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ABSTRACT

Hydrogen negative ion sources are integral components in modern accelerator facilities and in the
Neutral Beam Injection (NBI) systems of future fusion reactors. The latter application necessitates
the development of such very powerful sources and the extension of their operation to deuterium.
Numerous research activities on laboratory-scale experiments have been devoted to this subject
aiming at understanding the fundamental processes that govern negative ion production. The
gained knowledge has contributed essentially to the development of the prototype sources that
will be employed in the NBI system of ITER, the largest Tokamak reactor under construction
which is foreseen to demonstrate the potential of exploitation of thermonuclear fusion as an
alternative source of energy. Nonetheless, there are important technological issues arising from
the fundamental physics underlying these sources which need to be overcome in order for them to

be able to deliver neutral beams with characteristics satisfying the baseline requirements.

In the present thesis, the production of hydrogen (H™) and deuterium (D7) negative ions is
studied in Electron Cyclotron Resonance (ECR) driven plasmas. In particular, experimental
studies have been carried out in two reactors of similar characteristics, namely “Prometheus 1”
and “SCHEME-II+”, by means of conventional and state-of-the-art diagnostic techniques tailored
to investigate the macroscopic and atomic properties of the plasmas of the two isotopes. In these
reactors, negative ion production is based on the so-called volume production mechanism. In this
case, the Dissociative Electron Attachment (DEA) reaction is identified as the predominant one.
Understanding those factors which influence this reaction may lead to its control and thus an even

better control of the negative ion production.

In the “Prometheus I” reactor, extensive parametric studies in hydrogen and deuterium
plasmas as a function of the supplied microwave power and working gas pressure reveal the
existence of optima for negative ion production and allow the identification of isotopic differences.
The negative ion yield reaches a value of 0.57x 10' m~3 in both plasmas, although in the hydrogen
case the ratio of the negative ions to the plasma density is consistently higher than in the case of
deuterium. Indicatively, a ratio of 0.225 in Hs versus 0.125 in D» is observed in representative
operating conditions. Measurements, moreover, of the negative ion energies disclose the existence
of two ionic populations of different energies. This has been attributed to the two main
mechanisms leading to the excitation of molecules in high vibrational /rotational states, which in

turn participate in the formation of negative ions via the DEA reaction.

On the other hand, the “SCHEME-II+” reactor is intended for studies of the influence of
various materials exposed to the produced plasma on the production of the highly ro-vibrationally
excited molecules. An advanced spectroscopic diagnostic technique, Vacuum Ultraviolet Fourier
Transform (VUV-FT) absorption spectroscopy using synchrotron radiation, is utilized in order to

directly probe these species under different plasma operating conditions. The significant positive



effect of metallic surfaces on the creation of these species is demonstrated, since a nearly fourfold
increase of deuterium molecules in high vibrational states (v' = 4-8) is observed when the plasma

faces a tantalum surface as opposed to a Quartz surface.

Finally, deuterium plasmas sustained in the pulsed mode of operation are investigated. Time-
resolved measurements of the basic plasma parameters, performed in plasma pulses lying in the
kHz range, reveal important post-plasma effects. In particular, a higher negative ion yield with
respect to that measured in a plasma sustained in the continuous mode of operation has been

observed.

KEYWORDS: Negative ions, Hydrogen, Deuterium, Electron Cyclotron Resonance plasma,
Langmuir probes, Laser-induced photodetachment, VUV absorption spectroscopy with the use of

synchrotron radiation.
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RESUME

Les sources d'ions négatifs d'hydrogéne font partie intégrante des accélérateurs modernes et des
systémes d'injection de neutres (NBI) dans les futurs réacteurs de fusion. Cette derniére
application nécessite le développement de sources trés puissantes et l'extension de leur
fonctionnement au deutérium. De nombreuses activités de recherche sur des expériences a 1'échelle
du laboratoire ont été dédiées & ce sujet dans le but de comprendre les processus fondamentaux
qui régissent la production d'ions négatifs. Les connaissances acquises ont essentiellement
contribué au développement des sources prototypes qui seront employées dans le systéme NBI
d’ITER, le plus grand réacteur Tokamak en construction destiné & démontrer le potentiel
d’exploitation de la fusion en tant que source d’énergie alternative. Toutefois, d’importantes
contraintes technologiques liées a la physique fondamentale gouvernant le fonctionnement de ces
sources doivent étre surmontées pour qu’elles puissent délivrer des faisceaux de neutres dont les

caractéristiques satisfassent les exigences initiales.

Dans cette thése, la production d’ions négatifs d’hydrogéne (H™) et de deutérium (D7) est étudiée
dans des plasmas entretenus a la résonance cyclotron électronique. En particulier, des études
expérimentales ont été réalisées dans deux réacteurs présentant des caractéristiques similaires,
“Prometheus I” et “SCHEME-II+”, en utilisant des diagnostics conventionnels et avancés adaptés
4 I’étude des propriétés macroscopiques et atomiques des plasmas de ces deux isotopes. Dans ces
réacteurs, la production d’ions négatifs est basée sur le mécanisme dit de production en volume.
Dans ce cas, la réaction d’attachement dissociative des électrons (ADE) est identifiée comme la
réaction prédominante. La compréhension des facteurs influencant cette réaction peut donc

conduire & un meilleur controle de la production d’ions négatifs.

Dans le réacteur “Prometheus I”, des études paramétriques dans des plasmas d’hydrogéne et
de deutérium, en fonction de la puissance micro-onde et de la pression du gaz, révélent des optima
pour la production d’ions négatifs et permettent de mettre en évidence des particularités
isotopiques. Le rendement en ions négatifs atteint 0.57x10'6 m=2 dans les deux plasmas, mais le
rapport entre les ions négatifs et la densité du plasma est systématiquement plus élevée pour Ha
que pour Ds. Par exemple, un rapport de 0.225 pour Ha contre 0.125 pour D2 est obtenu dans des
conditions représentatives de fonctionnement. En outre, la mesure de 1’énergie des ions négatifs
révele lexistence de deux populations ioniques d’énergies différentes. Ceci a été attribué
principalement & deux mécanismes responsables de D'excitation des molécules a des niveaux

vibrationnels/rotationnels élevés participant a la formation d’ions négatifs via la réaction ADE.

En revanche, le réacteur "SCHEME-II+" est destiné & 1'étude de l'influence de divers
matériaux exposés au plasma pour la production de molécules ro-vibrationnellement excitées. Un
diagnostic spectroscopique complexe, la spectroscopie d'absorption dans l'ultraviolet du vide &

transformée de Fourier (VUV-FT) utilisant le rayonnement synchrotron, est utilisée pour les
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sonder directement différentes conditions de fonctionnement du plasma. L’effet significatif des
surfaces métalliques sur la création de ces espéces ro-vibrationnellement excitées a pu étre
démontré. Une augmentation de prés d’'un facteur quatre pour les molécules D2 dans les états
vibrationnels élevés (v'= 4-8) est observée lorsqu'une surface de tantale remplace une surface de

quartz face au plasma.

Enfin, des plasmas de deutérium fonctionnant en mode pulsé sont examinés. Des mesures
résolues en temps des paramétres plasma, effectuées dans des impulsions de plasma de 1'ordre du
kHz, révélent d'importants effets post-plasma. Notamment, un rendement en ions négatifs plus

élevé que celui mesuré dans un plasma fonctionnant en mode continu a été observé.

MOTS CLES: Ions Négatifs, Hydrogéne, Deutérium, Plasma a la Résonance Cyclotron
Eléctronique (ECR), Sondes Langmuir, Photodétachement laser, Spectroscopie d’absorption dans

I’'ultraviolet du vide en utilisant le rayonnement synchrotron.
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ITEPIAHYH

O mnyéc apvnTX®V  1OVIWY  UBEOYOVOU  OTOTEAOLY  AVATOOTOCTO  TUAUA TWV  OUYYPOVWY
EYXATACTACEWY ETUTOUYVVTWV AN X0l TV BATAEEWY €YY LONG BECUDY OLBETEPWY CWUATIOIWY LYNATC
eVEPYELOG TWV MEAOVTIXWDY avTdpaoThewy depuomupnvixrc cuvining. H tedeutola eqoppoyn
xahotd avaryxabar TNV avanTUEN TETOLWY LOYLEMY TNYOV Xxaddg xou TNV eMEXTUOY TNS Aettoupylag
Toug oTo devtéplo. [T log epeLYNTIXGY BEACTNELOTATKY Gt BLATAEELS EpyaoTNEIAXNS XAlpaxag €ouy
emxevTpwiel 0To VEUA AUTO ATOCHOTIWVTAC GTNY XATAVONCT TWV VEUEAWDONDY BIERYACUDY TOU DETOLY
TNV oAy Wy aevnTay Wvtwy. H anoxtnieloa yvoon €yel ocupfdher xadopliotind otny avimtuén
TOV TEOTUTWY TNYWY TOU TEOXELTOL VoL Yenoylonoindoly oTig BUTdEELS EYYUONS DECUMY OUBETERHV
cuuatdlwy uPniic evépyelag tou ITER, tou und xataoxeuy| yeyoritepou avtdpactipa Tokamak
oL Vo xoTadelgel T duvaToTNTA EXETIAAEUONE TNE Vepuomupnvixrc oOVTNENS W EVOANOXTIX TNYN
evépyelog. 201600, UTEEYOLY CNUAVTIXA TEYVOAOYWE TEoBAAuaTa Tou oyetilovton pe T Yeuehlnddn
QUOLXY) IOV BLETEL TLC TNYES AUTES TOL OTtolaL elvor AmoEalTNTO Vo emALYOUY TEOXEWEVOL Var ooy o0y

OEOUES UE YUPAXTNPELOTIXA TIOU LXAVOTOLOUV TLC TROTUTEG TEOBLOYPAUPES.

Ty mopovoo dlotpBn, peketdton 1 mapoy Wy apvnTiXdy Wovtwy udpoydvou (H™) xau Seutepiou
(D7) oe mhdopa xuxhotpovixol cuvtoviopol nhexteoviwy. 1o cuyxexpyéva, Telpatotinés YEAETES
€youv OdielayVel oe 800 OVTIOPUOTARES TUEOUOUDY  YORUXATNELOTIXY, HTOL TOV AVTLOPAUCTAHRN
“ITpoundéag I” xou tov avtdpaothpa “SCHEME-II+”, péow cupBotixcdv xou teyvohoylag auyung
OLAY VWO TNV TEYVIXWY TEOCUPUOCHUEVKY OTT| OLEPELVNOT] UOXPOCKOTUNY X0 ATOUXWY TOUQUUETEWY
TOU TAAOUATOS TWY BVO LGOTOTWY. Y€ AUTOUE TOUG AVTIORAUCTARES, O OYNUATIOUOS JPVNTIXWY LOVIWY
otnelleton oe €va unyavioud o omolog apopd oTNV magaywyn oToy xVoLo dyxo Tov mAdouatos. Xe
auTh) TNV TepinTwor, N avtidpaon e dlaywellovous TEOGdETNONC NAEXTEOVIWY TAUTOTOLE(TUL WS )
xuplopyn. H xatavénon twv mapaydviny exclvwv mou enneedlouv tny avtidpaor auty duvatal vo
OONYYOEL OTOV EAEYYO TNG XL CUVETE OTOV 0XOUT XUADTERO EAEY YO TNG TUEAYWYNS TWV UOVNTIXWY

LOVTWV.

Ytov avudpaothpa “Tlpoundéac I, mopoueteixéc UEAETEC OUVUPTACEL TNG TOREYOUEVNG
pxpoxupaTXhc Loy og xa Tng Teons TV dVo agpltv Aettovpyiag pavepdvouy Ty Utapdn BEATIoTRY
Taeddupwy AELToLEYlOG Yidl TNV TOQUYWYYH EVNTIXGV LOVIWV Xl EMTEETOLY TNV TauTOTOo(NoM
10oTomXGY Blopopdv. H muxvbTnta Teov apvtindy 1bvtey ¢téver ota tepitou 0.6x10'% m™ xo ot
ovo aépla Asttouvpylac. Iopa tadta, otV MERINTWON TOL LBEOYOVOL O AOYOS NG TUXVOTNTOC TWV
QPVNTLXMY LOVTWY TEOG TNV TUXVOTNTO TAACUUTOS €lval Lovidne UPnhoTepog oe ayéon e autdy GTo
deutépto. Evdewtind, mopatneeiton Tiwn tou Adyou autol (on ye 0.225 oto Ha évavtl 0.125 oto Do
oe TuTéC ouvinxeg Aettoupyiag. Metproelc, EMTAEOV, TWV EVEQYELOV TWV OQVNTIXOV LOVIWY
anoxohOnTouy T Unapsn 800 TANDLOUNDY dEYNTIXOV LOVTLY YapaxTNEWLOUEVLY amtd BLUpOpETIXES

evépyetec. Autd éyel anodolel atoug 800 xVpLoUC UNYAVLGHOUE oL 08NYOUY GTN BIEYEPaN TWV UoplkY



oe LPnhéc Bovnuéc/meploTpoPxéc oTdlUES, Ta omolo UE TN OElpd TOUC  GUUMETEYOUV OTO

OYNUAUTIOUO 0RYNTIXWY LOVIWY YEow TNe avtidpaong tng dlaywpellovoas mpocdetnong NAEXTEOVIWY.

And tnv dhkn mhevpd, o avtdpacthipag “SCHEME-II+” npoop(letan yia UEAETEC TOU PONOU THV
BLoPOPMY LAXMY TOV EXTIVEUEVWY 0TO TAGOUO OTNY TAEay YT SOVNTIXA/ TEPLETROPIXE. DIEYEQUEVLV
noplwv. M mponyuévn OlayvwoTiXy] TEXVIXY QPACUATOOXOTHAS, QUTY NG  (PUCUATOOXOTIAS
ATOPEOPNONG  UTEQLWOOUSC  XEVOU UE  YENHOT OXTLVOPBOMOC CUYYEOTEOV Xl  (PUCUATOYEAUPOU
uetaoynuatiopol Fourier, yenowonoweiton yio tnv amevdelag aviyveuon tov cwuatidiewy autody und
OlapopeTiXée cuVIXeg Aettoupylog tou mhdouatoc. Kotadewvieton n onuavtixd detiny| enidpoon
CUYXEXPUEVWY UETOUANXMY ETULPAVELDY TN OnuLovpyia auTdY TV woplwy. Evdextind avagpéoeton 1)
Tepimou Téooeplc Popéc adENoT TN CUYXEVTEWOTNS Hoplnv Beuteplou oe LPNAéC Bovnuinég otdiueg
(v' = 4-8) 6Ty To TAdoua YerTVdlel Pe ETLpAVELES TaVTAAoU OE GYEéon e TNV YELTVIOOT UE ETLQAVELEC

yohallo.

Téhog, yiveton perétn mAdouotog Beuteplou LTO XAIECTHOE TOAUXNAG UXPOXUHATIXAS 0By NoTNC.
Xpovixd  avaAUUEVES  UETPHOEC  TwV  [(oaoix®V  TopouéTewy  TOU  TAJOUNTOS, Ol OToleg
TEAYHATOTOLOUVTOL OE TaAoUg 0drynong cuyvotnrtog kHz, aroxahintouy widtepa yopaxtnetoTxnd
oTo mépoc xde moApol odrynong. Metall dAlwv, mapatneeltar UYNAOGTERY TOEAYWYN CEVNTIXWY

LOVTWV OE OYECT) UE XATA TN CUVEYY| UXPOXUUATIXY OO YNOT] TOU TAJCUATOC.

AEZEIY KAEIATA: Apvnuixd dvta, Topoyovo, Acsutéplo, Ihdopa Kuxhotpovixolh Xuvtoviouol
Hiextpoviwy, Hiextpootatixol xadetipeg tinouv Langmuir, dwtoandonocn laser, Pacuatooxonio

ATOPEOYPNONG LTERLOBOUS xeVOUL UE YeYiom axTvofBoiiog olyypeoteov.
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CHAPTER ]_

INTRODUCTION

The following introductory chapter to the thesis entitled “Study of the production mechanisms of
hydrogen (H ) and deuterium (D~ ) negative ions in continuous and pulsed microwave plasmas
through complementary diagnostic techniques’ contains primarily an overview of worldwide
research efforts aiming to the exploration, from a fundamental point of view, of the production of
H™ and D™ ions and the development of respective sources relevant to fusion studies. Among the
different types of sources that exist, Electron Cyclotron Resonance (ECR) driven ones, and in
particular those based on elementary dipolar ECR modules such as those studied in the framework
of the present thesis, merit special attention for reasons that are thereby highlighted. Furthermore,
since negative ion production in these sources is based on the so-called volume production concept,
its basic theoretical aspects are presented. Eventually, the contribution and the structure of the

present thesis are outlined.
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1.1 Towards H™ /D~ ion sources for fusion applications

Historically, negative ions first found application in the Van de Graaf electrostatic accelerators
developed in 1929. They remain efficient, however, in studies of the spectra and structures of atom
nuclei, because of the high monochromaticity of the accelerated particles [1]. Moreover, negative
hydrogen beams have become the preferred means of filling circular accelerators and storage rings
as well as enabling efficient extraction from cyclotrons. Several well-known facilities now have
considerable experience with operating a variety of sources such as radio-frequency (RF)-,
filament-, magnetron-, and Penning-type hydrogen negative ion sources. The US Spallation
Neutron Source (SNS), Japan Proton Accelerator Research Complex (J-PARC), Rutherford
Appleton Laboratory (RAL-ISIS), Los Alamos Neutron Science Center (LANSCE), Fermi
National Accelerator Laboratory (FNAL), Brookhaven National Laboratory (BNL), numerous
installations of D-Pace (licensed by TRIUMF) ion sources mainly used in on cyclotrons and the
CERN-LINAC-4 injector, are representative examples of such facilities [2]. Dedicated reviews
[2-5] address in detail the state-of-the-art of such negative ion sources. Nevertheless, ever since
the late 1960’s, when controlled thermonuclear fusion emerged as a promising concept towards
the realization of a sustainable, reliable and carbon-free source of energy, negative ion sources

found a new field of application.

In the fusion reaction, energy is released when light nuclei fuse together and form a larger
atom. This process powers the Sun and other stars, where hydrogen (H) nuclei fuse to create
helium [6]. The plasma in the core of the Sun, attains a temperature of around 15 million °C.
Mimicking this reaction on the Earth, on a laboratory scale, would require increasing the
temperature by a factor of ten, to around 150 million °C. Among the possible reactions that could
be considered, the deuterium-tritium (D-T) reaction is by far the most efficient one [7], [8] (Fig.
1.1(a)), during which deuterium and tritium nuclei fuse and release a helium nucleus, a neutron
and 17.6 MeV of energy. Approximately 80% of the total energy released in the process is carried

by the neutrons.

Fusion plasmas are harnessed in magnetic confinement devices, called tokamaks and
stellarators. Currently, about 60 tokamaks and 10 stellarators are operational in laboratories
involved in fusion studies worldwide [9]. Nevertheless, tokamaks have dominated over stellarators,
as their design and construction is highly challenging and has yet to mature [9]. A significant
milestone towards the realization of fusion energy is the commencement of the assembly of ITER
(International Thermonuclear Experimental Reactor) early in 2021 in the south of France. This
globe-spanning collaborative project, originally conceived in 1988 and expected to be operational
by the year 2030, aims at the demonstration of the viability of a “burning plasma” (i.e. a self-
sustained plasma) [10], all the while tackling significant physical and technological challenges. The
return of experience from ITER will be exploited by a first-of-a-kind demonstration power plant

(DEMO), whose main objective will be to prove the industrial feasibility of fusion by showing the
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electricity production from the fusion reaction, the safety aspects and the Tritium self-sufficiency

[10], [11].

Heating the plasma in tokamak devices up to the temperature required to achieve a self-
sustained reaction is not a trivial task. Firstly, a toroidal current induced by the central
transformer in the tokamak configuration ohmically heats the plasma. However, the resistivity of
the plasma decreases inversely with temperature. So, as the ohmic current (and consequently the
temperature) increases, the heating efficiency decreases [8]. Thus, it is imperative use auxiliary,
external, methods of heating. The transmission, into the plasma, of electromagnetic radiation and
the injection of highly energetic beams of neutral particles into the tokamak are the heating

schemes that currently gain high research attention.

In focusing further on the concept of neutral beam injection (NBI), these beams of highly
energetic neutrals can be produced either by positive or negative ions which are accelerated and
consequently neutralized by passing through a gas neutralizer cell, by undergoing collisions with
hydrogen molecules. However, as seen in Fig. 1.1(a), the neutralization efficiency of positive ions
declines rapidly after about 60 keV/nucleon, whereas the corresponding efficiency remains
acceptably high (around 55%) for the negative ions even at energies above 100 keV/nucleon
[12], [13]. For this reason, and despite the fact that their production is technologically challenging,
negative hydrogen (deuterium) ions are the appropriate species for consideration in this

application.

Historically, the development of negative ion sources began with double charge exchange
sources. The complexity though associated with the design and integration of an accelerating stage
in this type of sources, in due time led to their abandonment [14]. These were followed by surface

conversion sources, i.e. sources in which negative ion production relies on the conversion of atomic
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Figure 1.1. (a) Cross sections for different fusion reactions. The deuterium-tritium (D-T) reaction is
compared to that of deuterium-deuterium (D-D) and deuterium-helium (D-He). The shown D-D cross
section is the sum of two D-D possible reactions. Reprinted from [7] with the permission of Oxford
Publishing Limited (License No. 92409); (b) Neutralization efficiency of positive and negative ion as a
function of the beam energy. Since the beam energy is given in keV /nucleon, it applies to all the isotopes

of hydrogen. Reprinted from [12] (©) 2005 IEEE.
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or positive ionic species impinging on a surface of a low work function, termed as surface
production. However, the observation, in 1977, by Nicolopoulou et al. [15], of an anomalously
large concentration of negative ions in a hydrogen discharge, and its confirmation several years
later by Bacal et al. [16], pointed to a new mechanism of negative ion production which was
unknown at that time, that of volume production. This motivated, in the decades that followed,
a great amount of experimental and theoretical works which aimed to gaining understanding on
the underlying physics of both the surface and volume production mechanisms and to the
development of negative ion sources based on those [17]. Concurrently, equally strong efforts are
made for the development of appropriate plasma diagnostic techniques as an indispensable part

of these investigations.

1.2 State-of-the-art ion sources for the ITER NBI

For the case of ITER, the heating and the current drive will rely on an injection of a total of
33 MW of 1MeV D. ITER’s Neutral Beam (NB) cell will be equipped with four injectors: three
Heating Neutral Beams (HNB) and a Diagnostic Neutral Beam (DNB) [18]. A cut-away
conceptual view of a prototype injector and its key components is illustrated in Fig. 1.2. The ion
source is at the heart of this device, which is expected to provide either a 1 MeV D or a 0.87
MeV H™ beam of an accelerated current density of 200 A m™2 or 260 A m™? and an accelerated
current of 40 A or 46 A, for a duration of 3600 s or 1000 s, respectively, operating in both cases
at filling pressures of 0.3 Pa or less [13], [18], [19]. Operation in hydrogen is foreseen for the initial,
non-nuclear phases of ITER [19].
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Figure 1.2. Conceptual cut-away view of the ITER type heating neutral beam injector. Reprinted from

[13], published under an Open Access CC-BY license by IOP Publishing.

The only types of negative ion sources that have been deemed capable of meeting the
aforementioned requirements for extracted negative ion current are the ceasiated arc or RF driven

ones [13]. However, from those two, the RF source was finally chosen to be utilized in ITER’s
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injectors since it is filament free and thus there is no need for regular maintenance. This is in line

with the concept for full remote handling during ITER’s active phase [13], [18].

It was in 1996 that IPP-Garching (Germany) started investigating the applicability of RF-
driven negative ion sources for the NBI of ITER. The experiments were started with a small
prototype source with a base area of 0.3 m? x 0.6 m? on the BATMAN (Bavarian Test Machine
for Negative ions) and MANITU (Multi-Ampere Negative Ion Test Unit) test facilities [20]—-[22].
Fig. 1.3(a) shows an illustration of the cross section of these prototype sources. In those, the
plasma is generated in the cylindrical source volume, called the driver, by inductive coupling of
the RF power by an external coil. The plasma then expands out of the driver into the main source
chamber. Negative ions are formed mainly through the surface production process [14], [22], that
is, via surface conversion of neutral atoms on the ceasiated (Cs), low work function surface, of the
first grid (Plasma Grid — PG) of a multigrid multiaperture extraction and acceleration system

[23].

The main advantage of the driver concept is its modularity, which enables the extension to
large sources by adding several drivers to one common expansion chamber [21]. Fig. 1.3(b)
displays this concept as the prototype ion source for ITER, comprising eight driver modules, is
reached. The half-ITER-size ion source of the ELISE (Extraction from a Large Ion SourcE)
facility, also developed at the IPP—Garching, is an intermediate step towards the ITER NBI source
that has been dedicated to experimentation since 2013 to identify and resolve issues of technical
or physical nature that inhibit the fulfillment of the ITER requirements [24|. Up to date, ELISE
has successfully demonstrated H™ pulses of 1000 s with a current density corresponding to 90% of
the ITER goal [25]. On the other hand, the transition to deuterium has proven to be far more

challenging as various complications stem from the inherent isotopic differences between hydrogen

and deuterium. Some important issues are: the generally higher, inhomogeneous and less stable
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Figure 1.3. (a) Illustration of the cross section of the prototype source RF-driven source (Reproduced
from [20], with the permission of AIP Publishing; License No. 5760110498278); (b) Modular concept of the
RF source: from the prototype towards ion sources for ITER with ELISE as an intermediate step.

Reprinted from [21], published under an Open Access CC-BY license by IOP Publishing.
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co-extracted electron current, the significantly larger amount of Cs needed for stabilizing this
current, and the Cs depletion from the reservoirs at the source walls and the PG due to the higher
atomic mass of deuterium [23|, [24]. Although considerable progress has been made after the
application of refined Cs evaporation and distribution procedures, and though ITER requirements
have nearly been reached for short D™ pulses, still only 66% of the ITER demand for negative ion

current density can be extracted over a longer time span of 45 min [23], [24].

Knowledge gained from ELISE is exploited by the SPIDER (Source for Production of Ion of
Deuterium Extracted from RF plasma) experiment, a full-scale injector set up at the Neutral
Beam Test Facility (NBTF) at Consorzio RFX (Italy). Though only able to provide a 100 keV
neutral beam, research there is focused on further optimization of the source performance, e.g. in
terms of source uniformity (over a beam area of about 1.5 m2), negative ion current density, beam
optics, beam source operation for 3600 s, and Cs distribution [25]. The operation of SPIDER began
in 2018. In the span of three-years, operations in SPIDER included extensive characterization of
both Hs and Do plasmas, leading to the collection of a wealth of experimental information [26].
Insight into the source performance was provided and operational issues were detected. Some of
the issues were solved or worked around during this run, while others triggered requirements for
component re-design or modification and opportunities for improvements [26]. In 2021, SPIDER
entered a long shut-down phase dedicated to incorporating the new learnings and resolving the
arisen issues in view of extended beam operation and particularly of MITICA. MITICA (Megavolt
ITER Injector & Concept Advancement) is the second test-bed at the NBTF. It is a complete
full-scale prototype injector embodying all the ITER specifications, which is foreseen to exhibit
the overall target performance. At the time of writing, MITICA has entered the final construction
phase, with all of the auxiliary systems installed and with the final integrated test for the power

supply underway [26]-[28].

1.3 Alternative negative ion source concepts

Although, currently only the prototype negative ion sources described in the previous section
have been able to demonstrate the possibility of fulfilling the baseline requirements of a NBI
system, substantial efforts are put into research for the development of alternative sources
motivated by two principal aspects.

Firstly, there is a strong desire to eliminate the use of Cs on account of its several important
drawbacks. Indicatively, not only could it be a source of failure in the accelerating stages of the
injector, but regular maintenance is required for replenishing the Cs reservoirs. Therefore, volume
production ion sources, which by definition do not rely on the injection of Cs for the production
of negative ions attract much attention. In fact, recent advancements on this subject, both
experimental and theoretical, are reviewed in [29].

Secondly, the design of high-power injectors with a very high wall-plug efficiency, i.e. the

ratio of the neutral beam power coupled to the plasma core to the total electrical power consumed
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by the beamline [30], over 60% is actively sought-after. Currently, for the injector configuration
shown in Fig 1.2 this parameter is evaluated around 30%. This low value, results principally from
the low rate of neutralization of the ion beam of about 55% which is imposed by the collisional
neutralization with gas. Thus, research activities have also focused on investigating alternative
concepts for improvement of the neutralizer efficiency, and consequently also on the development
of compliant negative ion sources. Indeed, different beam neutralization concepts have been
explored, among them the neutralization of the energetic negative ions by collisions with plasma
electrons (plasma neutralizer) and by photodetachment (photoneutralization). If feasible,
photoneutralization appears to be an ideal solution for achieving high performances, in the sense
that it could offer a high beam neutralization rate (>80%) and a wall-plug efficiency of over 60%
[31]. While the concept is attractive, there are nonetheless a number of significant technological
problems that require resolution. The design of a novel photoneutralization-beased neutral beam
system has been proposed and extensively described by Simonin et al. [27— 29]|. This new injector
concept would require however the development of a negative ion source of a markedly different
design with respect to the current prototypes. In particular, it would be necessary for the negative
ion source to have a long and thin aspect ratio, delivering a negative ion beam comprising several
thin (around 2 cm wide) laminar beamlets. This beam structure would ensure an adequate overlap
with the laser beam used for the photodetachment of the negative ions. A volume production
source, the Cybele source, constructed at the IRFM - CEA (Institute for Magnetic Fusion
Research — Center of Atomic Energy) in Cadarache in France, was primarily conceived to
demonstrate the feasibility of such a negative ion source. While initially the plasma in the Cybele
source was sustained by an array of tungsten filaments, these were removed and an ICP
(Inductively Coupled Plasma) driver equipped with a solenoid antenna at the extremity of the
source was installed instead. In a later upgrade, the ICP driver was replaced by bird-cage helicon
antenna. An identical helicon plasma generator was first utilized for the production and scrutiny
of Hs and D2 plasmas in the experimental reactor RAID, installed at the EPFL in Switzerland.
Among the three aforementioned plasma driving options at Cybele, the helicon driver was deemed
the best candidate for the production of a dense and uniform plasma column [30], which complies
with the requirements for a negative ion source for this novel injector concept. Nevertheless, a
large amount of research is still necessary in order for this helicon plasma device to demonstrate
the baseline requirements.

