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Abstract: The present chapter is devoted to the fundamental principles of electron cyclotron resonance (ECR) sources
yielding H™ and D™ negative ions. Initially, it provides a brief but meaningful overview of the theoretical framework for
ECR plasmas along with commonly employed experimental configurations, unveiling thus the distinct features of this
special category of high frequency electrical discharges. It is highlighted that, it is not aimed to cover the vast field of
microwave discharges (e.g., microwave discharges in waveguides and resonators), neither the vast field of wave-heated
discharges (e.g., helicon discharges and surface wave discharges). Such an attempt would be an utopia within the frame
of one book chapter. Therefore, the first section of the chapter presents elementary physical quantities of plasmas, related
to the ECR idea, and an idealized, simplified concept of the complex wave propagation in ECR plasmas where the wave
energy absorption is achieved through collisionless heating mechanism [Fridman and Kennedy 2004; Williamson et al.
1992]. The presentation concerns low pressure, nonthermal, and nonequilibrium plasmas. Then, the core of this review is
devoted to the targeted application of ECR heating to negative ion sources operating with molecular hydrogen (H,) and
deuterium (D). Once again, the relative vast field is impossible to be treated in the context of this chapter, but the authors
hope that the cited sources are worthy representatives. Fundamental processes governing the H™ and D~ ion production
(destruction) are summarized in section 2, while the extended section 3 provides recent experimental results from ECR-
driven sources and comments on them in detail. Diagnostic techniques applicable to these sources are also mentioned at
the beginning of section 3. The chapter closes with section 4, where additional ECR sources are touched upon and
negative ion extracted currents from different sources are compared. The review is throughout supported by future-proof
classic or up-to-date bibliography for further reading.

12.1 Fundamental Principles of Electron Cyclotron Resonance (ECR) Heating("

Microwave generation of plasmas has been employed since the invention of high power, microwave sources in
World War II. However, traditional microwave generation of plasmas has inherent limitations such as low critical plasma
densities and requirement for high resonant microwave cavity quality factor [Lieberman and Lichtenberg 2005].
Analytically, the electron plasma frequency, i.e, the frequency with which electrons oscillate among the heavier, immobile
ions when the electron population is disturbed, equals [Roth 1995]

N, e?
Wep = 2T Vgp = — Eq.(1)

If a plasma is irradiated with externally applied electromagnetic radiation of frequency wq, = 21 vy, there is a critical
electron number density (n,.). below which the radiation will be transmitted through the plasma, otherwise if n, exceeds
(n¢).., the radiation will be reflected [Roth 1995]. This critical number density is the threshold for which wg = we,,. As a
(M1t is evident that this section comprises an introductory text on the ECR (propagating wave) heating to facilitate the presentation of the ECR

sources. Rigorous consideration of the ECR heating mechanisms (e.g., collisional vs. collisionless), magnetic field optimization, impedance matching
issues etc. can be found in dedicated reports, e.g., [Williamson et al. 1992; Gammino et al. 2010, Asmussen and Mak 1994]. 1
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reminder, if w > w,, the electrons have too much inertia to respond to the electric field of the wave, and the radiation
can propagate through the plasma without significant reflection or attenuation, whereas, if w < w,,, the radiation will be
reflected. Thus, substitution in Eq. (1) gives the formula below.

w§me gy 4mPm, g L2 Eq.(2)
= Z ,

(Me)e =

e? e?

Egs. (1) and (2) are graphically correlated in Fig. 12.1.

100: | L L |
~N
5 operating regime
S 10} ,
S !
3 :
= 245 i
®© b oooo--- v
s / overdense regime /
@
‘_cl i3 ; 16% ;
s 7.45x10 y
ks / 4
w ;

01 15III”I16I ”I17 ”18 I ”I19 II”IZO

10 10 10 10 10 10

Electron density (m’a)

Figure 12.1. The solid line indicates the critical electron number density for different electron plasma frequencies. The
widely used industrial frequency of 2.45 GHz is indicated and corresponds to a density of 7.45 x 10'6 m-3. Over-dense
plasmas are those below and to the right of the critical density. Redrawn from [Roth 1995].

The introduction of a steady state magnetic field B, in which there is a resonance between the externally applied
frequency and the electron cyclotron frequency somewhere within the discharge, allows operation at high density and
without a cavity resonance [Lieberman and Lichtenberg 2005]. The gyrating electrons rotate in phase with the right-hand
circularly polarized wave, seeing a steady state electric field over many gyro-orbits. Thus, the high field of the cavity
resonance, acting over a short time, is replaced by a much lower field, but acting over a much longer time. This leads to
sufficient energy gain of the electrons to allow ionization of the background gas. Furthermore, the injection of the
microwaves along the magnetic field, with electron gyrofrequency w.. > w, at the entry into the discharge region, allows
wave propagation to the absorption zone w,. ~ w,, evenina dense plasma with we,, > w [Lieberman and Lichtenberg
2005].

Strictly speaking [Roth 1995], the resonance in question is much closer to the upper hybrid frequency

Wyp = /wgc + wgp Eq.(3)

than to the electron gyrofrequency



This becomes more pronounced in plasmas of significant density (see Eq. 1).

In order to heat a magnetized plasma with the extraordinary mode of electromagnetic radiation [Roth 1995], i.e.,
the electric field vector is perpendicular to the confining magnetic field, incident radiation wg = 2m v, at the electron
gyrofrequency we, = 2T v, (i.€., consider the case where vy = v,. < v,;) should be above the electron plasma
frequency in order to penetrate the plasma and heat it throughout its volume without significant reflection or attenuation.
Hence, this condition states that

eB n, e?

Wee = Wep = —— =
me me 80

Eq. (5)

and, solving for B, a lower limit for the magnetic induction required to apply ECR heating to a plasma with given electron
density n,, is obtained, i.e.,

ny m
> == Eq. (6)
€o

B

On the other hand, the power input to a magnetized plasma in the individual particle regime has a sharp maximum
near the ECR frequency w,. = 21 v,, given by Eq. 4 as a function of the magnetic induction of the externally applied
magnetic field [Roth 1995]. This dependence is presented in Fig. 12.2. For the widely used industrial frequency of 2.45
GHz, a magnetic induction of 87.5 mT is required, which is easily within reach of low power direct current electromagnets
or permanent magnets.
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Figure 12.2. Magnetic induction requirement for fulfiling the ECR condition (Eq. 4) at different frequencies. The
conventionally pair (2.45 GHz, 87.5 mT) is marked on the plot. Redrawn from [Roth 1995].

The basic principle of ECR heating is better explained in Fig. 12.3 [Lieberman and Lichtenberg 2005]. A linearly
polarized microwave field launched into the source chamber can be decomposed into the sum of two counter-rotating
circularly polarized waves. Assuming a sinusoidal steady state with the incident wave polarized along x (x stands for
the unit vector along the x-axis; similarly, y is the unit vector along y-axis), i.e.,

E(r,t) = xg E(r) cos(wy t) Eq.(7)

where the complex amplitude E, is here taken to be pure real, the resulting expression is



x0 Ex = (xo —j ¥0) E; + (xo +j ¥0) E; Eq. (8)

where E,. and E are the amplitudes of the RHP and LHP waves, respectively, with E,. = E; = E,. / 2. The electric field
vector of the RHP wave rotates in the right-hand sense around the magnetic field at frequency w, while an electron in a
uniform magnetic field B, also gyrates in a right-hand sense at frequency w,.. Thus, as shown in Fig. 12.3(a) - (d), for
Wee = Wy, the force Fp = —e E accelerates the electron along its circular orbit, resulting in a continuous transverse
energy gain. On the other hand, as shown in Fig. 12.3(e) - (h), the LHP wave field produces an oscillating force whose
time average is zero, resulting in no energy gain.
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Figure 12.3. Basic principle of ECR heating. (a) — (d) Continuous energy gain for the RHP. (e) - (h) Oscillating energy
for LHP: (e) gain; (f) loss; (g) gain; (h) loss. Redrawn from [Lieberman and Lichtenberg 2005].

From a practical point of view, a typical setup for generating power microwaves for ECR heating is presented in
Fig. 12.4. In this figure, the microwave power delivery is based on a conventional 2.45 GHz magnetron system. More
details on the individual components, can be found in previous references [Roth 1995]. Nowadays, solid state, fully
controllable microwave power supplies are available (e.g., Sairem Ltd.).
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Figure 12.4. Conventional concept of the major components of an ECR-driven plasma source. The role of the individual
components is discussed elsewhere [Roth 1995]. Redrawn from [Roth 1995].



