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Abstract
For a dedicated performance optimization of negative hydrogen ion sources applied at particle
accelerators, a detailed assessment of the plasma processes is required. Due to the compact design of
these sources, diagnostic access is typically limited to optical emission spectroscopy yielding only line-
of-sight integrated results. In order to allow for a spatially resolved investigation, the electromagnetic
particle-in-cellMonte Carlo collision codeNINJA has been developed for the Linac4 ion source at
CERN. This code considers the RF field generated by the ICP coil as well as the external staticmagnetic
fields and calculates self-consistently the resulting discharge properties. NINJA is benchmarked at the
diagnostically well accessible lab experiment CHARLIE (Concept studies forHeliconAssistedRFLow
pressure Ion sourcEs) at varying RF power and gas pressure. A good general agreement is observed
between experiment and simulation although the simulated electron density trends for varying
pressure and power as well as the absolute electron temperature values deviate slightly from the
measured ones. This can be explained by the assumption of strong inductive coupling inNINJA,
whereas theCHARLIE discharges show the characteristics of loosely coupled plasmas. For the Linac4
plasma, this assumption is valid. Accordingly, both the absolute values of the accessible plasma
parameters and their trends for varying RF power agreewell inmeasurement and simulation. At
varying RF power, theH− current extracted from the Linac4 source peaks at 40kW. For volume
operation, this is perfectly reflected by assessing the processes in front of the extraction aperture based
on the simulation results where the highestH− density is obtained for the same power level. In surface
operation, the production of negative hydrogen ions at the converter surface can only be considered
by specialized beam formation codes, which require plasma parameters as input. It has been
demonstrated that this input can be provided reliably by theNINJA code.

1. Introduction

Negative hydrogen ion sources are applied atmany particle accelerators over theworld for generating high-
energy proton beams [1–4]. Designated experiments and future accelerators impose high demands on the ion
source performancewhich are only partlymet by existingH− sources. One example is the ion source of the
Linac4 accelerator currently under commissioning at CERN. It is part of an injector chain upgrade of the Large
HadronCollider (LHC) aiming at improving beambrightness and luminosity of the LHC. In routine
operation, the ion source of the Linac4 has to deliver anH− current of 45mAwithin an emittance of 0.25
πmmmrad in pulses of 500μs at a repetition rate of up to 2Hz [5]. However, some particular experimental
cases demand amuch higherH− current of 80mA, a value that has not been achieved at such low emittance by
any existing ion source yet. In order to reach all desired parameters, a dedicated optimization of the ion source
is inevitable.
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In the ion sources, a low-pressure hydrogendischarge is used for creatingnegative hydrogen ions. The formation
ofH− in theplasma canproceed in twodifferentways [6]: with thefirstmethod, the so-called volumeprocess,H−

ions are created in theplasmavolumevia dissociative attachmentof electrons to vibrationally excitedH2molecules.
The secondmethod, the so-called surface process, relies on the conversionof hydrogen atomsor ions toH−ona
surfacewith lowwork function. In the latter case, caesium is evaporated into the ion source for establishing a low
work function conversion surface. If the surface process is utilized at ion sources, a higherH− current and a reduced
co-extracted electron current is achieved in general compared topure volumeoperation.However, due to thehigh
reactivity of caesium thework functionof the conversion surface and therefore the source performancedegradeswith
timeas caesium is removed fromthe surfaceby theplasma and it forms compoundswith the backgroundgas.On the
other hand, sources operated in volumemode (i. e.without evaporating caesium)have thedisadvantageof a lower
H− and ahigher co-extracted electron current but have the advantage of a higher temporal stability of the source
performance and reducedmaintenance requirements. TheLinac4H− ion source is typically operated in surface
mode reaching anegative hydrogen ion current between40and50mA [7]. Inpure volumeoperation, the achievable
H− current is only around30mA [8]which is below thenominal sourceparameters.

The creation rate ofH− is directly linked to the plasma parameters for bothmethods: in the volumemode, a
high vibrational excitation of ground stateH2molecules is beneficial as the reaction rate of dissociative
attachment increases by orders ofmagnitude if themolecule is vibrationally excited [9]. The vibrational
population ofH2 is in turn influenced by the electron density and temperature. For the surface process, the
creation rate ofH− is determined by the flux of atomic and ionic hydrogen particles onto the conversion surface
[6]. Therefore a higherH− production rate can be expectedwhen the dissociation and ionization degree of the
discharge increases (assuming a constantwork function of the surface). On the other hand, also the processes
leading to a destruction of the negative hydrogen ions like stripping of the excess electron via electron or heavy
particle collisions depend on the plasma parameters [10–12]. The achievable extracted current of negative
hydrogen ions is closely linked to the density ofH− ions near the extraction aperture which is determined by the
balance of the creation and destruction processes in the discharge. Therefore, improving this current requires an
assessment of the actual conditions in the plasma in order to identify performance-limiting processes.

However, diagnostic access to plasma parameters especially in the region close to the extraction aperture is
challenging, as the design of ion sources applied at accelerators is very compact. Furthermore, some diagnostic
methods like Langmuir probes have problemswithstanding the strong heat loads occurring on very short time
scales [13]. Optical emission spectroscopy (OES) can ideally be applied at ion sources as only a small window to
the plasma chamber is required but the evaluations only yield line-of-sight integrated results. Hence, it is barely
possible to assign plasma parameters to the region close to the extraction aperture. They can be accessedmore
easily via spatially resolved simulations of the discharge dynamics. For the Linac4H− source, the
electromagnetic particle-in-cellMonteCarlo collision codeNINJA [14] has been developed for this purpose.
The code simulates the inductive RF heating of the discharge and tracks the particlemotion in 3D3V (details are
given in section 3). Similar codes exist for other ion sources, e. g. for the J-PARC source [15]. In order to check
that the simulations reflect the actual discharge conditions and yield correct results, a detailed experimental
benchmark is essential. However, such investigations have not been carried out for any of these codes yet.