Overall, the interest and relevance of research on volume production negative ion sources is
evidenced. At the same time, since operation with D2 cannot be predicted solely on the basis of
simple isotope scaling with Hg, ultimately, the design of such sources benefits from studies devoted

to approaching the isotopic effect from a fundamental point of view.
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1.4 Comparative studies of negative ion sources operating with H>
and D»

Despite the pertinence of the investigation of the isotope differences to the development of
efficient negative ion sources, research activities, both in the past but also to this day, which focus
on the development of laboratory-scale setups dedicated to the scrutiny, conducting a direct
comparison, of H2 and D2 plasmas on a fundamental level are fairly limited. Even more so, if one
refers to volume ion sources. In what follows, a concise overview of such characteristic comparative
studies and of their main findings concerning the isotope differences, regardless of the type of
source employed, is provided. Namely:

As regards filament-driven sources, Cs-free discharges of both gases have been examined
in the sources “Camembert II” and “Camembert II1I” [33], [34]. The results indicate, briefly: (i) the
electron density is consistently higher in Dy with respect to Hy, in both sources; (ii) the electron
temperature shows no significant change between Hy and Dy discharges in the larger source, as
opposed to the smaller source in which it is lower in the case of Hy; (iii) the negative ion density
and negative ion to electron density ratio is generally lower in D, than in Hs in both sources,
nevertheless these two parameters attain greater absolute values in the smaller source [34].
Observations (i) and (ii) have also been reported in the “Culham” source [35], [36]. Additionally,
in this latter source, a higher plasma potential has been measured in Dy while the fast electron
density and temperature remain the same in both Hy and D,. In another work in “Camembert 117,
two-laser photo-detachment has been used to infer the H™ and D™ ion temperatures, with the
latter being lower [37]. Pure volume production of H™ /D™ in a rectangular arc chamber, with an
external pair of permanent magnets in front of the plasma grid serving as a magnetic filter, has
been the subject of other works [35, 36]. Spatially resolved measurements with simultaneous
variation of the magnetic filter field intensity revealed that the values for electron density and
temperature were slightly higher in Dy than in Hy. Furthermore, a stronger magnetic filter field
is required to control the electron temperature in the Dy plasma. In other filament-driven sources
the isotope scaling has been investigated based on measurements of the extracted beam properties
[40], [41], along with probing of the characteristics of the plasma created in the vicinity of the
extraction region [42], [43]; the bottom line in the findings is that the extracted D™ ion current is
constantly lower, accompanied by a larger co-extracted electron current. Moreover, the enhancing
effects of Cs seeding on both Hy and Dy plasma properties, as opposed to Cs-free discharges, has
been highlighted in studies at the “Camembert ITT” [44], “MANTIS” [45], and elsewhere [46]. In the
filament driven “LIISA” ion source used at the “JYFL K130” cyclotron, the VUV emission spectra
for both Hy and Dy have been compared. Neither the spectra nor the volumetric rates of
ionization, excitation, production of high vibrational states, and dissociation between the two
isotopes showed any significant difference. It is therefore suggested that in this source, the

observed difference between the H™ and D™ production through dissociative electron attachment
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(DEA) is attributed most likely to the difference in the diffusion properties of hydrogen and
deuterium [47].

As for inductively coupled plasma setups other than the prototype ones described in the
previous section, work [48]| deals with the cases of Hy and Dy and shows that the atomic density
is higher in Dy. Furthermore, atoms were found to be more efficiently ionized than the respective
molecules, leading thus to a significantly elevated electron density in Dy compared to Hy and,
consecutively, to a higher RF power transfer efficiency. Another setup, named “ACCesS”, has been
employed in experiments relevant to surface production of negative ions [49]. It was concluded
that, no significant isotope effect occurs regarding the surface negative ion formation. The reader
is also referred to reports [50], [51] for further studies concerning a comparison between surface
production of H™ and D™.

H, and D, discharges in RF-driven sources of a different type, i.e., helicons, have been
studied in reference [52| as well as at the “RAID” source [53], [54]. In [52| the density ratio of
atomic to molecular deuterium was found to be higher than the respective ratio for hydrogen. In
[53] the degree of dissociation and the ion densities were higher for deuterium than for hydrogen.
In [54], the electron density was higher in the case of D, the electron temperature appeared to be
nearly the same for Hy and D5y, and the negative ion density and the negative ion to electron
density ratio was lower in D,.

Additionally, an ECR source with driven plasma rings has been studied in terms of
extracted H™ and D™ ion current as a function of the pressure, the power, and the immersion
depth of the plasma electrode into the plasma volume [55]. The D™ current was found to be less.
Dissociative attachment of electrons to molecules at high Rydberg excited states was identified as
the most probable process for H™ and D~ formation. Another ECR source, but of a tandem
configuration, named “HOMER”, has been studied for the case of Hz [56], [57]. In this source, the
efficiency of materials with a low work function on the surface production of negative ions has
also been investigated [58], [59]. Particularly for the material MoLa, Dy was also tested and while
varying the isotope had an influence on the plasma parameters, the resulting effects on the
negative ion formation compensated each other leading to comparable negative ion densities [58].

On the other hand, there is an alternative concept for ECR heating of Hy and D, plasmas,
based on the use of elementary dipolar ECR modules [60]. Negative ion sources reporting the use
of this kind of ECR modules are “Camembert III” [61]-[65], “ROSAE III” [65], [66], “SCHEME”
[67], [68], and “Prometheus I” [17], [69]-[71]. “Camembert III” and “ROSAE III” have been operated
and characterized in hydrogen only. “SCHEME”, however, has been employed in experimental
campaigns (i.e. synchrotron-based VUV absorption spectroscopy) involving both Hy [67] and D,
[68]. Table 1.1 summarizes the available data for the ECR sources of different configurations,

quoted above.
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Table 1.1. Tabulated data of the characteristic parameters of the ECR sources quoted in text. (Ext.:

Extraction aperture; NI: No information; NA: Not applicable)

Extr.
ECR source Dimensions ECR . Power (kW) Pressure Gas Ext. Te (eV) ne(cold) (m3) ny- (m3) Current
Coupling (Pa)
(mA)
ECR source with ~ Aluminum; External max. 0.25 0.02 - H, 50 - 60 5 x 1016 NI < 4.7
driven plasma (130 mm x magnetic 0.07 (0.026 Pa; (Hy)
rings 80 mm discs; 2.45 Do Ho [72]). <31
GHz (D2)
(0.2 kW)
HOMER Stainless Helmholtz max. 1 (For 0.3 -3 Hy x 06-1; 100-107 <39x NA
steel; coils; 2.45 experiments / NI 105 (Ha)
0150 mm x GHz £0.2-0.5 Dy [56]
310 mm [56]) Above
(prolonged MoLa (0.3
to 410 mm kW, 0.3
in [57]) Pa) [58]:
<1l4x
10" (Hy),
< 1.45 x
1015 (Dy)
Camembert IIT Stainless 7 ECR max. 1.2 0.13-1.07 Hy Within In the range < 2.6 x <0.25
steel; modules  (for [58-60] 0.2-1.3 of 10™ - 101 (0.9 kW
0440 mm x & experiments 1016 [63] and 1
450 mm multicusp : 0.5 & 1 kW [61],
field [61], 0.9 0.27 Pa)
configurat [63], 1.05
ion; 2.45  [62])
GHz
ROSAE III Pyrex 4 ECR max. 1.2 0.33 or Hy X 0.9; 11  0.13 x 10 0.06 x NA
cylinder of  modules;  (For 1.3 [65] or or 101
0152 mm x 2.45 GHz experiments 2,6 1.4 x 1016 or
214 mm :0.76 or 0.2 1.7 x 101
housed in a 65] &1 0.67 [17] 181, ~65x 101 ~15x
stainless [17]) 9.45 (Pyrex) 1014
steel (Pyrex)
cylinder
Quartz Modified: max. 0.2 0.8 or 1.6 0.9-1.2; ~4.5x 10% With
cylinder 1 ECR (for NI quartz
@152 mm  module;  experiments coverage:
housed in a  2.45 GHz :0.075 - <3 x 108
stainless 0.175) or
steel <5x 108
cylinder [66]
SCHEME-IT+ Stainless 1 ECR max. 0.45 0.8 [68] Hy X ~1.5;~ ~10 ~ 1013 NA
steel; outer module;  (for 15 (quartz
dim.: @160 2.45 GHz experiments Dy coverage
mm; :0.15) [68] - Ds)
inner dim.
@124 mm x
220 mm
(quartz
tube) [68]
PROMETHEUS I Stainless 5 ECR max. 0.9 0.13-2.67 Hy X 05-2; <45x106 <6x 10 NA
steel; modules; / 125 - (Ha);
240 x 240 x  2.45 GHz Do 17 <7 x 1016
240 mm3 (Da).
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1.5 Negative ion production and destruction mechanisms

Throughout the previous sections, the terms surface and volume production have been used to
signify the two principle pathways for negative ion production. In this section it is deemed
necessary to elaborate further on these processes by present the most important theoretical
aspects, all the while, to a greater extent on volume production since it is of most interest in the
present study. Moreover, as this work implies the study of both H2 and D2 plasmas, this section

begins by recalling few characteristic properties of the two molecules.

The potential energy diagrams for the singlet and triplet system of the hydrogen molecule
are presented in Figs. 1.4(a) and (b), respectively. The electronic potential energy curves are
supposed to be identical for Hs and D2 [73]. However, the vibrational and rotational structures of
H> and D2 are different because of the difference between their nuclear masses. Generally, the

heavier isotope, D2, supports more bound vibrational levels. The number of the bound vibrational

levels in the ground state, x! Zg, and the first electronically excited state, BlEj , are provided in

Table 1.2, along with several characteristic molecular constants of the Ha and D2 molecules.

Principally, phenomena in the discharge which can be influenced by the nuclear mass

difference between Hz and D2 can be divided into two categories [36]. Firstly, there exist transport
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Figure 1.5. Potential energy diagrams of (a) the singlet system and (b) the triplet system of molecular
hydrogen. Reprinted from [86].
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effects, owing to the reduced mobility of the deuterium molecules, atoms, and ions, and secondly,
molecular effects, due to the different vibrational and rotational structure of Ha and D2. The latter
differences in the vibrational and rotational distributions in the discharges, can in turn influence

various reactions affecting thus the overall plasma chemistry of a given source.

Table 1.2. Molecular constants of Ha and D2 molecules [73], [74].

Molecule H: D:
Reduced mass () 0.504 1.007
Equilibrium internuclear distance (A) 0.7414 0.7415
Tonization potential (eV) 15.4259 15.467
Vibrational frequency (cm™) 4401.21 3115.5
Vibrational energy (eV) 0.54568 0.38628
Dissociation energy (eV) 4.478 4.556
Bound vibrational levels of the lleg (X) electronic state 15 22
Bound vibrational levels of the 2p'S, (B) electronic state 40 57

1.5.1 Surface production

Negative ion production on surfaces comes about principally from two fundamental processes:
particle reflection and ion-induced desorption of hydrogen (deuterium) atoms adsorbed onto the
surface [75]. The different reactions that can take place, involving molecular ions and atomic
species, are illustrated in Fig. 1.5. Other processes involving electrons and photons may also
occur but their contribution to the total negative ion yield is expected to be little. Thus, these
reactions are not represented on the schematic. However, it is worth noting that in both of the
former processes, the kinetic energy of the incoming ions affects the resulting outgoing flux of H™

ions produced on the surface. Additionally, the energy of the outgoing negative ions is influenced

Figure 1.5. Schematic illustration of the different processes leading to negative ion formation via the
surface production mechanism. In an ion source, atomic and molecular hydrogen (deuterium) ions as well
as Cs* ions impinge on the surface to create H™ (D7) ions by backscattering and ion-stimulated desorption
processes. While only the hydrogen case is illustrated for clarity, the same reactions can occur in deuterium

as well. Redrawn from [75] with permission from Springer Nature (License No. 5760230070960).
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by the properties of the surface itself, which is commonly the first electrode of the extraction
system in an ion source. In other words, the conditions of the electrode like the surface layer
composition, the roughness, the adsorbate structure and thickness may all have a determining
effect. Lastly, the production of negative ions on the surface can be increased when the work-
function of the surface, i.e. the electrode, is lowered. Hence the common tactic to have Cs deposited
on the electrode surface, which to this day and despite the numerous studies on other materials
(indicatively in [58], [59], [76]) remains the element with the lowest work-function and the most
effective one. For further details on the theory underlying these surface processes and for an
extensive overview of the historical development of surface negative ions sources, the reader is

referred to Chapters 2 and 14 of [75] and the references therein.

1.5.2 Volume production

A variety of processes that can lead to negative ion production are presented in Table 1.3. Among
those probable, it is generally accepted that the predominant path for the H™ and D™ volume
production is the Dissociative Electron Attachment (DEA reaction; Reactions R1 and R2), i.e.
the attachment of a low-energy electron to a highly ro-vibrationally excited molecule. This process
implies thus the necessity of promoting vibrational excitation of the gas, all the while ensuring

the presence of low-energy electrons.

Cross sections for the DEA reaction for Ha and Ds are displayed in Fig. 1.6. The dependence
upon the vibrational quantum level, v, and the rotational quantum level (within the first
vibrational level v = 0), J, of the molecular ground state correspond to insets (a) and (c), and
(b) and (d), for Hz and D> respectively. In both Ha and D2 plasmas, the cross section of the DEA
reaction highly increases as the vibrational level increases and, simultaneously, the threshold
electron energy for which the cross section peaks shifts to lower values. This strong enhancement
of the attachment cross section on increasing the internal vibrational energy of the molecule is
attributed to an increase in the range of internuclear separations over which the capture of the
electron can occur. This increase occurs because of the larger amplitude of vibration for a
vibrationally excited molecule [77]. Yet, the DEA cross section is larger in the case of Ha, of about
two orders of magnitude for the low-lying vibrational levels but approach with those of D2 with
increasing vibrational quantum number. At the same time, the reaction electron energy threshold
shifts to higher values for a D2 plasma, for the levels with the same vibrational quantum number.
Indicatively, near the threshold of two extreme vibrational levels, i.e. v' = 0 and v = 9, the
following hold true for Ha vs. Ds respectively: 1.6 x 107 m? (3.73 eV) vs. 3.0 x 1072 m? (3.83 eV)
and 4.8 x 107" m? (0.13 eV) vs. 2.3 x 107%” m? (1 eV). Rotational excitation exhibits an analogous
effect. Centrifugal stretching in excited rotational levels results in a large increase of the DEA
cross section from the initial rotational level to the higher ones [78], [79]. Moreover, a notable

isotope effect is discerned between Hz and Da. More specifically, the attachment cross section
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increases by three orders of magnitude from the rotational level J "~ 0t = 20, i.e. from
1.6x107% m? to 5.5x1072 m?, and from 3.0x10"® m? to 2.5x10"% m?, for Hy and D

respectively.

Table 1.3. Reaction set for the production and destruction of negative ions (*RX denotes: by analogy with

reaction X).

PRODUCTION

R1. Hy{X'S, (v,J H; - H +H

e+ 2{ L & v )} Tt E Dissociative Electron Attachment: DEA [79], [80]
R2. e+ DofX'S, (v,J)} - D > D + D~
R3. e+Hy >H +H o L [81], [82]

T + - Dissociative Recombination: DR
R4. e+ Dy »D +D [81], [83]
R5. e Hi - Hz + H_ Dissociative Recombination: DR [81]
R6. e+ D3; -Dy +D
- i
R7. e + Hy(v,)— H_+ H ‘ +e Polar Dissociation [81]
RS. e+ Dy(v,])) > D" +D +e
R9. H, + H - H + H + 2H' [*R11]
R10. Hy, +Hy - H +H' +Hy *R12
2 i - _ * * ‘2 Ton-Molecule Collisions [ |
R11. Dy + Dy -»D +D+2D [81]
R12. Dy +Dy > D +D" + Dy [81]
DESTRUCTION

R13. H_ +H—oHy +e Associative Detachment: AD [84]
Rl4. D +D—>Dy+e
R15. H +H - Hy(v) +e Associative Detachment (AD) with creation of [85]
R16. D™ + D — Dy(v) + e vibrationally excited molecules [*R15]
R17. H +H—->2H +e .. ) [86]
RIS, D+ D —2D - o non-Associative Detachment: non-AD 1]
R19. H +e—H+ 2 [86]
R20. D™~ e—oD 4+ 2 Electron Detachment: ED 1]

R21.  H + Hy(v) — Hp(v-2) + H + e, 2<v<6  Electron Detachment in collisions with vibrationally [87], [8§]
R22. D™+ Dy(v) = Do(v-2) + D + e, 2<v<6 excited molecules: EDV [*R21]

R23. H +H,—>H, +H+te

_ Collisional Detachment: CD [89]
R24. D™ +Dy—>Dy +D+e
R25. H +H' —2H [87], [90]
R26. H +H —H+ Hn=2, 3) [87], [91]
R27. H™ +Hy, - H, + H [87], [91]
R28. H™ +HJ — 3H [87], [90]
R29. H™ +Hy; — H + Hy(v) [85]
R30. H + Hy — 2H, [87], [91]
R31. H + Hy —4H [87], [90]
H32. H_ - Hi = 2T Mutual Neutralization: MN 155}
R33. D™ +D —2D [*R25]
R34. D™ +D" —» D + D(n=2, 3) [*R26]
R35. D™ +Dy - Dy +D [*R27]
R36. D™ +D, —» 3D [*R28]
R37. D™ + Dy — D + Dy(v) [*R29
R38. D™ + D3 — 2D, [*R30]
R39. D™ + D3y —» 4D [*R31]
RA40. D™ + D3y — 2D + Dy(v) [*R32]
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Figure 1.6. Cross sections of reactions (a) and (¢) R1/Table 1.3 (Hz case), and (b) and (d) R2/Table 1.3
(D2 case). (a) and (b) show the dependence on the vibrational level (v), while (b) and (c) that for the
rotational levels (J) of the ground vibrational level. The curves are drawn according to Equation 4.12 given

in [80], with the use of the available data in Table 1 in [79].

With regard to the molecular precursors of the DEA reaction, they can by efficiently formed
through two main channels: (i) in the plasma volume, principally via the reaction of electron
excitation and radiative decay (EV reaction; reactions R43 and R44 in Table 1.4), and (ii) on
the surfaces that face the plasma, as products of recombinative processes (reactions R45 to R50
in Table 1.4). Accordingly, on the basis of the two channels for vibrational excitation, volume
production can be split into two sub-categories: pure volume production and surface-assisted
volume production. The latter will be discussed in more depth in the following section (section

1.5.3).

With regard to the first channel, the vibrational excitation of the Ha (D2) molecule, by high-

energy electron impact, proceeds mainly through the singlet electronically excited BlEIT and C'II,

states, followed by the spontaneous (radiative) decay back to the ground state [14], [92].

15



Chapter 1. Introduction

Table 1.4. Representative reactions for the population and de-excitation of vibrational states.

EXCITATION
RAL H2{X12g (VivJ)} te— H2{X12g+‘ (vaJ)} + e, ViV Resonant electron-vibration 193]
R42. Dz{Xlzg(VhJ)} +e— DZ{XIEQ(%J)} + e, vi>vy excitation: eV
R43. Hy{X'S, (D} + e > H{B'S,, C'IL} + e —
HQ{Xlxg (vf,J)} + e + hv, vi>v; Radiative decay and excitation: 180]
R44.  DyofX'S) (vi,)} + e —» DofB'S,, C'IL} + e — EV
Do{X'S, (v} + e + hv, vi>v;
Recombinative Desorption:
Rd5. H(wall) + H(wal)—Hy(v) Langmuir-Hinshelwood [94]
R46.  D(wall) + D(wall)— Dy(v)
R47. H(gas) + H(wall)— Hy(v) Eley Rideal [95]
R48.  D(gas) + D(wall)— Dy(v)
R40 . Where, H/D(wall*), refers to a
- Hwall®) + H(wal)— Hy(v) “weakly bound” atom on the  ‘Hot—atom’ (Harris-Kasemo)  [96]
R50.  D(wall*) + D(wall)— Dy(v)
surface
DE-EXCITATION
Vibrational-translational 187], [97]
Eg; Hy(vi) + H = Hy(ve) + H,vp < vy relaxation in collisions with [33]
- Do(vi) + D = Dy(vp) + D, vi< vy atoms: V-t
Vibrational-translational
R53.  Hy(vp) + Hy(vj)— Hy(v)+ Hy(vi-1) o [91]
R54 : ’ relaxation in collisions with 133]
5 . DQ(Vi) + DQ(VJ)—> DQ(VJ‘F DQ(Vj-l) molecules: V-T
: \ : 87|, [98
R55. Hy(vi) + wall = Hy(ve), v < v; Wall relaxation: WD 1871, 198]
R56.  Dy(vy) + wall — Dy(vy), vi < vy [33]

In Figs. 1.7(a) and (b) a selection of cross section data for the EV reaction for both Hz and Da,
is reproduced from [80]. The presented cross sections are resolved with respect to the final
vibrational level, vf, in which the molecule lies, while the initial one is the ground level,
i.e. vi = v' = 0. Additional cross section data resolved with respect to vi, are included in [80]. Tt is
seen that, for both Ha and Da, the cross section decreases with increasing v;. In Fig 1.7(c), the
cross section value for a fixed electron energy near the peak of the curves (40 eV) is plotted against
v, for both isotopes. While the cross section is consistently lower for the case of Da, a converging
trend between the resulting curves is evident beyond around vy = 7. Furthermore, as it is recalled
that the D2 molecule supports more bound vibrational levels, a summation of the cross section
values over all the available vibrational levels finally demonstrates only a small isotope effect.
This is exhibited by the star points set on the same figure, their value divided however by a factor

of 10 to enable visibility on the same axis scale.
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Figure 1.7. Cross sections of the reactions (a) R43 (Hz2) and (b) R44 (D2), in Table 1.3. The initial
vibrational level is vi = 0. (¢) Comparison of the cross section values of Ha (solid circles) and D2 (open
circles) for increasing vibrational level, at an electron energy of 40 eV where the curves peak. The star
points correspond to the sum of the cross section value over all of the bound vibrational levels. Graphs (a),
(b) are redrawn from the data collected from [80]

No. 5760260555442).

with permission from Elsevier (License

1.5.3 Surface-assisted volume production

It is well known that atomic species may interact varyingly with the surfaces surrounding the
plasma. Firstly, when an atom impinges a surface, it will gain energy due to the interaction of the
unbound electron and the surface which forms a chemical bond. Typically, the energy gained is
about 2.4 eV for Hy and metallic surfaces [99]. Fig. 1.8 illustrates the three types of reactions
that these adsorbed atoms can undergo which subsequently release a ro-vibrationally excited
molecule. The Langmuir-Hinshelwood [94] reaction refers to the recombination of two already
adsorbed atoms on the surface releasing a molecule. The H-H bond energy is approximately 4.5
eV, making this process endothermic by 0.3 eV, with the energy supplied by the surface [99]. In
Eley-Rideal [95] recombination, an atom from the gas phase impinges on the surface and reacts
with an already adsorbed one to create a molecule. This process is exothermic by approximately
2 eV, as only one atom is adsorbed onto the surface during the recombination process [99]. Lastly,
the “Hot-atom” reaction, first proposed by Harris and Kasemo [96], considers a “weakly bound”
atom to the surface able to diffuse across it until it reaches an adsorbed atom to recombine into
a molecule. As in the case of the Eley-Rideal reaction, the “Hot-atom” reaction is also exothermic,
with the excess energy being distributed into various degrees of freedom, including vibrational
energy levels [99]. The energetics of the surface processes and, as a consequence, the vibrational
distribution of the Hz (D2) molecules formed in the recombination reaction critically depend on
different parameters, including the nature of the bond between the adsorbed atom and surface,

the impact energy of the gas-phase atoms and the surface temperature [93]. While there is a
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Figure 1.8. Representation of the three types of recombinative desorption reactions (R45 — R50 in

Table 1.3). From left to right: (a) The Langmuir-Hinshelwood recombination: two atoms adsorbed on the
surface recombine and release a molecule; (b) Eley-Rideal recombination: an atom from the gas phase
impinging on the surface recombines with an adsorbed to create a molecule; (c) “Hot-atom” recombination:
a “weakly bound” atom to the surface diffuses across it and reacts with an already adsorbed one to produce
a molecule. The illustration is reproduced from [99] with permission from IOP Publishing (License No.

146800-2).

considerable amount of studies that investigate these reactions for different plasma-facing
materials [93], [99]-[106], merely a few [94], [107]-[109] actually report on their effect to the
vibrational distribution function (VDF). Hence the motivation behind Chapter 4 of the present
thesis, which deals with the derivation of the VDF's in conditions where different materials face
the plasma. Finally, it is worth noting that in the field of fusion studies, besides the application
towards negative ion sources, the interest in the influence of plasma-surface interactions on the
vibrational excitation attracts great attention for the molecular assisted recombination (MAR)

mechanisms relevant to research on divertor plasma kinetics [110]-[112].

1.5.4 Destruction mechanisms

The ultimate yield of negative ions is dictated by a delicate interplay between the reactions
that lead to their formation and, simultaneously, those responsible for their destruction. In
principle, the latter competing mechanisms can be further classified as either direct, or indirect.
The term direct is used to signify destructive reactions involving interactions of negative ions with
atomic or ionic species. Such reactions are outlined in the lower part of Table 1.3. Among those,
associative detachment (AD) involving atomic species, electron detachment (ED) with high-energy
electrons and mutual neutralization (MN) with the positive ionic species can be identified as the
most important ones. Conversely, reactions R51 through R56 of Table 1.4, which refer to
molecular collisions with atoms, other molecules or even the surrounding walls, are characterized
as indirect. This term arises from the fact that these reactions are accountable for the quenching

of the vibrational states involved in the DEA reaction towards the formation of negative ions.

Finally, a closer inspection at R13 (R14) and R51 (R52), i.e. AD and V-t, reveals that the

rates of these processes are sensitive to the atomic density. Among the many processes that may
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occur, in low temperature plasmas, one of the most important electronically-inelastic processes is

the excitation of the repulsive b”%, state (R57 and R58) [74]:

e + Hyf{X'S, (v))} — Hofb’S[} + e — 2H + e R5T.
e+ DofX'E, (v} — Dofp’Si} + e > 2D + e R5S.

In turn, the effectiveness of reactions R57 and R58, and consequently the atom yield, depends on
the operational parameters in a given reactor configuration, namely the gas pressure and the

injected power.

Overall, in this section has laid the essential theoretical background which will be the basis
upon which the interpretation of the experimental results of the present thesis will be carried out.
Furthermore, it has been evidenced that the knowledge on two important particle distributions,
i.e. the electron energy distribution function (EEDF), and the vibrational distribution function
(VDF), can be enough to obtain a global understanding of the production pathways of the negative

ions.

1.6 Advantages of ECR discharges

All of the mechanisms described in the previous section may occur in discharges regardless of the
driving mechanism, whether it be through filaments, radio-frequencies or microwaves. However,
ECR discharges in particular present several advantageous characteristics over the others and
have thus prompted their study also in the framework of the present thesis. These include the
lack of components with a limited lifetime which would require regular maintenance, and the
capability of producing dense and homogeneous plasmas over a wide range of gas pressure and
applied power. Based on the different magnetic field configurations that can be applied different
configurations of ECR reactors can be distinguished. However, herein focus is laid on a special
antenna-like ECR structure, that of the elementary dipolar module, whose application in
particular reactors related to this study was mentioned at the end of section 1.4. But before the
description of its operation, a brief overview of the basic principles underlying the ECR mechanism

are presented.

1.6.1 Theoretical background

Waves generated near a plasma surface can propagate into the plasma or along the surface where
they can be absorbed, leading to the heating of plasma electrons and heating of the discharge
[113]. Prior to the description of the ECR mechanism, it is deemed necessary to establish several
ground terms.

If the electrons in a plasma are displaced from a uniform background of ions, electric fields
will be built up in such a direction as to restore the neutrality of the plasma by pulling the

electrons back to their original positions. Because of their inertia, the electrons will overshoot and
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oscillate around their equilibrium positions with a characteristic frequency, wep, known as the

plasma frequency [114]:

(1.1)

Oep =27t =

This frequency is one of the fundamental parameters of a plasma, solely dependent upon the
electron density, ne [114]. In the above equation, me, e, and € in represent the electron mass, the
elementary charge and the dielectric constant of free space, respectively.

Upon irradiation of a plasma with an externally applied electromagnetic radiation (wy= 2nfy),
the plasma frequency imposes an important limitation to the propagation or not of this radiation.

