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Simulation of the Plasma Meniscus with and without Space Charge using Triode Extraction System
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In this work, simulation of the singly charged argon ion trajectories for a variable plasma meniscus is studied
with and without space charge for the triode extraction system by using SIMION 3D (Simulation of Ion Optics
in Three Dimensions) version 7 personal computer program. The influence of acceleration voltage applied to the
acceleration electrode of the triode extraction system on the shape of the plasma meniscus has been determined.
The plasma electrode is set at +5000 volt and the acceleration voltage applied to the acceleration electrode
is varied from −5000 volt to +5000 volt. In the most of the concave and convex plasma shapes, ion beam
emittance can be calculated by using separate standard deviations of positions and elevations angles. Ion beam
emittance as a function of the curvature of the plasma meniscus for different plasma shapes ( flat, concave and
convex ) without space charge at acceleration voltage varied from −5000 volt to +5000 volt applied to the
acceleration electrode of the triode extraction system has been investigated. The influence of the extraction gap
on ion beam emittance for a plasma concave shape of 3.75 mm without space charge at acceleration voltage,
Vacc = −2000 volt applied to the acceleration electrode of the triode extraction system has been determined.
Also the influence of space charge on ion beam emittance for variable plasma meniscus at acceleration voltage,
Vacc =−2000 volt applied to the acceleration electrode of the triode extraction system has been studied.
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1. INTRODUCTION

The second important step for plasma ion sources, after
the production of suitable and high density plasma, is to ex-
tract the plasma ions in the form of an ion beam with given
kinetic energy. This can be done by using an electrode that is
biased at a negative voltage [1, 2] with respect to the plasma
boundary. The basic problem is to find an optimum geometry
for this electrode. Ion beam quality is affected by many fac-
tors as the applied extraction voltage, the shape of the emitting
plasma surface which may be fixed (field and surface ioniza-
tion sources) or variable (plasma sources) and on the space
charge in the ion beam. The extracted ion beam [3, 4] must be
intense with minimum divergence angle and free of aberrations
as possible.

The plasma [5] is practically an equipotential and electri-
cally neutral medium. When it comes in contact with an elec-
trode held at a different potential, a plasma sheath is formed
and almost the whole potential difference between the plasma
and the electrode drops along this sheath. The shape and posi-
tion of the ion emitting surface (plasma boundary) are affected
by the ion density, the extraction voltage applied to the extract-
ing electrode and the geometry of the extraction system. As the
potential between the plasma and the electrode may change,
the thickness of the sheath varies accordingly. When this po-
tential difference is gradually increased, the plasma boundary
retreats until it becomes flat and finally concave at an appro-
priately high value of the extraction potential.

The extraction of ions from plasma sources has been op-
timized by computer simulation. Two dimensional (2D) and
three dimensional (3D) computer programs are now available
for the simulation of ion extraction systems. SIMION 3D ver-
sion 7.0 computer program [6] is a personnel computer pro-
gram for designing and analyzing charged particle [7] (ions
and electrons) lenses, ion transport systems, various types of

∗Electronic address: moustafa82003@yahoo.com

mass spectrometers, detector optics, time of flight instruments,
ion traps, magnetic sectors and much more. SIMION 3D 7.0
is intended to provide direct and highly interactive methods
for simulating a wide variety of general ion optics problems.
In general, the fundamental steps for simulating the properties
of a model extraction system are to define the physical and
electrical boundaries of the electrodes. SIMION defines the
ions that make up the beam, selects output data to be recorded
and simulates ion accelerated trajectories through the extrac-
tion system. Each electrode of the triode extraction system is
separately designed using a potential array. Such a potential
array is a two or three dimensional array of points, consisting
of a collection of equally spaced points forming a rectangular
grid. Points in the potential array will be bound within a certain
shape creating an electrode or non-electrode. Using a finite dif-
ference method, SIMION takes the potentials of the electrode
points to calculate the potential at the non-electrode points.
Once all three electrodes are designed and defined within a
potential array, SIMION solves Laplace’s equation:

∇
2V = 0 (1)

SIMION uses a highly modified 4th order Runge-kutta tech-
nique for modelling the ion trajectories. Ion trajectories are a
result of electrostatic and space charge repulsion forces on the
basis of the current position and velocity of the ions. These
forces are then used to compute the current ion acceleration
and used by numerical integration techniques to predict the po-
sition and velocity of the ion at the next time step. Electrostatic
forces are initially computed in terms of volts per grid unit. As
the ion progresses through the potential array it moves from
one square of grid points into another. SIMION automatically
generates a small 16 point array that represents the current for
four grid points and the 12 grid points around it. The values of
these grid points are determined by symmetry assumptions and
grid point location. The potential at each point is normally cal-
culated via linear interpolation using four grid points bounding
the grid square it falls in. When an ion is outside electrostatic
instances, SIMION looks both directions along its current tra-
jectory path for the closest electrostatic instance of intersection