The investigations presented in this paper address this task for theNINJA code. For a detailed benchmark,
experimental access to the spatially resolved plasmaparameters is required,which is not feasible at the Linac4 ion
source. Therefore, dedicatedmeasurement and simulation campaigns havebeen performed at the laboratory
experimentCHARLIE.Although theRFpower levels reachable at this ICP (1 kWmax.) aremuch smaller
compared to the Linac4 source, the experiment is ideally suited for theNINJAbenchmark: it has a similar geometry
than the Linac4 plasma chamber, it is capable of operating inCWwithin thedesiredpressure range of a fewpascal,
andmost importantly, it is equippedwithmultiple diagnostics allowing the determination of the relevant plasma
parameters and their spatial distributions. The detailed comparisonofmeasurements at CHARLIE and the
correspondingNINJA simulation results is contained in section4.A further benchmarkofNINJA results is
performeddirectly at theLinac4 ion sourcewith line-of-sight integratingOESmeasurements (see section 5). Based
on the spatially resolvedNINJA calculations, an assessment of thedischarge conditions close to the extraction
aperturewith respect to theH−production anddestructionmechanisms is carried out in section 6.

2. Experimental setup and applied diagnostics

2.1. The Linac4H− ion source
Theplasmaof theLinac4 ion source is generated via inductive RF coupling inside a cylindrical Al2O3 plasma
chamber (seefigure 1). TheRF amplifier operates at a frequencyof 2MHzwith amaximumRFpowerPset of
100kW.A typical RFpulse lasts about 900μs and the repetition rate is up to 2Hz.TheRF amplifier is connected
to the helical coil (fivewindings, embedded in epoxy to avoidRFbreakdowns between thewindings) via a
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matching network. For theRFpower values in this paper, the power delivered to the ion sourcePdel is given, i.e. the
power reflecteddue to amismatch between the ion source impedance and the 50Ωoutput of the generator is
subtracted from the power set at the generator ( = -P P Pdel set refl). TheRF currentflowing over the antenna,
which serves as an input parameter for theNINJA simulations, canbemeasuredwith a current transformer. A
magnetic cuspfield inHalbachoffset configuration (formedby alternatingmagnetswith clockwise and counter-
clockwisemagnetization) is generated byNdFeBpermanentmagnets inorder to reduce the loss of electrons to the
plasma chamberwall. In addition, permanentmagnets installed close to the extraction aperture create a dipole
filterfield for reducing the electron temperature in that region and thereby the destruction rate ofH− via electron
stripping.When the source is operated in surfacemode, caesium is evaporated in anoven (not shown infigure 1)
anddelivered to the plasma chamber via a transfer line. The conversion of atomic and ionic hydrogen toH− is
intended to happenon the 45 -chamferedMolybdenumplasma electrode.

Hydrogen gas is supplied to the ion sourcewith a fast piezo valve opening only for a short time prior to the RF
pulse. The gas diffuses through the plasma chamber and is pumped through the extraction aperture. Due to the
transient nature of this pulsed gas inlet, it is very difficult to give an exact number for the pressure during plasma
phase. In situ pressuremeasurements are also not possible due to the compact design of the ion source.
Dedicated experiments concerning the gas particle propagation inside the vacuum setup of the ion sourcewith
respect to the gas valve settings have been carried out by replacing the discharge chamber with a T-shaped flange
where a pressure gauge has been installed [16]. From these investigations, the gas pressure has been estimated to
3Pa for themeasurement campaigns presented in this paper. As the gas dynamics happens on the scale of several
tenmilliseconds (whereas the RF pulse only lasts about 900 μs) the gas pressure can be treated as approximately
constant during the RF pulse.

Figure 2 shows the timing of a typical RF pulse. The timing reference t=0 is the start of the ‘useful’ part of
the beam.Hydrogen is injected 2.5msbefore t=0 as it takes some time until the gas density in the plasma
chamber is in the desired range of 3 Pa. During anRFpulse there is always beam extracted as the high voltage
supply of the extraction system cannot be switched on and off within a fewmicroseconds. This leads to a
unstable beam especially during the transient ignition phase of the discharge. Therefore, the RF pulse duration is
chosenmuch longer than the 500μs actually required for the beambut the unstable head of the beampulse and
a short tail are chopped in the low energy beam transport section of the Linac4 [5]. For the pulse shown in
figure 2, the RF pulse starts at−400μs and the discharge ignites between−350 and−300 μs. For ignition, a
lower RF power is set in order to limit the co-extracted electron current during ignition. Afterwards, the RF
power is ramped up to the desired value of =P 40del kW.The 500μs of ‘useful’ beam aremarked by the grey
shaded area.

OESmeasurements can be carried out via three lens heads collecting light emitted by the discharge
(acceptance angle ◦3 ). They are separated from the discharge by a sapphire window and focus the plasma
emission into optical fibres leading to a spectrometer. The different lines of sight (LOS) determined by the lens
heads are tiltedwith respect to the central axis of the cylindrical discharge vessel: ◦0 whichmeans on-axis, ◦19
and ◦26 . For themeasurements presented in this paper only the on-axis view port has been used. The utilized
high-resolution spectrometer (1 m focal length, grating 2400 grooves permm) is equippedwith an ICCD
camera and has a Lorentzian apparatus profile with a full width at halfmaximumof lD » 8FWHM pmat a
wavelength of 600nm. The acquisition of spectroscopic data starts at t=0with typical integration times of
400μs, so themeasurement is only taken during the ‘useful’ part of the beam. The intensity calibration of the
systemhas been performed via anUlbricht sphere serving as secondary radiation standard.

