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Abstract: A model for the simulation of ion beam extraction from an electron cyclotron resonance 1

ion source is proposed. It is based on the simple fact that charged particles follow magnetic field 2

lines. Therefore magnetic field lines are used to generate initial conditions for ray-tracing. This 3

model reproduces in simulation experimentally obtained results. The importance of correlations 4

in phase-space caused by the magnetic field is shown in simulation. This model also describes the 5

physics of space-charge and its compensation in the extracted (fast) ion beam by low energy electrons. 6

Simulation provides the possibility to test theoretical assumptions, as well as to optimize technical 7

designs. 8
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1. Introduction 10

Simulation software can be used to evaluate the behavior of a physical system without 11

performing real experiments. For this purpose, a model needs to be developed which 12

describes the reality of such a system as precisely as possible. Incorrect or incomplete 13

models must be avoided because they yield incorrect or incomplete results. With a good 14

model, parameter studies can provide a reliable data space usable in standard operation of 15

the investigated laboratory experiment so as to improve it. 16

The system discussed here is the formation of an ion beam from a specific kind of 17

ion source. Various types of ion sources for different applications have been developed: 18

Electron Cyclotron Resonance Ion Source (ECRIS), Electron Beam Ion Source (EBIS), Laser 19

Ion Source (LIS), MEtal Vapor Vacuum Arc (MEVVA), Philips Ionization Gauge (PIG), just 20

to mention a few of them; more can be found in [1][2]. There will certainly be more in the 21

future. 22

ECRISs were first developed in the mid 1960’s by R. Geller[3] and his team. The ECRIS 23

has the special feature of forming not only singly charged ions within the ion source plasma 24

chamber, but also higher charge states, up to fully stripped ions. Lower m/q ratios are 25

desirable (not only) for particle accelerators. This kind of ion source and development of 26

the model will be described in more detail in this report. A typical design of an ECRIS is 27

shown in Figure 1. 28

An ECRIS uses microwaves to create a plasma from neutral gas atoms. The plasma is 29

confined with a suitable magnetic field. It has been found experimentally that increasing 30

microwave power leads to not only higher charge states but also higher plasma densities. 31

This is true for higher frequencies, too. Today 10 GHz, 14 GHz, 18 GHz, 28 GHz and 56 GHz 32

klystrons and gyrotrons are available and are used worldwide in scientific laboratories, 33

hospitals and industrial devices. Of course, applying higher frequencies accelerates elec- 34

trons to higher energies. X-rays with energies up to MeV have been measured [4] in the 35

vicinity of an ECRIS. 36

With increasing frequency the electrons are of higher energy because the resonant 37

heating is shifted to higher energies, and stronger magnetic fields are required to keep them 38

within the ion source plasma chamber. The typical magnetic field is a mirror field created 39
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by two or more coils, with a magnetic multipole field superimposed so as to improve 40

the radial confinement; in most cases the multipole field is a hexapole created either by 41

permanent magnets or by a set of six coils. For lower frequencies (up to about 18 GHz) 42

and thus also lower magnetic flux density (up to about 1 T) normal conducting coils can be 43

used; above this limit superconducting coils are required. 44

Other multipoles have been investigated also: OCTOPUS [5] is equipped with an 45

octupole and ARC-ECRIS [6] works with a quadrupole field instead of a hexapole. These 46

different configurations are not as easy to compare, because they influence both plasma 47

generation and ion beam extraction and only the ion beam extraction is investigated 48

here. Plasma generation is not simulated (yet), and certain assumptions are necessary for 49

the plasma as for example plasma potential and electron temperature.. The concept of 50

temperature includes here only the low energy plasma electrons and not the accelerated 51

high energy electrons which are responsible for the (step-by-step) ionization. 52

The ion source itself is a cylindrical vacuum chamber within a magnetic field with at 53

least three openings in the end-plates: a gas inlet to introduce neutral gas atoms, the rf inlet 54

to heat the electrons and an extraction aperture to extract ions from the plasma chamber. 55

In case of CAPRICE [7] two openings are co-axial. The plasma chamber is biased to the 56

extraction voltage; the ion beam energy is determined by the bias potential and the charge 57

state. 58

Figure 1. The Caprice ECRIS. Normal conducting coils (shown in green) together with a permanent
magnet hexapole (shown in red). Microwave power is fed to the source from a high power generator
at 14.5 GHz, connected by wave guide to the ECRIS. The bias voltage needs to be isolated from the
microwave. Iron parts in yellow. Extraction is to the left, here a simple diode system is shown. Gas is
injected from the side opposite to the extraction side.

