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Abstract. High power negative ion sources use caesium to reduce the work fardttbe converter surface which significantly
increases the negative ion yield. Caesium, however, is a very reatitaie-metal and shows complex redistribution dynamics in
consequence of plasma-surface-interaction. Thus, maintainingla atabhomogenous low work function surface is a demand-
ing task, which is not easily compatible with the RAMI issues (reliability, availabititgintainability, inspectability) for a future
DEMO fusion reactor. Hence, Cs-free alternative materials fidcient negative ion formation are desirable. At the laboratory
experiment HOMER materials which are referred to as promising arstige¢ed under identical and ion source relevant param-
eters: the refractory metals Ta and W, non-doped and boron-dagexiad as well as materials with inherent low work function
(lanthanum-doped molybdenum, MoLa and lanthanum hexaboride;) L&Be results are compared to théeet of in-situ caesi-
ation, which at HOMER leads to a maximal increase of the negative iontgdysa factor of 2.5. Among the examined samples
low work function materials are mosffient. In particular, MoLa leads to an increase of almost 50 % companggrévolume
formation. The diference to a caesiated surface can be attributed to the still higher wotlofunEMoLa, which is expected to be
slightly below 3 eV. Using deuterium instead of hydrogen leads to incregteadc and positive ion densities, while comparable
negative ion densities are achieved. In contrast to the low work functaierials, bulk samples of the refractory metals as well
as carbon based materials have no enhandiiegteon H, where the latter materials furthermore show severe erosion due to the
hydrogen plasma.

INTRODUCTION

Neutral beam heating (NBI) systems for future fusion devillee ITER and beyond require high-performance ion
sources for negative hydrogen ions. In order to achieve é¢heired heating powers of several tens of MW the
H-/D~ source has to deliver stable and spatially homogeneous éamss section-m?) with current densities
of 200-300 Am? for pulse lengths of one hour (or longer beyond ITER). Furtiae, the low temperature hydrogen
discharge of the ion source needs to be operated at presfudesPa or below in order to reduce stripping losses
within the accelerator stages. Such high current dengitiésv pressure can only be achieved by ion sources based
on the surface conversion mechanism for negative ion foomathe so-called converter surface is covered with the
alkali metal caesium to reduce its work function which sfigaintly enhances the conversion yield of atomic and
ionic hydrogen particles to negative ions [1-3]. Caesiunwéver, is a very reactive alkali metal and has a very
high vapor pressure. This leads to complex physical and atiad-, desorption and degradation processes during
vacuum phases of ion source operation as well as to cleaspugtering and redistribution processes during plasma
phases. Since the work function of Cs layers significantlyetels on the thickness and the purity of the Cs coating,
this dynamical behavior has a direct impact on the extractexents [4]. Especially in view of the required stability
and homogeneity of the negative ion beam and its relialalitgt availability, this behavior poses severdtidilties.
Hence, alternative materials to Cs covered surfacesffimient negative ion production are a key interest in current
ion source research and the investigations are includéetiBtYROfusion work package for heating and current drive
(WPHCD) of future fusion devices like DEMO.

Several groups of materials are suggested throughoutdinatlire to produce negative hydrogen ions vitedént
mechanisms [5]:



e Like Cs (bulk work function 2.14 eV) also other materialstwé low work function are expected to directly
produce negative hydrogen ions at their surface by tramsfepne or more electrons from the solid state
to impinging atoms or ions. First investigations in thisediion were already reported by [6] showing the
principle applicability of a lanthanum hexaboride cathéateH™ extraction.

e Forthe refractory metals tantalum and tungsten severararpnts showed an enhancirfieet on the H yield
(see e.qg. [7, 8]). Theftect is often explained by an increasing population of higlibrationally excited H
molecules which thus indirectly enhances the wlume production via the dissociative attachment pracess
Hy(v > 5)+ e > H + H™. On the other hand, also diminishinfiexts on negative ion yields using these metals
as bulk material are reported in [9] for instance. Henceajlte®n refractory metals seem to be dependent on
the respective plasma conditions and furthermore on thacistructure of the material, since most of the
experiments showing enhanced ields rely on evaporated materials.

e Carbon materials, in particular non-doped and boron-dajeahond (BDD) have also shown to produce neg-
ative hydrogen ions (see e.g. [10, 11]). However, in cohti@$ow work function materials, the formation
mechanism at the insulating diamond surface (work functioove 4 eV) and thus the actually required condi-
tions for eficient H- production are not fully understood at present. The cajpplof diamond layers to show
negative electronfinity under certain circumstances is often discussed ircthrigext, since this characteristic
helps to emit electrons from a solid state [12].