Apart from the microwave power supply and control, determinant factors for the properties of the generated ECR
plasmas are the magnetic configuration adopted and the vacuum chamber dimensions, which in the case of the microwave
radiation are comparable with the corresponding wavelength (i.e., =12.23 cm at 2.45 GHz) and in turn may raise
impedance matching issues [Asmussen and Mak 1994]. In section 12.3, where existing negative ion sources are
presented, different designs are demonstrated. Particularly, as regards the magnetic configuration, Fig. 12.5 illustrates
typical multipolar magnetic field cusp configurations, which can reduce wall losses and increase plasma density. In Fig.
12.5(a) a picket fence multipolar cusp is generated by a series of current-carrying wires on the outside of a vacuum vessel
wall [Roth 1995]. Adjacent conductors have equal currents flowing in opposite directions. The same configuration can also
be generated (and usually is) by a row of permanent magnets.
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Figure 12.5. Different magnetic field configurations: (a) picket fence multipolar magnetic field; (b) checkerboard array; (c)
axisymmetric cusp array; (d) longitudinal cusp array; (e) longitudinal cusp array multipolar magnets for confinement of
cylindrical microwave plasmas. Redrawn from [Roth 1995].

The confined plasma will be kept away from the vessel wall by the increasing magnetic field, with some particles lost along
the line cusp which contacts the wall halfway between the conductors [Roth 1995]. In the case of volume production
negative ion sources, the negative ion yield is benefited by the trapping of high energy electrons in the magnetic field lines,
as it is discussed later. It is usual practice to put water cooling lines outside the vacuum vessel halfway between the
conductors, where cusp deposits the plasma constituents with their accompanying heat load.

Multipolar cusp confinement can be designed by small permanent magnets too, and Figs. 12.5(b) - (d) shows
four different ways [Roth 1995]. Fig. 12.5(b) shows the checkerboard array which produces cusps both axially and



azimuthally, with the plasma axis pointing upward. Fig. 12.5(c) is an axisymmetric cusp array which gives a series of
axisymmetric cusps along the axial length of the vacuum vessel wall. In Fig. 12.5(d) is the longitudinal cusp array, which
gives a series of longitudinal cusps which vary in azimuth as one moves around the circumference of the vessel, but with
little or no axial variation. Finally, Fig. 12.5(e) refers to a longitudinal cusp array, where the multipolar cusp confinement is
achieved by parallel rows of permanent magnets located on the exterior periphery of the cylindrical portion of the vacuum

chamber.
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Figure 12.6. ECR plasma elementary module, operating at low pressure hydrogen plasma [Aleiferis et al. 2018]. The
encapsulated permanent magnet is here surrounded by the ECR zone and the opening of the microwave applicator on its
rear pole is distinguished. The pattern of the streamlines of the simulated magnetic field is superimposed.

A special design of ECR configuration is shown in Fig. 12.6. In this case the magnetic fields are not adjacent to
the vessel walls as in Fig. 12.5. The design for each elementary plasma source is based on multi dipolar plasma principles
[Lacoste et al. 2002]. The plasma source is made up of two main parts, i.e., a permanent magnet with an azimuthal
symmetry around its magnetization axis, and a microwave applicator constituted by a coaxial line, parallel to the
magnetization vector, and open on the rear pole of the magnet. In the design proposed in Fig. 12.6, the inner conductor
of the coaxial line penetrates inside the cylindrical magnet through a hole drilled on its axis. The magnets are completely
encapsulated in a metallic (stainless steel) envelope and water-cooled by using the inner tube inside the magnet. The
microwave power can thus be transmitted without loss to the region of ECR coupling in front of the rear pole of the magnet
with the help of a coaxial line: there is no possibility for microwaves to be absorbed by the plasma before reaching the
ECR coupling region or to radiate towards an adjacent elementary source. Therefore, there is no possibility of interference
between the elementary sources. In addition, as these elementary sources are at the ground potential, arcing does not
appear between them and the reactor walls. Therefore, large size uniform plasmas can be obtained by assembling as
many elementary plasma sources as necessary in a two-dimensional network. These elementary plasma sources can be
assembled in different ways, e.g., networks of elementary plasma sources with alternate or identical magnetic polarities,
rectangular or hexagonal networks, or other combinations.

12.2 H™ and D~ Negative lon Production and Destruction Processes in ECR-driven Plasmas

The development of modern negative ion sources started in the 70s with the discovery of two important negative
ion formation processes, namely [Bacal 2006; Bacal et al. 2021]: (i) surface production and (i) volume production. The
first process refers to the so-called resonant tunneling ionization and this is based on anion formation on low work function
surfaces, which are typically metals covered by a (sub-micro)layer of an alkali element (e.g. cesium). The second process
is mainly due to dissociative electron attachment (DA) of low energy electrons to (ro)vibrationally excited molecules.



Although the two processes may coexist in a negative ion source, the first dominates in cesiated sources and the second
in cesium-free, volume production sources. The design of the negative ion sources operating with molecular hydrogen (Hz)
or deuterium (D-) to yield the corresponding ions (H™ or D) has been extensively based on both concepts (surface and
volume production). Reviews of this task can be found in the literature [Bacal and Wada 2015; Bacal and Wada 2020].
That said, regarding the available ECR-driven sources, they are mostly based on the volume production mechanisms.
Various H™ or D™ ion production and destruction paths are possible in volume production sources. Table 12.1
summarizes some of them and the principal ones are grey-highlighted.

Table 12.1: Tabulation of main reactions for the volume production and destruction of H™ negative ions. Principal ones
are grey-highlighted. Equivalent reactions are valid in the case of D™ negative ions.

PRODUCTION
e+ HZ(X1 Zg;v) — H; — H + H Dissociative Electron Attachment: DEA [Bardsley et al. 1979; Celiberto et al. 2001]
e+tHy, >H +H Dissociative Recombination: DR [Bacal and Wada 2020; Peart et al. 1973]
e+H; > Hy +H Dissociative Recombination: DR [Bardsley and Wadehra 1979]
e +Hy(v,))> H+H' +e Polar Dissociation [Bardsley and Wadehra 1979]
Hy +H; > H +H+2H" . [Bardsley and Wadehra 1979] (by analogy
Hy + HG — H + H' + H lon-Molecule Collisions with reactions in Dy)
DESTRUCTION

H+H—->H,+e Associative Detachment: AD [Miller 2012]

Associative Detachment (AD) with
H +H-— Hy(v) +e creation of vibrationally excited [GIliEny 1]

molecules
H+H—-2H+e non-Associative Detachment: non-AD [Javen et al. 2003]
H+e—>H+2e Electron Detachment: ED [Javen et al. 2003]
H +Hy(v) — Electron Detachment in collisions with [Yang et al. 2018; Dem’yanov et al. 1985]
Ho(v-2) + H + e, 2<v<6 vibrationally excited molecules: EDV
H+Hy,—>Hy+H+e Collisional Detachment: CD [Hug et al. 1983]
H+H —2H [Vang et al. 2018; Eerden et al. 1995]
H+H —H+H0n=2 3) [Yang et al. 2018; Matveyen & Silakov 1995]
H +H; > Hy +H [Yang et al. 2018; Matveyen & Silakov 1995]
H +H; — 3H . [Yang et al. 2018; Eerden et al. 1995]
H + HE — H+ Hy(y) Mutual Neutralization: MN [Graham et al, 1995]
H + Hj — 2H, [Yang et al. 2018, Matveyen & Silakov 1995]
H +Hj — 4H [\C(;ang et ali 2/()11%;9§erden et al. 1999]
H +Hj — 2H + Hy(v) [Graham et al. ]

Regarding the main production path, i.e., DEA, Fig. 12.7 shows the associated cross-section. In both Hz and D,
gases, the cross sections peak at relative low energy electrons, whereas it increases for diminishing energy. Such low
energy electrons are readily produced in the ECR sources as part of bi-Maxwellian electron energy distribution functions
(EEDFs), as it will be discussed below in case studies.

On the other hand, DEA reaction necessitates the existence of (ro)vibrationally excited molecules. Table 12.2
presents the (de)excitation paths of these molecules and the dominant ones are grey-highlighted. Vibrational excitation of
molecules in collisions with low energy electrons (eV excitation) is effective in changing the vibrational state [Capitelli et
al. 2006], but the most probable change in v is Av = %1 [Bacal 2006]. A high collision rate or low vibrational de-excitation
rate would thus be required to significantly populate the spectrum. In addition, apart from this change of vibrational level
by one, eV excitation results in equilibrium of lower vibrational levels [Capitelli et al. 2006; Mosbach 2005].
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Figure 12.7. Cross section of the DEA reactions in the case of (a) H, and (b) D,. The curves are plotted according to the
available data Tables in Ref. [Celiberto et al. 2001].

