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The spatial distributions of different kinds of ions are usually not completely the same in the process of extracting.
In order to study the reason for the different characteristics of ion extraction, a simplified simulation model of Cu+ and
Cr+ ions extraction process was established by 2D3V (two-dimensional in space and three-dimensional in velocity space)
particle-in-cell (PIC) method. The effects of different extraction voltages from 0 V to 500 V on the density distribution of
Cu+ and Cr+ ions and the change of plasma emission surface were analyzed. On the basis of this model, the ion density
distribution characteristics of Cu+ ions mixed with Li+, Mg+, K+, Fe+, Y+, Ag+, Xe+, Au+, and Pb+ ions respectively
under 200-V extraction voltage are further simulated, and it is revealed that the atomic mass of the ions is the key reason for
different ion density distributions when different kinds of ions are mixed and extracted, which provides support for further
understanding of ion extraction characteristics.
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1. Introduction
Ions produced by the ion sources can be extracted and

transported under the action of electric field, and have wide
applications.[1–3] Therefore, many researchers are concerned
about the characteristics of extracted ions.[4,5] Li presented
a two-dimensional (2D) model to simulate the ion optics for
ion extraction, and pointed out that the thermal velocities of
ions could affect the perveance condition of the ion beams.[6]

Abdelrahman investigated ion beam dynamics and compared
the emittance to aberration ratios of two- and three-electrode
extraction systems.[7] Xu simulated plasma motion and ion
extraction characteristics under different conditions, and ob-
tained that the space charge force formed by the relative ag-
gregation of positive and negative net charges is the main rea-
son for the variation of extraction current.[8] Shmelev simu-
lated the plasma jet formation in vacuum arc by using a hy-
brid model, and found that the light ions could expand faster
than the heavy ions.[9] Keller viewed the ion beam formation
process and extraction system of high current beams extracted
from ion sources, and derived a general scaling model of ex-
traction systems for a wide range of beam current and en-
ergy values.[10] Chen employed a PIC code to simulate the
parallel-plate ion extraction process under an externally ap-
plied electrostatic field, and showed that initial electron tem-
perature could affect the ion extraction time and the ion flux to
the positive plate.[11] In addition, the plasma-sheath,[12–15] and
the space charge limited current[16–18] related to ion extraction
have also been widely concerned. However, these studies fo-
cus more on the main factors affecting the intensity and dis-
tribution of ion current, the design of ion extraction structure,
the characteristics of ion emission surface, and so on. There

are few studies on the interaction between different kinds of
ions during the extraction of mixed ions.

In this paper, the density distribution of electrons, Cu+

ions, and Cr + ions in the extraction process and the influ-
ence of extraction voltage on the distribution of these particles
and the plasma emission surface are analyzed by establishing
a simplified 2D simulation model of low-voltage extraction of
Cu+ ions mixed with Cr + ions. Furthermore, the density dis-
tribution of different particles when Cu+ ions are mixed with
other kinds of ions is simulated, and the main reasons affecting
the ion density distribution are analyzed, which provides the-
oretical support for further deepening the ion extraction char-
acteristics.

2. Simulation model
Based on 2D3V (two-dimensional in space and three-

dimensional in velocity space) PIC method,[19] a simulation
model of plasma diffusion and extraction is established. The
PIC code we used has been compared and verified with ex-
perimental results of related plasma characteristics for many
times,[20,21] and is often used in the simulation study of
plasma characteristics.[22–24] The schematic diagram is shown
in Fig. 1. The model consists of a plasma chamber, grids, and
an extraction electrode. They are made of metal. The calcu-
lated area is 5 mm×5 mm. The wall thickness, inner length,
and width of the plasma chamber are 0.1 mm, 4.8 mm, and
2.5 mm, the grid length and width are 0.05 mm and 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. The extraction electrode is connected with negative volt-
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age, the plasma chamber and grid are grounded, and the area
without electrodes on both sides is set as Neumann boundary
condition.

eCu+ Cr+

2.4 mm

x

y

0

0.1 mm

2.5 mm

0.05 mm

1 mm

Voltage

Extraction electrode

Neumann boundary
Neumann boundary

Grid

Plasma chamber

Plasma injection

Fig. 1. Schematic diagram of simulation area.

The simulated particles are electrons, Cu+, and Cr+. As
the density and temperature of the plasma are relatively low,
the influence of the interaction between the particles and the
wall on the plasma motion can be neglected. Therefore, the
secondary electron effect produced by particle bombardment
on the wall of the device is not considered. All the particles
bombarded on the surface of the metallic device wall are ab-
sorbed, and the surface charge accumulation effect is not con-
sidered. In addition, the PIC method tracks the motion of elec-
trons and ions, and calculates the Coulomb collisions among
these charged particles, but ignores the elastic collisions and
the possible chemical reactions. In the plasma injection area
the flux of the electrons is set as 2×1021 m−2·s−1 with temper-
ature of 5.0 eV and velocity of 1×105 m·s−1, and the flux of
Cu+ is set as 1×1020 m−2·s−1 with temperature of 0.1 eV and
velocity of 1×104 m·s−1. In order to reach the plasma condi-
tion, the parameters of Cr+ is set the same as those of Cu+.
In addition, the time step of the simulation is 10−12 s, and the
space step is 0.025 mm.

e

Cu+

 Cr+

0.1 ms 0.5 ms 1.0 ms 2.0 ms 3.0 ms

1012 m-3 1016 m-3

Fig. 2. Density distributions at different time.

