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Preface

Extreme ultraviolet (EUV) lithography is now central to advanced semi-
conductor manufacturing. At the same time, the low-density plasmas trig-
gered by EUV photons inside scanner-relevant environments remain only
partially characterised. Their transient, photon-driven nature complicates
invasive diagnostics and makes equilibrium assumptions unreliable. This the-
sis addresses that gap using optical emission spectroscopy (OES), by study-
ing EUV-induced plasmas in Hy, Ny, and Hy/Ny mixtures and comparing
them with two complementary reference platforms: nanosecond pulsed dis-
charges (NPD) and a mono-energetic electron-beam radiation (EBR) source.
The guiding idea is to separate driver-specific fingerprints from shared low-
pressure kinetics, and to identify spectroscopic diagnostics that are robust,
quantitative, and deployable under tool-relevant constraints.

The work was carried out in close collaboration with ASML and part-
ner laboratories, and is motivated by practical questions that arise directly
in EUV scanner operation: How dense and how energetic are EUV-induced
plasmas in hydrogen- and nitrogen-containing environments? How do their
properties influence charging, surface chemistry, and contamination control?
And, crucially for industrial relevance, which diagnostics can be implemented
without perturbing the plasma or compromising tool operation? These con-
straints naturally lead to OES as the primary diagnostic: it is line-of-sight,
radiation-based, and compatible with the optical and vacuum restrictions of
EUV beamlines.

At the core of the thesis is a calibrated OES framework for non-thermal
plasmas in Hy, Ny, and Hy /Ny mixtures across three different drivers: NPD,
EUV irradiation, and EBR. Molecular band systems—the Ny Second Positive
(SPS) and First Negative (FNS) systems and the Hy Fulcher-a system—are
used as sensitive probes of excitation pathways and as rotational and vibra-
tional thermometers where those concepts remain meaningful. The hydrogen
Balmer series (Ha—He) is exploited wherever possible to access timing infor-
mation and relative changes in excitation. In principle, Stark broadening of
Balmer lines can provide time-resolved electron densities in low-temperature
plasmas, and this has been demonstrated for nanosecond discharges under
conditions comparable to those of this work in the literature. In the present
thesis, however, Stark-based n, retrieval is not implemented: under the EUV-
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and EBR-driven conditions the expected Stark widths are well below the in-
strumental and Doppler contributions, and on the NPD platform the focus
is placed on rovibrational and kinetic diagnostics, with Stark analysis left as
a natural extension for follow-up work. Electron-density trends are therefore
inferred only indirectly, from kinetics, modelling considerations, and external
reference data. A substantial part of the effort is devoted to calibration and
forward modelling: the instrumental function is measured using a diode laser
and Fabry-Pérot etalon, and synthetic spectra generated with PGOPHER
are consistently convolved with the measured response and fitted line-by-line.
This common framework enables quantitative comparisons across sources,
pressures, and gas compositions.

Each plasma platform plays a distinct role. NPD provides a reproducible,
electrically driven reference with strong non-equilibrium excitation and pro-
nounced afterglows, in which metastables such as No(A3Y]) can feed late-
time emission. EUV beamlines deliver the photon-driven plasmas that are
directly relevant to lithography, characterised by low densities, short life-
times, and strong coupling to surfaces and out-of-band radiation. The EBR
setup, finally, supplies a clean mono-energetic electron source that generates
plasmas without high-voltage pulsing or EUV photons, providing a bench-
mark for electron-impact kinetics and an independent check of the spectral
analysis workflow. Taken together, these platforms allow the thesis to dis-
entangle which spectroscopic signatures are generic to low-pressure Hy /Ny
plasmas and which are specific to the driving mechanism.

Beyond the platform-specific results, the thesis is intended as a method-
ological contribution. It demonstrates how carefully calibrated OES can be
used to extract rotational and vibrational descriptors, follow temporal evo-
lution from nanoseconds to microseconds, and identify qualitative changes
in excitation and relaxation pathways under conditions where more direct
probes are impractical. At the same time, it makes clear where simpli-
fied interpretations break down: Balmer-line populations in low-pressure
EUV and EBR plasmas are generally non-Boltzmann, and corona-style
electron-temperature estimates based on SPS/FNS ratios can be misleading
in pulsed, non-stationary discharges. These findings motivate collisional—
radiative and kinetic modelling, and provide concrete experimental bench-
marks and boundary conditions for such models.

The project evolved iteratively. Early NPD measurements shaped the cal-
ibration and fitting workflow; subsequent EUV campaigns exposed the lim-
its of common diagnostic shortcuts; and later EBR experiments helped iso-
late electron-impact processes from photon-driven and surface-driven effects.
This progression is reflected in the structure of the manuscript and in the
way experimental design, data analysis, and physical interpretation inform
one another. Although the immediate motivation is industrial, the diagnostic
strategies and several physical conclusions are intended to be transferable to
other low-temperature plasmas involving nitrogen and hydrogen.

The manuscript is organised as follows. Chapter 1 introduces the physical
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and technological context and the role of EUV-induced plasmas in scanner en-
vironments. Chapter 2 summarises the relevant spectroscopy of nitrogen and
hydrogen and reviews OES methodology and its limitations at low pressure.
Chapter 3 details the experimental setups and the data-processing workflow,
including instrumental-function calibration and spectral fitting. Chapters 4—
6 present platform-specific results for NPD, EUV beamlines, and EBR, re-
spectively, with emphasis on time-resolved behaviour, mixture effects, and
diagnostic cross-checks. Chapter 7 synthesises the cross-platform compari-
son, translates the findings to EUV lithography implications, and outlines a
path toward model-guided, on-tool plasma monitoring.






Chapter 1

Introduction

1.1 Nitrogen-containing plasma applications

Plasmas, often referred to as the “fourth state of matter,” are partially
ionized gases characterized by collective electromagnetic behavior. They oc-
cur naturally (e.g., in lightning, auroras, and the solar corona) and are widely
exploited in technological applications ranging from materials processing to
lighting, medicine, and nuclear fusion.

Among these, nitrogen-containing plasmas hold a central position.
Nitrogen is the dominant constituent of the Earth’s atmosphere, and its
plasma chemistry is relevant in diverse applications such as surface modi-
fication, thin-film deposition, plasma-assisted combustion, and sterilization
techniques [1]. Nitrogen is also a widely used benchmark gas in plasma
physics, owing to its rich spectroscopic structure. The Second Positive Sys-
tem (C°II, — BP?Il,) and the First Negative System (B*Y] — X*¥T) are
particularly valuable for diagnostics because their excitation cross sections
and radiative properties are well documented [2].

In this thesis, nitrogen plasmas are investigated alongside pure hydro-
gen and mixed Hy /Ny systems. Hydrogen plasmas are of great interest in
semiconductor technology (for cleaning and surface chemistry) and in fusion
research, while mixed plasmas allow the study of coupled collisional-radiative
kinetics and energy transfer [3,4]. The primary diagnostic applied through-
out this work is optical emission spectroscopy (OES), which provides
direct access to excited states and transient plasma dynamics.

1.2 Non-thermal plasmas

1.2.1 General concepts

Plasmas can be broadly divided into thermal plasmas, where electrons,
ions, and neutrals share (to a good approximation) a common temperature,
and non-thermal plasmas (NTPs), where electrons are much hotter than
the heavy particles. In NTPs, electron energies typically range from 1-10 eV,
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while ion and neutral temperatures remain close to room temperature |[1,5].
From a thermodynamic point of view, this situation arises when the rate
at which energy is supplied to the plasma exceeds the rate at which it can
be redistributed among all degrees of freedom, so that a single equilibrium
temperature for the whole system cannot be defined.

In low-temperature plasmas sustained by electric fields, the injected en-
ergy is first transferred to the electrons because of their small mass compared
to the ions and neutrals. Elastic electron—neutral collisions are inefficient
at heating the gas, whereas inelastic collisions efficiently populate internal
molecular states (electronic, vibrational, rotational) and produce ionization
and dissociation once the corresponding thresholds are reached. As a result,
different subsystems of the plasma (electrons, heavy-particle translational
motion, internal molecular modes) acquire different characteristic energies,
and the plasma develops a marked non-equilitbrium character.

In the physics of non-thermal plasmas it is customary, although somewhat
abusive from a strict thermodynamic standpoint, to describe these different
mean energies in terms of separate “temperatures” an electron temperature
T, a gas (or heavy-particle) temperature T,, and internal temperatures such
as the rotational and vibrational temperatures T,,; and T,y for molecular
species [1,6]. A typical hierarchy in low-pressure discharges is

T, > Top > Toor ~ T (1.1)

Strictly speaking, a temperature is rigorously defined only for degrees of
freedom that are close to local thermodynamic equilibrium and whose dis-
tributions are approximately Maxwell-Boltzmann. This is usually the case
for the translational and rotational motion of heavy particles, and often a
good approximation for low-lying vibrational levels, but not for the elec-
trons, whose energy distribution is in general non-Maxwellian. In that case,
T, and T3, should be understood as effective temperatures that parameterize
the average energy of the corresponding distributions, while the underlying
kinetics is more accurately described by the electron energy distribution func-
tion (EEDF) and by state-resolved populations obtained from the Boltzmann
and rate equations.

The presence of hot electrons and internally excited molecules has di-
rect consequences for plasma chemistry. Electron-impact excitation to elec-
tronic and vibrational excited states opens pathways for dissociation and
ionization at energies that are much lower than would be required to heat
the bulk gas to the same effect. For example, in molecular plasmas (N, Ho,
CO., etc.) stepwise vibrational excitation (“vibrational ladder climbing”) can
bring molecules close to their dissociation limit, so that subsequent collisions
or photon absorption lead to bond breaking with relatively small additional
energy input [6]. Electronic excitation can proceed through predissociative
states or through states that efficiently transfer energy to reactive channels,
again without significantly increasing 7.
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At the same time, NTPs generate large densities of radicals (e.g. H, N,
O, OH) and ions, which are key intermediates in plasma-assisted chemistry.
Radicals, with their open-shell electronic structure, participate in barrier-less
or low-barrier reactions that drive oxidation, reduction, and surface func-
tionalization. Ions enable ion—-molecule reactions in the gas phase and ion-
surface interactions (sputtering, etching, implantation) at boundaries. The
combined action of energetic electrons, vibrationally and electronically ex-
cited molecules, radicals, and ions underlies the efficiency of non-thermal
plasmas in applications such as ozone generation, pollution control, plasma
medicine, and maicroelectronics processing, where substantial chemical con-
version is achieved with only modest gas heating [1, 6].

Because equilibrium assumptions break down, NTPs require state-
resolved kinetic descriptions of electrons, atoms, ions, and molecules,
including their internal degrees of freedom and the full network of excitation,
de-excitation, dissociation, recombination, and transport processes. Optical
emission spectroscopy is particularly powerful in this regard, as it provides
in situ access to populations of selected electronic and vibrational states, and
thereby indirect information on the underlying EEDF and reaction pathways.
State-to-state kinetic frameworks of this type have been extensively devel-
oped for molecular plasmas, in particular for low-pressure Ny discharges and
Ny /Oy mixtures [3,7], and will be repeatedly invoked throughout this thesis
for the interpretation of nitrogen, hydrogen, and Hy /N5 plasmas.

1.2.2 Discharge plasmas

Electrical discharges are one of the most common methods of generating
NTPs. Depending on the driving voltage, geometry, and pressure, they can
manifest as DC or RF glow discharges, microwave plasmas, or nanosecond
pulsed discharges (NPDs).

Nanosecond pulsed discharges are especially relevant for this thesis.
The short rise time (< 100 ns) of the applied pulse produces intense electron
heating while limiting gas heating, creating strongly non-equilibrium condi-
tions [8,9]. This makes them ideal for studying excitation kinetics in nitrogen
and hydrogen.

In nitrogen, NPDs strongly populate the C3II, state, giving rise to the
Second Positive System, while in hydrogen they produce prominent Balmer
series emission and Fulcher band radiation. Mixed Hy /N, plasmas further en-
rich the picture, as quenching, vibrational energy transfer, and ion—molecule
reactions redistribute the deposited energy.

1.2.3 Nanosecond pulsed discharge plasmas: kinetics
and dynamics

Within the broad class of electrical discharges introduced above,
nanosecond pulsed discharges (NPDs) have attracted strong interest
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because they provide high reduced electric fields (E/N), strong transient non-
equilibrium, and reproducible plasma conditions on short timescales [8-12].

Breakdown and electron energy. When a fast-rising voltage pulse V()
(rise time < 10-20 ns) is applied between electrodes separated by distance
d, the instantaneous reduced field is

B, V()

N( )= TN (1.2)

where N is the neutral number density. At pressures of 1-100 mbar, this
typically yields E/N ~ 100-500 Td (1 Td = 102! Vm?). Such high fields
accelerate electrons to mean energies of several eV within nanoseconds, while
the gas temperature remains near ambient. In an electrical discharge, the
energy of the applied electric field is transferred predominantly to the elec-
trons because of their much smaller mass compared to ions and neutrals
(Mme < Mion, my). Elastic electron—neutral collisions are inefficient at heat-
ing the gas: only a small fraction of the electron kinetic energy is converted
into translational energy of the heavy particles at each collision. As a result,
electrons can be accelerated up to the thresholds for inelastic processes while
the heavy species remain close to room temperature.

Once these thresholds are reached, inelastic collisions efficiently populate
internal degrees of freedom of the molecules (vibrational and electronic exci-
tation) and produce ionization and dissociation. In molecular plasmas (such
as Ny and Hy), the relative importance of the different channels is governed by
the electron energy distribution function (EEDF) and by the corresponding
cross sections for excitation, ionization, and dissociation. Typical cross sec-
tions exhibit pronounced thresholds and peaks at characteristic energies (see,
e.g., representative electron—Nj collision cross sections in Fig. 1.1), so that,
for a given reduced field E/N, electrons preferentially excite particular vibra-
tional or electronic levels rather than uniformly heating the gas. Gas heating
itself mainly occurs on longer timescales via vibration—translation (V-T') and
other de-excitation processes, reinforcing the strong non-equilibrium between
T, and T, discussed in Section 1.2.1.

The electron energy distribution function (EEDF) quickly deviates from
a Maxwellian because the timescale for electron acceleration in the electric
field and for inelastic energy losses is shorter than the timescale for elastic
thermalization with the heavy particles. The shape of the EEDF is therefore
determined by the balance between field-driven acceleration, elastic cooling,
and discrete inelastic loss channels, rather than by mutual electron—electron
collisions. This leads to characteristic non-Maxwellian features, such as en-
hanced high-energy tails or plateaus near inelastic thresholds, which sustain
efficient excitation and ionization of molecular states even when the bulk gas
remains cold [8]. This makes NPDs excellent testbeds for studying state-
selective electron-impact processes. Quantitative evaluation of the EEDF



Chapter 1. Introduction 9

10t 3
o
5

© 100 E E

A

o
=
5

= 101 F E
o
[}
%)
%)
3

2L Elastic E

= 10 E

O v=0—-1 ]

NZ(CSHU) excitation
SPS C — B (0-0)
;|_0'3 3 lonization 3
1l 1 1 o oaoa gl 1 1 L0 a gl 1 1 o oaoa gl
10° 10t 102 10°

Electron energy [eV]

Figure 1.1: Electron—Ns collision cross sections as a function of electron
energy: elastic scattering, vibrational excitation (v = 0 — 1), excitation
of the C3II, state, emission cross section for the Second Positive System
(SPS) C—B (0-0), and total ionization. The pronounced thresholds and
peaks of the inelastic channels illustrate how, in nanosecond discharges,
electrons preferentially populate internal degrees of freedom and ionize
the gas once the corresponding energies are reached, rather than uni-
formly heating the bulk. Data after Itikawa [2].

in such regimes typically relies on numerical Boltzmann solvers such as the
LisbOn Klnetics code LoKI-B [13].

Primary ionization and electron balance. The fast breakdown can be
described in terms of an electron continuity equation,

on.
ot

= kion(E/N)neng — et (E/N) e g — Qiogs M, (1.3)

where ki, is the field-dependent ionization coefficient, a,¢ accounts for elec-
tron attachment (notably in electronegative admixtures), and s lumps
transport/diffusion terms. The steep growth of kio, (F/N) with field ensures
that a sufficiently strong pulse rapidly drives avalanche ionization, reaching
peak densities n, ~ 1014-10'6 ¢cm™ within tens of nanoseconds [11].

Excitation kinetics and emission systems. Energetic electrons popu-
late excited states of Ny and Hs, giving rise to a rich set of molecular and
atomic emission systems. In nitrogen, the most widely used systems in the
UV-visible range include the Second Positive System (SPS, C*II, — B®Il,)
of neutral Ny, the First Negative System (FNS, B*Yf — X*¥7T) of Ny,
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and, at shorter wavelengths, the Lyman—Birge-Hopfield and Vegard—Kaplan
bands. In hydrogen, the principal features are the atomic Balmer series
(Ha, HB, ...) and the molecular Fulcher band (d*II, — a®¥}), comple-
mented at higher energies by the Lyman and Werner band in the VUV re-
gion. Together, these systems provide access to rotational and vibrational
temperatures, electron-impact excitation rates, and, via Stark broadening of
hydrogen lines, electron densities and electric-field-related parameters.

The dominant excitation and emission pathways relevant to this work can
be schematically written as

NQ(XIE;_) +e” — No(C®II,) + e~ (e-impact excitation)

Ny(C®IL,) — No(B®Il,) + hv  (SPS), (1.4)
NJ (X?SF) +e” = NJ(B’S}) + e (e-impact excitation)
N3 (B*S)) = N3 (X?S)) + hv (FNS), (1.5)
Hy(X'SH) +e” - H(n>3)+H+e  (dissociative excitation)
H(n >3) - H(n =2) + hv  (Balmer), (1.6)
Hy(X'S)) 4+ e — Hy(dIl,) + e (e-impact excitation)
Hy(d’1,) = Hy(a’S)) + hv (Fulcher). (1.7)

In practice, optical emission spectroscopy (OES) diagnostics exploit these
systems in different ways: the rotational structure of the SPS and Fulcher
bands is commonly used to infer gas and rotational temperatures; SPS and
FNS vibrational populations provide information on vibrational excitation
and, indirectly, on the EEDF and reduced electric field; Stark broadening of
Balmer lines yields electron density estimates.

In this thesis we will primarily use the Ny SPS and FNS, together with
the H Balmer series and Hy Fulcher bands, as the main emission systems for
time-resolved OES of nanosecond discharges and EUV-induced plasmas. In
H, /Ny mixtures, vibrational-vibrational (V-V) and vibrational-translational
(V-T) processes couple the two gases strongly, redistributing energy between
nitrogen and hydrogen and modifying the relative intensities and shapes of
these emission systems [10].

Transient plasma decay. After the end of the pulse, the discharge rapidly
relaxes. The electron density follows

dn, 9 e
N —Orec Ny —
dt € Tdiff ’

(1.8)

with aee the effective recombination coefficient and 744 the ambipolar dif-
fusion time. For low-pressure nanosecond plasmas, typical decay times are
microseconds, several orders of magnitude longer than the excitation pulse.
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1.2.4 EUV-induced plasmas: mechanisms, scalings, and
rate equations

A second class of plasmas investigated in this work is those created by
extreme ultraviolet (EUV) radiation. In the context of EUV lithogra-
phy, radiation is concentrated around a narrow band at A ~ 13.5 nm. This
wavelength was not chosen arbitrarily: multilayer Mo/Si mirrors exhibit a
maximum Bragg reflectivity in this region, while laser-produced tin plasmas
provide strong line emission near 13.5 nm, so that an efficient combination of
source and optics can be realized [14]. For this reason, 13.5 nm was adopted
as the industry-standard EUV wavelength. EUV photons at 13.5 nm carry
energies around 92 eV, sufficient to photoionize both nitrogen (15.6 eV thresh-
old) and hydrogen (15.4 eV threshold). This direct ionization results in fast
plasma formation followed by secondary processes [15].

EUV-induced plasmas differ fundamentally from discharge plasmas:

e They are photon-driven, not sustained by external electric fields.

e Plasma densities are relatively low (10*3-10' m~2), which, for typical
background pressures of a few pascal in EUV scanners (neutral den-
sities n, ~ 102°-10*' m™?), corresponds to ionization degrees of only
1081076,

e Their lifetimes are governed by recombination and diffusion.
e Properties scale with EUV photon flux and pulse structure.

These properties make EUV-induced plasmas especially relevant in
environments where high photon fluxes interact with low background
pressures, such as in EUV lithography systems.

When an extreme-ultraviolet (EUV) pulse at A &~ 13.5 nm (hv &~ 92 V)
traverses a low-pressure background gas (Hs, Ny, or mixtures), it photoion-
izes neutrals and creates a transient, weakly ionized plasma, with ionization
degrees typically in the range 107%-107% under the few-pascal conditions rel-
evant for EUV scanners. . Unlike field-driven discharges, EUV plasmas are
photon-driven and exist only for the duration of (and shortly after) the EUV
pulse, with their evolution governed by photon transport, photoionization,
secondary electron processes, electron-impact kinetics, recombination, and
diffusion to the walls [14,15].

Photon transport and primary photoionization. Let I)(z,t) be the
spectral radiance along the beam axis x. For a single species with number
density n, and photoabsorption cross section oy, the Beer-Lambert law gives

I(z,t) = I o(t) exp|—oangx], (1.9)
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and the spectral photon flux ®,(x,t) = I\(x,t)/(hv). The volumetric pho-
toionization source term for the electron density is

n Ly(x,t
Spn(z,t) = ng/a,\ Oy (x,t)dN = f/ff,\ Md)\, (1.10)
v
with obvious extension to mixtures, ngoy — Y nsoys for s € {Hy, No}.
For a quasi-monochromatic EUV band centered at \y and a top-hat pulse of
duration 7gyy and energy E, over illuminated area A, an on-axis estimate
of the peak photon flux is

E, c
vy = —.

0= N
This sets the order of magnitude of the local photoionization source term near

the entrance plane (z = 0) of the illuminated plasma volume (cf. Fig. C.1),
Sph ~ ngo)\()(I)o.

(I)ON

~ 1.11
ATEthV()’ ( )

Photoelectron energies and primary channels. Primary photoelec-
trons are born with kinetic energy

Eoo=hv — I, — &, (1.12)

where [, is the ionization potential (15.4 eV for Hy, 15.6 eV for Ny) and ¢,
is the binding/ro-vibrational energy of the neutral. For hydrogen, the main
channels are
Hy +hv — HY +e7, (1.13)
Hy + hv - HY +H+ e, (1.14)

followed by rapid ion—-molecule reaction
Hy + H, — HJ +H, (1.15)

so that Hy often dominates the positive ion population on sub-microsecond
scales. For nitrogen, the dominant channel is

Ny +hv — NJ +e, (1.16)

with possible dissociative pathways depending on the spectral content (in-
cluding out-of-band photons) and gas conditions.

Secondary (electron-impact) ionization and excitation. The ener-
getic photoelectrons (& o S70-80 eV after subtracting 1) trigger cascades of
electron-impact processes, modifying the electron energy distribution func-
tion (EEDF) during and shortly after the pulse. The volumetric electron-
impact ionization source reads

Ssec = Z kion,s(Tea EEDF) Ne Mg,y (117)
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with Kions the (effective) ionization rate coefficients for species s (state-
averaged over the transient EEDF). Concomitant excitation populates ex-
cited states responsible for the emission systems (e.g. Ny Second Positive
and First Negative systems; H Balmer and Hy Fulcher band) used through-
out this thesis.

Global particle balance. Neglecting multi-charged ions and assuming
quasineutrality n. ~ n;, a zero-dimensional electron balance that captures
the essential physics is

d e e
—Cﬁ = Sun(t) + Ssee(t) — pec(To) 2 — —<, (1.18)
Tdiff

where ay.. lumps radiative, dissociative, and three-body recombination ap-
propriate to the dominant ion (e.g. Hj for hydrogen, NJ for nitrogen), and
Taig ~ L*/D, is an ambipolar diffusion time with L a characteristic cham-
ber dimension. During the pulse (¢t < Tguv), Spn dominates; afterwards,
Sph — 0 and the evolution reflects the competition of Sg., recombination,
and wall /diffusion losses.

Space charge, sheaths, and wall processes. Because EUV photons and
hot electrons hit chamber surfaces, secondary electron emission (SEE) and
photoelectron emission from walls and optics contribute additional electrons
to the plasma and alter the sheath potentials. These processes lower the mean
T, after the pulse and can significantly modify the transient EEDF and ion
energy distributions (IEDFs) impinging on surfaces, relevant for contamina-
tion/cleaning and charging [16-19]. In hydrogen environments, the plasma
chemistry near surfaces couples to carbon removal and hydrogenation reac-
tions; in nitrogen, charging and local chemistry impact particle transport
and defectivity.

Spectral effects and out-of-band radiation. The effective photoion-
ization rate depends not only on the in-band 13.5 nm intensity but also on
out-of-band (OoB) photons (A 2 20 nm), which can contribute dispropor-
tionately due to larger o) at longer wavelengths. Experiments and model-
ing indicate that OoB components can dominate ionization under certain
source/filter conditions, shifting both the magnitude and spatial profile of
Spn [20].

Scalings and practical estimates. Combining Eqs. (1.10) and (1.11),
the peak electron source density near the entrance plane scales as

E
Sphypeak ~ (Z nso-)\()75) m\ihljo (119)
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For short pulses and low optical depth (o),n,L < 1), the electron density
shortly after the pulse obeys

no(E> Tepy) ~ /0 TSn () + Sl d, (1.20)

where Sge. depends on the evolving EEDF and gas composition. Subsequent
decay follows Eq. (1.18), typically exhibiting sub-us to us lifetimes set by dif-
fusion and recombination. Ion composition evolves on similar timescales; for
H,, Eq. (1.15) drives Hy dominance within O(0.1-1 us) at Pa-level pressures,
whereas Nj tends to remain Nj-dominated in the same regime.

Implications for diagnostics and for the ASML context. The pulsed,
photon-driven origin leads to (i) non-Maxwellian EEDFs during/after the
pulse, (ii) strong sensitivity to EUV spectral content and pulse energy, and
(iii) low densities that challenge invasive probes. Non-intrusive techniques
(time-resolved OES; microwave cavity resonance spectroscopy) and validated
kinetic/PIC models are therefore preferred. In EUV scanners, the resulting
[EDFs, transient charging, and wall electron yields couple directly to contam-
ination mitigation (e.g. hydrogen-assisted carbon removal) and defectivity
control, motivating the comparative approach with nanosecond discharges
developed in this thesis [14,15,19].

Comparison with nanosecond pulsed discharges. Having introduced
both nanosecond pulsed discharges and EUV-induced plasmas, it is useful to
briefly compare their main characteristics. NPDs are field-driven: the applied
voltage pulse controls the reduced electric field E/N, leading to high electron
densities and strong non-equilibrium excitation within each pulse. EUV-
induced plasmas, in contrast, are photon-driven and typically remain at lower
densities, with their properties scaling with photon flux and spectral content
rather than with £/N. The direct control of electrical parameters in NPDs
makes them versatile reference systems for disentangling excitation kinetics
in Ng, Hs, and mixtures, and they therefore provide a crucial benchmark
for interpreting the spectroscopy of EUV-induced plasmas presented in this
thesis [12].

1.2.5 Hydrogen and hydrogen—nitrogen plasmas: spec-
troscopic perspective

Hydrogen plasmas provide a complementary platform for plasma diag-
nostics. The atomic Balmer series (Ha, HB, Hv, ...) is widely used for
electron density measurements via Stark broadening and for electron temper-
ature estimates [21]. Molecular hydrogen contributes additional diagnostics
via the Fulcher band (d*II, — a®%} ), sensitive to vibrational and rotational
excitation [22].

In mixed Hy /Ny plasmas, complex collisional-radiative coupling emerges:
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e Vibrational energy transfer from Ny(X, v) to Hy enhances dissociation
[23].

e Quenching of No(C) by Hy alters the balance of optical emission [6].

e New reactive species (e.g. NH, NoH™) appear, relevant for plasma
chemistry and surface interactions [4,24].

Spectroscopically, these systems provide a wide set of emission features
(Balmer lines, Fulcher bands, Ny SPS/FNS) that can be exploited for diag-
nostics, but also present challenges in spectral overlap and interpretation.
In the context of EUV lithography, mixed Hy /Ny plasmas represent realistic
conditions inside the scanner environment. Plasma-activated No/Hs chem-
istry, including NH and NHj3 formation, has been studied in detail in related
low-pressure systems [4,24], underlining the importance of coupled gas-phase
and surface processes.

1.3 ASML and the context of EUV lithography

The semiconductor industry has been driven for decades by the contin-
uous miniaturization of devices, with optical lithography as the enabling
technology. While deep ultraviolet (DUV) lithography at 193 nm has dom-
inated for over two decades, its physical limits prompted the transition to
extreme ultraviolet (EUV) lithography at 13.5 nm [14].

EUV light is produced in ASML systems by focusing a high-power CO,
laser onto a tin droplet, creating a hot plasma that emits at 13.5 nm. The
EUV radiation is collected and transported through a series of multilayer
Mo/Si mirrors inside a high-vacuum environment.

Operating EUV scanners presents unique challenges:

e Mirror contamination and cleaning: Hydrocarbon deposition re-
duces reflectivity. Hydrogen plasmas help mitigate this by etching car-
bon but can also cause mirror blistering [25].

e Charging effects: EUV-induced plasmas and secondary electron
emission can lead to charging of optical components and resists [15].

e Resist outgassing: EUV photoresists release volatile species (Hz, No,
hydrocarbons), which interact with plasmas and mirrors [26].

Hydrogen is intentionally introduced into ASML EUV systems to reduce
contamination, while nitrogen is present from outgassing or controlled purges.
The interaction of EUV photons with these gases leads to low-density plasmas
whose properties are not yet fully understood, but which can strongly impact
system performance and lifetime.

