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Abstract

The ion beam extraction from an ECR (Electron Cyclotron Resonance) source is
a�ected by many parameters as: geometry and applied potentials, magnetic ux
density distribution including the hexapole contribution, space charge of the ex-
tracted beam and the shape of the plasma boundary. This plasma boundary itself
is determined by the plasma density, the extraction �eld strength, and the electron
distribution of slow electrons.
A 2D simulation of the electrostatic potentials including the space charge and the
corresponding ion trajectories was used to compare our experimental results of two
di�erent extraction geometries.
The fact that the ion density distribution within the plasma is inuenced by the
magnetic multipole distribution, formed by the magnetic hexapole �eld requires a
3D simulation.

Introduction

2D and 3D simulation of the extraction from an ECR ion source has been used to
improve the understanding of the e�ects taking place in this speci�c part of the
ion beam generating system. The speciality for the extraction from this kind of ion
source is the presence of a full spectrum of di�erent charge states and masses within
a wide range of m/q. The presence of the magnetic �eld acts di�erently on the charge
states. This problem can still be handled with a 2D simulation[1], the program
AXCEL[2] has been used for that. In addition, the plasma density is inuenced by
the magnetic �eld, because the slow electrons are strongly bound to the �eld lines.
In turn the electrons attract the ions due to the space charge. The ECR magnetic
�eld is a superposition of the contribution of the axially symmetric coils and the
hexapole �eld of the permanent magnets. This combination of the magnetic �elds
create a special con�nement for the plasma with three radial loss lines on each side
of the plasma chamber. This well known e�ect is the reason for the typical sputter
pattern on the plasma side of the source outlet aperture. The simulation of these
e�ects requires a 3D code (KOBRA3[2]). In all cases the experimentally obtained
charge state distribution were used as input for the simulation. The afterglow pulse
length is long enough that we assume quasi-stationary conditions. Therefore the
simulations are valid for the continuous operation mode and the afterglow mode.
The ight time of the extracted particles within the extraction system is short
compared to the length of the afterglow. Therefore a static solver can be used.

About the Programs

The codes used here are of the FDM (Finite Di�erence Method) type. The geometry
is translated into mesh information. With given boundary conditions (Dirichlet or



Neumann) it is possible to calculate the electrostatic potential exactly (beside the
discretization error and numerical errors) on each node of this mesh. The sum of all
start coordinates for all particles represents the initial plasma density distribution.
Together with the distribution of the magnetic �eld, the particle trajectories can be
calculated by integration. Because of the magnetic �eld, the beam envelope might
be di�erent for di�erent charge states.
Along each trajectory the current of this macroparticle and its velocity is known, and
with that information a space charge distribution is calculated. This space charge
map of the positive ions together with an analytical electron density distribution is
used to recalculate the solution of the electrostatic potential. This iteration loop is
repeated as long as the �nal ion beam emittance di�ers from iteration to iteration.
The geometry of both electrodes (outlet and ground electrode) has been imported
via a DXF-�le (program DXF2KOB3[2]), see Fig. 1.
The ux density for simulation has been obtained with the following procedure: The
contribution of the coils has been measured with a Hall probe on the symmetry axis
of the system. With a Taylor expansion a 2D map is calculated. This 2D map is
rotated around the symmetry axis for the 3D case. Both tasks were performed with
the program MAG2KOB3[2].
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Figure 1: extraction geometry (left), measured magnetic �eld on axis (center), and
resulting lines of constant ux density component in longitudinal direction (right)[4].

The multipole component of the magnetic �eld inuences mainly the plasma density
distribution and is therefore used to generate the starting conditions of the trajec-
tories. The charge state distribution and the total extracted current were taken
from experimental results.
In the simulation all particles start with 5 eV in longitudinal direction at a plasma
potential of 80V with respect to the outlet aperture. Ion temperature is simu-
lated by introducing additional transverse velocity components for each ion with a
randomized direction.
All simulations were made on a PC equipped with 32MB ram, su�cient for a mesh
of 100� 100� 100 nodes.
The general inuence of the di�erent ingredients on the beam emittance is shown
in Fig. 2.

Results

With the 2D code it was found, that it is important to match the plasma density
to the extraction �eld strength. This is demonstrated in Fig. 3. Matching can be
achieved either by variation of the extraction voltage for constant plasma density
(if this is a free parameter), or at a given extraction voltage by variation of the
plasma density. A moveable extraction gap could be used alternatively to modify
the extraction �eld strength. In the unmatched case strong aberrations will occur.
This e�ect can be much stronger than that one obtained by changing from a 10mm
diameter extraction aperture to 15mm diameter[3].
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Figure 2: transverse emittance after extraction: without space charge and magnetic
�eld (left), no space charge but with magnetic �eld (center), and with space charge
and magnetic �eld (right)[4].
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Figure 3: Emittance after extraction for di�erent extraction voltages (from left to
right: 15, 20, and 25 kV) with constant plasma density (top) in case of the 10mm
aperture. Matching with the plasma density (50%, 100%, and 150%) for constant
extraction voltage (bottom) in case of the 15mm aperture[4].

In the real situation | with the superposition of the solenoidal �eld with the
hexapole permanent magnet | perfect matching cannot be achieved, due to the
azimuthal plasma density distribution in front of the outlet aperture. This e�ect
was simulated by generating di�erent starting conditions, shown in Fig. 4. From
the sputter picture obtained in the experiments, the density distribution described
as hexapole type � looks most realistic. In any case, aberrations will occur because
the constant azimuthal extraction �eld strength cannot be matched at all angles to
the the plasma density, which has an angular dependence. With increasing total ex-
tracted current the inuence becomes stronger. Therefore this e�ect will especially
inuence the beam quality for larger apertures and for higher beam currents.
The contribution of the plasma temperature to the beam emittance is small com-
pared to all the other e�ects taking place as long as the temperature is within a
plausible range (see Fig. 5). No di�erence between 0 and 3 eV can be observed. For
an even higher temperature (30 eV) the emittance seems to shrink, but the reason
for the smaller emittance is the higher starting energy in that case (sum of longitu-
dinal and transverse components). This result points out again the important role
of the �rst few Volts of acceleration within the extraction gap (location and shape
of the plasma boundary).
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Figure 4: starting conditions inside the plasma (top): homogeneous (left), super-
position of the solenoidal �eld with the hexapole: type � (center), and � (right),
resulting transverse emittances after extraction (bottom) for these distributions[4].

It can be concluded that due to the azimuthal inhomogeneity of the plasma density
distribution the diameter of the extraction aperture must remain within a speci�c
limit to keep aberrations and emittance in a reasonable regime.
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Figure 5: Inuence of plasma temperature on the beam emittance: temperature
0 eV (left), 3 eV (center), and 30 eV (right) with 5 eV starting energy in longitudinal
direction in each case[4].
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