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Influence of grid on the extraction characteristics of
different charged ions in mixed ion beams
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The extraction characteristics of multi-charged ions produced by ion sources are important for some useful applica-
tions. In this paper, the extraction process of Cu+, Cu2+, Cu3+, and Cu4+ mixed ions is simulated by setting ideal physical
parameters in a two-dimensional particle-in-cell (PIC) code, and the evolution characteristics of density and velocity distri-
butions of different charged ions during plasma (density about 1015 m−3) motion and extraction are presented. Besides, the
effects of grid thickness and grid aperture on the motion behavior of different charged ions and the extracted ion current are
analyzed. The results showed that the ion diffusion increases with the increase of the ion charge, and higher charged ions
are more likely to be affected by the grid. This provides support for further understanding of the extraction characteristics
of multi-charged mixed ion beams.
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1. Introduction
For many plasma applications, how to extract more and

higher quality ions is very important.[1–3] Therefore, many
researchers have studied the principle and influencing fac-
tors of ion extraction, and given the effects of ion source,[4,5]

electrode configuration,[6–10] plasma density,[11] electron
temperature,[12] ion species,[13,14] ion thermal velocity,[15]

extraction voltage,[16] space charge effect,[17–19] background
pressure,[20–22] plasma sheath,[23–25] etc. on ion extraction
characteristics. In addition, as some application systems need
to use grid to shield the electric field or improve the ion dis-
tribution, some researchers have also studied the influence
of grid on ion extraction. For example, Alekseev obtained
the effect of grid on ion energy distribution by experiments,
and pointed out that the effect is obviously dependent on ion
mass.[26] Lu analyzed the influence of the decelerator grid on
the optical performance, and found that it can greatly affect
the downstream charge-exchange ions.[27] Chen simulated the
transport processes of plasmas in grid systems of krypton ion
thrusters, and obtained that the screen grid transparency in-
creases with the acceleration voltage and decreases with the
beam current.[28] Sun studied the influence of different grid
structures on the plasma characteristics in the discharge cham-
ber, and gives recommendations for grid structures suitable
for ion thrusters with different sizes.[29] Laya presented a nu-
merical optimization of the theoretical screen grid aperture di-
ameter and total aperture count for maximum screen grid ion
transparency in ion thrusters.[30] Rovang obtained the influ-
ence of grid structure on ion extraction capability in the two-

grid accelerator systems by a large number of experiments.[31]

In addition, grid materials[32] and grid erosion[33,34] have also
been studied. However, these studies have not considered
the influence of grid on the extraction of multi-charged ions,
especially, the extraction characteristics of different charged
ions are different. At present, a small number of studies on
the extraction of multi-charged ions only focus on the design
of electrode structures and the characteristics of the extrac-
tion current.[35–37] Therefore, in order to analyze the influence
of grid on the extraction characteristics of different charged
ions, the extraction process of Cu+, Cu2+, Cu3+, and Cu4+

mixed ions is simulated by setting ideal physical parameters
in a particle-in-cell (PIC) code. The evolution characteris-
tics of density and velocity distributions of different charged
ions during extraction are presented, and the influences of grid
thickness and grid aperture on the motion characteristics of
different charged ions are analyzed. This provides support for
further understanding of the extraction characteristics of multi-
charged mixed ion beams.

2. Simulation model
In practical application system, the proportion of differ-

ent charged ions produced by ion sources is different. In
order to more clearly analyze the distribution characteris-
tics and extraction capabilities of different charged ions in
mixed ion beams, this paper utilizes the two-dimensional (2D)
PIC method to establish an ideal simulation model (It is as-
sumed that the fluxes of different charged ions injected into
the plasma chamber are the same) for the extraction process of
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mixed ion beams. The schematic diagram is shown in Fig. 1.
The model consists of a plasma chamber, grids, and an ex-
traction electrode. They are made of metal. The calculated
area is 10 mm×(10.9+d) mm. d represents the grid thickness
and the wall thickness at the top of the plasma chamber. The
inner length and height of the plasma chamber are 9.8 mm
and 5 mm, respectively. The gird length and grid aperture
are 0.1 mm and L, respectively. The distance between the
plasma chamber and the extraction electrode is 5.9 mm, and
the plasma injection area is 3-mm long. The voltage of the ex-
traction electrode is −1000 V, while the plasma chamber and
the grid are grounded. Both sides of the area without elec-
trodes are set as Neumann boundary condition.
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Fig. 1. Schematic diagram of simulation area.