Brazilian Journal of Physics, vol. 39, no. 1, March, 2009 45

in both directions. If the present ion trajectory intersects elec-
trostatic instances in both directions, SIMION will determine
the potentials at the points of intersection and estimate the re-
sulting electrostatic acceleration assuming a linear gradient. In
this study, SIMION is used for simulating a plasma meniscus
for different plasma shapes (flat, concave and convex) without
space charge using the triode extraction system. The influence
of different acceleration voltages applied on the acceleration
electrode of the triode extraction system on the shape of the
plasma meniscus has been determined. Also the effect of space
charge on ion beam emittance 8 for variable plasma meniscus
using triode extraction system has been investigated.

Construction of the triode extraction system

Ion beam extraction from ion sources [9] is influenced by
many parameters such as electrode geometry, applied extrac-
tion voltage, space charge in the extracted beam and finally the
shape of the plasma boundary. The construction of the triode
extraction system [10] used in this work consists of accelera-
tion / deceleration electrode arrangement with a 5 mm diame-
ter plasma aperture electrode as shown in Fig. (1). The triode
extraction system provides a negative potential with respect to
the plasma on axis of the extraction system. A negative poten-
tial between the acceleration and the deceleration electrodes
creates a barrier for electrons in the extracted beam region to
keep them inside the ion beam. These electrons are necessary
for the space charge compensation. The plasma electrode ter-
minates the plasma surface at the boundary of the discharge.
The downstream side of this electrode must be designed to
work as a focusing electrode to provide the proper electric field
configuration for optimal ion trajectories.

Calculations for the extraction system for variable plasma
meniscus with and without space charge

In the most of the concave and convex plasma shapes,
ion beam emittance can be calculated by using separate stan-
dard deviations of positions and elevations angles [11] . For
a fixed geometry of the triode extraction system which was
described above, the following calculations have been done.
After designing the triode extraction system and the operating
parameters for simulation of singly charged argon ion trajec-
tories in the extraction region. These parameters as; voltage
applied on plasma electrode Vplasma = +5000V , voltage ap-
plied on the acceleration electrode (Vaccel) was varied from
−5000 to +5000V . The deceleration electrode was on ground
Vdecel = 0V . Flying of ions will be individually and the number
of flying ions were 500. First, ion beam emittance for variable
plasma meniscus (Flat, concaves and convexes) with different
acceleration voltages was investigated with and without space
charge. Furthermore, ion beam emittance as a function of
the extraction gap for concave plasma meniscus without space
charge at assumed acceleration voltage Vaccel =−2000V is in-
vestigated. Finally, the ion beam emittance as function of the
curvature of the variable plasma meniscus at an acceleration
voltage Vaccel = −2000V is studied for singly charged argon
ion trajectories.

FIG. 1: Triode extraction system: (a) Triode extraction system de-
signed mechanically: (1) Plasma electrode; (2) Insulator (Macor), (3)
Acceleration electrode and (4) Deceleration electrode. (b) Triode ex-
traction system geometry assumed for the SIMION calculations with
the contours (see text).

2. WITHOUT SPACE CHARGE

2.1 - Flat shape: The influence of the acceleration voltage
applied to the acceleration electrode of the triode extraction
system on ion beam emittance for flat plasma shape has been
investigated as shown in Fig.(2). It is clear that the ion beam
emittance increases with increasing the negative voltage ap-
plied to the acceleration electrode. The increasing positive ap-
plication voltage to the acceleration electrode is accompanied
by a decrease of the extracted ion beam emittance.
2.2 - Concave shapes: The curvature of the plasma con-
cave shapes of 2.5, 2.7, 3.5, 3.75, 4 and 8.15 mm were ob-
tained. The influence of the acceleration voltage applied on the
acceleration-electrode of the triode extraction system on beam
emittance for singly charged argon ion trajectories were inves-
tigated (Fig.3). The plasma electrode was at voltage of +5kV
and the voltage applied on the acceleration-electrode was var-
ied from −5 to +5kV . For variable concave plasma meniscus,
the minimum ion beam emittance was obtained for a curva-
ture of the concave plasma meniscus of 3.75 mm whiles the
maximum at a curvature of 3.5 mm. Applying positive voltage
on accelerating-electrode is accompanied by a decrease of the
beam emittance. In all curvature cases of the concave plasma
meniscus, ion beam emittance was minimum at applied accel-
eration voltage Vaccel = +5kV , except the curvatures of 3.75
and 4 mm,when the minimum ion beam emittance was ob-
tained at Vaccel = +4kV . For a concave plasma meniscus of
2. 7 and 2. 5 mm, the decrease of the negative voltage applied
is accompanied by an increase of the ion beam emittance till
Vaccel = +500V , and the ion beam emittances decreased by an
increase of the positive voltage.
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FIG. 2: Influence of the acceleration voltage on ion beam emittance
for flat plasma shape without space charge.
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FIG. 3: Influence of the acceleration voltage on ion beam emittance
for various curvatures of the concave plasma shapes without space
charge.