This type of ion source has been improved over the years, accompanied by biannual 59

international conferences (ICIS) and workshops (ECRIS). On each of these occasions new 60

intensity records for specific ion beams or higher charge states are usually presented. The 61

improvements are obtained by new hardware components (higher power, higher frequency, 62

higher magnetic flux density,...) or by specific tricks (mixing of frequencies, mixing of 63

different gases or mixing of different isotopes,...). Computer simulation has been used 64

to accomplish these developments, but the state of the art of the available hardware and 65

software was limited and a correct model was not available in the beginning. 66
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2. Development of the model 67

Simulation of ion beam formation utilizes at least two different differential equations: 68

a boundary value system to describe the electric scalar potential and the magnetic vector 69

potential, and an initial value problem to solve for the ion trajectories. Only the time 70

independent solution is required for cw operation of the ion source: 71

∇ · E = ρ/ε0 (1) and ∇ · B = 0 (2) 72

over the volume of interest. E is the electric field, B the magnetic flux density, ρ the 73

space-charge, ε0 the dielectric constant. ∇ describes the nabla vector operator. ∂E/∂t and 74

∂B/∂t are assumed to be zero. These differential equations (Equations 1 and 2) can be 75

solved when boundary conditions are known. 76

To solve for the charged particle trajectories, the initial coordinate conditions need 77

to be known. These initial coordinates are three spatial coordinates and three velocity 78

coordinates. The solution of these trajectories can be found by two-fold integration and 79

provides a space-charge distribution which influences the solution of Equ.1; an iterative 80

procedure is used to find a self-consistent solution. 81

Particle-In-Cell (PIC) codes, taking the interaction of single particles into account, 82

can be used to solve for the ion motion, but in the steady-state case a trajectory code is 83

sufficient. 84

2.1. Adaptation to ECRIS 85

A variety of different models have been developed in the past for different charged 86

particle sources: a geometrically fixed emitting surface, as for thermionic electron sources 87

or surface ionization ion sources, is certainly not a realistic model for an ECRIS; and the 88

assumption of a homogeneous plasma does not show the experimentally well known ion 89

beam structure formed by an ECRIS. 90

In an ECRIS a mirror-like B-field of order of 1 T (and above) is combined with a radial 91

B-field component created by a hexapole. The influence of the magnetic hexapole flux 92

density at a typical extraction aperture radius of 3 mm (for the investigated ECRISs 8.3 mT, 93

assuming a 1 T radial flux density at the plasma chamber wall) seems to be small, nearly 94

negligible. On the other hand, the plasma structure inside the plasma chamber clearly 95

displays a hexapole distribution [8]. 96

However, just assuming a hexapolar ion distribution at the extraction aperture is 97

not satisfying [9]. Alternatively, the assumption of a streaming plasma inside the plasma 98

chamber has a physical justification. Such streaming plasma is shown experimentally for 99

example in [10]. There a plasma formed by a vacuum arc flows into a magnetic solenoid 100

exactly following the magnetic field lines. In that application plasma is used to provide 101

a target for a short pulsed ion beam (µs) to provide a faster build-up time for the Space- 102

Charge Compensation (SCC). In much larger machines also, such as tokamaks, the plasma 103

is guided by the magnetic field lines. This general behavior is used to exploit the initial 104

space coordinates of trajectories to be extracted from an ECRIS. 105

The superposition of the mirror field and the hexapole results in field lines with three 106

loss zones on each side of the plasma chamber, see Figure 2, right, and in the center of the 107

plasma chamber where the radial component of the mirror field vanishes six loss lines are 108

obtained, same Figure, left. Only three of the six poles of the hexapole contribute to these 109

lines where ions can be extracted; compare Figure 2 for experimental results and Figure 3 110

for the simulation result achieved with KOBRA3-INP [11]. Charged particles flow along 111

these field lines with their specific Larmor radius. The ions are said to be "magnetized" 112

when their Larmor radius is small compared to the characteristic system dimension, where 113

the Larmor radius and the cyclotron frequency are given by: 114

rL = m · v⊥/(q · B) (3) and ωc = (q · B)/m (4) 115
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m
q e 1 10 100

