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Negative Ion Beam Production in an Ion Source
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The Particle-in-Cell method based numerical model of negative ion (H™) beam production in an ion source with
chamfered extraction channel is presented. The model enables calculations of the charge density and electrostatic
potential distribution as well as determination of extracted ion current. Influence of the chamfering angle on H™
density distributions and the obtained H™ current is under investigations. Major (by an order of magnitude)
increase of the current is observed in the case of chamfered opening as the most of the extracted H™ ions are
produced at the extraction channel walls. Changes of the extracted current due to H™ jon flux outgoing from
the plasma grid are also studied. Current—voltage characteristics of the ion source both with non-chamfered and
chamfered extraction channels are presented. Saturation of the C—V curve in the latter case for Vex larger than
10 kV is observed. A transition of beam profile shape from a single maximum broad beam (Vexs < 0.5 kV) through
the ion beam with two maxima to a very intense broad ion beam (Veg: = 10 kV) is presented and discussed.
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1. Introduction

The neutral beam injection (NBI) systems making use
of neutralisation of intense negative ion beams are crucial
for plasma heating in prospective nuclear fusion devices
like ITER [1, 2]. Negative ion (H™/D™) beams of large
current density (100-500 A /m?) are produced in the RF-
inductively coupled ion sources with multi-aperture ex-
traction grid systems |3, 4].

Numerical modelling of ion production, transport, and
beam extraction is a powerful tool supporting design
and optimisation of such devices. A multitude of ad-
vanced numerical models of negative ion beam extrac-
tion were developed [5-10] either focusing on a detailed
description of the plasma near a single extraction opening
surrounded by periodic boundary conditions or enabling
a broader look at the cost of artificial increase of Debye
length by scaling up the vacuum permittivity. The dis-
pute concerning reliability of these approaches could be
found in [11-13]. Nevertheless, different simulations pro-
vide the results showing e.g. that surface production of
H~ due to conversion on the caesiated surface leads to po-
tential well formation and H™ ion accumulation near that
surface. Simulations including electron drift in the mag-
netic field proved also that the extracted H™ ion current
grows with the magnetic filter strength [5, 14-16], which
is consistent with the experimental results [17].

The paper presents the Particle-in-Cell 2D model of
H~ ion transport and extraction in a single aperture sys-
tem. The improved model not only more accurate cal-
culations using a finer numerical mesh compared to that
in our previous paper [18]. Moreover, it assumes that
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negative ions can be created not only at caesiated (in or-
der to lower its work function [19]) plasma grid parts
facing the chamber but also at the chamfered surfaces
of the extraction opening. The presented results were
obtained using a self-consistent electrostatic code being
a modified version of that described in [15, 16, 20, 21],
taking into account also some particle-particle collisions.
Besides the concise model description, the paper
presents the results of calculations of charge density and
potential distributions as well as H™ extracted currents.
The influence of the chamfered walls inclination angle on
the H™ yield and charge distribution is discussed. Impact
of the H™ flux outgoing from the chamber wall on the ex-
tracted current is also considered for different extraction
channel geometries. The current-voltage curves obtained
for different chamfering angles are compared. Evolution
of the beam profiles with the change of extraction volt-
age due to the change of the place where the beam is
emerging from is demonstrated and discussed in detail.

2. Numerical model

The model employed in the paper is based on the PIC
(Particle-In-Cell) approach [22], assuming that each com-
putational particle (also known as a pseudoparticle) rep-
resents a large group (thousands or millions) of particles
behaving in exactly the same way. Such simplifaction
reduces the size of a numerical task to a great extent.
One needs, however, to take care of reasonable statistics
in the plasma region i.e. each mesh cell should contain at
least several tens of pseudoparticles. Moreover, the cell
size should be smaller than the Debye length in the con-
sidered plasma.