This thesis, conducted in collaboration with ASML, addresses this knowl-
edge gap by providing a spectroscopic study of EUV-induced plasmas in Hs,
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Ny, and their mixtures, and comparing them to controlled nanosecond pulsed
discharges.

1.4 Scope and structure of this thesis

The objective of this work is to provide a comprehensive spectroscopic
characterization of non-thermal plasmas in Hy, Ny, and mixed Hy /Ny envi-
ronments, focusing on three representative driving mechanisms: nanosecond
pulsed discharges (NPD), EUV-induced plasmas in beamline and scanner-like
geometries, and electron-beam radiation (EBR) plasmas. A central theme
throughout the manuscript is the development and application of a cali-
brated optical emission spectroscopy (OES) framework that can be trans-
ported across these platforms and used to extract rotational and vibrational
temperatures, follow temporal dynamics from nanoseconds to microseconds,
and constrain excitation pathways under scanner-relevant conditions.

The manuscript is organized as follows:

e Chapter 1 (this chapter) sets the physical and technological context.
It introduces non-thermal plasmas in Hy /Ny environments, discusses
the role of nanosecond pulsed discharges and EUV-induced plasmas,
and outlines the relevance of hydrogen and nitrogen plasmas for ASML
EUV lithography.

e Chapter 2 summarises the relevant spectroscopy of nitrogen and hy-
drogen and introduces the OES methodology used in this work. It
reviews the main band systems (No SPS/FNS and Hy Fulcher), the
Balmer series, and the procedures for extracting rotational and vi-
brational temperatures, excitation temperatures, and (where possible)
electron densities from Stark broadening, highlighting the limitations
of simplified excitation-plot approaches at low pressure.

e Chapter 3 details the experimental setups and the data-processing
workflow common to all platforms. It describes the optical arrange-
ments, the calibration of the instrumental function, the radiometric re-
sponse corrections, and the line-by-line fitting strategies used for SPS,
Fulcher bands, and Balmer lines, as well as the construction of Boltz-
mann plots and Franck—Condon—corrected vibrational populations.

e Chapter 4 presents the nanosecond pulsed discharge (NPD) exper-
iments in nitrogen, hydrogen, and selected mixtures. Time-resolved
SPS, Fulcher, and Balmer measurements are used to characterise non-
equilibrium excitation, gas heating, and afterglow behaviour, establish-
ing a well-controlled, electrically driven reference case for later compar-
ison.
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e Chapter 5 explores EUV-induced plasmas. It reports measure-
ments on the EBL2 beamline and on a scanner-derived exposure tool,
analysing molecular and atomic emission in Hy, No, and Hy /Ny mix-
tures. Particular emphasis is placed on the low-density, photon-driven
nature of these plasmas, on the role of out-of-band radiation, and on
the constraints that OES can place on EUV pulse timing and plasma
kinetics under tool-relevant conditions.

e Chapter 6 presents plasmas generated by electron beam radiation
(EBR) at low pressure. The EBR platform provides a clean, mono-
energetic electron source without high-voltage pulses or EUV photons,
serving as a benchmark for electron-impact kinetics and as a testbed for
validating the spectral analysis routines developed in earlier chapters.

e Chapter 7 provides a comparative analysis of NPD, EUV-induced,
and EBR plasmas. It compares spectral signatures, temporal dynamics,
and inferred temperatures across platforms, draws out the implications
for the ASML plasma environment (charging, contamination, mixture
effects), and discusses which diagnostics appear robust and deployable
in industrial EUV tools. An outlook on future work closes the chapter.

A final Conclusions chapter summarises the main findings of the the-
sis, highlights the methodological contributions of the OES framework,
and outlines prospects for combining time-resolved spectroscopy with colli-
sional-radiative and kinetic modelling to further improve plasma diagnostics
in EUV lithography and related low-temperature plasma systems.






Chapter 2

Optical Emission Spectroscopy

2.1 Introduction

Optical emission spectroscopy (OES) is one of the most widely used di-
agnostics for non-thermal plasmas, since it is non-intrusive, applicable over
a broad range of pressures and plasma conditions, and provides valuable in-
formation on internal energy distributions. In nanosecond pulsed discharges
(NPDs) and EUV-induced plasmas, OES is particularly attractive because
probe methods are difficult to apply due to short plasma lifetimes and low
electron densities. Time-resolved OES, therefore, represents a crucial diag-
nostic throughout this thesis [27,28|. Complementary absorption-based tech-
niques, such as mid-infrared frequency-comb and dual-comb spectroscopy,
have recently been demonstrated for non-thermal molecular plasmas and for
tracking ammonia formation in No/Hy mixtures [29,30], but are experimen-
tally more demanding and were not available in this work.

2.2 Principles of OES and Experimental Ar-
rangement

OES records spontaneous radiation from electronically (and ro-
vibrationally) excited species in the plasma. For a transition u — [ the
detected line intensity is, under optically thin conditions, proportional to
the population in the upper state and to the Einstein spontaneous emission
coefficient, with instrumental throughput and spectral response folded in:

[ul XX Nu Aul hv. (21)

In the Corona limit, electron-impact excitation from the ground state is fol-
lowed by radiative decay, so intensities reflect ground-state densities and ex-
citation rates. In many low-temperature plasmas, however, cascading, step-
wise excitation, dissociation/recombination, and electron de-excitation con-
tribute; quantitative interpretation then benefits from a collisional-radiative
(CR) framework and absolute calibration [3,7,31]. In a collisional-radiative
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model, the populations of the relevant atomic and molecular states are ob-
tained from rate equations that balance electron-impact excitation and de-
excitation, ionization and recombination, radiative decay, and, when nec-
essary, transport losses, providing a self-consistent link between measured
emission intensities and plasma parameters.

Spectrometer, grating, and resolution. A typical arrangement uses a
Czerny—Turner spectrograph with a ruled diffraction grating. For grating pe-
riod d and incidence /reflection angles a;, 3 to the grating normal, constructive
interference occurs when

d(sin o £ sin 8) = mA, (2.2)

with diffraction order m. The resolving power is R = A\/AX = mN, where N
is the number of illuminated grooves. The blaze angle determines the wave-
length region of highest efficiency; practical operation balances efficiency,
resolution, and free spectral range to capture the targeted band systems
with adequate SNR. The entrance slit width and the spectrograph numerical
aperture set the trade-off between spectral resolution and photon through-
put. Instrumental line shape (ILS) is measured (e.g., with narrow atomic
lines) and used to convolve forward models when fitting rotational structure
or line broadening.

Collection optics and detector. Light is collected through an optical
system (which may include lenses, mirrors, and/or optical fibers), imaged
onto the spectrograph entrance slit, and dispersed onto a detector (ICCD
or sCMOS). For time-resolved studies of NPDs, ns gating isolates specific
discharge phases. Wavelength calibration (e.g., with a pen lamp) and, when
quantitative intensities are required, radiometric calibration (with a cali-
brated broadband source) are performed in the identical optical configuration
as used on plasma measurements [31].

Mixtures and overlap. In No—H, mixtures, the Ny Second Positive Sys-
tem (SPS) and the Hy Fulcher-a system overlap in places; sufficient resolving
power and accurate wavelength calibration are therefore required. Forward
modelling (PGOPHER /SpecAir) including the measured ILS is used to sep-
arate contributions and to extract temperatures.

2.3 Spectral Line Intensity and Population Dis-
tributions

The link between measured [,; and N, is straightforward, but the upper-
state populations in non-LTE plasmas are often not Boltzmann-distributed.
Useful limiting pictures are: (i) Corona balance, where excitation from
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the ground and radiative decay dominate; (ii) Saha-Boltzmann for a sub-
set of high-lying levels that may thermalize with the continuum; and (iii)
full collisional-radiative kinetics when cascading, stepwise excitation, re-
combination, and electron de-excitation are appreciable [3,7,31]. In this
collisional-radiative regime, both collisional processes (primarily electron-
impact) and radiative transitions are treated explicitly in the population
balance. Unless otherwise stated, we assume optically thin emission and
correct spectra for the instrument response when quantitative analysis is
attempted.

2.4 Rotational Temperature

The rotational temperature T, is obtained from the distribution of ro-
tational populations within a given vibrational band:

E
Njocgjexp(—kBj;] ), (2.3)
rot

with ¢g; the degeneracy and FE; the rotational energy. Fitting measured
spectra with line-by-line simulations convolved with the ILS yields T;.. For
nitrogen plasmas, the SPS (C?II, — B®II,) around 337 nm is widely used.
In hydrogen plasmas, the Fulcher-o system (d°II, — a®%}) provides access
to Tior; in this work, analysis focuses on the Q-branch (no use is made of
P/R branches). Because rotational relaxation is typically fast (tens of ns
at 1-100 mbar), T, is commonly close to the gas temperature Ti,g; devi-
ations can occur if strong gradients or non-equilibrium excitation pathways
are present [27,31].

2.5 Vibrational Temperature

Vibrational temperatures in OES are inferred from relative band intensi-
ties within the same electronic system, after correcting for transition prob-
abilities, photon energies, and the spectral response of the detection chain.
For a transition between vibrational levels v/ and " in an electronic system
E’" — E", the band intensity under optically thin conditions can be written
as

IZ/’,I/” X C(AV’,I/”) fIE,E/) Aylyy// h,VV/J,//’ (24)

where C'(X) is the wavelength-dependent response of the detection system,
f IE,E) is the population of the upper vibrational level v/ in the emitting elec-
tronic state E’, A,/ ,» the Einstein coefficient, and v,/ ,» the band frequency.

After response correction and division by A, ,» v, ,», the remaining variation

of Iy, across v/’ reflects the vibrational populations ffl).
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If the vibrational manifold of the emitting state is Boltzmann-distributed

; (E")
at a single temperature 7. 7,
f(/E,) 1 EV/ — E()
L= —exp| ——=+ |, (2.5)
éE) K kBj\Efa)

with k a proportionality constant, then a plot of In( flE,E,) / féE,)) versus F,,

yields a straight line whose slope is —1/ (k:BTV(ﬂEO/)). In that ideal case, a single
vibrational temperature characterizes the entire manifold of the emitting
state .

In practice, especially in non-equilibrium molecular plasmas, the
vibrational-state distributions are often non-Boltzmann: higher-/ levels are
overpopulated relative to a single-temperature fit. This is the case both for
ground-state Ny in many CARS measurements and for the emitting No(C?1L,)
state in the SPS [7]. A global linear fit over several v/ then depends sensitively
on which points are included and may obscure physically relevant structure.

To obtain a robust measure of the low-lying part of the vibrational dis-
tribution, it is common to define a “first-level” vibrational temperature 7y
from the populations of the first two vibrational levels only. This approach
is well established for the ground state of Ny in coherent anti-Stokes Raman
scattering (CARS) measurements [32|, and we adopt the same idea here for
the emitting C state. For the SPS, we define the first-level C-state vibrational
temperature

©_ B -E”

U ke (f0/FO)

where flf,c) are the relative vibrational populations in Ny(C?TI,) obtained from
the SPS band intensities. In the Boltzmann limit, T O(lc ) =T 51?5 when higher-
V' levels are overpopulated, Télc ) still provides a well-defined and relatively
robust measure of the population ratio between the first two levels, without

being biased by the non-linear tail.
Throughout this thesis:

(2.6)

e Vibrational temperatures are always understood as state-specific. For
example, T' ‘Eg) and To(lC ) vefer explicitly to the emitting No(C3TL,) state,
not to the Ny ground state.

e For Ny SPS analysis, we primarily use Télc ) as a compact descriptor of
the low-lying C-state vibrational distribution; the full non-Boltzmann
behaviour at higher 1/ is discussed where relevant.

e For H,, the Fulcher-a Q-branch analysis is used to derive ground-
state vibrational populations fx(v) for v =0...3 via Franck-Condon-
corrected back-projection. Given the limited number of resolved levels
and the presence of non-Boltzmann features, we report these popula-
tions directly rather than compressing them into a single 7T’ Vfé .
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In mixtures (e.g. Hy/Ny), strong V-V and V-T coupling can lead to sig-
nificant differences between rotational and vibrational temperatures and be-
tween the vibrational temperatures of different electronic or molecular states.
Measured Ty;, or Tp; values must therefore be interpreted in the context
of mixture composition, discharge phase, and collisional-radiative kinetics
rather than as universal “vibrational temperatures” of the gas.

2.6 Excitation Temperature and Electron Tem-
perature

Excitation temperature from atomic lines. A Boltzmann plot of

Iul/\ Eu
1 = — t 2.7
n(guAul) kBTexc - cons ( )

provides an effective excitation temperature T, for a set of lines whose up-
per levels share similar formation pathways and whose populations follow
(or approximately follow) a Boltzmann distribution with a common tem-
perature. In hydrogen plasmas, this is often attempted with Balmer lines;
however, in our measurements the Balmer manifold is non-Boltzmann. Con-
sequently, a single Ty, is not representative; we therefore treat Balmer-based
Texe as qualitative and rely on molecular systems (Fulcher Q-branch; Ny SPS),
combined with qualitative collisional-radiative considerations (e.g. on exci-
tation, quenching, and cascading pathways), for kinetic insight. This will be
discussed in detail in the following chapters.

On estimating 7,. OES does not directly yield the electron temperature
T, without additional modelling or assumptions. Under specific conditions,
upper manifolds may approach partial Saha—Boltzmann equilibrium, allow-
ing an effective temperature fit that sometimes correlates with 7T,. Alterna-
tively, fitting nitrogen band spectra with forward models that parameterize
electron-impact rate coefficients by an assumed 7T, can provide a proxy “elec-
tron temperature” for the emitting system, with standard caveats regarding
non-LTE [31]. Throughout this thesis, we emphasize trends and consistency
checks (e.g., discharge phase, pressure, mixture) rather than single-point ab-
solute T, values from OES alone.

2.7 Electron density from Stark broadening

Electron density n. can, in principle, be obtained from Stark broadening
of hydrogen Balmer lines (Ha, HS) or suitable nitrogen lines. The Lorentzian
Stark width scales approximately linearly with n.:

Tle
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where w is the tabulated Stark parameter for the line. In practice, accu-
rate extraction requires (i) sufficient spectral resolution so that the Stark
(Lorentzian) contribution is not swamped by instrumental/Doppler (Gaus-
sian) broadening, (ii) a well-characterised instrumental line shape (ILS) for
deconvolution, (iii) optically thin conditions, and (iv) careful baseline treat-
ment [31].

For nanosecond discharges, these conditions can be met and time-resolved
n.(t) retrieval from Stark broadening has been demonstrated in the literature
under operating conditions comparable to those of this work [11,27], as well
as in related measurements by collaborators. In other words, Stark-based
electron-density diagnostics are a realistic option for NPD-type plasmas when
the spectrometer resolution and signal level are optimised for this purpose.

By contrast, under the EUV-induced plasma conditions studied in this
thesis the expected Stark widths are well below the effective instrumental
resolution, and the line shapes are dominated by Doppler and instrumental
broadening. In this regime, the Stark component cannot be disentangled
with sufficient confidence, and reliable n. retrieval from line broadening is
not feasible. Consequently, no quantitative Stark-based electron densities are
reported in this thesis; for the EUV case in particular, n, must instead be in-
ferred indirectly from kinetic and collisional-radiative modelling constrained
by the time-resolved OES observables.

2.8 Line Identification in Hy, Ny, and Mixtures

We identify and fit H Balmer lines (Ha—He), Hy Fulcher-a Q-branch
bands, and the Ny Second Positive System. The molecular systems are espe-
cially valuable in Hy /Ny mixtures for extracting Ty and Ty, even when the
Balmer series is non-Boltzmann. Assignments are verified by overlays with
line-by-line simulations and by tracking pressure and mixing-ratio trends.

2.9 Advantages and Limitations

OES is passive, non-intrusive, and compatible with sub-us time resolu-
tion when combined with gated detectors. It yields T,o (often a proxy for
Teas), Tyin, qualitative Tey. information, and—when resolution allows—n,
from Stark broadening. Limitations include: (i) the need for absolute cal-
ibration and CR modelling for quantitative densities; (ii) spectral overlap
in mixtures, requiring adequate resolution and forward modelling; (iii) the
floor set by the instrument function, which can mask Stark widths or blend
rotational features; and (iv) the possibility of non-Boltzmann excited-state
populations (e.g., Balmer series), which limits the interpretability of simple
Boltzmann plots [31]. In that sense, OES provides stringent but indirect
constraints on kinetic models rather than standalone “black-box” plasma pa-
rameters, and is best used in combination with collisional-radiative (CR)
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and state-to-state kinetic modelling frameworks [3,7].

2.10 Summary

In this chapter, the methodology of OES is introduced, focusing on ro-
tational and vibrational temperature determination, excitation analysis, and
electron density measurements. These diagnostics will be applied systemati-
cally to nanosecond pulsed discharges and EUV-induced plasmas in nitrogen,
hydrogen, and their mixtures in later chapters. Importantly for this work, (i)
Balmer populations are non-Boltzmann; (ii) Stark-based n,. is available for
the NPD case but not for the EUV-induced plasma; and (iii) absolute cali-
bration for quantitative densities was not possible during the EUV campaign,
so interpretation relies on relative trends and molecular-band analysis.






Chapter 3

Methodology: Data Acquisition,
Processing, and Modelling

3.1 Introduction

This chapter describes the experimental and data-analysis workflow used
throughout the thesis to extract physical quantities from the recorded opti-
cal emission spectra. While Chapters 4-6 focus on specific plasma sources
(nanosecond pulsed discharges, EUV-induced plasmas, and electron-beam
plasmas), the underlying procedures for spectral calibration, line and band
fitting, and population analysis are common. The aim here is to collect these
methodological aspects in a single place, so that later chapters can refer back
to them without repeating technical details.

We first describe the calibration of the instrumental function and of the
wavelength-dependent spectral response of the detection chain, since these
underpin all subsequent line-shape, intensity, and temperature analyses. We
then present the analysis of the Ny Second Positive System (SPS), including
rotational and vibrational temperature extraction from band-resolved fits and
the construction of vibrational population distributions. The second part of
the chapter is devoted to molecular hydrogen: we introduce the Fulcher-a ro-
vibrational analysis used to obtain rotational (and proxy gas) temperatures
and ground-state vibrational populations. Finally, we outline the procedure
used for deriving effective excitation temperatures from the hydrogen Balmer
series, including spectral pre-processing, uncertainty propagation, and the
limitations of Boltzmann-plot interpretations under non-equilibrium condi-
tions.

3.2 Calibration procedure for the instrumental
function

The setup instrumental function, modelled here as a Gaussian, is used
to convolve the theoretical spectra generated with PGOPHER. Its width
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is obtained by a two-step calibration. First, the linewidth of a diode laser
(assumed Lorentzian) is measured using a fixed-gap Fabry—Pérot etalon. The
etalon produces an interference pattern (figure 3.1); by selecting a region of
interest spanning two adjacent fringes, integrating the intensity, and fitting
two Gaussians to the peaks (figure 3.2), the peak separation (in pixels) and
individual widths are determined.

Figure 3.1: Interference pattern of the diode laser transmitted through
the etalon.

The Gaussian model used for fitting is

x — x9)?
fauss(x) o exp {—(0—20)} ) (3.1)
with full width at half maximum
FWHM = 2v21In2o0. (3.2)

The pixel-based FWHM is converted to frequency units using the known free
spectral range (FSR = 10 GHz) and the measured fringe spacing. Knowing
the laser central wavelength, the linewidth is then converted to nanometres
and used as the fixed Lorentzian width in the next step.

Second, the measured laser spectrum is fitted with a Voigt profile (Lorentzian
laser emission convolved with the Gaussian instrumental function):

f‘)/
(z —0)> + 7%

(3.3)

fLorentz (:L‘) X

where v is half the laser linewidth. An example is shown in figure 3.3.
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Figure 3.2: Integrated intensity across two neighbouring fringes
(points) and Gaussian fits (lines).

Relative spectral-response (irradiance) calibration. In addition to
the instrumental width, quantitative use of line and band intensities re-
quires the wavelength-dependent spectral response of the detection chain
(optics, spectrometer, grating, and camera). This response, denoted C(\)
in Eq. (3.6), is obtained from measurements of a calibrated broadband lamp
with known spectral irradiance F,et(\) (traceable manufacturer calibration).
For each grating/center-wavelength setting used in the experiments, a lamp
spectrum Syamp(A) is recorded with the same optical configuration as for the
plasma (identical lenses, fibre, slit, and exposure settings), and a dark spec-
trum Sgark(A) is subtracted:

Scorr(A) - Slamp()\) - Sdark()\)- (34>
The relative spectral response is then defined as
Eref()\)
A) X ——= .
C(A) o S’ (3.5)

normalised to unity at a reference wavelength within the window (so that
only relative irradiance is used in the analysis). In practice, C'()\) is stored
as calibration files and applied to all plasma spectra recorded with the cor-
responding spectrometer setting by multiplying the background-subtracted
signal by C'(\). Within a given spectral window, the uncertainty of C'(\)
is dominated by the lamp calibration (few percent) and its slow wavelength
variation; for the line-by-line fits presented here, the statistical fit uncertainty
typically exceeds the relative response error across the ~10-20 nm windows
of interest.
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Figure 3.3: Diode-laser spectrum (points) and Voigt fit (line) used to
extract the instrumental Gaussian width.
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3.3 Ny Second Positive System data analysis

The analysis presented here targets the Second Positive System (SPS) of
Ny for vibrational branches with Av = v/ — v = —2, focusing on the first
three bands (0-2, 1-3, 2-4).

Population mechanisms and diagnostic content. In low-pressure
nanosecond discharges in pure nitrogen, the C3II, state is populated pri-
marily by electron-impact excitation out of the ground state Xlil;r (both
from v = 0 and from vibrationally excited X levels), with additional con-
tributions from stepwise channels via the metastable A3X and, at higher
pressures and in the afterglow, from pooling reactions such as

NQ(A) + NQ(A) — NQ(C) + NQ,

and related No(A/B)-assisted pathways [3,32-35]. Because the radiative life-
time of No(C) is short (tens of ns at low pressure), rotational re-distribution
in C is inefficient and the rotational envelope of the SPS mirrors, to first
order, the X-state rotational (gas) temperature. In contrast, the C-state
vibrational distribution reflects a mixture of direct excitation from X and
metastable- /pooling-driven channels, and is not in simple equilibrium with
the ground-state vibrational manifold. In this thesis, we therefore interpret
Tyot from the SPS as a proxy for Ti,s, while the first-level C-state vibrational

temperature To(f ) is used as a compact measure of the relative population
of the lowest C-state vibrational levels, rather than as a direct ground-state
Tiip-

Experimental spectra are fitted with a model that accounts for an abso-
lute wavelength shift, the theoretical band spectrum, and the instrumental
function of the setup. The theoretical spectra are generated with PGO-
PHER [36] using the electronic, rotational, and vibrational constants from
Ventura and Fellows [37].

Similar band-by-band SPS fitting strategies have been adopted in recent
work on low-pressure nitrogen plasmas and synthetic spectra modelling [38—
40]. Figure 3.4 shows an example of the simulated emission for the v/ =0 —
V" = 2 band.

The simulated spectrum is convolved with the instrumental transfer func-
tion (see Section 3.2) and the result is used as the model for band fitting.
The main band (v = 0 — v = 2) is fitted first, and the resulting rotational
temperature T, is then held fixed when fitting the remaining bands. This
assumes that the rotational distribution—and hence the gas temperature—is
the same for all v’ of the C state; for lines within a given vibrational level
this is automatic, while extending the same T}, across different v’ reflects
the usual low-pressure SPS assumption of a single Tg,s.

Applying the same procedure to the other two bands (' =1 — " =3
and ' = 2 — V" = 4), the full spectrum is reproduced and the relevant
parameters are extracted. An example fit is shown in Figure 3.5.
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Figure 3.4: Simulated SPS spectrum of nitrogen (Av = —2, 0-2 band)
generated with PGOPHER at 320 K.

From the fitted bands, relative intensities are obtained and used to deter-
mine the vibrational-state populations in the emitting No(C3II,) state. The
band intensity for a transition between vibrational levels v/ and v/ is

C()\V/Jj//) fl// AV’,V“

)\V/J/// ’

(3.6)

Il//J/" =

where I,/ is the measured intensity, C'(\,s,~) the spectral response of the
detection chain, A,/ ,» the band wavelength, f,/ the population of the emitting
upper vibrational level in the C state, and A, ,» an effective (band-averaged)
Einstein coefficient for the v/ — v” band (i.e. the line-strength—weighted
average over all rovibronic transitions contributing to that band).

Assuming a normalised Boltzmann distribution for the C-state vibrational
manifold,

fu’ 1 e p( Eu’ )
- exp|l ——2— |,
fo Jok k:BTV(g)

v! EI/’
ln(f—) = ———— — const,

fo kpT'Y)

(3.7)

where fy is the v/ = 0 population, k£ a proportionality constant, E, the
vibrational energy of the upper level, kg the Boltzmann constant, and Tv(ii)
the apparent vibrational temperature of the emitting Ny(C3II,) state. The
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Figure 3.5: Experimental SPS spectrum of nitrogen (Av = —2; blue
points) and model fit (red line).

vibrational energies are described (to second order) as

/ 1 / 1 ?
E, =w, l/—l—é — WeTe V+§ + e, (3.8)

with w, and w.x, taken from the NIST database [41].

Equation (3.7) implies a linear dependence of In(f,//fy) on E,.. In prin-
ciple, a linear regression over several v’ would yield a single T\Ei?. In practice,
however, the higher-1/ levels of Ny(C) are often overpopulated and the full
distribution deviates from a straight line. To characterise the low-lying part
of the C-state vibrational distribution in a way that is robust to such non-
Boltzmann tails, we follow the approach used for ground-state Ny in CARS
measurements (e.g. Burnette et al. [32]) and define a two-level, or “first-level”,
vibrational temperature:

©) E, — Ey
Ty = ——F7~- 3.9
In the limit of a Boltzmann distribution, 7| 0(10 ) coincides with T\Ei?; when the

high-2/ tail is non-Boltzmann, it still provides a well-defined measure of the
relative population of the first two C-state vibrational levels.

Figure 3.6 shows a representative plot of In(f,/fy) versus E,,. The
straight line connecting the first two points corresponds to To(f )~ 4490 K in
this example.

An example of T, O(f ) versus time (1 ns steps) is reported in Figure 3.7,
where the delay is referenced to the discharge onset.
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Figure 3.6: Normalised C-state vibrational-state distribution for the
SPS of nitrogen (Av = —2) relative to the 0-2 band (blue points). The
straight line through the first two points defines the first-level C-state

vibrational temperature To(f ),

Uncertainty estimation for SPS fits. For each spectrum, the SPS model
(PGOPHER band synthesis convolved with the instrumental function and
multiplied by C())) is fitted to the data by non-linear least squares. The
fit parameters include an absolute intensity scale, a wavelength shift, the
rotational temperature T, (assumed common to all Av = —2 bands in a
given fit window), and the relative amplitudes of the individual bands I,/ ,».
The fitting routine returns a covariance matrix for these parameters; the
statistical uncertainty on each band intensity ,, ,~ is obtained from the cor-
responding diagonal element (and, where relevant, including the covariance
with the global intensity scale). The upper-state vibrational populations f,/
are then computed from Eq. (3.6),

[Vlyy// )\V/ﬂ///

C<)\V/,VH) AI/I,Z/N ’

fyl 0.8 (310)

so that, to first order, the relative uncertainty on f,, is

5t 6L, \>  (6C )\’

~7 _— _— 3.11
fl/ \/< IV,)V” > + ( O(Aylay/l> 7 ( )
where 0C'/C'is the (few-percent) uncertainty of the spectral-response calibra-

tion within the ~10-20 nm window. Uncertainties in A,/ ,~» are much smaller
than the fitting error and are treated as systematic.
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Figure 3.7: Time evolution of the first-level C-state vibrational temper-

ature To(lC ) over a kinetic series. The delay is referenced to the discharge

start. The trend shows an initial increase in T, é? ) followed by a decay

as the discharge evolves.

For the first-level C-state vibrational temperature T, élc ), only the ratio of
the first two populations enters:

7(©) _ E, — Ey
0 = 777\
kg In(fo/f1)

Writing R = f1/ fo, the relative uncertainty on R follows from the errors on
fo and f; (assumed uncorrelated),

ORI R

and standard error propagation gives

(3.12)

By — Ey R

ST = .
" ke R [hl(f()/fl)f

(3.14)

In practice, the quoted error bars on Télc ) are dominated by the statistical
uncertainty on the fitted band intensities (through 07, ,~). Systematic con-
tributions from the response calibration C'(\) and from the band-averaged
A, are smaller over the limited wavelength range considered and are dis-
cussed qualitatively when comparing absolute values across data sets.



36 Chapter 3. Methodology

3.4 Fulcher-aa band emission (H,): ro-
vibrational analysis

The Fulcher-a system corresponds to the triplet transition d®II, — a3 E;r
and is one of the most intense Hy molecular features in low-pressure plasmas
(590-650 nm for the most prominent part). In low-temperature, low-density
conditions the d 311, state is populated predominantly by electron-impact ex-
citation out of X 12; with the selection rule AN = 0, and its short radiative
lifetime (~ 40 ns) prevents rotational re-distribution in the excited state;
contributions from cascades are typically minor for these conditions. There-
fore, the Q-branch emission of the d*II;, component provides (to first order)
a direct image of the ground-state rotational distribution projected into the
excited state [42,43|. Predissociation reduces the intensity for v/ > 4; we thus
restrict the analysis to the diagonal bands v' =v” = 0,1, 2,3 [42,43].

1200 T

Q1(1-1) | |
oo 00 Q1(2-2) |

800 .

600 Q1(3-3)

Intensity [a.u.]