Until now investigations on these materials were performeafkdicated experiments aiming at specific charactesistic
of the corresponding mechanism. Hence, the results migtdirextly compare to each other and furthermore might
not be transferable to ion sources, since absolute yieldsrion source relevant plasma conditions are missing.

Thus, dedicated comparative studies on these materiabgnagarding thef@ciency for negative ion forma-
tion are performed under controlled and identical plasmalitions at the laboratory experiment HOMER [13-15]
including comparison to the current state-of-the-art, a €aesiated surface, as well as to pure volume formation.
The setup follows the tandem concept by which plasma pasmebmparable to the ones close to the plasma grid
in negative ion sources are obtained for pressures as low3@a0The negative ion density is measured via laser
photodetachment, while a Langmuir probe and optical eonsspectroscopy (OES) are applied to characterize and
monitor the plasma. Besides measurements also modelitg éftvolume production is performed [16] in order to
deduce the influence of flierent material surfaces on the plasma itself. Like thissibs H™ surface &ects can be
distinguished from the influence on the background plasma.

EXPERIMENTAL SETUP

HOMER [13] is an ECR (Electron Cyclotron Resonance) disghalriven by a microwave generator at 2.45 GHz
with powers up to 1 kW. A schematic of the experimental sesughiown in figure 1. The magnetic field of 87.5mT
is generated by Helmholtz coils. The cylindrical stainlstel vacuum vessel has a diameter of 15cm and a height
of 31 cm in total. In the region of the upper magnetic coil a lnegkgrid is installed which separates the volume into
a heated driver region above the grid (height 12 cm) andfasive downstream region. The latter part houses the
sample holder and gives diagnostic access to the plasma dbewsample surface. This tandem concept provides
plasma parameters comparable to the conditions close toatieerter surface in negative ion sources for fusion:
discharge pressures down to 0.3 Pa, electron temperat2e\/]electron and positive ion density’#910'” m~3 and
atomic density 18-10m3,

The sample holder is insulated from the vessel walls and othrhaterial samples up to sizes of 8&cn?. It
can be moved in vertical direction b2 cm, biased against the vessel walls ug4® V and heated up to tempera-
tures of 550 °C. Negative ion densitias- are measured locally above the sample surface via lasevgidtachment: a
short laser pulse (1064 nm, 8 ns, 23 mJ) destroys the nedgfilregen ions within the laser channel and the detached
electrons are collected by the Langmuir probe which is bidseoltages within the electron saturation region. A fast
trigger circuit is used to synchronize the laser pulse apdd#étection of the electron current. The measured relative
negative ion densityy-/ne is translated to absolute values via the ion density fromgbauir probe measurements.
The absolute densityy- has been benchmarked against cavity ring-down spectrp$t6p Furthermore, the Lang-
muir probe is used to determine the ion density, the ele@nmngy distribution function and the plasma and floating
potential. Due to the magnetic field required for ECR couplindirect determination of the electron density via the
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FIGURE 1. Schematic of the ECR tandem experiment HOMER llustrating the separatiodriaér and downstream region by
the meshed grid and the measurement position relative to the materidesamp

Langmuir probe is not possible. Thus, quasi-neutralityssdito determine, via the ion density. Optical emission
spectroscopy (OES) is applied for the determination of tomao-molecule density ratia, /ny,, the gas temperature
and the vibrational temperature of the molecular grountk steurther information about the diagnostic systems can
be found in [13].