Figure 1. Sketch of the Linac4 ion source plasma chamber. ForOESmeasurements, the lens head looking along the central axis of the
cylindrical discharge vessel is utilized (the third lens head is not visible in the drawing).
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2.2. CHARLIE
The laboratory experiment CHARLIE (Concept studies forHeliconAssistedRF Lowpressure Ion sourcEs) is
actually intended to investigate the possibility of applyingHelicon coupling for RF drivenH− ion sources
[17, 18]. However, during the benchmarkmeasurement campaign for theNINJA code, the experiment was
operated as ICP using a helical coilmade out of copper tube (6 mmdiameter)with 5windings. A sketch of the
experimental setup is shown infigure 3. The discharge vessel consists of a cylindrical quartz vessel having a
diameter of 10cm and a length of 40cm. It is attached to the vacuum system at the ends of the cylinder where
gas is supplied at a constantflow rate of 5ccm from the left side and the pumps are attached to the right side. The
pressure, which is adjusted via limiting the pumping speed, ismeasured gas-type independently by a
temperature-stabilized capacitive pressure gauge before plasma ignition. For the investigations presented in this
paper, the experiment has been operated in a pressure range between 0.5 and 5Pawhat covers the range relevant
for the Linac4 ion source. The coil is connected to the RF generator working at 1MHzwith amaximumpower
of 1kWvia amatching network. For all investigations presented in this paper, a perfectmatch of the load to the
50Ω output impedance of the generator has been achieved by adjusting the variable capacitors in thematching
network, i.e. the reflected power equals zero and =P Pdel set. The impedancematching ismonitored in situwith a
voltage and current probe placed between the generator and thematching network. Furthermore, theV/I probe
is used for a precise determination ofPdel. TheRF rms current Iant flowing over the antenna ismeasuredwith an
RF current transformer installed around the connection between thematching unit and the coil.

Figure 2.Timing of a plasma pulse at the Linac4. The pulsed gas injection takes place 2.5msbefore t=0.

Figure 3. Sketch of theCHARLIE experimental setup. The applied diagnostics and the obtained parameters are also indicated.

4

New J. Phys. 19 (2017) 105006 S Briefi et al



Concerning diagnosticmethods for plasma parameters, OES can be performed at two different LOS, both
shown infigure 3.One LOS is oriented parallel to and in 1cmdistance to the cylinder axis with a diameter of
1cm and virtually no opening angle. It is used for the determination of plasma parameters as described in
section 2.3. The second LOS is oriented laterally to the vessel and ismovable along and perpendicular to the
cylinder axis. This LOS is used for recording lateral intensity profiles of the atomic bH emission line at particular
z positions. From thesemeasurements, the radial emission profile of bH is determined via Abel inversion as
described in [19]. Prerequisites of the numerical approach are a cylindrical symmetry of the emission and a
negligible optical thickness of the emission line. Both requirements are fulfilled due to the geometry of the
experiment and due to the low population density of the lower n=2 state of the bH line determined from the
CRmodel YacoraH. TheOESmeasurements at both LOS are performedwith a high-resolution spectrometer
(Gaussian apparatus profile, lD » 18FWHM pm at 600nm)which is intensity calibratedwith anUlbricht
sphere.

In addition to the line-of-sight integrated results yielded fromOES, amovable probe is available. As the
plasma has only little contact tometallic vacuumparts (serving as reference point for electric potentials) due to
the dielectric discharge vessel, a commonLangmuir probe cannot be applied. Instead, afloating double probe is
used [20, 21]. The probe is inserted through the right end plate at a radial distance of 1cm to the central axis and
it can bemoved parallel to the cylindrical axis in a range of 20cm. The probe tip consists of two identical
tungstenwires (length 10 mm, diameter of 300 μm)which are separated from each other by 6 mm. From the
probe characteristics the distribution of the ion density ni and, applying quasineutrality also the electron density
ne=ni are derived [21] along the z direction. In general, also the electron temperature can be evaluated but the
absolute value is very susceptible for RF distortions typically leading to an overestimation ofTe. Therefore, only
the relative trends of the obtained electron temperatures values along z are used for benchmarking the
simulation.

2.3.Determining plasma parameters fromOES
TheOESmeasurements carried out both at the Linac4 test stand and theCHARLIE experiment cover the Balmer
series of atomic hydrogen (H a to dH ) and the Fulcher-α transition ofmolecular hydrogen ( P  S+d au g

3 3 ,
located between 590 and 650 nm). For evaluating the obtained data, the collisional radiativemodels YacoraH for
atomic andYacoraH2 formolecular hydrogen [22, 23] are applied. Thesemodels balance all relevant population
and depopulation processes for the particular states ofH orH2 yielding population densities. Processes
including the reabsorption of photons have not been considered in order to facilitate the evaluation, which
means the plasma is treated as optically thin. As input parameters for themodels, the densities and temperatures
of neutral (HandH2) and charged particles (electrons andH

+, +H2 ,
+H3 , H

−) are required. In order to determine
plasma parameters fromOESmeasurements, these input parameters are varied until both the absolute
emissivities and the line intensity ratios of themeasurements arematched (in themodels aMaxwellian EEDF is
assumed, the validity of this assumption is discussed later on). For the investigated discharges both at the Linac4
test stand and at CHARLIE, the dominating population processes arise solely from atomic ormolecular
hydrogen and processes involving the hydrogen ions play only aminor role. Thismeans that the densities ofH+,

+H2 ,
+H3 andH− cannot be determined reliably from theOESmeasurements. However, this also has the large

advantage that the evaluation is strongly facilitated as the free parameters of themodels are reduced to the
densities ofH andH2 besides the electron density and temperature.

The rotational and vibrational population of the hydrogenmolecule and the gas temperature are determined
from the Fulcher-α transition. From its spectrum, the first twelve emission lines (rotational quantumnumbers

=N 1, ... 12) of theQbranch (D = ¢ -  =N N N 0) arising from the first four diagonal vibrational transitions
(vibrational quantumnumber ¢ =  =v v 0, ... 3) are recorded. Figure 4 shows an exemplary emission spectrum
measured at the Linac4 test standwhere the relevant emission lines are indicated by drop lines. For hydrogen, the
single rovibronic emission lines can bewell separated, hence the population of the rotational states can directly
be obtained from the emissivities.

