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A B S T R A C T

This paper investigates the outflow mechanism of a cylindrical inertial electrostatic confinement plasma source
using Particle in Cell plasma simulations. Various phenomena such as ion-wall interactions, impact ionization,
excitation, and secondary electron generation are considered. Together with a fine time and cell resolution to
reveal relevant phenomena. The results indicate a high electron and ion density in front of the cathode at the
widest grid opening, which suggests the formation of a cascade-like charge carrier emission, commonly referred
to as the “spray jet”. Initially, a virtual anode is formed within the cathode grid and is shifted toward the grid
opening as time elapsed. Ions are accelerated in the plasma sheath around the cathode and collide with the
cathode grids or oscillate through the grid opening. Electrons are accelerated and ionize the background gas at
the plasma sheath edge. While the electron flow is disordered within the cathode it forms a cascade-like quasi-
neutral plasma at the outlet of the plasma source. Through the formation of a virtual anode the discharge be-
comes self-sustained. With this simulation results the working principle of the inertial electrostatic confinement
plasma source can be derived.

1. Introduction

The inertial electrostatic confinement (IEC) plasma sources are
intensively researched for fusion purposes [1–6]. In special configura-
tions, an IEC source with emitting plasma jet can be achieved [7]. Since
the last decades the IEC source jet mode is researched for various ap-
plications like for space propulsion [2,8]. Within this research, a cylin-
drical IEC source is investigated with radial emitting jet for surface
treatment purposes. However, the jet extraction mechanism is still not
completely understood. Former research focuses on the theory, that the
electrons leave the cathode center through the widest cathode grid and
ionize the background gas outside the cathode [9]. Chan et al. measured
through plasma diagnostics a quasi-neutral low energetic plasma and
stated, that due to the low ion energy the ions might be generated
outside the cathode [10]. Particle in Cell (PIC) simulations from Bhat-
tacharjee et al. [11] of a cylindrical IEC with symmetric grid arrange-
ment shows that a virtual anode is formed inside the cathode. This
potential well can be accompanied with multiple potential wells with

increase of the cathode voltage. Furthermore, by considering the ion
energy distribution function in different zones along the ion trajectory,
two ion groups can be differentiated. One group oscillating through the
entire cathode and the other within the cathode. Furthermore, the
oscillating ions might be already reflected at the virtual anode and not
oscillate through the entire cathode, which was already mentioned by
Hirsch [4]. The energy of the ions outside the cathode are rather low
energetic [11]. Within the ESA Advanced Concept Team Ariadna study
[12], the effects and phenomena leading to beam extraction in a
spherical electrostatic inertial confinement device were investigated.
For this purpose, simulations based on the Particle in Cell (PIC) method
were performed to describe the kinetic behaviour. A Direct Simulation
Monte Carlo (DSMC) method was used to model particle motion and
electron-induced ionization, and a Fokker-Planck solver was used to
model the velocity relaxation of the charge carriers. The Fokker-Planck
method describes the diffusion of particles in a plasma without the
explicit interactions between the particles, but on the basis of proba-
bility distributions. In contrast, the simulations carried out here includes
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2. Methods and setup

Within the scope of the present work, a probabilistic electrostatic
Particle-in-Cell Monte-Carlo (PICMC) code of the Fraunhofer Institute
for Surface Engineering and Thin Films (IST) is used for the simulation of
the kinetic behaviour of the charged species [14,15]. The basis sequence
steps of the PICMC main loop is explained in Fig. 1 in analogy to Bird
[16], Birdsall, Langdon et al. [17], Hofmann [18], Vahedi and Surendra
[19]. For the simulation time tsim has to be divided into discrete time
stepsΔt. This is followed by an initial, uniform distribution of the charge
carriers into the cells, namely electrons and ions which are represented
by super particles with a statistical weight factor. After the initial dis-
tribution of the charge carriers into the respective cells, the charge
carriers are weighted according to their cell position. Fig. 2 shows an

example of a two-dimensional weighting scheme with a macro-particle.
In order to assign the charge of the particle to the corresponding net

nodes, the net node must be segmented into matching areas Ai. From the
segmented areas, the weighting of the macroparticle position to the
respective net node is calculated by the following equations:

A1= hx⋅
(
1 hy

)
(2.1)

A2=(1 hx)⋅
(
1 hy

)
(2.2)

A3=(1 hx)⋅hy (2.3)

Fig. 1. Sequence diagram of a time step of a particle in cell algorithm. Adapted from [16,18,19].

