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Abstract

In order to improve the performance of the JYFL 14 GHz electron cyclotron resonance ion

source (ECRIS) and initiate low energy beam transport (LEBT) upgrade at the University

of Jyväskylä, Department of Physics (JYFL) accelerator laboratory, a new ion beam extrac-

tion system has been designed and installed. The development of the new extraction was

performed with the ion optical code IBSimu, making it the first ECRIS extraction designed

with the code. The measured performance of the new extraction is in good agreement with

the simulations. Compared to the old extraction the new system provides improved beam

quality, i.e. lower transverse emittance values and improved structure of beam profiles,

and transmission efficiency of the LEBT and the JYFL K-130 cyclotron. For example, the

transmission efficiencies of 40Ar8+ and 84Kr16+ beams have increased by 80 and 90 %, re-

spectively. The new extraction system is capable of handling higher beam currents than

the old one, which has been demonstrated by extracting new 4He+ and 4He2+ record beam

currents of 1.12 mA and 720 µA, exceeding the old records of the JYFL 14 GHz ECRIS

by a factor of two.
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1 Introduction

The low energy beam transport of the JYFL K-130 cyclotron [1] at the University of

Jyväskylä, Department of Physics (JYFL) accelerator laboratory is being upgraded to im-

prove the ion beam transport efficiency from ion source to target. The upgrade is carried

out in intermediate steps, starting from the JYFL 14 GHz electron cyclotron resonance ion

source (ECRIS) [2]. A new extraction system has been designed and installed to improve

the performance of the ion source and provide better tuning and operation flexibility in

comparison to the old system. The new extraction enables controlling the properties of the

extracted beam – such as beam diameter and divergence – in a wide range without com-

promising the beam quality. This is essential for further beamline upgrades.

The new extraction system of the JYFL 14 GHz ECR ion source has been designed with the

ion optical code IBSimu, developed at the University of Jyväskylä [3]. In the past the code

has been used successfully for the development of extraction systems for light ion sources

[4, 5]. The extraction system presented in this paper is the first one developed with IB-

Simu for an ECR ion source. Successful operation of the extraction system acts as the first

benchmarking result for the IBSimu code in ECRIS extraction design and development.

An overview of the simulation aspects and previous work specific for ECR ion source ex-

traction is presented in the following chapter. An overview of the IBSimu code and the

ECRIS specific simulation parameters used in the presented work are given. This is fol-

lowed by a description of the experimental methods which were used to compare the sim-

ulation results to measurements. A study of the old extraction system of the JYFL 14 GHz

ECRIS is presented. This was performed to gain confidence in the use of the code for de-

signing an ECRIS extraction and to find out the main problems of the old system. The

design and simulation results for the new extraction system are presented and compared to

the experimental results. Finally, the measured performance of the new extraction system

is compared to the old one in terms of beam quality and transmission efficiency through

the low energy transport and the JYFL K-130 cyclotron.

2 Simulation aspects

2.1 Simulating ECRIS extraction

Exact modeling of ECR ion source extraction is a challenging task. This is due to the com-

plex plasma conditions determining the dynamics of the extracted ions. In ECR ion source

the magnetized plasma is confined axially and radially with a combination of solenoid and

hexapole fields. To achieve proper axial mirror ratio necessary for sufficient confinement

necessary for production of highly charged ions, the axial magnetic field reaches a local

maximum near or at the extraction aperture. This leads to extraction of ions from a strong

magnetic field and subsequent beam formation in decaying fringe field. The highly charged

ions are produced in the plasma via stepwise ionization driven by ECR heated electrons.

The hot electrons are strongly confined and their movement is dictated by the magnetic

field structure. In contrast, due to the selective heating of electrons, the ions remain cold

and highly collisional, i.e. the ion collision frequency is significantly higher than the ion

gyrofrequency around the magnetic field lines [6]. The ion dynamics is strongly influenced

by the dynamics of the electrons, as the negative charge of the electron distribution bounds

the ion population, resulting into quasineutrality. Direct experimental evidence supporting

this view was provided by a recent study [7], in which the electron and the ion current den-

sities were measured close to the extraction aperture of an ECR ion source. It was shown
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that the electron distribution was strongly localized into a triangular shape, dictated by the

magnetic field, and surrounded by a spatially broader distribution of ions.