E[eV] v[ m
s ] rL[m] v[ m

s ] rL[m] v[ m
s ] rL[m] v[ m

s ] rL[m]

1 5.9E6 0.4E-06 1.4E5 1.5E-4 4.4E3 4.6E-4 1.4E4 1.4E-3
10 1.9E7 1.1E-05 4.4E5 4.6E-4 1.4E4 1.5E-3 4.4E4 4.8E-3

100 5.9E7 3.4E-05 1.4E6 1.5E-3 4.4E5 4.6E-3 1.4E5 1.4E-2

Table 1. Comparing Larmor radii with geometrical dimensions determines whether charged particles
(electrons (e) and/or ions with m/q ratio of 1, 10, 100 atomic mass-to-charge units) are magnetized.

Some numbers for velocity (non relativistic) and Larmor radius (also called gyroradius) 116

for electrons and ions are given in Table 1. According to Equation 3 only the velocity 117

component perpendicular to B contributes to the gyroradius, which is an unknown fraction 118

of the assumed energy. The effective Larmor radius is therefore determined by a velocity 119

which lies between 0 and the maximum velocity. The cyclotron frequency (ωc in Equation 4) 120

is in this context only relevant to energetic electrons (those electrons accelerated to high 121

energy by the microwave power). The table is for B = 1 T (yielding 28 GHz for ωc) and 122

shows that not only are electrons magnetized but also low energy ions. Even in the case 123

where ions are not magnetized, they are guided by the magnetized electrons. 124

In Figure 3 the projection of some ion trajectories within the plasma chamber is shown. 125

The low energy ions gyrate along the magnetic field line and only those with adequate 126

momentum can be extracted. Particles moving on a magnetic field line might be reflected 127

by the magnetic mirror field, or if the initial velocity is high enough they may enter the 128

acceleration gap where ions will be accelerated and electrons decelerated and reflected. 129

According to this model the initial particle coordinates are generated in simulation only at 130

those places where the attached magnetic field line passes through the extraction aperture 131

without touching surrounding material. In an ECRIS most of the magnetic field lines that 132

pass through the extraction aperture originate in the plasma chamber in a primarily radial 133

direction, producing material erosion and thermal load at these places. The sharp traces of 134

erosion on the material indicate the small influence of diffusion. The reason for the typical 135

ECRIS beam structure can be explained easily with this model. 136

Figure 2. Left: Six loss lines in the center of the plasma chamber and the hole for microwave injection.
Right: the extraction electrode (plasma side) with three loss lines.

When the ions are accelerated within the extractor they are still in the magnetic field 137

of the ion source solenoid, where the Larmor radius translates to skewed trajectories. At 138

the interface between plasma and extracted ion beam the space-charge of the extracted ions 139
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will become dominant because the ion space-charge is not compensated by electrons any 140

more. 141

Interestingly, note that the particle density will tend to homogenize along a magnetic 142

field line inside the plasma chamber. The local density on each field line might be different 143

from that on other field lines, resulting either in an emission limited mode, or in a space- 144

charge limited mode at the plasma boundary, depending on the local E-field and the local 145

ion density. Child’s law [12] is still valid, but in comparison with the magnetic-field-free 146

case, it is a local property now. As a consequence the current density can vary across the 147

extraction aperture. 148

Traces of erosion on the plasma side of the extraction electrode and on the plasma 149

chamber wall contradict the assumption of a homogeneous plasma in front of the extraction 150

aperture. Assuming that the motion of plasma is guided by magnetic field lines and thus 151

that the plasma is collisionless, one concludes that only plasma formed on field lines that 152

pass through the extraction aperture can be extracted. Close inspection of these field lines 153

reveals that most of them hit the plasma chamber wall in a primarily radial direction, more 154

strongly so for increasing radius at the extraction aperture. 155

Another dependency occurs: the longitudinal starting position of a field line depends 156

on its azimuthal position. The closer the azimuthal distance within the plane of extraction 157

is to a magnetic pole of the hexapole, the closer the longitudinal distance from this point 158

on the field line to the extraction aperture. This might be a hint for the origin of the well 159

known structure shown by any ECRIS. 160

With increasing radius inside the plasma chamber the azimuthal compression of 161

plasma increases. Depending on the order of the multipole this compression scales linearly 162

with increasing r, the distance to the center, for the quadrupole, quadratic for the hexapole 163

and cubic for the octupole, and so on. This has to be taken into account for each trajectory. 164

