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Two-Dimensional Simulations of H− Ions Extraction
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The 2D particle-in-cell method based model of a negative ion source is presented. The spatial distributions
of electrostatic potential and plasma component densities are presented. Changes of negative ion distribution and
potential as well as the extracted H− current with the plasma grid bias voltage are investigated. The presence
of the potential well near the plasma grid surface that traps the negative ions is shown. Increase of the H− ions
density inside the chamber with the negative bias voltage is demonstrated. Influence of the H− ion flux outgoing
from the plasma grid on the extracted current was checked: increase by factor 2 is observed when the flux rises
4 times. Current–voltage characteristics of the ion source are presented, saturation of the curve is observed above
50 kV
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1. Introduction

Production of intense (order of 100 A/m2 [1, 2]) nega-
tive ion beams is extremely important for future nuclear
fusion devices including International Thermonuclear Ex-
perimental Reactor (ITER). The neutral beam injection
(NBI) systems are considered as efficient (tens of MW
per one beamline [3]) plasma heating systems. Radio fre-
quency RF-based negative ion source with multi-aperture
extraction grids [4] became a reference device for the
ITER project [3].

Detailed knowledge of negative ion production, trans-
port, extraction is necessary in order to design effective
ion sources. Computer simulations are useful tools that
support that task. A lot of effort has been made in
order to model negative ion extraction in both 1D [5],
2D [6] and 3D [7–14]. The results obtained using these
codes show e.g. that production of H− in atom conver-
sion on the caesiated surface leads to H− ion accumu-
lation near that surface in a potential well. Both 2D
and 3D simulations showed also that the extracted ne-
gative ion current increases with the magnetic field in
the extraction area [15–17] which was also experimen-
tally observed [18]. Detailed studies of H− and D− ion
production and extraction are in progress using both the
trajectory-tracking and self-consistent models [12, 19].

In the paper a 2D model of H− ion transport and ex-
traction in an initially quasi-neutral plasma is considered.
The model is based on the particle-in-cell (PIC) method
and is generally very similar to that used in our previ-
ous codes [16, 17, 20, 21]. A simplified geometry of the
ion source is proposed: a single extraction hole as well
as a single flat extraction electrode. It is assumed that
H− ions are produced at the front wall (plasma grid) of
the ion source, which is usually covered with a caesium
layer [22] in order to lower the work function to ≈ 2 eV
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(for one monolayer) [23]. The dynamics of H− ions is not
only governed by electric field distribution but also by
collisions with other charged particles in the plasma.

The paper contains the brief description of the model
and preliminary simulation results as e.g. spatial charge
density and potential distributions. Influence of the H−

flux outgoing from the plasma grid surface on the ex-
tracted H− current is under investigation. Changes of
the extracted current and plasma potential as well as ne-
gative ion distribution due to the negative bias voltage
are also examined. Current–voltage characteristics of the
ion source are presented and discussed.

2. Simulation model

Simulations were done employing the 2D numerical
model of an ionisation chamber and a single flat ex-
traction electrode (positive bias Vext). Negative particles
are extracted through a single aperture of 1 mm radius.
The schematic view of the system is shown in Fig. 1. The
simulation area is covered by a Cartesian 200× 100 grid.
The cell sizes are ∆x = ∆y = 0.1 mm. As the electron
density of 1016 m−3 is assumed, this choice fulfills the
∆x < 3.4λD criterion where λD is the Debye length.

Fig. 1. Schematic view of the simulated system. Das-
hed line represents y = −2.5 mm line (along which the
profiles in Figs. 4 and 6 are made).
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The model is based on the PIC method [24] assuming
that a single pseudo- (or macro-) computational parti-
cle represents a large group (of thousands or millions) of
particles moving in the same way which reduces the size
of a numerical task.

It is assumed that the chamber contains equal num-
bers of electrons and H+ ions, each group represented by
3*106 macroparticles. Initially, they are uniformly distri-
buted inside the chamber, with randomly directed velo-
cities, corresponding to the temperature of 1 eV. Charge
distribution is calculated using the simplest nearest grid
point scheme [25]. The total charge distribution as well as
boundary condition determined by electrodes and their
voltages are employed to solve the Poisson equation

∇V (x, y) =
ρ(x, y)

ε0
. (1)

This is done using the successive over-relaxation method
as in papers [16, 17, 26–30]. Electric field is calculated
by numerical derivation of the potential. The classical
equations of motion

dvi

dt
=

qi
mi

E(x, y) (2)

are integrated employing the Verlet method [31]. When
new positions and velocities of particles are known, the
code calculates charge density distribution and steps are
repeated until the desired state is achieved.

During simulations the code checks whether a particle
hits electrodes. Lost particles are replaced by new ones,
randomly placed inside the chamber.

After several thousands of steps some quasi-stationary
potential and charge density distribution are achieved
and H− ions are injected into the chamber (NH− ions per
a time step). They are emitted from the inner surface of
the front electrode with the velocities corresponding to
0.25 eV. Due to the extraction potential trajectories of
some parts of negative ions are deflected towards the ex-
traction electrode. Additionally, the trajectories of H−

ions are randomly modified by e.g. elastic collisions with
other particles. This scattering is simulated using the
Monte Carlo method based binary collision approxima-
tion [32].

The code registers numbers of electrons and ions pas-
sing the extraction aperture as well as potential changes
in the chosen points inside the chamber. Snapshots of
charge density and electrostatic potential distributions
may be also saved.