Conversely, the predominant channel for the formation of highly vibrationally excited molecules is related to
excitation to singlet electronic states followed by spontaneous emission (EV excitation) [Hiskes 1980]. The cross sections
involved in the EV excitation, both in Hz and D, are given in Fig. 12.8, while Franck-Condon factors are presented
elsewhere [Fantz and Winderlich 2006]. High energy electrons are a prerequisite for excitation. Thus, while DEA entails
low energy electrons, at the same time it implies the need for high electron electrons since (ro)vibrationally excited
molecules are precursors of the reaction itself. As it will be discussed below, ECR plasmas are capable of providing such
dual populations (i.e., cold, and hot) in a spatially resolved manner.

Table 12.2: Tabulation of main reactions for the population and de-excitation of vibrational states in H.. Principal ones,
discussed in this chapter, are grey-highlighted. Equivalent reactions are valid in the case of D ions.

EXCITATION

Hy(X'Z5; vi) + & — Ha(X'Z; vi) +e, vy, Resonant electron-vibration

excitation: 6V [Capitelli et al. 2006]

Ho(X'Zg; vi) +e — H(B'z;, C'My ) +e i itation:
A(X'Zgiv) +e— 2( u u) — Radiative decay and excitation: [Celiberto ef al. 2001]

Hy(X'Z5; v¢) + € +hy, ve, EV
4 steps reactions Recombination and dissociation of [Hiskes and Karo 1990]
ions H and H¥ on surfaces
H + H(wall)— Hy(v) Recombinative Desorption: RD  [Hall et al. 1988; Jackson and Lemoine
2001]
DE-EXCITATION
Ho(vi) + H — Ho(vp) + H, vy, ylbratllolnal-tra'nslatlona.l relaxation [Yang et al. 2018 Gordiets et al. 1998]
in collisions with atoms: V-t
Ha (vi) + Ha (Vi) — Ha(v)+ Ha(v-1) Vibrational-translational relaxation [Matveyev and Silakov 1995]
in collisions with molecules: V-T
Ho (v;) + wall — Hy(vp), vi<v; Wall relaxation: WD [Yang et al. 2018; Hiskes and Karo 1989]
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A challenging effect relative to volume production is the formation of the H, and D, excited molecules through
wall processes, instead of reactions in the bulk plasma. Two vibrational excitation processes have been identified: (i)
production of vibrationally excited molecules due to the recombination of molecular hydrogen ions on the walls [Hiskes &
Karo 1990], and (i) production of a wide spectrum of rovibrationally excited molecules in the recombinative desorption
process of atomic hydrogen on some metal surfaces [Hall ef al. 1988]. The surface recombination mechanisms can be of
three generic types [Kolasinski 2019]: (i) Langmuir-Hinshelwood (thermal diffusion of two adsorbates) [Baxter and Hu
2002] and, more importantly in terms of energy deposition into the formed molecules, (ii) Eley-Rideal (direct impact of an
atom from the plasma with an adsorbate) [Eley and Rideal 1940], and (iii) hot-atom reactions (indirect collision consisting
of several encounters with the surface and adsorbates) [Kammler et al. 2000]. The hot-atom reactions replace in some
cases the Eley-Rideal mechanism when a gas-phase atom incident on a surface combines with a particle adsorbed onto
that surface. ECR-based experiments designed for exploiting these mechanisms are illustrated in the next section.
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Figure 12.9. Cross section of the electron detachment (ED) reaction in hydrogen, according to analytic fit equation [Janev
et al. 2003].

Instead, Fig. 12.9 presents the cross section of one of the main destruction reactions (Table 12.1), i.e., electron
detachment (ED). Considering the above discussion on the necessity of high energy electrons to produce excited
molecules, which in turn lead to negative ion production in volume sources, and the fact that ED becomes more probable
when electrons of similar energies (i.e., around 20 eV) are present, itis evident that a complicated balance between various
species should be considered to unfold the physics of volume sources. In the next sections, case studies of operating ECR
sources are given, supporting all the statements and concepts analyzed by now. Finally, it is ubderlined that the volumetric
rates of both the production and destruction processes depend strongly on the electron energy distribution functions.

12.3 Representative H~ and D~ Negative lon Sources

In this section, following the aforementioned presentation on the ECR heating concept and the reactions that rule the
negative ion volume production, representative ECR-driven sources that have provided numerous experimental results
are considered. Different designs and a wide variety of operational windows, are discussed. Selected results are reviewed
and analyzed, unveiling the main freatures and the capacity of the ECR volume sources.

Such results have been obtained by means of various tailored diagnostics. In general, the diagnostics employed
for the plasma interrogation with respect to the ECR source principles, refer both to the charged species and excited
neutral probing. Thus, principal techniques include: (i) Electrostatic probes for measurements on the plasma potential,
plasma density, electron temperature and EEDFs [Godyak and Deminov 2011]; (ii) Laser induced photo-detachment for

10



measurements on the negative ion H~ and D~ density [Bacal 2000]; (iii) Optical emission spectroscopy for recording
atomic and molecular transitions, and thus relative densities of neutral species (e.g., degree of dissociation) [Fantz 2006];
(iv) VUV spectroscopy for accessing to molecular plasma processes, including volumetric rates of ionization, dissociation
and excitation to high vibrational levels and metastable states [Komppula et al. 2015]; (v) Laser induced fluorescence
spectroscopy to measure the densities of rovibronically excited molecules [Mosbach 2005]; (vi) VUV Fourier transformer
absorption spectroscopy based on synchrotron radiation for direct measurements of electronic ground state ro-vibrationally
excited molecules in ECR plasmas [Béchu et al. 2020].

12.3.1 Camembert Il

The source Camembert Il is a large volume negative ion source, driven at 2.45 GHz microwave power. It is composed of
three main elements: (i) A magnetic multipole chamber [Courteille et al. 1995], having a configuration like that shown in
Fig. 12.5.e. Briefly, the sidewall of the cylindrical stainless-steel chamber is 44.0 cm in diameter and 45.0 cm in high.
Sixteen columns of samarium-cobalt magnets (3.5 kG on their surface) are installed with the “N” and the “S” poles
alternatively facing the plasma. These magnets are contained in water cooled stainless-steel tubes (2.6 cm) welded to
the internal surface of the source to allow steady state, high power discharge operation. The plasma diameter is therefore
38.8 cm (approximately). The end plates are not magnetized. One end of the chamber is bounded, in part, by the stainless-
steel plasma electrode (PE) of the extractor (@10 cm), which contains an extraction hole of @0.8 cm, and in part by a
water-cooled annular copper plate. This plate is connected to the plasma chamber sidewall, which is grounded. The
neighboring plasma is magnetized and due to this and to a small positive bias of the plasma electrode, large densities of
volume produced negative ions concentrate in this region. This fact is illustrated by the experimental results below. (i) A
two-dimension network of seven elementary independent plasma sources like those of Fig. 12.6. The network is installed
on the top flange of the source. Six of the seven modules form an imaginary circle and are mounted on its circumference
(per 60 degrees) in such a way that “N” poles face the plasma, whereas the seventh module is mounted in the center of
the circle with its “S” pole facing the plasma. (iii) An ion- and electron-extraction system of four electrodes [Bacal et al.
1985], including the first electrode which is in contact with the plasma, as mentioned above.

Due to this configuration, three regions may be distinguished. (i) A driven region, which is located near the network
of the seven elementary ECR sources and, possibly, on the periphery of the chamber within the strong multi-cusp magnetic
field. In this region, the plasma is produced by the electrons accelerated in the ECR coupling area due to the microwave
electric field applied via the coaxial lines (Fig. 12.6). These fast-hot electrons oscillate within two field lines and two mirror
points in front of the opposite poles of the magnet, and drift azimuthally around the magnet acting as a tri-dimensional
magnetron structure. The EEDFs can be assumed to be the sum of this hot electron population and another cold electron
population, with Maxwellian distribution functions (see Section 12.3.2). The plasma produced by the inelastic collisions of
the hot electrons along their itinerary then diffuses away from each magnet. The hot electrons remain trapped in the
magnetic field, whereas the excited molecules and the cold population of electrons diffuses away from the magnetic field
under the influence of density gradients and the resulting space charge electric field [Lagarde et al. 2001]. (i) A production
region, which extends over the central magnetic field free region. Here, the diffused excited molecules and the cold
electrons lead to enhanced DEA process. Lastly, (iii) a near-extractor region, where a weakly magnetized region is
bounded by the plasma electrode. This magnetic field is the stray magnetic field originating in the rear of the magnets
located within the extractor. Its maximum value is 20 G at 10 mm above the plasma electrode surface.

Fig. 12.10 provides values of the main plasma parameters as a function of the working pressure during the source
operation with hydrogen (0.9 kW). The main part of the plasma density refers to cold electrons. Densities up to about
3x10' cm-? are achieved in the production region (ii). At the same time, the electron temperature lies within the range
demanded for efficient DEA (compare Figs. 12.7a and 12.10a). H™ ion densities up to about 1.5%10° cm are yielded.
The latter passes through a maximum at around 0.6 Pa and this has been correlated with the loss of vibrationally excited
species due to VT process [Svarnas et al. 2006].
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(a) Cold electron energy. (b) Cold electron density ( o ); Negative ion H™ density (e). Redrawn from [Svarnas et al. 2006].