The initial momenta of the ions depend experimentally on the history of the creation process, 165

and are still artificial data in simulation. Beside these spatial and velocity coordinates, 166

the number of ions might be different for each trajectory, depending on the local plasma 167

density. This radial and azimuthal dependency is characteristic for ECRISs. 168

In other kinds of ion sources, a three-grid extraction system (also called an "accel-decel" 169

system) is commonly used, especially for higher particle densities, so as to maintain SCC of 170

the extracted ion beam. Using a simple diode system leads to leakage of SCC. The negative 171

potential drop formed by the middle (’suppressor’) grid in a three-grid extraction system 172

presents a barrier for low-energy electrons in the ion beam. Unsurprisingly, such systems 173

are also required for ECRISs with high total extracted ion current. Experimentally this 174

influence can be seen by observation of the light coming from the plasma when switching 175

on and off the negative potential dip. When the negative electrode is grounded, the plasma 176

gets brighter due to the accelerated electrons from SCC. 177

For a correct simulation, the correct ion charge state spectrum must be used. This m/q 178

spectrum can be measured or determined by simulation [13]. A set of differential balance 179

equations describes the charge state distribution, which can be solved when cross sections 180

for ionization, capture, charge exchange and particle distributions are known. 181

Typically, the extraction electrode is located close to the maximum of the solenoidal 182

field (i.e. the peak of the mirror field); the B-field decreases as the beam is accelerated 183

within the extractor. Independently of the initial conditions, the different m/q-ratios are 184

treated differently in the extraction system, due to the different velocities for each m/q. 185

After acceleration of the ion beam, it simply drifts in a field free region, or it may be still 186

in the fringing field of the ion source magnets, or it may have already entered a focusing 187

element. These different conditions translate into different beam transport properties. 188

3. Ion Sources 189

3.1. The CAPRICE Ion Beam Source 190

The ion source CAPRICE (see Figure 4 for the computer model) is a 14.5 GHz ECRIS 191

version with a mirror field formed by two normal (non-superconducting) coils, providing 192
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plasma chamber

radial loss line

Figure 3. Ion trajectories (in red) within the plasma chamber (in orange), projected in the beam
direction at 0.4 m with a projection depth of ±8 mm. The ions gyrate along the magnetic field line.
See Figure 5 to identify this location close to the plane of extraction. The three wings in the plane of
the extraction aperture have their origin in the radial plasma loss lines. In this projection they appear
like three ρ-shape wings, shifted by 120°.

1.1 T for the first, and 1.0 T for the second coil maximum field on axis. The source has been 193

operated with three different hexapoles, providing 0.8 T, 1.0 T and 1.2 T flux density at 194

the plasma chamber wall. The ion source has been described elsewhere in more detail [7]. 195

Erosion marks of the plasma after some operation time inside the plasma chamber are 196

shown in Figure 2. 197

Simulation of the magnetic field has been carried out using the OPERA [14] software 198

and imported into KOBRA3-INP software to perform ion beam simulation. 199

3.2. The HIISI, GHIISI Ion Beam Sources 200

The plan at GSI (Gesellschaft für Schwerionenforschung, Darmstadt, Germany) is to 201

replace the 30 year old CAPRICE ion source by a more modern type and the Finnish ion 202

source HIISI [15] (see Figure 5 for the computer model) seems to be a favorable candidate. 203

At the university of Jyväskyla (Finland) a normal conducting 18 GHz ECRIS has been built: 204

Heavy Ion Ion Source Injector (HIISI). The HIISI ECRIS is an 18 GHz normal conducting 205

version with improved magnetic properties compared to CAPRICE. To distinguish the 206

Finnish version from the planned GSI version, the ’G’ stands for the planned version at 207