RESULTS

In order to assessftierent Cs-free materials regarding their capability foratieg ion production, their influence on
the negative ion density needs to be compared to pure volameafion as a lower limit and to the presently known
most dficient formation scheme via a caesiated surface.

For the former case a dummy surface needs to be installedlér tw maintain the plasma geometry compared
to the following investigations with fierent material samples. Here, a stainless steel (V2A) saoanl be applied,
since for stainless steel no material induced influence emégative ion density is known. Thus, results obtained
with V2A can act as a reference describing tlfiset of pure H volume formation at the particular plasma conditions
during the performed measurement series. Any candidate@sr+free converter material must then at least overcome
the limit given by the V2A reference in order to result in aadttble material induced enhancement of the negative
ion density.

Furthermore, the negative ion yield needs to be compardubtdfect of Cs. Here itis known e. g. from the ITER
prototype source that caesiation can lead to an increabe ofegative ion yield by a factor of ten [17]. This increase,
however, depends on the present plasma parameters, i.feittod impinging particles and their energy. Hence, the
actual influence of a caesiated surface is examined by tiagsiE|aV2A sample in-situ.

Analysis of H™ volume processes at HOMER — Experiment and Modeling

The dependency of the negative hydrogen ion density ab@vst#inless steel dummy surface (45 mm distance) on
the pressure is shown in figure 2 (a), while the correspondiagtron density as well as a vibrational temperature
determined by modeling (see below) is shown in part (b). Fmeasure of around 0.5 Pa a maximunmjip develops
reaching about.8 x 10'° m~3 which corresponds to an ratio of about 13 %. For lower and higher pressures the
density decreases rapidly to below!iM~2 in minimum at pressures above 2 Pa. The electron densityevewis
peaked at 1 Pa with a maximum of abou2 & 106 m~3.

In order to explain the observed pressure dependence aterimnore to determine the dominant destruction
processes for negative ions within the plasma volume O-déio@al modeling of the Hdensity is performed using
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FIGURE 2. (a) H density and (b) electron density and vibrational temperature for the hextaiyed vibrational states of H
above the stainless steel reference sample for 300 W microwave poweistance of 45 mm to the surface.

the solver YACORA [16, 18]. H production via dissociative attachment (DA) is balancethigywell-known destruc-
tion mechanisms: electron detachment (ED), mutual nezdatadn (MN) with positive hydrogen ions (H, H HY),
associative and non-associative detachment (AD, nAD) bisimms with hydrogen atoms and collisional detachment
(CD) by hydrogen molecules. Cross section data are taken ft®]. Measured plasma parameters from OES and
Langmuir probe are used as input parameters. The tanderemoisctaken into account by assuming an ensemble
of hydrogen molecules which are vibrationally populatedhi@ heated driver region andfilise to the downstream
region above the sample surface. This ensemble can be tdrégad by a vibrational temperatuf@i, nign. Like this,

a two-temperature vibrational population distribution flee H, ground state is produced above the sample surface,
characterized by two temperaturBg, iow andTyip nigh for the low-energy and high-energy range, respectivelyeHe
Tvibjow iS diagnostically accessible via OES [20], whilgp nigh is not accessible and is used as a free parameter in
the modeling procedure. Further input parameters likemlpaensity and temperature are taken from measurements
directly in the downstream region. Modeled Hensities are then fitted to measured ones by variatidgigfign [16].

In figure 2 (b) the pressure dependent vibrational tempessilyin nigh required to fit the measurements are
shown additionally tae. Agreement of model and measurement is thus obtained foesaifTyin nigh in the range of
8,000-10,000 K decreasing with pressure, while the medSuigow is almost constant around 3,500 K.

For these modeled densities the relative share of the désinprocesses to the totat idestruction rate is shown
in figure 3. Over the whole pressure range associative andssociative detachment of negative ions by hydrogen
atoms is the dominant destruction channel while its shameases with pressure. For pressures below 0.5 Pa mutual
neutralization as well as electron detachment contribiitie around 10 % in maximum. Collisional detachment by
H, is negligible at these plasma conditions.