400 7

200 7

or

600 605 610 615 620 625 630 635
Wavelength [nm]

Figure 3.8: Representative Fulcher-a spectrum for nanosecond-pulsed
H, discharges (NPD), covering 600-635 nm. A flat baseline across the
window enables reliable response-corrected band sums and ro-vibrational
analysis.

Spectral model and line fitting. Unlike the SPS analysis (Section 3.3)
where full PGOPHER simulations are convolved with the instrumental func-
tion, here we resolve and fit individual @-branch rotational lines (@1, @2,
@3) for each v = 0...3 with Gaussian profiles. The fit model for a single
line at pixel (or wavelength) coordinate x is

I(x) = B+ A exp {—M} , (3.15)

202
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where B is a local baseline, A the amplitude, z( the centroid and o the (Gaus-
sian) width, previously constrained by the instrumental function calibration
(see Section 3.2). Line areas A, x» = A +/27 are then converted to absolute
or relative emissivities V' after correcting for the spectral response C (A)
of the detection chain (as in Eq. (3.6)).

We focus on the @ branch from d°IT, only, to avoid known perturbations
that affect P/R branches via d 311 [42,43]. Self-absorption in the considered
lines is negligible under our conditions (optically thin regime) [44].

1200 T T T T
Q1(1-1)
1(0-0
1000 —Q -0 Q1(2-2) 1
Data
800 Gaussian fit | A
El
E 600 Q1(3-3).
3
c
[}
S 4001 T
200 M;
0 )
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Wavelength [nm]

Figure 3.9: Example Gaussian fits to the Q1 (N’ = 1,2,3) lines for
v’ =0...3 (NPD). Line widths are bound by the instrumental function;
residuals remain small, indicating consistent wavelength calibration and
spectral-response correction.

Rotational temperature per vibrational level. For the () branch of a
3I1 — 3% transition, the emissivity of a rovibrational line originating from
(v', N') scales as

N o SN (2N + 1), (3.16)

with SV the Hénl-London factor and n¥'""Y" the upper-level population. For
a Boltzmann distribution within a given v/,

v ON' +1 AE...(N'

e N=l T 1T 3 Pl kpTron(d, )

where g accounts for the nuclear-spin statistical weight (ortho/para alter-
nation) and AF,.(N’) is the rotational energy relative to N’ = 1 (Hund’s
case (b)) [42,43]. Eliminating n*"" yields the canonical Boltzmann-plot
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relation

VLN AE,q(N'
ln[8 } = (V) + const. (3.18)

gSN' | kg Tho(d, )
Practically, we build the plot using N’ = 1,2, 3 only (the best S/N lines) and
obtain Ty (d,v") from a weighted linear fit to the three points. We avoid a
two-temperature (“hockey-stick”) fit on purpose: with only the first three N’
the high- N’ non-thermal tail cannot be constrained reliably [42,43].
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Figure 3.10: Rotational Boltzmann plots for d3II,; (NPD), formed
from the response-corrected Q1 (N’ = 1,2, 3) emissivities for v/ =0...3.
The fitted slopes yield Tyot(d, v'); values are typically below room tem-
perature and show a mild decrease with increasing v’, consistent with
low-pressure conditions and a short d-state lifetime.

Projection to the gas temperature. To infer the ground-state rota-
tional /gas temperature, the standard back-projection via rotational con-
stants is applied:
B,(X'SF, v=0)

v g 317— /

Trot (d°IL, V'), 3.19

Bu(d3ﬂl> I/) Ot( " ) ( )
using literature values of B, for X and d [42,43]. To make this more explicit,
we use the standard first-order expression for the vibrational dependence of
the rotational constant,

Tgas = rot(X 122_7 V= O) =

B, = B, — a, (v + %) , (3.20)

with B, and «, taken from the NIST Webbook for Hy [45]. For the ground
state X '3 one has B,(X) = 60.853 cm™" and a.(X) = 3.062 cm™!, giving

By(X'S}) = Be(X) — (X)) (3) = 60.853 — 3.062 x 0.5 ~ 59.32 crr(fl. |
3.21
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For the excited state d®II, one has B.(d) = 30.364 cm™! and a.(d) =
1.545 cm™!, so that

By(d®1L,) = B.(d) — a.(d) () = 30.364 — 1.545 x 0.5 ~ 29.59 em ™~ '. (3.22)

and thus
By(X,0) N 59.32 N

Bo(d,0) ~ 29.59

Evaluating B, (d) for v' = 1-3 yields ratios By(X,0)/B,(d) in the range
~ 2.1-2.4. Inserting these values into Eq. (3.19) implies

2.00. (3.23)

Ths ~ (2.0-2.3) Ty (d, ) (3.24)
under our conditions; sub-room-temperature values of Ty (d) are therefore
physically consistent with room-temperature (or higher) gas temperatures
[44]. We report T, separately for each v’ and quote Ty, from Eq. (3.19); for
H, the back-projection from v" = 2 often agrees best with independent T,
diagnostics [43].

Vibrational populations from band-summed, FC-corrected intensi-
ties. From the fitted lines we form the band-integrated (within a given v’)
quantity

IU’ =

3 o' . N’ N{nax gv/,N’
{ (3.25)

gv }
Nl Y
g S extrap

N/
N'=1 9 S i\/’=4
~~
optional, if S/N allows
extrapolation using
Trot(d)vl)

i.e. we sum the response-corrected line emissivities over the resolved low-
N’ lines; optionally, if the S/N permits, we extrapolate the tail using the
same Tyot(d,v") (noting the limitation discussed above). The vibrational
population in the excited state is then

I

A(—C;ffl)/’ (3.26)

ng(v') o

where Al(fg,), is the corresponding band-averaged Einstein coefficient for emis-
sion to a?’Z; (diagonal v” = v’ here), defined in the same sense as A,/ ,»
for the Ny SPS in Section 3.3. To express the inferred d-state vibrational
populations in terms of a ground-state vibrational distribution, we apply a
simplified Franck—Condon (FC) back-projection. Specifically, we assume that
excitation into d originates predominantly from X, v = 0 and we correct for
vibrational overlap in both the excitation (X — d) and emission (d — a)
steps:
/
felo) o )y (3.27)

X—d ,d—a
Qv Dt 51
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where qf;){), are Franck—Condon (FC) factors, i.e. squared overlaps of the
vibrational nuclear wavefunctions Xq(f)(R) and XE)J,)(R) associated with elec-
tronic states ¢ and j,

$, = ‘ / (R)dr| (3.28)
with R the internuclear separation. The overlap is symmetric, so g% =
¢%7X. In practice, we take FC factors from the tabulations of Fantz and

Wiinderlich [46]; an earlier FC-based formulation of the same type of back-
projection for hydrogen isotopologues is given by Fantz and Heger [47]. For
reference, the diagonal values used here (v =19 =v" = 0...3) are listed in
Table 3.1.

Table 3.1: Diagonal Franck—Condon factors used in the FC-only back-
projection (Hz, v =0...3), from Fantz and Wiinderlich [46].

X—d d—a
qv—w qv—)v

0.10008 0.93016
0.16280 0.79701
0.08412 0.67139
0.00031 0.55514

W N~ Ol

We then normalise the inferred ground-state vibrational distribution by
enforcing 23:0 fx(w) = 1. This “FC-only” back-projection is a standard,
pragmatic approach when cross sections are not available and when only the
first few N’ are measured; its limitations vs. comprehensive rovibrational
modelling are well documented [43|. In our case, we report the normalised
fx(v) and emphasise v = 0...3. The observed trend—a peak at v = 2
followed by a decrease—corresponds to low-n, conditions with fixed T, in
collisional-radiative modelling, where direct excitation and radiative decay
dominate the level kinetics [48].

Uncertainty estimation and error propagation. For each fitted line,
the Gaussian least-squares routine returns a covariance matrix for the pa-
rameters (A, zo,0). The statistical uncertainty on the line area, Ay nv =
Ao+/2r, is obtained by standard error propagation using this covariance
matrix (including the A-o covariance term). These area uncertainties are
then combined with the spectral-response uncertainty of C'(\) to give an er-
ror on the emissivity e”V'; for the plots shown, the statistical contribution
from the fit dominates over the (slowly varying) response-calibration error
within a given spectral window.

In the rotational Boltzmann plots, the ordinate is yy» = In[e""N' /(g S™')]
and the corresponding standard deviation is sy = 6 /e” >N’ since g and
SN are assumed exact. These dyys define the weights wy = 1/ dya, used
in the weighted linear regression of Eq. (3.18). The regression yields a slope
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Figure 3.11: Franck—Condon—corrected ground-state vibrational pop-
ulations fx(v) (v =0...3) inferred from the diagonal Fulcher-a bands
(NPD). The envelope peaks near v = 2 and then decreases, consistent
with low-density conditions where direct excitation and radiative decay
dominate. A quantitative T, is not assigned here.

m and intercept with an associated standard error dm from the covariance

matrix of the fit. Because m = —1/(kgT;ot), the uncertainty on the rotational
temperature for a given v’ follows directly as
1 1
AN N —
Trot(d7 v ) = _ij—m7 5Tr0t<d, (% ) == ,I{;BmQ om. (329)

The back-projected gas temperature and its error are then

B,(X,0) B,(X,0)

Tas Dl — 77 N
& B,(d,v") B,(d,v")

Trot(d, V'), 0T gas = 0T o1 (d,0"). (3.30)
because the literature B, values carry much smaller relative uncertainties
than the fitted quantities; their errors are therefore neglected in the propa-
gation and the B, are treated as fixed input parameters.

For the vibrational analysis, the band-integrated quantity I, is formed
by summing the emissivities over N’ = 1...3 (and, where used, the extrapo-
lated tail). Assuming uncorrelated line errors, the variance on I, is the sum
of the individual variances, so that 01, = Y\, de2 y, (with an additional,
smaller term when the high-N’ tail is extrapolated from Ty, ). The uncer-
tainties on ng(v') and on the FC-corrected ground-state populations fx(v)
follow by linear propagation of Eq. (3.27) and subsequent normalisation. In
practice, the quoted error bars on fx(v) are dominated by the weakest band
(v = 3) and by systematic contributions from the Franck—-Condon factors
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and band-averaged A values; these systematics are not folded into the formal
error bars and should be kept in mind when comparing absolute fx(v) across
platforms. The displayed uncertainties therefore represent mainly the statis-
tical confidence from the line fits and band sums, while systematic effects are
discussed qualitatively in the notes below.

Workflow summary used in this thesis.

1. For each diagonal band v' = 0...3, identify @)y, Q)2, Q3; fit Gaussians
with fixed (or bounded) o from the instrumental calibration; subtract
a local baseline; correct areas by C'()\) to obtain V',

2. Build the Boltzmann plot of Eq. (3.18) using N’ = 1,2, 3 and extract
Tiot(d,v'); project to Ty,s with Eq. (3.19).

3. Compute FC-corrected vibrational populations with Eq. (3.27); nor-
malise fx(v) across v =0...3.

Notes on assumptions and uncertainties. (i) Restricting to N’ =
1...3 avoids bias from a possible non-thermal high-N’ tail (“two-slope” be-
haviour) seen in many hydrogen plasmas; using only low N’ is the recom-
mended practice when S/N or resolution precludes a reliable two-temperature
fit [42,43]. (ii) The back-projection Tyo(d,v") — Tyas assumes AN = 0 ex-
citation and negligible redistribution in d (valid at low pressure) and uses
B, ratios; consequently Ty, (d) may be below room temperature while Ty,
is not, consistent with the factor ~ 2 in Eq. (3.19) [44] (iii) The FC-only vi-
brational back-projection neglects v-resolved electron-impact cross sections
and branching via predissociation; a comprehensive treatment is possible
but requires additional data and a global fit to the full rovibrational mani-
fold [43,48)].

Note. Fulcher-a (Hy) ro-vibrational fitting and population analysis are pre-
sented with the EUV-induced plasma results in Chapter 5, where the working
relations are summarised for reference.

3.5 Balmer series (H): excitation temperature
analysis

In addition to the molecular diagnostics based on the Ny SPS and H,
Fulcher-a system, the hydrogen Balmer series is analysed to extract an ef-
fective electronic excitation temperature Te,. for a subset of atomic levels.
The basic idea follows the standard Boltzmann-plot approach outlined in
Section 2.6: after correcting the line-integrated intensities for instrumental
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response and transition probabilities, the upper-level populations NV, are in-
ferred from
Iul >\ul
Aul Gu

with [,,; the line-integrated intensity, A, the wavelength, A, the Einstein
coefficient, and g, the statistical weight of the upper level. If the set of levels
under consideration is close to Boltzmann among themselves, In(N,,) scales
linearly with F,, and the slope yields Tiy.. As discussed in Chapter 2, this
is not guaranteed in general; in fact, for the EUV-induced plasma (EBL2)
the Balmer manifold is clearly non-Boltzmann and no meaningful single T,
can be defined. In contrast, the nanosecond pulsed discharge (NPD) data
exhibit a nearly linear Balmer distribution over the accessible levels, enabling
a quantitative fit.

N,

, (3.31)

Spectral pre-processing and line integration

For the NPD measurements, individual Balmer lines Ha—H¢ are recorded
in separate spectral windows using a calibrated spectrometer—camera system.
Raw spectra are first corrected for background and instrumental response:

1. A background spectrum (same integration time and optical configura-
tion, but with the discharge off) is subtracted from each plasma spec-
trum.

2. The resulting signal is multiplied by the wavelength-dependent calibra-
tion curve C'(\) obtained from a radiometric standard lamp, using the
same optical path as for the plasma measurements. For the Ha window,
a long-pass interference filter is mounted in front of the spectrometer to
suppress shorter-wavelength stray light (continuum and other plasma
lines); its transmission curve is measured and folded into C'(\), so that
the calibrated spectra already represent the true spectral response of
the detection chain in that configuration.

3. A slowly varying baseline is removed using MATLAB’s msbackadj rou-
tine, consistent with the molecular-band analysis.

A Gaussian model is then fitted to each Balmer line within a narrow wave-

length window,
A—0b\?
I(\) =aexp|— , (3.32)
c

yielding amplitude a, centroid b, and width parameter c. The line-integrated
intensity is

T =alc v/, (3.33)

and parameter uncertainties are obtained from the (1—a) = 99.5% confidence
interval of the fit (MATLAB confint), converted to lo standard errors via
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the Student-t factor. Propagating these errors to the integrated intensity
gives

6T = +/(dalc|)? + (6ca)? /7, (3.34)

which is used as the uncertainty on each Balmer line area.

Relative upper-level populations and error propagation

For a given Balmer transition n — 2 (Ha: n = 3, HB: n = 4, etc.), the
quantity proportional to the upper-level population is

In )\n
Ay gn

S, = : (3.35)

where Z,, is the integrated line intensity from Eq. (3.32), A, the central wave-
length, A,, the Einstein coefficient, and g, = 2n? the hydrogen degeneracy.
To remove the unknown proportionality constant (which contains collection
geometry, absolute sensitivity, and integration volume) and to facilitate com-
parison across discharges, the quantities S,, are normalised to Ha:

7 A
Nn:&_ n An/(Angn)

Sy Tz Az/(Asgs)

Assuming uncorrelated errors on the line areas, the relative uncertainty on

N,, is
SN, 0T\ (0Tz\°
= — — 3.37
v (E) (3 537
with 0Z, from Eq. (3.34). In the NPD case, Ha-Hd are available with suffi-
cient signal-to-noise; He has too low intensity and is therefore omitted.

(3.36)

Boltzmann plot and fitted Ty

Using the absolute upper-level term energies FE,, (referenced to the ground
state) and subtracting the n = 3 energy to form AE, = E, — Ej3, the usual
Boltzmann relationship can be written for the normalised populations:

AFE,
InN, = T + const. (3.38)

Equation (3.38) is fitted with a weighted linear regression, using
N, 1

Yn = In N, Oyp = — Wy, =

o (3.39)
Yn
so that points with smaller relative uncertainty carry higher weight. The fit

has the form
y=mAE+Db, (3.40)
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with m = —1/(kpTex). The excitation temperature and its uncertainty
follow as . .

Toxe = —7—, 0Toxe = 7—90 ’ 3.41

kBm /{BTTL2 mn ( )

where dm is obtained from the standard error of the slope (computed from
the confidence interval of the weighted fit).

Figure 3.12 shows a representative Boltzmann plot for the NPD Balmer
data (Ha—HJ¢). The error bars correspond to 0 N,,, while the solid line denotes
the weighted linear fit used to extract Tyyc.
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Figure 3.12: Balmer-series Boltzmann plot for the nanosecond pulsed
discharge (NPD). Symbols show the relative upper-level populations N,,
(normalised to Ha) with propagated uncertainties; the solid line is a
weighted linear fit to Eq. (3.38). The slope yields the effective excitation
temperature Tyy. for the Balmer manifold under NPD conditions.

Application to different sources and limitations

The same analysis pipeline (Gaussian line fits, response correction, pop-
ulation normalisation, and error propagation) is applied to all three sources:
the nanosecond pulsed discharge (NPD), the EUV-induced plasma in the
EBL2 chamber, and the DC glow in the EBR reactor. However, only for the
NPD does the Balmer manifold exhibit an approximately linear behaviour
on the Boltzmann plot over Ha—HJ, so that a single T,. is meaningful. For
the EUV-induced plasma (EBL2), the populations deviate strongly from a
straight line, confirming the non-Boltzmann character of the Balmer series
already discussed in Chapter 2. In those cases, T... is not quoted, and the



46 Chapter 3. Methodology

Balmer data are used qualitatively (e.g., relative changes in line ratios) rather
than as a quantitative electron-temperature proxy.

Even for the NPD, the extracted T, should be interpreted as an effective
excitation temperature for the subset of Balmer levels considered, not as
a direct measurement of the electron temperature T,. Cascades, stepwise
excitation, and non-Maxwellian electron energy distributions can all affect
the level populations. In the following chapters, Ty from the NPD Balmer
analysis is therefore used together with the molecular diagnostics (Fulcher-
a and Ny SPS) and with collisional-radiative reasoning, rather than as a
stand-alone indicator of plasma conditions.



Chapter 4

Nanosecond pulsed discharge
plasma

4.1 Introduction

This chapter presents the nanosecond pulsed discharge (NPD) experi-
ments in nitrogen and hydrogen and the associated optical emission spec-
troscopy (OES) analysis. The goal is to establish a well-characterised, elec-
trically driven reference case against which the EUV-induced and electron-
beam plasmas in later chapters can be compared.

We first describe the OES setup used for NPDs and the timing scheme
that enables nanosecond-resolved measurements. The subsequent sections
summarise the Ny Second Positive System (SPS) and First Negative System
(FNS) results over 1-500 mbar and at a fixed low pressure of 0.05 mbar,
including the retrieved rotational temperatures and the first-level C-state
vibrational temperature To(lC ) and their pressure and time dependence. A
dedicated “long measurement” section shows how stitched kinetic series ex-
tend the accessible time window into the microsecond range, revealing the
role of Ny(A) metastables and pooling in the afterglow.

The second part of the chapter focuses on hydrogen plasmas. Fulcher-
« diagnostics are used to infer ground-state rotational (gas) temperatures
and vibrational populations in NPD H, discharges, and the Balmer series is
analysed to extract an effective excitation temperature for a subset of atomic
levels. Throughout, the methodology follows the procedures developed in
Chapter 3, and the NPD results are explicitly framed as a baseline for the
EUV- and EBR-driven plasmas discussed in the following chapters.

4.2 Optical emission spectroscopy setup for
NPDs

In an optical emission spectroscopy (OES) experiment, the light emitted
by the plasma is analysed by an ICCD camera coupled to a spectrograph.
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The plasma is generated in a vacuum chamber by a nanosecond high-voltage
(HV) discharge in a flowing gas mixture (flow set by a mass flow controller;
pressure regulated by a pumping system). In our setup, the discharge can
be operated either in a pin-to-plate or in a plate-to-plate electrode configu-
ration. The nanosecond nitrogen measurements at 1-500 mbar use a pin-to-
plate geometry (tungsten pin, steel plate), whereas the low-pressure nitrogen
measurements in the 1072 mbar range and the Hy Fulcher-a measurements
use a plate-to-plate geometry.

Precise synchronisation between the HV pulse and the waveform generator,
as well as between the ns-pulse and the ICCD acquisition gate, is essential
for successful measurements; a trigger delay generator is therefore included
in the timing chain.

Light is transported to the spectrograph using an optical fiber and a round-
to-linear fiber bundle. A two-lens relay focuses the plasma image onto the
fiber core while matching the fiber numerical aperture; the bundle output is
then coupled to the spectrograph through an F#-matcher.

A schematic of the experimental configuration is shown in Figure 4.1. Fur-
ther details of each subsystem (with laboratory photographs) are reported in
a dedicated appendix describing the OES setup for NPDs.

HyN, —>{ MFC T

Ground

Plate T A A y " Spectrograph and
Optical fiber |< 1CCD
Pin J_ v v
A
to+T
t
Hv High voltage PR 0_ _____ Trigger delay
generator generator

Pumping system J

Figure 4.1: Scheme of the optical emission spectroscopy setup.

The initial OES campaign in pure nitrogen focused on the Second Positive
System (SPS) of Ny (C®II, — B®Il,). Emission spectra were recorded with
the ICCD in kinetic-series mode to resolve the fast discharge dynamics. For
each setting, a sequence of 300 spectra was acquired over a total window of
~300 ns with 1 ns time steps. The series start time was set approximately
20 ns before the high-voltage trigger in order to capture the onset of plasma
formation and the subsequent early-time evolution.
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4.3 Nj Second Positive System (1-500 mbar)

Here we summarise the SPS (C°II, — B?Il,, Av = —2) results in the
1-500 mbar range and explicitly recall the example figures already presented
in Chapter 3. The modelling worklow—PGOPHER band synthesis with
literature constants, convolution with the calibrated instrumental function,
and response correction—is identical throughout.

As illustrated by the example full-spectrum fit in Chapter 3, Fig. 3.5, the
three-band window (0-2, 1-3, 2-4) is well reproduced across 1-500 mbar.
The normalised vibrational-state plot used to extract the first-level C-state
vibrational temperature To(f ) (Chapter 3, Fig. 3.6) shows that, at these pres-
sures, Té? ) responds to the discharge dynamics and to post-pulse chemistry.
In kinetic series (Chapter 3, Fig. 3.7), T| éf ) first rises during the current
peak and then decays, while at higher pressures additional late-time features
appear due to pooling via No(A).

The main pressure-dependent trends observed here are:

e Rotational envelope and T;.: T}, increases moderately with pres-
sure and with proximity to the current peak. Fits remain robust over
the three bands when T}, determined on 0-2 is propagated to 1-3 and
2-4, as in Chapter 3.

e Vibrational excitation (T()‘f )): at 1-11 mbar, Télc ) closely follows
the discharge current evolution and relaxes back towards its pre-pulse
value within a few tens of nanoseconds after each pulse, i.e. no pro-
nounced late-time increase or plateau is observed between pulses. At
110-500 mbar, the late-time Télc ) rise /plateau (documented extensively
in Section 4.6) indicates A-state build-up and pooling-driven popula-
tion of C'3II, on =100 ns timescales, consistent with state-to-state
kinetic modelling of low-pressure Ny discharges and repetitively pulsed
plasmas [3,35].

e SPS/FNS ratio: the relative contribution of FNS decreases with
pressure, consistent with enhanced ion quenching and altered electron-
impact pathways.

These 1-500 mbar results provide the high-pressure baseline against which
we compare the low-pressure NPD data at 0.05 mbar (Sections 4.4-4.8) and
the EUV-induced nitrogen spectra in the following chapter.

4.4 N, Second Positive System (0.05 mbar)

At a scanner-relevant low pressure of 0.05 mbar, the SPS of N, (C'*II, —
B3, Av = —2 series: 0-2, 1-3, 2-4) was analysed with the same modelling
workflow detailed in Chapter 3 (PGOPHER band synthesis, convolution with
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the calibrated instrumental function, global response correction). Both in-
tegrated and time-resolved datasets yield stable, well-posed fits across the
three bands, without the long-time distortions seen at higher pressures.

In the time-resolved series, the retrieved rotational temperature 7. and
the first-level C-state vibrational temperature To(lC ) remain essentially con-
stant over the pulse within uncertainties. This behaviour is expected at such
low pressure: pooling and related A-state—mediated channels are strongly
suppressed, so there is no late-time build-up of C3II, via Ny(A) and no
post-pulse drift of the rotational/vibrational envelopes, in line with kinetic
simulations of low-pressure Ny discharges where stepwise and metastable-
assisted pathways become negligible in the low-collision-rate limit [3,35]. As
a result, integrated fits coincide with the time-averaged parameters from the
gated series.

A representative fit is shown in Fig. 4.2. The band heads and rotational
envelope are reproduced by the model, and the T} extracted from the leading
band (0-2) is consistent with the values obtained when fitting 1-3 and 2-
4 at fixed T, (Chapter 3). The inferred temperatures are in the expected
range for low-pressure nanosecond discharges and provide a clean baseline for
the EUV-induced nitrogen spectra discussed later. As a forward reference,
we note that the same SPS workflow applied to EUV-induced Ny at EBL2
(next chapter) yields unusually low, “under-thermal” T, and poorer fits;
by contrast, the low-pressure NPD results here confirm that the modelling
pipeline itself is sound.
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Figure 4.2: Integrated SPS spectrum of N at 0.05 mbar (blue) and
best-fit model (red) using the Chapter 3 workflow (PGOPHER synthesis
+ instrumental-function convolution + response correction). The band
heads (0-2, 1-3, 2-4) and the rotational envelope are well captured
by the model. The fitted T,.; agrees with time-resolved averages and
remains stable throughout the pulse at this pressure, while the first-

level C-state vibrational temperature To(f ) is likewise time-independent
within uncertainties.
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4.5 N, First Negative System (1-500 mbar)

Measurements in pure nitrogen were extended to include the First Nega-
tive System (FNS) of N3 (B*%} — X?X1). The analysis procedure mirrors

that used for the SPS: the first-level C-state vibrational temperature Télc ) is
derived from the first two SPS bands with Av = —2, while global fits include
the FNS branches with Av = 0 (0-0, 1-1) and the SPS bands with Av = —3.
Four pressure regimes were studied, as listed in Table 4.1.

Data set | Pressure [mbar| | Gas flow [sccm]
1 1 100
2 11 100
3 110 200
4 200 200

Table 4.1: Pressure and nitrogen flow for each measurement set.

Figures 4.3, 4.5, 4.7, and 4.9 show representative spectra at the start of the
discharge (for 1, 11, 110, and 500 mbar) with best-fit models at the corre-
sponding T..;. The ratio of FNS to SPS emission decreases markedly with
increasing pressure.

Figures 4.4, 4.6, 4.8, and 4.10 report examples of the To(f ) evolution for
the four pressure sets, together with the discharge current. The Télc ) trend
generally follows the discharge dynamics (initial points within the first few
nanoseconds are unreliable due to low signal), increasing at current peaks
and relaxing afterwards. Because the ICCD MCP gain is kept fixed within
a kinetic series, the signal decays rapidly with delay, limiting reliable fitting
at late times. To probe longer times, dedicated measurements with adjusted
gate/gain were carried out (section 4.6).
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Figure 4.3: Integrated SPS+FNS spectrum at P = 1 mbar (blue)

with best-fit model (red). The simulation reproduces the SPS Av = —2
bands and the No™ FNS Av = 0 structure with good agreement across

the window, enabling consistent extraction of T,o¢ and Téf ) (first-level
C-state vibrational temperature).
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Figure 4.4: Kinetics at P = 1 mbar: time evolution of To(lC ) (black,
from SPS) and discharge current (orange). Téf ) increases during the
current peak and relaxes afterward; earliest points can be uncertain due
to low signal at the start of the gate sequence.
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Figure 4.5: Integrated SPS+FNS spectrum at P = 11 mbar (blue)
and model (red). The relative FNS intensity is reduced compared with
1 mbar; SPS band heads and envelopes remain well matched by the
model with a single T}, propagated across the Av = —2 bands.
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Figure 4.6: Kinetics at P = 11 mbar: Télc ) (black) follows the discharge

current (orange) with limited afterglow, indicating that A-state pooling
is still weak in this pressure regime.
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Figure 4.7: Integrated SPS+FNS spectrum at P = 110 mbar (blue)

with pressure.

and model (red). Fits are robust across the window; careful baseline
management is required as continuum and overlapping features grow
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Figure 4.8: Kinetics at P = 110 mbar: Télc) (black) rises with the
current (orange) and shows the onset of a late-time increase, signalling
the growing role of Ny (A)-mediated pooling into C 3IL,.
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Figure 4.9: Integrated SPS+FNS spectrum at P = 500 mbar (blue)
and best-fit model (red). The FNS contribution is further suppressed;
the SPS envelope remains well captured by a single T, across the
Av = —2 bands when the baseline is modelled carefully.
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Figure 4.10: Kinetics at P = 500 mbar: Téf ) (black) follows the cur-
rent (orange) and exhibits a pronounced post-pulse rise/plateau driven
by pooling via the N3(A) manifold.
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4.6 Long measurement

In a single kinetic series, the signal typically drops below the fitting
threshold after ~100 ns delay, making late-time analysis unreliable. To cap-
ture the full discharge evolution over several microseconds while preserving
nanosecond-scale information around the current pulses, the measurement
is therefore divided into consecutive short kinetic series with progressively
increased ICCD gate and MCP gain. In this way, signal can be recorded
up to microseconds after the discharge start and the full temporal evolution
characterised without saturating the detector at early times.

Figure 4.11 shows the first-level C-state vibrational temperature TO(S ) versus
time for pure nitrogen at 110 mbar together with the discharge current.
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Figure 4.11: Extended To(lC ) kinetics (top panel, black) together with
discharge current (bottom panel, orange), reconstructed from seven

stitched series (Table 4.2). After the prompt rise and decay around each

current pulse, a late-time increase and plateau of Téf ) appear in the

interpulse intervals, consistent with the build-up of N2(A) and pooling
into C'II,. Spectra with insufficient signal-to-noise ratio at the longest
delays are excluded from the analysis and are not shown, so that the
plotted trend reflects only reliably fitted points.