Simulations were done using the two-dimensional
model of an ionisation chamber of the length L = 4.5 mm,
width 5 mm and a single flat extraction electrode set on
the negative extraction potential Vo (see Fig. 1) and
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placed at distance d from the extraction opening. Nega-
tive ions and electrons are extracted through an extrac-
tion opening of conical symmetry. The inclination of
the chamfered surfaces of the extraction opening is de-
termined by the channel length h and its inner and outer
radii ; and 7,, respectively. The simulation area is cov-
ered by a rectangular 150 x 100 grid. Cell sizes are set to
Az =Ay=0.00 mm. It is assumed that the chamber is
initially filled with plasma of the charge density 106 m—3
containing equal numbers of electrons and H ions. Each
kind of real particles is represented by 4 x 10® pseudopar-
ticles uniformly distributed inside the chamber, with ran-
domly directed velocities (at ¢ = 0), corresponding to
the temperature kT = 1 eV.

s
— Vext 4’-\
F Vb

st o
— f .
X N ~N

extraction electrode

(/
D/
/
o

Fig. 1. Schematic drawing of the simulated system.

The potential distribution is found by

the Poisson equation

solving

A V() = -8
€o

with the boundary conditions determined by electrodes.
Charge density p(x,y) is found using the simplest nearest
grid point approach as in [23], whereas Eq. (1) is solved
using the successive over-relaxation method (SOR) as
in our previous papers [15, 16, 24-28]. Once the potential
distribution is found an electric field in the grid points is
worked out by numerical derivation. This enables calcu-
lation of forces acting on the particles (also the nearest
grid point scheme) and pushing particles forward accord-
ing to the classical equations of motion. The equation of
motions are integrated using the Verlet method [29]. Af-
ter completion of this step new particle positions and ve-
locities are found which enables calculation of new charge
density distribution. The cycle is repeated as long as
a desired state of simulation is achieved. The simula-
tion timestep was set to 0.2 x 107!! s in order to fulfil
the Courant—Friedrichs-Lewy criterion [30]:

VA t/A <1, 2)

as the typical particle velocities in plasma do not exceed
v =107 m/s.

The code checks whether a particle hits electrodes
where they are lost. In order to keep plasma density con-
stant at the initial stage of simulation all lost HT ions
and electrons are replaced by new particles placed in-
side the chamber. After ~ 20000 of steps some quasi-
stationary potential and charge density distributions are
achieved and H™ ions are injected into the chamber
with the rate Nyg_ per timestep. This magnitude sim-
ulates the rate of neutral-negative ion conversion that
takes place at the caesium-covered surfaces in negative
ion sources and is related to the Cs coverage. Nega-
tive ions are started not only from the inner surface of
the front wall of the chamber (as in the previous pa-
per [18]) but also from the chamfered surfaces of the ex-
traction opening. It should be stressed that the flux of
emitted H™ ions through the surface perpendicular to
the = axis is the same for both emitting surfaces (inner
wall and chamfered opening) in order to simulate incom-
ing neutral-negative ion coversion taking place at these
surfaces. The initial velocities of H™ ions correspond to
kT = 0.25 eV and their directions are random. The tra-
jectories of significant part of negative ions are deflected
towards the extraction electrode while positive ions are
pushed inside the chamber. It should be mentioned that
negative ion trajectories are randomly deflected by elas-
tic collisions with other particles which is simulated using
the Monte Carlo method based binary collision approxi-
mation [31]. The numbers of extracted electrons and ions
are registered by the code and the particles are counted
as they pass the distance s = 1.5 mm from the extrac-
tion opening (see Fig. 1). Potential evolution in the cho-
sen points inside the chamber and the total number of
H™ ions inside the chamber is also registered. Charge
density and electrostatic potential distributions are saved
at the chosen moments of simulation.