First, the case when a magnetic field is absent is considered. If vy < w,,, the electrons respond to

eps
the electric field and extract energy from it. If there are collisions or dissipative processes in the
plasma, the wave is damped, as energy is converted into kinetic energy of the plasma constituents
[115]. Moreover, electrons near the surface of the plasma may act like miniature dipoles and re-

radiate the incident radiation, reflecting it from the plasma [115]. Conversely, if g > w.,, the

eps
electrons have too much inertia to respond to the electric field of the wave, and the radiation is
able to propagate through the plasma without significant reflection or attenuation [115]. From a
different point of view, solving Eq. 1.1 with respect to ne, gives the critical density, i.e.

drimee o (1.2)

2
Wy —
0 o2 0

equivalently denoting that propagation of an applied radiation is inhibited if the plasma density
surpasses this value.

Furthermore, the introduction of a steady magnetic field By, in which there is a resonance
between the frequency of the externally applied electromagnetic radiation, and the electron
cyclotron frequency, w,., somewhere in the discharge, allows for operation at high density and
without a cavity resonance [113]. The electron cyclotron frequency (also called gyrofrequency) is

given by Eq. 1.3.
Wee = 21ify. = — (1.3)

The fundamental principles of the propagation of electromagnetic radiation and ECR heating in
magnetized plasmas are rigorously developed in [113]-[115]. In fact, there are a variety of ECR
processing discharges, with somewhat different coupling of the microwave power to the resonance
zone. Three categories are: 1) travelling propagation wave mainly along By (the propagation vector
is parallel to By), ii) propagation mainly across B (the propagation vector is perpendicular to By),
and iii) standing wave excitation (mainly cavity coupled) [113]. While these distinctions are
significant and could find application in various source configurations, herein, the discussion is

limited to the first aforementioned case. A linearly polarized microwave field launched into the
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Figure 1.9. Basic principle of ECR heating; (a) Continuous energy gain for the electrons in the case of the
RHP, and (b) net zero energy gain for the LHP. Reproduced from [113] with permission from John Wiley
and Sons (License No. 5760680310681).

source chamber can be decomposed into the sum of two counter-rotating circularly polarized
waves, the right-hand (RHP) and the left-hand (LHP) polarized waves. Assuming a sinusoidal
steady state with the incident wave polarized along xo (xo is the unit vector along the x-axis and,

similarly, yo the unit vector along the y-axis),
E(r,t) = x¢ E((r) cos(wt) (1.4)
where the complex amplitude E, is here taken to be pure real, Eq. 1.4 results in the expression:
xoE, = (XO + ij)Er + (xo —ij)El (1.5)

where E; and E; are the amplitudes of the RHP and the LHP waves, respectively, with E, = E; =
Ex/2. The electric field of the RHP wave rotates in the right-hand sense around the magnetic field
at frequency wo while an electron in a uniform magnetic field By also gyrates in a right-hand sense
at frequency we.. As a consequence, when wy = wee, the electron is accelerated by the force
F = — eE along its circular orbit, resulting in a continuous transverse energy gain (Fig. 1.9(a)).
Oppositely, the LHP wave field produces an oscillating force whose time average is zero
(Fig. 1.9(b)), thus resulting in no energy gain [113|. In the former case, the sufficient energy gain
by the electrons leads to reactions promoting the ionization, dissociation and excitation of the

background gas.

1.6.2 Dipolar ECR modules

Historically, the dipolar ECR modules were originally conceived and designed by J. Pelletier and
colleagues at the Laboratory of Subatomic Physics and Cosmology in the late 90’s, and since then
they gained notable popularity for applications related to materials processing [116]-[119].

Contrarily, their use in reactors intended for fundamental studies of hydrogen (deuterium) plasmas
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is significantly more limited. A single elementary ECR module [60] is depicted in Fig. 1.10. It
consists of two main parts, i.e. a permanent magnet (here, a samarium-cobalt magnet 20 mm in
diameter and 30 mm in length is used) 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 [60]. The inner conductor of the coaxial line
penetrates inside the cylindrical magnet through a hole drilled on its axis. The magnet is
encapsulated in a metallic (stainless steel) envelope and is water-cooled by using the inner tube
inside the magnet. The microwave power can be thus transmitted without loss to the zone 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 ECR module, in the case of a multi-module setup
[60]. A tuner embedded on the main body of each module is used for impedance matching to
maximize the power absorbed by the plasma [71]. At the microwave frequency of 2.45 GHz the
magnetic field intensity needed to satisfy the ECR condition (Eq. 1.3) is Bo = 87.5 mT. The
calculated magnetic field configuration as well as the line corresponding to a constant magnetic
field intensity of 87.5 mT, are superposed on the same drawing. The field lines converge at the
poles and join the two opposite poles of the magnetic dipole constituted by the magnet [60]. The
“peanut-like” shape of the magnetic intensity contour corresponding to the ECR condition is
attributed to end effects in combination with the length of the magnet.

With this design, the plasma is created by electrons (denoted also as “hot” electrons) that are
accelerated in the zone of ECR coupling. The trajectories of these “hot” electrons around the
magnetic structure have been subject to scrutiny. Briefly, the “hot” electrons oscillate within two

field lines and two mirror points in front of the opposite poles of the magnet, and drift azimuthally
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Figure 1.10. Schematic representation of a dipolar ECR module with details of its construction.
Superposed on the drawing, around the magnet, is the configuration of the magnetic field as well as the
line of constant magnetic intensity of 87.5 mT (corresponding to the ECR condition for the microwave
frequency of 2.45 GHz). The latter have resulted from calculation and are reproduced from [60] with

permission from IOP Publishing (License No. 1438329-1).
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around the magnet acting as a tri-dimensional magnetron structure [60]. In this region, the electron
energy distribution function (EEDF) can be assumed to be the sum of two electron populations
(“hot” and “cold”) having Maxwellian distributions. The temperature of the “hot” population can
reach more than 17 eV. This means that a significant part of the electron population includes
electrons with energies much higher than twice this value [60], [120]. The plasma produced by the
inelastic collisions of these electrons along their itinerary then diffuses away from the magnet. The
“hot” electrons remain trapped in the magnetic field, and only the low-energy population of
electrons diffuses away from the magnetic field under the influence of density gradients and the
resulting space charge electric field [60], [120]. Thus, a separation of the plasma volume into two
distinct regions with different characteristics is ensued. These regions, merely briefly mentioned
in the cases of some reactor configurations presented in section 1.4, are commonly designated as
the “driver” and “diffusion” regions. The term “driver” defines the region where the plasma is
created, characterized by an elevated plasma density and electron energy. The same parameters
are considerably lower in the “diffusion” region. In the above terms, in reactor configurations
employing dipolar ECR modules such as those considered, these regions are respectively, the zone
of ECR coupling, and the plasma in the volume that extends downstream from that.

The capability of dipolar ECR. plasmas to demonstrate a plasma with such spatially resolved
characteristics is crucial for efficient production of the negative ion species through the volume
production process. In fact, in accordance to the principles that have been laid out in section 1.5,
vibrational excitation of the gas is promoted in the “driver” region through reactions involving the
“hot” electrons, while the production of negative ions occurs in the “diffusion” region through the

DEA reaction for which “cold” electrons are a requisite.

1.7 Plasmas sustained in the pulsed operating regime

In the preceding sections, the pertinence of the spatial separation of the plasma into two different
regions by means of a magnetic filter (the driver and the diffusion regions) to the production of
negative ions through volume production was established. Additionally, it was highlighted that
plasmas driven by elementary dipolar ECR modules inherently offer this advantageous feature. It
has been proposed however, that a discharge can be filtered in time as well as in space. This is
referred to as the temporal filtering technique [121], which entails pulsing the power delivered to
the plasma, in the sense that the discharge is switched on and off for specific time intervals and a
given repetition rate. The basic idea behind this approach for enhanced negative ion production
is to control the interplay between the relaxation of the electron energy distribution function
(EEDF) and the vibrational distribution of the Hz (D2) molecules [122]. Nonetheless, beyond this
scope, time-resolved investigations of the plasma properties may provide access to invaluable
information on the kinetics of the different species, which in turn affect the elementary processes

that take place inside the plasma. For this purpose, the proper synchronization, with the plasma
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pulses, of various diagnostic techniques allows for interrogation of the produced plasmas in a time-
resolved manner.

An appreciable amount of works has in fact been devoted to this subject, the majority of
which concern filament-driven sources [121]-{130]. For the case of microwave-driven discharges in
particular, surface wave discharges sustained in the pulsed mode have been scrutinized in
[131], [132], whereas, from what is known, the evolution of basic plasma parameters in a hydrogen
discharge in a reactor equipped with elementary dipolar ECR modules has only been dealt with
in [133].

With regard to studies in filament-driven sources, in [123], the investigation of the basic
plasma parameters and the temporal evolution of the EEDF in the post-discharge period, in the
driver region of the source, was carried out along with a comparison of the results with those
obtained when the plasma is sustained in the continuous mode. In a subsequent publication [125]
and a similar source, negative ion density measurements were effected, whereby an increase of the
negative ion yield in the post-discharge by a factor of two is reported. This is attributed to the
favorable conditions occurring in the post-discharge which promote negative ion production via
DEA (R1, R2; Table 1.3). Namely, a cool EEDF prevents electron-impact detachment of the
negative ions but enhances the DEA rates. At the same time, the relatively long lifetime of the
vibrationally excited molecules, which are destroyed mainly by several wall bounces, ensures that
the negative ion production rate is maintained in the post-discharge [125]. A later study [127] at
the same reactor as the one used in [123], communicated a comparison of the time-dependent
properties in both Hz and D2 plasmas. The negative ion yield was enhanced in the early post-
discharge in both gases, and in both the driver and extraction region of the source. Nevertheless,
the negative ion density in deuterium is consistently about 75% of that in hydrogen [127]. Apart
from using a typical boxcar waveform to drive the plasma, another series of studies [124], [126]
introduced the concept of high-frequency modulation of the discharge (i.e. with bursts of pulses
during the expected operating window) as a means of enhancing the negative ion yield.
Measurements of the extracted negative ion current [124] in either approach reveals an increase
in the post-discharge period. In particular though, and for a deuterium discharge, it was found
that modulation of the discharge at a high frequency led to the increase of the extracted current
by a factor of 4. In the same source, time-resolved and direct measurements of the negative ion
density [126] in a hydrogen discharge further validated the trend in those findings. Furthermore,
spatially-resolved investigations [121] indicated that the transport properties of the negative ions
play an important role in their temporal behavior observed at different locations within the same
reactor. A hydrogen discharge operated in the pulsed mode was also the subject of scrutiny in
[134], where, as in the previously mentioned studies, a strong increase of the negative ion density
in the post-discharge is reported. In a comparable reactor configuration operating with hydrogen
gas [128], the same remark is made. At the same time, measurements with a variation of the
duration of the plasma pulse as well as the time for which the discharge is turned off allow to

infer, indirectly, information on the temporal evolution and lifetimes of the molecular precursors
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of the negative ions. The direct detection of the species was effected in [130], where their decay
times (equivalently their lifetimes) in the post-discharge period were determined. Several hundreds
of microseconds were deduced for the molecules lying in the low vibrational levels, while a lifetime
of around 100 ps is deduced for the vibrational levels of the mid-range (i.e. v’ = 6 - 11). As higher
levels are approached, the lifetime drops more significantly. An analogous trend is exhibited for
increasing rotational quantum number. On the other hand, in [129] the temporal evolution of basic
plasma properties such as the electron and negative ion densities are followed during the plasma
pulse, for various filling gas pressure values. In this study, a discrepancy between the temporal
patterns of the two aforementioned species is obtained. It is claimed that this indicates that the
production of the negative ions is affected not only by the electron population, but also by the
neutral particle density, as assumed by the volume production mechanism of negative ions.
Finally, an early theoretical report [122] addressed the behavior of the EEDF and the vibrational
distribution of the molecules in the case of a deuterium plasma, with relation to the elapsed time
in the post-discharge phase. The calculations indicate a rapid relaxation of the EEDF in the post-
discharge in such a way that the number of electrons with small energy increases, accompanied
by a less pronounced change in the VDF on the same time scale. The DEA reaction rate thus
increases and so does the negative ion density.

In relation to the existing works on microwave discharges, firstly, [131], [132], [135] considers
a pulsed surface wave discharge in a tubular reactor made entirely of quartz. In this special
configuration, focus was mainly laid on the inspection of the neutral atomic population properties
which includes exploration of the temporal evolution of the atoms [131], measurement of their
lifetime in the post-discharge period at different gas pressures as well as a deduction of their
surface loss probability [132], and time-resolved measurements of the gas temperature in order to
gain information related to the processes of gas heating [135]. Lastly, detailed time-resolved
measurements of the extracted electron and negative ion currents, and basic plasma parameters
have been effected in the source “Camembert III” [133]. Contrary to the electron current which
rises and decays rapidly with respect to the plasma pulse, the negative ion current attains longer
rise and decay times. The latter fact can be attributed to the slow evolution of the vibrational
distribution in the early discharge and the long lifetime of the vibrationally excited molecules in
the post-discharge, preserving thus the production of the negative ions. However, unlike the
abovementioned studies in filament-driven sources, therein, no important increase in the negative
ion extracted current was observed during the post-discharge phase.

Evidently, as in the case of H2 and D2 discharges sustained in the continuous mode of
operation, the existing works on respective pulsed discharges, even more so of those in ECR-driven
sources containing elementary dipolar modules, is quite restricted. Therefore, within the
framework of this thesis, a substantial step is made in treating this subject, and relevant
experimentation is held at the reactor “SCHEME-IT4". A description of the application details
and is included in Chapter 2 while the outcome of this study is presented in Chapter 5.
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1.8 Thesis contribution and outline

The heating and current drive (H&CD) system is a salient component of both ITER and future
fusion devices. Although an important strategic decision made at the beginning of 2020, assigned
the Electron Cyclotron (EC) heating method as the heating baseline for the case of DEMO [136],
the two other methods, namely Neutral Beam Injection (NBI) and Ion Cyclotron (IC) heating,
will continue to be developed in the frame of a risk mitigation approach. Eventually, a final
decision is expected to be made in 2024 when the potentialities of all three methods will be assessed
based on physics requirements and their Technological Readiness Level (TRL) [136]. As far as
research for the part of NBI systems is concerned, considerable efforts are made towards the
development of negative ion sources in which the use of Cs could be eliminated, all the while
fulfilling the requirements for modern NBI systems. Therefore, volume production of negative ions
and the development of sources based on this mechanism draws much attention. Indeed a notable
number of studies on the subject justifies this statement, though the majority of those refer to
operation with hydrogen gas. Deuterium gas on the other hand is more seldom studied and direct
comparative studies between the two isotopes are rather limited, especially more so if these are
narrowed to ECR plasmas sustained with dipolar modules. In this direction, the main contribution

of the present thesis may be summarized by the following points:

— The quantitative determination of the isotopic differences between hydrogen and deuterium
plasmas, driven by dipolar ECR modules, and their correlation with the volume production
of H™ and D™ negative ions.

—  The parametric study, across a broad range of the operating parameters (i.e. the transmitted
microwave power and working gas pressure), of a prototype reactor employing dipolar ECR
modules.

—  The determination of optimum operating windows with respect to the absolute density and
energy of the produced fundamental particles and the stability of the plasma.

—  The evaluation of the negative ion production mechanisms for the two isotopes.

— The recording of the dynamic behavior of H™ and D™ negative ions, as well as the
interpretation of the existence of negative ion populations attaining different energy
distributions.

— The experimental determination of the Vibrational Distribution Functions (VDFs) for
different cases of materials facing the plasma. For this, the advanced diagnostic technique of
vacuum ultraviolet absorption spectroscopy using sychrotron radiation is applied.

— The experimental study of prototype reactors in which plasmas are sustained in the pulsed

mode of operation.

Following this first introductory chapter, Chapter 2 contains a detailed presentation of the
two prototype reactors that were studied namely, “Prometheus I’ and “SCHEME-II+", along with

all the plasma diagnostic techniques that were applied. Chapter 3 is devoted to the comparison
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of the properties of H2 and D2 plasmas driven by ECR. dipolar modules and their correlation with
the negative ion production mechanisms. In Chapter 4 all the necessary steps for acquiring the
VDFs is unfolded, and those obtained are discussed. Then, Chapter 5 presents the study of
plasmas sustained in the pulsed mode of operation. In the closing chapter, Chapter 6, the main
findings of this work are collected and a direction for continuation of the present work is proposed.
Finally, Appendices A and B contain some information complementary to the experiments that

have been conducted.
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CHAPTER 2

EXPERIMENTAL APPARATUS
AND METHODS

This chapter is devoted to the presentation of the two prototype reactors that have been studied
within the framework of this thesis. Both utilize identical dipolar ECR modules to produce Ha
and D2 plasmas, however, each reactor is oriented to the study of the DEA reaction from a
different point of view, i.e. through probing the different constituents of the reaction. On the one
hand, conventional diagnostics performed at the “Prometheus I” reactor (High Voltage Laboratory,
University of Patras, Greece) allow for the determination of the Electron Energy Distribution
Functions (EEDFs) and the principle negative ion properties in H2 and D2 plasmas. On the other
hand, the “SCHEME-II+" reactor (Laboratory of Subatomic Physics and Cosmology, Grenoble,
France) is especially designed for the application of Vacuum Ultra-violet Fourier Transform
(VUV-FT) absorption spectroscopy in order to directly probe the molecular precursors of the
negative ions. Finally, at the same reactor, plasmas sustained in the pulsed mode of operation are
investigated, thus details on the necessary experimental considerations for the appropriate

investigation of plasmas in this mode of operation are herein presented.
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2.1 The “Prometheus I" reactor

Fig. 2.1 depicts a schematic representation of the reactor “Prometheus I”, installed at the High
Voltage Laboratory at the University of Patras in Greece. A photo of the reactor is shown in
Fig. 2.2(a).
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Figure 2.1. Schematic representation of the “Prometheus I” reactor.

It consists of a cubic stainless steel chamber (240 mm inner edge) with multiple viewports for
diagnostic tool installation. A base pressure of around 7x10 > Pa is achieved with a two-stage
pumping system, comprising of a turbomolecular pump (80 1/s) fitted on the bottom flange of the
reactor, backed up by a rotary oil pump. Pure Hy (99.999%) or D, (99.8%) gas is introduced into

the chamber by means of a digital mass flow controller, and the working (Plasma ON) pressure is
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Figure 2.2. (a) Photo of the “Prometheus I” reactor, (b) Magnetic field streamlines superposed on a

photograph of the produced plasma around the permanent magnet of the dipolar ECR module.
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monitored by a Baratron® capacitance manometer. The maximum allowed working pressure is

2.67 Pa.

The plasma is sustained by a network of five elementary dipolar ECR modules, whose
structure has been described in detail in section 1.6.2. Each ECR module is driven by an
independent solid-state microwave power supply (2.45 GHz), able to provide up to 180 W. The
magnetic field of a single ECR module, simulated using a commercial numerical suite (COMSOL
Multiphysics®), is shown in Fig. 2.2(b). The magnetic field streamlines are compared in the
same figure with the visible plasma generated in an ECR zone. The high-energy electrons which
gain their energy in the ECR zones appear to be mostly confined within the luminous region, in
the vicinity of the permanent magnet, where they promote gas dissociation, excitation. Therefore,
this configuration is advantageous in that the ECR magnetic field plays also the role of the
magnetic filter, allowing mainly low-energy electrons and excited neutrals to diffuse into the bulk

of the plasma, i.e. downstream of the ECR zones.

The properties of Hy and D, plasmas produced in this reactor are studied by means of
electrostatic (Langmuir) probe and laser-induced photodetachment. As for the latter, both the
single-beam and the dual-beam variations of this technique have been applied. The details of the

installation and application of these diagnostics are described in the following.

2.1.1 Electrostatic (Langmuir) probe diagnostic

An electrostatic probe, commonly referred to as a Langmuir probe (named after Irving Langmuir
who alongside Harold Mott-Smith in the 1920’s were the first to demonstrate the how it was
possible to use the probe in order to extract the plasma parameters), in its simplest form consists
of a bare metal wire inserted into a plasma. In principle, the probe is biased to different potentials
with respect to a reference electrode to collect electron and/or positive ion currents [137]. The
resulting current-voltage trace is known as the I-V characteristic. The subsequent analysis of this
curve can unveil information on the characteristic potentials (the floating and plasma potentials),
the plasma density, the electron temperature and even the electron energy distribution function

(EEDF). However, the ion temperature on the other hand is inaccessible [138].

The lab-made probe used at the “Prometheus I” setup is depicted in Fig. 2.3. It consists of a
0.25 mm in diameter tungsten wire shaped into an L-bent configuration for alignment with a laser
beam for the application of the photodetachment diagnostics described in sections 2.1.2 and 2.1.3.
The tip, which is exposed to the plasma has a length of 15 mm (the bent part being 11 mm),
whilst the rest of the wire is housed in a telescopic configuration of dielectrics (alumina tube inside
a wider quartz tube) which insulate and protect it from the plasma. The quartz tube is supported

inside a stainless—steel tube that ends in a standard Bayonet Neill-Concelman (BNC) vacuum
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feedthrough. A conflat flange-to-quick connect coupling adapter makes a vacuum joint with the

steel tube and at the same time allows for the linear translation of the probe.

For the entirety of the measurements carried out carried out in the framework of this thesis
(see Chapter 3), the probe is positioned 65 mm downstream of the middle plane of the permanent

magnet of the central ECR module shown in Fig. 2.1. The magnetic field of an ECR module has
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Figure 2.3. Construction of the Langmuir probe used at the “Prometheus I” reactor. The dimensions of

the L-bent tip are specified on the magnified inset.

a vertical downward direction (Fig. 2.2(b)) and a magnitude of 51 Gauss, while the probe tip
orientation is horizontal, i.e. perpendicular to the magnetic field. With the lowest electron
temperature observed, around 0.5 eV, the corresponding Larmor radius is about 0.34 mm. Thus,
even in the worst case, the probe radius (0.125 mm), is sufficiently smaller than the electron
Larmor radius, validating the use of conventional non-magnetized probe theory for the processing
of the current-voltage curves [139], [140]. The acquisition of the I-V characteristics is accomplished
with a standalone, custom-built system [141]|. Each measurement procedure includes 10 s of probe
cleaning by electron-induced incandescence followed by another 10 s of cooling-down. The
acquisition is realized point by point in steps of 97.6563 mV. For each point, 212 current-voltage
samples are averaged in order to reduce the plasma-induced noise. Several important details on
the curve analysis procedure are given alongside the presentation of the experimental results in

Chapter 3.

2.1.2 Single-beam laser-induced photodetachment technique

Laser-induced photodetachment employing a single laser beam, in combination with the use of a
Langmuir probe, is a well-established technique which allows for local measurements of the
absolute negative H™ (D7) ion density. A schematic of the assembly of the diagnostic at the

“Prometheus I” reactor is depicted in Fig. 2.4.

The Nd:YAG laser (Quantel, Brilliant EaZy) employed has the following specifications:
1064 nm (1.2 eV) photon wavelength (energy), 3 mm output beam radius, 330 mJ maximum
energy per pulse, 5 ns pulse width, and 10 Hz repetition rate. The beam energy is precisely adjusted
either by varying the internal delay between the laser flashlamp and Q-switch or with the in-line
installation of a half-wave plate and a polarizing beamsplitter. The latter concept is based on

Malus’ law, according to which the attenuation of the energy of a linearly polarized laser beam is
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Figure 2.4. “Prometheus I” source and the single-laser photodetachment diagnostic. (a) Half-wave plate
on precision rotation mount; (b) thin-film polarizing beamsplitter; (c¢) laser beam dump; (d) mirrors; (e) @

5 mm diaphragm; (f) removable pyroelectric laser energy sensor.

a function of the angle between the beam’s initial direction of polarization and the axis of the
polarizer. Fig. 2.5(a) shows the corresponding calculated and measured attenuation curves.
The beam energy is measured by a pyroelectric energy meter, equipped with a diffuser for

concentrated beams.
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Figure 2.5. (a) Normalized attenuation curves of the laser beam energy density (ED). Line: Malus’ law;
Open circles: measurements in front of a viewport; Solid circles: measurements behind a viewport. (b)

Typical photodetachment signal. Operating conditions: Hz2, 1.33 Pa, 900 W.



Chapter 2. Experimental apparatus and methods

Special attention is paid to the proper application of the technique as stated in [142].
Accordingly: (i) the beam is concentrically aligned with the L-bent part of the tip of the probe
and its radius, set to 2.5 mm, is larger than the probe collection radius (typically 0.1 mm for the
conditions that are studied herein), (ii) the beam energy density, i.e. 70 mJ cm ? inside the reactor
chamber after taking account approximately a 7% attenuation due to the glass viewport, suffices
to detach the electrons from all negative ions present within the irradiated volume, and (iii) the
probe bias, i.e. 15 V, is adequate to collect all the photodetached electrons around it. The transient
current induced by the photodetached electrons, whose typical form is shown in Fig. 2.5(b), is
recorded by a wideband current transformer (400 Hz — 250 MHz) on a digital oscilloscope (1 GHz;
5 GSamples s1). It is noted that, several numerical studies have been devoted to the elucidation
of the kinetic phenomena that occur and are responsible for the for the characteristic temporal

evolution, including the observed undershoot [143]|-[145].

With regard to the laser beam energy density and the abovementioned chosen values, these
are justified by dedicated measurements as shown in Figs. 2.6(a) and (b). The theoretical
relation of the fraction of detached electrons with respect to the beam energy density [142]:

An_ . ( o) E) (2.1)
n_o P\ ivs .

where, hv is the photon energy, o is the photodetachment cross section equal to 4x10'" em?, and
E/S is the laser pulse energy per unit area, is experimentally reproduced under typical operating
conditions in Fig. 2.5(a). The saturation of this fraction is predicted and also measured for energy

densities as low as around 25 mJ cm 2. When choosing to work at an energy density level for
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Figure 2.6. (a) Ratio of the photodetached negative ion density (Ang-) to the steady-state negative ion
density (ng-)y, as a function of the laser beam ED. Line: theory (eq. 1); Open circles: experimental points
at 2.0 Pa of Hy, and 0.9 kW. (b) Ratio of the photodetachment (PD) signal peak (due to the instantaneously
photodetached electrons) (Ai,) to the steady-state electron current (I.)y, as a function of the probe biasing

level. Open circles: 1.60 Pa of D2 and 0.9 kW; Solid circles: 1.60 Pa of Hs and 0.9 kW.
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which the saturation of the ratio of Eq. 2.1 is ensured, the amplitude of the photodetachment

signal, Aie, as drawn on Fig. 2.4(b) is proportional to the negative ion density:

Ai,  n_
AN (2.2)

In Eq. 2.2, Ai. is the amplitude of the photodetachment signal, (Ic)o is the electronic current

collected by the probe when biased at the potential applied for photodetachment, and ne is the
electron density derived from Langmuir probe measurements. Finally, Fig. 2.6(b), shows the
ratio between the peak of the photodetached electron transient impulse and the steady state
electronic current with increasing probe bias. It can be seen that a 15 V bias leads to a quasi-
saturation of this ratio, without inducing the probe incandescence, justifying thus the use of this

value throughout the measurements that will be presented in Chapter 3.

2.1.3 Two-beam laser-induced photodetachment technique

Laser-induced photodetachment with the use of an additional (second) beam, allows for the full
exploitation of the technique described previously in section 2.1.2. The dynamic properties of
negative ions, i.e. their thermal velocities, may then be accessed. This parameter is significant in
that it determines beam transport properties and emittance, while it may be much appreciated in
studies concerned with the creation of numerical models for negative ions sources since it is usually
estimated. On the other hand, it is a necessary parameter for the correct analysis of Langmuir
probe curves obtained in electronegative plasmas, i.e. plasmas with a high negative ion to electron

ratio [146], [147].

The fundamental physical concepts of this method, when a Langmuir probe is used for
electron detection, implies: (i) the creation of a controlled perturbation in the negative ion density,
followed by (ii) the measurement of the recovery of the negative ion density ny- towards its
initial value ny- o, and (iii) fitting the measured results to a physical model describing the density
recovery process, in which the ion thermal drift velocity plays a central role. In practice, a first
laser shot detaches all of the negative ions in the illuminated volume, and a reference
photodetachment signal is acquired. A second laser shot, arriving with a delay At, subsequently
detaches all of the negative ions that have managed to flow into the same illuminated volume,
during At. Thus, a second photodetachment signal is generated, superposed to the reference one
and lagging that by At. By increasing the delayAt, the amplitude of the second signal approaches
that of the reference signal, progressively, proving thus information of the negative ion recovery
at different points in time. Namely, with the subtraction of the reference signal from the mixed
one, the second signal is isolated, and its peak is measured. The ratio between the isolated and
reference amplitudes equals n_;/n_ o, where n_  is conventionally estimated by the peak of the

reference photodetachment signal. Thus, n_ is determined.
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The realization of this diagnostic is illustrated in Fig. 2.7. The beams of two independent
Nd:YAG lasers (Quantel, Brilliant EaZy) are coaxially aligned by means of appropriate optical
components. Additionally, the beams’ energies are carefully matched at a sufficient level, ensuring
that the beams’ energy densities lie in the saturated part of the negative ion density saturation
curve. This is accomplished in a first step, by a coarse adjustment of the internal delay between
the laser Flashlamp and the Q-Switch, and then more precisely with a fine tuning of the half-wave
plates situated in-line with each beam. The synchronization of the two laser units with a 4-ns
resolution of is achieved by four independent external trigger pulses with specific characteristics
(5V TTL signal, 10 Hz, with a pulse width of 50 ps, and rising and falling times of 0.55 ys and
0.65 us, respectively), sent to the laser Flashlamp and Q-Switch trigger inputs. These pulses are
generated by a multichannel pulse/delay generator, coupled with a custom-made opto-isolating

and amplifying unit [148].
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Figure 2.7. Two-laser diagnostic installed at the “Prometheus I” source. (a) Half-wave plates on precision
rotation mounts; (b) thin-film polarizing beamsplitters; (c) laser beam dumps; (d) mirrors; (e) laser beam
expander (x8 magnification), having a @ 2.5 mm and a @ 5 mm diaphragm in the front and rear side,

respectively; (f) removable pyroelectric laser beam energy sensor.
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The two laser units are operated in the “Flashlamp External and Q-Switch external” mode,
available by the manufacturer. First, the laser Flashlamps are triggered, with a delay between
them equal to the difference in the values of the internal delays (FLQS Delay #1 and
FLQS Delay #2 in Fig.2.8 for the first and second laser beam, respectively),
i.e. Atepergy = |[(FLQS Delay #1) - (FLQS Delay #2)|. Restricted by the ability of the laser
unit’s microprocessor to treat these external signals, the Flashlamps are in fact turned on after an
inherent interval of 500 ps. They remain on for another 700 us (this is followed by the unit’s
“Flashlamp OUT” output). It is within this time that the “Q-Switch IN” inputs are subsequently
triggered; after FLQS Delay #1 and FLQS Delay #2 for the two lasers, respectively. Finally, the
desired delay At between the two laser pulses (LASER OUT #1 and LASER OUT #2) is achieved
with the addition of this delay to the pulse of the second laser. The change in the energy of the
beam imposed by the addition of the extra delay At does not occur since the signal denoted as

Flashlamp trigger IN #2 is equally shifted by At. A fast photodetector is used for the monitoring
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Figure 2.8. Timing diagram showing the synchronization scheme of the two laser units for the application

of the two-laser photodetachment diagnostic.
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of the temporal behavior of the laser pulses and its signal is that which triggers the probe
acquisition. As in the case of the single-beam experiment, a wideband current transformer
(400 Hz — 250 MHz) detects the impulses generated by the photodetached electrons, which are in
turn recorded on a wideband digital oscilloscope (1 GHz; 5 GSamples s ). All of the signals are
averaged in-situ (> 200 signals averaged) in order to increase the signal-to-noise-ratio, and no

further signal processing (smoothing/filtering) is applied during or after the acquisition [148].