GSI. Beside the higher frequency and slightly higher B-field the computer model used 208

is the same as used for CAPRICE. The magnetic field has been modeled using OPERA 209

and CST [16], both of which show the same results, and can be used to calculate magnetic 210

flux density tables and to import them to KOBRA3-INP. In general both magnetic field 211

distributions, for CAPRICE as for HIISI are similar but for HIISI higher flux densities are 212

obtained. The cooling of the hexapole has been improved to allow higher losses from the 213

plasma towards the plasma chamber without damaging the permanent magnets. 214

HIISI relies on an electrostatic lens system to focus the extracted ion beam to the 215

following acceleration structure, whereas for GHIISI it is planned to use the CAPRICE-type 216

extraction system instead. Simulation should accompany this change to obtain best possible 217

results, which is equivalent to the requirement to increase the brightness of the extracted 218

ion beam. Brightness is defined as ion beam current per 4D-phase-space volume. 219
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3.02.01.0.00

3.02.01.0.00

Figure 4. CAPRICE computer model. Top: correct aspect ratio. Bottom:
enlarged scale.

KOBRA3-INP
volume: 8×4×4 cm
nodes: 1,030,301
non uniform mesh
potentials (l to r):
15 -2, 0 kV
plasma: 25 V
B-field: OPERA by
A. Andreev, GSI
CAD model by
R. Lang, GSI

8.07.06.05.04.03.02.01.0.00

8.07.06.05.04.03.02.01.0.00

Figure 5. HIISI computer model. Top: correct aspect ratio, bottom: enlarged
scale.

KOBRA3-INP
volume:
81×12×12 cm
nodes: 25, 171, 680
480 · 229 · 229
uniform mesh
potentials (l to r):
18, -3, 0, 10, 0, -10,
0 kV
plasma: 25 V
B-field: CST by
F. Maimone, GSI
CAD model by
R. Lang, GSI
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4. Computer Experiments 220

4.1. Initial Coordinates of Trajectories 221

When using the ’streaming plasma’ model the attached field line defines locations 222

x,y,z where particles are generated. Magnetic field lines of interest are shown in Figure 6. 223

Using an adequate number of ion trajectories for each field line, the total number of 224

trajectories for all field lines results in a very large (or even huge) number of trajectories 225

to be calculated. To reduce the number of trajectories in the simulation, there are several 226

options, for example using not all places along a magnetic field line, but a representative 227

selection of them only. For the magnetic flux density a window (or a range) can be defined 228

to create initial conditions only when B at this position is within that range. A shell-like 229

volume is defined with such a model. Each shell represents a resonance zone for a specific 230

electron energy. Two different zones are the result: one zone when the magnetic field line 231

enters the hollow shell, see Figure 7 and the other when leaving this shell, see Figure 8. 232

Ray-tracing has been made for both cases and comparison of both results indicates that 233

there is only a small influence of the hexapole on the ion beam profile when starting the 234

ions close to the extraction aperture (Figure 7), whereas the other condition (Figure 8) shows 235

a clear influence of the hexapole. The extracted ion beam (still no space-charge) is shown 236

in Figure 9 by two cuts, one perpendicular to the beam direction, the other in the beam 237

direction. After six iterations (solving Poisson’s equation and doing ray-tracing, creating an 238

updated space-charge distribution after each iteration) a self-consistent solution is found. 239

The resulting potential including space-charge is shown in Figure 10. 240

x

y

z

Figure 6. Projection of magnetic field lines going through the extraction aperture.

Figure 7. Initial conditions for ions created along a magnetic field line when B is between 1.0 T and
1.1 T. Left: lines of constant B for that range are shown here instead of field lines. Red points indicate
the starting points for trajectories. Right: only the region of first intersection of constant B and a field
line is used here. Assuming such a distribution of ions in front of the extraction system a nice beam
can be simulated, but it does not represent reality.
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y

z

Figure 8. Ions are started in the same B region as in Fig. 7 but here the second intersection of constant
B and a field line is used. Top left: vertical projection. Top right: horizontal projection. Bottom: 3D
projection. In this figure only the initial coordinates of trajectories are shown.

1.0

1.0143 

1.0286 

1.0429 

1.0571 

1.0714 

1.0857 

1.10

Figure 9. Left: projection of initial positions of trajectories in longitudinal direction at x=0.4 m. Right:
trajectories in a transverse projection, at 6 cm with ±6 cm projection depth. Lines of constant B from
1.0 T to 1.1 T are shown together with the trajectories.
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18000.0

18003.6 

18007.1 

18010.7 

18014.3 

18017.9 

18021.4 

18025.0

Figure 10. Potential distribution within the plasma chamber. Only three ’active’ loss lines are used to
describe the plasma. Lines of constant potential from extraction electrode potential to plasma potential
are shown. Left: cut in beam direction just in front of the extraction aperture. The distorted azimuthal
potential distribution is caused by space-charge. Right: cut in transverse direction (perpendicular to
beam direction).