The computational efforts to model the ECR plasma and ion beam extraction from it can be

roughly divided into two categories: (1) models of charged particle dynamics in the ECR

plasma which include the entire plasma volume, and (2) models of ion extraction with sim-

plified plasma models. Models of the first category are focused to the plasma processes

such as electron heating, ionization, charged particle collisions and their connection to the

particle dynamics. The TrapCAD code (see e.g. [8, 9]) and studies conducted by Heinen et

al. (see e.g. [10, 11]) concentrate on the dynamics of magnetically confined electrons in the

ECR plasma. The PIC-MCC (Particle In Cell Monte Carlo Collision) code developed by

Mironov et al. [12] models the dynamics of ions, treating the electrons as neutralizing back-

ground. These models provide information on the ion distribution close to the extraction

aperture, but are not self-consistently connected to the modeling of the following extrac-

tion systems. Consequently, the beam formation needs to be simulated separately (for an

example, see e.g. [13]).

A few notable extraction case studies are very closely connected to the first category of

computational tools. These approaches are based on the assumption of ion movement in-

side the plasma being directly dictated by the magnetic field, discarding the highly colli-

sional nature of the ions. In the model presented by Spädtke [14, 15] the extracted ions

originate from regions where the magnetic field exceeds the field at extraction, and are

tracked along the magnetic field lines through the extraction aperture. As a result the ex-

tracted ions originate from the plasma volume close to the chamber walls. In the model

presented by Todd [16] the initial ion population is defined from experimentally observed

sputtering marks on the ion source biased disc, located at the injection end of the plasma

chamber. The ion distribution at extraction aperture is obtained by tracking the ions through

the plasma chamber along the magnetic field lines. The beam formation and extraction is

modeled with this 3D distribution and precalculated cylindrically symmetric electrostatic

potentials of the extraction system. Despite of the different initial conditions and ignoring

the ion collisions both models are capable of reproducing many of the observed properties

of ECRIS beams. These models have been applied to case studies of existing ion sources

to link the observed beam properties to the ion dynamics inside plasma, but not for actual

extraction system development.

Models of the second category decouple the entire plasma volume from the region of beam

formation. The influence of the plasma is represented with simplified positive plasma mod-

els, usually based on the work of Self [17, 18]. The ions are produced inside a plasma

volume close to the extraction aperture with predefined spatial and ion species distribu-

tions. Electrons are modeled as neutralizing background with Boltzmann distribution. The

plasma sheath is resolved self-consistently by iterative calculation of potential, solved from

Poisson’s equation, taking into account the space charge of traced ions. Several codes ex-

ist with such plasma model capabilities, for example IGUN [19], PBGUNS [20], WARP

[21], KOBRA3-INP [22], IONEX [23] and, most recently, IBSimu. Several studies focus-

ing on different aspects of ECR ion source extraction have been performed with the given

codes (see e.g. references [24, 25, 26]). However, comprehensive studies depicting com-

plete ECRIS extraction system designs and directly comparing the simulated and measured

performace in the literature are not known to the authors.

In the work presented here the extraction of the JYFL 14 GHz ECRIS has been simulated

using the nonlinear positive plasma model of IBSimu. Features of ECR plasmas and ion

beams are employed in the plasma model. The ions with known ECRIS charge state distri-
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bution and temperature are generated inside a predefined plasma volume, restricted to the

region behind the extraction aperture, with neutralizing background electron density. The

plasma has a predefined plasma potential, a well known parameter for the JYFL 14 GHz

ECRIS. The magnetic field of the ion source, the most dominating feature of ECRIS ex-

traction, is implemented based on the real magnetic field topology. The presented study is

the first ECR ion source extraction which has been designed with IBSimu and subsequently

benchmarked experimentally against the simulation results.

2.2 Overview of the simulation code IBSimu

IBSimu is a freely available2 ion optical code developed at the University of Jyväskylä

[3]. The code is modular in nature, distributed as a library package and accessed via C++

interface to maximize its versatility and flexibility. The main features of the code include

geometry input using analytical definitions or CAD files, calculation of electrical potential

distribution in the given geometry, magnetic field importing, multispecies particle extrac-

tion from plasma volume (positive or negative) and trajectory tracking in electric and mag-

netic fields, space charge calculation and extensive diagnostics tools for particle and field

data. Simulations can be performed in 2D (spatial coordinates x, y and velocity coordinates

vx, vy), in cylindrically symmetric 2.5D (x, r, vx, vr, vθ) or in 3D (x, y, z, vx, vy, vz).

The simulation procedure is performed in steps, starting with the discretization of the sim-

ulated volume with rectangular mesh. The potential distribution is solved from Poisson’s

equation taking into account the defined geometry, electrode potentials and boundary con-

ditions. The thermal background electrons of the plasma are included analytically in the

Poisson’s equation. Particle trajectories are traced integrating the equations of motion de-

rived from the Lorentz equation. The space charge of the beam is distributed to mesh nodes

and is taken into account when the electric potentials are solved iteratively. The above

sequence is repeated until the solution converges to required precision.

More detailed presentation of the IBSimu code, its development and applications can be

found in references [3, 4, 5, 27]. A description of the nonlinear positive plasma model can

be found e.g. in reference [18].