In low pressure hydrogen discharges a non-Boltzmann rotational distribution is typically present [24],
which can be approximated by a two-temperature distribution [25]. The low-lying rotational levels are described
by the cold part of this distribution according to the temperatureTrot,1 reflecting the population via heavy
particle collisions. The hot part of the rotational population describes the high-N levels according toTrot,2. It is
weighted relatively to the cold part by the factorβ forfitting. There are several possible reasons behind the hot
population: recombinative desorption of hydrogen atoms at thewall of the discharge vessel, dissociative
recombination of +H3 with electrons, or direct electron impact excitation [24]. For the high-power Linac4
discharge, themost likely process leading to the hot rotational distribution is collisional excitation by electrons.
For theCHARLIE experiment, it is recombinative desorption of hydrogen atoms at thewall where a part of the
binding energy is converted in rotational excitation. The gas temperature of the discharge can be determined by
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projectingTrot,1 from the excited Pd u
3 state into the electronic ground state of the hydrogenmolecule according

to the rotational constants of the two states [26].
The vibrational population is determined fromOES by summarizing over allmeasured rotational states

within one vibrational level. The obtained vibrational distribution in the Pd u
3 state is thenfittedwith a

population calculated via a coronamodel. In thismodel, a Boltzmann vibrational distribution is assumed in the
electronic ground state ofH2which is transferred to the excited state by electron impact excitation. The
dominant loss channel is spontaneous radiative decay. It has been proven that a coronamodel describes the
equilibriumpopulation of the Pd u

3 correctly, as contributions fromother population channels like cascades
fromhigher lying levels can be neglected [27]. Finally, knowing both the rotational and vibrational distributions
of the Pd u

3 state, the integrated emissivity of the Fulcher-α transition can be calculated. It is required for the
previously described evaluation of theCRmodel YacoraH2.

3. TheNINJA code

The goal of the simulations is to investigate the plasma dynamics in the inductively coupled discharge of the
Linac4 as a result of the RF heating process. This requires a self-consistent solution of the coupling between the
electromagnetic field generated by the RF coil and the plasma response. NINJA is a fully implicit electromagnetic
particle-in-cellMonte Carlo collision (EM-PIC-MCC) code designed for the simulation of RF-ICPs in
cylindrical configuration. A detailed description can be found in [14], therefore only a brief summary is given
here. The code is composed of threemodules: an EM-PICmodule for the solution of the EMfield and the
motion of charged particles, aMCCmodule taking into account the collision processes between the different
species, and a neutral transportmodule aimed at tracking atomic andmolecular species (the ground state ofH2

vibrationally resolved). The EM-PICmodule is 2.5D in cylindrical coordinates, i. e. the EM field calculation is
performed in 2D assuming azimuthal symmetry, while the particle dynamics is fully 3D3V. The simulation
domain used formodelling the Linac4 discharge is shown infigure 5. The plasma chamber itself is a cylinder of
radiusR=24mmand length L=138mm (see section 2.1). The calculation of the EMfield is performed on a
larger domain in order to take into account the coil and to avoid large reflections at the boundaries. The RF coil is
simulated as a perfect conductor, with a rectangular cross-sectional area (as indicated infigure 5) covering the
actual coil dimension. For the consideration of the external staticmagnetic cusp and filterfields, aB-field
simulationwith the 3DToscamodule of theOperaVectorfield software application is carried out beforehand
and imported to the PIC-MCCvia afieldmap. The externalmagneticfield is interpolated at the particle level to
maintain its 3D features. For the simulations of theCHARLIE plasma, a similar domainwith dimensions
adjusted according to the actual geometry (see section 2.2) andwithout plasma electrode is employed.

Figure 4.Example spectrumof themolecular Fulcher-α radiationmeasured at the Linac4 test stand. The drop lines indicate the
position of theQ lines for thefirst four diagonal vibrational transitions.

Figure 5. Simulation domain of theNINJA code for the Linac4 ion source.
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The simulated plasma includesfive charged species: electrons, H+, +H2 ,
+H3 andH−, all tracked kinetically in

3D3V. At the plasma chamberwall, absorbing boundary conditions are employed, removing from the
computation all charged particles hitting it. The governing equations (Maxwell andNewton equations of
motion) are solvedwith an implicit time integration scheme. This allows the cell size to exceed theDebye length
and the time step to be larger than the plasma periodwhile preserving the conservation of the total energy.

TheMCCmodule includes a database of over 200 cross sections taking into account themost important
processes in hydrogen plasmas (e. g. elastic collisions, ionization, electronic and vibrational excitation via
collisions, see [14] for details and references). Electron-neutral, electron-ion and ion-neutral collisions are
handled by a null-collisionmethod [28]while Coulomb collisions are treated according to the binarymethod
[29]. The neutral transportmodule kinetically tracks atomic andmolecular populations (the latter vibrationally
resolved). To copewith the large number of neutrals comparedwith the charged particles (the ionization degree
is typically only few per cent)NINJAuses a variable weight schemewith a rezoning technique. In a given cell,
neutral particles aremerged and split in order to keep a constant number of particles per species per cell
(typically 100). At the plasma chamberwall, pure reflection formolecules and a user-defined coefficient for
recombinative desorption of hydrogen atoms, which is set to 0.5 for theMolybdenumplasma electrode and to

´ -2.5 10 3 for the ceramicwalls [30], is employed.
As input, the code requires initial densities and temperatures for the considered particles. Furthermore, the

RF currentflowing over the antenna needs to be set. The value of the current, which is taken from
measurements, is kept constant during the simulation. It should be noted that the specification of the RF current
for the simulation includes an implicit assumption as actually, the RF power is specified in the experiment and
the current adjusts to the RF circuit characteristics. However, for high-power discharges like the Linac4 plasma,
a strong inductive coupling is present where the antenna current is directly proportional to the applied RF
power: increasing the electron density by increasing the power level leads a higher antenna current as the
equivalent plasma resistance stays constant [31, 32]. In theNINJA code, the intermediate steps of calculating the
equivalent plasma resistance from the plasma parameters and determining the resulting current afterwards are
omitted for the sake of simplification. Including these stepswould require the consideration of the full RF circuit
in the simulation and a feedback loop between the plasma parameters and the characteristics of the RF circuit for
each time step.

The simulation outputs cover the density and energy distributions for all simulated species, the plasma
current, the EMfield, and the vibrational distribution in the electronic ground state ofH2. In addition, the code
output contains information on its numerical performance and on the satisfaction of conservation laws.

4. Benchmark of theNINJA code at theCHARLIE experiment

The benchmark of theNINJA results bymeasurements at CHARLIE is carried out for a variation of the gas
pressure between 0.5 and 5Pa at a fixed power of 520W.Additionally, the RF power is varied between 250 and
800Wat a pressure of 3Pa. For all these experimental conditions, the cell size of theNINJA code is set to

´2.5 5 mm (D ´ Dr z) and the time step toD = ´ -t 5 10 11 s in order to resolve the gradients in the plasma
skin depth, which is about 1.7cm, and to provide sufficient statistical sampling of the collision frequency, which
is about 108Hz, respectively. Independent on pressure or RF power, the plasma is initially loadedwith a density
of 1017m−3 uniformly in thewhole plasma chamber andwith an equal distribution between the positive ions
H+, +H2 , and

+H3 , using 8million particles in total. The initial temperatures are 1eV for the electrons and 0.1eV
for the ions. The value of the currentflowing over the RF antenna is set to the onemeasured experimentally.