In this source, the weakly magnetized region (iii) has been studied extensively by varying the plasma electrode
bias and observing the resulnatnt effects on the local plasma parameters and the extracted currents [Svarnas et al. 2007].
It is seen (Fig. 12.11a) that, the plasma electrode current increases monotonously versus the plasma electrode potential.
An optimization of the source appears possible for bias values slightly higher (typically 1 V) than the local plasma potential
(typically 4 V to 6 V). At that point, the extracted electron current decreases sharply and the extracted H™ ion current
peaks. The correlation of this peak with the plasma parameters measured in region (iii) is illustrated in Fig. 12.11b. In this
figure, the electron-to-negative ion density ratio matches the electron-to-negative ion extracted current ratio for variable
plasma electrode bias.
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Figure 12.11. Dependence on the plasma electrode bias of the: (a) plasma electrode current ( A ); extracted electron
current (e); extracted negative ion current (m), 0.27 Pa; (b) ratio of the negative ion to electron densities (o); ratio of the
negative ion to electron extracted currents (e), 0.27 Pa, 0.75 cm above PE. Redrawn from [Svarnas et al. 2007].

In more detail [Svarnas et al. 2007]: the decrease in the extracted electron current is the result of the depletion of
the electron population by the positively biased plasma electrode. The weak magnetic field in front of this electrode
prevents the replacement of these depleted electrons by new electrons arriving from the bulk plasma. This disturbs the
local plasma neutrality and thus other negatively charged species should replace the depleted electrons. Therefore,
volume produced H™ negative ions, originating in the production region (ii), arrive within the magnetized region over the
positively biased plasma electrode. As far as the bias level breaks the local plasma potential, the H™ ions are no longer
electrostatically trapped and can thus be extracted. The maximum extraction is obtained at about 1 V above the plasma
potential. When the bias increases further, the volume produced H™ ions are accelerated towards the plasma electrode
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and the H™ ion speed increases over the plasma electrode. The H™ ion residence time decreases due to the larger speed
and the H™ ion density goes down. Eventually, H™ ions can be collected by the plasma electrode.
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Figure 12.12. Correlation between the negative ion density and the corresponding extracted current, for variable operating
pressure in hydrogen. H™ negative ion density 15 cm (o) and 0.75 cm (e) above the plasma electrode surface, and
extracted negative ion current (¢). Redrawn from [Svarnas et al. 2007].

Fig. 12.12 compares directly the H™ ion densities between the regions (i) (15 cm above the plasma electrode)
and (iii) (0.75 cm above the plasma electrode) and the corresponding extracted current, over the entire range of the
operating pressure. Two points are stressed. Firstly, the H™ ion extracted current can only be correlated with the related
H™ ion density close to the extraction aperture and not with the one yielded far away from this. Secondly, the above
described role of the stray magnetic field over the extraction aperture is critical, since it leads to enhanced negative ion-
to-electron density ratios, as compared to the values obtained at longer distances where this magnetic field is negligible.

12.3.2 Prometheus |

The source Prometheus | [Aleiferis et al. 2016; Aleiferis et al. 2018] consists of a cubic (240 mm inner edge) stainless steel
chamber with the necessary viewports for plasma diagnostics. The plasma is sustained by a 2D network of five ECR
plasma elementary sources like those shown in Fig. 12.6. Four sources are installed at the vertices and the fifth at the
center of an imaginary square (160 mm side length) on the top flange of the high vacuum chamber. The four permanent
magnets face the plasma with their “S” poles and the fifth with its “N” pole. Each elementary source is driven by an
independent microwave solid-state power supply (2.45 GHz) able to provide up to 180 W. A tuner embedded on the main
body of each source, is used for the impedance matching which maximizes the microwave power absorbed by the plasma.
The elementary sources and their power supplies are cooled by water which is circulated by a closed system. The source
operates either with hydrogen (Hz) or deuterium (D), within a pressure range between 0.13 and 2.67 Pa.

Fig. 12.13 shows that two electronic populations are produced due to ECR heating, a “cold” and a “hot” one,
having about one order of magnitude difference in their temperatures. At the same time, Fig. 12.14 gives the absolute
density values of these populations, unveiling a difference of about two orders of magnitude in favor of the cold population.
These measurements are carried out 65 mm downstream of the ECR zone middle planes [Mitrou et al. 2021]. The hot
population downstream of the ECR zones is a fingerprint of the energetic electrons generated in these zones, whereas
the cold population refers to the electrons escaping these zones [Lagarde et al. 2001]. The former promotes ro-vibrational
excitation of molecules (EV reaction) which eventually diffuse away from the heating zones. The latter promote H™ and
D~ ion production through the dissociative attachment (DA) reaction, between them and the diffused excited molecules,
in the source volume. The densities of both populations tend progressively to a quasi saturation as the gas pressure
increases.
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Figure 12.14. (a) Cold and (b) hot electron density versus the operating gas pressure [Mitrou et al. 2021]. @ Hy; o D2; 0.9
kW.

On the other hand, Fig. 12.15(a) makes a direct comparison between the negative ion yields achieved in the two
gases [Mitrou et al. 2021]. At a first glance, H™ and D~ densities have a qualitatively and quantitatively similar evolution
as a function of the operating pressure, i.e., a sharp increase is followed by a quasi saturated phase. Despite that, an
obvious isotope effect is exhibited by a different presentation of the data. In Fig. 12.15(b) the relative negative ion density
is given, unveiling a strong isotope effect in support of the H™ ions and a sharp optimum around 1.33 Pa in both gases
[Mitrou et al. 2021]. On the top of that, Fig. 12.16(a) compares the promote H™ and D~ densities under equal plasma
density (cold electrons), following pressure elimination [Mitrou et al. 2021]. Higher values for the H™ ion density, are
observed. The corresponding curves versus the hot electrons (Fig. 12.16(b)) are associated with closer experimental
points in the two gases.
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Further insight into this source operation has been achieved by varying the microwave power injected by the five
ECR modules, up to 0.9 kW, for three different pressures (0.53, 1.07, and 1.60 Pa). Regarding the plasma potential, higher
values are measured, in both H, and D, gases, as the power increases and the pressure decreases. However, it appears
higher (up to about 2 V) in the case of D, gas, independently of the pressure and the power. Then, similar to the results of
Fig. 12.13(a), deuterium is associated with higher cold electron energies than hydrogen does, and this energy increases
in a non-monotonic way versus the power. Regarding hot electron population, values between 14 and 16 eV are constantly
recorded, as in Fig. 12.13(b). On the other hand, both cold and hot electron densities increase as a function of the
microwave power, whereas D, yields higher densities of cold electrons. The difference on the hot electron density between
the two gases is less pronounced. Representative data on these plasma parameters are tabulated below for facilitating
the comparison.
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Table 12.3: Key parameters of the ECR plasma in the source Prometheus |, when it works within different operational

windows.

\

0.15 kW
Vpl. (V)
T (V)
T (eV)
!4 (m3)
ngt (m-3)

0.5 kW

0.53 Pa
H, D;
5.47 6.64
0.63 0.91
10.72 14.12
1.62x10%%  2.65%1015
5.29x10%  5.66x10%
H, D,
7.52 8.33
0.91 1.53
15.34 14.12
4.95x10%%  6.70%x1015
1.34x10%  1.77x10"
H, D,
8.11 10.13
1.28 1.69
15.11 14.31
7.06x101°  1.39x1016
2.29x10"  2.79x10™

1.07 Pa
H, D,
5.37 6.62
0.58 0.74
13.92 15.19
2.96x101% 4.56%1015
9.73x101 1.05x104
H, D,
7.01 8.11
0.72 0.96
15.38 15.06
1.28x1016 1.86x1016
2.67x10M 2.84x10
H; D,
7.72 9.06
0.83 1.02
15.13 14.71
1.91x1016 3.29x1016
3.82x10M 3.92x101

1.60 Pa
H, D,
5.05 6.54
0.55 0.67
14.39 15.16
3.29x10% 5.98x101
1.12x10™ 1.19x10
H, D,
6.59 7.91
0.57 0.82
15.72 15.19
2.09x1016 3.04x1016
3.27x10M 3.16x101
H, D,
7.03 8.49
0.69 1.16
15.01 1354
2.82x1016 3.51x1016
4.36%x10" 5.33x10%

Regarding the H™ and D~ ion yields, Fig. 12.17 illustrates the density values as a function of the power at
different working pressures. In general, the production efficiency in both gases seems comparable, but Fig. 12.18
demonstrates an isotope effect similar to that of Fig. 12.15(b). Thus, Hz promotes higher relative negative ion density
under all conditions and, additionally, an optimal operational window is revealed in both H and D,. The latter corresponds
to intermediate pressure and power levels. Finally, by eliminating the power and ploting the negative ion density versus
the cold or hot electron density, the trends of Fig. 12.16 are reproduced.
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Figure 12.17. Negative ion density as a function of the microwave power at (a) 0.53 Pa, (b) 1.07 Pa, and (c) 1.60 Pa.