2.3 Simulation parameters

The plasma model was defined using a plasma potential of 20 V, which matches the ex-

perimental values measured with the JYFL 14 GHz ECRIS [28, 29]. The temperature of

the cold electron population in ECR ion sources is believed to be in the same order of

magnitude with the plasma potential (in eV) [30], and was chosen to be 10 eV. The ex-

tracted ion beam was defined based on argon charge state distribution ranging from 5+ to

16+, measured with the old extraction system when the ion source was optimized for high

charge state production, yielding highest beam currents to charge states 9+ and 10+. Con-

tributions of charge states 1+ – 4+ were estimated based on the shape of the measured part

of the spectrum, while charge states 17+ and 18+ were excluded due to their negligible

currents. The simulated beam particles were generated inside the plasma volume 5 mm up-

stream from the extraction aperture with uniform radial distribution. The ions require some

initial longitudinal energy to be extracted from the plasma volume (Bohm criterion, see e.g.

[31]). To minimize the effect of this initial energy on the properties of the extracted beam,

low values relative to the potentials present in the extraction are advisable. For the plasma

2. IBSimu and the related documentation is available at http://ibsimu.sourceforge.net
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parameters mentioned above, it was observed that initial particle energies on the order of

10 eV is needed for converging solution. Varying the value between 10 and 100 eV affects

the properties of the extracted beam by a few percent. The ion temperature was chosen to

be 1 eV, matching the generally accepted order of magnitude for ECR ion sources [6].

The simulations have been performed assuming entire space charge of the extracted ion

beam outside the plasma volume. This assumption can be justified in the regions of the

extraction where strong electric field exists. However, it is likely that in reality there are

also regions where the density of electrons produced by the beam via residual gas ionization

can yield substantial space charge compensation [32]. As the space charge defocuses the

beam, the simulations with full space charge can be regarded as the worst case scenario. In

practice this provides additional safety margin to the extraction design.

The distance from the extraction aperture of the JYFL 14 GHz ECRIS to the end of the

vacuum chamber housing the extraction electrodes is about 0.5 m. Consequently, the sim-

ulation volume becomes such that for 3D simulation the memory requirements to achieve

reasonable accuracy exceed the memory capabilities of normal desktop computers. Fur-

thermore, optimizing the extraction design requires a multitude of simulation runs to be

performed when the effects of the design parameters are studied, which makes long simu-

lation times impractical. As a result, the majority of the simulations were performed with

cylindrically symmetric 2D geometry. The results were verified by running a few dedicated

simulations in 3D with the final extraction design. The solenoidal magnetic fringe field

of the ECR ion source, modeled with FEMM [33], was included in all simulations. The

field correspond with the normal operating values of the JYFL 14 GHz ECRIS coils. The

hexapole fringe field was omitted in the cylindrically symmetric simulations but a dedi-

cated set of 3D simulations were performed to study its effect on the beam in the extraction

region, as discussed later.

3 Experimental methods

The first section of the low energy beam transport (LEBT) from the JYFL 14 GHz ECR ion

source to the JYFL K-130 cyclotron is presented in figure 1. The beam current measure-

ments are conducted with a Faraday cup, located downstream from the analyzing magnet

(q/m separation). Measurements of beam transverse emittance, performed with an Allison

type emittance scanner [34], are used to determine the quality of the extracted beams. Due

to the fact that the emittance scanner is located at considerable distance from the extraction

(∼6 m), the measured beam properties are somewhat affected by the intervening beamline

ion optics and space charge effects. Profiles of q/m separated beams are recorded after the

analyzing magnet with a KBr coated scintillation screen.

The limited space available for measurements immediately after the extraction system re-

stricts the possible diagnostics. A simple pepperpot-like (see e.g. [35]) system consisting

of a multiaperture plate and a flange (see figure 2) was installed after the extraction to de-

termine the beam diameter and divergence from the induced markings on the aluminum

flange. Water cooling was applied to the flange to ensure the heating caused by the ion

bombardment would not distort the results.
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Figure 1: Schematic presentation of the first section of the low energy beam transport from

the JYFL 14 GHz ECR ion source to the JYFL K-130 cyclotron.

4 Simulation and experimental results

4.1 Old extraction system

The old extraction system of the JYFL 14 GHz ECRIS was studied with IBSimu to gain

confidence in the code for modeling ECR ion source extraction. The old extraction system

consists of a plasma electrode, a puller electrode and an asymmetric accelerating einzel

lens with a decelerating electrode acting as its first part. The system is presented in figure 3

with 1.1 mA of extracted argon beam. The on-axis magnetic field present in the extraction

region is also indicated. The local minimum in the magnetic field around x = 0.04 m is

caused by magnetic iron, which is used to shape and optimize the magnetic confinement of

the plasma in the extraction end of the plasma chamber.