The plasma dynamics are simulated for 30μs andwithin the last 5μs, the electron and ion densities do not
change anymore, i. e. the discharge reached steady state as shown exemplarily in figure 6 for 0.5Pa pressure and
520Wpower (corresponding to anRF current of 34.0 A). Twoweeks calculation time are required on a 16-core
cluster for performing such a simulation. As already described, CHARLIE is operated atmuch lower power
levels than the Linac4 plasma. Accordingly, the achieved electron densities are distinctly lower. Concerning the
simulation, this has the direct implication that dissociation and recombination processes which determine the
degree of dissociation and processes leading to a redistribution of vibrational states in theH2molecule are not
yet in equilibrium after 30 μs. For the low electron density conditions present in theCHARLIE plasma, these
processes would require amuch longer simulation time in the range ofmilliseconds. As such long time scales
cannot be simulatedwith theNINJA codewith reasonable time effort, the dissociation degree and the
vibrational temperature are not calculated self-consistently and the initial parameters are chosen according to
the experimental results. Infigure 6 it can be seen that the densities ofH andH2 stay virtually constant at the
value initially chosen from the experimentally determined dissociation degree of about 17%during thewhole
simulationwhereas the other particle densities evolve. In general, the simulation results do not depend on the
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initially chosen specific values for the densities and ion distributions with the exception of theH andH2 densities
and the vibrational distribution in theH2 ground state.

For determining the steady-state values of the plasma parameters, an averaging over the last twoRF cycles
(which is equal to 2 μs) is performed for the time resolved values. Figure 7 shows the corresponding spatially
resolved steady-state results for the electron density andmean electron energy obtained from theNINJA
simulations for a pressure of 3Pa and anRFpower of 520Wcorresponding to an antenna current of 28.5A.
The electron density shows a pronouncedmaximumat the discharge centre below the RF coil where values of up
to ´7 1017 m−3 are reached and decreases towards thewall both in axial and radial direction. For themean
electron energy, the profile in zdirection is also characterized by amaximumbelow the antenna. In radial
direction however, aminimumon the cylinder axis is observed under the antenna and two peaks occur close to
thewall of the discharge vessel (in positive and negative r direction). These peaks originate from the RF heating
taking place in that area. Towards the end plates of the vessel, i. e. approaching z=0mmor z=400mm, the
two peaks vanish as the heating only occurs under the antenna.

In order to allow for a direct comparison of the simulation results with those results obtained fromOES, the
line-of-sight averaging implicitly performed byOES has to be taken into account. For that purpose, those
electron density ormean electron energy values are averaged, which are located inside the capture volume of the
light collecting optics. The corresponding area is indicated by the top inlets infigure 7 showing the projection of
the spatial distributions. Furthermore, a crucial point for evaluatingOESmeasurements byCRmodels is the
EEDFof the discharge.Within thewhole plasma volume, the simulated EEDFs show virtually no deviation from
aMaxwellian one, which justifies the application of aMaxwellian EEDF in theCRmodels.

For comparing the zprofiles of the simulated andmeasured electrondensities and energies, thefloatingdouble
probe is applied.Theprobemeasures at adistance of 10mmfromthe central axis and thedistance between the two
probe tips is around6mm.For one specific z value, the simulationdata is therefore averaged in radial direction
between5mm r 15 mm. Theprobemeasurements have beenperformedbetween180mm z 320 mm.

Figure 6.Temporal evolution of volume-averaged particle densities in course of the simulation for a pressure of 0.5Pa and anRF
power of 520WatCHARLIE. The curve given for theH2 density represents the sumover all vibrational levels in the electronic ground
state.

Figure 7. Spatial distribution of the electron density andmean electron energy calculated byNINJA for an antenna current of 28.5A
corresponding to =P 520del Wat a gas pressure of 3Pa at CHARLIE (averaged over twoRF cycles). The results aremirrored at r=0
as the simulation domain only covers the range 0mm r 50 mm. The top inlet shows a projection of those electron density
values, which arewithin the spatial areawhere light is collected byOES.
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Measuring at lower z values than180mmresulted in a strongdistortionof thedischarge by the longprobe rod.
Therefore, the values from z=80mmto z=170mmareobtainedbymirroring the correspondinghigh-z range (it
has been checkedpreviously that the profile is symmetric). The left part offigure 8 shows the resulting zprofiles of the
electrondensity both for theNINJA simulation and theprobemeasurementswhere apronounced centralmaximum
andadecrease towards the endplates is present.The agreement between simulation andprobedata is very good
except for the central peak,which is higher in the simulation.This canbe explainedby thedistortionof theRFheating
when theprobe ismovedunder the antennawhat lowersne.

The analogous comparison of the electron temperature is presented in the right graph offigure 8. As
described in section 2.2, only the relative trends of the probe are reliable, therefore themaximumof the profile
determined by the probe is normalized to themaximumobtained from the simulation. Also forTe, an excellent
agreement ofmeasurement and simulation (the electron temperature is derived from themean electron energy
after = á ñT E2 3e e ) is observed.

Concerning the r profiles of the electron density and temperature, a direct comparison can unfortunately not
be carried out as the probe cannot bemoved in r direction. Therefore, the validity of the simulated r profiles is
examined indirectly by a comparisonwithmeasured radial emission profiles of the atomic bH emission line
( =  =n n4 2) obtained fromAbel inversion (see section 2.2). The simulated emission profile is calculated
from the simulated profiles of ( )n re and ( )T re by taking electron impact excitation as dominant population
process of the upper n=4 state and assuming a constant ground state density and aMaxwellian EEDF:
 µ( ) ( ) · [ ( )]r n r X T re eexc . The rate coefficient [ ( )]X T reexc is derived from cross section data [12]. In the left part
offigure 9, the radial profiles of the electron density and temperature provided byNINJA are shown at the axial
position of = z 250 5 mm (directly right of the RF antenna)where the Abel inversionmeasurements are
carried out. The electron density profile can bewell described by the plotted Bessel profile, which is typically
found in cylindrically symmetric discharges [33].