4.2. Current density distribution 241

The model does not provide the initial current density for each trajectory, but a 242

perveance scan will show at least the tendency for the extracted ion beam current under the 243

influence of space-charge. In distinction to the magnetic-field-free case the homogeneity of 244

the ion beam is defined by the number of charged particles available on each B-field line. 245

The plasma boundary cannot be visualized experimentally, but simulation can be 246

used to give a picture of this theoretical description. The potential distribution at the 247

extraction aperture does not have any azimuthal dependency caused by geometry. Due to 248

the particle distribution within the plasma chamber and in front of the extraction aperture 249

the potential distribution at that place shows the influence of the hexapole. In Figure 10 the 250

potential distribution shows a triangular shape caused by space-charge of the incompletely 251

compensated plasma (here plasma potential is 25 V, electron temperature 5 eV). In the 252

longitudinal cut it can be seen that the plasma chamber is not fully filled with plasma (- 253

potential), there are empty spaces, and the potential there is lower than the plasma potential. 254

The distorted azimuthal potential distribution within the extraction plane might increase 255

the beam emittance (any non-linear force will increase the emittance). 256

4.3. Frequency Tuning, Multiple Frequencies 257

Tuning the rf-frequency by a small amount (MHz steps in the GHz range) shows a 258

strong influence on the extracted ion beam current [17]. This influence on the total extracted 259

ion current can only be explained by electrons which are influenced in their spatial and 260

energy distributions. Ions are not sensitive to the GHz frequency of the rf-power. 261

It sounds plausible that tuning the frequency affects the plasma density on each 262

B surface which is connected to a specific electron energy. In simulation this can be 263

approximated by choosing a certain range of B, representing such a shell described by 264

Equation 4. The same argument holds for several simultaneously injected frequencies for 265

heating the electrons. Further experimental work needs to be done to verify or to discard 266

the model in that aspect. 267

4.4. Biased Electrode 268

It has been found experimentally that an additional electron emitter has a strong 269

influence on the ion beam intensity [18]. Such an emitter is located on the opposite side to 270

the extractor. Electrons coming from such a biased disc see comparable magnetic fields as 271

experienced by ions on the extraction side. They will not stay on axis, but drift to radial 272

loss lines instead, see Figure 11. From this it should be concluded that electrons coming 273
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Figure 11. Projection of electron trajectories, started at the disc, biased to -200 V. Left: cut perpendic-
ular to beam direction within the plasma chamber. Right: cut in beam direction. The structure is
caused by discretization in radius and azimuth of the electron ’beam’.

from a biased disc mainly are accelerated to higher energy and do not contribute to SCC of 274

plasma. The space-charge of e.g. 200 eV electrons (for the voltage drop of a disk biased to 275

-200 V) is much smaller than that from a few eV energy distribution of electrons. 276

From that simulation a biased ring should be applicable as well, which would solve the 277

problem of blocking this position by another element (microwave entrance port, oven,...). 278

Maybe even more interesting could be a biased ring on the extraction side because the three 279

’emitting’ poles would be provided with additional electrons. 280

4.5. Afterglow 281

For pulsed operation (as for example for synchrotron injection) the afterglow effect 282

can be used to enhance the available ion intensity. It has been found that when switching 283

off the rf-power an ion beam can still be extracted, with even higher intensity compared to 284

the intensity when the rf-power is on. This afterglow effect can be explained by the capacity 285

of each B-field line to store charged particles. If rf-heating is stopped, the ’capacitor’ will 286

be discharged. To estimate this capacity, this length of the magnetic field line (from the 287

plasma chamber wall to the extraction aperture) could be used. The larger in diameter and 288

longer in length the stronger the afterglow effect should be according to the model. But 289

the maximum number of stored ions along the B-field line depends also on the number 290

of electrons frozen to that field line. The higher this number, the higher the capacity. To 291

combine the afterglow effect with a biased ring in front of the extraction electrode should 292

improve yet further the available intensity in that operating mode. 293

4.6. Other Effects 294

It should be mentioned that there are experimental observations which cannot be 295

explained by the proposed model, like the so-called isotope effect [19], indicating that the 296

model is still not complete. 297

5. Transport Issues 298

5.1. Beam Properties 299

After extraction, the ion beam properties can be best described by its emittance. 300