The simulated particles are electrons, Cu+, Cu2+, Cu3+,
and Cu4+, and the secondary electron emission resulting from
particle bombardment on the wall is not taken into account.
All particles bombarded on the surface of the metallic wall
are absorbed and the surface charge accumulation effect is not
considered.

In the plasma injection area, the flux of the electrons is set
as 6×1021 m−2·s−1 with a temperature of 5 eV and velocity of
1×105 m/s, and the fluxes of Cu+, Cu2+, Cu3+, Cu4+ are all
set as 1×1019 m−2·s−1 with a temperature of 0.1 eV and veloc-
ity of 1×104 m/s. Moreover, the initial velocity distributions
of these particles are all set as Maxwell distribution.

In PIC simulation, it is generally required that the grid
length (spatial step) is less than the Debye length, and the time
step is less than the reciprocal of the plasma frequency and
satisfies the Courant–Friedrichs–Lewy (CFL) condition.[38,39]

Therefore, in our simulation, the time step of the simulation is
10−12 s, and the grid length step is 0.025 mm.

3. Typical simulation results
On the basis of the simulation model in the previous chap-

ter, we set the grid thickness to d = 0.3 mm and the grid aper-
ture to L = 1 mm. The density distributions of different parti-
cles at different times are simulated. The results are shown in
Fig. 2.

0.5 ms

1.0 ms

3.0 ms

5.0 ms

1012 m-3 1016 m-3

e Cu4+Cu3+Cu2+Cu+

Fig. 2. Density distributions of different particles at different time.

As it can be seen from Fig. 2 that the results have con-
verged and stabilized at 5 µs, the simulation results at 5 µs are
discussed in the following sections. It can also be found that as
the ions move from the injection region to the grid, the higher
charge of the ion, the more significant its diffusion.

The potential distribution in the middle region (x =

5.5 mm, y = 0 mm–11.2 mm) is shown in Fig. 3. It can be
found that the potential in the plasma chamber is very small.
Therefore, it can be deduced that in the plasma motion pro-
cess, the ion with higher charge diffusing more should be due
to the space charge force which has a greater effect on the ion
with higher charge.
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Fig. 3. Potential distribution in the middle region.

In addition, from Fig. 2, we can also found that the Cu+

ion beam is divided into four parts by the number of “holes”
in the grid after it is extracted from the grid. In the process
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of moving towards the extraction electrode, the parts on both
sides are compressed first, and then diverged, while the two
parts in the middle move almost linearly. The reason for this
phenomenon is that the x-direction electric field component in
the middle region of the grid is small, while that on the two
sides of the grid is large, as shown in Fig. 4 (the x-direction
component of the electric field near the grid (x = 0 mm–
10 mm, y = 5.5 mm)). Therefore, the ion beams on the two
sides are more obviously changed by the x-direction electric
field force. It is worth noting that the electric field between
the plasma chamber and the extraction electrode is mainly in
the y-direction. However, although the grids are grounded,
the electric field can still “penetrate” into the plasma cham-
ber through the holes, resulting in the direction of the electric
field passing through the hole being partially deflected by the
grid potential (grounding), thus forming the x-direction elec-
tric field component. Moreover, the middle region of the grids
is full of plasma, which has a “shielding” effect on the electric
field, so that the x-direction electric field component on both
sides of the grids is large, while that in the middle is small.

In addition, after the Cu4+ ion beam is extracted, its four
parts are first compressed and then diverged. The parts on the
two sides are more obvious than the two parts in the middle.
This indicates that the higher charged ion beam is more easily
confined by the electric field force, and even over-focused.
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Fig. 4. The x-direction component of the electric field near the grid.

The different ion density and velocity distributions at the
extraction electrode (x = 0 mm–10 mm, y = 11.2 mm) are
shown in Figs. 5 and 6, respectively. It can be found that higher
charged ions have a higher ion velocity at the extraction elec-
trode, and the ion density is lower, but the ion density distribu-
tion is more uniform. This is because higher charged ions dif-
fuse more significant in the plasma chamber, resulting in fewer
of these ions being extracted. In addition, higher charged ions
are more likely to be accelerated by the extracted electric field,
thus increasing the velocities. Besides, compared with the in-
jected ion current (The 2D simulation cannot directly obtain
the ion current, it is assumed that the simulation results within
1 mm perpendicular to the simulation area are the same, and

thus the ion current is calculated), the proportion of higher
charged ions in the extracted ion current is lower, as shown in
Fig. 7.
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Fig. 5. Density distribution of different ions at the extraction electrode.
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Fig. 6. Velocity distribution of different ions at the extraction electrode.
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Fig. 7. Ion current of different ions.