The plot comprises seven consecutive series with different delays, MCP
gains, and exposure times (Table 4.2); each series is recorded with fixed
camera settings and then mapped onto a common time axis using the pro-
grammed gate delays.

As in the short-window examples, Télc ) increases at current peaks and de-
creases immediately after. A pronounced late-time increase and plateau of
To(lC ) in pulse-free intervals is also evident. Spectra with insufficient signal-to-
noise ratio at the longest delays are discarded and not included in the anal-
ysis. This behaviour is consistent with the build-up of Ny(A3XT) metasta-
bles feeding the C3II, population via pooling and related channels, as cap-
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# | Delay [ns| | Time steps [ns| | Exp. time MCP [ns| | MCP gain |a.u.|
1 0-50 1 10 400
2 50-100 1 10 1200
3 | 100-200 1 10 2700
4 | 200-400 10 20 2300
5 | 400-500 1 20 1800
6 | 500-600 1 20 3300
7 | 600-2000 10 20 3600

Table 4.2: Kinetic-series settings used to reconstruct the long-time
discharge evolution. Each block is acquired with fixed ICCD parameters
and then stitched in delay to form the composite time trace.

tured in detailed state-to-state models of nitrogen afterglows and pulsed dis-
charges (3, 35].

To corroborate this, the normalised integral of the SPS emission (each spec-
trum divided by its MCP gain and exposure time) is plotted versus delay in
Figure 4.12.
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Figure 4.12: Normalised SPS integral and discharge current over the
stitched long-window sequence. Top panel: SPS integral on a logarith-
mic intensity scale, highlighting the decay between pulses over several
orders of magnitude and revealing the slowly varying afterglow tail. Bot-
tom panel: discharge current on a linear scale. Both panels share the
same time axis; peaks in the SPS integral coincide with current pulses,
and the integral decays between pulses.

To directly compare the long-time evolution of To(lC ) and the SPS emission,
both quantities are plotted together with the discharge current in Figure 4.13.
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Figure 4.13: Combined long-time kinetics of Télc ) (top panel, black),
normalised SPS integral (bottom panel, blue) and discharge current

(bottom panel, orange) for pure nitrogen at P = 110 mbar, recon-
structed from the seven stitched series in Table 4.2. Peaks in both T, o(f )
and the SPS integral coincide with current pulses, while the late-time
rise and plateau of Téf ) between pulses follow the slowly decaying SPS
emission, consistent with afterglow excitation via accumulated Ny(A)
and pooling into C3II,. Small inter-segment offsets arise from baseline
removal and the different MCP /gate settings used to extend the dynamic
range, but do not affect the qualitative trends.

4.7 Comparison with literature

Measured parameters have been compared with literature values.
In [39,49], rotational temperatures are reported for nanosecond discharges in
atmospheric-pressure air. Absolute values are not directly comparable to our
pure-Ns results at 1-500 mbar; however, qualitative trends can be contrasted.
In [39,49|, Tiot rises from ~1500 K to ~2500 K within ~25 ns, whereas our
data show an initial decrease from ~470 K to ~440 K over the first 50 ns,
followed by a rise to ~500 K over the next 50 ns. Between pulses, our T,
oscillates within 450-500 K; comparable inter-pulse data are not available
in [39,49].
Our retrieved T,o; and first-level C-state vibrational temperatures Télc ) are
consistent in magnitude with [38,50] (300-500 K and 3000-5000 K, respec-
tively), noting that those studies address capacitively /inductively coupled
plasmas and present temperature versus RF power/frequency rather than
nanosecond-resolved kinetics.
Electron temperature/density extraction from a single SPS/FNS intensity
ratio, as in [40], relies on restrictive assumptions (direct electron-impact ex-
citation to C*II,,, Maxwellian EEDF, corona balance) that are not valid under
our conditions, where multistep and metastable-assisted channels are signif-
icant. A more suitable approach for our Hy /Ny studies is Stark-broadening
analysis of N and H, as suggested in [51].
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The late-time rise and plateau of To(lC ) can be explained by the build-up of
Ny (A3¥F) and subsequent pooling,

NQ (ABE;F) + NQ (Agzj) — N2 (CBHU7 V) + NQ, (41)

which increases the C-state population on 2100 ns timescales, consistent with
[33]. Similar afterglow behaviour in the vibrational temperature has been
reported in [32,34]. Extending measurements to the sub-ms/ms range would
allow a more direct comparison with those studies and with metastable-
density kinetics such as those reported in [52].
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4.8 Nj First Negative System (0.05 mbar)

The N, " FNS (B?3} — X ?5}, Av = 0) was recorded and fitted under
the same low-pressure conditions as the SPS measurements, i.e.0.05 mbar,
using the identical band-simulation framework (state-resolved line lists, in-
strumental convolution, response correction). As for SPS, both integrated
and time-resolved spectra are modelled accurately. The extracted Ty (FNS)
agrees with T, (SPS) within uncertainties, and no long-time evolution is ob-
served over the pulse—again consistent with the absence of pooling-driven
late excitation at low pressure.

Figure 4.14 shows a representative integrated fit around the prominent
0-0 and 1-1 bands. The band heads and rotational structure are reproduced
with low residuals across the full window, confirming internal consistency be-
tween the ion and neutral nitrogen diagnostics at low pressure. This contrasts
with the EUV-induced Ny case at EBL2 (next chapter), where SPS/FNS fits
exhibit “under-thermal” envelopes and degraded match; the NPD results here
therefore serve as a reference demonstrating that the fitting procedure and
calibrations are robust.
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Figure 4.14: Integrated Ny~ FNS spectrum at 0.05 mbar (blue) and
best-fit model (red). The simulation reproduces the 0-0 and 1-1 band
heads and the associated rotational envelope over the full window. The
inferred Tyot(FNS) is consistent with the SPS-based Tyot, and both re-
main steady during the pulse at this pressure, reflecting the suppression
of late-time metastable pathways.
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4.9 Hydrogen plasma

4.9.1 Fulcher band emission

For nanosecond-pulsed Hy discharges (NPD), the Fulcher-a system
(d°I, — a®%]) serves as a proxy for the ground-state rotational and vi-
brational distributions via the Q-branch of the d*II;, component. The anal-
ysis strictly follows the methodology established in Section 3.4: we fit the
Q1 (N’ =1,2,3) lines for the diagonal bands v" = 0...3 with Gaussian pro-
files (instrumental width constrained), construct rotational Boltzmann plots
per v/, project to the gas temperature using rotational-constant ratios, and
form Franck—Condon—corrected vibrational populations fx(v).

The resulting rotational temperatures Ty (d,v') are low — often below
room temperature — and exhibit a mild decrease with increasing v’, consis-
tent with the short lifetime of the d state and low-pressure excitation con-
ditions. Using Eq. (3.19), the corresponding ground-state rotational (gas)
temperature is approximately a factor of ~ 2 larger and thus remains above
room temperature. The inferred vibrational populations display the charac-
teristic envelope with a maximum near v = 2 and a decrease towards higher v,
in line with low-density kinetics dominated by direct excitation and radiative
decay.

For completeness and to keep all relevant panels together in this chapter,
Fig. 4.15 re-displays the four example plots introduced in Chapter 3 (Sec-
tion 3.4) as a single 2x2 composite: (a) spectrum, (b) single-line fits, (c)
rotational Boltzmann plots, and (d) Franck—Condon—corrected vibrational
populations.

Summary. NPD Fulcher diagnostics provide internally consistent rota-
tional temperatures and vibrational population trends that serve as a baseline
for comparison with EUV-induced plasmas (EBL2, OLT-TS, EBR) presented
in subsequent chapters. The low T, (d) values and the v = 2 population max-
imum are recurring features across platforms; quantitative interpretation of
fx(v) in terms of a vibrational temperature is deferred pending a dedicated
collisional-radiative model.

4.9.2 Balmer-series excitation temperature

In addition to the molecular diagnostics based on the Fulcher-a system
(Section 4.9.1), the hydrogen Balmer series was analysed for the nanosecond-
pulsed Hy discharges (NPD) to obtain an effective electronic excitation tem-
perature Ty, for a subset of atomic levels. The detailed methodology—
Gaussian line fitting, response correction, population normalisation, and
weighted Boltzmann plotting—is presented in Chapter 3, Section 3.5. Here
we summarise the key steps and results for the NPD case.
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Figure 4.15: Fulcher-a analysis for nanosecond-pulsed Hy discharges
(NPD), arranged as a 2x2 composite for compact reference. (a) Rep-

resentative spectrum with fit windows in the 600-635nm range.
Gaussian fits to Qn/(N' = 1,2,3) lines for v = 0.

(b)

..3 (instrumental

width constrained). (¢) Rotational Boltzmann plots yielding Tyt (d, v'),
typically below room temperature and decreasing mildly with v'. (d)
Franck—Condon—corrected ground-state vibrational populations fx(v),
peaking near v = 2 and then decreasing. The workflow and assumptions

are detailed in Section 3.4.

Individual Balmer lines Ha—Hd are recorded in sep-

arate, calibrated spectral windows. For each line:

1. A background spectrum (discharge off) is subtracted from the plasma
spectrum.

. The signal is corrected for the wavelength-dependent spectral response

using a previously measured calibration curve. For Hea, a long-pass
interference filter (cut-on around 590 nm) is inserted in front of the
spectrometer to suppress shorter-wavelength molecular emission and
second-order grating contributions near 656 nm; its transmission curve

is therefore divided out so that the corrected spectrum reflects the true
Ha line intensity.
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3. A smooth baseline is removed using MSBACKADJ, as in the molecular-
band analysis.

4. The line profile is fitted with a Gaussian model,

I(\) = a exp [— <A ; b)2] , (4.2)

from which the integrated intensity

T=alclVm (4.3)

and its uncertainty 0Z are obtained. The latter is computed by prop-
agating the parameter errors from the (1 — a) = 99.5% confidence
interval of the fit.

Using the line-integrated intensities, the upper-level populations are formed
as

Iy Ay
An Gn’

with \, the wavelength, A, the Einstein coefficient, and g, = 2n? the statis-
tical weight of the upper level. To remove the unknown proportionality factor

and to facilitate comparison across data sets, the populations are normalised
to Ha (n = 3):

S, =

(4.4)

S
N, = —, 4.5
n 543 ( )
with uncertainties JN,, obtained by standard error propagation (assuming
uncorrelated errors on Z,, and Z3).

Boltzmann plot and T.,.. Using the upper-level term energies E, (ref-
erenced to the ground state), the relative excitation energies are defined as
AFE, = E, — E3. Under the assumption of a quasi-Boltzmann distribution
within the Balmer manifold, the normalised populations satisfy

AFE,
kB Texc

In N, = + const. (4.6)

A weighted linear fit of In N, versus AE, (Ha-HJ) is performed, using

weights w,, = 1/a§n with o, = 0N, /N,. The fitted slope m and intercept b

then give
1 1
Texc = T3 5Texc =-——90 ) 4.7
k BmM k Bm2 mn ( )
where dm is the standard error of the slope derived from the fit confidence
interval.
A representative Balmer Boltzmann plot for NPD, including propagated

error bars and the weighted linear fit, is shown in Chapter 3, Fig. 3.12. The
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points lie close to a straight line within uncertainties, indicating that, for the
NPD conditions and over the restricted set of levels probed (Ha—Hd), the
Balmer manifold behaves approximately Boltzmann-like. The resulting Tey.
is of order (1-2) x 10 K (corresponding to ~1-2 €V), i.e. several times higher
than the rotational temperatures (few 10> K) and the C-state/ground-state
vibrational temperatures (few 10* K) obtained from the SPS and Fulcher
analyses, as expected for electronic excitation in a low-temperature plasma.

Role of NPD 7T,,. in this thesis. The NPD Balmer analysis serves two
purposes:

e [t provides a self-consistent, internally error-barred estimate of an ef-
fective excitation temperature for the Balmer levels, under conditions
where the Boltzmann-plot assumption is reasonably satisfied.

e It offers a reference against which to assess the EUV-induced and
electron-driven plasmas (EBL2, EBR). In those systems the Balmer
populations strongly deviate from a straight line on the Boltzmann
plot, so that no single T,,. can be meaningfully defined; instead, the
Balmer series is used only qualitatively (line ratios, trends).

Even in the NPD case, T, must be interpreted with care: it reflects a balance
of direct electron-impact excitation from the ground state, stepwise excitation
via metastable and low-lying excited levels, recombination-driven channels,
and radiative cascades from higher n, all within the restricted Balmer man-
ifold that we sample. In nanosecond repetitively pulsed (NRP) discharges
the situation is particularly complex: the fast overvoltage during the rise
of the HV pulse produces a highly non-Maxwellian electron energy distribu-
tion, which then relaxes on a timescale comparable to the pulse duration;
during this evolution, excitation, ionization, recombination, and quenching
pathways all contribute to the populations of the n = 3-6 levels that form
the Balmer series [3,7,31,32,34,39,49]. A single-slope Balmer Boltzmann
plot therefore yields only an effective excitation temperature for that subset
of levels, and cannot be identified with the electron temperature 7T, in a strict
sense.

Throughout this work, the NPD Ty, is thus used in a complementary way:
it is considered together with the rotational and vibrational information from
molecular diagnostics (Fulcher-o, Ny SPS/FNS) and with qualitative colli-
sional-radiative reasoning on the dominant excitation and quenching mech-
anisms inferred from the literature cited above, rather than as a standalone,
quantitative measure of the plasma “temperature” or of 7.






Chapter 5

EUV-induced plasma

Introduction

The previous chapter focused on electrically driven plasmas generated by
nanosecond high-voltage discharges (NPD, Chapter 4), where electrons are
accelerated by an applied electric field and sustain the plasma via impact
ionisation and excitation. In contrast, the systems considered in this chapter
are photon-driven, where extreme-ultraviolet (EUV) photons around 13.5 nm
ionise and excite the gas, and the resulting plasmas are sustained by photo-
electrons and their secondary collisions rather than by an external discharge
field. Later in the thesis, we will return to electrically driven plasmas in the
form of DC glow and electron-beam sources (Chapter 6) and compare them
directly with the EUV-induced cases discussed here.

EUV-induced plasmas are directly relevant to EUV lithography, where
tin-based EUV sources operate in low-pressure Hy /Ny ambients and where
both plasma chemistry and surface modification are critical. Here we use
optical emission spectroscopy (OES) to characterise EUV-driven plasmas in
such scanner-relevant environments, with particular emphasis on how their
rotational, vibrational, and electronic excitation differs from the discharge
plasmas studied earlier.

Two complementary platforms are used. The first is the EBL2 EUV
beamline facility at TNO (Delft, The Netherlands), which provides a con-
trolled EUV exposure environment based on a Sn-fuelled laser-triggered
discharge-produced plasma source with in-situ diagnostics. The second is
the OLT-TS 2.5 research exposure tool at ASML, derived from the scanner
source concept and operated under production-like Hy conditions. Across
these tools, we analyse molecular nitrogen emission (Second Positive Sys-
tem, First Negative System), hydrogen Fulcher-a bands, and atomic Balmer
lines, and we use the time evolution of selected emission lines as an optical
proxy for the EUV pulse timing.

The chapter is organised as follows. Section 5.1 introduces EBL2 and
presents EUV-induced plasma results in pure Ny, pure Hy, and Hs/N,
mixtures, including SPS/FNS diagnostics, Fulcher-a analysis, Balmer-
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population studies, and pulse reconstruction. Section 5.1.7 highlights the
use of Ny ™ FNS as an impurity tracer in Hy. The subsequent OLT-TS sec-
tion reports Fulcher-a diagnostics and Balmer-based pulse reconstructions
under scanner-like source conditions, providing a bridge between the con-
trolled beamline environment of EBL2 and an industrially derived exposure
tool.

5.1 EBL2: EUV beamline facility for plasma
spectroscopy

The EBL2 (EUV Beam Line 2) facility, operated by TNO at the Van
Leeuwenhoek Laboratory in Delft, is a unique exposure platform for extreme
ultraviolet (EUV) radiation under semiconductor industry-relevant condi-
tions. Developed in collaboration with industry partners such as Ushio Inc.
and ASML, it enables EUV-induced plasma experiments with well-controlled
and reproducible radiation conditions, making it highly suitable for inves-
tigating fundamental processes such as photoionization, photodissociation,
and secondary electron-driven excitation in gases like Ny, Hy, and their mix-
tures [53,54]|. A more detailed description of the EBL2 geometry, source, and
diagnostic layout is provided in Appendix B.

Unlike electrical discharges, where electrons are energized directly by an
external field, EUV-induced plasmas are driven by photoabsorption. Photons
in the 13.5 nm band (92 V) ionize and excite gas molecules and atoms, trig-
gering cascades of secondary electron collisions. The resulting plasmas are
highly transient (few ps lifetime), spatially localized to the beam footprint,
and strongly dependent on gas species and pressure [15,17,18|. EBL2 al-
lows for precise control over these parameters, providing a well-characterized
environment to isolate photon-driven plasma behavior [53].

The source of EUV radiation in EBL2 is a Sn-fuelled laser-triggered
discharge-produced plasma (LDP) developed by Ushio. A focused laser pulse
pre-ionizes a tin vapour plume between rotating Sn-coated electrodes; a sub-
sequent high-current discharge pulse drives and pinches the plasma, produc-
ing in-band EUV radiation at 13.5 nm (2% spectral bandwidth, hereafter
abbreviated BW) [55-57]. A dual-mirror grazing-incidence collector then
images the source into an intermediate focus and relays the beam to the
sample plane, allowing control of spot size and dose via the focus setting and
repetition rate [53, 54].

Importantly, EBL2 integrates in-situ diagnostics for beam profiling and
exposure monitoring, as well as a connected X-ray Photoelectron Spec-
troscopy (XPS) system for surface analysis. The ability to expose samples in
gas environments with precise pressure control, and to analyze them with-
out breaking vacuum, makes EBL2 uniquely suited to study EUV-induced
plasmas in conditions analogous to those encountered in EUV lithography
tools [58].
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5.1.1 N, Second Positive System

The SPS of Ny (C'*II, — B®Il,, Av = —2 window with 0-2, 1-3, 2-4)
was analysed at 1, 2, and 5 Pa using the same PGOPHER-based workflow
introduced in Chapter 3 (band synthesis, instrumental-function convolution,
response correction). Figure 5.1 shows a representative time-resolved spec-
trum and fit at 5 Pa.
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Figure 5.1: Time-resolved SPS spectrum of No at 5 Pa (blue) and best-
fit simulation (red) using the Chapter 3 workflow. The retrieved Tyoy is
~200 K and the fit underestimates the observed envelope in parts of the

band head/wing, evidencing the “under-thermal” rotational structure
characteristic of EBL2.

In sharp contrast to NPD (Chapter 4) and EBR (Chapter 6), the best-
fit SPS envelopes at EBL2 are systematically ‘“under-thermal”: the
retrieved rotational temperature is well below room temperature (typically
~200 K) and the simulated rotational envelope does not fully reproduce the
experimental band head/wing balance. This behaviour is observed both in
time-resolved gated series and in integrated spectra, indicating that it is not a
gating artefact. For the integrated measurements, spectra were accumulated
with an integration time of 5 us; the corresponding integrated spectrum and
fit at 5 Pa are shown in Fig. 5.2.

We emphasise that the fitting pipeline itself is validated on NPD (5 Pa)
and EBR, where the same workflow yields stable fits and physically plausi-
ble T}, in line with collisional-radiative modelling of low-pressure nitrogen
discharges and afterglows [3,59]. The EBL2 outcome therefore points to
differences in excitation/relaxation pathways specific to EUV-driven Ny ex-
citation at very low pressure (photoionization, photoelectron cascades, rapid
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Figure 5.2: Integrated SPS spectrum at 5 Pa (blue) with best-fit model
(red), accumulated with an integration time of 5 us. The same under-
thermal behaviour is present in integrated data, ruling out a purely
gating-related artefact. By comparison, NPD and EBR fits with the
same pipeline (Ch. 4, 6) are well reproduced with plausible T}ot.

quenching, and limited rotational randomisation of the SPS upper state). To
our knowledge, detailed literature on EUV-induced N, rotational envelopes
is lacking; this under-thermal SPS is thus a key observation of this thesis and
motivates follow-up campaigns and modelling.
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Peak-maximum kinetics and EUV pulse proxy. To gain insight into
how the photon-driven plasma builds up and decays with respect to the EUV
light pulse, we use the time evolution of the SPS peak intensity as a simple
optical timing marker. For each gate delay in a kinetic series (fixed gate
width and time step), a full spectrum is recorded by the ICCD; from that
spectrum we extract the maximum intensity within the SPS window and plot
this peak intensity versus gate delay. This “peak-maximum” trace condenses
the spectrally resolved SPS emission into a single number per gate while
preserving the overall temporal evolution of the molecular light.

Figure 5.3 compares the SPS peak traces for 1, 2, and 5 Pa. In all three
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Figure 5.3: SPS peak intensity vs. time for 1, 2, and 5 Pa. Intensity

scales down with pressure. A relative delay between pressure sets is

visible; because runs were taken separately, a contribution from trigger
timing differences cannot be excluded.

cases the SPS light is collected with the same optical chain (same line-of-sight,
spectrograph, and ICCD settings) and recorded as a gated time series; only
the background gas pressure is changed between runs. The EUV pulse itself
is measured independently with a fast photodiode, using the same external
trigger as for the ICCD. As expected, the absolute SPS intensity decreases
with decreasing pressure. A noticeable relative shift of the peak positions is
also observed between the pressure sets. At our present level of control we
cannot determine whether these shifts are mainly due to a genuine pressure
dependence of the SPS build-up/decay, or to small systematic effects in the
timing synchronisation (e.g. fixed offsets or run-to-run jitter between the
external trigger, the EUV source, and the ICCD gate). We therefore treat
this as an unresolved uncertainty rather than as a robust pressure trend.
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Figure 5.4 overlays the normalised SPS peak traces with the EUV pho-
todiode pulse. The SPS envelope is broader and lags the EUV rise, which
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Figure 5.4: Normalised SPS peak traces compared to the EUV detector
signal. The time axis is referenced to the common external trigger used
for both measurements; no additional per-pressure shifts are applied.
The SPS response is broader and delayed relative to the EUV pulse,
reflecting the collisional-radiative build-up of the molecular emission
driven by photoelectrons. Small horizontal offsets between the different
pressures are comparable to the trigger/gating uncertainty and are not
interpreted quantitatively.

is consistent with SPS formation via secondary electrons and molecular ki-
netics rather than being a direct, prompt proxy of the EUV pulse itself. In
all traces, the time axis is referenced to the common external trigger that
starts both the EUV photodiode acquisition and the ICCD gate sequence;
no additional per-pressure time shifts are applied. Small horizontal offsets
between the SPS peaks at 1, 2, and 5 Pa are therefore comparable to the
combined timing uncertainty set by the gate width, the step size, and the
trigger jitter. Within this “few—tens of nanoseconds” uncertainty, we do not
regard the ordering of the maxima as a reliable pressure-dependent trend: in
principle a higher pressure would be expected to shorten the characteristic
excitation time through increased collision rates, but with the present tim-
ing resolution this cannot be demonstrated unambiguously. A more detailed
block diagram of the timing electronics and detector gating, together with
quantitative estimates of the timing uncertainty, is provided in the dedicated
EBL2 appendix and underpins this interpretation.
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5.1.2 NI First Negative System

The FNS of Ny (B?Sf — X 2%, Av = 0) exhibits a similar pattern at
EBL2. Figure 5.5 shows a representative time-resolved spectrum and fit at
5 Pa.
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Figure 5.5: Time-resolved Ny ™ FNS spectrum at 5 Pa (blue) and best-
fit model (red). The fit suggests an under-thermal T} and the simulated
envelope does not fully reproduce the experimental band head /wing bal-
ance, unlike the well-behaved NPD/EBR benchmarks.

As for SPS, the fits converge but the apparent rotational structure is again
under-thermal (75, ~200 K) and the model does not reproduce the envelope
with the fidelity observed on NPD and EBR. The effect is weaker than for SPS
but remains systematic in both gated and integrated data, indicating that it
is not a time-gating artefact. For the integrated measurements, spectra were
accumulated with an integration time of 5 us; the corresponding integrated
spectrum and fit at 5 Pa are shown in Fig. 5.6.

We thus interpret the FNS outcome as another manifestation of EUV-
specific excitation/relaxation channels at very low pressure (prompt ion for-
mation by photoionization, fast electron-impact excitation, and incomplete
rotational thermalisation of the Nj (B) upper state before radiative decay),
leading to a sub-thermal rotational distribution analogous to what is inferred
for No(C') from the SPS analysis.

Peak-maximum kinetics and EUV pulse proxy. Peak intensity traces
for 1, 2, and 5 Pa are shown in Fig. 5.7; intensity decreases with pressure
as expected. Figure 5.8 compares the normalised FNS peaks to the EUV
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Figure 5.6: Integrated FNS spectrum at 5 Pa (blue) with best-fit model
(red), accumulated with an integration time of 5 us. The under-thermal
envelope persists in integrated data, pointing to EUV-driven kinetics
rather than to time-gating artefacts.

detector signal. As with SPS, the FNS response is broader than the EUV
pulse, consistent with ion-band emission being governed by fast but not in-
stantaneous collisional-radiative processes seeded by the EUV photon burst.
In addition to the build-up dynamics, the finite radiative lifetimes of the rel-
evant upper states already imply a response that is intrinsically longer than
the EUV pulse: under low-pressure conditions, 7y,a(N3 (B?%])) ~ 67 ns and
Trad(N2(C*I1,)) &~ 41-43 ns, depending on the vibrational level [60]. Colli-
sional quenching further reduces the effective lifetimes according to

-1 _ -1
Toff = rad+§ :kqn‘ﬁ
q

where k, is the quenching rate coefficient for collider species g and n, its num-
ber density. At higher pressures the quenching term can dominate, shortening
the decay relative to the purely radiative values, whereas at the few-pascal
conditions of EBL2 the additional term remains relatively small and the ef-
fective lifetime is still of the order of several tens of nanoseconds. Any small
inter-run delay offsets between the FNS peak and the EUV photodiode sig-
nal may also contain a contribution from trigger and gating differences, as
discussed above for SPS.
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Figure 5.7: FNS peak intensity vs. time at 1, 2, and 5 Pa. The absolute

level scales with pressure. Small relative time shifts between traces may
contain a contribution from run-to-run trigger offsets.
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Figure 5.8: Normalised FNS peaks compared to the EUV detector

pulse. The ion-band response is broader and slightly delayed relative

to EUV, as expected from collisional-radiative formation following pho-
toionization and secondary-electron excitation.



76 Chapter 5. EUV-induced plasma

5.1.3 Atomic nitrogen emission

Atomic N emission was monitored in two spectral regions. First, an iso-
lated NI line at 648.27 nm, listed in the NIST Atomic Spectra Database [61],
lying close to Ha. This line was recorded both for EUV-induced plasmas at
EBL2 and for nanosecond-pulsed discharges (NPD). Because it was not sub-
jected to the same systematic analysis as the Balmer and molecular systems,
it is not discussed further in this thesis; we simply note its presence as an
additional potential diagnostic for future work.

Second, and central to the discussion here, we analyse the prominent N1
triplet in the near-infrared, around 746 nm. This triplet consists of three
closely spaced lines at 742.364, 744.229, and 746.831 nm, corresponding to
the allowed transitions

? Y

N(3p45§/2) — N(3s'Py), J=1

oo
oot

which are a standard diagnostic feature in nitrogen-containing plasmas. In
the analysis we either treat the three components individually or use their
summed intensity (after deblending) as a single “atomic-N" proxy.

In the same spectral window we also observe molecular emission from the
Ny First Positive System (FPS), which corresponds to the

Ny(B3IL,) — Ny(A%SY)

transition. The FPS forms a structured band system in the red/near-
infrared, with multiple overlapping vibrational bands. Under our EUV-
induced plasma conditions at a few pascal, the recorded FPS emission ap-
pears as a relatively broad molecular band with partially resolved structure,
on top of which the narrow atomic N triplet is superimposed. An example
spectrum of this region, showing the atomic triplet together with the FPS
band emission, is reported in Figure 5.9. In the present work we do not per-
form a quantitative FPS analysis; it is used mainly as a reference molecular
background when discussing the timing of the atomic-N emission.

The upper level N(3p 453 /2) has a natural radiative lifetime of order 102 ns.
Time-resolved laser-spectroscopy and time-resolved LIBS measurements re-
port lifetimes in the range ~ 70-200 ns for the 3p45§/2 — 35 4P; multiplet,
depending on J and the specific transition [62,63]. These values are com-
parable in magnitude to the 41-43 ns and 67 ns lifetimes of Ny(C?II,) and
N3 (B%X) discussed above [60]. At the few-pascal pressures considered here,
collisional quenching is weak, so the effective decay time of the atomic-N
emission is expected to remain close to this natural lifetime, apart from
modest distortions due to transport of the emitting species and line-of-sight
averaging in the optical collection. As for the molecular systems, an effective

lifetime
1

T A kyn,
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Figure 5.9: Example spectrum in the near-infrared window at EBL2,
showing the atomic N1 triplet near 746 nm (narrow lines) superimposed
on the broader Ny First Positive System (FPS, B3II, — A3Y) band
emission.

can be defined, where A is the Einstein coefficient for spontaneous emission,
k4 is the net collisional quenching rate coefficient, and n, is the density of
quenching partners (here dominated by Ny and Hy). Under our low-pressure
conditions k,n, < A, so e ~ 1/A and radiative decay dominates.