This quantity is a projection of the 6D-phase-space into a 2D drawing plane. The six 301

dimensions are the three spatial coordinates and three momenta. Typically the three 302

momenta are normalized to the longitudinal momentum, resulting in an angle for both 303

transverse directions. The different projections at a given longitudinal position, integrating 304

over all longitudinal velocities, are the profile in space, the profile in momentum space, 305
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Figure 12. Different projections of the 6D-phase-space behind the extraction electrode (x=0.45 m in
Figure 5). Top row: real space, horizontal and vertical emittance. Bottom row: momentum space,
horizontal and vertical mixed phase-spaces (horizontal angle against vertical position and vice versa).
Scaling ± 1 cm, ± 400 mrad. Green: Ar+, brown Ar2+ and red Ar3+. Each of these six projections
contains 465,688 trajectories.

two emittances (horizontal, vertical) and two remaining projections, called mixed phase- 306

spaces. They are shown in Figure 12. The typical shapes from an ECRIS are reproduced by 307

simulation with KOBRA3-INP. Different charge states of Argon (Ar+, Ar2+ and Ar3+) are 308

distinguished by color in this figure. The expected different azimuthal rotation for different 309

m/q values is confirmed by simulation. 310

The profile of the ion beam shows a triangular shape. More precisely, the extracted ion 311

trajectories are better described by three wings separated from each other by 120°, more 312

distinctly so with increasing radius; see Figure 12, top row, left column. Both emittances 313

at that position show a divergent beam (top row, center and right). Some regions of more 314

dense distribution are caused by the projection of this triangular shape. However, the 315

projection of the 6D-phase-space in other directions unveils that the initial structure stays 316

embedded, see same Figure, bottom row: transverse angle against horizontal position and 317

horizontal angle against vertical position as well as the momentum space (horizontal angle 318

against vertical angle). 319

Let us assume that the ion beam application is as a particle injector to an accelerator, 320

as quite usually the case. The aim of optimization is therefore to achieve a beam with 321

highest possible intensity and lowest possible emittance of the desired m/q ratio ion. The 322

correlation which is shown in Figure 12 needs to be taken into account for the design of 323

the beam line for an ECRIS beam [20]. To measure these different projections, a pepper 324

pot emittance meter such as the one designed by H.R. Krämer [21] can be used, or the 325

µ-Faraday cup array built by L. Panitzsch [22]. 326

As soon as the ion beam is in a field-free region after extraction the ions proceed 327

on straight trajectories without any change in angle. This is no longer true when the ion 328

beam current density is high. Then the space-charge of the extracted ion beam becomes 329

important. The potential drop ∆Φ across a homogeneous parallel beam can be estimated 330

as ∆Φ = 30I/β (I ion beam current in [A], β ion velocity divided by the speed of light). 331

The resulting force acts as a de-focusing lens. However, ions extracted from an ECRIS as 332

for any ion source might collide with residual gas atoms inside the beam line, ionizing 333

them with a certain probability. The newly created ions are repelled by the positive space- 334
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charge potential of the extracted ion beam but electrons are trapped by this potential. 335

Electrons with energy higher than the remaining potential hill of the positive ions will 336

escape, therefore only the coldest electrons will remain trapped within the beam potential. 337

Depending on the creation rate and loss rate of those electrons a certain time is required 338

to reach space-charge neutrality. When operating the ion beam continuously, it is just a 339

question of time until space-charge neutrality is reached; for pulsed operation the process 340

repeats for each pulse. Typical build-up times are in the range of µs to ms, depending on 341

several parameters. However, when ion-optical elements are used to transport the ion 342

beam inside the beam line SCC will be influenced by these elements as well. 343

The magnetic self-field scales with β which can be neglected for ion beam extraction. 344

This is not valid for electrons above several keV due to the higher velocity and typically 345

higher currents compared to ions. 346

5.2. Drift, Electrostatic Plasma 347

The ion beam drifts inside the vacuum of the beam-line without any external field. 348