Besides the requirements that must be met for proper application of the photodetachment
diagnostic that were mentioned in the previous section, it is here underlined that the relative
position of the L-shaped probe tip (vertical; horizontal; rotation) with respect to the laser beam
axis is a very sensitive parameter that may lead to highly distorted photodetachment signals and,
consequently, erroneous data. Figs. 2.9(a)-(c) depict this issue in an indicative case. In a similar
manner, even if the probe is “perfectly” aligned with the laser beam axis, different beam profiles
(in terms of shape or energy distribution) result in different signals. Therefore, a beam expander
and two diaphragms (Fig. 2.7) are employed in order to provide an almost homogeneous flux of
1064 nm photons, along a 5 mm in diameter cross section path. It was observed that the amplitude
of the first distinct peak of the photodetachment signal is immune to any reasonable misalignment
or asymmetry. Nevertheless, these imperfections become crucial when ion dynamic effects are
studied, since the tip must “see” two identical irradiative scenarios. Fig. 2.9(d) shows the
matching photodetachment signals obtained from the two lasers, when respecting the
abovementioned precautions. The signals from both lasers are periodically checked during the

experiments [148|.
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Figure 2.9. (a) Reference photodetachment signal, when the probe tip and the laser beam are optimally
aligned. Distorted signals due to vertical, lower displacement of the laser beam for about (b) 0.5 mm and
(¢) 1.1 mm, with respect to (a); horizontal and rotational alignments remains as in (a). (d) Matching signals
induced by two different laser beams, following the precautions mentioned in text; the red and black curves

are superposed. Operating conditions: Ha, 1.33 Pa, 900 W.
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Figure 2.10. Typical two-laser photodetachment signals. (al) Single-laser photodetachment signal. (a2)
Two-laser photodetachment signal, with A¢ = 400 ns. (a3) Subtraction signal, i.e. (a2 — al). (bl) to (b3)
similarly, for At = 4 ps. The inset circles define the amplitudes taken into account for the calculation of the

ng-/ng- ratio. Operating conditions: 1.33 Pa, 900 W.

Typical examples of the mixed impulse induced by the photodetached electrons when both
lasers are fired, for two indicative values of A¢, namely 400 ns and 4 ys, are shown in
Figs. 2.10(a2) and (b2) respectively. In the same figure, signals (al) and (bl) refer to those
obtained when only one laser is shot. It is seen that for At below the time required for the full
evolution of the photodetachment signal two distinct ones are indiscernible, hence the use of the
term mixed signal, contrary to when At attains a higher value. The subtraction signals (a3) and
(b3), carry the information for the photodetachment impulse created by the arrival of the second
laser pulse after At. As predicted by the theoretical concept explained above, the faint amplitude
of the photodetachment signal acquired at 400 ns is evidence of the fact that only a small fraction
of negative ions have returned within the initially irradiated volume, whereas at 4 us, the initial
negative ion density is nearly reached. This method is applied for different operating conditions

of the reactor and the corresponding results are presented in Chapter 3.

2.1.4 Reactor conditioning considerations

Both H2 and D» plasmas are regularly produced in the “Prometheus I” reactor. Interchanging the
two working gases, however, requires special consideration and actions. Preliminary experimental
attempts quickly revealed the inability to reproduce the same plasma parameters when the
working gas was changed and subsequently restored to the formerly used one. This was attributed
to gas retention in the stainless steel walls of the vessel. Thus, wall recovery, ensuring the stability
and reproducibility of the measured plasma parameters, was deemed imperative. Gas retention as
a phenomenon is well-known among the fusion community [149]-[154]. Hydrogen isotope retention

is studied in particular on the basis of the evaluation of the readiness of key materials that are
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currently, or are foreseen to be utilized as plasma-facing components (PFCs) in fusion devices. In
particular, strict control of fuel retention in PFCs is one of the critical issues to ensure safe

operation with Tritium [153].

In the said reactor, since the only available and reliable means to determine wall recovery is
through monitoring the plasma parameters via systematic consecutive Langmuir probe
measurements, an appropriate protocol was established as a result of a series of various trials.
Ultimately, the derived protocol consists in a bake-out of the reactor at 150 °C under base-pressure
conditions (5.33x10° Pa), for at least 30 h. This procedure was respected upon each switch of the
working gas, during the execution of the different experimental series discussed in detail later on

in Chapter 3.

2.2 The “SCHEME-II+"” reactor

The “SCHEME-II+" (Source of exCited HydrogEn MolEcules) reactor, installed at the Laboratory
of Subatomic Physics and Cosmology (LPSC) at Grenoble in France, is illustrated in Fig. 2.11
with details of its main structural properties. Actual photos of the reactor are presented in
Fig. 2.12.
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Figure 2.11. Schematic representation of the “SCHEME-II+” reactor, with details of its main structural
properties. The quartz viewports placed on either side of the reactor are tilted at the Brewster angle sc

that when laser-based diagnostics are applied proper transmission of the radiation is ensured.

The reactor consists of a cylinder made of Quartz (aluminosilicate glass — Schott™ 8250),
having an inner diameter of 124 mm and a length of 220 mm. Its thickness is 3 mm. Two Quartz
disks are also placed on both ends of the reactor chamber, as well as another tube on the body of
the ECR module. This Quartz cylinder is further enclosed in two other larger cylindrical
structures; first, a cylinder made of copper while the outermost one, which is the external wall of
the reactor, is made of stainless steel. These have inner diameters and thicknesses of 132 mm and
5 mm, and 153 mm and 2 mm, respectively. The copper cylinder is additionally actively cooled

by a closed-loop water system at a temperature of 283 K. The reactor is evacuated by means of a
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Figure 2.12. Photos of the “SCHEME-II+" reactor (a) with the front flange holding the dipolar ECR

module in position, and (b) without the front flange so that the interior structure is visible.

two-stage pumping system comprising three turbomolecular pumps backed up by two rotary oil
pumps (in the case of the experiments that are described in section 2.2.1 these are replaced by
two dry rotary pumps). The main turbomolecular pump, with a maximum pumping capacity of
600 1/s, is directly fitted on the rear side of the reactor, whereas the other two, having a pumping
capacity of 300 1/s, are placed on two smaller cubic chambers on either side of the reactor (see
Fig. 2.11). It is worth noting that the main turbomolecular pump is operated at just nearly one
third of its nominal speed (287 RPS) resulting in a pumping capacity of approximately 250 1/s in
order to maintain a suitable pressure and to reduce the consumption of gas [68]. The differential
pumping unit is completed by a set of capillaries positioned inside the feedthrough connecting the
cubic chambers with the main body of the reactor, and intersecting the copper and inox cylinders.
The capillaries, shown in the inset of Fig. 2.11, possess holes of a rectangular cross section
(3 mm x5 mm) bored in stainless steel cylinders 10 mm in diameter and 12 mm in length. The
design, i.e. the choice of the dimensions, of the capillaries was refined with the aid of the COMSOL
Multiphysics® software. In particular the Molecular Flow Toolbox is employed, which is generally
used for simulating the gas flow in different vacuum structures the physical description of which
is dependent upon on the characteristic dimensions of the modeled structure. The key intention
in this case is to limit to the greatest extent possible the gas flowing outside of the capillaries and
into the differential pumping unit. The entire reactor geometry is reconstructed in the software
platform and all of the parameters for the gas intake and pumping are set according to the actual
experimental values. For the given system dimensions the Molecular Flow Toolbox conducts
calculations based on the free molecular flow regime, in which it is assumed that the gas molecules
interact with the surfaces more frequently than they do with each other, and consequently the gas

flow is determined by the collisions with the surfaces of the system. Thus, in the present case, the
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Figure 2.13. Illustration of the different flange configurations available for fitting on the front side of the
“SCHEME-II+” reactor, on which a single ECR module is mounted. The first illustration from the left
shows the standard case where the axis of the module coincides with the reactor axis. The remaining two
depict the case for which the module is mounted “Off-axis”. In the latter cases, vertical displacement of the
ECR module within the volume of the reactor is achieved with the rotation of the entire flange and

necessitates venting the reactor.

model calculates the particle density along a specially-drawn virtual elementary surface
representing the line of sight of interest, i.e. the line of sight extending across the reactor, from
one side of the differential pumping unit to the other. More details on these activities are given in

Appendix A.

Two Pirani gauges and a Baratron® capacitance manometer provide the means to monitor
the pressure in the differential pumping chambers and the main reactor structure, respectively.
Accordingly, base pressure values of 9x10% Pa and 1.5x10* Pa are routinely achieved. Pure
D2 (99.9%) gas is introduced into the reactor by means of a mass flow controller. D2 plasmas are
sustained by a single dipolar ECR module (identical to those employed at the “Prometheus I”
reactor presented in the previous section) driven by a solid-state microwave generator (2.45 GHz)
capable of supplying up to 200 W of power. The ECR module is mounted on the stainless steel
vacuum flange closing the reactor from the front side via a feedthrough establishing a good vacuum
joint. The feedthrough allows for the horizontal displacement of the module (forward and
backward motion) while the reactor is maintained under high vacuum. Moreover, except for the
standard case where the axis of the ECR module coincides with that of the reactor, a specially
designed vacuum flange has been used to mount the module “Off-axis” at a distance of 25 mm
from the center. In the latter case, the rotation of the flange causes the displacement of the ECR
module along the reactor radius, albeit not on the same vertical axis. Fig. 2.13 illustrates this
point. The viewport on the “Off-axis” vacuum flange allows for the observation of the same region
within the ECR zone regardless of the positioning of the flange. Additionally, several other

viewports available around the reactor allow for the installation of different diagnostics
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(e.g. Langmuir probes, Optical Emission Spectroscopy etc.), as well as the observation of the

plasma and of the good operation of the ECR module.

The “SCHEME-II+" reactor has been especially designed to interrogate plasma-surface
interactions, with focus on the assessment of different materials with respect to the creation of
ro-vibrationally excited molecules, since the latter are integral particles in the volume production
scheme of negative ions. In addition to Quartz, which serves as the reference surface, the materials
whose influence is evaluated are tungsten (W) and tantalum (Ta). This means that the plasma
faces a material either of low (y — 0.004 at 290 K for Quartz) [100], [101] or high recombination
probability (y up to 0.5 at 240-300 K for metallic surfaces) [100], [155]. The studied materials
come in the form of commercially available metallic sheets (0.1 mm thick), which are set flat on

the Quartz surface to achieve a full (100%) coverage of the reactor interior.

The details of the diagnostics that have been applied at the “SCHEME-II+” reactor in the

framework of this thesis are presented in the following sections.

2.2.1 Vacuum Ultraviolet (VUV) Fourier Transform absorption

spectroscopy with synchrotron radiation

The key role of the ro-vibrationally excited H2/D2 molecules on the creation processes of the
corresponding negative ions was explained in detail in section 1.5 of the introductory chapter.
Thus, probing these species is imperative. In fact, two main approaches can be considered. On the
one hand, there are methods which can indirectly provide information on the formation of the
ro-vibrationally excited molecules. Principally, this implies probing by-products of reactions in
which these molecules are involved. The laser-induced photodetachment technique is the best
example, since knowledge on the behavior of the negative ion population can be traced back to
their origin, i.e. the molecular species. On the other hand, there are several techniques that can

access, directly, the ro-vibrationally excited molecule population.

A concise review of works devoted to this subject is given in [68]. Epigrammatically, multi-
photon ionization (MPI), resonantly-enhanced MPI (REMPI), Vacuum ultraviolet (VUV) laser
absorption spectroscopy, Coherent Anti-Stokes Raman (CARS) spectroscopy, laser-induced
fluorescence (LIF) with VUV laser beams generated via stimulated anti-Stokes Raman scattering
(SARS) in a cold high-pressure hydrogen Raman cell, and photon-induced fluorescence
spectroscopy (PIFS) using synchrotron radiation are diagnostics that can be used to access this

information.

Béchu et al., first in 2016 [67], demonstrated the possibility to use synchrotron radiation to
perform VUV absorption spectroscopy and access the rotationally and vibrationally excited levels
of the ground state hydrogen molecule. The experiments were carried out at the state-of-the-art

DESIRS (Dichroisme et Spectroscopie par Interaction avec le Rayonnement Synchrotron)
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undulator-based beamline at the SOLEIL synchrotron facility (St. Aubin, France) [156], [157].
Despite the success of this first experimental attempt, the number of observable bands was limited
to five transitions Ha {Blzj(v':O)} < Ha {XlEg(V" =2 to 6)} and in the best case restricted
from J'= 0 to 4 or to 5 [68]. In subsequent experimental campaigns (held in 2018 and in 2020)
during which the “SCHEME-II+" reactor is used, the exploitation of the wave-front division-based
interferometer Fourier-Transform Spectrometer (FTS), a permanent end-station at the DESIRS
beamline, significantly broadened the capabilities. The installation of the reactor downstream the

beamline is shown in Fig. 2.14.

The photon source is a 10 m long pure electromagnetic variable polarization undulator
providing, at the sample location, fully calibrated quasi-perfect horizontal, vertical and circular
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Figure 2.14. Top: Schematic of the installation of the “SCHEME-II+" reactor along the DESIRS beamline
at the SOLEIL synchrotron facility. The dotted frame distinguishes the components of the beamline from
those belonging to the experimental setup. Bottom: Photo of the actual setup corresponding to the part
from the FTS to the turbomolecular pump of the beamline on the right side of the reactor as illustrated on
the schematic; (a) the FTS, (b) the turbomolecular pump of the line, and (c) the box marks the boundaries
of the “SCHEME-II+” reactor setup.
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polarizations [156]-[158]. The optical design includes a beam waist allowing the implementation
of a rare gas (Xenon or Krypton) filter to suppress the higher harmonics emitted by the undulator
[156], [157], [159]. Finally, the radiation delivered is of a quasi-Gaussian shape with a Full Width
Half Maximum (FWHM) of around 7% around its central frequency. The central frequency of the
radiation is altered by imposing different values of the current flowing through the undulator.
This harmonic-free radiation is then steered towards the FTS for absorption experiments [156].
The FTS is a unique instrument, which offers an unprecedented resolving power (R = A/8)) in
the 10° range, covers a broad range of wavelengths from 250 nm to 40 nm, has an extrinsic
absolute wavelength accuracy of 1x10 7 nm and a high signal-to-noise ratio [160]. Typically, a
FTS instrument is based on a Michelson interferometer in which one mirror is moved to vary the
optical path difference (OPD) between the interfering beams. One records the interferometric
signal versus the OPD to get the interferogram. The spectrum is then recovered from the
interferogram by an inverse F'T operation. The construction of the FTS instrument [160], [161] of
the DESIRS beamline is based exclusively on reflective optical surfaces giving access to the
UV-VUYV spectral range offered by the beamline, provided however that no additional window is
inserted along its path [68]. The exploitation of this range at the “SCHEME-II+" reactor implies
its coupling to the beamline in a window-less mode, whilst special measures are taken to prevent
any perturbation of the ultra-high vacuum of the FTS and the beamline. Firstly, the
“SCHEME-II+” reactor implements a differential pumping system, described before, with a set of
turbomolecular pumps (300 1/s) and capillaries placed on either side of the reactor. Already, with
this first differential pumping stage the pressure is reduced to 1.6x103 Pa when, at the interior,
the reactor is at a pressure of 1.6 Pa. A second differential pumping stage, comprising a set of
turbomolecular pumps (300 1/s) and rectangular tubes shaping the incident beam (8x5 mm?,
150 mm long), are placed on the synchrotron beam exit and on the FTS entrance sides,
respectively. Thus, the differential pumping system is completed allowing for a final pressure of
around 6x10% Pa. For added safety, vacuum gate valves are used to isolate both the two

differential pumping stages from the rest of the beamline, and the two stages themselves.

In the frame of this work, the molecular absorption transitions which are examined are limited
to those from the ground XIZQ state to the singlet BlZlT state (see Fig. 1.4), known as the
Lyman band. Hereafter, BXv'-v" will be used throughout the text for simplicity, denoting the
transitions from the ground Xlﬁlg state, at the v' vibrational level to the singlet BIEIT state and

at the v' vibrational level. Although, also transitions to the singlet Clﬂg state are present and
observable in the probed UV-VUV range, they are not examined since those spectra are more
dense and blending effects are common [68]. However, besides the BX transitions, up to seven
absorption lines corresponding to the atomic Lyman series can be discerned and evaluated to infer

the absolute population of the atoms lying in the ground state, i.e. in the D(n=1) level.
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Figure 2.15. Raw absorption spectra obtained from VUV-FTS for thirteen undulator settings, covering
the 66000-122000 cm™ energy range. The experimental conditions to which they correspond are: Dy gas,
1.6 Pa, 150 W with a 100% Quartz surface facing the plasma. Above the spectra, vertical lines note the

positions of the BX0-v', BXv'-6, and the seven first atomic Lyman transitions.

An example of the synthesis of thirteen raw absorption spectra, corresponding to thirteen
different undulator settings, is shown in Fig. 2.15. In the raw spectra, the absorption lines appear
as sharp decreases in the Gaussian-like illumination intensity. On the same figure, vertical lines
indicate, as an example, the wavenumbers of the transitions BX0-v" and BXv'-6, and those of the
first seven atomic Lyman lines, among the multitude of the existing absorption lines. Typically
the recording of a spectrum has a duration of 10-15 min, depending however on the parameters
used in the software for the acquisition of the spectra such as the sampling rate and the scanning
speed (i.e. the speed of the movement of the reflective surface, typically around 0.15 mm s!). The
recording of the thirteen spectra, covering the entire energy range of interest may take up to
3 hours. Processing of the acquired spectra towards the determination of the distribution of the
molecule population over the vibrational levels of the ground electronic state requires a meticulous

analysis procedure, which will be further discussed in Chapter 4.

In the course of that analysis, it will be seen that it is useful to have knowledge on the gas
temperature. While there are several different diagnostic techniques with which it can be inferred,
in the present thesis Tunable Diode Laser Absorption Spectroscopy (TDLAS) was employed to
have an estimation. Since there is no such laser that can generate radiation in the VUV region so
as to directly probe the atomic ground state, the method is applied to the n = 2 level, i.e. to the

Balmer-a transition D (n = 3) « D (n = 2) at a wavelength of 656.1 nm, and the gas temperature
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is deduced from the Doppler broadening of this line. The reasons behind the justification of the
fact that the velocity of the atom population in the n = 2 level is linked to that of the ground
state D atoms is based on the identification of the main mechanism leading to the atom formation,
and on whether their lifetime is sufficiently long for them to come to thermal equilibrium with the

rest of the gas.

Fig. 2.16 illustrates the installation of the TDLAS diagnostic at the “SCHEME-II+" reactor.
Laser radiation is emitted by a tunable diode laser (Toptica; DL 100) at a wavelength that can
be finely regulated by the control of the diode’s current and/or temperature. The laser head is
cooled by a closed-loop water circuit at a temperature of approximately 290 K. A free space
isolator firstly intercepts the laser beam in order to prevent any back-reflection of the beam into
the laser. Subsequently two non-polarizing beamsplitters are placed in the laser path. The first
branch is steered into a Fabry-Perot interferometer (630 nm — 824 nm; FSR (Free Spectral Range)
equal to 1.5 GHz). The second branch is directed towards a light detector (photodiode) and acts
like a reference branch, while the rest of the main beam is routed by means of a high-energy
reflective mirror into the reactor, through the left differential pumping unit, the capillaries and
the right differential pumping unit. As the beams exits, a second high-energy reflective mirror is
placed nearly perpendicularly to the beam so as to reflect it back through same optical path. In
practice, there is a slight angle between the incident and returning beams (exaggerated in

Fig. 2.16 for clarity) so that its path does not meet the mirror placed on the entrance side, but
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Figure 2.16. Illustration of the installation of the TDLAS diagnostic at the “SCHEME-II+” reactor. The
optical components used are: a) free space isolator, (b) cage mount non-polarized cube beamsplitter,
(c) plano-convex lens, (d) Fabry-Perot interferometer, (e) Light detector, (f) intensity filter, and (g) high-
energy mirror. It is noted that the angle between the incident and returning beam, traversing the reactor
through the viewports which are tilted at the Brewster angle, is exaggerated here for clarity. On the right
side of the figure, a cross section of the reactor structure reveals the particular configuration under which

measurements were carried out.
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instead passes it and reaches a second light detector which records the absorption signal. It is

opted to traverse the reactor twice because this can increase the sensitivity of the method.

An example of the signals recorded from the Fabry-Perot interferometer and the last light
detector tracing the laser beam intensity on the oscilloscope is given in Fig. 2.17(a). For the
signals coming from the light detector two cases are distinguished in the same figure, one without
and one with the presence of a plasma. In the first case, i.e. in the absence of a plasma the light
intensity follows the characteristic ramp shape imposed by the same the diode current as the
wavelength is scanned in the desired narrow range. When a plasma is present, a drop in the
recorded laser beam intensity is evident, which corresponds to the absorption profile of the light

by the probed atomic transition.

Figs. 2.17(b)-(d) subsequently show the procedure that is used to determine the gas
temperature, symbolized as T, hereafter. Firstly, a single side of the ramp-like absorption signal
is isolated. At the same time, the ordinate is converted into units of frequency based on the
knowledge of the FSR of the Fabry-Perot interferometer which gives the optical frequency between
two succesive peaks in the signal displayed in Fig. 2.17(a). An example of an isolated absoprtion
line is given in Fig. 2.17(b). The next step consists in fitting a linear baseline to this part of the
signal (dashed line on the same subfigure), and then subtracting it. Fig. 2.17(c) displays the
final step, in which a Gaussian profile is fit to the absoprtion line and the FWHM is calculated.
It is noted that at this point the signal amplitude has been normalized to unity, and the data is
centered around the frequency of the peak. Once determined, Ty is deduced through the relation

linking the two parameters [135]:

A T
2V 716x107 | =2 (2.3)
V() m

where Av is equal to the FWHM, v, is the frequency of the Balmer-oa transition for deuterium

(456.793 GHz), and m is the molar mass of the particle (2 for deuterium). The described procedure

0.010 0.004

T T T T T T T T T T T g 10F N 1
0.008 - Fabry-Perot signal (a) ] % (b) T_‘: 08l —o— Signal
%, | c
0.006 [ ] o003} 2 06}
= B 04f
_ 0004y 15 0002} 1 80
< 0002 = € 00
2 0.000 S 0001} Z 5 -
% é 0,050 6 4 2 0 2 4 6
= -0.002 | £ = /\ (d)
-0.004 |- £ 0.000 ~ 4 g;/ 0.025 »J "“ 4
-0.006 |- g 0.000 'J ]
. Photodiode signal, Plasma OFF 0001 —o— Signal ) -g 0.025 . ’.
-0.008 —— Photodiode signalz Plasma ON ] - - - Fitted baseline e
-0.010 1 1 . . . -0.002 1 . L L L 1 -0.050
-0.1 0.0 0.1 0.2 0.3 22 24 26 28 30 32 34 36 6 4 -2 0 2 4 6
Time (ms) Frequency (GHz) Frequency (GHz)

Figure 2.17. (a) Indicative signals obtained with the TDLAS installation. Among them the absorption
signal recorded by the photodiode is distinguished. (b)-(d) illustration of the steps in the procedure for the

extraction of the gas temperature, described in detail in text.
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can be then repeated for the number of ramps observable in the time-window in order to

additionally derive an error.

2.2.2 Pulsed plasma regime

Section 1.7 introduced the concept of plasmas sustained in the pulsed mode of operation, and
evidenced that investigation of the parameters of a discharge in a time-resolved manner can unveil
invaluable information related to the evolution of the plasma chemistry and the kinetics that
govern different species. At the “SCHEME-II+"” reactor, the feasibility to scrutinize D2 plasmas in
such an operational regime is demonstrated. Primarily, special attention was paid to achieve the
synchronization of the discharge pulses with the diagnostic techniques that would be used. In the
present study, this entails the synchronization to the plasma pulses of the Langmuir probe and
the laser-induced photodetachment diagnostics. The installation of these two is described in the

following paragraph prior to the presenting the synchronization scheme.

Fig. 2.18 presents a schematic representation of the installation of the two aforementioned
diagnostics at the “SCHEME-II+” reactor. The Langmuir probe is inserted into the reactor
through a standard feedthrough, 16 mm in diameter, positioned on the top and 42 mm from the
back of the reactor. Additionally, it is fitted onto a vertical translator, allowing for its radial
displacement. Since, on top of that, the ECR module can also be moved along the axis and off-
axis to different positions, several different configurations of the reactor can be achieved. In the
frame of this work, one particular configuration has been investigated with respect to these

techniques and is displayed in Fig. 2.19. In the same figure, details are given regarding the
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Figure 2.18. Illustration of the installation of the Langmuir probe and the single-beam laser-induced
photodetachment diagnostics, at the “SCHEME-II+” reactor. It is important to note that the two quartz
viewports through which the laser beam passes are tilted at the Brewster angle.
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construction of the probes that are used. The probes are custom-made in the laboratory, and so
is the system (hardware and software) for the acquisition of the characteristic probe current-
voltage curves. In general, the probes consist of a tantalum wire 0.5 mm in diameter, housed in a
telescopic arrangement of alumina tubes. This structure is further supported inside a stainless
steel tube that ends in a standard BNC vacuum feedthrough. A conflat flange to quick-connect
coupling adapter makes a vacuum joint with the steel tube. In the present configuration the
plasma region being probed is that 75 mm downstream of the middle plane of the magnet of the
dipolar ECR module, i.e. the diffusion zone, where negative ion production is expected to take

place. The dipolar ECR module is aligned with the axis of the reactor itself.

The laser-induced photodetachment technique is based on a Nd:YAG laser (Quantel,
Brilliant) with the following specifications: 1064 nm wavelength, 150 mJ max. energy per pulse,
10 ns pulse duration, and a repetition rate of 50 Hz. The laser beam is directed by means of
high-energy mirrors, and traverses the reactor through the Quartz viewports and the capillaries
situated on either side of the differential pumping chambers. Fine adjustments to the positioning
of the mirror ensure the good alignment of the beam, which due also to the capillaries obtains a
rectangular cross-section. The laser beam energy is monitored with a high energy-density thermal
detector connected to an energy meter, placed on the exit (right) side of the installation. The
beam energy is regulated to the desired level by adjusting the inherent delay between the laser
Flashlamp fire and the Q-Switch output, or by tuning of the built-in energy regulation system
which is integrated on the laser head. Typically, an energy density inside the reactor of around
70 to 75 mJ cm 2 is opted for, which is calculated after taking into account a beam cross-section
of 15 mm? imposed by the capillaries and an attenuation of the laser beam energy of about 7%
due to the presence of the Quartz viewport. In essence, these choices are made based on the same
criteria that have been laid out for the case of the “Prometheus I” reactor, presented in
section 2.1.2. In the absence of the pyroelectric sensor head, a beam dump restricts the further

propagation of the laser beam. It should be noted that the application of the photodetachment

Langmuir probe

entrance port
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Figure 2.19. Schematic representation of the configurations of the “SCHEME-II+4” reactor for which the
Langmuir probe and laser-photodetachment diagnostics have been applied. On the right: there are presented

the construction details of the Langmuir probes that have been used.
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technique necessitates that the tip of the Langmuir probe is of an L-bent topology, so that the
bent —and greater in length— part can be co-axially aligned with the laser beam. The impulse
current imposed by the photodetached electrons, is detected by a wideband current monitor
(Pearson™ Electronics; 300 Hz — 200 MHz), subsequently amplified by an operational amplifier
based circuit (3 ns signal propagation delay; 2 kHz — 80 MHz; 50.7 dB gain), and finally recorded
on a digital oscilloscope (400 MHz, 2.5 GSamples s 1).