Unlike SPS and FNS, the timing of the atomic lines more closely fol-
lows the leading edge of the EUV pulse: their peak-maximum traces rise
rapidly and track the EUV onset better than the molecular features (al-
though the decay still extends longer than the EUV pulse). This behaviour
is consistent with the higher excitation thresholds of the atomic lines: the
3p 4S§ 12 3s*P; multiplet around 742-747 nm is populated from excited
states with threshold energies of ~ 11.8-12 €V [64], which favours direct
electron-impact excitation from the ground state and from low-lying levels
by the prompt photoelectron population. In contrast, the molecular systems
(SPS, FNS, FPS) are fed more strongly by stepwise, metastable-assisted, and
recombination pathways, which naturally broaden and delay their temporal
response relative to the EUV pulse.

Figure 5.10 shows the pressure series (1, 2, 5 Pa) for the atomic-N triplet.
Figure 5.11 overlays the normalised atomic peaks with the EUV detector
signal, highlighting the relatively sharp rise compared to SPS/FNS. Finally,
Fig. 5.12 compares atomic-N and the simultaneously recorded FPS molecular
emission in the same camera window: the FPS onset is visibly delayed and its
decay slightly longer than the atomic line, consistent with its predominantly
molecular, lower-threshold excitation pathways.
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Figure 5.10: Atomic-N peak intensity vs. time for 1, 2, and 5 Pa.
Intensity decreases with pressure. The rise is sharper than for SPS/FNS,
indicating a closer link to prompt photoelectron-driven excitation.
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Figure 5.11: Normalised atomic-N peak compared to the EUV detec-

tor pulse. The atomic emission follows the leading edge more closely

than SPS/FNS, but its decay still exceeds the EUV pulse width due to
collisional-radiative relaxation.
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Figure 5.12: Simultaneous atomic-N vs. FPS (molecular) peak traces
from the same camera window. The FPS onset is delayed and its decay
slightly longer relative to the atomic line, consistent with molecular for-
mation pathways and lower-threshold excitation.
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5.1.4 Fulcher band emission

Under EUV excitation in low-pressure Hy, the Fulcher-« system (d*II, —
a 32;, 590-650 nm) provides a sensitive probe of the ground-state rotational
distribution via the Q-branch of the d *IT, component. At EBL2, we recorded
the 600-635 nm window in integration mode with a 5 us exposure time per
spectrum, and analysed the diagonal bands v" = v” = 0...3 by fitting the
Q1 (N’ = 1,2,3) lines with Gaussians of width constrained by the instru-
mental function (Chapter 3.4). The controlled environment at EBL2 (no
additional metrology or diagnostic light sources, such as ellipsometer illumi-
nation, coupled into the OES line-of-sight) yielded clean baselines across the
entire window, allowing robust band sums and rovibrational fits.

Figure 5.13 shows a representative spectrum with the fit regions. The ab-
sence of baseline artifacts at the short-wavelength edge (contrast with OLT-
TS in a later chapter) enables consistent response-corrected areas across all
diagonal bands.
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Figure 5.13: Representative Fulcher-a spectrum at EBL2 in Hy (~
5 Pa unless noted), recorded in integration mode. A flat baseline across
600-635 nm facilitates accurate band sums and rovibrational analysis.

Example single-line fits for two sets of bands are displayed in Fig. 5.14.
The constrained widths and small residuals confirm that the instrumental
calibration transfers reliably to the EBL2 optical chain and that the )1 lines
are well resolved at our spectral resolution.

From the response-corrected line areas of the Q (N’ = 1,2,3) lines for
v' = 0...3, we construct rotational Boltzmann plots (Fig. 5.15) following
the procedure detailed in Section 3.4. The resulting T, (d, v") values are low



Chapter 5. EUV-induced plasma 81

T T T T xlp .
51 Q1(1-1) 1 asf Q1(2-2)
Ql(o-o) Data 4r Data
4r Gaussian fit | | 35t Gaussian fit | |
- —_ 3 r
e 13 sl Q1(33)
z >
£ 2,0
g2f 15
= £ 15f
1k
1k
05F
oW ;
. . . . . 0.5 — . . . .
600 605 610 615 620 615 620 625 630 635
Wavelength [nm] Wavelength [nm]
(a) Fits for v =0,1 (b) Fits for v/ =2,3

Figure 5.14: Gaussian fits to Q1(N’ = 1,2,3) lines of the Fulcher-«
Q@Q-branch at EBL2. Line widths are bound by the instrumental function;
residuals are low, indicating stable and consistent response correction.

— often below room temperature — and tend to decrease with increasing v'.
This is physically plausible for the ezcited d®II, state, which is populated
primarily by electron-impact excitation from the ground state and by radia-
tive cascades from higher triplet levels: under our low-pressure conditions,
the d-state lifetime is short and rotational re-thermalisation with the gas is
incomplete, so its rotational distribution does not have to coincide with the
gas temperature. Using the rotational-constant ratio in Eq. (3.19), the cor-
responding ground-state rotational (gas) temperature is &= 2 X Tyt (d, v") and
therefore remains above room temperature under the EBL2 conditions.

Figure 5.16 presents the Franck—Condon—corrected vibrational popula-
tions fx(v) (v =0...3) projected to the ground state. In contrast to mea-
surements with baseline artifacts on other platforms, the EBL2 populations
follow the same qualitative behaviour as in the NPD Fulcher analysis (Sec-
tion 4.9.1) and as will be reported later for EBR: a rise towards v = 2 followed
by a decrease, similar to envelopes obtained in collisional-radiative modelling
of low-pressure hydrogen plasmas [65]. We deliberately refrain from assigning
a vibrational temperature 7T, because a validated collisional-radiative model
for EUV-driven Hy is not yet available. Ongoing collaborations on kinetics
modelling are expected to clarify the implications for 7, and to constrain
electron density and temperature (n., T.) consistent with the Fulcher and
Balmer observables.

Fulcher-a @-branch data processing. For completeness, we summarise
here the relations used to derive Ty (d,v') and Tyas from the Fulcher-a Q-
branch line areas (see also Egs. (3.18) and (3.19) in Chapter 3).

For each diagonal band v = v”, we measure the response- and baseline-
corrected line area N of the (Q1(N’) line, which is proportional to the
emissivity of the transition from the upper level (v/, N). In the optically thin
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Figure 5.15: Rotational Boltzmann plots for the d3IT, state at EBL2,
using Q1 (N’ = 1,2,3) for v = 0...3. The slopes yield Tyo(d,v"),
which are low and show a mild decrease with v'. Using Eq. (3.19), the

corresponding ground-state (gas) temperature is ~2 x Ty (d), remaining
above room temperature.

limit, this emissivity is proportional to the population n* V" of the upper level
multiplied by the appropriate spectroscopic factors. Using the Honl-London
factor SN and the rotational degeneracy 2N’ + 1, we can write

/
’U/,N/ SN ’l)l,N/

9 O(—2N,+1n s

(5.1)
which simply states that, once the known line-strength and degeneracy fac-
tors are taken out, the measured line area tracks the upper-state population
nv’,N’.

Within a given vibrational manifold v’ of the d3II, state, we assume
that the rotational sublevels are Boltzmann-distributed at a temperature

Trot(d,v"). Defining the rotational energy offset with respect to the reference
level N =1 as

ABi(N') = Eri(N') — Eri(1) > 0, (5.2)

the relative population of level N’ can then be written as

! !
nv N

T x g(2N'+1) exp{—

AE'rot(jv/) :| ’ (5?))

kB Trot (d, U,)

where g is the (constant) spin-statistical factor for the manifold and 2N’ + 1
again accounts for the rotational degeneracy. Equation (5.3) expresses the
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Figure 5.16: Franck—Condon—corrected ground-state vibrational pop-
ulations fx(v) (v = 0...3) inferred from Fulcher-a: diagonal bands at
EBL2. The trend (peak near v = 2) mirrors the behaviour found in the
NPD chapter and is consistent with later results at EBR. No vibrational
temperature is quoted pending a dedicated EUV—H, collisional-radiative
model.

usual Boltzmann decrease of the population with increasing rotational energy,
relative to the reference level N = 1.

Combining Eqs. (5.1) and (5.3) and eliminating the (unknown) propor-
tionality constants yields the working expression for the rotational Boltzmann
plot:

v N’ AEro N’
lm[8 } = (V) + const. (5.4)

gSN' | T kg Tio(d, v')

By plotting In[e*"" /(g S')] as a function of AE,(N') for N’ = 1,2,3,
we obtain a straight line whose slope is —1/(kgTiot(d,v")). The intercept
absorbs all remaining calibration and normalisation factors and is not needed
to determine Ty (d, v').

To relate the excited-state rotational temperature to the gas temperature,
we use the ratio of effective rotational constants for the ground and excited
states. Denoting by B, (X, v = 0) the rotational constant of the ground state
X'¥F at v =0 and by B,(d,v) that of the d°II, state at the vibrational
level v/, we write
B, (X Iyt v=0

g ) 3171— /
B, (0 ) Trot (d°11;, V') . (5.5)

Tgas = rot(XIZ‘;_jy:O) =

This relation assumes that excitation to the d state is approximately sudden
and does not strongly reshuffle the rotational distribution, so that the shape
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of the rotational manifold in d®II; reflects that of the ground state up to the
scaling factor given by the ratio of rotational constants.

In practice, we fit Gaussian profiles to the Q1(N’ = 1,2, 3) lines for each
v' = 0...3, use Eq. (5.4) to construct the rotational Boltzmann plot and
extract Tyot(d,v’), and finally project to T using the rotational-constant
ratio above. Since the spectral resolution and S/N at EBL2 do not robustly
constrain higher N’ or v/ > 4, we restrict the fits to N’ = 1-3 and avoid
two-slope (“hot tail”) or full-manifold extrapolations.

5.1.5 Balmer-series populations: non-Boltzmann be-
haviour

For the EUV-induced hydrogen plasma at EBL2, the atomic Balmer
lines (Ha—He) were analysed with the same processing chain used for the
nanosecond-pulsed discharge (NPD) case: baseline subtraction, spectral-
response correction, Gaussian fitting of each line, and construction of rel-
ative upper-level populations from the line-integrated intensities. For each
transition u—{ we form

_ Iul )\ul

v Aul gu’

where [, is the fitted line area, A\,; the wavelength, A,; the Einstein coefficient

and g, = 2n? the degeneracy of the upper level. The resulting S, values are
then normalised to Ha (n = 3),

(5.6)

S
N, = :
w5 (5.7)

with uncertainties propagated from the Gaussian-fit errors on the individual
line integrals.

If the Balmer manifold were close to Boltzmann among itself, these nor-
malised populations would satisfy

AE,

InN, = —
N kBTexc

+ const, (5.8)

where AE, = E, — E,—_3 is the excitation energy of the upper level relative
to Ha, and a straight-line fit of In N, versus AFE, would yield an effective
excitation temperature T,,., as done for the NPD case in Chapter 4.

Figure 5.17 shows the corresponding Boltzmann plot for the EBL2 hydro-
gen plasma. Each point represents a normalised population N, forn =3...7
with propagated error bars.

The last point in Fig. 5.17, corresponding to He, exhibits a noticeably
larger error bar than the lower-n lines. This is not a purely statistical ef-
fect but reflects the more complicated spectral environment around He in
the EBL2 configuration. As discussed in the introductory description of
the EUV setup (tin source and optics), the He line lies on top of a broad
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Figure 5.17: Balmer Boltzmann plot for the EUV-induced hydrogen
plasma at EBL2. Normalised populations N, for Ha—He are plotted
versus upper-level excitation energy AE, (referenced to n = 3), with
error bars from the Gaussian-fit uncertainties. The systematic curvature
and level-to-level deviations demonstrate that the Balmer manifold is not
Boltzmann-distributed in this case.

tin-related background generated by scattered light directly from the EUV
source. In practice, the He feature has to be fitted together with an addi-
tional double-Lorentzian component that models this tin-induced baseline.
The strong correlation between the Balmer Gaussian and the overlapping
Lorentzians inflates the formal uncertainty on the extracted He area, which
propagates into a large error bar on the corresponding population N,. This
point, therefore, carries little statistical weight in any weighted fit and should
be interpreted with caution.

Even ignoring He, however, the remaining Balmer points do not align on
a straight line: the higher-n levels are over- or under-populated relative to
any single-slope trend, and the deviations are much larger than the statistical
error bars. Forcing a linear fit would therefore produce an arbitrary “7T,,.”
that strongly depends on which subset of lines is chosen and has no clear
physical meaning. In line with the discussion in Chapter 2, we therefore do
not assign an excitation temperature from the EBL2 Balmer data.

Physically, this non-Boltzmann behaviour is consistent with the EUV-
driven formation mechanism: photoionisation and subsequent recombination,
stepwise excitation from excited states, and radiative cascades populate the
Balmer levels via multiple channels, with insufficient collisional redistribution
to enforce Boltzmann equilibrium within the manifold [3,17]. In this regime,
the Balmer series primarily provides qualitative information (e.g. relative
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line strengths and trends between sources), while quantitative temperature
diagnostics rely on the molecular systems (Fulcher-or, Ny SPS/FNS) and
collisional-radiative reasoning.

The same analysis applied to the EBR data (Chapter 6) yields similarly
curved, non-linear Boltzmann plots, confirming that a single T, cannot
be meaningfully defined for the Balmer series in the EUV-induced plasmas
considered here. For both EBL2 and EBR, Balmer-based excitation temper-
atures are therefore not used; instead, those plots serve as a visual demon-
stration of the non-equilibrium character of the atomic hydrogen manifold.

5.1.6 EUV pulse reconstruction from time-resolved
Balmer emission

To proxy the EUV temporal profile with optical emission, we recorded
gated time series of the Balmer lines Ha, HB, and H~v in pure Hy at the
EBL2 working pressure (of order a few pascal, typically ~5 Pa). For each
gate delay, the peak line intensity was extracted from the spectrum and
plotted as a function of time. This “peak-maximum” trace is not an EUV
detector signal; rather, it reflects the collisional-radiative response of the
hydrogen plasma seeded by the EUV-driven photoelectrons. As such, it
generally overestimates the true pulse width: the rise tracks the build-up
of excited populations, and the decay includes afterglow kinetics and finite
radiative lifetimes.

Figure 5.18 shows representative Ha, HB, and Hy peak traces versus gate
delay. The three lines differ in absolute intensity, as expected from their
transition probabilities and detector response, but more importantly, they
display slightly different decay behaviour. HfS and H~y are very similar in
shape and nearly overlap over the full time range. Ha reaches a comparable
peak but then decays faster immediately after the maximum, so that, beyond
the peak region, its curve lies below the HS/Hy traces while following a
similar overall trend. Within the timing resolution set by the ICCD gate
(2 ns) and the overall timing uncertainty from trigger distribution and jitter
(of order 5 ns), the onset of emission is the same for all three Balmer lines;
the main difference resides in this line-dependent early decay.

To compare directly with the source timing, Fig. 5.19 overlays the nor-
malised Ha, HB, and Hy peak traces with the EBL2 EUV photodiode signal.
The EUV pulse is substantially narrower (tens of ns) and rises earlier; the
Balmer emission trails the EUV onset but follows it relatively closely on the
leading edge. The decay of all three Balmer lines is markedly longer than the
EUV pulse due to afterglow kinetics (recombination, cascading, and contin-
uing excitation by residual secondaries). The modest line-to-line differences
seen in Fig. 5.18 (faster early decay of Ha vs. HB/H7~) persist in this overlay
but do not alter the overall picture: among the nitrogen and hydrogen fea-
tures analysed in this chapter, the atomic Balmer lines provide the closest
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Figure 5.18: Peak-maximum traces of Ha, HS, and Hvy versus gate
delay for EUV-induced Hs plasma at the EBL2 working pressure (few
pascal). HB and Hy exhibit almost identical temporal evolution, whereas
Ha decays faster immediately after its maximum and then remains below
the other two while following a similar overall shape.

optical proxy to the EUV timing on the rising edge—consistent with their
higher excitation thresholds and strong linkage to prompt electron-impact
channels—while still overestimating the true pulse width on the falling edge.

Notes. (i) The finite ICCD gate width temporally convolves the OES re-
sponse and broadens the apparent pulse; (ii) small timing mismatches be-
tween the source trigger and the detector gate can shift the absolute time axis
by a few nanoseconds; (iii) absolute EUV timing and pulse width should be
taken from the photodiode, while OES excels at highlighting relative changes
in rise time, afterglow, and line-to-line behaviour.

5.1.7 Nitrogen/hydrogen gas mixture

To assess the sensitivity of OES as a non-invasive impurity monitor for
scanner-relevant ambients, we recorded FNS spectra in Hy at 5 Pa with
trace of Ny. The FNS bands remain detectable down to ~ 10~¢ mbar par-
tial pressure of Ny (and likely into the 10~ mbar decade with further opti-
misation), demonstrating promising diagnostic sensitivity without intrusive
probes. Figure 5.20 shows the measured spectra for decreasing Ny partial
pressure. While Ny /Hs plasma chemistry and ammonia formation have been
extensively studied in both catalytic and purely plasma reactor configura-
tions [66-70|, here we exploit the FNS purely as a spectroscopic impurity
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Figure 5.19: Normalised Hoa, HB, and Hvy peak-maximum traces com-
pared with the EBL2 EUV photodiode pulse. The EUV pulse is shorter
and leads the OES response; Balmer emission tracks the leading edge
relatively well but decays more slowly due to collisional-radiative after-
glow. Small differences between Ha and HB/H~ reflect line-dependent
excitation and decay pathways.

tracer in an EUV-driven environment.

Beyond FNS; the broad (350-700 nm) spectra taken for context show
multiple spectral lines attributable to Sn (source material) as a background.
Intriguingly, several narrow features overlapping the FNS long-wavelength
tail and others near ~386 nm are not listed in common databases for tin in
this region. While a full line-identification campaign is beyond scope here,
these features are consistent with Sn emission leaking into the detection path
(stray/scattered light or plasma sidebands) and may represent previously
unreported Sn lines in this spectral range. Follow-up measurements with
higher-resolution spectrometers and line-identification tools are warranted.

Summary of nitrogen results at EBL2. Taken together, the nitrogen
measurements at EBL2 reveal a consistent picture of EUV-driven Ny kinetics
at very low pressure. First, SPS and FNS fits at 1-5 Pa are systematically
under-thermal (75,4 ~ 200 K) and not perfectly reproduced by the model,
both in gated and in integrated spectra. This behaviour stands in clear
contrast to NPD and EBR, where the same analysis workflow performs reli-
ably, and thus points to an intrinsic feature of the excitation and relaxation
pathways specific to EUV-driven Nj.

In the time domain, the peak-maximum traces show that all molecular
channels (SPS, FNS, FPS) are broader and slightly delayed with respect to
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Figure 5.20: FNS spectra in 5 Pa Hy with trace of Ny. The Ny™
bands remain detectable down to ~ 10~% mbar Ny (with prospects for
10~7 mbar). Additional narrow features coincident with the FNS tail
and near 386 nm are consistent with Sn emission; several are not cata-
logued in standard databases for this region, suggesting candidates for
new Sn lines pending dedicated identification.

the EUV photodiode signal, whereas the atomic-N triplet tracks the EUV rise
much more closely, in line with its higher-threshold, more direct excitation by
prompt photoelectrons. Finally, in Hy with trace of Ny, the No© FNS bands
remain detectable down to ~ 107% mbar N,, demonstrating the usefulness
of FNS as a sensitive, non-invasive impurity monitor. In the same spectra,
additional narrow features likely associated with Sn are observed—some not
catalogued in this wavelength range—providing candidates for targeted high-
resolution spectroscopy and line identification in future work.
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5.2 OLT-TS

The OLT-TS 2.5 platform is a research exposure tool derived from the
EUV scanner source concept: a tin LPP source images into an intermediate
focus (IF) in a low-pressure hydrogen ambient, but without the full projection
optics and mirrors of a lithography machine (see the schematic drawing C.1 in
Appendix C). In this configuration, the chamber is used primarily for sample
exposures and methodological studies. All measurements reported here were
conducted in the ASML cleanroom under standard tool operating conditions
with ~ 5 Pa Hy (the reference pressure used throughout the thesis).

Measurement context and constraints. We did not have dedicated
beamtime on OLT-TS. Instead, we carried out passive optical emission spec-
troscopy (OES) opportunistically during customer-oriented or development
exposures. As a result, we had no authority to vary pressures, gas mixtures,
or timing sequences, and measurement windows were short and often on
short notice. Within these constraints, we recorded time-resolved Balmer-
line emission (at least Ho and HA) and time-integrated molecular emission
from the Hy Fulcher-a system. The analysis workflow (instrument function,
response correction, Gaussian line fitting, and rovibrational post-processing)
follows the methodology established in section 3.4 and in Appendix C, en-
abling comparison to the EBL2 and EBR data sets.

A further practical limitation during several OLT sessions was the simul-
taneous operation of an ellipsometer. Its illumination introduced a broad-
band offset on the OES baseline. Despite efforts to remove this contribution,
a residual baseline distortion remained at the short-wavelength edge of our
Fulcher window (600-605 nm), which impacts band-summed quantities and,
in particular, the inferred v-population ratios. Where relevant, we qualify
these effects below and interpret trends with appropriate caution.

5.2.1 Fulcher band emission

We recorded the prominent portion of the Fulcher-a system (d®II, —
a*%}) between 600 and 635 nm in integration mode (no ICCD gating) due to
the low molecular signal under scanner-like EUV excitation. As in the other
facilities, the analysis focuses on the Q-branch of the d *II;, component for the
diagonal bands v = v” = 0...3: individual Q;(N’' = 1,2, 3) lines are fitted
with Gaussians using the previously calibrated instrumental width, line areas
are corrected by the spectral response C'()), and rovibrational parameters
are derived from Boltzmann plots restricted to N/ = 1-3 (Eq. (3.18)). Gas
temperature estimates follow the standard back-projection via rotational-
constant ratios (Eq. (3.19)). Because the SNR and resolution at OLT do not
allow robust constraints at higher N’ or v/ > 4, no two-slope (“hot tail”) fits
or full-manifold modelling were attempted.

Figure 5.21 shows a representative spectrum in the 600-635 nm range.
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A raised baseline is evident near 600-605 nm; this is attributed to the ellip-
someter illumination present during the exposure and is not intrinsic to the
plasma emission.
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Figure 5.21: Representative OLT-TS Fulcher-a spectrum in Hs at
~ 5 Pa, recorded in integration mode. A residual baseline uplift is visible
near 600-605 nm, attributed to concurrent ellipsometer illumination;
this mainly impacts band-summed quantities and v-population ratios.

The single-line fits for two bands are illustrated in Fig. 5.22; the con-
strained widths indicate that the instrumental function and response correc-
tion carried over consistently to the OLT configuration.

From the response-corrected line areas, we construct rotational Boltz-
mann plots per v' (Fig. 5.23). The retrieved Toi(d,v") values are low —
often below room temperature — and decrease mildly with increasing v’, in
line with our findings on EBL2 and EBR under similar low-pressure condi-
tions. This outcome is physically consistent for the excited d state: using
the rotational-constant ratio in Eq. (3.19), the ground-state rotational (gas)
temperature is approximately a factor of ~ 2 larger, and therefore remains
above room temperature.

Finally, Fig. 5.24 summarises the FC-corrected vibrational populations
fx(v) projected to the ground state. Here the residual baseline uncertainty at
the short-wavelength edge affects the balance between the v" =0 and v' =1
band sums, yielding a v = 0:1 ratio that deviates from NPD/EBL2/EBR
trends; we therefore treat those two points as biased and focus on the
qualitative envelope across v = 0...3. Future campaigns without concur-
rent ellipsometer operation—and with time-resolved gating on the molecular
window—should remove this ambiguity and enable a more comprehensive
Fulcher analysis.
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Figure 5.22: Gaussian fits to individual Q1 (N’ = 1,2, 3) lines of the
Fulcher-a Q-branch at OLT-TS. The line widths are constrained by the
instrumental function measured off-line; residuals remain small, sup-
porting consistent response correction in the OLT optical chain.

Wavelength [nm]

(b) Example fits for v/ = 2,3

Summary and outlook. Under scanner-relevant Hy conditions and with
opportunistic access, OLT-TS Fulcher diagnostics reproduce the low 7T} (d)
trends observed on other sources and support the standard back-projection to
Tgas > room temperature. The principal limitation is a baseline artifact linked
to concurrent ellipsometry, which perturbs v-population ratios at the short-
wavelength edge. Dedicated sessions without auxiliary illumination—and,
where feasible, gated measurements in the molecular window—are expected
to remove this constraint and enable full-manifold Fulcher analysis.
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Figure 5.23: Rotational Boltzmann plots for the d3II, state, built
from Q1(N' =1,2,3) of o' = 0...3. The fitted slopes yield Tyot(d,v’),
which are low (often below room temperature) and exhibit a weak de-
crease with v'. Via Eq. (3.19), the corresponding ground-state (gas)
temperature is ~2 X Tyo(d), and thus remains above room temperature,
consistent with expectations at low pressure.
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Figure 5.24: Franck—Condon—corrected vibrational populations fx (v)
for v = 0...3 projected to the ground state from the Fulcher-a bands.
The anomalous v = 0:1 ratio relative to NPD/EBL2/EBR is attributed
to a residual baseline offset at 600-605 nm during sessions with the
ellipsometer active. Aside from this bias, the envelope across v =0...3
is consistent with low-density EUV-induced hydrogen plasmas.
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5.2.2 EUV pulse reconstruction from time-resolved
emission

To reconstruct the temporal profile of the EUV pulse, we performed time-
resolved optical emission spectroscopy (OES) on the Ha line of the Balmer
series using an iCCD gate of 10 ns unless otherwise noted. As described earlier
in the thesis, we interpret the gate-integrated Ha emissivity as a time tag of
the plasma formation and early decay associated with the EUV-generating
discharge. The objective here is not to reproduce the exact impulse response
of an EUV photodetector, but to obtain a sensitive proxy of the underlying
plasma dynamics and source timing.

Figure 5.25 shows the Ha-based reconstruction on a linear scale. A no-
table feature is the appearance of a double peak rather than a single dominant
maximum. In later beamtimes, this secondary peak was not observed; how-
ever, source settings and/or trigger timing may have changed between cam-
paigns. We therefore attribute the double structure to differences in source
conditions, rather than to an intrinsic property of Ha emission or to an arti-
fact of the reconstruction. Importantly, this illustrates that the diagnostic is
sufficiently sensitive to small variations in plasma creation and source pulse
shape, which was one of the main design goals of the setup.

45 T T T T T T
Gate Width =10 ns |

2.5

Peak maximum [a.u.]
o
(&) N

[EEN

0.5

0 500 1000 1500 2000 2500 3000 3500
Time delay [ns]

Figure 5.25: Ha-based EUV pulse reconstruction with 10ns gate (lin-
ear scale). A double-peaked structure is observed in this beamtime,
attributed to source/trigger conditions rather than an intrinsic effect.
The method highlights sensitivity to small changes in plasma formation
and source pulse shape.

The same dataset is shown in Fig. 5.26 on a logarithmic scale. The loga-
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rithmic view reveals a long, low-level tail: the Ha signal does not immediately
return to baseline but persists for hundreds of nanoseconds to microseconds
after the main pulse. In extended scans up to the next cycle at 50 kHz (20 us
period), the signal eventually decays to background just before the follow-
ing pulse; in those records, a weak pre-pulse preceding the main event is
discernible, consistent with expectations for this type of source.
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Figure 5.26: Same reconstruction as Fig. 5.25 on a logarithmic scale.
The extended tail shows that Balmer emission persists for hundreds of
nanoseconds to microseconds after the main pulse. In longer scans at
50kHz (20 us period), the signal returns to baseline just before the next
pulse and a weak pre-pulse can be observed.

In Fig. 5.27, we overlay the Ha-based reconstruction from OLT-TS (Veld-
hoven) with a direct EUV detector measurement from an ASML source in
San Diego. The Ha curve shown here uses ezactly the same data points as
in Figs. 5.25-5.26, but the time axis is restricted to the first ~ 700 ns to
highlight the detailed pulse shape around the main event. The EUV trace
is narrow (a few tens of nanoseconds) with a sharp leading edge, whereas
the OES-based profile is broader and smoother (and, in this dataset, shows
the double peak discussed above). This difference is expected: line emission
reflects collisional-radiative population dynamics, transport, and finite radia-
tive lifetimes, and the finite gate width further convolves the true temporal
profile. The Ha reconstruction should thus be read as a plasma-dynamics
prozy rather than a one-to-one surrogate for an EUV photodiode signal.

Finally, Fig. 5.28 compares reconstructions built from Ha and HS when
using a 50 ns gate (and overlays the earlier 10 ns series for reference). The Ha
time-evolution has the same overall behavior at reduced temporal resolution,
while HS reproduces the double-peak structure, confirming that it was not
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Figure 5.27: Comparison between the Ha-based reconstruction from
OLT-TS in Veldhoven (blue; same data points as in Figs. 5.25-5.26, but
shown only for the first ~ 700 ns) and an EUV detector trace from the
San Diego source (orange). The EUV pulse is only a few tens of nanosec-
onds long with a sharp rise, while the OES-based profile is broader and
smoother (and in this dataset exhibits a double peak). Differences re-
flect collisional-radiative kinetics and the finite 10 ns gate.

a line-specific artifact of the Ha measurement. Differences in relative peak
heights and in the late-time tail are consistent with line-dependent excitation
pathways and optical-depth effects, combined with the broader 50 ns gating
that smooths sharp features.

Limitations and outlook. The reconstructed profiles should be inter-
preted with some care. The finite iCCD gate width inevitably convolves
the true temporal evolution and broadens sharp features, while small jitter
between the source trigger and the detector gate introduces an uncertainty
on the absolute time axis. On top of this instrumental contribution, the
measured Ha and Hf signals reflect the full collisional-radiative response of
the plasma rather than the instantaneous EUV power: excitation, transport,
and radiative decay all contribute to the observed pulse width and afterglow.
For absolute EUV timing and amplitude, direct EUV detection therefore re-
mains the reference, whereas OES is particularly well suited to track relative
changes in pulse timing, shape, and late-time behaviour between different
operating conditions or beamtimes.