4. Simulation results of different grid thickness
Based on the above simulation model, other settings re-

main unchanged, only the grid thickness (d) is set to 0.1 mm,
0.3 mm, and 0.5 mm, respectively. The influence of the grid
thickness on the particle density distribution is simulated, as
shown in Fig. 8.

It can be seen from Fig. 8 that the diffusion of ions in
the plasma chamber increases slightly as the grid thickness in-
creases. From the potential distribution inside the grid (x =
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0 mm–10 mm, y= 4.9 mm), as shown in Fig. 9, it can be found
that with the increase of the gird thickness, the amplitude of
the negative potential inside the grid decreases, which means
that the electric field “penetrating” into the plasma chamber
from the grid hole also decreases. And this also reduces the
force of the electric field “penetrating” into the plasma cham-
ber on electrons and ions, increases the expansion time of
the plasma, and leads to more diffusion of ions in the plasma
chamber.
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Fig. 8. Influence of grid thickness on particle density distribution.
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Fig. 9. Potential distribution inside the grid.
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Fig. 10. Cu+ density distribution at the extraction electrode.

Comparing the density distributions of Cu+, Cu2+, Cu3+,
and Cu4+ at the extraction electrode (x = 0 mm–10 mm,
y = 11 mm, 11.2 mm, and 11.4 mm, respectively), as shown

in Figs. 10–13, it can be seen that the grid thickness has a
more obvious effect on the higher charged ions, and the den-
sity distribution of the higher charged ions is more concen-
trated. This may be related to the fact that with the increase of
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Fig. 11. Cu2+ density distribution at the extraction electrode.
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grid thickness and the higher charge of the ion, the less number
of ions can be extracted from the plasma chamber. However,
the grid thickness has no significant effect on the velocities of
different charged ions, as shown in Figs. 14–17.
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Fig. 15. Cu2+ velocity distribution at the extraction electrode.
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The ion currents of different charged ions at the extraction
electrode under the conditions of different grid thicknesses are
shown in Fig. 18. It can be seen that with the increase of
the grid thickness and the charge of the ion, the ion current
reduced more. On the one hand, it should be noted that the
decrease of the extracted ion current may be due to the ion
diffusion in the plasma chamber leading to the loss of recom-
bination with the wall. On the other hand, the loss may be
caused by the ion collisions to the grid. The increase of the
grid thickness will not only make the ion diffuse more sig-
nificant in the plasma chamber, but also increase the possible

“contact area” between the grid and the ions. Therefore, it is
necessary to analyze which factor has a greater impact. Com-
paring the ion current loss caused by ions bombardment to
the plasma chamber body (The definition here is that the ion
current loss caused by ions bombardment to the wall of the
plasma chamber except the grid, i.e., Iwall.) with the ion cur-
rent loss caused by the grid (Igrid), as shown in Figs. 19 and
20, it can be obtained that the ion current loss caused by ion
bombardment to plasma chamber body (except the grid, Iwall)
is relatively greater. In addition, the grid thickness has little
effect on the extracted ion current of lower charged ions, but
has great effect on the extracted ion current of higher charged
ions. Moreover, this effect of “greater effect on the extraction
of higher charged ions” is more obvious in the ion current loss

1 2 3 4
0

0.004

0.008

0.012

0.016

Io
n
 c

u
rr

e
n
t 

(A
)

Ion charge state

 d=0.1mm
 d=0.3mm
 d=0.5mm

Fig. 18. Influence of grid thickness on extracted ion current of different
charged ions.
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caused by the grid. This indicates that many ions will bom-
bard on not only the lower surface of the grid, but also the
sides of the grid when the ions move through the grid. In this
process, the grid at ground potential has a stronger “attraction”
to positive higher charged ions.