Solid circles: H, plasma. Open circles: D, plasma.
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12.3.3 ECR with driven plasma rings
An alternative type of ECR source with stratified plasma has been proposed by [Dougar et al. 1992] as a good alternative
for hydrogen negative ion production. In this source, a mechanism of electron heating in the resonance zones takes place
and leads to ring structure creation. A radial ampipolar electric field emerging between the heating rings and the cold
plasma results in azimuth drift rotation of these rings. It has been found [Dougar et al. 1998] that the ring driven structure
is a controlling factor for negative ion production.

The concept of the source is given Fig. 12.19 and details have been reported previously [Dougar-Jabon et al.
1998; Dougar-Jabon et al. 1992; Dougar-Jabon 2001; Velasco et al. 2015]. Briefly, the discharge chamber comprises a
13 cm in diameter and 8 cm long aluminum cylinder, placed axisymmetrically between two identical Sm-Co magnetic poles
with a surface magnetization of 1100 G. The magnets ctreate a mirror trap. The magnetic field in the plasma volume is
modified by the variation of the distance between the magnets, but its configuration remains of the mirror type. An oscillator
of 2.45 GHz excites a microwave field of TE111 mode in the chamber volume, whose electrical component is perpendicular
to the static magnetic force lines. The fundamental resosance surface and the surfaces corresponding to the first three
harmonics of the fundamental electron cyclotron frequency shape hyperboloids of one sheet, i.e.,

mcaw
Bep(r,z) = % Eq. (9)

where w stands for the microwave frequency and k = 1, 2, 3, 4. The fundamental resonance (k = 1) is observed at the
surface B, 1 (1, z) = 845 G which has a radius in the midplane of the magnetic trap equal to 1.6 cm (when the space
between the poles is 8.9 cm), whereas the radii corresponding to the harmonics k = 2,3, and 4 are 4.3, 5.1, and 6.1
cm, respectively.

Although ECR interaction take splace on the whole surface of the resonance hyperboloids, the energetic electrons
are in a stable position ony in the midplane of the mirror trap where they form a multiring structure. The cross section of
these hyperboloids and the electron rings within the discharge are illustrated in Fig. 12.19. A radial ambipolar electric field
emerging between the heated rings and the cold plasma results in azimuth drift rotation fo these rings. Rotation speeds
are ranged from about 3x107 m s for the k=4 ring to 2x108 m s for the k=1 ring. To form an ion beam, a carefully designed
extraction system is installed on the source [Dougar-Jabon et al. 1998]. This is presented in details elsewhere [Dougar-
Jabon et al. 2001]. In addition, creating better conditions for negative ion production, the discharge plasma can be enriched
with electrons of low energy, due to two systems of heated tungsten filaments 0.3 mm in diameter [Velasco et al. 2015].
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Figure 12.19. Assemby of the discharge chamber with the extraction system, concerning the ECR source with stratified
plasma. Redrawn from [Dougar-Jabon 2001].

The source has been operated with hydrogen and deuterium. The main part of the discharge is occupied by
plasma with a volume averaged density of around 5x10' m- and an electron temperature of 50-60 eV (2.66x102 Pa of
Hz; 200 W) [Dougar-Jabon et al. 1998]. Fig. 12.20(a) shows the dependence of the H™ and D~ currents at a microwave
power of 200 W on the gas pressure, when the ring corresponding to the second harmonic of the fundamental electron
cyclotron frequency touches the plasma electrode (upper electrode of the extraction system in Fig. 12.19). For both types
of negative ions, a maximum is observed within the narrow pressure range of (2.66 to 3.99) x 10 Torr. The H™ ion current
is higher all over the pressure range. In this figure, the experimental conditions regarding the positive ion current are
identical with those for the negative ions, with the exception of the extraction voltage polarity. Then, Fig. 12.20(b) unveils
that the intensity of the D~ ion beam falls faster that the H™ one as the microwave power is diminished. This keeps true
for the entire pressure range of Fig. 12.20(a). Finally, Fig. 12.20(c) gives the H™ and D~ ion extracted current as a
function of the plasma electrode immersion depth into the discharge chamber (up to 1.3 cm). These curves show clearly
that the generation of both H™ and D~ ions with a high efficiency does not take place until one of the rotating rings enters
into direct contact with the plasma electrode. The peaks for k = 3 and k = 4 illustrate cases when the plasma electrode
comes into contact with the respective cyclotron harmonic rings.

These results testify that the vast majority of the negative ions are not formed through the capture of the plasma
electrons, since they have too high energy to propomote dissociative attachment directly, and that the plasma electrode
surface plays a critical role, since its immersion into the plasma affects the negative ion extracted currents. Thus, it has
been demonstrated [Dougar et al. 1998] that the negative ion generation mechanism is the volume vibrational excitation
of hydrogen molecules, due to the energetic electrons, followed by the dissociative attachment of the electrons emitted by
the plasma electrode under ion flux bombardment. In a more recent study [Dougar-Jabon 2001], the importance of the
molecules excited to high-lying Rydberg states was considered to be higher than that of the vibrational excited ones, while
the role of the secondary electrons was once more underlined.
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Figure 12.20 Variation of the extracted negative ion currents as a function of (a) gas pressure (200 W), (b) microwave
power (3.33x10-2Pa), and (c) the immersion depth of the plasma electrode (2.66x10-2 Pa; 175 W). Redrawn from [Dougar-
Jabon 2001].

12.3.4 HOMER

A schematic representation of the ECR configuration called HOMER (HOMogeneous Electron cyclotron Resonance
plasma) is given in Fig. 12.21, while details are given in [Rauner et al. 2015; Kurutz and Fantz 2015]. It consists of a
cylindrical vacuum chamber having a height of 31 cm and a 7.5 cm radius, manufactured in stainless steel. The microwave
(2.45 GHz) power, generated by a magnetron having a maximum power output of 1 kW, is transmitted through a
borosilicate window from the top side of the vessel. An axial magnetic field of 87.5 mT, needed for electron cyclotron
resonant heating, is generated homogeneously over the whole volume by two water-cooled solenoids located at the top
and the bottom of the vacuum vessel.
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Figure 12.21. Concept of the basic version of the small scale, test bed HOMER. Redrawn from [Kurutz and Fantz 2015].
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HOMER is equipped with a meshed grid located just below the first field coil. This mesh prevents the microwave
from expanding into the lower part of the chamber, thereby applying the tandem principle, i.e. by dividing the source into
two regions: the heated, driver region at the top (height 12 cm), and the non-heated, diffusive region extending over the
lower part (height 19 cm). This method has the advantage that no additional magnetic fields are required which interfere
with the already present magnetic field of the ECR setup [Kurutz et al. 2017]. Furthermore, the destruction of negative ions
due to electron detachment in the downstream section below the grid is reduced. The grid potential can be biased relative
to the grounded walls or set to be floating for influencing the diffusion of charged particles through the grid. Dedicative
investigations regarding the influence of the meshed grid on the plasma parameters at HOMER are given by [Kurutz and
Fantz 2015]. In the downstream region, the source is also equipped with the necessary viewports for the simultaneous
installation of different diagnostics. In the diffusive downstream region beneath the meshed grid a horizontal oriented
sample holder of 8.5x6 cm? made of stainless steel is located. The sample holder is thermally and electrically insulated
and its axial position is variable. Samples can be heated up to 800 °C via heating elements inside the sample holder, while
the sample holder bias can be modified relative to the grounded walls or the meshed grid affecting the energy of charged
particles impinging on the investigated samples [Kurutz and Fantz 2015]. Later on [Fried| et al. 2020] introduced a
prolonged vessel for light in sight optical emission spectroscopy measurements in both the heated and expanding parts of
the plasma. Although more extensive studies have undergone for a hydrogen plasma, deuterium discharges have also
been regularly studied in HOMER. The diagnostics used to determine the plasma parameters in each case include
Langmuir probes, laser induced photodetachment, cavity ring-down spectroscopy, and optical emission spectroscopy. A
detailed description of these setups and the application of each diagnostic technique may be found in the works cited in
the current section.

The produced hydrogen and deuterium plasmas in HOMER, in the investigated pressure range of 0.3-3 Pa, are
in general characterized by an electron density between 10'6-10"” m-3, an electron temperature (in the diffusive region) of
about 1-2 eV, and a neutral atomic density, ng, in the range 1018-10® m-® [Kurutz and Fantz 2015]. Furthermore, in the
same pressure range and at varying microwave power between 200 W and 500 W, the maximum negative ion hydrogen
density equals 3.9x10' m-3 [Rauner ef al. 2015].