3. Simulation results

Numerical simulations for r, =0.7 mm and r; vary-
ing in the range from 0.7 mm up to 2 mm were per-
formed in order to check the influence of the H™ emis-
sion from the inclined surfaces near the extraction open-
ing on the obtained currents and other working pa-
rameters of the ion source. Calculations were per-
formed for Ve =2kV, d = 2.5 mm, and 160000
time steps (0.32 ps). Figure 2 shows the example
of the potential evolution in the two points chosen
along the ion source symmetry axis. Very fast poten-
tial oscillations are damped after ~ 30000 timesteps.
One should keep in mind that injection of H™ ions
with the rate Ng_ = 300 per timestep is started after
20000 steps. One can observe lowering of the potential in-
side the plasma chamber to approximately —10 V as neg-
ative ions are introduced inside the chamber. It should
be noticed that then the number of H™ ions contained
in the chamber Sy_ grows slowly up to ~ 3 x 105 and
the equlibrium is achieved. On the other hand, the ex-
tracted H™ ion current is stable after 5 x 10* timesteps.
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Fig. 2. Evolution of the electrostatic potential V'
in the two points inside the plasma chamber (z =
2.5 mm, y = 0) and (z = 3.75 mm, y = 0), the number
of H- ions inside the chamber Sy_ and the extracted
H™ current.

It should be, however, explained that Fig. 2 presents
the ion current averaged over 1000 timesteps in order
to get rid of numerical noise.

Figure 3a presents changes of the extracted negative
ioncurrent with r;. The extraction channel surface incli-
nation angle could be defined as:
g —T
% (3)
One can see that the current increases fast with r; up
to r; = 1.7 mm where the saturation is observed. The
current for r; = 1.7 mm is ~ 8 times larger than that
in the case of unchamfered extraction channel r; = r,.
Undoubtedly, this is due to the contribution from the ions
produced at the inclined surfaces of the extraction chan-
nel. Figure 3b presents the ratio 6 of the numbers of ex-
tracted H™ ions produced at the back side of the grid and

tan (a0 ) =

those created at the extraction channel surfaces. This ra-
tio decreases dramatically with r; and for r; =1.7 mm
falls below 1%, which means that almost all H™ ions
produced inside the chamber stay inside until they are
neutralised. Figure 4 shows that increasing r; and conse-
quently tan(«) do not change the meniscus area. Larger
ioncurrents are due to the increasing supply of H™ ions
near the region of strong extraction field in the chan-
nel. Moreover, particles emitted from the inclined sur-
faces have velocity components toward the central part
of the channel. It should be noticed that the arc-like
structures directing toward the extraction electrode are
formed as the largest part of extracted H™ ions comes
from the regions near the extraction channel. This beam
halo was already observed in the previous paper [32].
Lowering of the electrostatic potential near the H™ emit-
ting inclined surfaces is observed in Fig. 4. This leads to
the additional electric field component making the neg-
ative ions move along the channel walls towards the ex-
traction electrode.
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Fig. 3. Theextracted H™ current (a) and the ratio 6 of

numbers of extracted H™ ions produced at the back side
of the grid and those created at the extraction channel
surfaces as the function of r; (b).
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Fig. 4. Potential (a, b) and H™ charge density distributions (c, d) for the two different extraction opening geometries

(ri = 0.8 mm and r; = 2 mm).
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Fig. 5. Potential (a) and H™ charge density (b) profiles
along the z = 0 axis for different values of r;.

The H~ charge density distribution deep inside
the chamber also changes with r; which can be better
seen looking at the profiles presented in Fig. 5. The den-
sity inside the chamber gets smaller as « increases due to
the fact that more H™ ions are extracted very soon after
their creation while in the case of r; close to r, most of
them are directed into the chamber. On the other hand,
the charge density in the beam area increases to more
than twice its value.

The changes of the extracted H™ current due to
the H™ flux outgoing from the plasma electrode wall
(Ng— parameter changing up to 700 ions per timestep)
were also investigated. Calculations were done for two
configurations of the extraction opening i.e. for r; = r, =
1.4 mm and r; = 0.7. One can easily see (Fig. 6) that
the extracted currents are ~ 10 times larger in the second
case. Moreover, the curve obtained for t r; = r, bends
down with the increasing Ny_ although there is no sat-
uration in the considered case.