One of the main challenges of the JYFL 14 GHz ECRIS extraction is the low source po-

tential, normally around 10 kV, dictated by the JYFL K-130 cyclotron injection. Hence,

the extracted beam energies are relatively low, resulting in strong space charge effects. The

old extraction design includes a decelerating electrode as the first part of the einzel lens.

This further deceleration leads to increased emittance growth due to increased divergence

and diameter of the beam inside the lens. However, the deceleration is inevitable as the

increased beam diameter also results in stronger focusing by the weak einzel lens. Without

this the beam is collimated at the end of the lens and the following beam pipe.

The case presented in figure 3 corresponds to the optimum simulated conditions for the

extracted beam. The electrode potentials match well with the operational values. The beam

is on the verge of being collimated at the puller face and at the last electrode of the einzel

lens. If the puller voltage is increased or the acceleration gap length decreased to mitigate

the collimation at the puller, the beam divergence increases further downstream, resulting

to collimation inside the einzel lens. Increasing the focusing by applying higher voltage to

the einzel lens would prevent this, but is prohibited by insufficient insulation.

The simulated beam diameter inside the extraction increases with the beam current due

to space charge induced divergence and poor electric field structure in the acceleration

gap between the plasma and puller electrodes. The strongly conical plasma electrode leads

to increased acceleration gap length close the optical axis and subsequently reduces the
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Figure 2: Schematic presentation of the pepperpot-like setup used to measure the beam

diameter and divergence after the extraction. The incoming beam (1) is collimated into

separate beamlets (2) by a pepperpot plate (3) (for clarity, only a single beamlet is shown).

As the size of the apertures (4) on the pepperpot plate is known (� 2 mm), the beam

divergence can be determined from the beamlet induced markings on the flange (5). The

slot (6) on the first plate is used to determine the beam radius.

Figure 3: Simulation result (trajectory density) of the old extraction system for 1 mA argon

beam. Extraction voltage 10 kV, puller at 0 kV, decel at 4 kV and einzel at -7 kV. Magnetic

field on axis is indicated with the solid purple line.

electric field strength at the extraction aperture. As a result the extracted beams are strongly

diverging. The modest electric field also decreases the local Child-Langmuir limit for the

maximum space charge limited current [36, 37].

The transmission through the extraction drops substantially when the extracted beam cur-

rent exceeds ∼1 mA. At the same time the beam quality degrades because the large beam

inside the einzel lens leads to strong aberrations. These effects have been confirmed exper-

imentally [38].

The beam diameter and divergence were measured after the extraction and compared to

simulations. Two measurements were performed with ∼1.1 mA argon beam and two with

∼0.8 mA argon beam, using the electrode potentials presented in figure 3. The measured

beam diameters for the ∼1.1 mA beam were 63 ± 2 mm and for the ∼0.8 mA beam 51 ±
2 mm. The corresponding maximum half-axis beam divergences were 60 ± 10 mrad and

20 ± 10 mrad. For similar beam currents the simulations yield beam diameters of about 65

and 50 mm (surrounded by low intensity halos) and maximum half-axis beam divergences

of 60 and 55 mrad.

The agreement between the simulated and measured behavior of the old extraction suggests

that IBSimu has sufficient capabilities to be used for modeling the extraction of ECR ion

sources.
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Figure 4: Simulation result (trajectory density) of the new extraction system for 1 mA argon

beam. Extraction voltage 10 kV, puller at 0 kV and both einzel lenses at -15 kV. Magnetic

field on axis is indicated with the solid purple line.

Figure 5: Mechanical design of the extraction system including the plasma (1), puller (2)

and einzel electrodes (4 and 8). The puller electrode is separated from the first einzel elec-

trode with MACOR insulator (3). The einzel lenses are completed with grounded electrodes

(6, 7 and 9) and are independently movable on rails (5, 10). The electrodes have open struc-

ture for improved pumping.

4.2 New extraction system

A simulation of 1 mA argon beam is presented in figure 4. The extraction is composed of a

modified plasma electrode, a puller electrode and two accelerating einzel lenses. Compared

to the old extraction system (figure 3) the simulated beam transport through the extraction

is clearly improved. The mechanical design is shown in figure 5.

Even though accelerating einzel lenses require higher operating voltages compared to de-

celerating ones, they were chosen for the design based on the advantages they offer for the

quality of low energy ion beams. Decelerating lenses are prone to increased space charge

effects, as the energies of the ions passing through the lens are temporarily reduced. The

positive lenses can also act as electron collectors decreasing the space charge compensation

degree of the ion beam. Last but not least, accelerating einzel lenses induce less spherical

and chromatic aberrations, as the beam size and energy spread remain smaller inside the

lens [39].
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Figure 6: Comparison of measured 40Ar8+ beam current and transverse emittance to simu-

lated beam diameter and transverse emittance with varying acceleration gap length. 1 mA

of total extracted current with Vacc = 10 kV, Vpuller = −2 kV, VE1 = −15 kV and

VE2 = −11 kV. In the simulation the contribution of 40Ar8+ in the total beam current is

140 µA.