Taken together, the OLT-TS measurements show that Balmer-line-based
reconstructions provide a sensitive, non-intrusive handle on source dynam-
ics under scanner-relevant Hy conditions. Future campaigns with dedicated
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Figure 5.28: Pulse reconstructions from Balmer lines with 50 ns gate
(Ha and HP), overlaid with the 10ns series for reference. Ha retains
its overall shape with reduced temporal resolution. HS shows the same
double-peak structure, confirming that the feature was real and not a
line-specific artifact; relative peak ratios and late-time decay differ due
to line-dependent kinetics and optical depth, and due to the broader
50 ns gate.

access and simultaneous EUV and OES monitoring could further refine the
timing analysis and exploit these diagnostics for routine source characterisa-
tion and stability studies.






Chapter 6

Electron Beam Radiation plasma

6.1 Introduction

This chapter presents the investigation of plasmas generated using Elec-
tron Beam Radiation (EBR), carried out at the TNO facility in the Nether-
lands. EBR is a non-thermal plasma generation method in which an energetic
electron beam ionises a low-pressure gas |71]. The objective is to characterise
the resulting optical emission using optical emission spectroscopy (OES) and
to compare the EBR plasma with the nanosecond pulsed discharges (NPD)
of Chapter 4 and the EUV-induced plasmas of Chapter 5, in a regime that
is particularly well suited for collisional-radiative modelling [3].

Measurements were performed in pure nitrogen, pure hydrogen, and
H, /N, mixtures to enable direct comparison with the previous chapters.
In the overall logic of this thesis, EBR provides a clean electron-impact
benchmark: the plasma is driven by a known external, approximately mono-
energetic electron source in the 0.5-2 keV range (see Appendix D and [72]),
without an applied inter-electrode field or EUV photons, thereby helping to
separate electron-impact kinetics from discharge-specific and photon-driven
effects.

6.2 Plasma formation and operating conditions

The plasma is created by injecting a focused electron beam into a vacuum
chamber filled with gas at controlled low pressures [71]. The electron beam is
pulsed, with pulse durations of the order of microseconds and beam energies
sufficient to ionise and excite the target gases. Experiments were conducted
over pressures between 2 and 20 Pa in pure Ny, pure Hy, and Hy /Ny mixtures.

A key distinction from discharge plasmas is that no sustaining voltage
is applied across the plasma region. Plasma production is initiated directly
by electron-impact processes associated with the injected beam; subsequent
evolution is governed by collisional excitation, radiative decay, and particle
losses to the walls and through diffusion. This makes the EBR platform com-
paratively stable and repeatable for diagnostic work and provides favourable
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conditions for comparison to kinetic and collisional-radiative models [3].

6.3 Optical emission spectroscopy measure-
ments

Emission spectra were recorded with a spectrometer and an ICCD camera.
Unless stated otherwise, the ICCD was operated with a gate (integration)
width of 5 ps, synchronised to the electron-beam pulse, and spectra were
accumulated over many repeated pulses to reach a sufficient signal-to-noise
ratio. Throughout this chapter, spectra shown at 5 Pa should be understood
as representative examples within the 2-20 Pa range rather than as the only
operating point; the conclusions are based on measurements performed across
the full explored pressure range.

In nitrogen, the Ny Second Positive System (SPS; C'°II, — B?II,) is the
dominant molecular emission in the near-UV /visible range under the present
conditions [37]. In addition, the Ny First Negative System (FNS; B2X1 —
X 22;) is observed and provides a complementary probe of ion excitation. In
hydrogen, the molecular Fulcher-a band system (d°II, — a?’Z;) is clearly
detected and enables rovibrational analysis [42,43, 73|. Atomic hydrogen
Balmer emission (Ha—He, when available) is used to examine relative excited-
state populations and to support cross-platform comparison.

All analyses of molecular emission in this chapter (SPS, FNS, and Fulcher-
«) follow the calibrated workflow established in Chapter 3. Synthetic spectra
generated with PGOPHER |[36] are convolved with the independently mea-
sured instrumental function and corrected with the spectral response of the
detection chain. Fits to these systems then yield rotational temperatures
and vibrational descriptors that can be compared consistently across the
three plasma drivers considered in this thesis.

6.4 Temperature estimates and diagnostic
strategy

Rotational temperatures (7;.4) are extracted by fitting the rotational en-
velopes of selected bands in the Ny SPS/FNS systems and in the Hy Fulcher-a«
system, using the same forward-modelling approach as in Chapter 3. Vibra-
tional behaviour is inferred either from state-resolved band intensities (for
Ny) or, for Hy Fulcher-«, from Franck—Condon-corrected projections of diag-
onal band intensities to the ground-state vibrational distribution [40, 73].

In nitrogen, the EBR data yield rotational temperatures in the few-
hundred-kelvin range (typically ~300-500 K under the present conditions),
while the vibrational excitation of the emitting electronic state is significantly
higher, reflecting non-equilibrium excitation by electron impact. In hydro-
gen, the Fulcher-based analysis produces the same qualitative behaviour seen
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throughout this thesis: the apparent excited-state rotational temperatures
Tiot(d,v") are low, often below room temperature, while back-projection to
the ground state indicates gas temperatures above room temperature. The
inferred ground-state vibrational populations exhibit a characteristic enve-
lope rather than a simple Boltzmann distribution, consistent with the need
for collisional-radiative interpretation at low pressure [73].

The following subsections present the nitrogen SPS/FNS results, the hy-
drogen Fulcher analysis, and the Balmer-series population behaviour, empha-
sising their role as benchmarks for the EUV- and discharge-driven plasmas
studied in the neighbouring chapters.

6.4.1 N> Second Positive System

For Ny, the SPS (C'*II, — B?®II,) was recorded in ICCD-gated acquisi-
tion (5 ps gate) with accumulation over many beam pulses. Across the ex-
plored pressure range (2-20 Pa), the spectra exhibit well-defined band heads
and rotational envelopes. This makes SPS in EBR a useful benchmark for
validating the molecular-nitrogen fitting workflow introduced in Chapter 3
(band modelling, instrumental-function convolution, and spectral-response
correction).

We fitted the SPS progression with the same PGOPHER-based proce-
dure used elsewhere in the thesis (fixed line lists, calibrated Gaussian in-
strumental width, and global baseline), and a representative spectrum with
best-fit simulation is shown in Fig. 6.1. The retrieved rotational temperatures
Trot(SPS) fall in the expected range for low-pressure, electron-beam—driven
Ny and are consistent with literature values for comparable nitrogen plas-
mas [38,50]. They are higher than the Hy Fulcher d-state T}, obtained in
Section 6.4.3, and well above the under-thermal values observed in EUV-
induced Ny at EBL2 (Chapter 5). Overall, the agreement between measured
and simulated SPS shapes supports the role of EBR as a stable reference for
the nitrogen analysis pipeline.

Remark on EUV-induced Nj. Time-resolved and integrated N, spec-
tra at EBL2 (EUV-induced plasma, Chapter 5) exhibit an “under-thermal”
behaviour with apparent T,,; well below room temperature and fits that are
systematically less faithful to the band-head /wing balance than in NPD and
EBR. The canonical behaviour observed for EBR SPS here provides a useful
control case: it confirms that the modelling and calibration chain can re-
produce standard N rotational envelopes under electron-impact conditions,
and it supports the interpretation that the EUV case reflects different exci-
tation/relaxation pathways rather than a methodological artefact.
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Figure 6.1: Representative Ny SPS spectrum (C3II, — B?3Ily) in
EBR with best-fit simulation using the workflow of Chapter 3. Data
were recorded with a 5 ps ICCD gate and accumulated over many beam
pulses. The example shown corresponds to a representative operating
point (here 5 Pa) within the explored pressure range (2-20 Pa).

6.4.2 N," First Negative System

The Ny* First Negative System (FNS; B?X} — X *X)) was likewise
recorded using ICCD-gated acquisition (5 ps) with multi-pulse accumula-
tion. In the EBR spectra, the FNS band features are well resolved, enabling
reliable extraction of rotational temperatures Ty (FNS) with the same band-
simulation framework used for SPS (state-resolved line lists, instrumental
convolution, and response correction).

The fitted Tyo(FNS) values agree with SPS-inferred temperatures within
uncertainties and show the expected sensitivity to operating conditions (no-
tably pressure within 2-20 Pa). A representative FNS spectrum with best-fit
simulation is shown in Fig. 6.2. Together, the SPS and FNS results demon-
strate that EBR provides clean, reproducible Ny /Ny" spectra suitable for
benchmarking the nitrogen-modelling procedures used throughout the the-
sis.

Summary of nitrogen diagnostics in EBR. Across the explored pres-
sure range (2-20 Pa), the SPS and FNS systems in EBR are straightfor-
ward to analyse and provide stable temperature estimates. In practice, this
shows that the shared spectroscopy pipeline (line lists, instrumental width,
response curve, and baseline handling) delivers canonical rotational tempera-
tures of a few hundred kelvin for a clean, electron-impact—driven Ny plasma.
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Figure 6.2: Representative Ny FNS spectrum (B2X] — X 2% in
EBR with best-fit simulation. Data were recorded with a 5 ps ICCD
gate and accumulated over many beam pulses. The example shown
corresponds to a representative operating point (here 5 Pa) within the
explored pressure range (2-20 Pa).

When the same pipeline is applied to EUV-induced N, at EBL2 and yields
under-thermal SPS/FNS envelopes (7,0t ~ 200 K) with imperfect head /wing
balance, the discrepancy can therefore be attributed to EUV-specific exci-
tation and relaxation pathways rather than to a hidden systematic error in
the analysis. Likewise, the absence of late-time pooling signatures or strong
continuum in EBR clarifies the role of afterglow chemistry and field /surface
effects in nanosecond discharges (Chapter 4), where 7, élc ) exhibits late-time
plateaus and the SPS/FNS emission remains strong well after the pulse. EBR
thus acts as a clean electron-impact reference against which the more com-
plex behaviours observed in EUV-induced and pulsed-discharge plasmas can
be identified and interpreted.
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6.4.3 Fulcher band emission

In H,, the Fulcher-a system (d°II, — a®%}) provides access to rovi-
brational information via the @-branch, in particular through the @, lines
of the d3II; component. For EBR, we analysed the 600-635 nm window
in ICCD-gated acquisition (5 pus gate) with accumulation over many beam
pulses, following the same workflow as in Section 3.4. In brief, Gaussian fits
were applied to Q1(N’ = 1,2, 3) for the diagonal bands v' =v"” =0...3 with
widths constrained by the independently measured instrumental function;
integrated line areas were corrected by the spectral response C'()); per-v/
rotational Boltzmann plots were constructed; and Franck—Condon-corrected
projections were used to infer ground-state vibrational populations.

Figure 6.3 shows a representative spectrum and the fit regions. Under
EBR conditions, the baseline across 600-635 nm is sufficiently flat to support
robust band integration and line fitting.

% 10%

Q1(1-1)
' Q1(0-0) Q1(2-2)

3_ -

2.5 b

Q1(3-3)

Intensity [a.u.]

1_ -

L M
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Wavelength [nm]

Figure 6.3: Representative Fulcher-a spectrum for Hs in the EBR
setup (2-20 Pa; 5 ps ICCD gate; accumulation over many beam pulses).
The flat baseline across 600-635 nm enables response-corrected band
sums and rovibrational analysis.

Example single-line fits are given in Fig. 6.4. The fitted line widths re-
main consistent with the independently measured instrumental function, sup-
porting the internal consistency of the wavelength calibration and spectral-
response correction in the EBR optical chain.

From the response-corrected line areas, we construct rotational Boltz-
mann plots (Fig. 6.5). As for the other platforms studied in this thesis, the
retrieved Tyot(d, v') values are low—often below room temperature—and ex-
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Figure 6.4: Gaussian fits to the Q1 (N’ = 1,2, 3) lines (diagonal bands

v’ = 0...3) of the Fulcher-aw @-branch at EBR. Line widths are con-
strained by the instrumental function.

hibit a mild decrease with increasing v’. Using Eq. (3.19), the corresponding
ground-state (gas) temperature remains higher by approximately a factor
of ~ 2, and thus above room temperature under our conditions, consistent
with established Fulcher-based diagnostics in low-pressure hydrogen plas-
mas [42,43,73].

Finally, Fig. 6.6 presents the Franck—-Condon-corrected ground-state vi-
brational populations fx(v) (v =0...3). The inferred envelope matches the
behaviour observed on the other platforms—a maximum near v = 2 followed
by a decrease—consistent with expectations from collisional-radiative mod-
elling of low-pressure Hy plasmas [65]. In line with the rest of this thesis, we
do not assign a single quantitative vibrational temperature T, here; instead,
the inferred fx(v) is retained as a model constraint for future collisional—
radiative interpretation.

Summary. EBR Fulcher diagnostics, therefore, provide a hydrogen-based
temperature and vibrational benchmark that is fully consistent with the NPD
and EUV results. The common analysis pipeline and the similar fx(v) en-
velope across platforms are exploited in Chapter 7 for cross-comparison.
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Figure 6.5: Rotational Boltzmann plots for d3II;, at EBR, formed
from response-corrected Q1(N’ = 1,2,3) emissivities for v/ = 0...3.
The fitted slopes yield Tyot(d, v'), typically below room temperature and
decreasing mildly with v'. Via Eq. (3.19), the corresponding ground-
state (gas) temperature is ~ 2 X Tyot(d) and remains above room tem-
perature.

1.5 T T T T
145 .

1.4 / \\ T

T
~
7/

1

1.35
13F / N .
125 / ——— 7
121 / 4
115 / .

11r / 4

Normalized vibrational population
|
1

~

/
1t A il
0 1 2 3
Vibrational quantum number

Figure 6.6: Franck—Condon-corrected ground-state vibrational popu-
lations fx (v) (v =0...3) inferred from the diagonal Fulcher-« bands at
EBR. The envelope (peak near v = 2 then decrease) agrees with NPD
and EUV-driven results. A single vibrational temperature 7T;, is not as-
signed; interpretation is deferred to collisional-radiative modelling.
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6.4.4 Balmer-series populations: non-Boltzmann be-
haviour

For the hydrogen EBR measurements, we complemented the Fulcher-
a analysis with an assessment of the atomic Balmer series (Ha—He, when
available). The procedure follows the approach outlined in Chapters 2 and 4:
line-integrated intensities are obtained from Gaussian fits to each Balmer line,
corrected for the spectral response of the detection chain, and converted into
relative upper-level populations.

For each transition u — [, we form

Iul )\ul
Aul Gu ’

Sy = (6.1)
where [, is the fitted line area, \,; the transition wavelength, A,; the Einstein
coefficient, and ¢, = 2n? the degeneracy of the upper level with principal
quantum number n. The quantities S, are then normalised to Ha (n = 3),

Sy

Nu = )
Sn:S

(6.2)

and the uncertainties on N, are obtained by propagating the Gaussian-fit
errors on the individual line integrals, including the correlation with the
reference line.

If the Balmer manifold were close to Boltzmann among itself, the nor-
malised populations would satisfy

AFE,

InN, = T + const, (6.3)
with AFE, = E, — E,—3 the excitation energy relative to Ha. As shown in
Chapter 4 for nanosecond pulsed discharges, an approximately linear trend
can sometimes be used to define an effective excitation temperature Tp,..

Figure 6.7 shows the corresponding Balmer “Boltzmann plot” for the EBR
hydrogen plasma. Visual inspection indicates mild curvature and level-to-
level scatter beyond the statistical error bars. A straight-line fit restricted to
a subset of levels (for example, n > 4) can be made compatible with the data
within uncertainties, but the inferred slope depends sensitively on the chosen
line set and does not capture the residual curvature. For this reason, we do
not quote a numerical value for the Balmer excitation temperature of EBR.
Instead, the Balmer populations are retained as a qualitative diagnostic and
as an additional constraint for future collisional-radiative modelling.

The observed non-Boltzmann behaviour is consistent with the excitation
mechanism in electron-beam plasmas: direct electron-impact excitation from
the ground state, excitation from already excited levels, and radiative cas-
cades all contribute to the Balmer populations, while collisional redistribution
between Rydberg levels is not expected to enforce Boltzmann equilibrium
at these pressures and beam parameters [3,17]. In the present framework,
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Figure 6.7: Balmer Boltzmann plot for the electron-beam—driven hy-
drogen plasma (EBR). Normalised populations N,, for Ha—He are plot-
ted versus the upper-level excitation energy AFE,, (referenced to n = 3),
with error bars derived from the Gaussian-fit uncertainties on the line
areas.

quantitative temperature diagnostics in EBR therefore rely primarily on the
molecular systems (Fulcher-or, SPS/FNS). In contrast, Balmer-series popu-
lations provide a qualitative comparison between plasma sources and input
for future modelling.

6.5 Comparison with nanosecond discharges

Nanosecond pulsed discharges (Chapter 4) involve strong transient elec-
tric fields and can produce high instantaneous electron energies, dense plas-
mas, and pronounced afterglows [27,28|. By contrast, the EBR plasma is
formed by a mono-energetic electron beam in the absence of a self-sustaining
discharge |71]. This separation of the driving electron source from discharge
dynamics reduces ambiguity when interpreting emission: in EBR, excitation
is more directly connected to electron-impact kinetics, while in NPD, step-
wise processes, field evolution, and afterglow chemistry can be comparatively
more important.

From a diagnostic perspective, EBR spectra are typically weaker than
those from nanosecond discharges for comparable acquisition times, but the
band structure can be analysed reproducibly due to stable operating condi-
tions and reduced discharge-related continuum contributions. As a result,
EBR is particularly valuable for benchmarking the OES analysis procedures
used in this thesis and for providing controlled reference cases against which
EUV-driven and discharge-driven plasmas can be contrasted.
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6.6 Summary

Electron Beam Radiation provides a reliable method for producing low-
pressure plasmas in a controlled environment. Using ICCD-gated OES (typ-
ically 5 ps) and multi-pulse accumulation, emission spectra in Ng, Hy, and
H, /N, mixtures were recorded over pressures between 2 and 20 Pa. In ni-
trogen, the SPS and FNS systems yield stable rotational temperatures in
the few-hundred-kelvin range and serve as a clean benchmark for the PGO-
PHER-based fitting and calibration workflow established in Chapter 3. In
hydrogen, Fulcher-a analysis reproduces the cross-platform behaviour ob-
served throughout the thesis, including low apparent T} (d, v') and a ground-
state vibrational envelope peaking near v = 2. Balmer-series populations
show departures from a single Boltzmann trend and are therefore retained as
qualitative constraints rather than used to define a unique excitation temper-
ature. Overall, the EBR platform provides an electron-impact reference that
strengthens interpretation of the more complex behaviours observed in EUV-
induced plasmas (Chapter 5), and nanosecond pulsed discharges (Chapter 4),
and it underpins the comparative discussion of Chapter 7.






Chapter 7

Comparative analysis of
EUV-induced,
electron-beam-driven and NPD
plasmas

7.1 Spectral features: molecular vs atomic
emission

7.1.1 Fulcher band

The Fulcher-a system (d°II, — a®¥}, 600-635 nm window) provides
a common molecular diagnostic across all three platforms. As detailed in
Chapter 3 (Section 3.4), we restrict the analysis to the Q-branch of the d3II;;
component and fit the Q1 (N’ = 1,2, 3) lines for the diagonal bands v = v =
0...3 with Gaussian profiles whose widths are bounded by the instrumental
function. From response-corrected line areas we build rotational Boltzmann
plots per v and infer T, (d,v"); projecting via rotational-constant ratios
(Eq. (3.19)) yields an estimate of Ty,s. Vibrational populations are obtained
from band-summed, Franck—-Condon—corrected intensities and projected back
to the ground state as fx(v) (Eq. (3.27)).

Cross-platform spectral quality. Figure 7.1 juxtaposes representative
spectra. EBR and NPD show clean baselines with well-resolved ); triplets;
EBL2 spectra are likewise clean when acquired without auxiliary illumination
in the line of sight (contrast with the OLT sessions in Chapter 5). The
common spectral window and identical processing pipeline make the Fulcher
system an ideal cross-facility benchmark.

Rotational structure and projection to Tg,s. Across platforms, the d-
state rotational plots (Fig. 7.2) consistently yield sub-room T, (d,v") that de-
crease mildly with ¢v’/. This is physically expected for short-lived d-state emis-



112 Chapter 7. Comparative analysis

©10* 4 210

Q1(1-1) Q1(1-1)
45T Q1(2-2) 1 a5t
X 1(0-0
,1Q1(0-0) | Q1(0-0) Q1(2-2)
3l
35
5 sr 13 25 4
< Q1(3-3) | s, 1(3-3
; 2.5 1> 2 QLUE-3)
= | =
g 2 & 15
£ 15 £
1f
1k ]
0.5 \/J 1 o5 “J
0 ] 0
05 . . . . . . . . . . . .
600 605 610 615 620 625 630 635 600 605 610 615 620 625 630 635
Wavelength [nm] Wavelength [nm]
(a) (b)
1200 ;
Q1(1-1)
Q1(0-0)
1000 - QL(2-2)
800
=
©
; 600 Q1(3-3) |
X7)
=
2
S 400
200
of

1 1 1 1 1 1
600 605 610 615 620 625 630 635

Wavelength [nm]
()

Figure 7.1: Fulcher-a spectra (600635 nm, Q-branch of d 311, ) across
platforms: (a) EBL2 EUV-induced plasma (~5 Pa Hs, integration),
(b) EBR electron-beam plasma (few—tens of Pa Hs, integration), and
(¢) NPD nanosecond discharge (low-pressure Ho, time-integrated). All
panels show the diagonal bands v" = v” = 0...3 used for rovibrational
analysis and provide a common baseline for cross-facility comparison.

sion at low pressure: using Eq. (3.19), Tys~2 Tiot(d, v'), placing the gas tem-
perature above room temperature under our conditions, in line with estab-
lished Fulcher-based diagnostics in low-pressure hydrogen plasmas [42,43,73].
We deliberately restrict fits to N’ = 1-3 to avoid bias from possible non-
thermal high-N’ tails, which cannot be robustly constrained at our resolu-

tion/SNR (cf. Chapter 3).

Vibrational  populations. The Franck-Condon—corrected  fx(v)
(Fig. 7.3) exhibits the same low-density envelope on all platforms: a
rise from v = 0 to v = 2 followed by a decrease. This trend is consistent with
direct excitation from X,v = 0 into the d state, modest redistribution, and
radiative decay [42,43,48|; we refrain from assigning a unique T, without a
dedicated CR model for each source (EUV, beam, discharge).
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Rotational (Boltzmann) plots from Q1 (N' = 1,2,3) for
(a) EBL2, (b) EBR, (c) NPD. In all cases the excited
d-state appears “cold” (sub-room Tyt (d)) with a mild decrease vs. v';
via rotational-constant ratios this projects to Tgas =2 Ti0t(d), i.e. above
room temperature. Fits use only N/ = 1...3 to avoid high-N' tail bias.

Figure 7.2:
v =0...3:

Caveats and good practice. (i) Treat T, (d) strictly as an excited-state

parameter; only its projection via rotational constants should be interpreted
as Tyas [42,43]. The short lifetime of the d state and its specific excitation
pathway mean that its rotational distribution is not, by itself, in equilibrium
with the bulk gas, so using T, (d) directly as a gas thermometer would
systematically under-estimate Tg,s.

(ii) Prefer EBR/NPD (or EUV sessions without auxiliary illumination) to
build absolute band sums; otherwise baseline artefacts (e.g. OLT ellipsometer
contributions) can perturb v-population ratios at the window edge. Small
baseline slopes or local bumps translate into biased integrated areas for in-
dividual bands, which in turn distort the inferred fx(v) and any comparison
of vibrational envelopes between platforms or operating conditions.

(iii) Because predissociation reduces v’ > 4, we limit the analysis to
v =0...3 where our SNR is robust [42,43]. At higher v the combination of
weaker emission and increased sensitivity to modelling assumptions (overlap-
ping lines, baseline) would make the derived populations strongly uncertain,
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Figure 7.3: Franck—Condon—corrected ground-state vibrational popu-
lations fx(v) for v = 0...3: (a) EBL2, (b) EBR, (c) NPD. All plat-
forms exhibit the characteristic low-density envelope with a maximum
near v = 2 followed by a decrease. Consistent with the main chapters,

no single T, is assigned pending a dedicated collisional-radiative model
for EUV /beam/discharge Hs.

so truncating the analysis to the well-constrained bands yields more reliable
and reproducible trends across all three plasma sources.
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7.1.2 Balmer series

For all three platforms (NPD, EBL2, EBR), the atomic hydrogen Balmer
lines (Ha—He, when available) are processed with the same pipeline intro-
duced in Chapter 3 and applied in Chapters 4 and 6. For each line u — I,
a Gaussian (or composite) fit provides the line-integrated intensity, which
is then corrected for the spectral response and converted into an upper-
level population proxy S, o Iy A\u/(Awgys). These S, are normalised to Ha
(n = 3) to form N,, and the resulting normalised populations are plotted
as In N,, versus the upper-level excitation energy AFE, = E, — E,—3 to build
a “Balmer Boltzmann plot”. Under a true Boltzmann distribution of the
Balmer manifold, this would yield a straight line with slope —1/(kpTey.) and
thus define an effective excitation temperature Tey..

In practice, all three plasmas deviate from this ideal picture, but in dif-
ferent ways. The following comparison is therefore qualitative: the Balmer
plots are used as shape diagnostics and as cross-checks on the excitation
mechanisms, rather than as primary thermometers [31,73].

EUV-induced vs beam-driven plasmas (pure H,).

Figure 7.4 compares the normalised Balmer populations for the EUV-
induced plasma at EBL2 and the electron-beam plasma at EBR in nominally
pure Hs. In both cases the points do not line up on a straight line within
the propagated uncertainties, confirming that the Balmer manifold is non-
Boltzmann. Higher-n levels are systematically misaligned with respect to
any single-slope trend, and the apparent slope depends strongly on which
subset of lines is selected.

Although the exact curvature differs slightly between EBL2 and EBR, the
qualitative message is the same: direct electron-impact excitation (from the
EUV-generated photoelectrons or the injected beam), cascades, and stepwise
channels populate the Balmer levels in a way that does not equilibrate to a
Boltzmann distribution over the relevant timescales and pressures [31, 73].
For both sources we therefore do not quote a Balmer-based T...

Effect of H,O admixture at EBL2.

The second comparison (Fig. 7.5) repeats the EBL2-EBR overlay for the
case where a small amount of HyO is admixed at EBL2, while the EBR
reference remains in pure Hy. Within the uncertainties, the overall non-
Boltzmann character of the Balmer manifold is preserved: introducing water
does not ‘“restore” a straight Boltzmann line.

The modest changes in the envelope probably reflect the fact that adding
H;O introduces extra inelastic and quenching channels in the hydrogen
plasma (for instance via OH- and O-containing reaction pathways and a
modified electron energy distribution). We do not attempt a quantitative
mechanistic interpretation here; the key point is that, even with HyO present,
the Balmer manifold at EBL2 remains clearly non-Boltzmann and therefore
cannot be used as an equilibrium thermometer.
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Figure 7.4: Comparison of normalised Balmer populations N,
(Ha-Hd/He) between the EUV-induced hydrogen plasma at EBL2 and
the electron-beam plasma at EBR (pure Hs). Points are obtained from
response-corrected line areas and normalised to Ha; error bars reflect
Gaussian-fit uncertainties propagated through the normalisation. In
both cases the distributions are clearly non-Boltzmann: a single straight-
line fit would depend strongly on the chosen subset of lines and is there-
fore not assigned a physical Teyc.

Including nanosecond-pulsed discharges (NPD).

Figures 7.6 and 7.7 extend the comparison to the nanosecond-pulsed dis-
charge in Hy (NPD). Here the Balmer populations come closer to a straight
line over the first few levels, and in Chapter 4 a tentative T.,. was extracted
from a restricted subset of lines (low n only). Nonetheless, once higher levels
and full error propagation are included, curvature and scatter remain visible
and caution is still required.

The last point in the EBL2 series (He) deserves specific comment. As
discussed in Chapter 4, the He region at EBL2 is contaminated by a tin-
related scattered-light feature from the EUV source, which is modelled as
a superposition of a Lorentzian baseline and neighbouring structures. The
Balmer line itself is therefore fitted as part of a composite model (Gaussian
He on top of a double-Lorentzian background). This significantly inflates the
uncertainty on the recovered He area, and the corresponding error bar on N,
is accordingly very large (Fig. 7.6). The point is retained for completeness
but carries little weight in any trend discussion.

To show the underlying trends more clearly, Fig. 7.7 repeats the three-way
comparison with He excluded for all sources.
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Figure 7.5: Balmer-population comparison between EBL2 (with HoO
admixture in Hy) and EBR (pure Hy). The presence of H,O modifies the
relative level populations at EBL2 (through changed quenching, addi-
tional reaction pathways, and altered electron kinetics), but the manifold
remains clearly non-Boltzmann: no single T, can be assigned.