Through many times of simulation calculations and com-
parisons, we obtained that the simulation results converges sta-
bly at 3 µs, as shown in Fig. 2. Therefore, the results at 3 µs
are discussed in subsequent sections.

3. Simulation results
Based on the simulation model in the previous section,

the extraction electrode is connected with 1×10−6 V (close to
0 V, because in the code the voltage cannot directly be set as
0 V), −50 V, −100 V, −200 V, −300 V, and −500 V. The
density distribution of electrons, Cu+, and Cr+ under different
extraction voltage conditions at 3 µs are obtained, as shown in
Fig. 3. Due to the existence of the extraction voltage, the elec-
tron density distribution is obviously different from the pos-
itive ion density distribution, but the density distributions of
Cr+ ions and Cu+ ions are relatively similar. With the in-
crease of the amplitude of the extraction voltage, the suppres-
sion of electrons becomes stronger. When the amplitude of the
extraction voltage increases to 300 V, most electrons are sup-
pressed in the plasma chamber. This means that the position
of separation between electrons and positive ions is closer to
the plasma chamber with the increase of the amplitude of the
extraction voltage. When the amplitude of the extraction volt-
age increases to 300 V, the separation between electrons and
positive ions begins near the grids. This leads to the farthest
distance between the separated positive ions and the extraction
electrode, and the separated positive ions will diffuse contin-
uously under the action of the space charge force, results in
the largest divergence of ion beam. When the amplitude of the
extraction voltage increases to 500 V, the extraction electric
field begins to extend into the plasma chamber, which leads
to the formation of a focusing electric field force between the
grid and the extraction electrode, thus the ion beam is con-
fined and the divergence angle of the ion beam decreases in-
stead. However, the density distributions of Cr+ ions, Cu+

ions, and electrons are almost the same in the plasma chamber
when the amplitude of the extraction voltage varies from 0 V
to 500 V, which is due to the fact that the extraction electric
field is almost shielded by the plasma chamber, so that there
is no external electric field in the plasma chamber to affect the
motion behaviors of electrons and positive ions, and positive
ions and electrons are attracted to each other only by the space
charge force formed by plasma, thus moving together.

The change of separation position between electrons and
positive ions caused by different extraction voltage ampli-
tudes also makes the potential distribution change, as shown
in Fig. 4. It can be found that when the extraction voltage
is basically 0 V, the potential of the whole simulation area is
less than 1 V. When the negative extraction voltage appears,
the positive ions separated from electrons diffuse outward due
to their own space charge force and the external field, which

095202-2
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forms a convex surface with approximate zero potential dis-
tribution outside the plasma chamber and near the separation
position between electrons and positive ions (that is, the posi-
tion where plasma conditions are no longer met). This convex
surface of approximate zero potential distribution is defined
as the plasma emission surface. With the increase of the am-
plitude of the extraction voltage, the plasma emission surface
is continuously compressed towards the grids. When the am-

plitude of the extraction voltage increases to more than 300 V,

the plasma emission surface gradually changes from convex to

plane. The potential distributions at the grids under different

extraction voltages are shown in Fig. 5. The extraction electric

field has begun to extend into the grids at the extraction volt-

age of −500 V, which means that the plasma emission surface

becomes concave surface at this time.

e

Cu+

 Cr+

1012 m-3 1016 m-3

10-6 V -50 V -100 V -200 V -300 V -500 V

Fig. 3. Density distributions under different extraction voltages.
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-200 V -300 V -500 V

Fig. 4. Potential distributions under different extraction voltages.
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Fig. 5. Potential distributions at the grids under different extraction
voltages.

The influence of different extraction voltages on the num-
ber density distribution of Cr+ and Cu+ at the extraction elec-
trode are shown in Figs. 6 and 7, respectively. It can be found
that the density distributions of Cr+ ions and Cu+ ions at the
extraction electrode vary with the different extraction voltages.
Under same extraction voltages, the density distributions of
Cr+ ions and Cu+ ions at the extraction electrode are generally
similar, and the distribution range of Cr+ ions is slightly larger
than that of Cu+ ions, while the density of Cr+ ions at the same
position is slightly smaller than that of Cu+ ions. This means
that when Cr+ and Cu+ ions are extracted the movement be-
havior of different kinds of ions is not completely the same.
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Fig. 6. Density distributions of Cr+ ions under different extraction volt-
ages.
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Fig. 7. Density distributions of Cu+ ions under different extraction volt-
ages.
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Fig. 8. Ion currents under different extraction voltages.

The 2D simulation cannot directly obtain the ion beam
current, only the current density distribution can be calculated.
Assuming that the simulation results within 1 mm perpendic-
ular to the simulation area are the same, the ion beam current
under different extraction voltages can be calculated. The re-
sults obtained by simulation are shown in Fig. 8. It can be
seen that the currents of Cr+ ions and Cu+ ions are basically
the same under different extraction voltages.