Furthermore, afore-presented reactor configurations, the cases for either a 100% Quartz or
100% metallic coverage of the interior are studied. The application of the Langmuir probe
diagnostic and the recording of current-voltage curves especially in the former case requires
caution. The particularity arises from the dielectric nature of Quartz, unlike the case of a fully
metallic interior, which makes no electrical contact with the rest of the vessel walls which are
grounded. Therefore, the standard circuitry requirements for the proper application of Langmuir
probe measurements is not satisfied. This necessitates the insertion of a supplementary electrode,
connected to the ground, which would serve as a reference. Additional requisites include firstly,
this electrode to be placed relatively close but in such a way that it would not come in contact
with the tip of the probe, and secondly, it should not impede the vertical displacement of the
probe within the reactor. The design that was deemed to simultaneously satisfy the above criteria
was that of a coil, as shown in Fig. 2.19. The coil is made out of a tungsten wire 0.5 mm in
diameter and about 350 mm in length. Alternatively, the use of a double-probe would be efficient
to extract the plasma parameters, but would be restricting in that photodetachment measurements
would not be feasible since a double probe cannot be biased above the plasma potential [138],
[163]. A separate series of measurements, available in Appendix B, was carried out to validate the
correctness of the use of this custom-made probe. However, the coil is removed in the case where

the interior of the reactor is covered fully (100%) by a metallic surface.

As far as the appropriate synchronization of the techniques with the plasma pulses is
concerned, the detailed block diagram of the sequence of events is given in Fig. 2.20. The solid-
state microwave generator that is used to drive the single ECR module was manufactured based
on special, custom, requirements tailored to the present application. Namely, it has the ability to
deliver a maximum of 200 W of microwave power (2.45 GHz), both in the continuous-wave mode

of operation or in bursts in the up to the kHz range with very fast response times.

In particular for the generation of microwave pulses, the generator is controlled via an
externally applied pulse of desired frequency and duty cycle. The characteristics of the latter are
determined in a dedicated users interface (LabView) linked to (NI) device for the output of the
final analog command pulse. A generator response time as well as rapid rising and falling times of

the microwave pulses of 5 ys provide seemingly few limitations for the frequency and the duty
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Figure 2.20. Block diagram of the synchronization scheme between the plasma pulses and the applied

diagnostics, i.e. Langmuir probe measurements and laser-induced photodetachment.

cycle that can be chosen for operation. This command pulse is then considered as the “master”
pulse which serves as the reference signal for the synchronization of the rest of the instruments,
which in this case is the Langmuir probe biasing and acquisition system and the laser used for the

photodetachment measurements.

Recording current-voltage curves with the Langmuir probe at different time points within the
plasma pulse is made possible with a special built-in routine in the software of the lab-made curve
acquisition system. More precisely, reception of the aforementioned command pulse at the external
trigger input of the device signals the beginning of the acquisition procedure. The voltage range
as well as the total number of points of a curve are given as initializing parameters in the routine.
Time-resolved measurements are carried out by setting a specific time delay, At, for the beginning
of the acquisition. Essentially this delay denotes the time interval between the reception of the
command (trigger) signal by the probe system and the recording of a current-voltage sample. In

principle, after the arrival of a command pulse the system waits At to then bias the probe and
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sample the current. This is repeated for each point on a single curve, while the entire process can

be iterated for a specific number of curves.

On the other hand, the synchronization of the laser unit with the plasma pulses for the time-
resolved photodetachment measurements is a more intricate task. First of all, the operating
frequency of the laser unit (50 Hz) should be respected at all times. Therefore, the command pulse,
often lying in the kHz range, is inappropriate to directly trigger the laser unit. An intermediate
step is thus necessary. The waveform generator shown in Fig. 2.20 plays this role; it receives the
command pulse and generates a synchronous pulse at the frequency of the laser unit, i.e. 50 Hz.
This second pulse is used to control the laser unit which operates in the mode where the Flashlamp
is triggered externally and the Q-Switch internally. The laser Flashlamp is turned on upon arrival
of the external pulse from the generator but laser radiation is emitted after a given, regulated,
delay FLQS Delay. The latter delay is crucial since it also determines the laser beam energy. Thus,
FLQS Delay is set such that the beam energy density measures around 70 — 75 mJ cm 2. The
analytic timing diagram for the synchronization of the laser unit with the plasma pulses is given
in Fig. 2.21. It is noted that for this diagram various secondary delays (e.g. inherent delays
induced by the waveform generator) are omitted for simplicity. However, it is important to identify

such small delays and compensate for them by monitoring at any given time, simultaneously, the
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duty cycle) 150 ps 350 ps

\]
1
Y

Microwave output

—= =—5 |8 —= —5 s
—= 58 —s 5 s
Flashlamp trigger P Y
pulse - CH2 '
(0-5V,f=50Hz,
30% duty cycle)

i ]

Flashlamp BNC "OUT" ! Atpp 700 ps (Inherent)

Q-Switch BNC "OUT" : FLQS Delay + Atpp

—» i=— 125ns
LASER OUT - CH3 ' "
{Photodiode signal) ﬂ

Figure 2.21. Timing diagram for the synchronization of the laser unit with the plasma pulses, for the

performance of time-resolved photodetachment measurements.
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command pulse given to the microwave generator, the pulse driving the laser Flashlamp and the
signal originating from the photodiode which follows the actual laser pulse. Finally, the addition
of an extra delay Atpq to the pulse driving the Flashlamp will shift the laser pulse to the desired

point in time, allowing for the recording of a photodetachment signal exactly then.

Chapter 5 collects the results of time-resolved investigations of the basic plasma parameters
and the negative ion yield, in the most characteristic configurations and operating conditions of

the “SCHEME-II+” reactor.
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CHAPTER 3

COMPARATIVE INVESTIGATION OF BASIC
PARAMETERS IN H> AND D> PLASMAS

Hs and D> plasmas produced in the “Prometheus I” reactor are investigated by means of the Langmuir
probe and laser-induced photodetachment techniques, and the results are reported in the present
chapter. The properties of the two plasmas have been studied parametrically as a function of the
reactor’s operational parameters, i.e. the gas pressure and the microwave power delivered to the
plasma. Beyond the identification of operational optima, the existing isotope effect is elucidated.
Ultimately, these aspects are evaluated with respect to the main processes governing negative ion

production on the basis of the volume production mechanism.



Chapter 3. Comparative investigation of basic parameters in Hs and D2 plasmas

3.1 Aspects of the analysis of the I-V characteristics

Sections 2.1.1 and 2.1.2 in the previous chapter provided a thorough description of the installation of
both Langmuir probe and laser-induced photodetachment diagnostics, used to scrutinize Hs and D2
plasmas produced in the reactor “Prometheus I”. Nonetheless, it is deemed important to underline here
several additional details regarding the approach which is adopted for the analysis of the I-V

characteristics obtained by means of the Langmuir probe diagnostic.

Examples of typical -V characteristics obtained from Hz and D2 plasmas are depicted in
Figs. 3.1(a) and (b), respectively. A customized software, developed in-house, is used to process
these curves in order to extract the basic plasma parameters, i.e. the characteristic potentials of the
plasma, the plasma density and electron temperatures. In brief, the floating potential, Vy, is defined
as the potential for which the current collected by the probe equals zero, while the plasma potential,
Vy, is determined from the maximum of the first derivative of the I-V curve. It is then necessary to

isolate the current induced by electron collection from the total recorded current. Thus, the ionic
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Figure 3.1. Representative examples of the current-voltage curves obtained in (a) Hz and (b) D2 plasmas,
at 1.07 Pa and 0.75 kW. Accordingly, for the two cases: (al), (bl) Bi-Maxwellian fitting (red line) to the
experimentally determined electron current (black line), versus the absolute value of the difference between
the probe bias and the plasma potential. (a2), (b2) Percentage of the residuals of the fitting process. (a3),
(b3) EEDF (red line) based on the bi-Maxwellian assumption; cold population part (black solid line;
0.81 eV); hot population part (black dashed line; 15.32 eV).

56



Chapter 3. Comparative investigation of basic parameters in Hs and D2 plasmas

current should be subtracted. A popular approach for the estimation of the ionic current is the
extrapolation of a straight line through the region of high retarding potentials up to the plasma
potential. Despite its simplicity, [139] communicates the concern about the ambiguity introduced by
this method and the potential error that is propagated in the calculation of the EEDFs. Perhaps more
accuracy can be achieved by the application of one of the existing theories for ion collection by
cylindrical probes, i.e. either the Orbital-Motion-Limited (OML) theory of Langmuir, the Allen-Boyd-
Reynolds (ABR) theory, or the theory developed by Laframboise. However, [138] states that
refinements to the method of linear extrapolation are usually not necessary since they affect only the
high energy tail of the EEDF. Be that as it may, in this study due to the ease of implementation this
method has been deemed appropriate. Therefore, following the subtraction of the ionic current, the
remaining (electron) current is fitted as the sum of two exponentials, constituting a bi-Maxwellian
EEDF. A low- and a high-energy component is thus discerned, corresponding to a “cold” and “hot”
electron population, respectively. The values of the electron densities and temperatures for the two
populations, i.e. ne(cold), kTe(cold) and ne(mot), kK Temot), accordingly, are extracted from the resulting values
of the fitting parameters of each exponential component. EEDFs from the I-V characteristics are also
constructed by using the Druyvesteyn method. The Druyvesteyn formula states that the EEDF is

proportional to the second derivative of the characteristic curve [139):

4 |mv 4’1,

4 v (3.1)
e’S, | 2¢ qVv?

F(eV) = —

Concerning the former way (i.e. the bi-Maxwellian fitting procedure), an agreement better than 10%
is achieved between the experimentally recorded electron curves and the theoretically considered fitting

functions, as seen in Fig. 3.1(b) and (c).

In the sections of the present chapter that follow, the properties H2 and D2 plasmas produced in
the “Prometheus I’ reactor extracted through Langmuir probe measurements using the analysis
procedure outlined above, as a result of thorough parametric studies as a function of the basic

operational parameters of the reactor will be presented and scrupulously discussed.

3.2 H and D production efficiency as a function of microwave

power

In this section the properties of Ha and D2 plasmas, as a function of the delivered microwave
power for several characteristic values of the working pressure of the “Prometheus I” reactor are
presented. In particular, the plasma properties are extracted for three representative values of the
operating power throughout the available range (0.53 Pa, 1.07 Pa and 1.60 Pa) as the delivered
microwave power is varied from 30 W to 180 W per ECR module (0.15 kW to 0.9 kW in total).
It is noted that during the experiments the temperature of the reactor walls is not controlled in

any way, therefore it is solely influenced by the operational parameters and the measurement
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sequence. Nonetheless, for consistency reasons it is monitored with the use of a thermocouple. In
between measurements, a 20-min interval is allowed for the thermal stabilization of the reactor.
Table 3.1 provides collective information on the experimental conditions for each value of

working pressure and for the minimum and maximum power settings.

Table 3.1. Tabulated information of representative experimental conditions (Hz/D2).

0.15 kW 0.9 kW
Pressure Flow rate (sccm) Wall Temp. (°C) Flow rate (sccm) Wall Temp. (°C)
(Pa / mTorr) (Hy/ Dy) (Hy / Dy) (Hy 1 Dy) (Hy/ Dy)
0.53 / 4 6.9 / 8.6 42 / 44 7.4/92 116.5 / 128.2
1.07 / 8 11.8 / 15.0 41.7 / 43 12.5 / 15.3 119.3 / 120.6
1.60 / 12 16 / 20.1 40.8 / 41.7 16.8 / 20.7 117.4 / 122.2

With regard to the characteristic potentials of the plasma, first it is shown in Fig. 3.2 that
the floating potential does not differ greatly from one gas to the other and for increasing pressure.
In fact, it attains values in the range of 46 V for each of the pressures studied, while with
increasing power there is only a slight increase. On the contrary, Fig. 3.3 shows that the plasma
potential is consistently higher in the case of a D2 plasma, regardless of the operational conditions.
With increasing power there is a global increase of the plasma potential of about 2-3 V, but

remains in the same value range with respect to the operating pressure.

As it has already been mentioned (c.f. section 1.5), a special feature of the reactors utilizing
the dipolar ECR modules is the production of two electron populations to which two different
temperatures can be assigned. Fig. 3.4 gives the evolution of the cold electron population as a

function of the microwave power. The density lies between 106 and 10'” m3, while a D2 plasma
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Figure 3.2. Floating potential as a function of the microwave power at (a) 0.53 Pa, (b) 1.07 Pa, (c) 1.60
Pa. Solid circles: H2 plasma. Open circles: D2 plasma. Mean values and standard deviations are derived

from four series of experiments (2 sets on 2 different dates).
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Figure 3.3. Plasma potential as a function of the microwave power at (a) 0.53 Pa, (b) 1.07 Pa, (c¢) 1.60
Pa. Solid circles: Hz plasma. Open circles: D2 plasma. Mean values and standard deviations are derived from

four series of experiments (2 sets on 2 different dates).

is associated with higher cold electron densities independently of the pressure and the power level.

In general, higher power or pressure leads to increased cold electron densities.

Fig. 3.5 presents the corresponding to Fig. 3.4 results for the hot electron density. It is
recalled that the present measurements deal with the negative ion production region, i.e. the
region downstream of the ECR driver region, and thus the hot electron population is not probed
in its totality. The absolute density was found to be two orders of magnitude lower than that of
the cold electrons. Furthermore, higher power or pressure leads to increased hot electron densities,
similar to the cold electron case. On the other hand, the isotope effect seems to be less pronounced
in the case of the hot population, since its density in Hz and D2 plasmas deviates less (compare

Figs. 3.4 and 3.5).
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Figure 3.4. Cold electron density as a function of the microwave power at (a) 0.53 Pa, (b) 1.07 Pa, (c)
1.60 Pa. Solid circles: Hs plasma. Open circles: Do plasma. Mean values and standard deviations are

derived from four series of experiments (2 sets on 2 different dates).
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Figure 3.5. Hot electron density as a function of the microwave power at (a) 0.53 Pa, (b) 1.07 Pa, (c) 1.60
Pa. Solid circles: Ha plasma. Open circles: D2 plasma. Mean values and standard deviations are derived

from four series of experiments (2 sets on 2 different dates).

The representative results of Fig. 3.1((al—a3) and (b1-b3)), as well as previous studies
[71], have shown that, the above-mentioned two populations follow quasi-Maxwellian
distributions. This fact has been confirmed over all of the operational windows studied herein.

Figs. 3.6 and 3.7 provide a direct comparison of the EEDFs obtained in H2 and D2 plasmas.

To the extent of what is known, a main gap exists in the literature with regard to the isotope
effect on the EEDFs. Thus, the present results suggest a divergence between the H2 and D2 plasma
EEDFs. As is expected, EEDFs are also pressure and power dependent (only the pressure
dependence can be discerned from Figs. 3.6 and 3.7). Such differences can regulate the
production and destruction processes of the H and D™ ions. More about this subject will be

discussed in section 3.5.
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Figure 3.6. Representative EEDFs from the Ho ECR plasmas. (a) 0.53 Pa; 0.75 kW, (b) 1.07 Pa; 0.75
kW, (c) 1.60 Pa; 0.75 kW. Solid black lines: Druyvestyn method. Dashed-red lines: bi-Maxwellian
assumption.
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Figure 3.7. Representative EEDFs from the D2 ECR plasmas. (a) 0.53 Pa; 0.75 kW, (b) 1.07 Pa; 0.75 kW,
(¢) 1.60 Pa; 0.75 kW. Solid black lines: Druyvestyn method. Dashed-red lines: bi-Maxwellian assumption.

The existence of an isotope effect for the EEDFs, as it is demonstrated by Figs. 3.6 and 3.7,
is further supported if one considers the pressure and power dependence of the cold and hot
electron temperatures in Hz and D2, and correlate them with the corresponding densities
(Figs. 3.4 and 3.5). Fig. 3.8 displays the existence of higher cold electron temperatures in Do
plasmas. Otherwise, the ECR heating leads to higher electron temperatures versus the microwave
power in both gases. The temperature of the hot electrons, downstream of the ECR zones, is
almost constant (around 15 eV) at any experimental condition (Fig. 3.9) (see further commentary

in section 3.5).

To summarize, D2 plasma gives cold electrons of higher density and temperature than Hs does
under identical operating conditions. Ha and D2 plasmas give, downstream of the ECR zones, hot
electrons of comparable temperature whereas their density is either equal (Fig 3.10(b)) or slightly
higher (Figs. 3.10(a) and 3.10(c)), under identical working conditions. These features are
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Figure 3.8. Cold electron temperature as a function of the microwave power at (a) 0.53 Pa, (b) 1.07 Pa,
(¢) 1.60 Pa. Solid circles: Hz plasma. Open circles: D2 plasma. Mean values and standard deviations are

derived from four series of experiments (2 sets on 2 different dates).
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Figure 3.9. Hot electron temperature as a function of the microwave power at (a) 0.53 Pa, (b) 1.07 Pa, (c)
1.60 Pa. Solid circles: Ha plasma. Open circles: D2 plasma. Mean values and standard deviations are derived

from four series of experiments (2 sets on 2 different dates).

reflected on the EEDFs (Figs. 3.6 and 3.7). The EEDFs with respect to the negative ion

production/destruction are commented in section 3.4.

Fig. 3.10 unveils the H™ and D™ negative ion density as either the microwave power or the
gas pressure increases. Higher values of both working parameters lead to higher negative ion
densities. It is worth noticing that the densities are either equal (Fig. 3.10(b)) or slightly higher
(Figs. 3.10(a) and 3.10(c)) in Ho. In any case, values up to about 0.4x10'6 m are reached in
both the H2 and D2 plasmas.

Despite the close negative ion densities obtained in H2 and D2, the ratio of the negative ion
to cold electron density is higher in the Ho plasmas for any pressure and power level (Fig. 3.11).
This ratio is an important parameter affiliated with the ratio of the negative ion to co-extracted

electron currents in ECR-driven sources [63]. Thus, as Fig. 3.11(b) attests, a ratio of ~0.225 is

—~ 05— 0.5 —— 0.5

t | L (b) ]

S 04 4 04r 4 04r

203+ 4 03} 03

(2]

5 + +

202+ 4 021 02+

S

2 A A

= 01+ 4 01} 01}

g, _

= 0oL 0oL g
0.0 0.5 1.0 00 0.0 0.5 1.0

Power (kW) Power (kW) Power (kW)

Figure 3.10. Negative ion density as a function of the microwave power at (a) 0.53 Pa, (b) 1.07 Pa, (c)

1.60 Pa. Solid circles: Haz plasma. Open circles: D2 plasma. Mean values and standard deviations are derived

from four series of experiments (2 sets on 2 different dates).
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Pa, (b) 1.07 Pa, (c) 1.60 Pa. Solid circles: Ha plasma. Open circles: D2 plasma. Mean values and standard

deviations are derived from four series of experiments (2 sets on 2 different dates).

optimally achieved in H2 versus ~0.125 in Ds. Additionally, the data of Fig. 3.11 disclose that
intermediate pressure and temperature are needed for maximizing this ratio. In Fig. 3.11 the
optima are 1.07 Pa/0.4 kW for Hy and 1.07 Pa/0.3 kW for D2. A more extensive inspection of the

dependence of the plasma properties on the working pressure is given in the next section.

Finally, a decoupling from the operating parameters and a direct comparison of the negative
ion yield in the Ha and D» discharges in terms of endogenous plasma properties, may be attained
by plotting the negative ion density versus the plasma density. This is shown in Fig. 3.12. A H»
plasma allows to produce higher negative ion density than a D2 plasma does for a given cold
electron density (Fig. 3.12(a)). At the same time, the negative ion densities are neared when the

hot electron density is considered (Fig. 3.12(b)).
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Figure 3.12. Negative ion density as a function of: (a) the cold electron population, (b) hot electron
population. Solid circles: Ha plasma. Open circles: D2 plasma. Mean values and standard deviations are

derived from four series of experiments (2 sets on 2 different dates). 1.07 Pa.
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3.3 H and D production efficiency as a function of gas pressure

The properties of the H2 and D2 plasmas produced in the “Prometheus I” reactor are further
investigated with respect to the working pressure. This section collects the corresponding results.
The working pressure is varied across the available range, from 0.27 Pa to 2.67 Pa
(2 mTorr to 20 mTorr) with a step of 0.27 Pa. At the same time, the injected microwave power

is kept constant during the measurements, i.e. 180 W per ECR module (0.9 kW in total).

The evolution of the characteristic potentials in the Hs and D2 plasmas is displayed in
Fig. 3.13. The floating potential (Fig. 3.13(a)) lies in the range of 3.5 V to 6.5 V. Neither a

particular difference is displayed between the two gases, nor a specific trend throughout the
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Figure 3.13. (a) Floating and (b) plasma potential as a function of the working pressure for a constant
microwave power of 0.9 kW. Solid circles: H2 plasma. Open circles: D2 plasma. Mean values and standard

deviations are derived from four series of experiments (2 sets on 2 different dates).
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investigated pressure range. Contrarily, the plasma potential (Fig. 3.13(b)) appears to drop

slightly as the pressure increases, all the while being higher in the case of D2 plasmas.

Figs. 3.14(a) and 3.15(a) show the densities of the two electron populations versus the
working pressure. Both populations in both discharges exhibit a linear increase in their density
with increasing pressure, however, when compared to Ho plasmas, D2 plasmas are characterized
by a consistently higher cold electron density over the entire pressure range. This observation
matches that made for the dependency of the electron density upon the microwave power,

indicated in Figs. 3.4 and 3.5. It is worth noting once again that, while the cold electron density
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Figure 3.16. (a) Negative ion density and (b) negative ion to cold electron density ratio as a function of
the working pressure for a constant microwave power of 0.9 kW. Solid circles: Ha plasma. Open circles: D2
plasma. Mean values and standard deviations are derived from four series of experiments (2 sets on 2

different dates).
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attains values of the order of 10> — 10" m™, as a rule, the hot electron density is two orders of

magnitude lower.

Accordingly, the temperatures of the two electron populations are presented in Figs. 3.14(b)
and 3.15(b). As expected, with increasing pressure the temperature of the cold electron
population in both gases decreases, since electrons lose their energy in more frequent collisions.
However in the case of a D2 plasma, the temperature of the cold electrons is measured to be higher
than that in a Ha plasma. These conclusions correspond to those made when the microwave power
is ramped up (compare with Fig. 3.8). On the other hand, a similar yet less pronounced decreasing
trend can be discerned for the temperature of the hot electron population in both discharges with
increasing pressure. Nonetheless, equal hot electron temperatures are obtained in the Ho and D»

plasmas.

Moreover, the influence of the pressure variation on the negative ion density and the negative
ion to cold electron ratio is displayed in Figs. 3.16(a) and (b), respectively. As the pressure
increases, a steep negative ion rise followed by a quasi-saturation phase is evident. The curves are
nearly independent of the isotope, in line also with the data of Fig. 3.10. Finally, with regard to
the negative ion to cold electron ratio, a distinct optimum at around 1.33 Pa is present for both

discharges (H2 and D2), albeit less for the case of Da.

3.4 Discussion

Following the presentation of the experimental results on the evolution of Hs and D> plasma
properties versus the basic operational parameters (microwave power, microwave pressure) and
the primary conclusions drawn from their observation, it is pertinent to correlate them hereafter

with the production and destruction mechanisms of the H™ and D™ ions.

The concept of ECR heating and the way this is implemented with the use of the dipolar
ECR modules in the reactors under study was amply explained in the introductory chapter (see
section 1.5). It was noted, and is evoked here once more, that in principle the hot electrons remain
trapped in the magnetic field whereas the cold electrons are able to diffuse away from it under
the influence of density gradient and the resulting space charge electric field. This fact may explain
the much lower density (Figs. 3.5 and 3.15(a)) as well as the almost constant temperature
(Figs. 3.9 and 3.15(b)) of the hot electron population found downstream of the ECR zone, i.e.
it is likely that merely the portion of the hot electrons that are capable of escaping the “magnetic

trap” are probed.

Regarding the isotope effect for the EEDFs shown in Figs. 3.6 and 3.7, this may be due to
both the different total ionization cross section values for Ha and D2 and the difference in the ion
confinement time in the two discharges. With regard to the former statement, the total (i.e.

including the contributions from both dissociative and non-dissociative ionization, in the ECR
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Figure 3.17. Ratio of the cold electron densities measured in the D2 plasma to the cold electron densities

measured in the Hy plasma, from Figs. 3.4 and 3.14 as a function of (a) the microwave power at three

different pressures, and (b) the working pressure for a microwave power of 180 W. The level of V2 is given

in both figures for reference.

zones) ionization cross section values from Hz and Ds, which gave an isotope effect near the

threshold electron-impact energies [73]. As predicted theoretically, QE 2> QE) > up to 25 eV of

energy but the cross sections at electron energies larger than 25 eV become equal. Indicative values

of the total ionization cross section include io?l/ QE > =1.147 at 16 eV and iofl/ QE > =1.041 at
22 eV [73]. On the other hand, the ion confinement time in Ds is V2 times higher than in Hs due
to the square root of the mass ratio of the two molecules [33], [73], while the positive ions are
destroyed by transport to the walls where they are neutralized. Thus, the positive ions are
consistently higher in a D2 plasma. In other words, the plasma density should be consistently
higher in Do than in Hy and their ratio should differ by a factor of about v2. A direct comparison
of the plasma density ratio resulting from the measurements presented in the previous sections is
provided in Fig. 3.17. The ratio approaches but does not precisely equal v/2, depending on the
operating conditions. It is an indication that other factors (e.g. the presence of the magnetic field,

isotope effects in some ion-loss cross sections, etc.) may be significant [33], [73].

Table 1.3 in Chapter 1 summarized the main production processes for the H™ and D™
negative ions. It was furthermore underlined that in the volume production scheme the DEA
process (reactions R1 and R2; Table 1.3) is the predominant path for negative ion production.
For the case studied herein, a direct comparison of exemplary EEDFs corresponding to the cold
electron population and the DEA reaction cross sections (Fig. 3.18) shows that the cold
populations produced both in the H2 and D2 plasmas have energies that promote reactions R1 and

R2.
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Figure 3.18. Indicative EEDFs of the cold electron population (red dashed lines) plotted against the cross
sections of the DEA reaction; (a) Ha, and (b) Da.

At the same time, it was accentuated that the DEA cross section is higher for Hs that for D2
for every vibrational level and the energy threshold is lower for the same vibrational level.
Fig. 3.19(a) presents the average H™ and D™ ion densities measured within evenly spaced
intervals of electron temperature. This figure is obtained as follows: for the optimal pressure
identified from the measurements versus the microwave power, i.e. 1.07 Pa (see Fig. 3.4), the
data from Figs. 3.4(b) and 3.8(b) are combined by eliminating the power and give the data
provided in Fig. 19(a). From this figure, the negative ion densities are averaged within 0.1 eV

intervals (see gridlines). From the resultant figure (Fig. 3.19(b)) it is deduced that the cold
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Figure 3.19. (a) Negative ion density as a function of cold electron temperature (the data of Figs. 3.10(b)
and 3.8(b) are combined) by eliminating the power. The grid lines define the intervals where the negative
ion density is averaged for getting the histograms of (b). (b) Histograms of the average values of the
negative ion densities over 0.1 eV temperature intervals of the cold electron population; H (solid bars) and

Dy (hatched bars); 1.07 Pa.
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electron temperatures that yield negative ions lies within the 0.5-0.9 eV range for Ha, whereas for
D> it lies within the 0.7-1.1 eV range. According to Figs. 3.18(a) and (b), these values correspond
to the cold electrons that participate in the DEA reaction with molecules heated at the vibrational
levels v >7 and v >9, respectively. However, although it is seen that the higher DEA cross
sections and the span of the cold electron temperature in He may favor negative ion production,
this may nonetheless be partially compensated for the lower cold electron density in the Hs plasma,
compared to the Dy plasma, as it was seen from the measurements. This could explain the
relatively close densities of H™ and D™ ions displayed in Figs. 3.10 and 3.16(a), as opposed to
the apparent higher H™ density in Fig. 3.12(a) where any difference in the cold electron
temperatures has been eliminated. This is also in line with the lower negative ion to cold electron
density ratio presented in Figs. 3.11 and 3.16(b). More specifically, this ratio becomes higher in
the H2 plasma than in the D2 plasma since the numerator is almost constant whereas the
denominator is lower by a factor of V2 (Fig. 3.17). Based on Fig. 3.11(b), a ratio of up to
~0.225 in H» versus ~0.125 in D2 is observed (at 1.07 Pa and 0.4 kW and 0.3 kW, respectively),
while Fig. 3.16(b) shows that a ratio of ~0.169 in H2 and ~0.107 in D> is obtained (at 1.33 Pa
and 0.9 kW). This corresponds to a factor 1.8 and 1.58 higher in Hs for the two cases, respectively.
For the same conditions, Fig. 3.17(a) gives an average cold electron density of ~1.77, and

Fig. 3.17(b) of ~1.62, times higher in the D> plasma.

With the measurements described in the previous sections, information on the EEDFs is
acquired but not on the ro-vibrational heating of the two plasmas. Hence DEA cross sections and
cold electron densities/temperatures alone fail to describe the entire DEA process. This would
require the direct measurement of the vibrational distribution functions (VDF's). This subject has
been studied in similar conditions at the “SCHEME-II4" reactor, and the corresponding findings
shall be laid out in the next chapter. Nonetheless, Table 1.4 gathered the main reactions that
lead to the H2 and D2 molecules’ excitation and de-excitation, and they can be correlated with the
present results. Reactions R43 and R44 have been recognized as the principle ones that lead to
the formation of the ro-vibrationally excited molecules, while the cross sections of these reactions
were displayed in Figs. 1.6(a) and (b). A direct comparison of Figs. 3.9 and 3.15(b) with
Fig. 1.6(a) and (b) shows that the hot electron population produced in both ECR plasmas
attains a temperatures that exceed the threshold energy of the two reactions. It is repeated that
the measurements refer to the diffusion region of the reactor, i.e. downstream of the ECR zones,
which means that in the ECR zones the electron density should be higher and that they should
obtain energies even higher than those probed. Thus, H2 and D2 gases can be efficiently heated

vibrationally in the ECR zones.