The right part of figure 9 shows the corresponding simulated emission profile together with the one
evaluated via OES and Abel inversion. Both profiles show a steep increase of the emission at the cylinder walls

Figure 8.Comparison of the electron density (left) and temperature (right) zprofilesmeasuredwith the double probe to the ones
provided byNINJA for a pressure of 3 Pa and anRFpower of 520W.

Figure 9. Left part: radial profiles of electron temperature and density provided byNINJA at a pressure of 3 Pa and a delivered RF
power of 520W, including a Bessel profilefit of ne. Right part: comparison of the emission profile of the atomic bH emission line
(normalized to themaximumvalue) determined via Abel inversion fromOESmeasurements and the emission evaluated from the
simulation after  µ( ) ( ) · [ ( )]r n r X T re eexc .
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followed by a broadmaximum in the vessel centre. There are small deviations present, as the profile
determined from theNINJA simulation shows a small peak at r=25mmwhereas the profile determined
fromAbel inversion shows a small peak in the discharge centre. However, it should be noted that Abel
inversion is very sensitive on slight changes of themeasured line-integrated emissivities resulting in the
appearance or absence of small peaks in the radial emissivity profile. Therefore, rather the general shape of the
profiles and not the small details should be compared. Bearing this inmind, a good general agreement is
observed.

For all investigated variations of pressure andRF power, the basic spatial distributions of electron density,
energy and emissivity of the bH line described above are similarly observed. Therefore, only the derived line-of-
sight averaged values are considered in the following. Figure 10 shows the comparison of ne andTe at varying
pressure between 0.5 and 5Pa for an RFpower of 520W.For the electron density, themeasured data obtained
by probe andOES are in excellent agreement and depict a steady increase with increasing gas pressure. In
general, the data provided by the simulationmatches the absolute values closely but the trendwith increasing
pressure is opposite than themeasurements. Concerning the electron temperature, both themeasured and
simulated results show a steady decreasewith increasing pressure, in agreement to the expected behaviour in
low-pressure discharges. However, the values obtained byOES are systemically lower by about a factor of two
than the simulation.

Figure 11 shows the benchmark results obtained for 250, 520 and 800Wat a constant gas pressure of 3Pa.
The electron densitiesmeasured viaOES and probe agree well and exhibit the expected increase with increasing
power. In contrast, the simulation shows no systematic trendwith increasing pressure as the density remains
virtually constant. There is no pronounced influence of the power on the electron temperature which remains
virtually constant for bothOESmeasurement and simulation (with the exception of the increased temperature
at 800W in the simulation). However, similar to the results of the pressure variation, the values determined from
OES are systematically about a factor of two lower than those provided by the simulation.

The observed deviations betweenmeasurement and simulation is likely to arise from the assumptionmade
in the simulation concerning the correlation betweenRFpower and currentflowing over the antenna. As
described in section 3,NINJA assumes strong inductive coupling, whichmeans that increasing theRF power
results in a higher currentflowing over the ICP antenna. This assumption is valid for high-power discharges like
the Linac4 plasma.However, the discharges investigated at CHARLIE are operated atmoderate RF power. This
regime is better described by the characteristics of a loosely coupled ICPwhere the antenna current is not
necessarily proportional to the input power [31, 34]. Increasing the electron density by raising the RF power level
results in a higher equivalent plasma resistance [32] leading to a reduced antenna current and hence to the
opposite behaviour than assumed in theNINJA code. ForCHARLIE, themeasured currents show a decrease
from31.8 to 28.5Awhen the RF power is increased from250 to 520Wat 3Pa.When the power is raised
further, the currents (which directly serves as input parameter forNINJA) stays virtually constant (see [35, 36]
formore details).

The RF current strongly influences the discharge properties as it specifies themagnitude of the RFfield and
has therefore a direct impact on both the electron temperature and density. The deviations between simulation

Figure 10.Comparison of the simulated andmeasured electron density and temperature for a variation of the pressure at a fixedRF
power of 520WatCHARLIE. For all parameters, axially averaged values are presented.
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andmeasurement at CHARLIE can be explained by themissing feedback between the plasma parameters and
the RF circuit in theNINJA code. It is foreseen to include this feedback-loop in a next improvement step of
NINJA as it requires the consideration of the full RF circuit and hence amajormodification the code.
Nevertheless, the conducted simulations predict the correct spatial distributions of the electron density and
temperature for theCHARLIE discharges. It has not been shown in detail, but this is the case for the other
operational parameters, too. Also the absolute values of ne andTe arematchedwithin a factor of twowhat can
still be considered a reasonable agreement.

5. Benchmark of theNINJA code at the Linac4 ion source

The comparison ofNINJA simulationswith the results fromOES evaluations at the Linac4 ion source is carried
out for RF powers of 30, 40 and 50kWwhat corresponds to 180, 200 and 220Aof RF currentflowing over the
antenna. These power values have been chosen as the optimum source performance is typically obtained at
40kWboth for surface and volume operation. For simulating these discharges, the cell size of theNINJA code is
set to ´1 2 mm (D ´ Dr z) and the time step toD = ´ -t 2.5 10 11 s. The initial parameters of the simulation
are chosen as follows: a plasma density of 1018m−3 consisting of 90% ne and 10%ofH−, positive ion
distribution 94%H+, 3% +H2 , 3%

+H3 , electron temperature 1eV, ion temperature 0.1eV, gas temperature
300K. Figure 12 shows the temporal behaviour of the particle densities. The volume-averaged densities have
reached a stable value after 20μs. In contrast to the simulation of theCHARLIE plasma, dissociation and
recombination processes aswell as the vibrational distribution of theH2 ground state can be calculated self-
consistently as the reaction rates aremuch higher for the parameters present in the Linac4 discharge. This can be
seen infigure 12where theHdensity starts from zero and evolves to a steady-state value. The calculated results
are independent of the exact value of the input parameters, but they have been chosen from the experience of
previous results to have a quicker convergence of the simulation. For determining steady-state plasma
parameters, the time resolved values are averaged over the last twoRF cycles (which is equal to 1 μs).