Summary of Balmer comparison. Across all three platforms, the
Balmer series provides a useful qualitative probe of atomic excitation, but
only in the NPD case does it approach a regime where an effective Tg,. is
marginally defensible (and then only over a restricted range of levels). For
the EUV-induced plasma at EBL2 and the electron-beam plasma at EBR,
the Balmer manifolds are clearly non-Boltzmann; we therefore refrain from
assigning T,,. and instead use the Balmer plots as shape constraints for
future collisional-radiative modelling and as a comparative metric between
sources [31,73]. Molecular diagnostics (Fulcher-cr, Ny SPS/FNS) thus remain
the primary temperature probes throughout this work.
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Figure 7.6: Balmer Boltzmann-style plots for all three platforms (NPD,
EBL2, EBR), including He where available. NPD shows the closest
approach to a straight line over the first few levels, whereas EBL2 and
EBR exhibit stronger curvature. The large error bar on the EBL2 He
point reflects the more complex fit model needed for that line (see text).
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Figure 7.7: Same as Fig. 7.6, but excluding He from all datasets. With
the problematic EBL2 He point removed, the relative shapes of the NPD,
EBL2, and EBR Balmer manifolds are easier to compare: NPD is closest
to a single-slope trend over the first few levels, while EBL2 and EBR
remain clearly non-Boltzmann.
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7.1.3 Nitrogen systems: SPS, FNS, and atomic N

Nitrogen provides a second common thread across the three platforms,
this time through the Ny Second Positive System (SPS), the Ny First Nega-
tive System (FNS), and a set of atomic-N lines. Taken together, these emit-
ters let us compare how neutral and ionic nitrogen respond to the different
drivers (EUV, nanosecond discharge, electron beam) and how closely their
apparent rotational /vibrational structure can be linked to the underlying gas
conditions.

SPS/FNS envelopes and rotational structure. A first striking differ-
ence is seen directly in the SPS/FNS rotational envelopes. In the EUV-
induced plasma at EBL2 (Chapter 5, Figs. 5.1-5.2 and 5.5-5.6), the best-fit
SPS and FNS profiles are systematically under-thermal: the apparent ro-
tational temperatures are of order T, ~ 200 K, i.e. well below room tem-
perature, and the fits struggle to reproduce band heads and wings with a
single T;o;. This behaviour does not appear in the reference sources. In the
electron-beam plasma (EBR, Chapter 6, Figs. 6.1, 6.2), the same PGOPHER-
based workflow yields physically reasonable rotational temperatures in the
few-hundred-kelvin range with low, structureless residuals across both SPS
and FNS. Likewise, in the nanosecond pulsed discharge (NPD, Chapter 4,
Figs. 4.2, 4.14) the SPS/FNS fits at 5 Pa are well-behaved and remain quan-
titatively interpretable as pressure is increased to the 1-500 mbar range.

The comparison is important for interpretation. Because SPS/FNS en-
velopes are perfectly standard in EBR and NPD, the anomalously low T
and imperfect head /wing balance under EUV cannot be blamed on the fitting
pipeline or on calibration artefacts. Instead, they point to genuinely different
excitation and relaxation pathways in EUV-induced N, at very low pressure,
where photoelectron-driven kinetics, long mean free paths, and strong line-of-
sight averaging are likely to produce non-equilibrium rotational distributions
that no single T, can faithfully represent.

Vibrational excitation. The SPS-based first-level C-state vibrational
temperature Ty adds a second layer of comparison. In NPD (Chapter 4), Ty,
follows the discharge current: it rises during the voltage pulse and relaxes
afterwards. At 1-11 mbar this evolution is fairly prompt; at higher pressures
(110-500 mbar) the No(A) metastable manifold builds up between pulses
and feeds the C-state via pooling, producing the characteristic late-time rise
and plateau documented in Section 4.6 (Fig. 4.11) and consistent with pre-
vious afterglow studies [32-34]. In EBR, SPS emission simply tracks the
beam pulse: Ty; responds to the power input without pronounced afterglow
structure, as expected for a system driven by a well-defined external electron
source in a simple geometry. For the EUV case at EBL2, the behaviour is
more diffuse: SPS/FNS emission is broadened and slightly delayed with re-
spect to the EUV pulse, reflecting the time it takes for photoelectrons and
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secondaries to populate the molecular channels and for radiative cascades
and metastable pathways to contribute. In other words, while Tg; is tightly
locked to the driver in NPD and EBR (current or beam), it responds in a
more smeared-out fashion to the EUV burst.

Atomic N timing. Atomic nitrogen provides a complementary, more
“prompt” view of the excitation. At EBL2, atomic-N lines rise earlier and
more sharply than SPS and FNS (Chapter 5, Figs. 5.10-5.11). This is consis-
tent with their higher excitation thresholds and their closer connection to the
hot photoelectron population generated during the EUV pulse: atomic lines
respond quickly to the earliest, most energetic electrons, whereas molecular
emission builds up more slowly through a mix of direct excitation, stepwise
processes, and cascades. A similar hierarchy is present in NPD and EBR,
even though we did not perform equally detailed timing scans there: in all
cases, atomic channels are the first to follow the driver, with SPS and FNS
lagging and broadening relative to the source waveform.

Taken together, the nitrogen systems reinforce the timing hierarchy al-
ready seen in hydrogen and highlight the EUV case as qualitatively different.
Under EUV irradiation, SPS and FNS look rotationally “colder” and tem-
porally more blurred than in their electron-beam and nanosecond-discharge
counterparts, indicating that nitrogen diagnostics must be interpreted with
particular care in scanner-relevant EUV conditions.

7.2 Temporal dynamics

We compare the time evolution of key emitters (Balmer, SPS, FNS,
atomic N) against the driving source in each platform, using the “peak-
maximum vs. delay” proxy compiled in the source chapters.

EUV-induced plasma (EBL2)

Leading edge and width. Normalised Balmer peaks (Ha/Hp) rise
shortly after the EUV photodiode signal and are significantly broader (Chap-
ter 5, Fig. 5.19). SPS/FNS peaks show an even longer delay/broadening
(Figs. 5.4, 5.8). Atomic N follows the EUV onset more closely than SPS/FNS
(Fig. 5.11).

Pressure trends. All channels weaken with decreasing pressure (photoab-
sorption | ), and the lag tends to increase as secondary-electron production
drops (Figs. 5.3, 5.7, 5.18). Small inter-series offsets reflect unsynchronised
runs and finite gate convolution.

Kinetic picture. During the EUV pulse, Sp, dominates (Eq. (1.10)); the
Balmer and atomic-N rises reflect prompt electron-impact excitation from
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photoelectrons. Molecular emission continues after the photon burst as Sge.
and radiative cascades decay on O(10-100) ns, with total plasma decay set
by recombination and diffusion (Eq. (1.18)) [31].

Nanosecond pulsed discharge (NPD)

Discharge-synchronous response. At 5 Pa the SPS/FNS envelopes and
To1 are nearly time-invariant over the pulse (Chapter 4, Sections 4.4, 4.8).
At 1-500 mbar, Tp; rises with current and exhibits a late-time plateau driven
by Ny(A) pooling (Section 4.6, Fig. 4.11, and Refs. [32-34]). Balmer-based
Texe can be fitted over low-n lines only (Section 4.9.2).

Decay. After the pulse the decay reflects recombination and ambipolar dif-
fusion (Eq. (1.8)), with us-scale tails in integrated emission, in line with pre-
vious nanosecond-discharge studies [27,28]. Stark-based n.(t) is measurable
in NPD (Chapter 2, Section 2.7); this was not feasible at EBL2.

Electron-beam plasma (EBR)

Beam-synchronous, clean baselines. Integrated SPS/FNS/Fulcher sig-
nals track the beam pulse without parasitic baselines; rotational fits are sta-
ble (Chapter 6). Balmer plots remain non-Boltzmann (Section 6.4.4), akin to
EBL2, supporting a common “cascade/stepwise” origin for the curved mani-
folds [31,73].

Timing hierarchy across platforms

The time-resolved analyses in the previous chapters point to a common
ordering in how different emitters respond to the driving source, even though
the detailed waveforms differ between EUV, NPD, and EBR. In all three
platforms the earliest, sharpest response is carried by atomic lines, while
molecular systems appear slightly delayed and temporally broadened.

For the EUV-induced plasma at EBL2 (Chapter 5), this is most clearly
seen by comparing the EUV photodiode signal with the Balmer lines and the
nitrogen systems: Balmer peaks (Ha/Hf) rise shortly after the EUV burst,
atomic-N lines follow the onset more closely than the molecular bands, and
SPS/FNS emission is broader and more delayed than both (see Figs. 5.19, 5.4,
5.8, 5.11). A complementary view is provided by time-wavelength—intensity
maps (e.g. Fig. 7.8), where the atomic-N features clearly “light up” earlier
and more sharply than the SPS/FNS band heads as the plasma evolves.

In nanosecond pulsed discharges (Chapter 4), the same qualitative order-
ing is present: the discharge current defines a sharp electrical timescale,
Balmer emission reacts promptly to the high-energy electrons generated
in the voltage rise, and SPS/FNS intensities, together with Ty, respond
over a slightly longer window and can exhibit afterglow structure at higher
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Figure 7.8: Example time—wavelength—intensity map for the EUV-
induced nitrogen plasma at EBL2. Atomic-N lines rise promptly after
the EUV pulse, while the FPS band heads develop slightly later and
over a broader time window, illustrating the timing hierarchy between
atomic and molecular emission discussed in the text.

pressures (Sec. 4.6). In the electron-beam plasma (EBR, Chapter 6), the
SPS/FNS/Fulcher signals follow the beam pulse in a comparatively simple
fashion, while the Balmer series again shows the fastest response among
the optical channels, consistent with direct excitation by the mono-energetic
beam electrons.

This recurring pattern can be summarised schematically as

Source trigger — atomic (Balmer, N) — molecular (FNS, SPS, Fulcher),

with increasing temporal breadth and lag from left to right, modulated by
pressure, geometry, and driver specifics. In the rest of this chapter, this
“timing hierarchy” is used as a shorthand to interpret how different pro-
cesses (electron-impact excitation, cascades, metastables, afterglow chem-
istry) shape the observed OES signals across platforms.

7.3 Implications for the ASML plasma environ-
ment

In the ASML context, the central question behind this work is how far
non-invasive OES can be pushed as a practical diagnostic for scanner-relevant
plasmas: what can realistically be monitored from the light alone, and what
requires dedicated hardware (photodiodes, ion/neutral probes, etc.)? The
cross-platform comparison of EUV-induced, NPD, and EBR plasmas pro-
vides the pieces to answer this. In this section we translate the comparative
results into a set of concrete guidelines for scanner-relevant diagnostics and
operations—i.e. how the findings of this thesis can be used in practice in an
ASML-type plasma environment.

1. EUV pulse proxy from OES. Balmer leading edges provide the
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closest optical proxy to the EUV timing, but they systematically over-
estimate the pulse width due to collisional-radiative tails and the fi-
nite ICCD gate width (Chapter 5, Fig. 5.19; OLT: Figs. 5.25-5.28).
In practice, this means that photodiodes should remain the reference
for absolute EUV timing and for specifying the source pulse shape,
whereas OES is better used to track relative changes: e.g. the appear-
ance of a second peak, a systematic shift of the emission maximum,
or a change in afterglow length. The expected outcome is a two-layer
monitoring strategy: fast, hardware-based EUV timing for specifica-
tion compliance, complemented by slower but more diagnostically rich
OES to flag drifts in the underlying excitation and quenching kinetics.

2. Gas-state and temperature proxies. Fulcher ()-branch analysis is
robust across platforms and yields a stable projection to Tg,s via ro-
tational constants (Figs. 7.2), consistent with previous Fulcher-based
thermometry [42,43,73|. This suggests a practical use-case in scanners:
Fulcher analysis can act as a non-invasive “thermometer” for the hydro-
gen background, particularly in low-n, regimes where invasive probes
are undesirable or impossible. Operationally, one would not interpret
Tiot(d) directly, but use the calibrated projection to T,.s as a slow-
varying health metric of the thermal state of the gas in front of the
optics or sample.

3. Impurity sensitivity (N, in H,). FNS remains detectable in
Hy down to ~ 1075 mbar N, partial pressure at EBL2 (Chapter 5,
Fig. 5.20), making it a sensitive, non-invasive impurity monitor. In
practice this means that a simple, periodically recorded N, ™ FNS win-
dow is sufficient to detect small leaks or contamination in a nominally
pure Hy ambient, well below the level that would typically be visible in
standard pressure or flow readouts. The intended use is “spectral health
checks” small changes in FNS intensity immediately flag changes in gas
composition without disturbing tool operation.

4. Baseline management and source-related stray light. Out-of-
band and scattered light from the source or auxiliary optics can subtly
corrupt parts of the spectrum (for example, the He region in the pres-
ence of Sn-related stray light), and composite fits in such regions inflate
the uncertainties on line areas (Chapter 5, Section 5.1.5). The general
lesson is that spectral “hygiene” matters: diagnostics should, as far as
possible, avoid spectral regions strongly affected by stray light, overlap-
ping instrumentation, or strong reflections, or should be accompanied
by tailored optical filtering and background characterisation. In a tool
environment this translates to scheduling dedicated OES windows with
minimal auxiliary illumination in the diagnostic range of interest, and
to designing the optical path such that critical lines (e.g. Balmer, FNS)
sit in relatively clean spectral regions.
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5. Interpreting nitrogen T}, at EUV. Under-thermal SPS/FNS en-
velopes at EBL2 are physical and not an analysis artefact: the same
fitting pipeline returns canonical few-hundred-kelvin T} in NPD and
EBR. This cautions against using SPS/FNS T, as a direct proxy for
Tyas under EUV conditions at very low pressure. Instead, nitrogen
emission under EUV should be interpreted primarily as a kinetic probe
(sensitive to photoelectron-driven pathways and metastable dynamics),
while Fulcher-based T,,s in Hy is used where a temperature estimate
is required [31]. The expected benefit is to avoid misinterpreting EUV
nitrogen spectra as “cold gas” when they in fact reflect non-equilibrium
excitation.

6. Model-guided monitoring. Because Balmer manifolds are non-
Boltzmann in EUV and EBR, a single Balmer-based T, is not a re-
liable scalar health metric. A more robust strategy is to compare the
shape of the Balmer manifold (curvature, level-to-level ratios) to pre-
computed model look-up grids or reference datasets once available (see
Outlook) [31,73]. In operational terms, this means that changes in the
Balmer shape—mnot just its overall intensity—can be used to flag shifts
in the dominant excitation pathways (e.g. more cascade-dominated vs.
more direct-impact dominated), even when standard macroscopic pa-
rameters (pressure, flow, pulse energy) are unchanged.

Taken together, these points translate the comparative plasma analysis
of this thesis into a concrete “toolbox” for in-tool monitoring: which spectral
features to use for timing, temperature, and impurity tracking, and how to
interpret them reliably in an ASML-type EUV environment.

7.4 Outlook for future work

The cross-platform picture suggests targeted developments that will ma-
terially improve quantitative interpretation and tool monitoring:

(i) Collisional-radiative (CR) modelling tied to measured man-
ifolds. Build and validate a reduced-kinetics CR model for Hy and Ny
at 1-10 Pa, using as input: (i) Franck-Condon-corrected Fulcher fx(v)
(v =0...3) and Ty (d,v") with projection to Tgas; (ii) nitrogen SPS/FNS
band ratios and rotational envelopes (including the EBL2 under-thermal
case); (iii) Balmer shapes (non-linear In N, vs AE,) rather than a single Tiy,
in line with best practice for non-equilibrium hydrogen diagnostics [31,73].

(ii) Synchronized timing campaigns. Repeat the EBL2 pressure se-
ries with hardware-synchronised triggers (common clock to ICCD and EUV
diode) and narrower gates to remove inter-run offsets and gate convolution
from the timing comparison.
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(iii) Spectral hygiene in tool environments. Plan dedicated OES win-
dows without auxiliary illumination (ellipsometry) in the Fulcher range;
where this is not possible, use simple optical filtering in front of the spec-
trometer (e.g. a short-pass or a narrow notch filter centred on the strongest
Sn feature) to reduce Sn stray light in the Balmer-¢ region.

(iv) Absolute calibration + auxiliary probes. A calibrated white-
light path during the EUV beamtimes would lift residual response uncer-
tainties. Where feasible, complement OES with cavity-based n. (MCRS) or
microwave resonance in NPD-like references to cross-validate decay constants
in Eq. (1.18) [31].

(v) Line identification of Sn features. High-resolution scans of the 350
700 nm range to catalogue narrow Sn features observed at EBL2 (Chapter 5,
Fig. 5.20) will prevent misassignment in mixture runs and may add secondary
diagnostics of source state.

Key comparative findings

For ease of reference, the most important cross-platform conclusions of
this chapter (and of the thesis as a whole) are summarised here as a concise
list:

1. Fulcher across all platforms is internally consistent: T, (d,v’) ap-

pears “cold” (sub-RT), but projects via rotational constants to T, >
RT; fx(v) peaks near v = 2 (Figs. 7.1-7.3) [42,43,73].

2. Balmer manifolds are non-Boltzmann in EUV and EBR; in NPD
they are closest to linear over low-n only. A single T,,. is not generally
meaningful outside NPD (Figs. 7.6, 7.7) [31,73].

3. Nitrogen under EUV shows persistently under-thermal SPS/FNS
envelopes (EBL2) despite flawless fits in EBR/NPD, pointing to EUV-
specific kinetics at very low pressure.

4. Timing hierarchy holds robustly: atomic lines track the driver’s lead-
ing edge best; molecular systems broaden/lag. OES provides a sensitive
relative pulse proxy, not an absolute EUV waveform [31].

5. Practical diagnostics for ASML: use FNS as a high-sensitivity Ny
impurity monitor in Hy; use Fulcher for Ty,s; use Balmer shapes (not
Texe) to track changes in excitation pathways [31,42,43,73|.






Conclusions

Summary of objectives

The overarching goal of this thesis was to develop and apply a consistent,
transportable optical emission spectroscopy (OES) framework to non-thermal
plasmas in Ny, Hy, and Hy /Ny mixtures, with a specific focus on scanner-
relevant, low-pressure environments. Three plasma-driving mechanisms were
considered: nanosecond pulsed discharges (NPD), EUV-induced plasmas,
and electron-driven plasmas (EBR). Across these platforms, the thesis aimed
to (i) extract rotational and vibrational descriptors from molecular band
systems, (ii) track fast temporal dynamics from nanoseconds to microseconds,
and (iii) identify robust spectral signatures and limitations that matter in the
ASML EUV-lithography context.

Main findings

Nanosecond pulsed discharges as a controlled benchmark

Nanosecond pulsed discharges provided a reproducible, electrically driven
reference case in which excitation conditions are set primarily by the applied
reduced field and by the discharge geometry. The main results for this con-
figuration can be summarised as follows:

e Nitrogen SPS/FNS at 1-500 mbar: the N, SPS (C%II, — B?Il,)
can be modelled robustly with the PGOPHER-based workflow devel-
oped in Chapter 3. The retrieved rotational temperatures remain in
the few-hundred-kelvin range and vary moderately with pressure and
discharge phase. The first-level C-state vibrational temperature Télc )
lies in the few 10® K range and is strongly sensitive to the discharge
dynamics.

o Afterglow physics and metastable pooling: extending the mea-
surement window by stitching multiple kinetic sequences reveals a
pronounced late-time rise/plateau of T, éf ) at high pressure (e.g. 110
500 mbar), consistent with the build-up of the N3(A) manifold and
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pooling-assisted feeding of No(C) in the interpulse afterglow. This
long-window approach exposes kinetics that are invisible in single short
series and provides a direct experimental handle on metastable-assisted
channels.

e Low-pressure nitrogen (0.05 mbar): the SPS and FNS fits remain
stable and do not show the long-time distortions seen at higher pres-
sures. Both T.,; and To(lC ) are essentially time-independent within the
pulse, consistent with the suppression of pooling and reduced collisional
relaxation at very low density.

e Hydrogen NPD (Fulcher and Balmer): Fulcher-a Q-branch
analysis yields low T, (d,v’) values that are nonetheless compatible
with gas temperatures above room temperature after standard back-
projection. The Franck-Condon-corrected ground-state vibrational
populations consistently show an envelope peaking near v = 2. In
contrast to the EUV-induced case, the NPD Balmer manifold is close
to linear on a Boltzmann plot for the accessible lines, enabling extrac-
tion of an effective excitation temperature (order 1-2 eV). This value
should not be interpreted as a direct measurement of T, but it provides
a useful internal consistency check and a reference for cross-platform
comparisons.

Overall, the NPD results establish that the analysis pipeline (instrumen-
tal function, response correction, forward modelling, and uncertainty prop-
agation) is internally consistent and can retrieve physically plausible trends
under conditions where collisional redistribution is sufficiently effective.

EUV-induced plasmas: EUV-specific kinetics at low
pressure

EUV-induced plasmas differ qualitatively from discharges: they are
photon-driven, low-density, and governed by photoelectron cascades, recom-
bination, and wall/diffusion losses, rather than sustained by an applied field.
The results show that this change in driving mechanism leaves clear, diag-
nostically relevant signatures in the spectra. The key EUV-specific findings
are:

e Under-thermal rotational envelopes in Ny, at EBL2: the most
striking observation of the thesis is that, at EBL2 (1-5 Pa), both SPS
and FNS fits converge to systematically “under-thermal” rotational
temperatures (well below room temperature) and do not reproduce
the experimental band-head/wing balance with the fidelity observed
for NPD (5 Pa) and for EBR. The persistence of this behaviour in
both gated and integrated spectra rules out a purely gating-related
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artefact and points instead to EUV-specific excitation/relaxation path-
ways. A plausible picture is that EUV photons generate a highly non-
Maxwellian photoelectron population that excites Ny into the emitting
states on timescales comparable to, or shorter than, the rotational re-
laxation time at 1-5 Pa; if the C/B-state molecules radiatively decay
before their rotational distribution can fully equilibrate with the gas,
the observed envelopes will appear “colder” than the actual gas temper-
ature. Additional state-selective channels (e.g. excitation from specific
ground-state rotational /vibrational levels or ion—neutral reactions) may
further bias the populated J manifolds. Clarifying the relative impor-
tance of these mechanisms requires dedicated collisional-radiative and
kinetic modelling, and is therefore identified as a key target for future
work.

e Temporal response and EUV pulse proxy: peak-maximum traces
show that molecular emission (SPS/FNS/FPS) is broader and delayed
relative to the EUV photodiode pulse. In contrast, atomic emission
(notably the N triplet near 746 nm) follows the leading edge more
closely, consistent with more direct, higher-threshold electron-impact
excitation by prompt photoelectrons. In H,, Balmer-line peak traces
provide the closest optical proxy to the EUV timing on the rising edge,
but systematically overestimate the pulse width on the falling edge due
to collisional-radiative afterglow.

e Hydrogen Fulcher diagnostics under EUV: Fulcher-a analysis at
EBL2 yields the same qualitative behaviour as in NPD: low Ty (d, v")
with a weak v’ dependence, and a ground-state vibrational envelope
peaking near v = 2. This suggests that, for Hy, the molecular rovibra-
tional observables are comparatively robust across driving mechanisms,
even when the electron source is photoelectric rather than field-driven.

e Balmer non-Boltzmann behaviour under EUV: unlike the NPD
case, the EBL2 Balmer manifold is clearly non-Boltzmann: the level
populations show systematic curvature and deviations that cannot be
captured by a single excitation temperature. This reinforces the need
to treat Balmer-based T.. as a conditional diagnostic and to rely
on molecular systems and modelling for quantitative interpretation in
EUV-driven regimes.

e Mixtures and impurity detection: N,” FNS emission remains
detectable in Hy down to very low Ny partial pressures (down to
~ 107% mbar in the present configuration), demonstrating that OES
can serve as a sensitive, non-invasive impurity monitor in scanner-
relevant environments.

Taken together, these findings show that EUV-induced plasmas can ex-
hibit spectral behaviour that is not captured by assumptions that work well
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for discharges (e.g. rotational thermalisation within emitting states). The
“under-thermal” N, rotational envelopes emerge as a key open problem and
a concrete target for follow-up experiments and modelling.

Industrial relevance: implications for EUV lithography
environments

From the ASML perspective, the results support three practical conclu-
sions:

e OES is well suited for non-intrusive monitoring in low-density,
short-lived plasmas: the diagnostic can track EUV-triggered plasma
formation and decay without perturbing the environment, where probes
are impractical.

e Atomic emission is a better fast-timing proxy than molecular
emission: atomic lines (Balmer in Hy, atomic N in Ny) follow the EUV
rise more closely, whereas molecular systems inherently broaden/delay
due to their formation pathways and finite radiative lifetimes.

e Mixture sensitivity enables impurity tracking: the N,™ FNS
is a strong candidate for tracing Ny impurities in predominantly H,
ambients under EUV exposure.

Together, these conclusions indicate where OES can realistically be em-
bedded into scanner operation (timing, contamination, and general plasma
“health”), and where additional or complementary diagnostics would be re-
quired.

Methodological contributions

Beyond the plasma-specific findings, this thesis contributes an OES work-
flow that is designed to be portable across facilities and driving mechanisms.
The main methodological elements are:

e A validated forward-modelling pipeline for Ny SPS/FNS (PGO-
PHER synthesis — instrumental convolution — response correction —
non-linear fitting) with consistent use of shared parameters and uncer-
tainty propagation.

e A robust descriptor for non-Boltzmann vibrational behaviour
in Ny(C): the first-level temperature To(f ) provides a stable metric for
early vibrational populations without being dominated by non-linear
high-/' tails.
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e A Fulcher-a Q-branch analysis chain that separates rotational fit-
ting (restricted low-/N’ Boltzmann plots) from vibrational population
inference (Franck—Condon-corrected back-projection), making explicit
which quantities are well constrained and which remain model depen-
dent.

¢ A long-window, stitched kinetic approach that extends the dy-
namic range of ns-gated OES into the us regime and reveals afterglow
processes (metastable build-up and pooling) that are otherwise missed.

Taken together, these elements form a reusable analysis template that can
be ported to other plasma sources and facilities with minimal modification.

Limitations of the present work

Several constraints shaped the scope and interpretation of the results.
The most relevant ones are:

e Absolute calibration constraints: for parts of the EUV campaign,
full absolute calibration was not available, limiting the use of OES for
absolute densities and shifting emphasis to relative trends and shape-
based diagnostics.

e Limited applicability of Stark-broadening diagnostics: in prin-
ciple, Stark broadening of hydrogen and nitrogen lines can provide time-
resolved electron densities in low-temperature plasmas, and this has
been demonstrated for nanosecond discharges under conditions compa-
rable to those of this work in the literature [11,27] and in related mea-
surements by collaborators. Under the EUV conditions studied here,
however, the expected Stark widths are well below the instrumental
resolution, so this diagnostic could not be applied and n. had to be in-
ferred only indirectly from kinetics and modelling considerations rather
than from direct line-broadening measurements.

e Baseline artefacts in industrial environments: on OLT-TS, con-
current illumination (ellipsometry) introduced baseline distortions that
bias band-summed vibrational ratios. This underscores the need for
dedicated optical conditions if quantitative mixture or vibrational anal-
ysis is required in-tool.

e Model dependence in EUV-driven kinetics: several key observ-
ables (notably the under-thermal N, envelopes and the non-Boltzmann
Balmer manifold) require collisional-radiative and/or kinetic modelling
to connect spectra to plasma parameters unambiguously.
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Outlook

The results of this thesis suggest clear next steps, both experimentally
and in modelling, to strengthen plasma diagnostics for EUV lithography.
The most promising directions are:

¢ Resolve the “under-thermal” N, problem: targeted experiments
should vary EUV dose, pulse structure, pressure, and wall conditions
while recording SPS/FNS with higher spectral resolution and con-
trolled backgrounds. On the modelling side, a dedicated CR/PIC
treatment should test whether the observed envelopes can arise from
(1) state-selective excitation by non-Maxwellian photoelectrons, (ii) vi-
brationally selective ion/neutral channels, and/or (iii) incomplete ro-
tational redistribution in the emitting states.

e Combine OES with complementary diagnostics where feasi-
ble: adding microwave cavity resonance spectroscopy, calibrated EUV
timing, or absorption-based vibrational diagnostics would reduce de-
generacy in interpreting spectra and constrain n. and the EEDF more
directly.

e Strengthen mixture-capable monitoring strategies: systematic
calibration of No™ FNS sensitivity in Hy (including stray-light con-
trol and line-identification of source-related backgrounds) can turn the
demonstrated impurity detection into a deployable monitoring concept.

e Improve in-tool robustness: future OLT/industrial campaigns
should prioritise controlled optical baselines (avoid auxiliary illumi-
nation in the OES line-of-sight) and, where possible, introduce gated
acquisition for molecular windows to separate prompt and afterglow
contributions.

Closing remark. This thesis demonstrates that a carefully calibrated
and consistently applied OES framework can bridge fundamentally differ-
ent plasma-driving mechanisms (NPD, EUV-induced, and electron-driven
sources) and can reveal both robust cross-platform trends (e.g. Fulcher-based
rovibrational behaviour) and mechanism-specific fingerprints (notably the
under-thermal Ny envelopes under EUV excitation). These outcomes pro-
vide a practical foundation for diagnostics in scanner-relevant environments
and define concrete modelling and experimental targets for advancing plasma
understanding in EUV lithography.
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In an optical emission spectroscopy (OES) experiment, the plasma-
emitted light is analysed by an ICCD camera coupled to a spectrograph.
The plasma is generated in a vacuum chamber through a nanosecond high-
voltage (HV) discharge in a flowing gas mixture (flow set by a mass flow
controller; pressure regulated by a vacuum pumping system). In our setup,
the discharge can be operated either in a pin-to-plate or in a plate-to-plate
electrode configuration; unless otherwise stated, the measurements in this
thesis refer to the pin-to-plate geometry, while the very-low-pressure nitro-
gen experiments at 0.05 mbar reported in Chapter 4 were performed with a
plate-to-plate configuration.

Precise synchronisation between the HV pulse and the waveform generator,
as well as between the ns-pulse and the ICCD acquisition gate, is essential.
A trigger delay generator is therefore included in the timing chain.

Light collection to the spectrograph is implemented via an optical fibre and
a round-to-linear fibre bundle. A two-lens relay images the plasma onto the
fibre core while matching the fibre numerical aperture. The bundle output
is then coupled to the spectrograph through an F#£-matcher.

A schematic of the experimental configuration is shown in figure A.1. Details
of each subsystem are provided in the following sections.