Changing from H; to Dy, both the ion density and the atomic density are increased in D2. The increased positive
ion density is directly linked to a higher electron density and it can be explained by a better coupling of the microwave to
the deuterium plasma. The increased atomic density is attributed to the higher dissociative cross section for D,. Other
plasma parameters like gas temperature, the EEDF or the vibrational distribution of the molecular ground state show only
very slight differences between the isotopes. Regarding negative ion formation, the higher electron density in D, indicates
an enhanced negative ion volume production compared to H,. On the other hand, the higher atomic density in deuterium
results in a comparably enhanced negative ion destruction within the volume due to the associative detachment process
but also to an increased atomic flux onto the surface. Due to the only limited contribution of surface production in this case,
the different effects seem to compensate each other leading to virtually identical negative ion densities in D, and H; [Fried|
et al. 2017].

A large portion of the experimentation carried out at HOMER has been devoted to the investigation of the
influence of various sample materials facing the plasma on negative ion production, either it be indirect by enchanced
volume production, or direct by enhanced surface production [Friedl ef al. 2017; Kurutz and Fantz 2015; Kurutz et al.
2017]. The main motivation behind these studies is the desire to find an alternative material to ceasium (Cs) which can be
efficient enough to be utilised in future negative ion sources. The main results are summarized in Fig. 12.22. Among the
investigated Cs-free materials neither any of the investigated diamond materials nor bulk samples made of tantalum nor
tungsten resulted in an enhanced negative ion density relative to the pure volume reference case. Moreover, all diamond
materials significantly influenced the bulk plasma and showed clear signs of plasma-induced erosion. Hence, these
materials cannot be seen as alernatives to the application of Cs [Kurutz et al. 2017]. In contrast, both low work function
materials MoLa and LaBs lead to systematically increased negative ion density compared to the pure volume reference
case [Kurutz et al. 2017]. Measured negative ion densities furthermore exceeded those expected from modelling of the
volume processes, which indicates a direct negative ion surface production.
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Figure 12.22. Maximal measured negative ion density for different materials at the same external experimental conditions:
measured in a distance of 2.5 ¢cm to unbiased samples, at 0.3 Pa H, pressure and 300 W discharge power. Redrawn from
[Kurutz et al. 2017].

In another report [Friedl et al. 2020], an extensive spectroscopic study of a hydrogen discharge (HOMER) coupled
with collisional radiative modelling highlights the possibility of identifying individual contributions of the different excitation
channels for the Balmer series. In low pressure, low temperature hydrogen plasmas electron impact excitation, dissociative
excitation and dissociative recombination are prominent excitation channels for the Balmer series. These processes can
have a specific influence on the translational energy of excited atoms which is correlated with the width of the respective
line profiles. On this basis, an elaborate analysis of the Balmer emission lines’ profiles from the diffusive region of the
hydrogen plasma reveales that the dissociative recombination channel has a significant contirbution to the excitation of
the Balmer series and gives rise to a broad component in the line profiles of all the Balmer lines. Moreover, it is
demonstrated and emphasized that the use of the simple line-ratio method (H,, / Fulcher) for the determination of the

hydrogen atomic density can lose its validity if processes like the latter are neglected.

12.3.5 ROSAE (, Il, and Ill)
ROSAE (ecR HydrOgen plaSma for neutrAl bEam) reactors (versions |, Il, and Ill) has been designed to study interaction
processes between Hz and D, plasmas and plasma-facing materials, with a special focus on the recombinative desorption
mechanisms (see Table 12.2). In ROSAE |, seven elementary, dipolar, plasma sources, like those of Fig. 12.6, are
installed above a Pyrex™ cylinder (200 mm in diameter and 200 mm in height). The Pyrex™ cylinder is housed in the
Camembert IIl vacuum chamber Fig. 12.23(a) [Bacal et al. 2004]. The plasma is produced in the electronic cyclotronic
resonance (2.45 GHz) regions of the elementary sources and diffuses in the Pyrex™ cylinder, preventing however its
diffusion towards the vacuum chamber walls. A Pyrex™ disk is also placed at the bottom of the cylinder, leaving thus as
plasma entrance only the upper, open side of the cylinder. This arrangement is presented in Figs. 12.23(b) and (c). The
aim of the Pyrex™ cylinder is the creation of a smaller volume of plasma than the one produced in the Camembert Il
chamber, in order to promote surface reactions with samples of limited size (48 mm in diameter); see sample holder in
Fig. 12.23(d). In the Camembert Ill chamber the surface to volume ratio is close to 0.005, while in ROSAE | it equals
0.025. As it is seen in the photos of Figs. 12.23(b) and (d), the sample forms a detachable part of the Pyrex™ cylinder
wall, while a load lock chamber is used for the sample interchange under vacuum conditions. In addition, the sample
temperature is controllable by means of a closed loop system and the sample electrical potential may be biased.

The reference material is a disk of Pyrex™. Three different materials have been investigated: Pyrex™, graphite
(HOPG), and tantalum (Ta), at the same total microwave power (1 kW) and at hydrogen pressure 0.8 Pa. Conventional
electrostatic probes and laser induced photodetachment are employed for the plasma interrogation.
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Figure 12.23. (a) The interior of the Cabembert Ill multi cusp chamber. (b) The Pyrex™ cylinder installed at the center of
the Camembert Ill chamber. (¢) Photo of three (out of seven) elementary plasma sources in operation. (d) Sample holder,
where a Pyrex™ specimen (48 mm in diameter) is mounted.

Despite the small surface (0.007 m?) of the samples, compared to the whole Pyrex™ cylinder surface facing the
plasma (0.16 m?), measurements of the peak of the photodetached electron signals versus the sample temperature show
observable differences (each signal peak is reduced to the background electron density current and this ratio provides an
analogy to the negative ion density [Bacal 2000]). A significant increase of 26% has been obtained for the HOPG samples
between 263 and 293 K. For the Ta samples, a less significant variation has been mentioned within the same temperature
range. The Pyrex™ samples have induced the largest increase, i.e. 456%, when the temperature increases from 263 to
393 K. These results can be interpreted as the variation of the recombination coefficient of H atoms (yy), which varies
with the temperature differently in the case of on the Pyrex™ or metals. For Pyrex™ and Quartz, previous results [\Wood
and Wise 1958; Wood and Wise 1961] indicate an important variation of the y;; coefficient as a function of the surface
temperature. As a matter of fact, it decreases from about 10- down to 2x10- for a temperature increase between about
75 and 115 K, whereas it rises monotonously up to 3x10-2 when the temperature approaches 500 K. On the contrary, in
the case of metals, recombination coefficient y is not affected by the temperature variation between 300 and 1000 K
[Taccogna et al. 2007] and stays close to 0.5.

In response to the preliminary, encouraging results obtained in ROSAE I, a second prototype was developed
(ROSAE II), which led finally to the experimental setup ROSAE IlI (Fig. 12.24). The ROSAE IlI structure consists of a
stainless steel cylindrical chamber of 150 mm in diameter. It houses a Pyrex™ cylindrical shell being 140 mm in diameter
and 200 mm in height, defining thus a surface to volume ratio equal to 0.038. Either one or four dipolar sources, like those
of Fig. 12.6, can be adapted to the upper flange of the chamber. These sources pass trough a Pyrex™ disc facing the
plasma, i.e., covering the inner surface of the top stainless steel flange. As Fig. 12.24 depicts, the specimens are in the
form of sheets (0.1 mm in thickness), made of bulk material. Stainless steel (SS), tantalum (Ta), and tungsten (W) have
been tested. Plasma has been probed by means of electrostatic probes, laser induced photodetachement, and optical
emission spectroscopy. Representative results are given in Fig. 12.25.