On the other hand, it is crucial to also consider the negative ion destruction processes. In
Tables 1.3 and 1.4 the possible reactions that contribute to negative ion loss have been listed.

It has been estimated that among the multitude of direct reactions, associative detachment
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(AD: R13, R14) and mutual neutralization (MN: R25 — R40) should play the dominant role in
the present reactor [71]. As far as the indirect mechanisms, i.e. those of molecular relaxation, it is
assumed that the V-t process (R51, R52) is the principle one. In restricting the analysis to the
AD and V-t reactions, a simplistic consideration of negative ion destruction may be derived. It
becomes evident that the rates for both reactions are sensitive to the atomic density which depends
both on the gas pressure and the injected microwave power and, by extension, may be associated
with the limitations in the H  and D~ production and the observed operational optima

(see Figs. 3.10, 3.11 and 3.16). It is recalled from section 1.4 that reactions R57 and R58,

describing the process of electron-impact dissociation proceeding through the b?’Z;r state, are the
key reactions that lead to the creation of the atomic fragments, while at below about 12 eV this
process is believed to be the sole path for the dissociation of the Ha and D2 molecules into these
neutral fragments. Based on the acquired EEDFs (Figs. 3.6 and 3.7) this process should be active

in the “Prometheus I” reactor.

In ECR reactors [56], [57], [71] operating with hydrogen, an increase of the atomic density
and a decrease in the atomic-to-molecular density for increasing pressure have been reported,
whereas the latter was found to increase for increasing power [71|. At the same time, AD and MN
reaction rates have been found to increase with hydrogen pressure |71, [87]. These findings are
consistent with Fig. 3.16(a) where the H™ and D™ ion production is constricted with the increase
in gas pressure. The parallel increase of the plasma density (Figs. 3.4 and 3.14(a)) lead to the
optima shown in Fig. 3.16(b).

With regard to the isotope effect between reactions R57 and R58, the atomic-to-molecular
density ratio is found to be constantly higher in the case of D2 plasmas both by means of
experiments [22], [48], [58] and theoretical analyses [33], [53]. Recent calculations [74], [164] have
shown that the cross section of R58 (for D2) is close to or even lower than that of R57 (for Ha).
Thus, the commonly observed higher atomic density in D2 plasmas should be justified by the
difference on the transport properties of H and D atoms [165] and points to more intense AD and
MN losses in Do, in agreement with the lower negative ion density for a given plasma density

showcased in Fig. 3.12(a).

To conclude, several statements can be made which recap the differences between the H2 and
D> plasmas, as they are ensued by the preceding comparative investigations. Two electron
populations, quasi-Maxwellian, are produced, independently of the gas, the pressure, and the
microwave power employed. The cold electron population is constantly higher in the D2 plasma,
and this is attributed to the higher confinement time of the respective positive ions. H™ and
D™ negative ion densities are not substantially different in the two plasmas under the same
operating conditions, although the H negative ion yield is higher for a given plasma density. A

strong isotope effect exists when the negative ion to electron density ratio is considered, and the
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latter may be up to 80% higher in the Hs plasma. Finally, similar optimal operating windows for
enhanced negative ion production exist in both gases, reflecting the interplay between the

production and destruction processes.

3.5 Negative ion energies in H2 and D2 plasmas

The application of the two-beam laser-induced photodetachment diagnostic, the details of which
were described in section 2.1.3, led to the measurement of the H™ and D™ ion energies in several
characteristic operating conditions in the “Prometheus I” reactor. More specifically, the working
gas pressure was kept constant at 1.33 Pa as the injected microwave power was varied between a
total of 300, 600, or 900 W (accordingly 60, 120, or 180 W set on each of the five dipolar ECR

modules of the reactor).

Based on the synchronization scheme presented in Fig. 2.7 and the theory laid out in the
same section, mixed photodetachment signals (see Fig. 2.9(a2) and (b2)) are recorded in each
of the studied conditions whilst the delay between the two laser beams, At, is varied from 200 ns
up to 5 us. This results in the acquisition of a bundle of such signals which are treated as discussed
therein. For each of them the ratio n_;/n_, is calculated and plotted versus At, which constitutes

the so-called recovery curve. Two recovery curve examples are given in Fig. 3.20(a) and (d).
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break on the vertical axis) for (¢) H™, and (d) D™. Ion fraction versus MW power for (e) H™, and (f) D™.
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It is here attempted to fit to the data a ballistic model [143], assuming two ionic populations of

different temperatures [166]:
2 2
—= aexp| — +pexp| — (32)
n_g P ( (Vth,a t > pexp ( Ving t

- (3.3)

with:

Where a and f express the fractions for each of the two populations, Ry is the Langmuir probe
radius, Vi is the thermal velocity, M_ is mass of the ion (either of H™ or D7), (kT)_ represents
the energy of the ion. Ultimately, the fitting procedure provides the values a, f, Vine, and Ving
and from the latter, via Eq. 3.3 the energies of the two different negative ion populations are
derived. Under the present conditions, the model (Eq. 3.2) traces acceptably the data up to about
2 ps (Fig. 3.20). Fitting for longer recovery times, increases the overall least squares error
significantly. According to this model, “cold” ions have energy less than 0.05 eV in both Hs and
D2 plasmas, whereas “hot” ions achieve higher energies in D». In any case, the “cold” negative ions
dominate the “hot” ones, with a fraction of about 65-70% (Fig. 3.20). Besides, it has been already
shown that two electronic populations are observed. From section 3.2 the exact values of the
plasma features for the case of 1.33 Pa and 900 W, in Hz2| D2, are: V, = 7.1 | 8.4 V; necold = 2.3 |
3.8 (x10% m3); nepot = 4.3 | 4.4 (x10" m3); kTecola = 0.7 | 1.0 €V; kTenot = 14.6 | 14.5 €V; and
n_o=3.9|4.1 (x10"% m3).

The production of two ionic populations and the elevated energy of the hot ions, should be
traced back to their origin. It has been established that in the ECR zones, inelastic collisions with
hot electrons lead to vibrationally excited molecules which diffuse downstream, where the present
measurements are realized. There, H™ or D™ ions are formed through the DEA reaction (R1, R2;
Table 1.3), which are expected to acquire only the energy of formation by DEA, being thus cold.
On the other hand, recombinative desorption processes on the metallic walls as a source of a wide
spectrum of ro-vibrationally excited molecules have been recognized. Ions formed this time near
the walls, again by DEA, are accelerated by the positive plasma potential difference, moving
towards the bulk plasma, being thus hot(ter). This is in line with the constantly higher plasma
potential measured in D2 and the higher hot ion energy obtained, with respect to the Haz case
(cf. Fig. 3.3). Furthermore, the same figure revealed increasing plasma potential versus the MW
power, in both gases. Thus, higher power should lead to higher acceleration and finally increased
energy for the hot ions. While this holds true in the Hs case, the trend is different in the Do case.
This implies that the accelerating ions are subject to various transport mechanisms in each gas—

plasma, and it is another explicit difference with respect to the cold negative ions.
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CHAPTER 4:

EXPERIMENTAL DETERMINATION OF
VIBRATIONAL DISTRIBUTION FUNCTIONS

The vibrational distribution functions (VDFs) are pertinent to the production of negative ions through
the DEA reaction. In the case of the “SCHEME-II4-" reactor and in particular a D2 plasma, these are
accessed through the analysis of the spectra obtained by Vacuum Ultra-Violet Fourier transform
absorption spectroscopy using synchrotron radiation. This chapter gives a detailed description of the
sequence of steps that are followed for their extraction and finally discusses their shape and their

dependence on different materials exposed to the plasma.



Chapter 4. Experimental determination of Vibrational Distribution Functions

4.1 Analysis procedure for spectra recorded by VUV-FT

absorption spectroscopy

Previously, in Section 2.2.1 of Chapter 2, the absolute necessity of having direct measurements of
the vibrational distribution functions (VDFs) was emphasized. Moreover, it was mentioned how,
in the framework of this thesis, these distributions can be determined experimentally through an
unparalleled spectroscopic technique which calls for the use of synchrotron radiation; VUV Fourier
Transform Absorption Spectroscopy. Following the detailed description of the instruments used
for the application of this technique, this chapter aims to firstly provide a concise but in-depth
description of the steps that are followed to extract the information on the VDFs from the
experimentally acquired spectra, and secondly to present and asses the resulting distributions with
respect to the mechanisms of negative ion production laid out in the introductory chapter.
Although the entire analysis and results will refer to D2, it should be noted that the same procedure

can be followed for the case of Hs provided the molecular parameters are changed where necessary.

The construction of the VDFs from the absorption spectra acquired through the VUV-FT
absorption spectroscopy technique (Fig. 2.13) results from a sequence of meticulous steps which
are hereafter described in detail. It is noted that the procedure has been developed on

MathWorks’s MATLAB computing platform.

According to the Beer-Lambert law for the absorption of light from a medium, the optical

depth, T =In(Iy(v)/I(v)), is correlated to the thickness and physical properties of the latter by:
I(v) = Iy(v)e kML (4.1)

where I(v) and Iop(v) are the transmitted and incident intensities at a frequency v, L the length of

the absorbing medium, and ky(v) is the spectral absorption coefficient. Thus, first of all, the raw
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Figure 4.1. (a) Example of the fit of a baseline (red solid line) to the raw spectrum (black solid line)
obtained by the VUV-FTS for a single undulator setting. The baseline follows the characteristic quasi-
Gaussian profile of the synchrotron radiation emission. The current of the undulator is set at 491 A, thus
the illumination is centered on a transition energy of 74200 cm™'. (b) The obtained spectrum, after the

suppression of the baseline, expressed as a measure of optical depth. D2 plasma; 1.6 Pa, 150 W.
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absorption spectra (of intensity I) are converted into optical depth spectra. This is done by
determining the baseline of intensity Ip for each of the spectra, corresponding to the continuum
imposed, and by then applying the aforementioned formula. While the shape of this continuum is
quasi-Gaussian (see section 2.2.1), the method applied for its determination is based on a locally
weighted linear regression algorithm as opposed to simply an adjustment of a Gaussian function.
Fig. 4.1(a) presents an example of the result of this procedure. The red solid line superposed
upon the raw spectrum is subsequently considered as the baseline of the spectrum. The closer
scrutiny, in Fig. 4.2, of a part of the spectrum shown initially in Fig. 4.1(b), confirms the high
resolving power of the FTS instrument, since the absorption lines are distinguished with a
resolution of about 0.5 cm!'. This high resolution provided by the instrument ensures the
observation of the absorption lines with as few as possible blends between lines of different

transitions.

Next follows the identification of the observed spectral lines. The MOLAT atomic and
molecular database [167| provides the data on the transition energies from the rovibrational levels
(v', J") of the upper electronic states (B, C, B, D) towards the rovibrational levels (v", J") of the
ground electronic state X, for both the Hs and D2 molecules. More specifically, the data is found
in the section of the database entitled “VUV Spectra of small molecules”, which is based, among
others on the theoretical works of Roncin and Launay [168] and Abgrall et al. [169]. As it was
mentioned in section 2.2.2, focus is laid on the molecular Lyman system,
B'SH(v!, I « XlEg(V", J") (denoted as BXv'-v" for simplicity). Table 4.1 for example lists the
wavenumbers of the first ten R— and P-branch components of the BX0-6 vibrational band. It is
reminded that the R—, and P—branches correspond to rotational transitions for which AJ = +1
and AJ = —1 respectively. Correspondingly, Fig. 4.2 displays a portion of the rotational spectrum
of the BX0-6 vibrational band, where the first six R and three P components are distinguished.

025 T T T T T T T T T T T T T T

020+ | I I I .

0.15

0.10 |- -

Optical depth [In(l/1)]

0.05 |-

| >l
>a >a e > »a > > >
Mt A | A oy . M "
0.00 , o —— —

74100 74150 74200 74250 74300 74350 74400 74450
Transition energy (cm™)

Figure 4.2. A portion of the spectrum shown in Fig. 4.1 demonstrating the high resolving power of the
VUV-FTS system. The first six and three components of the R and P rotational branches, respectively, of
the BX0-6 vibrational band are discerned. The arrows on either side of each line represent the boundaries

of integration of each spectral line.
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Table 4.1. Wavenumbers of the first ten components of the R and P rotational branches of the BX0-6

vibrational band.

BX0-6 0 1 2 3 4 5 6 7 8 9 10
R 74443.06 74434.93 T4398.83 74335.2 74244.17 74126.33 73981.92 73812.29 73617.68 73399.2 73157.83
P - 74375.87 74300.71 74198.49 74069.55 73914.65 73734.16 73529.59 73301.3 73050.52 72778.31

Nonetheless, a crucial point in the identification procedure is the inspection for potential
blends of the spectral lines under study with lines of other transitions. For this purpose, potential
coincidence of the Lyman system transitions with others belonging to the same system but also
with those of the Werner system, C'II,(v',J') <—X12g(v”, J") (denoted as CXv'-v"), the
B"'SH(v', J') « X'S, (v", J") band (denoted B'Xv'-v"), and the D'IL,(v', J') « X'S, (v", J")
band (denoted DXv'-v") are carefully examined. Therefore, in order to identify the existence of a
blend, the fulfillment of two conditions is considered. Specifically, a blend is deemed to be present
if it is found that the transition energies of two spectral lines differ less than 0.5 cm™! and if
simultaneously the ratio of the oscillator strengths of the two transitions corresponds to more than
10%. The values of the abovementioned constraints have been chosen arbitrarily after a series of
trials. If a blend is indeed detected, the contribution of the “stray” line is evaluated and then
removed. If on the contrary these conditions are not fulfilled, no blend is considered. A practical

example demonstrating this approach follows.

Figs. 4.3(a)-(c) provide a closer inspection of the obtained absorption spectrum in the
transition energy ranges for which the R(1), R(2), and P(1) rotational components of the BX0-6
band are present. On the same figure, vertical markers indicate the theoretical positions of the

various transitions that could be found in the particular energy ranges. Tables 4.2 — 4.4 collect
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Figure 4.3. Magnification of three absorption lines within the 74100 — 74450 cm™ energy range
corresponding to (a) the R(1), (b) the R(2), and (c) the P(1) rotational components of the BX0-6 transition.
In each subfigure, the numbered vertical markers indicate the positions of transitions whose energies lie

within the corresponding range, and between which potential blends are examined.
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the information on the characteristic parameters, i.e. the transition energy, the transition
probability and the oscillator strength, regarding each of these potential transitions. It is noted
that the numbers on the first row of the said tables correspond to the numbers above the markers
in each of the subfigures of Fig. 4.3. In the second row, the formal notation of each transition as
it has been determined herein is given, i.e., either BX(v'-v", J'-J") or CX(v'-v", J'-J") is specified.
For the case presented in Fig. 4.3(a) one can observe that it is most likely that there is a blend
between the lines indicated as #2 and #3. Upon closer examination of the data provided in
Table 4.2 it is seen that firstly, the transition energies differ by 0.22 cm !, and secondly that the
ratios of the transition probabilities and the oscillator strengths attain a value of 3.83% and
0.025%, respectively. In this example, and by recalling the constraints that are set in the semi-
automated procedure mentioned in the previous paragraph, the possible effect of transition #3 is
disregarded and thus the absorption line is considered to result from transition #2, which belongs
to the BX0-6 band. Similar reasoning can be applied for the cases presented in Fig. 4.3(b) and
(c). For the former, once again, transitions #2 and #3 are most likely to be interlaced. Table 4.3
attests that the differences also evaluated before have a value of 0.03 cm ™!, 0.006%, and 0.0043%,
respectively. Despite the fact that the transition energy difference is below the limit value of
0.5 cm !, the difference in the transition probabilities and oscillator strengths is so small that in
this instance too, transition #2, associated to the BX0-6 band, is considered as the dominant one.
The last case is slightly more complicated, since a check is performed between three lines consisting
two pairs. The transition pairs under investigation consequently are: #1 with #3, and #1 with
#4. From Table 4.4, the following values of the differences in the characteristic parameters are
deduced for the respective pairs: 0.47 ¢cm /0.3 cm !, 0.01%/0.002%, and 0.036%/0.006%. On
account of the very low similarity observed from the ratios of the transition probability and
oscillator strength, the conclusion is that finally the absorption profile should be attributed to

transition #1 belonging again to the BX0-6 band under study.

Table 4.2. Characteristic parameters of the transitions indicated by the markers in Fig. 4.3(a) [167], [170].

1 2 3 4 5 6
Transitions

BX(15-12,6-5) BX(13-11, 8-7) BX(0-6,2-1) BX(0-5, 11-12) CX(2-12,8-7) CX(4-14,7-6)
Transition energy (cm™) 74433.69 74434.71 74434.93  74435.7 74433.12 74435.32
rir?:-lls)ltlon probability, 3.20224 x 106 6.05305x106 1.58424%108 1.73393x108 2.63921x10% 1.66157x105
Oscillator Strength 1.025 x 103 1.857x10°3 7.148x10°2  4.318x10°2 8.098x106  5.19x10°

Table 4.3. Characteristic parameters of the transitions indicated by the markers in Fig. 4.3(b) [167], [170].

1 2 3 4 5 6
Transitions

BX(25-17, 6-5) BX(0-6, 3-2) CX(5-15, 2-2) CX(2-12, 1-0) CX(3-13, 8-7) CX(7-18, 11-12)
Transition energy (cm!) 74397.93 74398.83 74398.8 74399.6 74400.33 74400.54
Transiti . ‘
Ar?:.llb)ltlon probability, 4.5484x106 1.7003x108  1.01246x10*  4.56865x10%  1.26103x10°>  1.31378x10°
Oscillator Strength 1.457x1073 6.451x102  2.744x1076 3.714x10°6 3.873x1075 3.275x1075
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Table 4.4. Characteristic parameters of the transitions indicated by the markers in Fig. 4.3(c) [167], [170].

1 2 3 4 5
Transitions

BX(0-6,0-1) BX(5-7, 11-12) CX(3-13, 11-10) CX(5-15, 5-5) CX(0-10, 8-8)
Transition energy (cm™) 74375.87 74377.5 74375.4 74376.17 74377.82
ir?sl_lls)ltlon probability, 3.92864x108  5.54019x107 4.3623x104 7.84265x103  0.12774
Oscillator Strength 3.551x1072 1.382x1072 1.296x1075 2.127x10°6 3.464x10711

For the range of the experimental parameters (e.g. working gas pressure, microwave power)
investigated in the frame of the present thesis, which will be referred to in more detail in the next
section of this chapter, transitions involving even up to the v' = 11 vibrational level are
observable. Since, for each transition, about nine lines of the R—branch and ten lines of the
P-branch are discernable, nearly a total of three-thousand lines are identified and processed in
order to construct a VDF. This complexity is a testament to the necessity of an automated, to

the maximum degree possible, processing scheme.

The identification of the lines is followed by the determination of the “real” absorption profile
each of the lines’ profiles individually. The absorption profile of each line comprises a component
related to the inherent instrumental response. Thus this contribution, referred to as the
instrumental function, must be deconvoluted from each of the observed line. In the present case,
the instrumental function has a sine cardinal (sinc = sinx/x) form which is characteristic of the
Fourier Transform [68]. It is accurately derived from a calibration procedure based on the
observation of the atomic lines of Xe, which is present in the gas filter installed downstream of
the beamline (see [159] and Chapter 2 for explanation), due to their natural narrow line-widths.
The deconvolution of a Gaussian profile from the observed spectral profile of the Xe atomic line
gives in the end the pure profile of the instrumental function. From this procedure, the FWHM

(full width at half maximum) of the instrumental function is derived and is equal to about
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Figure 4.4. The instrumental function attaining a characteristic sinc form, obtained from the absorption
line for atomic Xe as described in [68]. The function is centered at the transition energy which corresponds
to the R(1) rotational component of the BX0-6 transition. The FWHM of this profile is equal to
0.44 cm™.
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0.44 cm!. Fig. 4.4 shows the assumed instrumental function profile centered at the transition
energy for which the R(1) rotational component of the BX0-6 transition is present i.e., at
74434.93 cm !. Nonetheless, regardless of the transition energy, the instrumental function remains

the same, and consequently has the same effect on all of the absorption.

The remaining experimental absorption profile is approached by a pseudo-Voigt function. In
principle, a Voigt profile is defined as the convolution of a Gaussian and a Lorentzian profile, each
of which is related to different physical mechanisms contributing to the broadening of a spectral
line. However, in this case the Voigt function is approximated by the pseudo-Voigt function, which
is simply the linear combination of the two contributing profiles. In practice, the semi-automated
routine implements a non-linear adjustment to the experimentally measured profile of the pseudo-
Voigt profile convoluted with the previously deduced instrumental function. However, if a blend
is identified as discussed before, then an additional pseudo-Voigt function is introduced and thus
the resulting profile consists in the convolution of a total of two pseudo-Voigt profiles and the
instrumental function. This way, the two contributions are isolated and then the only the pseudo-
Voigt profile corresponding to the transition of interest is taken into account. It is noted that the
position, the intensity, and the FHWM of the pseudo-Voigt functions are adjustable parameters
in the routine. The non-linear adjustment between the experimental profile and the pseudo-Voigt

profile convolute with the instrumental function (sinc) continues until criteria both on the minimal
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Figure 4.5. Examples of the results from the procedure of obtaining the deconvoluted absorption profile
for three different absorption lines: (al) the R(1), (b1) the R(2), and (c1) the P(1) rotational components
of the BX0-6 transition. Open circles: experimental profile; dashed line: considered pseudo-Voigt profile;
solid line: convolution of the pseudo-Voigt profile with the instrumental profile. The FWHM is the same
for all three lines and is equal to 0.4620 cm™. Subfigures, (a2)-(c2) display the residuals from the comparison

of the fitted function and the experimental data in the respective cases.
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step and values of the objective function obtained between two successive steps are reached;
criteria are 107 and 107% for the minimal step and the objective function, respectively. During
this non-linear fitting procedure, the FWHM, the line position and the intensity of the Gaussian
and the Lorentzian profiles are fixed parameters but the MatLab simplex procedure could alter
them.

This process is repeated for all of the identified absorption lines. Figs. 4.5(al)-(c1) illustrate
the result of the fitting procedure for the three absorption lines mentioned before, the R(1), the
R(2), and the P(1) rotational components of the BX0-6 transition (Fig. 4.3). The dotted lines
represent the considered pseudo-Voigt profile, which upon its convolution with the instrumental
function (solid line) results in a profile that is in good agreement with the experimental one (open
circles). The efficiency of the fitting procedure is confirmed by the low residual (lower or near to

1%) that is obtained and displayed respectively in Figs. 4.5(a2)-(c2).

Returning to the Beer-Lambert law (Eq. 4.1) and solving for the spectral absorption
coefficient Eq. 4.2 is obtained:

1. (Io(v)

This parameter, is identified as the governing quantity which characterizes the absorption of light,
as a function of wavelength. It is recalled that based on a two-state scheme for the absorption of
radiation, the conventional notations for the lower (in the ground electronic state) and upper (in
an excited electronic state) rotational (vibrational) levels are: J' (v") and J (v'), respectively. For

a single line (rotational transition) ky(v) is given by [171]:

k,(v) = kg @(v) (nJ" — i_:]]‘:n‘]) (4.3)

Where n; and n; are the population densities in the lower and the upper rotational level and

J
accordingly g, and g; are the statistical weights of those levels, and ¢(v) is the normalized

lineshape function. More specifically, the normalized lineshape function, is defined as:

o(v) :kv/ f k,(v) dv, so that f p(v)dv =1 (4.4)
line line
The lineshape function, whose integral over the line is equal to 1, provides a useful way of
characterizing the shape of a line regardless of the type (Gaussian, Lorentzian, or Voigt) [172].
kg is a factor related to the absorption (B;) and emission (A ;) Einstein coefficients, the
oscillator strength of the line (f '), or the transition dipole momentum (u) according to the

JJ
relation [171]:

gy oo
gy 8n I dregmee” T gy 3eghn

|l (4.5)
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In Eq. 4.5 A is the wavelength, g9 the permittivity of free space, m. and e the electron mass and
elementary charge, ¢ the speed of light, and h Planck’s constant. Eq. 4.3 evidences that the
measured absorption is always related to the population difference between the lower and the
upper level of a transition. However, when dealing with electronic transitions where the energy
difference is larger than the gas temperature, usually n; < n is satisfied so that the second term
in the parenthesis in Eq. 4.3 can be omitted. If a Boltzmann equilibrium is considered within the

rotational levels, then:

n; ' h
R g—Jexp(— v ) (4.6)

where kg is the Boltzmann constant and T, is the gas temperature. With a measured gas
temperature in this reactor of about 400K (see section 4.3.2 for details) and since the energy of
transitions between the BX states exceed 5 eV, in fact, the aforementioned assumption holds true.
Combining this fact with the expression for ky using the transition oscillator strength from

Eq. 4.5, the following formula is deduced:

1 ne?

k() =Sy ety (4.7)

41150 mecC

In the case of diatomic molecules, taking the integral of the optical depth for a given line,

and applying Eqgs. 4.2 — 4.7 ultimately gives:

f In (IO(V)> dv=1L f k() dv=L —— re” =iy (4.8)

I(v) 4regmee” Y

J<J J<J

"

Thus, a relation between the integral of an absorption line in terms of optical depth and the

relative population density in the probed level is established.

Fig. 4.6 displays the resulting integrated absorption values for the R— and P—branches of
several transitions in the BXv'-6 band. Such plots can, in fact, be generated for all of the studied
transitions. A closer observation of the resulting intensity distributions validates what is
established by theory. In particular, it is seen that the intensities of the rotational components of
the R and P branches alternate in intensity, for the most part at least, which is typical for
homonuclear molecules such as Ha and D2. While it is beyond the scope of this text to delve into
the theoretical details, several brief comments should suffice to clarify this occurrence. Firstly,
theory dictates [173] that for homonuclear molecules with a total orbital angular momentum A
equal to zero (i.e. for the ¥ states), either the even-numbered or the odd-numbered rotational
levels have a greater statistical weight. In this sense, they are referred to as “strong” or “weak”. In
the case of D2 in particular, it has been shown that the even-numbered (symmetric) levels have
the greater statistical weight. The opposite holds true for Ha. Moreover, on account of the selection

rule which states that symmetric levels may combine only with symmetric ones, and anti-
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Figure 4.6. Intensity distribution of the rotational components of several transitions within the BXv’-6

band. Filled circles: R-branch components; Open circles: P-branch components.

symmetric with anti-symmetric ones, “strong” levels combine only with “strong” ones and “weak”
levels with “weak” ones. Since, in addition, the selection rule AJ = =1 holds for the rotational
branches, two electronic ¥ states may combine with each other only if in one the even-numbered

levels are the “strong” ones and in the other the odd-numbered levels are the “strong” ones [173].
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Figure 4.7. Principle of the intensity alternation in the rotational transitions of the B'S — Xlzg
electronic band. The symmetric (“strong”) and anti-symmetric (“weak”) levels are denoted with the letters
s and a, respectively. The three first components of each of the R and P rotational branches are shown; the

solid arrows represent a “strong” transition whereas the dashed lines a “weak” one.
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For the BX transitions examined herein, the illustration in Fig. 4.7 may ease the comprehension
of this phenomenon. Therefore, overall, since the statistical weights of the rotational levels both

in the upper and lower electronic states alternate, an alternation in intensity must occur [173].

In returning to the methodology for the spectra analysis, as it was mentioned at the beginning
of this section, typically the value of the current flowing through the undulator of the synchrotron
beamline is regulated so that the synchrotron illumination is centered around the center of the
transition energy range for which a particular vibrational band can be observed. However, it so
happens that, there is an overlap in the transition energy regions covered by illuminations from
different undulator settings. In Fig. 4.8 for example it is demonstrated how the rotational
components of the BX3-6 transition are discernable in spectra obtained with three different
undulator settings, i.e. from three spectra centered on different transition energies. The importance
of this lies in that, in cases such as these, the treatment of a single transition through multiple
spectra can provide an estimation of the error between different measurements. Thus, a correlation
with the overall stability of the plasma in the course of the measurements, since typically the
different spectra can be recorded with an interval of nearly half an hour, can be established. This
aspect will be better understood in the following part of the analysis procedure.
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Figure 4.8. Top: Raw spectra (Si, Sz, and S3) obtained with three different settings of the undulator
current; S; is centered around 76462 cm !, So around 74197 cm 1, and S3 around 78596 cm !. The shaded
rectangle marks the transition energy range which is covered by all three spectra and within which the
rotational components of the BX3-6 transition are observed. Bottom: Transformed, to units of optical

depth, spectra. In each, the position of the rotational components of the BX3-6 transition is indicated.
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In order to deduce the population density in a given vibrational level v' of the ground state,
it is necessary subsequently to perform a summation of the integrals previously calculated for all
of the rotational R— and P-branch components of vibrational transitions associated to that level

from Eq. 4.8. This may be expressed by:

3| [

J<J J<J (P)

I 1 5
dv + f (2 gl o L2 (4.9)
. A I(V) , vV Vv A4

Fig. 4.9 displays the values of these sums (hereafter symbolized as S '), calculated according to
Eq. 4.9, for the BX transition and for the first ten vibrational levels of the ground electronic state
(i.e. for v'= 0 to 10) as a function of the vibrational level of the upper electronic state (v'). The
distributions of these sums of the integrated optical depth presented in Fig. 4.9 are governed by
the Franck-Condon principle, the concept of which is be briefly explained in the next paragraph.
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Figure 4.9. Each subfigure shows for each of the first ten vibrational levels in the ground electronic
state, v', the sum of the integrated optical depths of all of the R— and P-branch rotational components of
the vibrational transitions associated to that given level (closed circles). The error bars, unless otherwise
specified by a number next to the data point, result from the processing of two different spectra obtained
with different undulator settings. These data points are superposed upon the scaled (by a factor given in

each subfigure) theoretical values of the FC factors.
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(a) (b)
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Figure 4.10. Tllustration of the FC principle for a transition from an electronic state p' to a higher
electronic state p', for two different cases depending on the relation between the initial and final internuclear
distance: (a) r'=r'demonstrating that the transition 0-0 is the most probable, and (b) r'>1" showing that

the 4-0 transition is most probable.