Electrons for SCC can move freely within the ion beam. Only the electric field caused by 349

the space-charge of the extracted ion beam influences the SCC. An electrostatic plasma will 350

develop, formed by fast moving ions and low energy electrons. Movement of electrons is 351

governed by the electric field caused by the space-charge of ions. The lower the electron 352

energy the lower the space-charge potential that develops with time. The low energy 353

electrons within the Coulomb cloud of the positive ion beam can move freely and can be 354

described as an electrostatic plasma. 355

5.3. Ion Beam Optics with Electrostatic Elements 356

Different electric devices are available to bend or focus the ion beam, such as Einzel 357

lenses, dipoles, quadrupoles, and more. Their common feature is, that the SCC is influenced 358

by them as well — the electric field produced by the specific element will influence the SCC. 359

It will tend to counteract the field produced by the ion beam’s space-charge. This acts as a 360

non-linear lens creating image errors and emittance growth. Negatively biased electrodes 361

repel electrons, leaving a part of the ion beam uncompensated, whereas a positively biased 362

disc will remove electrons from SCC of the ion beam. With increasing space-charge such 363

lenses become impractical. Higher current capability of power supplies for positively 364

biased electrodes as well as improvement of cooling of these electrodes will be required. 365

Finally, SCC will suffer due to these electric fields. 366

5.4. Ion Beam Optics with Magnetic Elements 367

In using a magnetic element capable of focusing or bending the extracted ion beam, it 368

is evident that low energy electrons of SCC are magnetized by the magnetic field. They can 369

move freely in the direction of the magnetic field, but are frozen in the direction transverse 370

to the magnetic field. 371

It has been shown experimentally that SCC of an ion beam can be maintained even 372

within transverse magnetic fields as in a magnetic dipole used to separate ions of different 373

m/q. In the second half of the 1980’s the author had the pleasure of meeting Boris Makov 374

at an ion source conference at Dubna. Makov was responsible in the 1940’s for enrichment 375

of 235U+ by ionizing natural uranium in a PIG ion source and separating the different 376

isotopes within the ion beam by a magnetic dipole. The author’s question about the SCC of 377

the ion beam including the bending magnet section was answered with a ’knowing smile’ 378

on his face with: "Otherwise the transport and separation of more than 100 mA of uranium 379

with 30 keV energy would not have been possible". Experience. In [1] this experience 380

was confirmed by 3-dimensional simulation some years later. Electrons oscillate along the 381

magnetic field line driven by the electric field caused by space-charge of the ion beam. SCC 382

can build up. 383

It has to be concluded, that electrostatic lenses will destroy SCC, at least partially, 384

whereas transport with magnetic lenses maintains SCC for ion beam transport after the 385
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required build-up time. A consequence for pulsed operation is that the build-up time adds 386

up along the beam line and thus shortens the effective pulse length. The local SCC for cw 387

operation is a property of the beam line. Similarities between the plasma behavior within 388

the plasma chamber and the beam plasma are not accidental. 389

6. Conclusion 390

Simulation of a system without exact knowledge about the appropriate model is not 391

useful. And a reliable model needs to be compared with experimental facts. Without 392

compliance no confidence to simulation results can be achieved. The simulation results 393

obtained with KOBRA3-INP using a model specific to ECRIS show good agreement with 394

experimental experiences with that type of ion source. It shows how the volume of the 395

6D phase-space of the ion beam is treated by the combination of electric and magnetic 396

fields. The hexapolar component of the magnetic field and its influence on the extracted 397

ion beam is responsible for the well known structure obtained by any ECRIS. Beside the 398

m/q distribution the extracted ion beam is composed of three spatially-separated fractions 399

coming from three poles of the hexapole. Empty spaces in the 6D phase-space are causal 400

for the system and are not removable by Hamiltonian forces. 401

Use of this model allows for example a comparison of the radial confinement charac- 402

teristics by different multipoles by simulation, at least from the standpoint of ion beam 403

extraction; how the plasma-generator is affected by different multipoles is not (yet) de- 404

scribed in that model. The list of possible parameter studies can be extended easily: 405

magnetic shape, additional electron emitter, different frequencies,... 406

The model is also applicable for SCC simulation and understanding of further ion 407

beam transport of the accelerated ion beam along the beam line, equipped with different 408

types of beam-optical elements. 409
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