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Introduction

This is a review talk

The focus is on the importance of

= Discharge power coupling method
» Plasma-facing material selection

for optimising the H- (or D-) yield especially in the surface production mode.
Predictions on the relative H- yields from different caesiated metal surfaces.

Recommendations for experimental and theoretical work.

Science and
Technology
Facilities Council

ISIS Neutron and
Muon Source



Two main production channels of H-

Electron tunnelling from
@ et o caesiated metal surface o H”

*  Caesium atom (Cs)

Dissociative Electron Attachment (DEA) in plasma volume

@ Hydrogen atom (H)
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How does the discharge power coupling and surface material selection affect each?
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Dissociative Electron Attachment (DEA)
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Requires ro-vibrational excitation of the H, molecules and high (cold) electron density
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H, vibrational excitation

The predominant channel for the excitations of high vibrational levels in the plasma volume is electronic excitation to B'Z*,
and C'Mu singlet states, followed by VUV-emitting radiative decay to high vibrational levels (v” 2 5) of the X'Z*; ground state
- J.R. Hiskes, J. Appl. Phys. 51 4592, (1980) -
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Dissociative Electron Attachment (DEA)
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The DEA cross section increases by
6 orders of magnitude with increasing
vibrational state.

At the same time the threshold DEA
electrons energy becomes very low.

Vibrationally excited molecules
and low energy electrons!

Either one can be a bottle neck
limiting the DEA rate...



Surface production of H-
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Electron tunnelling through the potential
barrier requires low work function

H+e, > H




H, dissociation

The most significant dissociation channel of the hydrogen molecule is excitation to triplet states.
The majority of triplet excitations lead to the repulsive b3Z*, state.
- R. Celiberto et al. At. Data Nucl. Data Tables, 77(2):161, 2001 —
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Optimising volume vs. surface production

Optimising the volume production requires optimising the vibrational excitation of the H, molecules.
This can be achieved by optimising electronic excitation to singlet states.

Optimising the surface production requires optimising molecular dissociation to supply H atoms.
This can be achieved by optimising electronic excitation to triplet states.

The most probable excitations to singlet and triplet states are X1}:g+ — B1Z + and X1}:_q+ — b3Z *
Their cross sections peak at very different electron energy affecting the rate coefficient ratio vs T,
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Importance of discharge type

Iy

Penning discharge

DC discharges

......
......
......

Electron Energy Distribution (EED)

with hot tail favours volume production suited for surface production
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Capacitive or inductive power coupling
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RF discharge :
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Collisional radiative modelling
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Hot tail vs. Maxwellian
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The high-energy tail of the EEDF and its impact on
H™ volume ion sources

To cite this article: R. Friedl et al 2026 J. Phys.: Conf. Ser. 3237 012005



VUV-spectroscopy
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Surfaces affecting vibrational excitation

The vibrational distribution of H, molecules can be affected by surface interactions

= Recombination of atoms

= Auger relaxation of the repulsive b;Z * state quenching to high vibrational level
= Electronic recombination and dissociation of H; compound molecule
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\ Journal of Quantitative Spectroscopy and &,

Radiative Transfer
Volume 257, December 2020, 107325

Direct measurements of electronic
ground state ro-vibrationally excited
D, molecules produced on ECR
plasma-facing materials by means of
VUV-FT absorption spectroscopy
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H/e density ratio

0.30;

Does this translate to H- density?
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Microwave source with electrostatic filter

RESEARCH ARTICLE | AUGUST 09 2017

Efficiency of Cs-free materials for negative ion

production in H, and D, plasmas ©
R. Friedl; U. Kurutz; U. Fantz

Volume

production

Reference
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AIP Conf. Proc. 1869, 030022 (2017)
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V2A + Cs

VUV-irradiance measurement (microwave source)

Table 3. Ratios of rate coefficients (plasma process versus Lyman-
band or molecular continuum emission) and volumetric reaction
rates in the line of sight volume.