4.2.1 Beam formation

In order to increase the electric field strength in the acceleration gap, the new design fea-

tures almost planar plasma electrode. To facilitate this, the location of the extraction aper-

ture is shifted 12 mm outwards from the plasma and the magnetic iron around the extraction

is modified to match the axial magnetic field maximum to the new aperture location. The

magnetic field on axis is presented in figure 4. The new extraction system has been simu-

lated with extraction voltages ranging from 6 to 20 kV. No degradation of performance in

terms of beam properties and transmission was observed. The beam transverse emittance

decreases with increasing beam energy following the expected 1/
√

Vext behavior.

Optimizing the performance of the extraction system for a wide range of beam energies

and currents requires adjusting the acceleration gap length. As a consequence, in the new

extraction design the puller electrode acts as the first part of the first einzel lens and both

einzel lenses are designed to be independently movable along the optical axis, enabling a

high degree of tuning flexibility.

As an example, the measured 40Ar8+ beam current and transverse emittance with varying

acceleration gap length is compared with simulated beam diameter and transverse emit-

tance in figure 6. The simulated values are determined at x = 0.513 m (see figure 4) and

the results are shown for 1 mA beam (all ion species) and separately for the 40Ar8+ com-

ponent of the beam with 140 µA current, which follows the trend exhibited by the total

extracted beam. The measured total extracted beam current was about 1 mA, decreasing

10 % with the increasing gap length over the presented range. The simulations show a

very good match with the measured transverse emittance behavior. Also, the minima of the

simulated beam diameter and maximum of measured beam current are closely matched,

which is believed to reflect improved beamline transmission with improved beam prop-

erties. Both the simulations and measurements indicate optimum performance with 33 –

41 mm acceleration gap length for the given extraction settings.

4.2.2 Beam focusing and manipulation

In the following text the expressions higher lens voltage and lower lens voltage denote

higher and lower negative voltages, i.e. higher lens voltage corresponds to increase in the
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Figure 7: Beam diameter and transverse rms emittance (all ion species) of 1.5 mA argon

beam with varying einzel lens (E1 and E2) voltages. The regions of converging and di-

verging beam are indicated. With low lens voltages (both lenses below -5 kV) the beam is

collimated inside the extraction region.

applied negative voltage leading to stronger focusing.

The simulated effect of varying einzel lens voltages is presented in figures 7 and 8. Fig-

ure 7 shows the transverse emittance and beam diameter of 1.5 mA argon beam (all ion

species) when voltages of both einzel lenses, E1 and E2, are varied independently. Figure

8 shows the behavior of individual ion species of the same beam. 40Ar4+ (∼30 µA), 40Ar8+

(∼210 µA) and 40Ar12+ (∼150 µA) are chosen, as they represent the charge over mass range

of 0.1 . . . 0.3, including most of the ion species used in the experiments at JYFL. The be-

havior of the individual ion species follow the general behavior of the 1.5 mA beam. The

beam diameter and transverse emittance variation decreases with increasing charge state.

Focusing of the beam by increasing the voltages of the einzel lenses decreases the beam di-

ameter as expected. If both lenses are operated with very low voltages (both below -5 kV),

the low charge states are collimated inside the second einzel lens when the beam current

exceeds 1.5 mA.

Converging beams are produced when the first einzel lens is operated with low and the

second lens with high voltage. In this way the beam enters the second lens with large diam-

eter, resulting to strong focusing. Figure 9 presents simulated beam transverse emittance

and diameter with different extracted beam currents in the case when both einzel lens volt-

ages are varied together, corresponding to diagonal movement in figures 7 and 8. With low

lens voltages the influence of varying beam current on the beam diameter and transverse

emittance is clearly visible. With strong focusing good performance is achieved with all

simulated beam currents up to 3 mA.

Figure 10 presents measured 40Ar8+ beam viewer images with 1 mA of total extracted cur-

rent. Despite the intervening beamline the focusing effect of the einzel lenses is evident

which corresponds well with the predicted tendency. With low einzel lens voltages diame-

ter of the beam entering the beamline solenoids is large, which results to strong aberrations.

Higher lens voltages, and consequently smaller beam diameters, result to significantly im-

proved structure of the beam profile.