2.3 - Convex shapes: The same curvatures of the convex
plasma meniscus were obtained as in plasma concave shapes.
Also, influence of the acceleration voltage on ion beam emit-
tance for singly charged argon ion trajectories was investi-
gated (Fig.4). For variable convex plasma meniscus, the min-
imum ion beam emittance was obtained for a curvature of 2.7
mm. Maximum ion beam emittance was obtained at curva-
ture of the convex plasma meniscus of 3. 5 mm. As in a
concave plasma meniscus shapes, curvatures of the convex
plasma meniscus of 3. 5 mm, the decrease of negative volt-
age applied on acceleration-deceleration electrode is accom-
panied by the decrease of the ion beam emittance, also, for
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FIG. 4: Influence of the acceleration voltage on ion beam emittance
for various curvatures of convex plasma shapes without space charge.

positive voltage; an increase of the voltage is accompanied by
a decrease of ion beam emittance. With respect to the cur-
vature of the convex plasma meniscus of 3. 75 mm, the de-
crease of negative voltage is accompanied by an increase of
beam emittance till Vaccel = 0V , ion beam emittance started to
decrease by an increase of the positive voltage. For the curva-
ture of the convex plasma meniscus of 2. 5 mm, the decrease
of the voltage is accompanied by slightly increase of the ion
beam emittance till Vaccel = −1000V , ion beam emittance de-
creased till Vaccel = −500V . When there was no voltage ap-
plied Vaccel = 0V , ion beam emittance increased then decreased
by an increase of the positive voltage till Vaccel = +3000V ,
there was a sharp decrease of the ion beam emittance by an
increase of the positive voltage. For curvature of the convex
plasma meniscus of 8. 15 mm, a decrease of the applied volt-
age is accompanied by the decrease of the ion beam emittance
till Vaccel = +3000V , the ion beam emittance increased, then
sharply decreased. Minimum ion beam emittance obtained of
curvature 2. 7 mm was increased by the decrease of the volt-
age till Vaccel = +1000V , then decreased by an increase of the
voltage. In all curvature cases of the convex plasma meniscus,
beam emittance was minimum at applied acceleration voltage
Vaccel = +5kV (Fig.4). The ion beam emittance as a function
of the curvature of the variable plasma meniscus at an accel-
eration voltage Vaccel = −2kV was studied for singly charged
argon ion trajectories. The curvatures of the concave plasma
meniscus of 2.5, 2.7, 3.5, 3.75, 4 and 8.15 mm were obtained.
As for concave plasma meniscus, the curvatures of the con-
vex plasma meniscus were also obtained. At an acceleration
voltage applied on the acceleration-electrode of the triode ex-
traction system Vaccel = −2kV , beam emittance was studied
as function of the curvature of these obtained variable plasma
meniscus. The ion beam emittance for flat plasma was not
considered. The minimum ion beam emittance was found at
curvature of concave plasma meniscus of 3.75 mm and a cur-
vature of convex plasma meniscus of 2.7 mm (Fig.5).

The variation of the distance between the plasma elec-
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FIG. 5: Ion beam emittance as a function of the curvatures of plasma
meniscus at Vacc =−2000 volt.

trode and the acceleration-electrode (extraction gap) was in-
vestigated without space charge on the curvature of concave
plasma meniscus of 3.75 mm at acceleration voltage applied
on the acceleration- electrode Vaccel =−2kV (Fig.6). This cur-
vature of the concave plasma meniscus was chosen because
the ion beam emittance was minimum and at this curvature the
plasma boundary has an optimum curvature. It was found that
the minimum ion beam emittance was obtained at extraction
gap of 15.5 mm. For ion beam extraction, the current, the per-
veance is given by [12] :

P =
Ii

V 3/2 ×
(

A
z

)1/2
=

4ε0

9

√
2q
m

A
d2 (2)

where A is the emitting area, z is the charge,Ii total ion beam
current, ε0 is the free space permittivity, d is the extraction gap
width and V is the acceleration voltage.