Comparative measurements before and after mounting the SS sheet opposite to the plasma source, do not shown
any particular effect on the plasma density n,, in position B (Fig. 12.24) where negative ions are formed by DA of cold
electrons. Additionally, at the same position, the electron energy kT, ranges from 0.9 to 1.3 eV [Bentounes et al. 2018]
when the delivered microwave power increases between 75 and 175 W. This holds true independently of the plasma facing
material (Pyrex™ or SS). Although n,, and kT, are not affected by the plasma facing material, the H™ negative ion density
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Figure 12.24. ROSAE Il conceptual design (vertical section). (1): dipolar plasma source; (2): permanent magnet; (3):
mounted specimen in the form of sheet; (4): Pyrex™ shell.

ny- highly does. Fig. 12.25(b) presents the variation of this quantity versus the microwave power at two different
pressures, i.e., 0.8 and 1.6 Pa. In the Pyrex™ case, ny- is not significantly affected neither by the microwave power nor
by the hydrogen pressure, remaining close to a value of about 5x10'3 m-3, Though, the stainless steel specimen leads to
an almost fivefold value of ny-, i.e., negative ion density up to about 2.5x10' cm- is achieved at 1.6 Pa.
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Figure 12.25. Basic plasma parameters in ROSAE IlI, in the cases of Pyrex™ and stainless steel (Pos. B — Fig. 12.24;
single dipolar plasma source). (a) Electron density vs. power (1.6 Pa). (b) Negative ion density vs. power, at 0.8 and 1.6
Pa. (c) Negative ion density vs. the Hg to HrucnerQi1(2-2) intensity ratio, at different power levels (1.6 Pa).
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The observed increase in the negative ion density in the case of the stainless steel sheet, may be considered
with respect to the data given in Fig. 12.25(c). It is proposed that either the SS sheet increases the ro-vibrational molecular
density (at the same plasma density and electron energy) or that it decreases the atomic density. Following the first
assumption, the sheet increases the production of negative ions through DA, whereas, following the second assumption,
it decreases the destruction of negative ions due to collisions with H atoms. The Hg t0 Hruche:Q1(2-2) intensity ratio, i.e., the
ratio of the intensity of the radiative transitions Balmer(n =4 - 2) and d*1, > o®2§ respectively, may provides the relative
density of H atoms [Fantz et al. 2006]. In Fig. 12.25(c), for a mutual atom to molecule ratio, e.g. 2.5, the negative ion
density is lower than 5x10'3 cm3 with Pyrex™, whereas it becomes higher than 2.5x10' cm- with the SS sheet. This
demonstrates the efficient increase of negative ion via DA. In order to investigate the production of ro-vibrational excited
molecules, the following (SCHEME) reactors were designed.

12.3.6 SCHEME (I, Il, and IlI)
The SCHEME (Source of exCited HydrogEn MolEcules) reactors (versions | and II) have been designed for dedicated
studies on plasma-surface interactions, using synchrotron radiation. The ratio of the plasma-facing surface to the plasma
volume equals 0.04, which is practically the same as in ROSAE Il reactor (i.e., 0.038). However, to improve the
temperature control of the plasma-facing surfaces, a copper cooling cylinder interfaces both a stainless steel chamber and
a glass cylindrical shell, with the latter to be made of Quartz (aluminosilicate glass, Schott™ 8250, 3 mm thick).

The concept design of the SCHEME | reactor is shown in Fig. 12.26. The above mentioned, Quartz cylinder is 124
mm in diameter and 150 mm in height, while it is ended by a Quartz disk on both sides. This amorphous glass surface
serves as a reference surface of low atom recombination coefficient (y = 0.004 at 290 K). Hence, ro-vibrationally excited
molecules are created essentially in the ECR coupling zone close to the permanent magnet of the dipolar plasma source
(see details “c” and “d” in Fig. 12.26). In order to study other materials, tantalum (Ta), tungsten (W) and stainless steel
(SS) foil of the material under consideration (0.1 mm thick) is flatten on the inner surface of this Quartz tube. The
temperature of the Quartz and the specimen temperature are controllable and maintained at 288 K. This keeps the atom
recombination coefficient of the Quartz cylinder as close as possible to 0.004 and thus prevents recombinative desorption
on its surface. At the same time, over the temperature range between 240 and 300 K, metallic surfaces have a higher
recombination coefficient (v, = 0.5) and thus promote surface recombination of atoms originating in the plasma volume.
As the investigated material (Ta, W or SS) is placed on the Quartz surface, its potential is floating, which does not induce
a potential modification between Quartz and metallic surfaces.

Figure 12.26. SCHEME | conceptual design (horizontal section). (a): Quartz cylinder; (b): mounted speciment; (c):
permanent magnet; (d): dipolar plasma source; (e): cooling copper; (f): solar blind photoelectron multiplier tube position;
(9): tuning fork — optical chopper; (h): radiation beam.
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For the last eight years, the SCHEME | setup was transported and temporarily installed at the SOLEIL synchrotron
(France), as part of experimental campaigns with the objective of using VUV radiation to study the molecular hydrogen
excitations in plasmas. SCHEME | setup was installed on the branch B end station (delivering a monochromatized beam)
of the DESIRS (Dichroisme Et Spectroscopie par Interaction avec le Rayonnement Synchrotron) beam line of the
synchrotron for conducting absorption spectroscopy experiments. DESIRS is an undulator based beamline covering the
VUV range (5 - 40 eV) with a unique combination of ultra high resolution spectral purity, flux and fully variable polarization
[de Oliveira et al. 2009; de Oliveira et al. 2011]. During these first experiments, a solar blind photoelectron multiplier tube,
with MgF, window, was set on the radiation beam axis. The radiation beam was chopped by a tuning fork (oscillating at
130 Hz) for phase sensitive signal detection. This phase sensitive, lock-in detection, rejected the continuous stray light
emitted by the plasma. These preliminary experiments [Bechu et al. 2017] were carried out by using three hot tungsten
filaments in the glass chamber, instead of a plasma source. H, molecules were partially dissociated into atoms following
thermal and catalytic effects sustained by the hot filaments. Hence, even if dissociation was less effective, light coming
from the filament was essentially in the infrared range and less excited species had to be considered. In order to isolate
the synchrotron beam line (very low pressure) from glass chamber (H2 pressure), a MgF, windows was inserted in the
position “h” (Fig 12.26). Following this initial campaign, information obtained by laser induced fluorescence and
synchrotron radiation absorption, gave the first stepping stones for further experimental adjustments to increase spectral
resolution. Such an improvement was obtained when the 2400 grooves mm grating of the 6.56 m normal incidence
monochromator of the branch B was employed. Thus, with both entrance and exit slits set at 50 um, a resolution of 30 mA
was achieved.

0-5 T N T T T T T T T
R1
| BX(v=1.v"=2) —— Tungsten
04 - —— Tantalum
™
_ b1 — Quartz
Ej 0.3 1 I<—W .
= ] -—Q
g RO R [=—Ta R3
2 024 I .
g P2
S X I
0.1 % | .
i «
_ ﬂ | _
0.0 oAl L

1199 120.0 1201 120.2 120.3 120.4
Wavelength (nm)

Figure 12.27. Synchrotron beam absorption spectra (optical depth) of hydrogen ECR plasma faced by three different
materials: Quartz (red); Tungsten (blue); Tantalum (black). 1.6 Pa; 150 W.

Figure 12.27 summarizes the main results obtained with this high resolution setting on the branch B. It shows a
few rotational transitions of the vibrational BX(v' = 1 « v"" = 2) transition, proving thus that the v'’ = 2 vibrational
level of the electronic ground state (at about 10.419 eV) is populated. Rovibrational transitions have been recorded in the
ECR plasma for three different specimens (detail “b” in Fig. 12.26): quartz, tungsten and tantalum. Significant differences
are observed, and particularly in the tungsten case. In addition to the transition BX(v' = 1 « v'’ = 2), which
characterizes the population v'' = 2 level of the electronic ground state, similar spectra have been recorded for the three
materials up to the transitions BX(v' =1 « v'" = 3,4,5,6). All these transitions were selected on the basis of
favourable Franck-Condon factors [Fantz and Wiinderlich 2006].
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It was clearly understood with these first experiments that increased spectral resolution was needed (from 3.0 to
0.7 pm, FWHM), in order to separate most of the H, observable lines, and also to reduce the long acquisition time required
by the wavelength scanning of the monochromator. It was thus required the use of the high resolution VUV Fourier
transform spectrometer (FTS) permanently installed on the same DESIRS beam line [Béchu et al. 2020]. An other
advantage lied in the relatively fast recording time to get a complete spectrum. A second advantage was the access to the
full VUV range without any window, at the expense nevertheless of two additional differential pumping set. They were
placed, in combination with thin diaphragms (0.1 mm thick and 3 x 5 mm aperture), as close as possible to both sides of
the reactor in addition to the pumping sets already provided for safety on the SR beam exit and of the FTS entrance. With
50 | s turbo pumps it was possible to work up to 0.8 Pa with H,. For that purpose, an updated reactor (SCHEME II; Fig.
12.28) was developed, based on the initial concept of SCHEME I.

Figure 12.28. SCHEME II+ conceptual design (horizontal section). (a): radiation beam; (b): differential pumping system;
(c): Quartz shell; (d): mounted speciment; (e): ECR coupling zone; (f): cooling copper; (g): dipolar plasma source.