Vacuum chamber

The vacuum vessel is a steel cube (45x45x45 c¢cm?®) mounted on a rail
for convenient access. It houses the electrodes that generate the discharge
and allows operation in both pin-to-plate and plate-to-plate configurations.
In the pin-to-plate geometry, a tungsten pin mounted on an aluminium post
faces a mushroom-shaped steel plate; both are coated with PTFE (Teflon) to
suppress parasitic surface discharges (with the trade-off of parasitic current
associated with dielectric capacitance). For the plate-to-plate geometry used
in the 0.05 mbar nitrogen measurements (Chapter 4), the same chamber
layout is employed with two opposing electrodes instead of a sharp pin.

The bottom electrode is fixed at the chamber center, whereas the upper
electrode (pin or plate, depending on the configuration) can be positioned
along all three orthogonal directions using external micrometric handles. The
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Figure A.1: Scheme of the optical emission spectroscopy setup.

nominal minimum gap for breakdown studies in the pin-to-plate configuration
is 5 mm; in both configurations, the gap can be adjusted from outside with
the chamber closed to meet the experimental requirements.

Pumping system

The chamber pressure is actively regulated during measurements. The

pumping system consists of a stacked mechanical booster backed by a ro-
tary vane pump, which increases throughput and allows operation over a
wide pressure range. Pressure is monitored using a combination of a Pirani
gauge (Edwards APG-M-NW16 Active Pirani Gauge D02171000), two capac-
itive gauges (MKS Instruments 627BX.1MDD1B Baratron 0.1 mbar, Vacuum
General Pressure Transducer CM-02-10 10 Torr), and a strain gauge (Ed-
wards High Vacuum D35726000 Strain Gauge Diaphragm Transducer ASG
1000 mbar), together covering an absolute pressure range from ~ 1073 to
103 mbar. The primary gauges are mounted on the chamber top flange to
measure the local process pressure.
Controllers for all gauges are installed above the setup. The pumps them-
selves are located in a separate room below the laboratory to minimise acous-
tic and mechanical noise at the setup. Because this requires a longer vacuum
line, an additional Pirani gauge is placed in-line between the chamber base
and the pumps to monitor pressure along the line and verify consistency with
the chamber readings.
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(Gas lines

Hydrogen and nitrogen are introduced into the chamber to produce Hy /Ny

pulsed plasmas with the HV discharge. The gases are supplied from external
cylinders; two inlet valves feed the chamber and enable arbitrary mixture
ratios.
Flows are controlled by a dedicated gas line equipped with a mass flow me-
ter and a mass flow controller (MFC), allowing setpoints up to 5000 sccm.
A constant chamber pressure is maintained by balancing gas inflow (MFC
setpoint) and pumping speed. With the vacuum valve open, continuous-flow
operation enables stable pressures that depend on the MFC settings. The
gas line hardware and control electronics (including National Instruments
boards and software) are installed adjacent to the chamber.

Pump velocity

An initial characterisation of the effective pumping speed was performed

by recording the steady-state chamber pressure as a function of N, flow
(figure A.2). At the maximum tested flow (5000 sccm), the pressure reached
only 1.6 mbar—insufficient for the intended operating range.
To extend the accessible pressure window, the vacuum line at the chamber
base was split into two branches. One branch uses a large-bore (tombak)
tube to reach low pressures quickly or to evacuate the chamber. The second
branch includes a pronounced reduction in conductance and an additional
throttle valve to finely control throughput, enabling higher and more stable
pressures (up to hundreds of mbar) during discharges. Only one branch is
opened at a time (the other remains isolated by a safety valve) to maintain
control of the gas flow.

Pump velocity
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Figure A.2: Chamber pressure versus gas flow, used to assess the
effective pumping speed for Ns.
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Optical tables and alignment

Two optical tables are installed on the left and right sides of the cham-
ber to host the collection optics and timing hardware; two additional small
breadboards at the front and back provide access along the remaining axes.
A He—Ne laser was split into two beams and re-crossed through the cham-
ber; their intersection defined the reference point for mounting the bottom
tungsten electrode in the pin-to-plate geometry.

Fiber matching

Light emitted by the plasma exits through side windows and is collected
into an optical fibre, since the spectrograph and ICCD are located away from
the chamber. A two-lens system collects the light from the right-side window
and focuses it into the fibre, accounting for the fibre numerical aperture (NA
= 0.22; maximum acceptance angle ~ 12.7°). With an optimal lens pair,
the coupled light is transported from the chamber to the spectrograph with
typical transmission losses of ~40%. Before coupling to the spectrograph, the
circular fibre output is rearranged with a round-to-linear bundle to illuminate
a single entrance row.

Spectrograph and ICCD

The fibre bundle output is coupled to the spectrograph via an F#-matcher
mounted at the entrance slit (custom for the Andor Shamrock SR-303i-B).
The spectrograph is equipped with interchangeable gratings; in the measure-
ments reported in this thesis, the central wavelength and grating are chosen
to cover the relevant spectral windows (e.g. No SPS/FNS, Hy Fulcher, Balmer
lines) with a resolution compatible with the expected line widths. The spec-
trally dispersed light is detected by an Andor iStar DH334T ICCD camera,
operated in gated mode and synchronised to the HV pulse via a delay gen-
erator.

Wavelength and response calibration. Wavelength calibration is performed
using a low-pressure calibration lamp with well-known emission lines. The
line centroids are fitted and a polynomial dispersion relation is derived for
each grating/central-wavelength setting; typical residuals are well below the
instrumental resolution. This wavelength solution is then applied to all
plasma spectra acquired with the same spectrograph configuration.

A relative irradiance (spectral-response) calibration of the entire detec-
tion chain (collection optics, fibre, F#-matcher, spectrograph, ICCD) is car-
ried out using a calibrated broadband light source with a known spectral
irradiance distribution. The calibration source is positioned to illuminate
the collection optics in the same geometry as the plasma, and spectra are
recorded with the same settings (grating, central wavelength, slit width,
ICCD gain/gate) used in the plasma measurements. After dark subtraction,
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the measured lamp spectrum is divided by the certified irradiance curve of
the source, yielding the system response function C'()\) for each configura-
tion. A smooth fit (e.g. spline or low-order polynomial) is used to suppress
noise in C'(A), and all plasma spectra are subsequently corrected as

[raw()\>

C(A)
This relative-response calibration is essential for quantitative use of band
intensities (e.g. vibrational population analysis and comparison of different

spectral windows), and the same procedure is applied consistently throughout
the thesis (see also Chapter 3).

Icorr<>\) =

High Voltage generator and Faraday cage

The discharge is driven by a burst-mode nanosecond HV pulse generator
(NPG-18/100k), capable of delivering single ns pulses at 40-50 kV. For safe
and reproducible operation, the HV unit is externally triggered via a delay
generator.

The generator is housed in a Faraday cage mechanically integrated with the
chamber base to suppress parasitic discharges outside the plasma volume.
The cage encloses the HV feedthrough and the generator while leaving the
two vacuum lines outside.

The cage consists of an upper and a lower compartment: the HV generator
and cooling fans are mounted in the lower section; the upper section hosts
a Tektronix Beaverton HV probe and a Magnelab current transformer for
voltage and current measurements. The vacuum electrical feedthrough is
connected to the power supply via a HV cable routed through both cage
panels. Voltage and current probes are wired to an external oscilloscope
using coaxial cables that exit the cage through small feedthrough holes.

Discharge

Examples of discharges in nitrogen and hydrogen were obtained across
a wide pressure range, from low-pressure conditions (0.05 mbar) to higher-
pressure operation (up to 500 mbar), demonstrating the setup’s flexibility
across different plasma regimes. The bulk of the measurements presented
in this thesis (1-500 mbar) were performed in the pin-to-plate configura-
tion, whereas the very-low-pressure case at 0.05 mbar used the plate-to-plate
geometry to obtain a more homogeneous discharge across the gap.

Representative images of nitrogen discharges at intermediate pressure in
pin-to-plate operation are shown in Fig. A.3. The low-pressure plate-to-plate
geometry is illustrated in Fig. A.4 for a pure hydrogen discharge at 0.05 mbar.
For completeness, Fig. A.5 provides an external view of the reactor (“cube”)
with the surrounding optical tables used for collection optics and timing
electronics, while Fig. A.6 shows the glow of a 0.05 mbar nitrogen discharge
as seen through one of the side windows.
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(a) (b)
Figure A.3: Discharge in pure nitrogen at (a) 1 mbar and (b) 11 mbar
in pin-to-plate configuration.

Figure A.4: Discharge in pure hydrogen at 0.05 mbar in plate-to-plate
configuration, showing a diffuse glow across the electrode gap at very
low pressure.
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A AL R N T,

Figure A.5: External view of the NPD reactor (steel cube) with optical
tables on both sides, hosting the collection optics, timing electronics, and
ancillary hardware described in this appendix.

Figure A.6: View through a side window during a 0.05 mbar nitrogen
discharge in plate-to-plate configuration, highlighting the homogeneous
low-pressure glow in the chamber volume.
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System overview

EBL2 comprises (i) a Sn-fueled LDP EUV source mounted on rails for
maintenance access; (ii) a Collector Module with two Ru-coated grazing-
incidence ellipsoids forming an intermediate focus (IF); (iii) an Exposure
Chamber with high-stability chuck on a hexapod stage, imaging ellipsometer,
and EUV diagnostics; (iv) a vacuum handler coupled to an atmospheric
handler for SEMI dual-pod interfacing; and (v) an XPS system connected to
the beamline via vacuum transfer [53,54,58|. A simplified top-view schematic
of the beamline layout is shown in Fig. B.1, and a photograph of the full
system is given in Fig. B.2.

DIAGNOSTICS
OPTICAL EQUIPMENT
FIBER

COLLECTOR MODULE

EUV SOURCE
N /,/;><\ EXPOSURE
e — T - CHAMBER

VACUUM
HANDLER

Figure B.1: Top-view schematic of the EBL2 beamline, showing the
relative positions of the LDP EUV source, Collector Module (M1/M2),
intermediate focus (IF), Exposure Chamber, vacuum handler, and XPS
branch. The scheme also indicates the OES diagnostics used in this
thesis: a lens stack on the top flange collects plasma-emitted light into
an optical fiber, which feeds an external diagnostics setup comprising
spectrograph, ICCD camera, delay generator, and control laptop. This
highlights both the EUV optical path and the vacuum partitions between
source, collector, and exposure environments.



142 Appendix B: EBL2 setup

Figure B.2: Photograph of the EBL2 system corresponding to the
schematic in Fig. B.1, from left to right: EUV source, collector module,
exposure chamber, vacuum handler with load lock, storage, and XPS.
The atmospheric handler with pod opener is not yet present. Repro-
duced from [53].

In addition to the native EUV metrology, the top-view schematic also
shows the optical emission spectroscopy (OES) chain used in this work: a
fixed set of lenses mounted vertically on the top flange of the Exposure Cham-
ber collects the plasma-emitted light, focuses it into an optical fiber, and
guides it to an external diagnostics rack where a spectrograph and ICCD
camera, controlled via a delay generator and laptop, perform time-resolved
spectral measurements (analogous to the NPD setup in Appendix A).

The IF provides vacuum decoupling between the source and exposure
environments and serves as an insertion plane for apertures and spectral
purity filters (SPFs) [54,58]. The source—collector assembly can translate
along the rail to vary the beam focus at the sample plane, enabling spot-size
and power-density control [53].

EUYV source: LDP principle and performance

The Ushio LDP source generates EUV radiation at 13.5nm in a 2% spec-
tral bandwidth (BW) by triggering a discharge between rotating Sn-coated
electrodes with a focused laser pulse. A short, focused laser pulse pre-ionizes
a local tin vapour/plasma plume between the electrodes; a subsequent high-
current electrical pulse then drives the main discharge, pinching the plasma
and producing the in-band EUV emission. The source integrates a multi-
stage debris shield to suppress Sn droplets, clusters, fast ions, and neutrals,
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protecting downstream optics [55-57|. Brightness scales approximately lin-
early with repetition rate, and recent source generations report hundreds
of W/mm?/sr at ~10kHz at the plasma, with documented improvements
in pulse-to-pulse stability and debris mitigation [55-57]. The production
platform emphasizes reliability (multi-hundred-hour continuous runs) and
availability for long-duration tests [56,57].

Collector module and beam transport

The Collector Module uses two grazing-incidence ellipsoids:

e M1 images the source into an intermediate focus (IF) at ~2/3 of the
distance from the source, which also functions as a differential pumping
aperture to isolate the source and exposure chamber gas environments.

e M2 images the IF onto the sample plane in the Exposure Chamber.

At the IF, apertures and SPFs can be inserted to tailor the beam pupil and
suppress out-of-band (OoB) radiation [54,58]. In-focus operation achieves
W /mm?-level in-band power densities on target; defocus is achieved by trans-
lating the source+-collector along the rail, enabling spot sizes from ~1 mm up
to > 30mm (donut-shaped at the largest defocus) [53,58]. A more detailed
view of the Collector Module optics, including the two ellipsoids and the IF
plane, is shown in Fig. B.3. A dedicated metrology port on the source head
can be used for low-power EUV diagnostics independent of exposure [54].

Emon/Ecam
Ushio source

M1 sensor Filter/Attenuator Sample
— sensor
Pinch M2
M1
IF

Figure B.3: Schematic of the EBL2 Collector Module. Two Ru-coated
grazing-incidence ellipsoids (M1, M2) image the LDP plasma into an
intermediate focus (IF) and subsequently onto the sample plane in the
Exposure Chamber; the IF plane also hosts apertures and spectral purity
filters (SPFs) for pupil and spectral tailoring. Reproduced from [74].

Exposure chamber: mechanics, metrology, and
diagnostics
The Exposure Chamber is fully metal-sealed, electro-polished, and

cleanliness-optimized. A high-stiffness chuck (mask-sized or custom hold-
ers) is mounted on an external hexapod via a large vacuum bellows so that
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all motors/encoders remain in atmosphere for maintainability and cleanli-
ness. Actuation for gripping/flipping is performed by pneumatically driven
bellows (lubricant-free in vacuum). The chamber integrates:

¢ Imaging ellipsometer for in-situ tracking of surface condition, align-
ment marks, and optical contrast during exposure.

e EUYV diagnostics on stage: calibrated photodiodes for power and
dose metrology; a scintillator + camera system to visualize EUV spot
position/shape (sub-mm crosshair alignment is correlated between the
back-scintillator image and front-side ellipsometer view); crosshairs are
embossed on the scintillator coating for absolute referencing to stage
coordinates.

e Thermal control: the chuck is actively temperature-controlled via a
resistive heater and closed-loop control; typical operation allows sub-
ambient setpoints (e.g. down to ~—-20°C) during high-flux irradiation,
with stable temperature during continuous exposure.

These mechanical and metrology features, and the alignment workflow cor-
relating scintillator and ellipsometer views, are detailed in [53,54].

Vacuum, gas environment, and cleanliness

The beamline implements vacuum decoupling at the IF. The exposure
chamber achieves high vacuum base pressure (< 107®mbar) and admits
high-purity process gases with controlled partial pressures (typical up to
a few mbar) to emulate scanner/source conditions. Allowed gases include
H,, He, Ar, Ny, O,, and XCDA (Extreme Clean Dry Air, i.e. ultra-high-
purity clean dry air), as well as selected contaminants for dedicated studies.
A differentially pumped residual gas analyzer (RGA) monitors background
and assures gas composition control [53,54|. The atmospheric and vacuum
handlers are designed for SEMI dual-pod compatibility and NXE backside
cleanliness requirements (particle-addition specs verified over hundreds of
load cycles) [53, 58].

Sample handling and load path

The automated handling chain accepts full-size reticles (with/without pel-
licles) and custom small-sample holders. The atmospheric handler unloads
a dual pod, rotates/flips as needed, and loads the sample to the vacuum
handler via a load lock. The vacuum handler transfers the sample to the
Exposure Chamber chuck or to a Parking/Cleaning station. A Sample Rota-
tion Unit (SRU) allows in-vacuum rotation. After exposure, the same chain
can transfer the sample to XPS without breaking vacuum [53, 54].
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Integrated XPS and vacuum transfer

A modified Kratos Nova XPS accepts full reticles and small-sample
holders (including angle-resolved mounts). The vacuum handler provides
contamination-safe transfer from the Exposure Chamber to XPS and back,
enabling dose-response studies with immediate, in-vacuo surface analysis
(e.g. carbon removal, oxidation, or adsorbate chemistry under EUV) [53,54].

EUYV metrology: power, dose, and spot

On-stage, calibrated photodiodes measure EUV power; intensity maps are
obtained by scanning the beam over pinholes or by imaging on a scintilla-
tor with known conversion. The total in-band power at sample is calculated
from the photodiode photocurrent, calibration factor, and pulse repetition
frequency. Dose control is achieved by tuning repetition rate, focus/defocus
(spot size), and exposure time. With SPFs installed (e.g. Zr/Si/Mo stacks),
OoB light outside 12.5-18.5nm can be reduced by an order of magnitude
relative to in-band, yielding actinic conditions representative of scanner op-
tics [53,54,58|.

Performance envelope (typical)

Representative parameters (config-dependent):

e In-band EUV at 13.5nm: 2 1W in 2% BW at 3kHz at sample; power
density >1W/mm? in focus (scales with spot size).

e Repetition rate: 1 Hz-10kHz (3kHz nominal), linear scaling of bright-
ness with pulse frequency.

e Spot size: ~0.8x1.2mm (focus) to > 30mm (defocus donut).

e Exposure duration: >100h uninterrupted exposures demonstrated;
dose control < 20% in free-running mode.

These operating envelopes and scalings are consistent with reported perfor-
mance and source-side improvements [54-58|.

Safety, reliability, and maintenance

The source head employs proven debris shields to preserve collector re-
flectivity; incremental design and laser-trigger optimizations have reduced
fast-ion flux and sputter rates at optics [56,57]. The source/collector rail
system permits rapid maintenance access. Reliability metrics (availability,
continuous-run hours) have progressed to production-relevant levels, enabling
extended campaigns with stable brightness and minimal downtime [53,54].
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Notes for experiment replication

When reproducing EBL2 conditions: (i) specify in-band EUV power and
spot size (or focus setting), (ii) log repetition rate and duty cycle, (iii) record
gas type/partial pressure and base pressure before admission, (iv) capture
simultaneous scintillator and ellipsometer images for spatial registration, and
(v) calibrate photodiodes and SPFs prior to dose-critical runs [53,54].
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Scope and constraints

This appendix documents the optical-diagnostics implementation used on
the OLT-TS 2.5 exposure platform for time-resolved optical emission spec-
troscopy (OES) of EUV-induced hydrogen plasmas. Only public information
on EUV sources is included here; engineering details of the OLT-TS hardware
and interfaces are proprietary and therefore omitted. The OES methodology
(spectrograph, ICCD gating, calibration and analysis) follows the procedures
already reported in the main text and earlier appendices, and is summarized
below only as needed for completeness.

Public background on EUYV sources and the in-
termediate focus

Industrial EUV lithography systems generate 13.5 nm radiation by creat-
ing a tin (Sn) plasma (laser-produced) and collecting the in-band EUV with
a multilayer mirror collector. The beam is relayed to an intermediate focus
(IF), which acts as a vacuum decoupling and insertion plane for apertures
and spectral purity filters (SPFs). In operation, a low-pressure hydrogen
ambient is present to mitigate mirror contamination and debris, and it also
gives rise to a low-density EUV-induced hydrogen plasma in the illuminated
volume.!

Notes for replication from public sources. Public literature consistently
describes: (i) LPP Sn plasma at the source; (ii) a collector that images into
the IF; (iii) optional SPFs at the IF to suppress out-of-band (OOB) light;
and (iv) operation with hydrogen background gas for contamination control
and debris mitigation (and the consequent formation of a weak EUV-induced
H, plasma in the beam path).

'Representative public sources: ASML EUV overview; reviews and reports on EUV
sources and spectral purity; and open literature on EUV-induced hydrogen plasma in
scanners.
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OLT-TS measurement concept (OES at the IF)

On OLT-TS we implemented a passive, line-of-sight OES diagnostic to
monitor EUV-induced hydrogen plasma in the vicinity of the beam IF. Light
from the plasma volume is collected through the chamber’s sapphire window
and transported to a Czerny—Turner spectrograph equipped with a gated
ICCD. The collection optics (relay lenses and a vacuum feedthrough fiber)
were arranged to image the IF region onto the fiber core while respecting
the fiber numerical aperture. The same optical chain and data-reduction
workflow used on the EBL2 beamline (Delft) were employed here, allowing a
direct comparison between facilities. A schematic overview of the exposure
chamber and the diagnostic line of sight is shown in Fig. C.1.

EUV beam

DN40 flange |x8

Imagining
ellipsometer

Figure C.1: Scheme of exposure chamber.

Field of view and focus. The relay was adjusted so that the collection
depth of field spans the IF and a small axial region around it. Alignment was
performed with visible surrogate beams and fiducials on the chamber, and
verified by maximizing EUV-driven emission signals during test exposures,
without revealing internal dimensions or optics placements.

Spectral ranges and targets. Spectra were recorded in two windows: (i)
385-395nm for N (FNS) checks during mixture tests; and (ii) 600-635nm
for the Hy Fulcher-a Q-branch analysis (Q1 lines of v = 0-3), which is used
to retrieve rotational temperatures and ground-state projections as detailed
in Chapter 3 and Chapter 5.

Timing and gating. [CCD gate widths in the tens—hundreds of ns range
were employed to resolve the prompt EUV-driven phase and the early after-
glow. The trigger was synchronized to the EUV exposure timing provided
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by the tool control, with fixed delays stepped across the exposure window
to build time histories. (Exact trigger interfaces and electronic timing paths
are excluded.)

Calibration and data processing (as wused
throughout the thesis)

Wavelength calibration was performed with a pen lamp in the identical
optical configuration. Radiometric response was characterized with a cali-
brated broadband source where available; otherwise, relative-response correc-
tions C'(\) were used. The instrumental function (Gaussian width) was deter-
mined previously to the measurements in the cleanroom and used to constrain
Gaussian (or Voigt) fits of Fulcher Q-branch lines. Rotational temperatures
Trot(d,v") were obtained from three-line Boltzmann plots (QL(N' = 1,2, 3))
and projected to Ty,s via rotational-constant ratios. Vibrational populations
were formed from response-corrected band sums, using Franck—Condon fac-
tors for back-projection as in the main text.

C.5 Operating environment (public aspects)

In line with public reports for EUV exposure platforms, experiments were
carried out in low-pressure hydrogen (and selected Hy /Ny mixtures) represen-
tative of scanner-relevant ambients. The formation of a weak EUV-induced
plasma in Hy at the beam spot is well known in the literature and under-
pins hydrogen-based mitigation of carbon contamination on optics; the same
phenomenon enables OES diagnostics of the transient plasma here.

Differences versus EBL2 (what matters for this
work)

The two facilities use different EUV source types and operating regimes:

e OLT-TS: tin LPP source of the same class as ASML lithography ma-
chines, operating at ~50 kHz repetition rate with scanner-level in-band
power at the IF. The platform is an integrated exposure tool with a
hydrogen ambient.

e EBL2 (Delft): tin LDP source, typically operated around ~3kHz
(optimal). The in-band EUV power is of a similar order but somewhat
lower than scanner tools.

For OES, these differences mainly affect the temporal structure and pho-
ton flux per pulse. Our diagnostics (collection optics, spectrograph, and
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gated ICCD) and analysis workflow were kept identical across both facilities;
gate widths and delays were chosen to resolve the prompt EUV-driven phase
and early afterglow in each case. Where comparisons are shown, signals
are normalized to exposure dose so that Fulcher-based temperature trends
remain directly comparable between OLT-TS and EBL2.

C.7 Safety and non-disclosure

All alignments were performed with interlocks active and without ex-
posing personnel or equipment to EUV radiation. No internal mechanical
drawings, distances, mirror specifications, or timing schemas of OLT-TS
are reported here. Only generally available information about EUV sources
(LPP/LDP Sn plasma, collector, IF, SPFs, Hy ambient) is referenced, and
the spectroscopic workflow is identical to that already documented elsewhere
in this thesis.

Summary. This appendix establishes how the OES diagnostic was coupled
to the OLT-TS exposure chamber (via the sapphire window, focused at the
[F) and clarifies that analysis follows the same, previously validated Fulcher-
based workflow used on EBL2. The description is limited to publicly available
information about EUV sources and to non-sensitive details of the optical
chain.
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Motivation and role of EBR

Electron Beam Research (EBR) provides a clean, configurable testbed to
emulate key conditions of EUV-induced plasmas under scanner-relevant pres-
sures while keeping all active source hardware outside the exposure chamber.
Ion and radical fluxes, radical-to-ion ratios, and few-eV peak ion energies
can be reproduced with continuous-wave (CW) or pulsed operation (pulse
durations from hundreds of ns to 1 s, repetition rates from 1 to 100 kHz).
The temporal evolution of EBR plasmas in pulse trains (build-up, plateau,
decay) qualitatively mirrors that of pulsed EUV-induced plasmas, enabling
mechanism-by-mechanism comparisons for plasma—surface interaction stud-

ies [72,75].

EBR system overview

The EBR platform is a low-pressure, differentially pumped system in
which a high-current, monoenergetic electron beam is injected into Hy (and
other gases) to produce plasma by electron-impact ionization. The archi-
tecture employs two vacuum chambers connected by a 10mm orifice: the
first houses the electron gun (e-gun), the second is the exposure/diagnostics
chamber. This physical separation isolates all active source hardware from
the exposure volume, reducing contamination risks relative to in-chamber
sources [72]. A schematic cross-sectional view of the setup is shown in
Fig. D.1.

Electron gun, extraction, and focusing

The e-gun (TES-63-ES, Polygon Physics) employs a micro ECR source
that operates at 0.5-5Pa within the ECR cavity. Ignition uses 5 W of mi-
crowave power; electrons are extracted with a 0-3000V bias, which sets their
kinetic energy, and focused by an Einzel lens (0-3000 V) to pass through the
10 mm orifice. Mechanical pre-alignment is performed with a port-aligner,
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Figure D.1: Schematic cross-sectional view of the EBR setup contain-
ing a port aligner (1) used for mounting an e-gun (2) onto a smaller
vacuum vessel (3), which is connected via a 10mm orifice (4) with a
main exposure chamber (5). A sample stage (6) consists of three 1cm
spacers and a top, water-cooled plate (7), which has openings for two
lin. samples. The stage is positioned on a rail (8), which allows for
stage movement along the x axis. Reproduced from [72].

and a Faraday cup behind the orifice is used to optimize transmission (mea-
sured > 92% after optimization). The beam current is controlled via the
ECR cavity pressure and microwave power; typical operating range is 0.1—
30mA (specification up to 50mA). Reported electron energies span 500—
2000eV [72].

Exposure chamber, pumping, and sample han-
dling

The exposure chamber is pumped by a 1801/s turbomolecular pump
(Pfeiffer TMU 2000M), achieving a typical base pressure of 2 x 1075 Pa with-
out bakeout. The sample platform consists of a copper/alloy mount with a
water-cooled top plate. The y position relative to the beam can be adjusted
using three removable 1cm spacers; a linear guide enables translation along
x with respect to the orifice. The stage accommodates two seats for 1inch
samples and cover plates, with threaded holes for mounting sensors [72].
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Gas handling and operating conditions

High-purity gases (Hs in the reported experiments, with Ny and Ar also
possible) are dosed into the exposure chamber using a mass-flow controller
(Alicat MC500). Typical operating pressures are 1-10 Pa. Plasma ignition
in Hy occurs immediately when the beam enters the gas-filled chamber and
is visible as a faint violet glow. The absence of antennas/electrodes in the
exposure chamber minimizes hydrogen-induced outgassing compared with
microwave/RF sources that place hardware in vacuum [72].

Ion-energy and radical diagnostics

Ion fluxes and ion energy distribution functions (IEDFs) are measured
with a retarding field energy analyzer (RFEA, Semion, Impedans). In
continuous-wave operation at 10 Pa Hy and electron energy E. = 1000¢eV,
the maximum ion flux reaches 6 x 10"¥ m~2s~! with a peak ion energy of
about 2eV; the IEDF peak shifts between 2.0 and 2.5 eV as the beam current
is varied. In pulsed mode (500 ns pulses at 50 kHz), the plasma shows a clear
build-up over successive pulses and a decay after the pulse train, qualitatively
resembling pulsed EUV-induced plasmas in scanners |72, 75].

The recombinative H radical flux is measured with a differential ther-
mopile H-Flux Sensor (HFS, dual surfaces with different recombination coef-
ficients). Reported values reach up to 4x10* m=2?s~! at 10 Pa, E, = 1000eV,
and 25 mA [72].

Cleanliness assessment

Cleanliness was benchmarked by exposing a Ru-on-sapphire sample for
8h to Hy plasma (integrated ion dose 1.7 x 10 m~2) and performing post-
exposure XPS. Trace contaminants (Zn, Si, S, P, Sn) totaling 3.4at.% (<1
monolayer equivalent) were observed—superior to off-line microwave/RF
plasma setups and comparable to ECR. Based on this analysis, Stodolna
et al. recommend adding an ultra-clean metallic shroud around the stage to
further reduce residual contamination [72].

Operating notes and comparison to EUV plas-
mas

For H,, maximizing the ion flux typically occurs around E, ~ 1000eV:
at higher energies the electron-impact ionization cross section decreases,
whereas at lower energies competing excitation/dissociation channels become
more prominent. In pulsed operation, EBR reproduces the qualitative tem-
poral evolution of pulsed EUV-induced plasmas (build-up/plateau/decay),



154 Appendix D: EBR setup

despite the absence of EUV photons. Electron-induced secondary emis-
sion from surfaces can partially mimic EUV photoelectron secondaries in
surface processes, supporting cross-comparisons of plasma-surface mecha-
nisms [72,75].
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