Fig. 2. Exemplary two-dimensional weighting scheme, in which the charge is
distributed to the respective nodal points depending on the particle posi-
tion [18].

particle interactions, which could be an important factor to describe 
involved pendulum and extraction mechanism of the charge carriers. 
This can be seen for example in a multiscale simulation of hollow 
cathode discharge [13]. The ESA ACT Ariadna study [12] showed that 
mainly electrons leave the cathode through the jet and no ions are 
extracted. However, the internal charge carrier distribution and the
general function could not be clearly investigated due to the high 
computational effort of the full electrodynamic description of the pro-
cesses and the simplifications chosen. This work shows a PIC simulation 
of a cylindrical IEC source with radial jet emission in addition to the
previous studies. The configuration and setup of the cylindrical IEC 
source was already introduced in former studies [7]. Furthermore, the 
flux of the electrons and ions as well as their density contour plot of the 
entire source are shown in a two-dimensional cross section of the 
introduced cylindrical IEC source. On this basis, a model for the main ion
and electron flow inside and outside the cathode was created, which also
takes into account the effect of the formation of the virtual cathode for 
spray-jet operation.



A4 = hx⋅hy (2.4)

Here hx and hy are the movement of the macro-particle in x and y di-
rection with respect to the cell origin. Based on the weighting, the po-
tential at the respective net node can be determined in the next step from
the sum of all charge carriers within a cell. This allows the assignment of
the electric field to the respective computational nodes and the calcu-
lation of the movements for the individual macro particles. At the new
position, a check of the boundary/particle interactions takes place. This
includes, for example, the inflow of new particles via the borders as well
as the absorption of particles. In the next step, the impact probability is
evaluated for all particles located in a cell. This leads to the change in
momentum of the macro-particles. Due to the significantly larger
mobility of electrons compared to, for example, ions, a movement of the
heavy particles is not necessary in every time step [17,18].

For the PIC simulation, an IEC source setup with eight cathode rods
was chosen, which has already been investigated experimentally by
Tiedemann et al. [7] and is shown in Fig. 3. The cathode diameter is 30
mm and the exit angle for the jet mode is 80◦ and is located at the bottom
negative z direction. The vacuum chamber acts as an anode and
completely encloses the IEC source at a distance of 500 mm.

The center of the coordinate system of the z- and x-axes is located in
the geometric center of the IEC source. The IEC source for coating ap-
plications presented by Tiedemann et al. [7] is placed between the
chamber wall and the substrate. The jet beam of the IEC source is
directed towards the substrate for plasma surface treatment. Therefore,
the negative z-axis points in the direction of the substrate and the
chamber is in the positive z-axis direction.

A cathode voltage of 2 kV and an argon pressure of 3.2 Pa was
chosen as initial condition. In the final application of this plasma source,
the base pressure of the residual gas will remain in the magnitude of
10 4 Pa and is therefore not considered in this simulation. For the cor-
responding plasma reactions argon atoms, argon ions, excited argon
particles and electrons are taken into account. Due to the large chamber
volume relative to the size of the source, the argon species are consid-
ered to be in a frozen state. This saves computational capacity while still
allowing for the consideration of collision interactions. In addition,
plasma-wall interactions through a secondary electron emission rate of
0.1 are considered. Electrons will be absorbed at the cathode wall when

overcoming the cathode potential. In this configuration, pressure and
voltage the cylindrical IEC source works in “spray jet” mode, which was
observed experimentally in an industrial coating facility [7]. In the
“spray jet”mode, a cascade of charge carriers is emitted from the source.
With the cylindrical IEC shape the spray jet emits along the orifice line,
that leads to a scalable plasma board with the source length.

2.1. Influence of cell dimensions on the simulation

From a 3D model of the IEC source, a 2D slice plane is extracted that
intersects the cylindrical IEC source exactly in the middle of the height,
along the diameter, and divides the simulation volume into two equal
halves. The simulated time span was 5 ms, the grid size was 0.5 mm to
resolve the fine movement patterns of the electrons and the time step
width was 1 • 10 12 s to ensure that the mean particle travel distance per
time step is below the cell spacing.