The transverse beam emittance is mainly determined by the first einzel lens, which defines

the diameter of the beam inside the second one. Large beam diameter inside einzel lenses

leads to aberrations and subsequent emittance growth. The emittance variation is strongest

with low charge states exhibiting the largest beam diameters. The minimum emittance is

achieved when both lenses are switched off and only the space charge of the beam itself
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Figure 8: Beam diameter and transverse rms emittance of argon charge states 4+, 8+ and

12+ with beam currents ∼30 µA, ∼210 µA and ∼150 µA (part of the 1.5 mA argon beam)

with varying einzel lens E1 and E2 voltages. The regions of converging and diverging beam

are indicated.

induces emittance growth. However, this leads to strongly diverging beams, which are col-

limated by the beam pipe right after the extraction. When both einzel lenses are operated

with sufficiently high voltages, the emittance variation resulting from the varying lens volt-

ages becomes insignificant (operation in the constant emittance region in figures 7 and 8).

The transverse emittance increases with increasing charge state, as shown in figure 8. This

is caused by the ion source solenoidal magnetic field, which is discussed in more detail in

the Discussion section.

The dependence of the beam emittance on the lens voltages has been studied experimen-

tally. Figure 11 shows a comparison of simulated and measured 40Ar8+ transverse emittance

as a function of einzel lens voltages. The beamline optics limit the range of lens voltages

that can be used without compromising the beam transport to the emittance scanner. The

presented voltage ranges correspond to beam current variation of less than 10 % at the

Faraday cup in order to minimize the effect of beam collimation during transport on the

results. In figure 11(a) both extraction einzel lens voltages are varied together between

-10 and -18 kV. The total extracted current was 1.45 mA and the average 40Ar8+ beam

current 120 µA. In the given voltage range the simulated transverse emittance remains

practically constant, which matches the measured emittance behavior. In figure 11(b) the

second einzel lens is at constant -11 kV and the voltage of the first einzel lens is varied

between -10 and -21 kV. The total extracted current was 1.55 mA and the average 40Ar8+

beam current 150 µA. The measured transverse emittance values show a good match with

the simulations. These results indicate that the extracted beam quality, in terms of trans-

verse emittance, is not sensitive to the lens voltages, when operated with sufficiently high

values. This allows flexible operation of the extraction system without compromising the

beam quality.

Based on the simulations, it can be expected that the new extraction system is capable
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Figure 9: Transverse rms emittance and diameter (all ion species) of argon beams with

varying einzel lens voltages. For extracted currents over 1 mA the data points with low

absolute lens voltages have been omitted due to collimation inside the extraction.

Figure 10: Measured 40Ar8+ beam profiles when both einzel lens voltages are varied to-

gether. 1 mA of total extracted current. Profiles recorded after the q/m separation. With the

lowest lens voltages the beam spot becomes larger than the viewer plate.

of handling considerably higher beam currents than the old system. The simulations have

been performed up to 3 mA of total extracted current without observing degradation of

beam properties. The capabilities of the new extraction system with high extracted beam

currents have been tested experimentally by extracting 2.7 mA He beam. The ion source

was tuned for the production of 4He+ beam and yielded a new record beam current of

1.12 mA. The highest recorded 4He+ beam current obtained with the old extraction system

was 520 µA. The corresponding values for 4He2+ are 720 µA (new system) and 325 µA

(old record).

The beam spot diameters and divergences have been measured with the new extraction

system using the setup presented in figure 2. The measurements were performed with 0.5,

1 and 1.5 mA argon beams with two extraction settings. The experimental results and the

corresponding simulation results are presented in table 1. The measured beam diameters

and maximum divergences agree relatively well with the values obtained from the simula-

tions, although the measured beam diameter increases with the extracted current somewhat

more than suggested by the simulations.

4.3 Transmission measurements

A series of transmission measurements has been performed with 40Ar8+ and 84Kr16+ beams

to compare experimentally the performance of the old and the new extraction systems.

The initial beam currents were measured after the q/m separation and the final currents

after the JYFL K-130 cyclotron. The total length of the LEBT from the ion source to
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Figure 11: Comparison of measured and simulated transverse emittance behavior of 40Ar8+

beam as a function of einzel lens voltages. (a) Both einzel lens voltages varied together. (b)

First einzel lens varied, second lens at -11 kV.

Table 1: Measured beam spot diameters and maximum divergences of argon beams exiting

the extraction region and the corresponding simulation results with two different extraction

settings and varied extracted beam current Iext. #1: Vext = 10 kV, Vpuller = −1 kV, VE1 =

−15 kV, VE2 = −10 kV, 35 mm acceleration gap. #2: Vext = 10 kV, Vpuller = −1 kV,

VE1 = VE2 = −15 kV, 31 mm acceleration gap.