Figures 13 and 14 show the spatial distributions of the electron density andmean electron energy in the
Linac4 plasma chamber for a coil current of 180A. It can be seen that both the electron density and energy peak
in z direction at the positionwhere the antenna is located (between z= 56 and 84 mm). Their values drop
towards the end plate (visible in the right part of thefigures 13 and 14) and the extraction aperture (visible in the
left part of the figures)whereby the decrease towards the plasma electrode ismuchmore pronounced due to the
influence of themagnetic filter field. In radial direction, themaximumof ne is located on the axis of the
cylindrical discharge vessel. The decrease towards thewall ismuch faster than the broad Bessel profile observed
inCHARLIE due to the confining impact of the cuspfield. Looking radially from the central axis towards the
wall, the electron energy shows a peak similar to theCHARLIE plasma.However, the high-energy values are
locatedmuch closer to the central axis what can also be attributed to the cuspfield. Concerning the EEDF,
virtually no deviation fromaMaxwellian distribution is observed in thewhole plasma volume, which justifies
the assumption of aMaxwellian EEDF forOES evaluations of the Linac4 plasma.

Figure 11.Comparison of the simulated andmeasured electron density and temperature for a variation of the deliveredRF power at a
fixed pressure of 3Pa at CHARLIE. For all parameters, axially averaged values are presented.
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For comparing the results of the simulationswithOESmeasurements, all values within the capture angle of
the line of sight are averaged similar to theCHARLIE evaluations. The inlet in the top parts offigures 13 and 14
shows the corresponding projections. For the higher antenna currents of 200 and 220A, the same qualitative
spatial distributions are obtained at changing absolute values. Hence, only the calculated line-of-sight averaged

Figure 12.Temporal evolution of volume-averaged particle densities in course of the simulation for an antenna current of 180A at
the Linac4 ion source. The curve given for theH2 density reflects the sumover all vibrational levels in the electronic ground state.

Figure 13.Electron density calculated byNINJA for an antenna current of 180A corresponding to =P 30del kW. The position
z=0mmcorresponds to the back plate, z=138mmto the extraction aperture. The areas, which are shaded in light grey,mark the
chamfered plasma electrode. The top inlet shows a projection of those electron density values within the spatial area where light is
collected byOES.

Figure 14.Mean electron energy calculated byNINJA for an antenna current of 180Acorresponding to =P 30del kW. The position
z=0mmcorresponds to the back plate, z=138mmto the extraction aperture. The areas, which are shaded in light grey,mark the
chamfered plasma electrode. The top inlet shows a projection of those valueswithin the spatial areawhere light is collected byOES.
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values are considered in the following. A comparison of ne andTe obtained fromOES and theNINJA code is
shown infigure 15. For both simulation andmeasurement, a good agreement both in the absolute values as well
as in the observed trends is evident.

Concerning the rotational population obtained fromOES, also the Linac4 discharge exhibits the two-
temperature distribution. Furthermore for this plasma, the share of the hot rotational population can be quite
high [37]making it difficult to determineTrot,1 and thereforeTgas accurately as only very few levels are
dominantly populated according to the cold population. A dedicatedOESmeasurement campaign using
deuterium instead of hydrogen revealed that the gas temperature is virtually equivalent to the ambient
temperature of 300K for all chosen parameter settings [37]. Due to the highermass ofD2 the energy difference
between the particular rotational levels is smaller whatmakes the cold distributionmuchmore evident
compared toH2. Also for the simulation, the gas temperature remains at the input value of 300K.This can be
explained by the short plasma pulse duration of 900μs preventing the heavy particles fromheating up
considerably.

For the vibrational distribution in theH2 ground state, the simulation demonstrates that a two-temperature
distribution evolves [38], which is also observed in other low pressure discharges [39, 40]. The cold temperature
is in the range between 3500 and 4500K,which is in agreementwith themeasurement. The hot temperature
describing the high-v states reaches values ofmore than 10 000K. This high population of the levels with high
vibrational quantumnumber is especially beneficial for the volume production of negative hydrogen ions.
However, these states cannot be probedwithOES as only the levels ¢ =  =v v 0, ... 3have a sufficient signal-to-
noise ratio.

Finally, figure 16 shows the densities of atomic andmolecular hydrogen determined viaOES or simulation.
Again, the results fromOES andNINJA agree well although the simulation underestimates theHdensity at
30kWand the observed trends are not reproduced: the simulation shows an increase of theHdensity from

´1.2 1020 to ´2.5 1020 m−3 with increasing RF powerwhereas the values obtained fromOES stays virtually
constant around ´2.4 1020 m−3. Concerning theH2 density, the picture is equivalent with a decreasing trend
for the simulation. These slight deviationsmay arise from the assumption of a constant rate of recombinative
desorption ofH at thewall in the simulation. The coefficient γ describing this rate determines theHdensity to a
large extent as volume recombination plays only aminor role due to the small vessel dimensions. The value of γ
is influenced bymany parameters, for example by the coverage of thewall by adsorbedH atoms. Therefore, the
exact valuemay vary for different operational parameters, but the surface parameters cannot be accessed in full
detailmaking a self-consistent consideration of γ in the simulation impossible.

In general, the degree of dissociation is in the range of 15%–30%what is rather low for such high power
levels. This can be explained by the large coefficient of recombinative desorption of hydrogen atoms at the
Molybdenumplasma electrode. As it is about three orders ofmagnitude higher compared to the coefficient of
the ceramic plasma chamber wall (see section 3), it dominates the surface assisted recombination rate of
hydrogen atoms toH2molecules despite the smaller area leading to a low degree of dissociation.

Figure 15.Electron density and electron energy evaluated fromOES and simulated by theNINJA code for a variation of the RF power
at the Linac4 ion source.
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6. Assessment of simulation results for the Linac4 ion source

The performance of the ion source is largely determined by the rates of the particularH− production and
destruction processes in the plasma region close to the extraction aperture as the negative hydrogen ions can
onlymove about 1 cm in average before they are destroyed. The spatially resolved particle density and energy
results obtained from theNINJA simulation can nowbe used for assessing the processes which limit the
achievableH− density in that regionwith respect to the desired operationalmode of the source, volume or
surface. For evaluating the processes, theNINJA simulation results are averagedwithin the chamfered area of the
plasma electrode between z=122mmand z=126mmin order to smooth the data. All obtained plasma
parameters like the electron density or the dissociation degree show an increase with increasing RF power, only
the average electron temperature stays virtually constant at 1.5eV. This value ismuch lower than the bulkTe (see
figure 15)what underlines that themagneticfilterfield actually cools the electrons to the desired value.