The dimensions of a cell in the simulation depend heavily on the
charge carrier density and the acceleration voltage. In the present case, a
time step of 10 12 s and a cell resolution of 0.5 mm were selected to
model the entire chamber. Small-scale mechanisms, such as turbulence
that could contribute to the exit of a spray jet, can be averaged out by the
chosen cell size and the sequential nature of the code. Each displayed
contour result corresponds to a temporal and spatial averaging of the
quantities, which are then redistributed to the nodes (see Fig. 2). This
averaging also smooths out small-scale turbulence, necessitating a very
small time step to avoid additional damping effects. With a time step of
10 12 s, all relevant phenomena can be temporally resolved, although
the gyration motion of electrons becomes less smooth. Furthermore, if
the cell resolution is too coarse, the use of a plasma sheath model may
also be necessary. At the used voltage range, the plasma sheath is on the
order of 0.5 mm, so this resolution is considered sufficient and addi-
tional plasma sheath model is required.

3. Results

Fig. 4 displays the electron density (Fig. 4a) and electron energy
(Fig. 4b) along the z-axis. A contour plot illustrating the simulated
electron density of the cylindrical IEC source is depicted in Fig. 4c. The
contour plot shows that the plasma sheaths around each cathode grid

Fig. 3. Grid configuration of the cylindrical IEC source with 8 cathode rods, a diameter of 30 mm and 80◦ grid opening for the jet mode.



overlap, resulting in a uniform plasma sheath around the cathode.
However, due to high electron density, the plasma sheath overlap is
disrupted at the wider grid opening, which is the direction of jet
extraction. The electron density within the plasma sheath is lower than
that of the bulk plasma. The simulation indicates a dense electron region
of up to 1 • 1016 m 3 inside the cathode at z= 6 mm. At the sheath edge
around the cathode, the plasma density is half the density of the output
region.

The electron density along the z-axis of the symmetry (Fig. 4 above)
shows that the density from z=50 mm to z=30 mm gradually increases,
while the electron energy is approximately 4–5 eV. From approximately
z=27 mm to z=15 mm the electron density decreases to 5 • 1015 m 3,
and the energy decreases along the plasma sheath from around 2000 eV
– 1100 eV. Moreover, the electron density remains low inside the
cathode until 5 mm, while the electron energy in this region reaches up
to 1364 eV. At z= 6 mm, the simulation indicates an electron density
peak of up to 4.7 • 1015 m 3, with an electron energy of around 6 eV.
Between this peak and the cathode diameter at z= 15 mm, the density
decreases, and the electron energy increases up to 45 eV. After the
cathode diameter at around z= 16 mm, the electron density increases
again up to 1.4 • 1016 m 3 and decreases continuously to 3 • 1015 m 3

towards z= 100 mm. The electron energy remains around 5 eV in this
region.

Fig. 5 presents the results of the simulation of a singly charged
positive argon ion. The density of the ion is depicted using a contour plot
(see Fig. 5 c)), while the ion energy distribution (see Fig. 5 b)) and ion
density distribution (see Fig. 5 a)) along the symmetrical axis are shown
in a line plot above. The density at the source orifice is one order of
magnitude higher than that around the cathode. Within the cathode
plasma sheath, from a position of z=27 mm to z=15 mm, the energy of
the singly charged argon ion increases from approximately 1 eV – 550 eV
Within the cathode grid, from z=15 mm to z=0 mm, the energy of the
singly charged argon ion varies between 35 eV and 130 eV. However,
the argon ion density remains constant at approx. 1 • 1015 m 3 between
z=27 mm and z=0 mm.

The line plot in Fig. 6 displays the densities of both electrons and
singly charged argon ions along the symmetry axis. As shown in Fig. 6
the electron and ion density exhibit a peak of 5.5 • 1015 m 3 and 1.8 •

1016 m 3, respectively at a distance of z= 6 mm from the source center.
As seen from Figs. 4b and 5b the corresponding electron and argon
energies are 3 eV and 1 eV, respectively. Furthermore, both densities
decrease below 1 • 1015 m 3, and the energy increases up to 90 eV for

Fig. 4. Cross section of simulated c) electron density in the cylindrical IEC with a) electron energy distribution and b) electron density distribution along the
symmetry line of the source.



electrons and 9 eV for ions in between position z= 8 mm and z= 15
mm. From position z= 15 mm to z= 90 mm, the density for single
charged argon ions and electrons first increases to 1.3 • 1016 m 3 and
then gradually decreases with increasing distance from the cathode to 3
• 1015 m 3 at z= 90 mm.