3. WITH SPACE CHARGE

Ion beams which propagate through a given beam line are
subject to blow up because of the tendency of like charged
(positive) ions within the ion beam to mutually repel each other
(space charge effect). The influence of ion space charge is dis-
advantage for both the quality and the intensity of extracted
ion beams. In order to reduce this problem, space charge neu-
tralization (compensation) has to be used.

In the presence of space charge, the electric field acting on
an ion beam is [13, 14] :

Er =
q

2πε0r
=

I0

2πε0ν0r
, (3)

where q is the charge of the beam per unit length within ra-
dius r and q = I0

ν0
where I0 is the total beam current, ν0 is

the axial ion velocity. SIMION program supports three esti-
mates of charge repulsion: beam, columbic and factor repul-
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FIG. 6: Influence of the extraction gap on ion beam emittance for a
concave plasma shape of 3.75 mm.
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FIG. 7: nfluence of space charge on ion beam emittance for flat
plasma shape at Vacc =−2000 volt

sion. In general, charge repulsion estimations involve deter-
mining the forces between the current ion in question and all
other currently flying ions. In this work, simulation of the
singly charged argon ion trajectories for a variable meniscus
shape of the plasma is studied with space charge effect by us-
ing columbic repulsion. Figure (7) shows the influence of
the space charge on ion beam emittance at acceleration volt-
age Vacc =−2000 volt applied to the acceleration electrode of
the triode extraction system for flat plasma. It is clear that for
flat plasma, space charge has a slightly effect on the extracted
ion beam emittance and started to have a large effect at current
higher than 10−1A.
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FIG. 8: Influence of space charge on ion beam emittance for different
curvatures of concave plasma shapes
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FIG. 9: Influence of space charge on ion beam emittance for different
curvatures of convex plasma shapes

The influence of space charge on the extracted ion beam
emittance for a variable curvatures of concave plasma menis-
cus at acceleration voltage, Vacc = −2000 volt applied to the
acceleration electrode of the triode extraction system has been

studied as shown in Fig.(8). It is found that the space charge
has a large effect on the extracted ion beam emittance for dif-
ferent curvatures of concave plasma shapes at current higher
than 10−4A. Figure (9) shows the influence of the space
charge on the extracted ion beam emittance for a variable cur-
vatures of convex plasma meniscus at acceleration voltage,
Vacc = −2000 volt applied to the acceleration electrode of the
triode extraction system. It is obvious that no effect for space
charge on the extracted ion beam emittance, till the current of
10−1A, then the extracted ion beam emittance increased.

4. CONCLUSION

The simulation of singly charged argon ion trajectories
for variable curvatures of plasma meniscus is studied with
and without space charge for triode extraction system using
SIMION 3D version 7.0 personal computer program. The in-
fluence of the acceleration voltage ( varied from −5000 volt
to +5000 volt ) applied to the acceleration electrode of the
triode extraction system on the extracted ion beam emittance
has been investigated. It can be concluded that without space
charge at acceleration voltage Vacc = −2000 volt applied to
the acceleration electrode of the triode extraction system, the
minimum ion beam emittance is found at a curvature of con-
cave plasma shape equal to 3.75 mm and a curvature of convex
plasma shape equal to 2.7 mm. Also the influence of the ex-
traction gap on the extracted ion beam emittance without space
charge at acceleration voltage, Vacc = −2000 volt applied to
the acceleration electrode for a curvature of concave plasma
shape equal to 3.75 mm has been determined. It is found that
the minimum ion beam emittance is obtained at extraction gap
equal to 15.5 mm. Also the effect of space charge on the ex-
tracted ion beam emittance for variable plasma meniscus at
acceleration voltage, Vacc =−2000 volt applied to the acceler-
ation electrode of the triode extraction system has been stud-
ied. It is found that the space charge has a large effect on the
extracted ion beam emittance for a different concave plasma
shapes at current higher than 10−6A. For flat plasma, the space
charge has a slightly effect on the extracted ion beam emit-
tance and started to have a large effect at current higher than
10−1A. But for different convex plasma shapes, there is no ef-
fect of the space charge on the extracted ion beam emittance
till the current of 10−1 A when the extracted ion beam emit-
tance increased. Also from this study, it can be concluded that
the construction of the triode extraction system with extraction
gap equal 15.5 mm and acceleration voltage, Vacc = −2000
volt applied to the acceleration electrode is suitable for opti-
mum extraction of ion beam from variable plasma meniscus.
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