma chamber
is only about 20 V and the electrons and positive ions are sep-
arated just near the grid, which in turn leaves the distribution
of the Ar™ ion beam in the plasma chamber unaffected due
to the small penetration electric field. However, the formation
of multiple concave distributions at the grid potential, despite

its small value, results in the creation of a focusing electric
field force between the grid and the extraction electrode. This
causes the region with a relatively low edge density of the ex-
tracted Ar* ion beam to shrink due to focusing of the electric
field force during movement. When the amplitude of the ex-
traction voltage is 1000 V or more, the electric field penetrates
the plasma chamber, causing the electrons and positive ions to
separate. As a result, the Ar" ion beam in the plasma cham-
ber starts to diverge, leading to it reaching the grid with not
just the y-direction velocity, especially at the edge of the beam
current. At this time, despite the presence of a focusing elec-
tric field force between the grid and the extraction electrode,
the Ar" ion beam will still diverge.

0_
—5-
2 —107
£ —151
j=}
L
£ —20-
— 100V
S0y — 200V
— 500 V
—30 T T T T T T g T T T T 1
1.0 1.5 20 25 30 35 4.0
z (mm)

Fig. 5. Potential distribution at the grid under different extraction voltages.

The distributions of Ar™ density and velocity (the scalar
of the total velocity) at the grid (y = 2.6 mm) under the con-
dition of an extraction voltage amplitude of 500 V=5000 V are
shown in Figs. 6 and 7. It can be seen that with the increase in
extraction voltage amplitude, the Ar™ density at the grid de-
creases and the velocity increases. The increase in Ar' veloc-
ity is due to enhancement of the electric field resulting from
the increase in extraction voltage amplitude, which acceler-
ates Ar™. The density of Ar™ decreases continuously, because
under these conditions electrons are continuously compressed
with increase in the extraction voltage in the plasma chamber,
resulting in positive and negative charges being relatively con-
centrated in the plasma movement path in the plasma chamber.
The net charge distribution (when the extraction voltage am-
plitude is 5000 V) is shown in Fig. 8. The positive charges are
concentrated in the plasma motion path in the middle of the
plasma chamber, and the negative charges are concentrated
below it. This leads to a change in the motion of Ar™ when
moving through the negative charge accumulation region due
to the similar ‘virtual anode’ created by the accumulation of
positive charges, resulting in the repulsion of Art by the lo-
cal electric field force. The local electric field distribution
(x =1 mm—-4 mm, y = —2 mm, when the voltage amplitude
is 5000 V) is shown in Fig. 9. It can be observed that many
newly implanted Ar™ ions will be repelled by the local electric
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field force in the direction opposite to their movement, leading
to a decrease in the density of Ar™ ions reaching the grid. Fur-
thermore, as the extraction voltage amplitude increases, the
compression of the electron distribution becomes more pro-
nounced, and the repulsion from the ‘virtual anode’ formed
by positive charge aggregation becomes more evident. When
the positive charge aggregates above the plasma implantation
area, and a large number of positive ions cannot be implanted,
it reaches equilibrium.
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0.6

0.4

Art density (106 m~3)

0.21

0 T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0
z (mm)

Fig. 6. Ion density distribution at the grid under different extraction voltages.
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Fig. 7. Ion velocity distribution at the grid under different extraction voltages.
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Fig. 8. Net charge distribution with an extraction voltage of —5000 V
(the unit for the color bar is Coulomb).

Since a two-dimensional simulation cannot directly ob-
tain the Ar" ion beam current only the current density distri-
bution can be calculated. Assuming that the simulation results
within 1 mm perpendicular to the simulation area are the same,
the Art ion beam current can be calculated for different ex-
traction voltages. As shown in Fig. 10, although the extraction
voltage can affect the density and velocity distribution of the
Ar" ion beam, increase in the Ar™" velocity counteracts the de-
crease in its density. The different extraction voltages have no
obvious effect on the extraction Art ion beam current.

Fig. 9. Electric field vector distribution in areas of x = 1 mm—4 mm and
y =0 mm-2 mm.
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Fig. 10. Ion current under different extraction voltages.

4. Simulation results for Maxwellian distribu-
tion of injected plasma velocity

Using the same simulation model, the injected electron
velocity is changed to a Maxwellian distribution. The elec-
tron and Ar" density distributions under different extraction
voltages at 3 us are shown in Figs. 11 and 12, respectively.

It can be seen from Fig. 11 that, unlike the previous
condition of uniform initial plasma velocity, when the initial
plasma velocity follows a Maxwellian distribution, electron
divergence occurs outside the plasma chamber in the range
of 0-5000 V. This might be caused by a space-charge force
formed by the uneven velocity inside the plasma. Furthermore,
there is no discernible disparity in the maximum distance that
electrons can travel under two distinct initial plasma velocity
distributions, despite varying extraction voltages.
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—200 V —500 V| ~1000 V —5000 V

Fig. 11. Electron density distribution under different extraction voltages.
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Fig. 12. Ion density distribution under different extraction voltages.