By examining the plot in Fig. 6, it is evident that the densities for both

species are the same within the region of z=90 mm to z=30 mm and
from z= 16 mm to z= 90 mm. However, there is an imbalance in the
densities within the plasma sheath and cathode. In this region, the
density of singly charged argon ions is higher than that of electrons. At
the peak position of z= 6 mm, the density of singly charged argon ions
is three times higher than that of electrons. Consequently, the peak will

Fig. 5. Cross section of simulated c) argon ion density in the cylindrical IEC with a) argon ion density distribution and b) argon ion energy distribution along the
symmetry line of the source.

Fig. 6. Comparison electron with argon ion density along the symmetry axis.



Fig. 11 shows the potential distribution of the cross section (c), with
line plots above depicting two horizontal sections of the potential (a).
One section passes through the geometrical center of the entire cathode
configuration, while the other passes through the virtual anode located
inside the cathode (see Fig. 4, position z= 6 mm). The potential dis-
tribution along the symmetry axis is illustrated on the right side of the
figure (b). The horizontal axis section shows that the electrical potential
decreases in the plasma sheath from 30 mm to 15 mm, and from 15
mm to 30 mm. Inside the cathode, the potential increases as it ap-
proaches the cathode center. The potential peak in the cathode center
reaches 600 V, while it is 26 V in the virtual anode. However, the
potential distribution is not symmetric along the vertical symmetry axis.
In the direction of the jet output, the potential drops to 26 V at the
virtual anode after passing the cathode diameter. The potential then
decreases continuously to approximately 3 V.

The motion trajectory of randomly selected ions in a 0.5 ms time
frame is shown in Fig. 12. Each point on the plotted path represents a
position of the corresponding ion at a given time. Several time steps
elapse between the individual points, with the change in size indicating
the change in position and the rate of change in diameter being an in-
dicator of acceleration. The simulation reveals that ions are accelerated
from the outer plasma sheath towards the cathode center. Ions with
trajectories between the grids are more likely to pass the cathode and be
directed towards the center, while those with trajectories close to the
cathode grid are more likely to be collected by the grids. The number of
ions colliding with the cathode grid is higher at the two extraction grids
for the spray jet, but no extraction of ions from the cathode center is
observed.

Fig. 13 shows an enlarged section of the electrical potential, electron
and ion density within the virtual anode and cathode along the z-axis.
The corresponding electrical potential reveals the movement direction
of ions and electrons in three sections due to an imbalance of charge
carriers. In section I, electrons move towards the cathode outlet, while
ions move towards the cathode center. Due to the high ion density in
position z= 6 mm and a further increase of the electron density as well
as a decrease of the ion density towards position z= 11 mm, a potential
well is formed which confines the low-energy electrons. In section II,
electrons generated in this region are accelerated towards the virtual
anode, while ions are accelerated towards the source outlet. In section
III, quasi-neutrality in charge carrier densities causes the electric po-
tential to drop further to the plasma potential of around 4 V. Between
sections II and III, another potential well is formed, trapping low-energy
ions. The formation of the electric potential in section IIcould indicate an
ambipolar diffusion mechanism that could cause ionization, thus pro-
ducing ions and electrons in this region. Section IIIsuggests that ions are
more likely to be accelerated towards the cathode center and not
extracted by the source through the jet.

4. Discussion

The electric field between the cathode rods of the IEC source and the
chamber wall initiates a plasma discharge, which in turn creates an
electric field within the cathode grid. Due to the imbalance in the ion-
electron ratio, a virtual anode is formed. The electrical potential distri-
bution is similar to the simulated and measured potential distribution
reported by Bhattacharjee et al. [20], who investigated a highly sym-
metrical cylindrical inertial electrostatic confinement plasma source for
fusion application. The validation of their simulation was conducted
using Langmuir probe measurements. Qualitatively, the spatial distri-
bution of the electrical potential shown in this work aligns with the
findings reported by Bhattacharjee et al. In this work, a similar potential
distribution can be observed, but shifted towards the jet outlet.

The simulated electrical potential in Fig. 11 shows that the ion
density at the virtual anode increases the electrical potential to 26 V.
The higher ion content is caused by ions entering from the plasma
discharge outside the cathode through the cathode grid openings, as the

Fig. 7. Comparison of the argon ion and electron flux along the symmetry axis
of the source. Additionally, the Cathode diameter is illustrated and the
flux direction.

be considered as a virtual anode, owing to the higher ion fraction.
Fig. 7 depicts the flux of singly charged argon ions and electrons 

along the symmetry axis of the source (refer to Figs. 4 and 5 for com-
parison). The plot only represents the flux direction along the symmetry 
axis. Negative fluxes indicate that the ions or electrons move towards the
jet output that is directed towards the substrate. In contrast, positive 
fluxes indicate that the particles move in the opposite direction, towards 
the chamber. The cathode diameter is also shown, which is ±15 mm.
Within the range of z=30 mm to z=15 mm, the plasma sheath acceler-
ates the ions towards the substrate and the electrons towards the
chamber. However, the flux direction changes inside the cathode, with 
the ions moving towards the chamber and the electrons towards the
substrate. Following the virtual anode at position z= 6 mm, the elec-
tron flux experiences a sharp increase from z= 6 mm to z= 15 mm and
then decreases in the range of z= 15 mm to z= 25 mm. During these 
regions, the ion flux remains small.