Param. Iext Beam diameter (mm) Max divergence (mrad)

set (mA) Measured Simulated Measured Simulated

#1 0.5 31 ± 1 34 30 ± 10 25

#1 1 43 ± 1 35 50 ± 10 36

#2 1 26 ± 1 32 20 ± 10 20

#2 1.5 47 ± 1 35 30 ± 10 26

the cyclotron is about 20 m. The results are presented in table 2. The total transmission

efficiency of the 40Ar8+ beam, averaged over the individual measurements presented in

table 2, increased from 2.3 % to 4.4 % with the new extraction system, which translates to

over 90 % improvement compared to the old system. The transmission of the LEBT section

increased from 23.0 % to 35.2 %, and the transmission through the cyclotron from 10.0 %

to 12.6 %. The total transmission of the 84Kr16+ beam increased from 4.9 % to 9.0 %, which

translates to an increase of over 80 % compared to the old extraction system.

The quality of the beams extracted with the old and the new extraction systems has been

studied with transverse emittance measurements of 40Ar8+ beams with varying beam cur-

rents. The results are presented in table 2, showing that the new extraction system yields

lower emittance values, which indicates improved beam quality. This is supported by the

beam profile measurements of 40Ar8+ beams. Examples are presented in figure 12, showing

improved current distribution with the new extraction system. These results demonstrate

that the ion source extraction system can contribute significantly to the beam hollowness.

5 Discussion

The simulations conducted with IBSimu recreated well the observed behavior of the old

extraction system of the JYFL 14 GHz ECR ion source. Thus the code was used to design
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Table 2: Transmission results with the old and the new extraction systems. EECR and EACC

are the beam energies after the JYFL 14 GHz ECRIS and the JYFL K-130 cyclotron. IECR

and IACC are the corresponding beam currents, T the transmission efficiency and ǫrms,n the

normalized transverse 1-rms emittance.

Ion Extraction EECR EACC IECR IACC T ǫrms,n

beam system (keV) (MeV) (µA) (µA) (%) (mm mrad)

40Ar8+ Old 82 200 90 2.3 2.6 0.13 ± 0.02
40Ar8+ Old 82 200 138 3.1 2.3 0.13 ± 0.02
40Ar8+ Old 82 200 170 3.6 2.1 0.10 ± 0.01

40Ar8+ New 82 200 84 3.7 4.4 0.10 ± 0.02
40Ar8+ New 82 200 102 4.1 4.0 0.10 ± 0.01
40Ar8+ New 82 200 105 5.2 5.0 -
40Ar8+ New 82 200 132 6.0 4.6 0.05 ± 0.01
40Ar8+ New 82 200 187 7.4 4.0 0.07 ± 0.01

84Kr16+ Old 156 383 31 1.6 5.0 -
84Kr16+ Old 156 383 60 2.6 4.3 -
84Kr16+ Old 156 383 30 1.6 5.3 -

84Kr16+ New 156 383 40 3.1 7.8 -
84Kr16+ New 156 383 30 3.1 10.3 -

a new extraction system that has demonstrated improved performance over the old one.

The measured beam diameters and divergences agree reasonably well with the simulated

values. The measured transverse emittance dependencies on the acceleration gap length

and einzel lens voltages show very good correlation with the predictions obtained from the

simulations.

The good results obtained with the new extraction system show that the double accelerating

einzel lens approach is a viable option for a flexible, high performance ECRIS extraction,

especially when the ion source potential is relatively low (< 20 kV). With increasing source

potential the high voltage requirements of accelerating lenses can pose technical challenges

in terms of HV insulation. As the increasing beam energy also mitigates the space charge

effects, the use of decelerating lenses can become a more favorable option.

The strong magnetic solenoid field in the extraction region is one of the most significant

factors defining the ECR ion source extraction. Variation of ±10 % of the magnitude of the

solenoid field around the normal operating point yields ±15 % variation in the simulated

beam diameter and ±10 % variation in the simulated transverse emittance. This matches

the linear magnetic field dependency of the theoretical emittance contribution due to the

diverging solenoid field. For a beam of ions with charge q and mass m, extracted from a

solenoidal magnetic field B0, the emittance contribution can be expressed as

ǫ
mag
rms =

qB0

8mvz

r2
0, (1)

where vz is the longitudinal velocity of the ions and r0 the radius of the extraction aperture.

Due to some confusion in the exact form of the formula [40, 41, 42], it is derived in the Ap-

pendix. The values of the simulated transverse emittance correlate closely with the values

obtained from equation (1).
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Figure 12: Profiles of 40Ar8+ beams produced with the old and the new extraction systems

with beam currents of about 140 and 180 µA.

Due to the strong influence of the magnetic field on the beam properties, the simulations

are sensitive to the discretization and structure of the imported magnetic field. As a result,

it was observed that the simulated transverse emittance contribution of the solenoidal mag-

netic field can vary slightly around the theoretical value, leading in some cases to transverse

beam emittance values which are a few percent below the theoretical prediction.