Our simulation model does not consider the secondary
electron emission generated by the ion bombardment to the
wall. According to the simulation results, the energy of ions
in the plasma chamber will not exceed hundreds of electron
volts, so the secondary electrons emission yield produced by
these ion bombardment walls is also less than 0.1.[40] More-
over, the maximum ion density near the plasma chamber is
only 1015 m−3, which will lead to fewer secondary electrons
generated by the ion bombardment to the plasma chamber, and
these electrons will leave the wall quickly. Therefore, the in-
fluence of these secondary electrons on the simulation results
can be ignored.

5. Simulation results of different grid aperture
Still based on the above simulation model, keeping other

settings unchanged, but the grid thickness is set to 0.3 mm, and
the grid aperture (L) is set to 2.1 mm, 1 mm, and ∼ 0.63 mm,
respectively. The influence of the grid aperture on the par-
ticle density distribution is simulated and shown in Fig. 21.
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Fig. 21. Influence of grid aperture on particle density distribution.
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Fig. 22. Cu+ density distribution at the extraction electrode.

The density distributions of the different ions at the extrac-
tion electrode (x = 0 mm–10 mm, y = 11.2 mm) are shown in
Figs. 22–25.
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Fig. 23. Cu2+ density distribution at the extraction electrode.
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Fig. 24. Cu3+ density distribution at the extraction electrode.
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Fig. 25. Cu4+ density distribution at the extraction electrode.

As it can be seen from Figs. 21–25, the movement of the
higher charged ions is more obviously affected by the electric
field force, same as the results in the previous section. In ad-
dition, with the decrease of the grid aperture (that is, the grid
“holes” are more but smaller), the density distributions of dif-
ferent charged ions at the extraction electrode are all relatively
more uniform. However, the grid aperture has no significant
effect on the ion velocity at the extraction electrode, as shown
in Figs. 26–29.
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Fig. 26. Cu+ velocity distribution at the extraction electrode.
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Fig. 27. Cu2+ velocity distribution at the extraction electrode.
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Fig. 28. Cu3+ velocity distribution at the extraction electrode.
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Fig. 29. Cu4+ velocity distribution at the extraction electrode.

Further analysis of the influence of the grid aperture on
the ion current of different charged ions at the extraction elec-

trode, as shown in Fig. 30, it can be obtained that with the
decrease of the grid aperture, and the higher charge of the
ion, the more of the ion current loss. Through the ion cur-
rent changes of different charged ions on the inside of the grid
(x = 2.85 mm–7.15 mm, y = 4.99 mm), as shown in Fig. 31, it
is shown that with the decrease of the grid aperture, the higher
charged ions will slightly lose more ion current in the plasma
chamber. Therefore, it can be inferred that the main reason
for the variation of the extracted ion current caused by the grid
aperture is that the area of the grid “blocking” the movement
of ions outward from the plasma chamber increases. Besides,
higher charged ions are more likely to be “attracted” by the
grid and lost.
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Fig. 30. Influence of grid aperture on extracted ion current of different
charged ions.
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Fig. 31. Ion current of different charged ions on the inside of the grid.

6. Conclusions
In this paper, the influence of grid on the extraction

process of different charged ions (plasma density about
10−15 m−3) from a plasma chamber is analyzed by 2D PIC
simulations at −1000-V extraction voltage, and the following
conclusions can be drawn.

(i) In a plasma chamber with a small electric field that
“penetrates” the grid, as the plasma continues to move, the
higher the charge of an ion, the more pronounced its diffu-
sion. This is because the more charge an ion has, the more it
is affected by the space charge force. Similarly, in the process
of ions moving from the grid to the extraction electrode, the
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higher charged ions are also more likely to be affected by the
electric field force, resulting in changes in their motion char-
acteristic.

(ii) With the increase of grid thickness and ion charge, the
more of the ion current loss. The main reason for this is that
the increase of the grid thickness makes more ions bombard
and lose on the side of the grid when they pass through the
grid. In addition, the increase of the grid thickness reduces the
electric field “penetrating” into the plasma chamber, so that
the diffusion of higher charged ions in the plasma chamber is
more significant, which is also the reason for the loss of the
extracted current.

(iii) With the decrease of the grid aperture, the density
distribution of ions on the extraction electrode becomes more
uniform, and its effect on the extraction ion current is mainly
reflected in the increase of the area of “blocking” ions pass-
ing through the grid, thereby decreasing the ion current. As
the higher charge ions are more affected by the electric field
force, the extracted ion current loss will be relatively more.
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