Fig. 8 shows the 2D cross section of the cylindrical IEC source, which 
includes the simulated electron density contour plot and arrows indi-
cating the electron flux and their direction. For this purpose, the results 
were averaged over 0.5 ms and combined to this superimposed repre-
sentation. The contour plot reveals that in the outer plasma sheath, 
electrons leave in channels directed outwards from the cathode center. 
Within the cathode, electrons flow without any specific direction. To
observe the electron flow in the plasma jet, a different scale of the flux 
without the background density plot was selected (see Fig. 9). The 
simulation indicates that a major part of the electron flux originates at 
the virtual anode location (Fig. 4, position z= 6 mm). From there, the
electrons leave the cathode circle via an almost unidirectional jet to-
wards the substrate. Outside of the cathode circle, the flux orientation 
becomes more disordered. In general, the flux at the jet output is higher 
than the flux at the sheath edge around the cathode.

Fig. 10 displays the 2D cross section of the cylindrical plasma source, 
illustrating the single charged argon ion flux. To achieve this, the
interim results were averaged over a 0.5 ms duration and then inte-
grated into this composite representation. The background contour plot
shows the ion density, and arrows indicate the ion flux and their di-
rection. The simulation reveals that in the outer plasma sheath, the ion
flux is directed towards the source center and increases as it approaches 
the cathode grids. Within the cathode, the ion flux is directed towards 
the cathode grids away from the virtual anode (see Fig. 4 at position 
z= 6 mm). The ion flux in the direction of the jet exit is low at the
virtual anode, and in the region of high ion density in front of the 
cathode, the flux is comparatively low, similar to the inner cathode re-
gion. Unlike the electrons flowing in channels between the two rods at
the output, the ions are not emitted from the geometrical center of the
entire cathode configuration but are accelerated toward the cathode 
rods.



trajectories are showing in Fig. 12. The potential barrier created by the
cathode acts as a filter, allowing only ions to enter the cathode center
from outside. Conversely, electrons can only exit the cathode through an
electron jet located at the widest grid opening, resulting in a decrease in
electron density within the cathode. The virtual anode and resulting
electrical field cause the acceleration and deceleration of charge car-
riers. The negative voltage applied to the cathode creates a high po-
tential barrier that prevents electrons outside the cathode grid from
entering or leaving through the grid openings, except in the spray jet

outlet area. This can also be seen in the electron flux in Fig. 8 which
shows that the electron flux originates from the cathode grids. The flux
direction points either inwards or outwards the cathode grids. There-
fore, only electrons generated inside the cathode grid, such as from
secondary electron emission due to ion bombardment or impact ioni-
zation, can contribute to the discharge inside the cathode. Due to the
electrical field inside the cathode caused by the virtual anode the elec-
trons within the cathode grid are moving in a pendulum motion. This
behaviour can also be observed in hollow cathode discharges [21],

Fig. 8. contour plot of the species path and the corresponding velocity vector within the cylindrical IEC plasma source including the plasma sheath.

Fig. 9. Simulated electron flux at the grid opening of the cylindrical IEC plasma source.



where such faster electrons are forced to a longer trajectory and there-
fore leads to a stronger impact ionization of the background gas species.
The existence of such pendulum mechanism theory has also been

mentioned in literature [10]. The electrical barrier for electrons is lower
at wider grid openings, creating a weak spot allowing electrons leave the
electrostatic confinement. This escape occurs in a collimated flux, taking

Fig. 10. Simulated argon ion flux and density within the cathode of the cylindrical IEC plasma source including the plasma sheath.