Franck’s main idea, which was developed mathematically and later given a wave-mechanical
basis by Condon states that the electron “jump” in molecule takes place so rapidly in comparison
to the vibrational motion that immediately afterwards the nuclei still have very nearly the same
relative position and velocity as before the “jump” [173|. This is more easily understood from the
illustration of Fig. 4.10. The potential curves of the upper and lower electronic state involved
are drawn, for two typical cases. In the first case (Fig. 4.10(a)), the minima of the two curves
lie very nearly one above the other (corresponding to no change in the internuclear distance of
the atoms, r'=1") whereas in the second case (Fig. 4.10(b)), the minimum of the upper state lies

at a somewhat greater distance than that of that the lower state (r'>r1") [173], [174]. In quantum-

mechanic terms, the Franck-Condon (FC) factor, qsusv, is defined as the overlap integral of the
two vibrational wavefunctions in different electronic states for an electronic transition from p' to
p [175]:

2

qS.,S, = (4.10)

fo " e ()

In other words, the greater the value of the FC factor, the greater the transition probability. In
addition, Table 4.8 reproduces from [175] the calculated FC factors for the BXv'-v' band

transitions implicating the first ten vibrational levels of both electronic states.
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Table 4.8. Franck-Condon factors for the D2 B'SY (v, J') « X]Zg (v", J") transition. Reprinted from [175]
with permission from Elsevier (License No. 5762350133793).

V"

0 1 2 3 4 5 6 7 8 9 10

0.00052 0.0050  0.02258 0.06379 0.12602 0.18449 0.20629 0.17861 0.11985 0.06159 0.02357
0.00253 0.01904 0.06268 0.11541 0.12236 0.06203 0.00299 0.02920 0.12247 0.18306 0.15753
0.00689 0.04012 0.09255 0.09841 0.03419 0.00166 0.06062 0.09546 0.03337 0.00481 0.09895
0.01388 0.06146 0.09368 0.04394 0.00024 0.05095 0.06813 0.00704 0.02999 0.09145 0.03465
0.02299 0.07596 0.06955 0.00550 0.02750 0.06260 0.00886 0.02550 0.06730 0.00835 0.03614
0.03321 0.07982 0.03687 0.00283 0.05344 0.02462 0.00878 0.05701 0.01029 0.02824 0.05899
0.04330 0.07326 0.01139 0.02183 0.04702 0.00035 0.04064 0.02502 0.01016 0.05259 0.00126
0.05216 0.05941 0.00046 0.03999 0.02202 0.01075 0.04242 0.00008 0.04199 0.01206 0.02666
0.05903 0.04249 0.00292 0.04463 0.00314 0.03136 0.01780 0.01471 0.03308 0.00352 0.04264
0.06349 0.02627 0.01301 0.03595 0.00122 0.03770 0.00079 0.03410 0.00597 0.02873 0.01234
0.06554 0.01329 0.02441 0.02122 0.01162 0.02705 0.00503 0.03090 0.00193 0.03329 0.00097

<—
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The oscillator strength term now introduced in Eq. 4.10 refers to a “band oscillator strength”
which is furthermore given as a function of the FC factor by [176]:
_8w’mecay’ _ (2 — 9 A'+A”)

"o "o

fV"v' - vV 9y VR 2 fV”V' 4.11
3h (2_601\') e ( ) ( )

Where the ratio (2 -9, A'+A")/(2 -9, A') is equal to 1 for ¥-X transitions such as the BX one,

v, is the averaged value for the wavenumber for the vibrational band, and R, is the electronic
transition moment in atomic units of exay. The substitution of Eq. 4.11 into Eq. 4.9 finally
gives:

29275201% _

— 2(=
SV”V' = L3h—80 Vv”vquuvvRe (rvnvu) n (412)

Thus, the comparison in Fig. 4.9 of the band strengths with the FC factors is relevant. Indeed,
the experimentally derived results are superposed on the corresponding FC factors in the same
figure. By observing Eq. 4.12 it can be seen that the ratio of the sum of the integrals across all
rotational levels linked to a given v" level to the respective FC factor is directly proportional to

the relative population in the leading vibrational level of each band, i.e.:

S ..

vV

anVy

o n, (4.13)

On the basis of this last analogy that holds true, an intermediate step towards the relative VDF
can be deduced. In practice, once the graphs of Fig. 4.9 have been derived, for each vibrational
band the individual ratios of the available band strengths to the FC factors are calculated. This
results in a number of different values across v for the said ratio. The mean value from the

multiple points is calculated along with an uncertainty. The former ultimately corresponds to a
87



Chapter 4. Experimental determination of Vibrational Distribution Functions

10000 3 T T T T T T T T T T T E
1000 f
> 100p @
< - f
s ol . ]
N ..
1E :‘I E
o]

0.1 1 1 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10

VII

Figure 4.10. Plot of the distribution of the S/q ratios over the vibrational levels of the ground state
mirroring the VDF. A thorough explanation for the derivation of the data points and their error bars is

given in text. D2 plasma; 1.6 Pa, 150 W (see also next section for details).

value that is proportional to the population density of the level v’ for which the computation is
being made. This means that with knowledge on all of the other factors in Eq. 4.12 it would be
possible to deduce the absolute value of n . Based on this procedure and the data in Fig. 4.9,
the resulting distribution of the S/q ratios over the vibrational levels of the ground electronic state
is presented in Fig. 4.10. The error bars on each of the points are derived from the application

of a Student’s t-test when defining a 95% confidence interval.

4.2 VDF's in characteristic plasma conditions

In the present section, the distributions of the S/q ratios which are directly proportional to the

absolute VDF's (hereafter denoted as intermediate VDFSs), obtained in D2 plasmas produced in

CONFIGURATION A CONFIGURATION B

Diagnostics port Diagnostics port

1)1 11

Capillary Capillary
----- -e- »a
« 25 mm \/ : ;
H T " 75mm
T 2.45GHz;
245 GHz; | 0-200W | ’%

0-200wW
Dy Dy

Figure 4.11. Detailed illustration of the two characteristic configurations of the “SCHEME-II+" reactor
for the investigation of the VDFs in there produced Ds plasmas. It is reminded that the synchrotron
radiation beam passes through the capillaries on each side of the reactor, that is in a direction perpendicular

to this page.
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Figure 4.12. Real photos of the interior of the “SCHEME-II+” reactor depicting the two cases of materials
that are investigated. (a) The Quartz cylinder is set in place thus constituting a full quartz interior, and
(b) Tantalum foils (0.1 mm thick) are set on top of the quartz surface so that a full metallic coverage is
achieved. The white arrows on the pictures indicate the position and direction of the synchrotron radiation

(SR) beam, while the red dotted circles that of the capillaries.

the “SCHEME-II+” reactor via VUV-FT absorption spectroscopy and by using the methodology
described in the preceding sections will be presented. In particular, these have been deduced for
four characteristic operating conditions detailed hereafter. More specifically, as it is illustrated in
Fig. 4.11, two principle configurations of the “SCHEME-II+" reactor which differ with respect to
the position of the dipolar ECR module inside the reactor structure. It is reminded that the
synchrotron radiation beam which is used for the absorption measurements traverses the reactor
structure through the two capillaries (noted on Fig. 4.11) that complete the differential pumping
unit, in a sense perpendicular to the present page. In addition to the aforementioned distinction,
in both configurations, the influence of two different materials on the VDFs is assessed. Namely,
quartz (Q) which notably in this case serves as a reference material, and Tantalum (Ta). In either
case, special attention is paid so that the plasma faces entirely (100%) a Q or Ta surface (Fig.
4.12). For the case of Q this is slightly easier since, by design a Q cylinder is always placed inside
the reactor as it has been discussed in the description of the “SCHEME-II+"” reactor in section 2.2
of the second chapter. For the case for which Ta should be investigated, thin foils (0.1 mm
thickness) are acquired, cut and shaped in such a way as to fully coat the interior of the quartz
cylinder. In other words, the foil is made sure to cover all of the quartz parts, and thus it is
considered that the plasma faces an entirely metallic surface. During the experiments it is also
important to note that the basic plasma operating parameters are kept constant, i.e. the working
gas pressure is regulated at 1.6 Pa and the transmitted microwave power is 150 W. Following the
acquisition of the absorption spectra and their processing which has been described in
sections 2.2.1 and 4.1, respectively, the resulting intermediate VDFs for the four different

operating conditions mentioned before are displayed in Fig. 4.13.
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Figure 4.13. Plot of the intermediate VDFs for a Ds plasma (1.6 Pa; 150 W) for four characteristic
configurations of the “SCHEME-II+" reactor.

4.3 Determining the absolute VDF

Eq. 4.12 suggests a straightforward way to deduce the population density n » in the vibrational
levels of the electronic ground state for the D2 molecule, since the rest of the terms in the equation

are constant:

Suv

n»= vV
v 2e2n20? _ 9, (4.14)
et Tevd, REEr)

However, in reality the absorption length L is the sole parameter which can be questioned and
there is some ambiguity surrounding its correct determination. Primarily, due to the fact that the
“SCHEME-II+" reactor is installed along the synchrotron beamline for measurements in a window-
less mode, the passive gas (see section 2.2 for details) flowing outside of the structure through the
two capillaries set on either side of the differential pumping unit makes it difficult to clearly define

a value for L.

This issue can be circumvented by performing a calibration procedure in which absorption
measurements are performed in the absence of the plasma, in pure D2 gas. It is known that, when
the plasma is not ignited the entire molecule population lies in the ground state X! Eg(V": 0,J ")
levels. By applying the ideal gas law considering the pressure of 1.6 Pa and a temperature of
294 K (room temperature of 21 °C), the population density of the molecules, let it be denoted as
n; off, is found equal to 3.94x10%" m 3. The application of the analysis of section 4.1 in the case of
the investigation of only the BXv'-0 transitions when the plasma is not ignited yields the S/q
ratios (Eq. 4.13) from which a mean value for S/q can be calculated for the v' = 0 level, which is

then proportional to the entire molecule density, i.e. 3.94x10% m3.

90



Chapter 4. Experimental determination of Vibrational Distribution Functions

Table 4.9. Measured values for the band strength for the BXv'-0 (v'= 0, 1) transitions. Two measurements
per band exist from two different spectra obtained with two different undulator settings. The band strength

is divided by the FC factor and a mean value and an uncertainty (derived from a Student’s t-test) is

calculated.

Band SOv' qu' SOV' /q0v'
BX0-0(1) 1.032 0.0005 2063.10
BXO0-02) 1.045 0.0005 2090.25
BX1-0(1 4.36 0.0025 1743.06
BX1-0(2) 4.76 0.0025 1903.27
Mean 1950
Uncertainty 255

Table 4.9 summarizes these results for the experimental conditions (1.6 Pa, 150 W) studied
herein. According to the former statement, the mean value of 1950 (Table 4.9) is directly related
to a molecular density of 3.94x10% m 3. That is, when considering a given absorption length L
which also includes the contribution of the passive gas. It is reminded here that the term passive
gas refers to the gas flowing outside of the capillaries of the differential pumping unit employed
at the “SCHEME-II+" reactor. Similar measurements, which are not included in this work, in
several other pressures as well (0.06 Pa, 0.66 Pa, and 0.8 Pa) evidenced a linear increase of the
S/q ratio as a function of pressure. This is proof both for the good performance of the analysis

that is carried out and the absence of saturated spectral lines.

While by direct analogy the absolute density of all of the levels could be derived, this would
lead to erroneous results. In fact, L is not constant but actually decreases with increasing
vibrational level. This is due to the decreasing lifetime of the higher vibrational levels as it has
been reported in [130]. This study revealed that the vibrationally excited molecules have lifetimes
of a few hundred microseconds. More specifically, the lifetime falls from 350 us for v'=4 to about
100-150 us for the intermediate levels v'= 6-11, and finally plummets to several tens of

microseconds for higher levels. Thus, an absorption length equal to L is to be considered only for

the v' = 0 level while only a fraction of L, L‘, for the higher levels. Table 4.10 collects the data
corresponding to each of the points in Fig. 4.13, i.e. the experimental values for the S/q ratios
in the ten first vibrational levels of the ground electronic state for the D2 molecule, for the four
studied conditions. At the same time, at the end of Table 4.10 the value for the summation of
the S/q ratios over all of the observed vibrational levels is given. In all of the studied cases, in the
presence of the plasma, this sum is lower than that in the absence of the plasma. On the one hand,
one explanation would be that there are several other vibrational levels that are populated and
are not accounted for since they are not observable. However, their small contribution is not
expected to compensate for the difference. On the other hand, there is a loss of a portion of the

molecule population when the plasma is ignited. In fact, this is expected on account of the
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combined action of a few mechanisms such as dissociation of the gas, ionization and excitation to

triplet states [68].

Table 4.10. Experimental values of S »/q  » in the different experimental conditions studied herein. Do

plasma, 1.6 Pa; 150 W.

Quartz (Q) Tantalum (Ta)

v Without plasma Config. A Config. B Config. A Config. B
0 1950 807.4504 1488.1 1355.5 1035.4

1 123.8621 167.1918 120.3785 108.0885
2 42.7625 48.0652 44.7241 43.6122
3 9.9201 7.8389 12.0649 12.4874
4 4.2756 3.5668 7.294 6.8551

5 2.287 1.5628 4.5657 4.3836

6 1.2158 0.7184 2.8527 2.4522

7 0.8393 0.4303 1.7067 1.5095

8 0.5794 0.287 0.867 0.7874

9 0.3763 0.2447 0.592 0.3907

10 -- - 0.3609 0.2307
Z V>0 186.1181 229.9059 195.4065 180.7973
ZV" 1950 993.5685 1718.0059 1550.9065 1216.1973

Based on the discussion in the preceding paragraphs, it is evident that with the current
knowledge one can derive with certainty the absolute population density of only the v'= 0 level.
It is noted that it is because L does not change between the calibration procedure based on the
measurements in the absence of the plasma and on the measurements when the plasma is ignited,
only for v' = 0. Thus, the values in the first row of Table 4.10 are finally transformed to absolute

molecule densities as given in Table 4.11.

Table 4.11. Absolute values for the D2 molecule density in the fundamental vibrational level of the Xlzg‘
state (1.6 Pa, 150 W).

Quartz (Q) Tantalum (Ta)
v Without plasma Config. A Config. B Config. A Config. B
0 3.9x1020 m-3 1.6x1020 m-3 3.0x1020 m-3 2.7x1020 m-3 2.1x1020 m-3

For the higher vibrational levels, in the end, the most accurate way to deduce their population
density would be through Eq. 4.14 after having properly defined the absorption length for each
level in taking into account the factors that influence it. For that, dedicated experimental and
modeling efforts would be of great value. In this work, it will suffice to say that even if the
correction for the higher vibrational levels could be effected it is not expected to significantly alter
the shape of the distribution. In other words, it would maintain that of Fig. 4.13 and the relations
between the different experimental configurations would be the same. Thus, the discussion that
will follow in section 4.5 is made on the basis that the absolute VDFs would have the form of

those in Fig. 4.13.
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4.4 Other parameters derived through VUV-FT absorption

spectroscopy

A unique aspect of the VUV-FTS measurements described in this chapter is furthermore the
ability to observe up to eleven atomic Lyman lines, i.e. the transitions from n = 1 up to n = 12.
Therefore, it is possible to infer the atomic density in the ground state and from that the degree
of dissociation of the gas. However, in order to do so it is necessary to also have knowledge on the
gas temperature. Thus, before presenting the results on the atomic density and the degree of
dissociation, the following section is dedicated to the description of the derivation of an estimate

of the gas temperature experimentally in the “SCHEME-II+" reactor.

4.4.1 Gas temperature

An estimation of the gas temperature is derived from applying the tunable diode-laser absorption
spectroscopy diagnostic whose validity and details on its implementation at the “SCHEME-II+”
reactor were discussed in section 2.2.1. In particular, the left side of Fig. 4.11 showed the
configuration of the reactor under which the measurements were made. It corresponds to one of
the two for which the VDFs were investigated, and thus these measurements are immediately
relevant to those. Namely, the probed line-of-sight lies 25 mm above the axis of the magnet of the
dipolar ECR module, and the plasma faces a surface entirely covered by Quartz. In addition, three
different values of working gas pressure (0.8, 1.6 and 3.2 Pa) and transmitted microwave power

(100, 150 and 200 W) were investigated.

Fig. 4.14 displays the gas temperature that is derived by the process outlined in section 2.2.1
for several different operating conditions. The temperature is within several hundreds of Kelvin,

with the mean values being between 400 K and 600 K. At the same time, increasing pressure or

10—
; T ~ 0100 W
700 I O 150W ]
~ A 200W
< o
£ 600 " 1
o
8
IS 3 o .
S 500 | o} Lo .
© N
400 | N
300 I " " 1 " " 1 " " 1 " " 1
0.0 0.8 16 24 3.2

Pressure (Pa)

Figure 4.14. Estimated gas temperature in several characteristic plasma operating conditions.
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power induces a decrease of the gas temperature. This is expected since both of these variations

lead to a rise of collisions and subsequent energy loss for the atomic species.

The value of the gas temperture that is most relevant in this case is that for the 1.6 Pa/
150 W pair of conditions that have been repeated throughout this chapter, i.e. 400£5.6 K. In fact,
this result correlates well with a previous estimation of the gas temperature at 465 + 30 K [68],
through the rotational temperature at that time, from experiments held at the same reactor also

employing the VUV-FTS technique presented herein.

4.4.2 Atom density and degree of dissociation

As it was briefly mentioned above, it is possible to infer the atomic density through the close
inspection of the atomic Lyman transitions. Normally, from the processing of each of the
observable Lyman lines the same result for the atom density should be obtained since the intensity
of the absorption in principle is directly proportional to the population of the lower level, that is
the n = 1 state in this case. This is extremely useful since, often, the absorption line of the first
or even second Lyman transition may appear to be saturated in the acquired spectra, which, upon
processing would lead to erroneous calculations. The routine utilized to process the spectral lines
of the Lyman transitions is a combination of the method used for the treatment of the VUV-FT
spectra (section 4.1) and of that for the TDLAS signals (section 2.2.1). Briefly, first the inherent
quasi-Gaussian baseline imposed by the synchrotron illumination is subtracted from the acquired
spectra. This time, the evaluation of the baseline is based on a non-linear adjustment of four
Gaussian profiles to the experimental spectrum using the “fminsearch” function of Matlab. This
function utilizes the Nelder-Mead simplex algorithm as described in [177]. Afterwards, the spectral
lines are identified, and potential blends with neighboring lines are also assessed. Deconvolution
of the instrumental function from the line profile and subsequent calculation of the optical depth
follow. The next step consists in fitting to the measured profile a pseudo-Voigt profile. In
particular, for the Lyman lines in question, the fit returns a zero contribution of the Lorentzian
component (it is reminded that the pseudo-Voigt profile is made from the sum of a Lorentzian
and a Gaussian profile), thus the lines are characterized solely by a Gaussian profile. In the final
step of the procedure, it is possible to calculate the atom density which is proportional to the

integral of the spectral line, and from that also the degree of dissociation D:

n
D—- —2 (4.15)
np+2np,

where np and np, denote the atom and molecule densities, respectively. It is noted that np, is

approximated via the ideal gas law.

Table 4.12 shows the results for the atom density and the degree of dissociation for the two
cases of materials investigated in the “SCHEME-II+" reactor, for additionally three characteristic

values of the gas temperature, i.e. 294 K, 400 K, and 600 K.
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Table 4.12. Atom density in the cases of coverage of the interior of the reactor with quartz and Tantalum,

and degree of dissociation for three different values of the gas temperature. D2 plasma; 1.6 Pa, 150 W.

Quartz (Q) Tantalum (Ta)
294 K 400 K 600 K 294 K 400 K 600 K
Molecule density (m3) 3.9x1020 2.9x1020 1.9x1020 3.9x1020 2.9x1020 1.9x1020
Atom density (m3) 4.2x1019 1.6x1019
Uncertainty (m3) 0.4x1019 1.2x1019
Degree of dissociation (%) 5.1 6.8 9.5 2 2.7 4

For the experimental conditions considered in this chapter (D2 plasma; 1.6 Pa, 150 W) and
in taking into account the estimation of the gas temperature at 400 K in those (section 4.4.1), the
degree of dissociation is found to be about 2.5 times higher in the case of quartz than in the case
of tantalum. This also correlates well, qualitatively, with the results of Table 4.10 when
conducting a comparison of the values of Y v' between the quartz and the tantalum cases in
Configuration A (Fig. 4.11), in which the probed region of the plasma is that of its creation (in
the vicinity of the magnet of the dipolar ECR module). A higher degree of dissociation leads to a
more pronounced decrease in the molecule density, therefore it appears logical to see a lower value
of ¥ v" when quartz faces the plasma as opposed to tantalum. On the contrary, this is not observed
in Configuration B (Fig. 4.11), which could be an indication that this effect is compensated by

the synergy of other processes.

4.5 Discussion

By now it has been evidenced that gaining information on the EEDF is crucial for evaluating the
dissociative electron attachment (DEA) reaction (R1 and R2; Table 1.3) in the volume
production of negative H and D™ ions. However, it is important to keep in mind that knowledge
on the VDF may reveal equally valuable insight onto the molecular constituents of the same
reaction. Hence the focus, in this chapter, on the determination of the VDF's, and the presentation
in the previous section of four such curves (Fig. 4.13) in characteristic plasma conditions. In this
section, several key conclusions that can be drawn from the shape of these curves and through

their comparison between each other are presented.

But before that, it is deemed necessary to provide an explanation regarding the choice of the
two particular spatial configurations of the “SCHEME-II+" reactor that were chosen (Fig. 4.11).
Given that the line-of-sight for the synchrotron radiation is constant, the displacement of the
dipolar ECR module to two different positions results in ultimately probing two different regions
in the produced plasma. One is the production region (25 mm above the axis of the magnet of the
dipolar ECR module; Configuration A), and the other is the diffusion region (75 mm downstream
of the mid-plane of the magnet of the dipolar ECR module; Configuration B) where negative ion
production predominantly takes place, as it has been highlighted in the previous chapters. It is

worth noting that, particularly Configuration B is similar to that of the “Prometheus I” reactor in
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the experiments that have been presented in Chapter 3, where the probing area was 65 mm below

the mid-plane of the magnet of the dipolar ECR module.

The variety of reactions balancing the population and de-excitation of the vibrational levels
have been laid out in Table 1.4. All of these contribute to the final shape of the VDF which
exhibits a markedly non-Boltzmann character with a plateau and an overpopulated tail [75]. With
a first glance it is worth noting the similar shape of the VDF's of Fig. 4.13 with the distribution
of the cross section of the E-V process among the vibrational levels on Fig. 1.7(c), indicating the
crucial role of this reaction. Nevertheless, the results also unveil an influence of the recombinative

processes on the VDF which will be evaluated.

With regard to Fig. 4.13, firstly, it can be seen that for the lower vibrational levels (V": 0-3)
the population density is the nearly the same regardless the material, or the probing position.
This pattern suggests that the mechanism governing the population of these vibrational levels is
common to all of the cases, and is most likely one that takes place in the plasma volume, i.e. the
e-V and E-V processes. On the contrary, when the higher vibrational levels are considered (v" > 3)
there is a noticeable increase of the population density in the case where Ta is used, independently
of the configuration. This hints towards a positive contribution of the surface processes that could
occur, thus leading to an enhancement of the creation of vibrationally excited molecules with
respect to the Q case. In fact, an example reported in [93| that correlates well with this hypothesis,
states that the average vibrational level of the Hs molecule formed by recombination of atomic
recombination on graphite ranges from v' = 4 to v'= 6, depending on the surface temperature and
the kinetic energies of the impinging atoms. Indicatively, from Fig. 4.13, for v' = 6 for example
and Configuration B, the introduction of Ta in the reactor interior leads to the enhancement of
the population in that level by a factor of around 3.4. If, additionally, one takes into account the
significance of these intermediate and higher vibrational levels for the DEA reaction (the cross
section increases dramatically with increasing vibrational level, cf. Fig. 1.6), this selective
enhanced production of molecules in high-lying vibrational states should accordingly lead to a

boost in the negative ion yield.

Furthermore, it is observed that in the case of where Q is the material exposed to the plasma,
the population density in the tail of the VDF is lower in Configuration B than in Configuration
A. This is expected since the probed area in Configuration B is downstream of the plasma
production zone, where these molecules are predominantly created through volume mechanisms,
whilst nearly no effect of surface processes is to be anticipated. On the other hand, in the case
where Ta is investigated, the VDFs in both configurations almost coincide. A possible explanation
can be derived if the surface-produced molecules have a long lifetime. If conversely a short lifetime
were to be assumed, it would mean that these molecules would be destroyed via competing

mechanisms shortly after their creation, and thus their detection further away from the surfaces
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Figure 4.15. Boltzmann plot for the derivation of the vibrational temperature. For each configuration two
quasi-linear regions are distinguished, and a fit is performed for each one. The resulting average

temperatures are given next to the adjusted lines.

would not be feasible. But, since indeed close the VDF's for Ta between the two configurations
are practically the same, it is safe to say that the produced molecules in fact have lifetimes
comparable to those created through volume processes. Typical lifetimes of molecules excited in
different vibrational levels have been reported by [130], ranging from around 400 ps to 100 s,

respectively, for v from 0 up to 10.

Finally, another interesting parameter that can be deduced from these measurements is the
vibrational temperature. This temperature can influence the rates of various vibrational-
vibrational or vibrational-translational energy exchange processes [178|, and at the same time may
be a valuable input used in numerical models aiming to the exploration of the vibrational kinetics
[179]. In Fig. 4.15 the VDFs for two of the abovementioned studied configurations are re-drawn
so that the abscissa is refers to the logarithm of the relative population density whereas the
ordinate is expressed in terms of the energy difference, AE, between the vibrational energy of each
level with respect to that of the first vibrational level, v'=0 [155]. This representation is
equivalent to a Boltzmann plot. In that, two quasi-linear regions are identified, one comprising
the first four vibrational levels (v'=0-3) and the other including the next five (v' = 4-8). From
each of these regions a different vibrational temperature can be determined, and according to
theory, the reciprocal of the negative slope of these regions gives this value directly. The lines that
are adjusted via a linear fit through the respective data points, in each of the two regions for both
configurations are shown in the same figure. Alongside those, the resulting temperature is marked.
The same procedure is repeated for all of the studied configurations and Table 4.13 collects the
vibrational temperatures for the two different regions. In Configuration A, regardless of the

material the vibrational temperature is found to not differ significantly.
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Table 4.13. Average vibrational temperatures derived from the head and tail of the VDFs in the four
experimental conditions described in the text. The standard error given in the values for the temperature

correspond to the fitting procedure rather than the uncertainty in the data itself.

Experimental conditions Ty, (v — 0.3y (K)  Tyip, (v = a8y (K)

Config. A, Ta 2725 + 411 6492 + 431
Config. A, Q 2899 + 213 6768 + 454
Config. B, Ta 2915 + 468 6306 =+ 326
Config. B, Q 2435 & 173 5344 + 400

On the other hand, a difference of about 1000 K is noted between the vibrational temperatures of
the higher levels when comparing Ta and Q in Configuration B. Calculations in [179] of VDFs as
a function of the recombination coefficient, v, show that for increasing values of the latter the
distribution warms up. For the materials under scrutiny, based on literature, it would be expected
that Q has a recombination coefficient of around 0.003 at 300 K [101], while the value for Ta,
under the assumption that it is similar to the one for W, it would be around 0.06 at 353 K [100].

Thus, indeed, the present experimental results correlate well with the aforementioned statement.
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CHAPTER 5

INTERROGATION OF PLASMAS SUSTAINED
IN THE PULSED MODE OF OPERATION

In this chapter an alternative, with respect to that followed in the previous two chapters, operation
regime is studied, that of pulsed plasma operation, in order to explore the potentiality of enhancing
the negative ion yield. The feasibility of deducing time-resolved measurements of the basic plasma
parameters is demonstrated and these are consequently discussed. In particular, these preliminary
experimental investigations refer to a D2 plasma produced under typical operational conditions at the

“SCHEME-II+" reactor.



Chapter 5. Interrogation of plasmas sustained in the pulsed mode of operation

5.1 Time-resolved D2 plasma parameters

D> plasmas sustained in the pulsed mode of operation were subject to scrutiny in the
“SCHEME-IT+” reactor by means of Langmuir probe and single-beam laser-induced
photodetachment measurements. The details on the installation of these two diagnostic
techniques, and the necessary actions for the synchronization between the different instruments
for their application have already been given in sections 2.2.3 and 2.2.4. The treatment of the
current-voltage characteristics follows the same procedure that was outlined in section 3.1, while
that of the signals obtained by the photodetachment technique is the standard one also described
in section 2.1.2. Here, the time-resolved plasma parameters are presented in typical operating

conditions.