Thus, the negative hydrogen ion density produced in therwelis sensitive to the atomic hydrogen density
dominantly determining the destruction rate on the one hamdl to the electron density and the vibrational population
determining the production rate on the other hand. The ptedeH pressure dependence (figure 2), however, is
mainly linked to the H production side only: the behavior of (maximum at 1 Pa) together with the decreasing
evolution of Tyip nigh determines the observed maximumnig- around 0.5 Pa. For more details on this analysis see
[16].

Effect of caesiation at HOMER

In order to determine the Hevel with which Cs-free materials have to compete a stagteel sample is caesiated in-
situ. A caesium dispenser (Bis alloy from Alvatec [21]) is installed above the sampldate such that evaporation
of Cs directly covers the stainless steel surface whileairtation of the surrounding discharge vessel is mostly
prevented. Nevertheless, after this campaign the expataheessel was completely cleaned from any possible Cs



FIGURE 3. Relative share of the Hdestruction channels to the total destruction rate determined via YACOR&Hthe mea-
surements with V2A. 'AD’ stands for the combined rate of associativkrem-associative detachment.

residues thus assuring a Cs-free environment for the fallpimvestigations. Figure 4 shows the evolution of the Cs
emission line at 852 nm, the negative ion density as wellaptsitive ion density during onset of Cs evaporation.

Cs evaporation is monitored at the emission from the caeatom. It can be seen that the negative ion density
directly reacts on the coating of the surface while the p@sibn density as well as other plasma parameters like
electron temperature stay constant, which is in line withitivestigations by [22]. Thus, the volume production of
H~ should not be influenced by the presence of Cs in the plasméharatiditionally detected negative ions can be
attributed to surface conversion at the caesiated V2A serfsleasurements of the work function under comparable
plasma parameters at the laboratory experiment ACCesSstaven values down to 2.1 eV for caesiated surfaces
[23—-25]. Hence, it can be concluded that in this system ftionaf H™ at a surface with 2.1 eV work function leads
to an increase of the negative ion density by about a fact8rfn maximum. This is the goal for any candidate as
Cs-free converter material.

FIGURE 4. Monitoring the caesiation of a stainless steel sample for 300 W microwavergmd 0.3 Pa Hpressure in a distance

of 25 mm to the surface.
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Cs-free materials for H™ production

The following materials were investigated concerningrtifficiency for negative hydrogen ion formation: bulk sam-
ples of the refractory metals Ta and W, non-doped and booped diamond (BDD) and materials with inherent
low work function, namely lanthanum-doped molybdenum399.Mo : 0.7 % La, MoLa) and lanthanum hexaboride
(LaBg). Comprehensive measurement series were performed negahe variation of the hydrogen pressure, the
distance to the sample surface, the bias potential appli¢iget surface as well as the sample temperature [14, 15].
Figure 5 summarizes the results at one specific but repesenpoint within the investigated parameter space: the
maximally achieved H/e ratios at 0.3 Pa in a distance of 25 mm are shown for tffierdnt materials compared to the
reference case of a stainless steel surface (V2A) and taeeaf the in-situ caesiated surface (V2AS).

The employed bulk samples of the refractory metals Ta & W doshow an enhanced negative ion yield com-
pared to V2A. Furthermore, comparable vibrational temipees have been measured via OES for thEedént ma-
terials. Hence, these bulk materials do not show a significapact on the H vibrational population (or any other
plasma parameter) and consequently alsoffexton the H volume production is expected. It has to be noted, that
the enhancingféect of these refractory metals cited in the literature wastim@chieved by evaporation of the met-
als. Since adsorbed layers of evaporated materials havech mgher surface roughness than bulk materials their
impact on the Hvibrational population might be much higher. However, disputable if replacing Cs in future NBI
sources by another material which needs to be evaporatelyisahle, since issues correlated with plasma induced
redistribution or penetration into the accelerator stagasld still be present.