Ratio of rate Volumetric rate
coefficients [em™3 s
Lyman-band
Molecule ionization 0.1-1.3 0.14-2.1 x 10'6
Excitation (B'E}, C'T1,) 1.4-1.8 1.8-2.8x 10'¢
Excitation (v > 5) (B'Z}, C'11,) 0.8-1.1 1.1-1.7 x 10%
Dissociation (B'Z}, c'm,)  0.2-0.3 0.3-0.4x 10
Molecular continuum
Dissociation (via b°Z;) 22-85 2:8-12 5% 10
Excitation ¢, state, max ~ 0.6-1.8 0.8-2.5x 10'¢
.

Each molecule is ionised, excited and dissociated
several times as it passes through the ion source

PAPER
VUV irradiance measurement of a 2.45 GHz microwave-
driven hydrogen discharge

J Komppula, O Tarvainen, T Kalvas, H Koivisto, R Kronholm, J Laulainen and P Myllyperkio
Published 13 August 2015 « © 2015 IOP Publishing Ltd

Journal of Physics D: Applied Physics, Volume 48, Number 36

Citation J Komppula et al 2015 J. Phys. D: Appl. Phys. 48 365201
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The surfaces contribute to volume production of H- via DEA if the
vibrational excitation rate via volumetric processes is not sufficient.

In the opposite case the cold electron density is the limiting factor.

Altogether it can be expected that the contribution of surfaces on
DEA depends on the discharge type and filter field strength.
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E4

Surface production of H-

At few a,; from the surface

Electron transition rate

Valence band
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- >0.75 eV
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H- survival probability
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Conduction electron density and surface work function

Iy Surface Science
PR Volume 118, Issue 3, 2 June 1982, Pages 697-710 -

Theoretical models of the negative ionization of
hydrogen on clean tungsten, cesiated tungsten

and cesium surfaces at low energies

B. Rasser ™, J.N.M. Van Wunnik, J. Los



Work function

6 eV

(W, Mo, Ni) +H, 1
5 eV Adm ~ —1.24{¢p — 5(1,4 + E4)]
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Work function

Surface Work function [eV]  Minimum work function [eV]
Stainless steel 4.3 [56] 1.68
W 4.55 [56] 1.62
Mo 4.6 [56] 1.60
Re 4 95 [56] 1.5
Ni 5.15 [56] 147 | Known
Pd 5.12 [56] 1.48
Pt 5.65 [56] 1.35 | catalysts
W + 0 5.05 [59)] 1.50
Ni + Ho 5.25 [59] 1.45

Next Generation H lon Sources for

the SNS

Cite as: AIP Conference Proceedings 1097, 181 (2009); https://

doi.org/10.1063/1.3112511

Published Online: 23 March 2009

R. F. Welton, M. P. Stockli, S. N. Murray, et al.
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Minimum work function [eV]

Work function — orbital overlap model
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cted H- yield relative to Mo

Pred
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Conduction electron density (Fermi energy)
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Density Functional Theory calculations of work function AND conduction electron density required

Surface Conduction electron density [x104% 1/m?] S e
W - no Cs 6.4 =
W - Cs 0.5 monolayers 0.17 Electronic properties of alkali
W-Cs1 monolayer 0.23 submonolayers on a metal substrate

K.F Wojciechowski *




Other material selection considerations

Material deposition: in filament-sources the surfaces becomes covered by Ta

Sputtering: unwanted deposition and lifetime of the ionisation surface
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Sputtering yield normalised to Mo

0.1

Varc,max = 600V,
in high Z mode .
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Other material selection considerations

Thermal cycling of materials facing pulsed plasmas causes spalling (flaking).

Molybdenum has low dynamic spall strength (< 1GPa) and is brittle. Internal stresses cause
material to delaminate at grain boundaries.

Flake formation is a known failure mode of Penning sources (short circuit, blockages).

Potential solutions: brittle-to-ductile transition via heat treatment (800-900 °C) or Mo-Re alloy?




Recommendations

Comparison of the VUV-emission spectrum of an arc discharge and an RF discharge
H- ion source.

Measurement of the H- density in an RF plasma near different metal surfaces at
different magnetic filter fields.

Measurement of the work function in high-current ion source and comparison to DFT
calculation.

DFT calculation of the conduction electron densities of caesiated metals.

Comparison of H- beam current in high-current RF source with different converter
materials (Mo, W, Re, Ni, Pt, Pd) at different surface temperatures.
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