Measurements have been conducted in D2 plasmas in the characteristic configuration for the
“SCHEME-II+" reactor that has been shown in Fig. 2.18, i.e. the probing region in the plasma
is 75 mm downstream of the mid-plane of the magnet of the dipolar ECR module. Moreover, these
experiments are effected for specific operating conditions, namely for a working gas pressure of
1.6 Pa and for injected microwave power of 150 W. It is recalled that the mentioned operating
conditions are the ones that have been chosen throughout the experimentation in this reactor.
The frequency of the plasma pulses is 2 kHz, with a duty cycle of 30%. It is noted that, the choice
of these values were not made as a part of an extensive parametric study but arbitrarily. Lastly,
while all of the aforementioned parameters remain constant, the surface which faces the plasma
differs between quartz and tungsten (W). The tungsten comes in the form of a metallic foil,
0.1 mm thick, as in the case of tantalum which was used in the experiments described in the
previous chapter. Tungsten, which has a similar positive effect in yielding ro-vibrationally excited
molecules, was preferred instead of tantalum for these measurements particularly because of its

higher resistance to becoming brittle when exposed to H2/D2 plasmas.

Fig. 5.1 shows the evolution, within a plasma pulse, of the floating and the plasma potentials.
Fig. 5.1(a) corresponds to the case where a full Q surface faces the plasma, whereas Fig. 5.1(b)
shows the same for a full W surface facing the plasma. In both cases, the two potentials quickly
reach a constant value, within 50 ys after the beginning of the pulse, and diminish in about the
same amount of time when the microwave power is no longer transmitted. However, it is observed
that both potentials are higher when the plasma is enclosed in the Q surface. The average floating
and plasma potential is around 11 V and 12 V, respectively, while for a W enclosure these are
around 3 V and 6.5 V, accordingly. The higher values obtained for Q may be attributed to its
dielectric nature. In practice, there remain some very few metallic surfaces exposed to the plasma
(the magnet of the dipolar ECR module, the stainless steel supports of the two capillaries, and
part of the inner copper cylinder of the reactor) to which electrons find a way to escape to. In the
meantime, some equilibrium should be established for the sheath created at the boundaries with
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Figure 5.1. Time-resolved measurements of the floating and plasma potentials, with (a) a full quartz
surface and (b) a full tungsten surface facing the plasma. Dy plasma probed 75 mm downstream of the
midplane of the magnet of the dipolar ECR module on the reactor axis; 1.6 Pa, 150 W (2 kHz, 30% duty
cycle).

either surface (quartz or metallic). Thus, the plasma potential increases naturally in order to

enhance the ion mobility towards the small portion of metallic surfaces.

In the same manner Fig. 5.2(a) and (b) display the temperature and density of the cold
electron population, for quartz and tungsten, respectively. The electron temperature appears to
rise from the beginning of the pulse (more evident in the quartz condition) and finally attains a
value of 0.85 eV and 1.3 eV towards the end of the pulse, in quartz and tungsten respectively. At
the end of the pulse, the electron temperature decays rapidly. Indicatively, if an exponential
function is used to describe this decaying behavior the following time constants may be derived
in quartz and tungsten; 15.37 & 9.11 ys and 5.83 £ 0.36 ys, respectively. Thus, a more rapid decay
is observed when the entire interior surface of the “SCHEME-II+" reactor is covered by the

tungsten foil. With regard to the cold electron density, a similar trend to that of the temperature
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Figure 5.2. Time-resolved measurements of the cold electron temperature and cold electron density, with
(a) a full quartz surface and (b) a full tungsten surface facing the plasma. Do plasma probed 75 mm
downstream of the midplane of the magnet of the dipolar ECR module on the reactor axis; 1.6 Pa, 150 W
(2 kHz, 30% duty cycle).
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is seen, with the only remarkable difference being the presence of a spike in the density at the
very end of the plasma pulse. Following the end of the pulse, the density decays, however it
remains important (nearly 0.5x1015 m 3) even at 175 ys, i.e. 20 us after the complete extinction of
the plasma pulse at 155 ps. This value for the electron density is close to that obtained inside the
plasma pulse for quartz, and nearly half of that when tungsten is used (compare the times 100 ps
and 175 ys in the subplots of Fig. 5.2). These remarks will be proven interesting in the study of
the evolution of the negative ion density in the corresponding conditions that is described in the

next section.
5.2 Time-resolved measurements of the negative ion density

In this section and for the same conditions examined in the previous section, measurements of the
negative ion density in different time points in the plasma pulse are given. Due to the fact that
these measurements were carried out on different days than those presented before, potential
discrepancies between the exact values of the plasma parameters may be observed. Factors such
as the venting of the reactor between the measurements, and alternation of the working gases may
affect the results. With this in mind and to ensure thus credibility, the results shown below

correspond to measurements that have been effected on the same day.
5.2.1 The case of a full quartz surface facing the plasma

Fig. 5.3 displays the current-voltage characteristic (Langmuir probe) curves ((al)-(f1)) and
current impulses obtained through the photodetachment technique ((a2)-(£2)) for six time points
inside a plasma pulse (2 kHz, 30%). At the top of each subfigure the probed time point within the
plasma pulse is marked, counting from to + 5 us (see Fig. 2.20). That is, 5 ys after the command

signal triggers the microwave output, compensating thus for the delay between those two.

Especially for the signals showing the current impulse induce by the photodetached electrons
during the application of the technique, the figures display the raw signal recorded by the
wideband current transformer (details in section 2.2.4) after the subtraction of a baseline.
Superposed on the same plots are the smoothed signals. An FFT (Fast Fourier Transform) filter
employing a 125-point window, resulting in a cutoff-frequency of 10 MHz. This way the noise seen
on the raw signal is suppressed, all the while ensuring minimal distortion of the signal since the

window is equal to only 2.5% of the total amount of data points of the signals.

A notable increase of the photodetached electron current appears in the post-discharge time
of the plasma pulse. Specifically, these measurements show that the maximum amplitude of this
current is obtained at 165 us, i.e. 10 ys after the total extinction of the microwave power (it is
reminded that the “Microwave output” has a falling time of 5 us). At this time, the amplitude is
nearly 5 times larger than that observed inside the plasma pulse (11.15 pA at 165 ys versus
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Figure 5.3. (al)-(f1) I-V characteristics in specific time points within a 2 kHz (30% duty cycle) plasma
pulse, and (a2)-(f2) the corresponding signals induced by photodetachment. Each subfigure of the bottom
line displays both the raw signal from which only a baseline has been removed (grey solid line), and the
smoothed signal (black solid line). D2 plasma probed 75 mm downstream of the midplane of the magnet of

the dipolar ECR module on the reactor axis; 1.6 Pa, 150 W (2 kHz, 30% duty cycle).

2.17 pA at 95 ps). Noteworthy is the fact that even at more extended times (e.g. at 195 us) the
signal remains considerable. At the same time, the gradual increase of the collected current in the
recorded I-V characteristics is distinguished at times in the pulse, and contrarily it decrease after

the end of it.

For comparisons sake, Fig. 5.4 depicts a I-V characteristic and the corresponding
photodetachment signal obtained in an identical plasma, when it is sustained in the continuous
mode of operation. This curve normally should be similar to the ones obtained during (and mostly
towards the end of) the pulse. In the case presented here, this is not true as they differ in a way
that the one in the continuous mode appears shifted towards higher bias potentials while the
maximum collected current is lower. Empirically, this phenomenon has been observed in particular
in the case where quartz is the material facing the plasma, and after several hours of plasma
operation. Nevertheless, this mostly affects the value of the floating and plasma potentials, whereas
the rest of the plasma parameters that are extracted will be seen to differ only slightly (Fig. 5.5).
As for the, photodetachment signal, despite the presence of a small peak after the applied
smoothing to suppress the noise in the signal, this is considered as a zero-signal because it does
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Figure 5.4. I-V characteristic (a) and photodetachment signal (b) for a plasma sustained in the continuous
mode of operation. In (b), the bold black line corresponds to the smoothed signal which is superposed on
the raw one from which a baseline is subtracted. D2 plasma probed 75 mm downstream of the midplane of

the magnet of the dipolar ECR module on the reactor axis; 1.6 Pa, 150 W enclosed by a full quartz surface.

not resemble a typical photodetachment signal in any way. Thus, the negative ion density is
deemed to be undetectable, represented by a data point set to zero (Fig. 5.5). Note that the same
goes for the first two data points for 25 ys and 45 ys.

From the collection of these signals the basic plasma parameters are extracted, and the most
important ones are displayed in Fig. 5.5. The cold electron density is of the order of 10 m3
and, as it was shown also in the previous section, displays an increasing tendency during the pulse
but diminishes in the post-discharge. The cold electron temperature remains lower than 1 eV
throughout, but as expected it decreases slowly even further in the post-discharge time. On the
contrary, the negative ion yield reaches a maximum shortly after the end of the plasma pulse and

then also starts to ware off. Simultaneously, since there is an increase in the negative ion
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Figure 5.5. Cold electron density and temperature, and negative ion density and relative negative ion
density for the case where the plasma faces a full quartz surface. The data points that correspond to the
plasma parameters for a plasma sustained in the continuous mode of operation are represented by half

colored symbols (same shapes) and are set arbitrarily at the 5 ys point for clarity.
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production but a diminution of the electron density, the relative ratio of negative ions (np-/n,)
increases noticeably. However, still the negative ion yield is by an order of magnitude lower than
the cold electron density, and the ratio is accordingly small (below 10%). Nonetheless, it is worth
noting that a maximum absolute negative ion density of 1.25x10% m 3 is achieved at 165 us, which
is about 17.8 times higher than the value obtained at 95 ps (0.07x10'3 m3). Finally, on the same
figure, the individual half-full symbols denote the respective values of the parameters in the

continuous mode of operation.
5.2.2 The case of a full tungsten surface facing the plasma

Measurements identical to the ones featuring in the previous subsection have been also performed
for the case where tungsten foils are set appropriately on the quartz surface, thus mimicking an
entirely metallic surrounding. Fig. 5.6 shows the corresponding to Fig. 5.3 bundle of I-V
characteristics and photodetachment signals for this second case. As in the case of quartz, there
is a prominent increase of the recorded photodetached electron current in the post-discharge time,
with respect to that occurring during the plasma pulse. In particular, an increase of a factor of 3

is apparent (31.01 pA at 155 ys versus 10.03 pA at 95 ps).

4 4 4 4

(a1) 25 ps (b1) 45 ps (c1) 95 ps (d1) 145 ps (e1) 150 ps (f1) 155 ps
3t 3 3
=
£
2 2 2t
3
ks
Sl 1 1
O 0 O
6 30 0 30 60 0 0 3 60 30 0 3 60 30 0 30 60 30 0 30 60 0 0 30
Probe bias (V) Probe bias (V) Probe bias (V) Probe bias (V) Probe bias (V) Probe bias (V)
60 T T 60 T T 60 T 60 T T 60 T T 60 T T
(a2) 25 ps (b2) 45 ps (c2) 95 ps (d2) 145 ps (e2) 150 ps (f2) 155 ps
50 50 50 + 50 41 50 50 +
5
= 40} 1 af 1 ot {1 4t 1 ot
= 30} 30}
® 20t ﬂ 20t
g 10f 10}
i=] ‘ | ‘
2 0 U | 0
o
10} 10}
-20

1 1 1 _20 1 1 1 _20 1 1 1 _20 1 1 1 _20 1 1 1 _20 1 1 1
00 05 10 15 00 05 10 15 00 05 10 15 00 05 10 15 00 05 10 15 00 05 10 15
Time (ps) Time (ps) Time (ps) Time (ps) Time (ps) Time (ps)

Figure 5.6. (al)-(fl) I-V characteristics in specific time points within a 2 kHz (30% duty cycle) plasma
pulse, and (a2)-(b2) the corresponding signals induced by photodetachment. Each subfigure displays both
the raw signal from which only a baseline has been removed (grey solid line), and the smoothed signal

(black solid line).
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mode of operation. In (b), the bold black line corresponds to the smoothed signal which is superposed on
the raw one from which a baseline is subtracted. D2 plasma; 1.6 Pa, 150 W enclosed by a full tungsten
surface.

Subsequently, with Fig. 5.7, a direct comparison can be carried out with corresponding
measurements made when the plasma is sustained in the continuous mode of operation. In this
case, both the I-V characteristic and the photodetachment signal is found to be in agreement with
those obtained inside the plasma pulse. One should compare the signals with those obtained at a
time equal to 95 us. In fact, at least for the amplitude of the photodetachment signal, 8.23 pA in
the continuous mode are compared with 10.03 A at 95 ys.

Moreover, with the treatment of all the presented signals in Fig. 5.6, Fig. 5.8 is derived,
displaying the evolution of the cold electron density and temperature, and the negative ion density
and relative negative ion density during a plasma pulse. On the same figure, the half-full symbols
set arbitrarily for clarity at the 5 us point correspond to the continuous mode of operation. The

trends and the absolute values, overall, of the cold electron density and temperature are in good
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Figure 5.8. Cold electron density and temperature, and negative ion density and relative negative ion
density for the case where the plasma faces a full tungsten surface. The data points that correspond to the
plasma parameters for a plasma sustained in the continuous mode of operation are represented by half

colored symbols (same shapes) and are set arbitrarily at the 5 us point for clarity.

106



Chapter 5. Interrogation of plasmas sustained in the pulsed mode of operation

agreement with those already presented in Fig. 5.2. The absolute negative ion density is found
to be at 4.03x10% m at 155 ps, higher by almost a factor of 8 than that measured at 95 us
(0.45x10' m™). This is also mirrored upon the negative ion to cold electron density ratio. This
factor reaches nearly 11 when the comparison is made with the absolute negative ion density in
the continuous mode of operation, i.e. 0.35x10'3 m™3. Note that the negative ion density and
negative ion to cold electron density ratio is set to zero in the cases for which the amplitude of

the photodetachment signal cannot be defined.
5.3 Discussion

In the introductory chapter it was mentioned that by sustaining plasmas in the pulsed mode of
operation a higher negative ion yield can be achieved. The results presented in this chapter
demonstrate this potential, as a strong enhancement of the negative ion density at the end of the

plasma pulse was evidenced.

It is reasonable to also conduct a comparison between the two investigated materials, quartz
and tungsten, with respect to their efficiency of negative ion production. First of all, in the
continuous mode of operation, the negative ion density in quartz was undetectable, contrary to
the case of tungsten where it was found to be 0.35x10" m3. Secondly, with respect to the pulsed
mode measurements, quartz yielded a maximum negative ion density of 1.25x10'3 m 3, whereas
tungsten 4.03x10' m 3. In other words, the introduction of tungsten leads to a 3 times higher
negative ion yield. Both maxima were found in the post-discharge period, at 165 ps and 155 ys for

quartz and tungsten respectively.

A rather simplistic explanation of this phenomenon will be attempted herein as certainly more
extensive measurements and modeling would be needed in order to arrive at a concrete conclusion.
In returning to the statement that the dominant reaction for negative ion production is the DEA
of low energy electron to highly ro-vibrationally excited molecules, the abovementioned higher
negative ion density in the case where tungsten is used can be partially explained by the higher
cold electron density measured. On average, the cold electron density indeed results in being about
3.4 times higher when tungsten is employed. At the same time, the positive influence of the
metallic surface in creating ro-vibrationally excited molecules should be acknowledged since they
are key components in the DEA reaction. This was justified through the measurements presented
in Chapter 4. Despite the fact that the material studied in those measurements was tantalum, a
similar effect should be expected for tungsten as well (this fact has been reported in [68]). On the
other hand, the particular enhancement of the negative ion density in the post-discharge can be
potentially traced back to three main contributing factors that could promote their creation: i)
the lowering of the cold electron temperature which can coincide with the range of temperatures

for which the cross section of the DEA reaction peaks. In fact, the electron temperature of below
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1 eV obtained is ideal for DEA via the high-lying vibrationally excited molecules (Fig. 1.6). ii)
the non-immediate decay of the cold electron population, and iii) the long lifetime of the
ro-vibrationally excited molecules of several hundreds of microseconds that has been reported in
[130]. At the same time, it is important to evaluate the destruction processes in the post discharge
time. Given the substantial increase of the negative ion yield in the post-discharge, one can assume
that the rates of reactions leading to their destruction through different direct or indirect processes
(see Chapter 1), but the present results alone do not suffice to evaluate them. Nonetheless,
collectively, it seems that the synergy all of the above factors is responsible for the observation of

a large negative ion yield in the post-discharge time.

Overall, it should be mentioned that while this series of measurements provides initial insight
into negative ion creation in D2 plasmas driven by a dipolar ECR module sustained in the pulsed
mode, this primary approach remains rather superficial. Additional parametric studies as a
function for example of the frequency and the duty cycle of the imposed microwave pulses, and
measurements of the properties of the molecular species (e.g. time-resolved measurements of the
vibrational distribution function) in this mode of operation would be crucial. However, modeling
efforts (0-D and species diffusion) would be essential in order to shed light onto the dynamics that

take place so as to ultimately develop a solid understanding of the underlying physics.
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CHAPTER 6

CONCLUSIONS

This thesis reports on experimental investigations of Ha and D2 plasmas driven by elementary ECR
dipolar modules, aiming towards quantitative evaluation of the mechanisms that govern negative ion
production in volume ion sources and to the optimization of the negative ion yield. This chapter

summarizes the most important results.



Chapter 6. Conclusions

In a reactor employing a two-dimensional network of five elementary ECR modules, having a
volume of 1.38x10* cm?® and a surface-to-volume ratio of 0.16, the comparative study of Hz and Do
plasmas within the pressure range of 0.26 - 2.6 Pa (corresponding gas flow rate ranges of
3.9 - 234 sccm for Hz and 4.8 —29.2 sccm for D2) and for a delivered microwave power of up

t0 0.9 kW, resulted in the following main findings:

— Two quasi-Maxwellian electron populations are produced independently of the gas, the pressure
and the microwave power. The populations are characterized as cold and hot on account of their
different temperatures, i.e. one lies below 2 eV while the other attains values around 15 eV.

— For the extreme operating conditions (2.6 Pa and 0.9 kW), the density of the cold electron
population achieves a value close to 4.5x10'6 m 3 and 7x10' m 3 for H> and Da, respectively. At
the same time, the density of the hot electron population reaches nearly 5.5x10 m3 for both Ha
and Da.

— The cold electron population is found consistently higher in the D2 plasma, and this is attributed

to the higher confinement time of positive ions in the case of deuterium. The theoretical factor of

V2 is approached but not precisely met.

—3 and

— The negative ion density at the extreme operating conditions reaches 0.57x10% m
0.54x10' m™3 for Hy and Da, respectively.

— In general, H and D~ negative ion densities are not substantially different in the two plasmas
under the same operating conditions, however the H™ density is higher at a given plasma density.

— The existence of two negative ion populations is proven in a study conducted for a pressure of
1.3 Pa and characteristic values for the microwave power. A cold population with energies below
0.05 eV dominates (65-70%) and is linked with the production of the negative ions through the
dissociative electron attachment (DEA) reaction in the main volume of the plasma. The presence
of a hot-er population attaining energies from just below 1 eV to 2.5 eV is explained by still
considering DEA as the pathway for negative ion formation, in which however the participating
molecules have resulted from recombinative desorption reactions occurring on the walls of the
reactor.

— A strong isotope effect exists on the negative ion to electron density ratio, which may be up to
80% higher in a Ha plasma.

— Based on the negative ion to electron density ratio across the operational range, optimum
operating windows are distinguished. For the pressure values of 0.53, 1.07 and 1.6 Pa and as the
microwave power is varied, the optima are found at 1.07 Pa/0.4 kW (ratio of about 0.225) for
Hs, and at 1.07 Pa/0.3 kW (ratio of about 0.125) for Ds. However, when the pressure is varied
for the maximum power of 0.9 kW the optimum is observed at 1.3 Pa (the ratio is about 0.17

and 0.11 for Ha and Da, respectively).

In a second reactor employing one ECR dipolar module having a volume of 0.26x10* ¢cm? but a

higher surface to volume ratio (0.32) compared to the former one, the experimental efforts were
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centered on the detection of the molecular precursors of the negative ions taking part in the DEA
reaction, i.e. the ro-vibrationally excited molecules in the molecular ground state (XlEg ). This was
made possible with the application of VUV Fourier Transform absorption spectroscopy using
synchrotron radiation. At the same time, the influence of either quartz or tantalum exposed to the
plasma on their production was assessed. The following statements summarize the most important

points in this study conducted for a D2 plasma at 1.6 Pa and 150 W:

— The introduction of tantalum into the reactor induces a notable increase (of about a factor of 3.4)
of the molecule population in the high-lying vibrational levels (V": 4-8) with respect to quartz,
in the diffusion region (downstream of the ECR module).

— The population of the lower vibrational levels (v": 0-3) is found to be similar regardless of the
region of the plasma that is probed or if quartz or tantalum is considered.

— Absolute values of the molecule population in the lowest vibrational level of the ground state
(v'=0) and are found equal to 3.0x102 m® and 2.1x10%° m?3 for quartz and tantalum,
respectively, in the diffusion region.

— A precise determination of the absorption length is necessary in order to derive the absolute
densities in the upper vibrational levels (v"'> 0).

— The atomic density is in the ground level (n=1) is derived from the atomic Lyman transitions.
For the cases of tantalum and quartz the atomic density is found to be equal to 1.6x10™ m 3 and
4.19x10" m 3, respectively.

— The gas temperature is experimentally derived complementarily through tunable diode laser
absorption spectroscopy and found to be around 400 K in these operating conditions.

— The dissociation of the gas attains a value of 6.8% in the case of quartz as opposed to just 2.7%

in the case of tantalum.

Finally, in the second reactor, a D2 plasma at a pressure of 1.6 Pa and a microwave power of
150 W was sustained in the pulsed mode of operation. Time-resolved measurements of the basic

plasma parameters in pulses of a duration of 150 ys (2 kHz repetition rate) reveal:

— A significant increase of the negative ion density is noted in the post-discharge period. In
particular, there is an increase from 0.45x10'% m? (at 95 ps) to 4.03x10' m 3 (at 155 us) when
tungsten faces the plasma. When quartz is considered, accordingly, the density increases from
0.07x10' m 3 (at 95 ps) to 1.25x10'3 m3 (at 165 ys).

— A maximum of the electron density within 10 us after the end of the plasma pulse combined with
a decreasing trend in the cold electron temperature in the post discharge imply that conditions

are met for efficent DEA and thus efficient negative ion production.

Overall, the present thesis: a) demonstrates that ECR excitation efficiently triggers the mechanisms
of volume production of negative ions, the principal of which is DEA, b) unveils the existence of dual

populations of electrons and negative ions which are directly correlated to the DEA reaction, c¢) makes
111



Chapter 6. Conclusions

evident that for the development of future negative ion sources for fusion applications the study of
deuterium is crucial, d) established VUV Fourier transform absorption spectroscopy with the use of
synchrotron radiation as a powerful tool having the capacity of providing direct and absolute
measurements of the molecule population rotationally/vibrationally excited levels of the molecular
ground state and also of the atomic population in the ground state, e) analytically presents the process
of the determination of experimental VDFs, and finally f) implies that the use of specific wall materials

and driving regimes of the plasma carries a potential for the optimization of negative ion sources.
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Appendix A: Gas flow modeling in COMSOL

The COMSOL Multiphysics® software is used in view of modeling the gas flow through the
structure of the “SCHEME-II+" reactor. In particular, it was performed for the amelioration of
the differential pumping system, described in section 2.2, which is crucial for the experiments held

at the SOLEIL synchrotron facility. To this end, the Molecular Flow Module is employed.

In general, the gas flows that occur inside vacuum systems are described by different physics
than conventional fluid flow problems. At low pressures, as the ones considered herein, the mean
free path of the gas molecules becomes comparable to the size of the system and gas rarefaction
becomes important. The degree of rarefaction is expressed through the Knudsen number,
K, = M\/I, where ) is the mean free path of the molecules and [ the characteristic length scale of
the system [180]. Depending on the value of the Knudsen number several types of gas flow regimes
can be distinguished, namely the molecular (K, > 10), transitional (0.1 < Kn < 10), slip (0.01 <
Ku < 0.1) and continuum flow (Kn < 0.01). In the present case, for the most representative
pressure studied in the “SCHEME-II+" reactor, i.e. 1.6 Pa, and assuming a typical gas temperature
of 400 K (see section 4.3.1), a value for A of about 9.3 mm is calculated. The issue encountered in
the “SCHEME-II+"” reactor is that different parts of the structure have different characteristic
dimensions and thus different flow regimes may occur. For instance, within the main body of the
reactor the continuum flow regime may apply, whereas within the capillaries and the differential
pumping unit since the dimensions are really small (in the order of a few mm) then the molecular
flow regime takes over. However, presently, the Molecular Flow Module of the COMSOL software

does not support modeling with the simultaneous definition of two different flow regimes in the

(a) Baratron
position

Gas intake

Figure A.1l. (a) Hlustration of the “SCHEME-II4” reactor geometry reproduced in the interface of the
COMSOL Multiphysics software. The main parts of the reactor are marked on the illustration. The blue
line that traverses the reactor in the direction of the SR beam denotes the virtual surface upon the particle
density is calculated as described in text. (b) Photo of the capillaries (0.1 mm thick) and their supports
used in the case of the measurements at the SOLEIL synchrotron facility described in Chapter 4.



Appendix B: Gas flow modeling in COMSOL

same geometry. Thus, since the interest in the “SCHEME-II+” reactor consists in deriving the gas
flow through the capillaries of the differential pumping unit, it was chosen to model the entire

geometry in the molecular flow regime.

Fig. A.1(a) shows first of all a cross-sectional view of the geometry of the “SCHEME-II+"
as it is re-produced in the software interface. As it was briefly already mentioned in section 2.2,
in the molecular flow regime the gas molecules are considered to interact only with the surfaces
of the flow domain and there is no scattering between the molecules themselves [180]. In the Free
Molecular Flow interface that is used to model this regime, the pressure and the particle number
density can be calculated on any surface of the model. In order thus to derive the particle number
density along the same line that is traced by the synchrotron radiation beam, a virtual
two-dimensional surface (0.2 mm wide) is created along the same trajectory (blue line in
Fig. A.1(a)) on which the calculations are performed. Fig. A.1(b) shows a picture of the
capillaries made out of a thin metallic foil (0.1 mm thick) which are used in the experiments whose
analysis was detailed in Chapter 4. Fig. A.2 presents the calculated D2 molecule number density
along the two-dimensional virtual surface. The position of the capillaries (bold black line on the
same figure; 62 mm from the center of the reactor) corresponds to the limit for the consideration
of the passive gas. It is found that the particle density diminishes by 90% (or, by one magnitude)
at a distance of 6.5 mm away from the capillaries. Finally, the passive gas (as illustrated on Fig.

A.2) is evaluated at 13% of the total particle density.

m Effective Gas

Passive Gas

1020

100 200 300 400 500 600

Radial distance from the center of the reactor (mm)

Figure A.2. Calculated D2 molecule number density along the virtual two-dimensional surface representing
the path of the SR beam. Since the model is symmetric, the graph presents the calculations as a function
of the radial distance from the center of the reactor. The vertical bold black line on the figure denotes the
position of the capillaries, at a distance of 62 mm from the center. This also sets the boundary for the

consideration as effective or passive.
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Appendix B: Validating the Langmuir probe design

In order to validate the use of the coil serving as a reference around the probe so that correct I-V
characteristic curves are recorded, a series of measurements were effected with and without it and
the results were compared. More specifically, measurements were effected in the “SCHEME-IT+"
reactor configured as shown on the left of Fig. 4.11 (Configuration A), i.e. the dipolar ECR
module is positioned “off-axis” and the Langmuir probe is displaced vertically at a distance of
35 mm away from the axis of the magnet of the dipolar ECR module. Moreover, the plasma faces
an entirely tungsten surface which shares the same ground as the entire structure, thus in a way
mimicking a fully metallic reactor. The working gas is D2 at a pressure of 1.6 Pa and the

transmitted microwave power is set at 150 W.

Fig. B.1 presents the EEDFs derived from the measured I-V characteristics for the two cases
studied. A Bi-Maxwellian shape is evident, similarly to the EEDF's presented in Chapter 3 acquired
in the “Prometheus I” reactor. Thus, in the same figure, additionally an example of the derived
EEDFs for the two different electron populations (a low— and high—energy component) that exist
is shown. At the same time, Table B.1 gives the values for the basic plasma parameters that are
obtained through the processing of the said characteristic curves for a more detailed observation

for potential discrepancies.

e
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Figure B.1. Bi-Maxwellian EEDFs obtained with the two different probes, with (black dotted line) and
without (black solid line) the use of the coil reference. At the same time, the blue and the red dashed lines
indicate the EEDFs for the two electron populations, the low— and high—energy populations, respectively.
Dg; 1.6 Pa, 150 W.



Appendix B: Validating the Langmuir probe design

Table B.1. Values of the basic plasma parameters derived from the treatment of the measured I-V
characteristics. D2; 1.6 Pa, 150 W.

Without the coil With the coil
V, (V) 11.32 11.16
Ne,cold (M3) 3.2x1016 2.5x1016
Nehot (M 3) 1.1x1016 1.7x1016
Te,cold (€V) 3.64 2.9
Tehot (€V) 12.7 11.2

At a first glance, Fig. B.1 attests to a good agreement of the EEDFs with and without the use
of the coil reference electrode which is placed near the tip of the probe. The data for the plasma
potential and the electron densities and temperatures also match within a 20% margin which is
considered acceptable given that between the measurements venting the reactor to atmospheric
pressure is inevitable and no special conditioning was performed. The latter by default can induce
changes to the overall conditions that present in the reactor which can ultimately be responsible

for this error.
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