Among the carbon based materials, twéfelient non-doped and thredféirent boron-doped diamond samples
were investigated éliering in the substrate material (silicon, molybdenum, niot), the thickness of the diamond
layer (3—75Qum), the average grain size (1.8-188) as well as the crystallinity (epitaxial, polycrysta#in However,
none of them resulted in Hdensities exceeding the volume production. Moreover, falhe carbon samples have
shown severe erosion due to the high flux hydrogen plasmanfialaon-time~10 h). Weight loss rates in the range
of mg/h were detected and confirmed by surface analyses with SENRanthn spectroscopy. Thus, these materials
can not be seen as suitable alternatives to Cs for futuretimegan sources. The results on diamond materials are
presented in more detail including parameter studies ip [15

In contrast, lanthanum-doped molybdenum as well as lanthanexaboride, both of which are expected to
have a work function of slightly below 3 eV, show an increabthe negative ion yield of almost 50 % compared to
stainless steel. Furthermore, no signs of plasma induasibercould be detected for these bulk materials. Thusgbasi
requirements for being an alternative to caesiated swgfaceegative ion sources are fulfilled. However, the impact
on the negative ion density is still much smaller than viaapplication of Cs which can be attributed to the higher
work function. Measurements of the actual work functionemdn source conditions aiming at the identification of
possibilities for tuning are scheduled at ACCesS [25-27].

Concluding, direct surface conversion at low work functgaunfaces seems to be the most promising way for
efficient H™ production under ion source relevant conditions. Amongehcaesiated surfaces still stand alone due to
their so far unmatched low work function.
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of 25 mm to the surface.



Isotopic differences

lon sources for fusion applications have to be driven in béttand D, and the respective performance varies de-
pending on the isotope [28]. Thus, for the ma§eetive Cs-free converter material —-MoLa— investigatiomsparing
hydrogen and deuterium are performed. Exemplarily the oreasent campaign varying the bias voltage applied to
the sample surface with respect to the grounded vesseliwalssidered. Varying the bias leads to a variation of the
energy of the impinging particles as well as of the emittiegative ions which can have an influence on the surface
conversion probability. The performed bias scan rangeas #80 to +20V, where the plasma potential is always
higher leading to a variation of the ion energy from 20e\V~80V to slightly below 1eV at-20V (assuming a
collisionless sheath). Figure 6 shows the correspondiifigeince on the negative ion density above the MoLa sample
in H, and D, compared to the case with stainless steel in H

Besides the ion energy, biasing the sample surface has ificgighinfluence on the plasma parameters of the
bulk plasma, since the spatial potential distribution ised This d@ects the H related volume processes which can
be seen at the V2A measurements. It is shown by modeling litd}the variation of the volumeHlensity with bias
is mainly determined by a varying electron energy distidoufunction (EEDF) showing a decreasing mean electron
energy with increasing bias. This leads to steadily inéngpsate cofficients for H production via dissociative
attachment, since for this process lower electron eneagiedbeneficial. The enhancinffect is, however, slightly
compensated by a correspondingly decreasing vibratias@llption of H. The combined #ects lead to a slightly
increasing H density with increasing bias.

Changing the sample material to MoLa has virtually no infieeean the evolution of the EEDF or the vibrational
population of H. Furthermore, almost identical atomic-to-molecular dgnstios are measured. Thus, the volume
formation of H™ should not be influenced by the low work function materialwidwger, it can clearly be seen that for
voltages above-20V the negative ion density is higher for MoLa than for V2Aaching the maximum enhancement
with almost+60 % at around-5 V. This enhancement indicates an additional source foathagions besides volume
formation and can clearly be attributed to surface produactigure 7 shows on the right side to the bottom the atomic-
to-molecular density ratio for MoLa in Hwhere an increasing atomic density can be observed. Thez@@panied
with an increasing flux of atomic hydrogen onto the low workdtion surface showing the steepest increase between
—20and-10V. This again is directly linked to an increasing amourgwface produced negative ions with increasing
bias. Additionally, the energy of negative ions leaving sugface is decreasing with increasing bias which leads
to decreasing destruction rates. Hence it can be concludgddr voltages above20V the influence of surface
produced negative ions isféigiently high to overcome the respective volume density.