The ion source hexapole field is omitted from the cylindrically symmetric simulations.

In order to study how the hexapole field in the extraction region affects the properties of

the extracted beams with the assumption of uniform ion distribution from the plasma, a

dedicated set of 3D simulations was performed. The beam profiles with and without the

hexapole field are practically identical. The difference in the transverse emittance is on the

order of 1 %. The simulations were performed with 1.5 mA argon beam extracted with

the new extraction system and the results apply both for the total extracted beam as well as

individual charge states. The triangular beam shapes observed experimentally with ECR ion

sources originate from the ion distribution inside the plasma and the hexapole fringe field

present in the extraction region has an insignificant effect on the properties of the extracted

beams. Even though the plasma effects resulting into triangular ion distribution have been

neglected in the presented simulations, the good correlation between the simulation results

and measurements indicate that this simplified approach is still rather suitable in modeling

of ECRIS extraction.

After its installation the new extraction system has been in permanent use at the JYFL

accelerator laboratory. It has proven to be both reliable and flexible to operate, providing

improved performance of the ion source and the beam transport. As the presented transmis-

sion results (see table 2) show, the improvement of ion source beam formation can lead to

substantial improvement in the performance of the whole accelerator laboratory. The next

step of the JYFL LEBT upgrade is the removal of the beamline section between the JYFL

14 GHz ECRIS and the analyzing magnet (see figure 1). This is performed in order to mit-

igate the space charge effects which, combined with strong q/m specific solenoid focusing,

lead to beam quality degradation and hollow beam formation.

15



Acknowledgments

This work has been supported by the EU 7th framework programme ”Integrating Activities

- Transnational Access”, project number: 262010 (ENSAR) and by the Academy of Finland

under the Finnish Centre of Excellence Programme 2012 - 2017 (Nuclear and Accelerator

Based Physics Research at JYFL).

Appendix: Emittance from solenoidal magnetic field

An ion beam originating from a solenoidal magnetic field has an emittance contribution

from the rotation induced by the magnetic field. The emittance contribution can be calcu-

lated by assuming a uniform, zero emittance (no plasma temperature) beam propagating

from a round plasma electrode aperture with radius r0 into the direction of decaying mag-

netic field with velocity vz. According to Busch’s theorem [43] the change of particle’s

angular velocity is coupled to the change of the axial magnetic field. In this case where the

starting point angular velocity θ̇0 is zero and the magnetic field is B0, the angular velocity

can be calculated at any point with θ̇ = q(B−B0)/(2m). The azimuthal velocity of a particle

in the zero field region is therefore

vθ = −
qB0r

2m
. (2)

The simplest formulation for calculating the rms emittance can be achieved by assuming

that the magnetic field drops abruptly from B0 to zero giving the particles an azimuthal

kick according to eq. (2). The resulting ǫrms is equivalent to the case where magnetic field

decreases continuously, but the mathematical formulation is more simple. The beam diver-

gence in x-direction is given by

x′ =
vx

vz

= −
yvθ

rvz

= −
qB0y

2mvz

(3)

as a function of location y (see figure 13). The rms emittance can be calculated from

ǫrms =

√

〈

x′2
〉 〈

x2
〉

− 〈xx′〉2 by integrating the expectation values
〈

x′2
〉

,
〈

x2
〉

and 〈xx′〉 over

the plasma electrode aperture. The normalized rms emittance (ǫrms,n = vz/c · ǫrms) is

ǫrms,n =
qB0

8mc
r2

0 ≈ 0.0402
QB̃0

M
r̃2

0, [mm mrad] (4)

y

x

vθ

θ
vxr

Figure 13: Azimuthal velocity thrust induced by the diverging solenoidal magnetic field.
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where in the approximate formula Q is the charge state, M is the ion mass in atomic mass

units, B̃0 is given in Teslas and r̃0 in millimeters.

The obtained result agrees with the equation presented e.g. in reference [41]. However, in

several publications (e.g. [24] and [40]) a somewhat different equation has been used for

the rms emittance:

ǫrms,n =
qB0

10mc
r2

0 ≈ 0.032
QB̃0

M
r̃2

0 [mm mrad] (5)

This expression has been derived by calculating the normalized envelope emittance ǫ100%,n =

qB0r2
0
/(2mc) and using a scaling of ǫ100%,n = 5ǫrms,n which assumes that the beam fol-

lows a waterbag distribution in the zero field region. This is incorrect because the beam

resulting from the uniform distribution at the plasma electrode has a KV-distribution out-

side the solenoidal magnetic field. For KV-distribution the envelope emittance scaling is

ǫ100%,n = 4ǫrms,n leading to the correct formula (4).
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