Current—voltage characteristics of the ion source for
Ng_ = 300 and the two defined above extraction open-
ing geometries were also evaluated. Simulations were
done for Vi up to 20 kV. Dependences of the ex-
tracted ion current are presented in Fig. 7. The yield
in the case of chamfered extraction opening is ~ 10 times
larger than for r; = r, in the range of low extrac-
tion voltages (< 2 kV). However, for Vox larger than
5 kV the increase of the extracted current is smaller
and saturation of Iy_ is observed for even larger Viy.
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Fig. 6. Extracted H™ current as the function of Nu_
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Fig. 7. Current—voltage curves for the two different ex-

traction channel geometries.

Fig. 8. H™ ion current density profiles at the distance

s = 1.5 from the extraction opening for different Vexs.

M. Turek

It should be mentioned that the beam profile varies
in a very surprising way. Figure 8 presents the current
density profiles registered at the plane placed 1.5 mm
from the extraction opening. One can see transition
from a very broad beam for low extraction voltages
(200 V) through a typical single maximum beam pro-
file for Voxt = 0.5 kV to a two-maximum profile (a beam
halo) as observed in the previous papers for the extrac-
tion voltages larger than 1 kV. The two maxima are ini-
tially more and more separated as Vey grows but sur-
prisingly for Viy; =10 kV the two maxima join together
and a very broad intense ion beam with a small charge
profile fluctuation is obtained. This behaviour is easier
to understand when one looks closer at the final (after
160000 steps) negative ions charge density spatial distri-
butions for different extraction voltages shown in Fig. 9.
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Fig. 9. H™ density distributions after 160000
timesteps for different Vexs.
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For low extraction voltages (0.5 kV) H™ ions travel along
the inclined surfaces of the extraction channels towards
the extraction channel orifice. Two parts of the beam
are emitted from the edges of the extraction channel and
join just in front of the surface where the current den-
sity is registered. For higher Vi the area of intense H™
emission moves along the extraction channel walls to-
wards the chamber and the regions of depleted H™ con-
centration appear near the edges. The two beams emit-
ted from the spots lying more deeply in the extraction
chamber have a form of arcs crossing in the extraction
orifice. As Viy; becomes higher the emitting spots move
towards the chamber and the two beams are more and
more distant. However, for even higher V., the beams
pass the extraction orifice very near the channel edge.
The outgoing beams are perpendicular to the electrode
and are characterised by large spread. Consequently,
they join in a single intense wide beam at relatively short
distance (1.5 mm). Most of the H™ ions are attracted
to the region of the wide extraction channel. This ef-
fect is even stronger for larger Vexy = 20 kV as neg-
ative ions have a larger tranverse velocity component
due to the extraction field and no longer travel along
the inclined walls.

4. Conclusions

The Particle-in-Cell method based numerical model of
negative ion surface production, transport, and beam ex-
traction is presented in the paper. Evolution of potential,
charge density distributions and extracted negative ion
currents are investigated in a 2D model of an ion source
with chamfered extraction opening. It was shown that
the extracted negative ion current increases with the ex-
traction channel wall inclination, making the ion beam
production process by far more effective (an order of mag-
nitude in the considered case). It was also demonstrated
that in the case of the inclination angle & = 45° more
than 99 percent of the extracted H™ ions are produced
at the chamfered extraction channel walls. The advan-
tage of the chamfered edge solution was confirmed also
by dependences of extracted current on the H™ ion pro-
duction rate Ny_. The current voltage curves obtained
in the case of non-chamfered and chamfered extraction
channels were extracted-although the much higher cur-
rents are obtained using the chamfered extraction open-
ing. The saturation of extracted current could be seen
already for Vi above 10 kV. As in the case of nega-
tive ion extraction of surface produced H™ ions through
a non-chamfered extraction opening [32] a beam halo
could be observed also in the case of chamfered opening.
A complex evolution of the extracted beam current den-
sity profile (broad beam-beam with a halo effect intense
broad beam) with the increasing Veys was observed. This
behaviour was a consequence of the fact that increas-
ing the Vo value changes the place the H™ ion beam
comes from.
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