Changing from H to D, has a significant influence on the plasma parameters, as csaehen figure 7: Both
the positive ion density and the atomic density are incré&s®,. While the increased positive ion density, which
is directly linked to a higher electron density, is regylasbserved at HOMER and can be explained by a better
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FIGURE 7. Positive ion density and atomic-to-molecular density ratio above MoLa iRP&.8 and D, at 300 W microwave
power in a distance of 25 mm to the sample surface.

coupling of the microwave to the deuterium plasma [29], theréased atomic density is attributed to the higher
dissociation cross section for,[J30] and is thus frequently observed in low temperature bgdn discharges (see
e.g. [22]). Other plasma parameters like gas temperatueeEEDF or the vibrational distribution of the molecular
ground state show only very slightffirences between the isotopes. Regarding negative ion iorméhe higher
electron density in Bindicates an enhanced negative ion volume production coedga H. On the other hand, the
higher atomic density in deuterium results in a comparabhaeaced negative ion destruction within the volume due
to the associative detachment process but also to an ird-etsmic flux onto the surface. Due to the only limited
contribution of surface production in this case, thiatent éfects seem to compensate each other leading to virtually
identical negative ion densities i,@nd H, as shown in figure 6.

Nevertheless, the flerence betweeny andny increases with increasing bias leading to an increasingente
of surface produced negative ions with increasing bias.cEgeat least in the positive bias range an enhanced nega-
tive ion density for B could be expected. However, within the measuring accuthig/enhancement could not be
detected. In caesiated high power negative ion sourcesgyewsurface conversion is the dominant tdrmation
mechanism. And indeed, in this case, an isotopic influennéeaobserved, as for example shown at the BATMAN
test facility [28]: the typically increased dissociatioagilee in deuterium plasmas directly converts to an inctease
negative ion density.

CONCLUSION

Alternative materials to Cs for Hproduction have been investigated under identical cambtivith plasma parame-
ters close to the ones at ion sources for fusion. The resdtassessed compared to puredlume formation and
to the current state-of-the-art, i. e. an in-situ caesiatethce.

It is shown, that neither bulk samples of the refractory fis€fa or W nor any of the examined diamond samples
have the potential to exceed negative ion volume formatiothese plasma parameters. Furthermore, for the carbon
based materials severe plasma induced erosion was obs#ready for plasma-on-times below 10 h. Thus, these
material groups reveal to be unsuitable as possible atteemaaterials to caesium for future negative ion based NBI
systems, since they neither fulfill the requirements fiiciency nor on stability of H production.

On the contrary, the tested materials with low surface waricfion, i. e. lanthanum-doped molybdenum and
lanthanum hexaboride, have proven long term stability éohtigh flux hydrogen plasma and, more importantly, they
clearly enhance the negative ion density via surface csioerMoLa shows an increase of alme&i0 % compared
to a bare stainless steel surface. However, tfiisceis still far below that of caesiatiom{- increases by about a
factor of 2.5). This dierence can be attributed to the higher surface work funafalightly below 3 eV for MoLa
in contrast to 2.1 eV for caesiated surfaces. Varying thmmfrom hydrogen to deuterium shows an influence on
the plasma parameters, while the resultifiigets on the negative ion formation compensate each othéinfpéo



comparable negative ion densities independently fromsbimpe.

Regarding application to ion sources, the bulk materiaMalfa and LaB should moreover imply a substantially
reduced complexity of handling compared to a volatile ewptivith a highly reactive alkali metal. Furthermore, a
substantially reduced migration of material into the estitn system can be expected compared to a material which
is necessarily evaporated into the source. However, pbsibhave to be identified in order to further decrease the
work function since a lower negative ion density at the comresurface also yields a reduceflieet on the electron
density in front of the converter surface and thus, the doaeted electron current might be much less reduced.

Hence, further studies orfficient Cs-free materials for negative ion formation showdddcused on materials
with inherent low work function aiming at even lower but Issitable surface work functions. Here, measurements
of the actual work function under ion source conditions aatednination of the parameters influencing the work
function are mandatory.
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