Comparing Figs. 12 and 4, it can be seen that the distribu-
tion characteristics of the Ar" ion beam are significantly dif-
ferent under two distinct initial plasma velocity distributions.
For a Maxwellian distribution of initial plasma velocity, Art
occupies most of the region in the plasma chamber when the
amplitude of the extraction voltage does not exceed 1000 V.
This is attributed to the divergence of electrons in the chamber
when the voltage amplitude is below 1000 V, causing Ar™ to
diverge under the influence of the space-charge force. When
the amplitude of the extraction voltage is increased to 5000 V,
the distribution of Ar™ in the plasma chamber decreases, but
it remains significantly larger than that for a uniformly dis-
tributed initial plasma velocity. The reduction in the Ar* dis-
tribution is caused by the accumulation of electrons under an
extraction voltage of —5000 V. Outside the plasma chamber,
as the amplitude of the extraction voltage increases, the distri-
bution of Ar™ continuously decreases.

Comparing the simulation results of potential distribution
at the grid (y = 2.6 mm) with a voltage amplitude of 100 V-
500 V under the two different initial plasma velocity distribu-
tions, as shown in Figs. 5 and 13, there is no obvious difference
in potential distribution between the two conditions except for
a slight difference in potential near the center (x = 2.5 mm).

The Ar" density and velocity (the scalar of the total ve-
locity) distribution at the grid (y = 2.6 mm) under extraction

voltage amplitudes of 500 V-5000 V are shown in Figs. 14
and 15. The Ar™ velocity increases with increase in the ex-
traction voltage amplitude under two different initial plasma
velocity distributions, and the maximum Ar™ velocity in the
two cases is about 28000 m-s~! for an extraction voltage am-
plitude of 5000 V. However, when the initial plasma veloc-
ity has a Maxwellian distribution, the Ar™ density distribution
changes little with the extraction voltage, which is completely
different from the decrease of Ar™ density with increase in
the extraction voltage amplitude when the initial plasma ve-
locity is uniform. The net charge distribution with an initial
Maxwellian plasma velocity distribution under an extraction
voltage of —5000 V is shown in Fig. 16. Many electrons have
X-direction velocity components due to the divergence of elec-
trons in the plasma chamber, which leads to many electrons
moving to both sides when the electric field penetrates the
plasma chamber and presses electrons, making the negative
charge-gathering region appear on both sides of the positive
charge-gathering region. The local electric field distribution
under an extraction voltage amplitude of 5000 V is shown in
Fig. 17. The electric field force formed by the relative aggre-
gation of positive and negative charges does not impede the
movement of Art ions. Therefore, the density of Ar™ enter-
ing the plasma chamber and being extracted will not decrease
significantly with increase in the amplitude of the extraction

voltage.
O_W——N\—_‘—v
T WA WY
> —104
=
£ —15-
=}
g
@] N
S —20
—251 — 100V
— 200V
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Fig. 13. Potential distribution at the grid under different extraction voltages.

Ar* density (10'® m/s)

1.0 15 20 25 30 35 40
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Fig. 14. Ion density distribution at the grid under different extraction
voltages.
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Fig. 15. Ion velocity distribution at the grid under different extraction
voltages.
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Fig. 16. Net charge distribution with an extraction voltage of —5000 V
(the unit for the color bar is Coulomb).

W

Fig. 17. Electric field vector distribution in the area x = 1 mm-4 mm and
y =0 mm-2 mm.

Finally, the Art ion beam current under different extrac-
tion voltages can be calculated using the method mentioned
in the previous section. As depicted in Fig. 18, the Ar" ion
beam current remains unaffected by changes in the extraction
voltage amplitude when the amplitude is 500 V or less. How-
ever, when the extraction voltage amplitude exceeds 1000 V,
the Art ion beam current increases with increase in the ex-
traction voltage amplitude. This is attributed to the increase in
extraction speed and the nearly constant Art density.

In reality, the initial velocity of particles produced by
an ion source cannot be completely evenly distributed, and
a Maxwellian distribution of initial particle velocity is more

consistent with the actual situation. In other words, for ac-
tual ion extraction, when the voltage meets specific conditions
the extraction current will increase as the voltage amplitude
increases.

0.0207

0.0154

0.0104

Ar* current (A)

0.0054

0 T T l al T il T T T T y |
1077107%10°10-*1072107210"! 10° 10' 10% 10® 10%
Voltage (V)

Fig. 18. Ion current under different extraction voltages.

5. Conclusions

In this paper, the 2D3V PIC code is utilized to simulate
the impact of varying voltages on the distribution of electrons,
positive ions and the ion beam current under different initial
plasma velocity distributions. When the initial plasma veloc-
ity is uniform, the density and velocity distribution of electrons
and positive ions will change with change in the extraction
voltage. However, the extraction current of ions is essentially
unaffected by the change in extraction voltage. When the ini-
tial plasma velocity has a Maxwellian distribution, the diffu-
sion of electrons and positive ions is more pronounced than
when the initial plasma velocity has a uniform distribution.
The ion extraction current increases as the extraction voltage
amplitude increases, but only when the amplitude of the ex-
traction voltage exceeds 1000 V. This is due to the Maxwellian
distribution of the initial plasma velocity, which results in the
formation of a space-charge force and electron divergence. As
a result, electrons and ions do not accumulate in the plasma
path, thereby preventing the obstruction of the movement of
positive ions. The density of positive ions does not decrease
significantly with increase in the extraction voltage amplitude.
However, the velocity of positive ions increases with increase
in extraction voltage amplitude, leading to an increase in ion
current. All these factors help us to better understand the cur-
rent characteristics of the extracted ions.
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