Fig. 11. Simulated electric potential distribution of the cylindrical IEC plasma source cross section c) with intersection lines along the symmetry axis b) and
perpendicular through the source center and the dense plasma region close to the grid opening a).



the shape of an electron jet, as shown in Fig. 9. This supports the theory
of Chan et al. that only electrons can leave the cathode center and the
ions of the spray jet are generated outside the cathode [22–24]. The
virtual anode can only be sustained as long as electrons are continuously
provided, and a higher fraction of electrons leave the cathode through
the jet. The electrical potential decreases along the z-axis, i.e. the sym-
metry line of the source (see Fig. 11). It remains at a low potential from
the virtual anode towards the jet output due to the high ion fraction.
Consequently, with a higher ion fraction at the virtual anode and in the
mentioned channel the electrical barrier for electrons is reduced
enabling electron extraction through the jet with lower energies. The
strong potential gradient within the cathode forces incoming oscillating
ions to return towards the cathode grids before they reach the cathode
center. This simulated behaviour supports the theory proposed by Miley
and Murali [1], which claims that ions from outside the grid contribute
to the formation of the virtual anode. It is important to note that PIC

simulations only show small timeframes of the ignition andmaintenance
of the plasma and does not reflect the long-term variation of plasma
properties over time.

4.1. Critical examination of the exit mechanism considering numerical
constraints

In the simulation, the background gas was assumed to be stationary
since the velocity of the gas is significant slower compared to the charge
carriers. This assumption is considered reasonable to save computation
time with only a minor loss in accuracy. However, phenomena such as
impact ionization and secondary electron generation were considered,
allowing ionization of the charge carriers within the IEC source and
leading to an increase in electrons and ions within the source.

4.1.1. Simulation procedure and collision detection in the particle-in-cell
(PIC) method

As previously detailed, the simulation procedure involves initially
distributing charge carriers randomly within the simulation volume.
These carriers then move under the influence of the applied potential
and collisions. In the absence of initial charge carriers and background
gas (argon), simple exit of charge carriers would be conceivable. How-
ever, accelerated electrons generate a collision cascade in front of the
source, similar to a Townsend discharge. The ions, being less volatile,
contribute to the desired pendulum movement within the source. For
ions to escape the potential well, an additional counter-pole would be
required to extract the ions. This has already been experimentally
confirmed in the deployment of a coating system and through simulation
[25–27], though it falls outside the scope of this work.

In the Particle-in-Cell (PIC) method, particles are allowed free
movement. The Cartesian grid is only used to detect collisions. In the
event of a successful collision, new particles are generated at the origin
coordinates of the collision or deflected from this position. For successful
collision detection, particles must reside in a cell for at least one time
step to prevent cell hopping or numerical heating.

Fig. 12. Movement of the ions at the cylindrical IEC plasma source operated in spray jet mode.

Fig. 13. Charge carrier movement within the cathode grid due to the virtual
anode and cathode.



5. Conclusion

The PIC simulation was used to understand extraction of the jet mode
in a cylindrical IEC source. In the chosen configuration a high electron
and ion density was observed in front of the cathode at the widest grid
opening, which is assumed to be the formation of a spray jet. A virtual
anode is formed inside the cathode grid. In comparison to the symmetric
grid configuration with no jet mode, this virtual anode is shifted towards
the grid opening. Ions are accelerated in the plasma sheath around the
cathode and collide either with the cathode grids or oscillate through the
grid opening. Inside the cathode, the ions are accelerated away from the
virtual anode in direction of the cathode grids. Electrons are accelerated
in the plasma sheath around the cathode towards the channels leading
away from the cathode center and ionize the background gas at the
sheath edge. Within the cathode, the electron flow is disordered. Except
for the virtual anode the densities of ions and electrons, respectively, are
low in contrast to their high energies. Within the virtual anode the
charge carrier densities increase but the mean electron energy is low.
The electrons could be derived from impact ionization which results in
low energetic electrons. The potential well caused by the ion density
results in a self-sustained discharge within the cathode This discharge is
very similar to the hollow cathode discharge. The plasma sheaths from
each grid overlap except for the two sheaths at the widest grid opening.
The space charge of the virtual anode decreases the electrical potential
in the channel between these grids enabling the electrons to escape in a
collimated channel. Furthermore, the generated ions at the virtual
anode and in the electron jet are accelerated through the plasma sheath
to the cathode grids. The high ion density in front of the cathode opening
might arise from electron impact ionization of the background gas
outside the cathode and do not originate from the cathode center.
Further research is needed in order to understand the nature of the jet
mode. The working principle of the IEC source in jet mode can be
derived using this PIC simulation, which shows that electron impact
ionization within the source center results in a discharge that triggers
the spray jet mode.
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