4. Discussion
In the simulations, the initial parameters of Cr+ ions and

Cu+ ions are the same. The density distributions of the two
ions are the same in the plasma chamber, while the density
distributions of the two ions at the extraction electrode are dif-
ferent. This shows that after electrons and positive ions are
separated, some factors lead to the different motion behaviors
of Cr+ ions and Cu+ ions. In theory, ions are only affected by
the induced electric field and the space charge field between
ions at this time. These two kinds of electric fields have noth-
ing to do with ion species, so it should be some characteristics
of ions themselves that lead to different motion behaviors of
different ions species under the same force.

1012 m-3 1016 m-3 1012 m-3 1016 m-3

Cu+e Li+

Cu+e Mg+

Cu+e K+

Cu+e Cr+

Cu+e Fe+

Cu+e Y+

Cu+e Ag+

Cu+e Xe+

Cu+e Au+

Cu+e Pb+

Fig. 9. Density distributions with different mixed ions.
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In order to understanding the phenomenon, based on the
same simulation model, only Cr+ ions replaced with nine
kinds of ions, such as Li+, Mg+, K+, Fe+, Y+, Ag+, Xe+,
Au+, Pb+, the particle number density distributions of differ-
ent kinds of mixed ions at 3.0 µs are simulated respectively
under the condition that the extraction voltage amplitude is
200 V. The reason we chose 200 V is that electrons and ions
are separated outside the plasma chamber, which can effec-
tively eliminate the influence of the extraction voltage extend-
ing into the plasma chamber on the ion motion behavior. The
results are shown in Fig. 9. When Cu+ ions are mixed with
different kinds of ions, not only the density distributions of
Cu+ ions at the extraction electrode are different, but also the
density distributions of different kinds of ions at the extraction
electrode is different.

In order to analyze which ionic characteristics lead to this
difference described above, we sorted the atomic radius of
these nine ions and Cr+ ions, and obtained the correspond-
ing relationship with the density distribution region of ions at
the extraction electrode which is the length of ion distribution
at the extraction electrode indicating the ion diffusion degree.
The results are shown in Fig. 10, it can be seen that the ion dif-
fusion degree has no obvious correlation with the correspond-
ing atomic radii of these ions.
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Fig. 10. Ion distribution region versus corresponding atomic radius.

Further sorting the atomic masses corresponding to these
ten kinds of ions, we obtained the relationship between the
density distribution region of ions at the extraction electrode
and their corresponding atomic masses, as shown in Fig. 11.
When the atomic mass of the ions mixed with Cu+ ions is
less than the atomic mass of Cu which is 63.5, the diffusion
degree of these ions increases with the decrease of their cor-
responding atomic masses, while the diffusion degree of Cu+

ions decreases. When the atomic mass of the ions mixed with
Cu+ ions is larger than that of Cu, the diffusion degree of these
ions decreases with the increase of their atomic mass, but the
diffusion degree of Cu+ ions has no significant change. This
demonstrates that atomic mass is the key factor affecting the
diffusion distribution of different ions during the extraction of
mixed ions. As the space charge force causing ion diffusion

is only related to the charge distribution, in the simulation,
there should be little difference between different kinds of ions
in space charge force, which leads to the lighter ions being
moved and diffused more easily by space charge force.
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Fig. 11. Ion distribution region versus corresponding atomic mass.

Besides, the relationship between the maximum moving
distance of electrons in the Y direction and their corresponding
atomic masses are shown in Fig. 12. With the increase of the
atomic masses corresponding to the extracted ions, the maxi-
mum moving distance of electrons in the Y direction increases
at first and then rate of increase gradually slows down. The
separation of electrons and ions not only affected by the am-
plitude of the extracted voltage, but also affected by the space
charge force. The lighter ions are easier to diffuse, leading
to a rapid decrease in density after separated from electrons.
Therefore, the attraction of ion beams to electrons will de-
crease rapidly, thus making electrons unable to move in the
Y direction. On the contrary, the heavier ion beam can attract
electrons to move further. However, when the mass increases
to a certain extent, the divergence degree of Cu+ ion is basi-
cally unchanged, and the divergence degree of the other ion
varies slowly with the increase of the corresponding atomic
mass, so the increase of the distance of electron moving in Y
direction also slows down obviously.
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Fig. 12. Maximum moving distance of the electron versus correspond-
ing atomic mass.
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5. Conclusion
The distribution of Cr+ ions and Cu+ ions at the extrac-

tion electrode is generally similar when Cr+ and Cu+ ions
are extracted under different extraction voltages, but the dis-
tribution range of Cr+ ions is slightly larger and the density is
slightly lower than that of Cu+ ions. Furthermore, through the
simulation of Cu+ ions mixed with nine kinds of ions respec-
tively, it is revealed that the atomic mass is the key factor lead-
ing to the different density distribution when different ions are
mixed and extracted. The reason is that the lighter the mass
of ions, the easier it is to move and diffuse by space charge
force. This provides a support for further deepening the ion
extraction characteristics.
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