Thanks to these modifications, spectra measurements down to wavelengths as short as 90 nm were used to scan
both the H Lyman alpha lines and the BX(v' = 0) molecular lines up to high v'. Hence, dissociation ratio of the molecular
gas was measured as well as the densities of rotational states of the gas (v'* = 0) in plasma OFF and ON conditions.
These measurements, corresponding to a calibration procedure, were mandatory to get absolute distribution of ro-
vibrational states (v' = 0,v'") in the plasma. An even higher pumping capacity (upgraded to 300 | s ) was achieved
with slight modifications in the original design of SCHEME Il (hence named SCHEME I+ in Fig. 12.28). The improved
setup, in a subsequent run, allowed measurements in windowless mode up to 3.2 Pa while keeping the pressure as low
as below 10-5Pa outside the reactor.

In order to cover the BX(v' = 0,v"" = 0 — 8) transitions in the 65000 to 97500 cm-! energy range (Fig. 2.29),
as the energy coverage of an undulator setting was close to 3500 cm-' (FWHM), nine overlapping settings were used for
scanning the ro-vibrational components at the quantum levels v'’ with a spectral resolution of 0.95 pm. The sampling rate
was 512 kSamples, allowing a recording of this spectral range within about 120 min. Different materials (Quartz as a
reference surface; Ta; W; and SS) were studied at three pressures (0.8, 1.6 and 3.2 Pa), two power levels (150 and 250
W), and two gases (H. and D). Before each series of measurements with a specific material, a cleaning of the investigated
surface with plasma (gas mixture of Ar and H; or Dy), sustained for 10 min, was performed, followed by 15 min of warming
up in pure H, or D. As the plasma source was movable along its axis, different positions inside the reactor could be used
to probe the plasma in the plasma source vicinity while the synchrotron beam location was constant. The most significant
results are given below, whereas complete results could be found in already published papers [Bentounes et al. 2018;
Béchu et al. 2017; Béchu et al. 2020] or they will be published soon.
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Figure 12.29. Absorption spectra (black), fitted continua (red) in the different Gaussian-like spectral windows
(corresponding to different undulator settings) used to record the D, (v = 0,v"" = 0 — 8) transitions of the D5 (v"',]"")
molecule (data obtained with SCHEME I+ reactor).

Under these improved experimental conditions, all Lyman transitions below Lyman-a (also called Ly-1) that are
not partially or fully blended by molecular lines became observable. Fig. 12.30 presents absorption lines of Ly-3 up to Ly-
8, i.e., from 97.2517 down to 92.3148 nm. The oscillator strengths of these lines are much more lower than Ly-1 which
avoids line saturation. Indicatively, at 0.8 Pa and 150 W, the absolute density of H atoms was found to be 3x10'¢ m-3 with
full Quartz versus 1.3x10'8 m-3 with a Ta specimen.
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Figure 12.30. (a) Optical depth of H(n=1) obtained at 150 W and 0.8 Pa, using Quartz in the SCHEME I+ reactor. (b)
Focus on the Lyman-y transition.

Fig. 12.31 shows, after data processing, the VUV excited deuterium optical depth, In(lo / 1), with respect to the
wavenumber, obtained in the spectral window centered at 74200 cm-'. In addition to the BX06 band, the BX27 band is
observed in its wing. In fact, all band data obtained inside the FWHM of a given undulator setting were useful with a good
signal-to-noise ratio depending also on the oscillator strength of the transition.

Hence, by carefully observing the spectra, additional vibrational transitions can be unveiled, i.e. BX(v' =1 —
m,v'’ = 0 —n), on the top of BX(v' = 0,v"" = 0 —n). They were used to improve the accuracy of the results,
allowing a better identification of the role of the different materials in populating the vibrational distribution functions (VDFs)
of hydrogen (or deuterium) in the plasma. Among the 121 BX(v' = 0 — 10,v" = 0 — 10) potentially observable
transitions, about 58 were useful to accurately determine, in conjunction with the FC factors, the vibrational populations in
each v'’ level of the ground state, then giving access to the VDF of the plasma. The calibration was made by using the
BXv'0 data obtained without plasma (see details in [Béchu et al. 2020]).
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Figure 12.31. Optical depth of the D, (v' = 0,v"" = 0 — 6) transition of the D5 (v"’, ]J"") molecule in the plasma (data
obtained with Ta, at 150 W and 0.8 Pa, in the reactor SCHEME I+).

Thus, the spectra were processed in such a way to obtain an absolute vibrational distribution function which
allowed for an overall comparison for the different vibrational quantum levels, when different materials were tested. An
example is given in Fig. 12.32, showing that Ta promotes a higher production of quantum levels above v’ = 3. An
increase by 2.6 is seen for v'’ = 7, as compared to Quartz. This experimental result shows similar trend with that reported
by quantum dynamic calculations for graphite [Jackson and Lemoine 2001], where the average quantum number for
molecules produced by recombinative desorption was found to be close to 8. On the other hand, for lower vibrational
levels, Quartz yielded higher populations (e.g., by a factor of 1.7 at v'’ = 0). Complementary studies (laser
photodetachment and electrostatic probe measurements) at similar conditions, have provided an analogous increase of
negative ions whilst electron density remained nearly constant. In light of the results provided by this particular diagnostic
technique (absorption of synchrotron radiation), the interpretation of previously published results [Bacal et al. 2004] can
be further enhanced.
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12.4. Other sources and Extracted currents in ECR sources
In this last paragraph of the present Chapter, additional ECR sources are touched upon and H™ negative ion extracted
currents from different sources are compared.

At Argonne National Laboratory [Spence and Lykke 1998], the H™ and D~ ion source refers to a magnetically
confined microwave driven (ECR) source, purchased from Atomic Energy of Canada, Ltd., which is powered by a 2.45
GHz microwave generator (2 kW). The microwave generator is coupled to the source via a circulator and a four-stub
autotuner. The ion source is attached to a large, high vacuum, oil free diagnostic chamber with a base pressure of about
1.33x10- Pa. The mechanism for H™ ion production is via DA, while the initial production of H, (v), i.e., the precursor of
H™, is assumed to be by excitation of ground state molecules. However, in order to take advantage of the recombination
desorption of hydrogen atoms on tantalum surface and, thus, enhanced H,, (v) population, a thin layer of Ta is sputtered
on the inner surface of the source. Results confirm the importance of the recombination desorption mechanism to H, (v)
production. Finally, the total H~ (D) ion current being extracted from the 5 mm diameter source aperture was estimated
to be 4-5 mA (at 700 W cw), indicating little or no isotope effect.

At Peking University [Zhang et al. 2018], an improved with respect to a previous version, 2.45 GHz microwave
driven (ECR) source, has been installed. The microwave is fed into the source chamber through a dielectric window made
of three pieces of Al,O3 and one piece of boron nitride to prevent electron bombardement. The ECR magnetic field is
generated by a set of ring shaped Nd-Fe-B permanent magnets, surrounding the source chamber. Furthermore, a pair of
filter magnets form a transversal filter magnetic field, separating thus physically the source into the ECR driving zone and
the H™ ion formation zone. This Cs-free source yielded a maximum 8.5 mA pure H™ beam. The beam was extracted at
50 kV with the time structure of 100 Hz / 0.3 ms. The emittance (rms) of the beam was 0.25 ™ mm mrad. The improved
H™ ion source and extraction system were maintenance free for more than 200 h in operation. Once again, negative ions
was assumed to be produced via DA, while a tantalum lining with thickness of 0.1 mm was installed inside the whole
source chamber to enhance the H, (v) production.

At Saclay [Gobin et al. 2006], two coils have been used to provide an axial magnetic field of 875G for the 2.45
GHz driven source. The magnetic coils are located around the source chamber. A protected Quartz window separates the
standard WR284 rectangular waveguide, towards the plasma side, from the 1.2 kW magnetron microwave generator. A
potential biased metallic grid has replaced the initial magnetic filter and allows for the separation of the H™ ion production
zone from the ECR zone. The grid is connected to the plasma electrode and both are negatively biased with respect to
the plasma chamber which is connected to negative high potential. The source has been designed to produce low energy
beam in pulsed mode. The source typically operates at 1 to 2 ms at a frequency between 5 and 10 Hz. At typical working
pressure (i.e., about 2.66x10¢ Pa in the extraction chamber, which corresponds to about 0.26 Pa in the plasma chamber)
about 2 mA of H™ ion current has be extracted at 6 kV. These ions were collected on the Faraday cup through an aperture
of 50 mm in diameter. The source reliability has been checked in pulsed mode (2 ms pulse width at a period of 100 ms)
during 5 days and a continuous operation without any human intervention has been achieved. At much lower pressure in
the extractor (i.e., 6.66x10 Pa), 2.8 mA of H™ ion current has been claimed (see [Gobin et al. 2006] for discussion).

Finally, the source with driven plasma rings (Section 12.3.3) has yielded negative ion extracted current around 5
mA (Fig. 12.20) and the source Camembert Il (Section 12.3.1) around 0.25 mA (Fig. 12.12).
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