3. Simulation results

Calculations were performed for the extraction voltage
Vext = 2 kV and 200000 time steps. As the electron velo-
cities inside the chamber and in the extraction aperture
do not exceed 107 m/s, the choice of ∆t = 0.5× 10−11 s
fullfils the Courant–Friedrichs–Levy condition [33]:

v∆t/∆x < 1. (3)
Evolution of the potential in the points along the ion
source axis (marked in Fig. 1) is shown in Fig. 2. After

approximately 25000 steps very strong (amplitude of se-
veral tens of volts) potential oscillations are damped and
a quasi-stationary state is achieved (one should keep in
mind that after 30000 steps negative ion starts). One can
see that the electrostatic potential has negative values
(approximately –8 V to –10 V) along the ion source axis.
Due to the screening properties of the plasma, the poten-
tial inside the ion source chamber becomes almost flat.
One can observe very fast potential oscillations with a
frequency of ≈ 5×108 Hz which is comparable to plasma
frequency.

Fig. 2. Potential evolution at the points x1 = 2.5, x2 =
5, and x3 = 7.5 mm.

Fig. 3. Potential distribution (a) and charge density
distributions for H+ ions (b), electrons (c) and H− ions
(d). Case of Vext = 2 kV and NH− = 100.
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Fig. 4. Profiles along the y = −2.5 mm line of charge
density distributions as well as the potential energy of
H− ions. The same case as in Fig. 3.

The charge density distributions of electrons, H+ and
H− ions as well as potential distribution calculated after
200000 time steps for Vext = 2 kV and NH− = 100 are
presented in Fig. 3. Formation of plasma meniscus in
the potential and H+ charge density distributions can be
observed, as the extraction voltage pushes positive ions
back inside the ion source chamber. Density of H− ion
is the largest in the middle part of the chamber. Heavier
ions are followed by faster electrons that balance their
spatial charge, making the potential almost flat in the
middle of the chamber. However, a large number of slow
H− ion is emitted form the plasma grid, leading to poten-
tial lowering in a 2 mm wide area near the plasma grid.
Accumulation of H− ions near the wall is even better vi-
sible in Fig. 4. It shows the plasma components charge
density and potential energy profiles (for negative ions)
along y = −2.5 mm line. One can see that a large num-
ber of H− ions remains very near the plasma grid surface
(≈ 0.3 mm thick layer). They are trapped in a ≈ 7 eV
deep potential well. The ne density is lower inside this
near-surface well, while positive protons are attracted to
it.

Changes of the extracted negative ion current on the
H− current (controlled by the NH− parameter) outgoing
from the plasma grid surface were also under investiga-
tion. Figure 5a shows relative changes of the extracted
current (normalized to the current obtained for NH− =
100, i.e. δI = (I − I(NH− = 100)) /I(NH− = 100)) for
NH− up to 400. One can see that increasing NH− leads
initially to the higher H− ion yield but for larger NH−

one observes saturation of that trend. This is due to (i)
the above mentioned potential well near the surface that
traps the negative ions and (ii) low velocity (compared
to electrons) of H− ions.

Influence of the negative bias voltage Vb of the plasma
electrode on the extracted current was also examined.
The simulation results for Vb equal to 0, –5 V and –10 V
are shown in Fig. 5b. The H− current is increased by
only ≈ 6% in the case of Vb = −10 V. The yield due

Fig. 5. Relative changes of the extracted H− current
δI = (I − I(NH− = 100))/I(NH− = 100) due to the
surface outgoing H− flux NH− (a) and plasma grid bias
Vb (b).

to the Vb is smaller for the higher outgoing flux of H−

ions (NH− equal to 300 or 400). One can see (Fig. 6a)
that H- density in a 3 mm wide region near the electrode
increases almost by a decade when Vb is set to –10 V. This
results in lowering of the electrostatic potential V (and
increase of Φ = −eV , shown in Fig. 6b). On the other
hand, the depth of the potential well near the surface
remains almost unchanged.

The current–voltage characteristics of the ion source
for NH− = 100 and NH− = 400 were also calculated.
Simulations were done for Vb = 0 and Vext up to 70 kV.
The dependence of the extracted ion current on the simu-
lation time for NH− = 400 is presented in Fig. 7a. The
extracted current is averaged over 60 µs. The average
value of the flat part of the curve is assumed as the final
value of the H− current. The current–voltage curves are
shown in Fig. 7b. A fast increase of the current is ob-
served up to 20 kV and it is followed by the saturation
for Vext higher than 50 kV (the case of NH− = 100). For
NH− = 400 the saturation requires higher Vext (above
70 kV).

4. Conclusions

A 2D model of negative ion production, transport and
extraction, based on the particle-in-cell method is pre-
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Fig. 6. H− charge density distributions (a) and their
potential energy (b) for different Vb.

Fig. 7. Extracted H− currents for different Vext as a
function of time (a) and current–voltage curve (b).

sented. The numerical code follows the trajectories of
H− and H+ ions as well as electrons in a self-consistent
manner and provides e.g. charge density and potential
distributions, dependences of extracted ion and electron
currents etc. Stabilization of the plasma potential after
several tens of thousands of iteration is achieved — ne-
gative potential (≈ −8 V) is due to the H− ion injection.
Formation of the plasma meniscus near the extraction
aperture is observed in the potential and H+ density dis-
tributions. It was found that most of H− gather in a
thin layer near the plasma grid due to formation of po-
tential well, these results are similar to those obtained
by other simulations [5, 9]. Increase of the H− flux out-
going form the plasma grid leads to the rise of extracted
H− current but that trend saturates above a certain le-
vel (NH− = 100 in the considered case). The influence of
negative bias voltage applied to the plasma grid was also
under investigation. Despite the fact that Vb =–10 V in-
creases the density of H− by an order of magnitude, the
increase of H− current by approximately 6% is most pro-
bably due to the fact that the above-mentioned potential
well depth does not significantly change. Current–voltage
characteristics of the ion source were calculated. The
saturation of the I–V curve was found for the voltages
above 50 kV (NH− = 100).
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