Concerning the volume operationalmode of the source, the averaged plasma parameters are used as input
for a zero-dimensional rate balancemodel, which allows for a quick and easy assessment of the processes. The
production of negative ions is considered via dissociative attachment and their destruction by collisions with
electrons, positive ions, hydrogen atoms or hydrogenmolecules (a detailed description of themodel can be
found elsewhere [11]). The assessment of these processes for the investigated three RF powers predicts the
highest equilibriumH− density and therefore the optimum source performance for 40kW.This reflects the
experimental observation perfectly. Themodel demonstrates that the increasing performance at low power
levels results from an enhancedH− production rate due to the increased vibrational temperature. Above 40kW
however, the balance shows that the increased dissociation degree reduces theH− density again twofold:first, it
reduces the number ofmolecules what lowers the production rate despite a higher vibrational temperature.
Second, the destruction rates by associative and non-associative detachment are increased due to the increased
density of atomic hydrogen. Concerning the destruction processes of negative ions in general, the dominant
processes are collisions with atomic hydrogen. They contribute to the total destruction ratewith a share of about
65%. In addition to that,mutual neutralisation ofH− ions due to collisions with positive ions has a share of
roughly 25%.Collisional detachment ofH−withH2 is negligible with a share of less than 1%. Finally, the
detachment of negative ions by plasma electrons contributes by 10% to the total rate. This low contribution is a
direct impact of the filter field.

When the source is operated in surfacemode, caesium is evaporated into the plasma chamber. Comparing
theOESmeasurement results with andwithout caesiumpresent in the source showed no influence of caesium
neutrals or ions on the discharge characteristics. Therefore, the results ofNINJA calculations, where caesium
particles are not considered, can also be used for caesiated plasmas.However, the assessment of the surface
operationalmode requires including the conversion of atomic or ionic species into negative hydrogen ions on
theMolybdenumplasma electrode. For a correct consideration of these processes, a very high spatial resolution
especially in the sheath region between the plasma and the plasma electrode is necessary. Such a high resolution
cannot be provided by theNINJA code, as it has to cover a very large simulation domain. For addressing this
task, specialized beam formation codes simulating only a small area near the extraction aperture are required
(e.g. [41, 42]). In general, for surface operation, an increased RF power leads to an enhanced destruction rate of

Figure 16.Densities of atomic andmolecular hydrogen evaluated fromOES and simulated by theNINJA code for a variation of the RF
power at the Linac4 ion source.
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H− by collisions withH atoms or positive ions due to the increased degree of dissociation and ionization.
However, the production rate of negative hydrogen ions is increasing simultaneously. As the production rate is
furthermore strongly dependent on thework function of the conversion surface, which is determined by the
caesium coverage, detailed balancingwith a simplemodel cannot be carried out.

7. Conclusion

The electromagnetic particle-in-cellMonte Carlo collision codeNINJA has been developed for the Linac4H−

ion source at CERN for gaining insight in the spatial plasma characteristics. A benchmark of the code has been
carried out at the experiment CHARLIE as it is equippedwithmultiple diagnostics allowing for a detailed
comparison of theNINJA simulation results with themeasurement.

In general, a very good agreement between simulation andmeasurement is obtained at CHARLIE for the
relative spatial distributions of the electron temperature and density. Concerning the absolute values, the
maximumdeviation of ne is about a factor of two but the relative trends for pressure andRF power variations are
not reproduced by the code. In contrast, the trends arewell reproduced forTe but the absolute values are
systematically about a factor of two higher than themeasured ones. The observed deviations can be explained by
the assumption of strong inductive coupling in theNINJA code. ForCHARLIE, this assumption is not fully valid
as it operates in the loosely inductive coupling regime due to themoderate RF power levels. A correct
consideration of this regimewould require an implementation of the back coupling between plasma andRF
circuit for each simulation time step, which is foreseen for a next improvement step of theNINJA code.
Nevertheless, the general agreement between the code and themeasurement can be considered good.
Furthermore, the Linac4 ion source operates in the strong inductive coupling regime asmuch higher RF power
levels compared toCHARLIE are applied.

Accordingly, a very good agreement between theNINJA simulation results andOESmeasurements with
respect both to the absolute values and the observed trends ofTe, ne,Tgas, and the densities of atomic and
molecular hydrogen for varying RF power is obtained for the Linac4 plasma. Based on the spatially resolved
results obtained from theNINJA code, an assessment of the production and destruction processes ofH−has
been carried out for the plasma region near the extraction aperture.When the source is operated in volume
mode, the assessment predicts the highestH− density in the region of the plasma electrode for an RF power of
40kW.This is in excellent agreement with the experimental observationwhere the best source performance is
achieved at this power level.

When the source is operated in surfacemode, theH− production is based on the conversion of atomic and
ionic species at the caesiated surface of theMolybdenumplasma electrode. This conversion process is not
considered in theNINJA code, as it cannot resolve the small-scale physics happening on the surface. Such a task
can only be fulfilled by specialized beam formation codes, which in turn require the densities and energies of the
various species in this plasma region as input, which are not known a priori. As it has been demonstrated in this
paper, NINJA can provide exactly this data reliably also for caesiated discharges as the caesiumparticles do not
alter the plasma parameters. Therefore, theNINJA code establishes the link between the experimentally chosen
operational parameters of the ion source and the plasma properties required for the beam formation
calculations.

In summary, it has been shown that theNINJA code allows an assessment of the plasma physics taking place
in the Linac4 ion source. The code can nowbe used for systematic and predictive investigations concerning the
improvement of the source performance by studying the impact of changing operational parameters or of the
ion source design. It should also be noted, that the code is not limited to simulation of the Linac4 ion source but
it can also be applied to other high-power inductively coupled ion sources used in the accelerator community.
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