
ION DIAGNOSTICS FOR EXTREME ULTRAVIOLET

NANOLITHOGRAPHY



Ph.D. thesis, Vrije Universiteit Amsterdam, 2023
Ion diagnostics for extreme ultraviolet nanolithography
Lucas Poirier

ISBN 978-94-6483-312-6
An electronic version of this dissertation is available at: research.vu.nl

research.vu.nl


VRIJE UNIVERSITEIT

Ion Diagnostics for Extreme Ultraviolet Nanolithography

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van Doctor of Philosophy
aan de Vrije Universiteit Amsterdam,

op gezag van de rector magnificus
prof.dr. J. J. G. Geurts,

in het openbaar te verdedigen
ten overstaan van de promotiecommissie
van de Faculteit der Bètawetenschappen
op vrijdag 6 oktober 2023 om 13.45 uur
in een bijeenkomst van de universiteit,

De Boelelaan 1105

door

Lucas Raphaël Poirier

geboren te Parijs, Frankrijk



promotoren: dr. O.O. Versolato
prof.dr.ir. R. Hoekstra

copromotor: dr. J. Sheil

promotiecomissie prof.dr. H.L. Bethlem
prof.dr. E. Sokell
prof.dr. N. Lopes Cardozo
dr. J. Beckers
dr. S. Brussaard

The work described in this thesis was carried out at the Advanced Research Center for Nano-
lithography (ARCNL), a public-private partnership between the University of Amsterdam
(UvA), the Vrije Universiteit Amsterdam (VU), the University of Groningen (RUG), the
Netherlands Organisation for Scientific Research (NWO), and the semiconductor equipment
manufacturer ASML.



contents

Introduction 1
EUV lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Thesis outline and summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1 Absolute cross-calibration of a combined electrostatic and time-of-flight analyzer
for energy- and charge-state-resolved spectrometry of tin laser-produced plasma 9
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.2 Experimental setup and methods . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.1 Laser-produced plasma . . . . . . . . . . . . . . . . . . . . . . . . 11
1.2.2 The ESA-ToF energy analyzer . . . . . . . . . . . . . . . . . . . . 11
1.2.3 Faraday cup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.3 Characterization of the ESA-ToF energy analyzer . . . . . . . . . . . . . . 18
1.3.1 Count rate effects . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.3.2 Energy resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.3.3 Detection efficiency . . . . . . . . . . . . . . . . . . . . . . . . . 24

1.4 ESA-ToF and FC cross-calibration . . . . . . . . . . . . . . . . . . . . . . 26
1.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2 High-energy ions from Nd:YAG laser ablation of tin microdroplets: Comparison
between experiment and a single-fluid hydrodynamic model 31
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2 Experimental setup, method and results . . . . . . . . . . . . . . . . . . . 34
2.3 Radiation Hydrodynamic simulations and the RALEF-2D code . . . . . . . 37



2.3.1 Single-�uid single-temperature radiation hydrodynamics . . . . . . 37
2.3.2 RALEF-2D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.4 Plasma formation and expansion . . . . . . . . . . . . . . . . . . . . . . . 40
2.4.1 Initial burst of laser-induced ablation . . . . . . . . . . . . . . . . 40
2.4.2 Second burst of laser-induced ablation . . . . . . . . . . . . . . . . 43

2.5 Ion Kinetic Energy Distributions: Experiment and Simulation . . . . . . . 46
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3 Energy- and charge-state-resolved spectrometry of tin laser-produced plasma
using a retarding �eld energy analyzer 53
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.2.1 Laser-produced plasma (LPP) . . . . . . . . . . . . . . . . . . . . 55
3.2.2 The retarding �eld energy analyzer (RFA) . . . . . . . . . . . . . . 55

3.3 Method of data processing . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.4 RFA spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4 Strongly anisotropic ion emission in the expansion of Nd:YAG-laser-produced
plasma 69
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.2 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.2.2 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3 Radiation-hydrodynamics simulations . . . . . . . . . . . . . . . . . . . . 74
4.3.1 RALEF-2D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.3.2 Application of RALEF-2D . . . . . . . . . . . . . . . . . . . . . . 75
4.3.3 Ion distributions from simulation . . . . . . . . . . . . . . . . . . 75

4.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.1 Ion emission anisotropy . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.2 Angular distributions of number, momentum, and energy . . . . . . 81
4.4.3 Droplet plasma propulsion . . . . . . . . . . . . . . . . . . . . . . 83

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5 Laser-intensity dependence of ion emission from Nd:YAG-laser-produced plasma
expanding into vacuum 89
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91



5.2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2.2 Ion diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.3.1 Intensity dependence of charge-resolved ion energies . . . . . . . . 92
5.3.2 Empirical scaling ofz.E/ . . . . . . . . . . . . . . . . . . . . . . 100
5.3.3 Intensity dependence of charge-integrated ion energy spectra . . . . 103

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6 Evidence of production of keV Sn+ ions in the H2 bu�er gas surrounding a
Sn-plasma EUV source 111
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.2 Experiment: methodology and data . . . . . . . . . . . . . . . . . . . . . . 114
6.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Conclusion & outlook 127

Bibliography 133

List of Publications 145





introduction

Lithography

The process of inscribing patterns and characters onto substrates is intimately connected to
the ability to communicate ideas and to tell stories � from prehistoric rock and bone carving,
to state-of-the-art silicon-based electronics.

This connection is best exempli�ed by the late 15th-century invention of the printing press
by goldsmith Johannes Gutenberg in Germany. The improvement in quality and quantity of
communication imparted by the printing press allowed for the rapid spread of ideas starting
in the late 15th, early 16th centuries. The newborn technology assisted the escalation of
religious and societal turmoil after the famous incident of 1517, when Augustine monk
Martin Luther vehemently opposed 95 theological stances held by the Catholic church.

Countless pamphlets (Flugschriften) and artworks (e.g., woodcuts, see Fig. 1) supporting
the reformed ideas of Luther were produced by the detractors of the Catholic Church. The
pamphlets were printed and distributed throughout the Holy Roman Empire; they contributed
to the great popularity of the Reformation in the Empire. Such a pamphlet is shown in
�gure 1; the pamphlet depicts the pope Adrian VI being carried into �ames by chimerical
demons, where a few individuals � namely a monk-like �gure � are being consumed by
the inferno. Such representations, loaded with symbolism, turned out to be a very e�ective
means of propaganda; the larger part of the intended audience could not read nor write but
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Figure 1: �Descent of the pope into hell� (woodcut print), Lucas Chranach the Elder, printed in the
Passional of Christ and Antichrist, written by P. Melanchthon and J. Schwertfeger, in Wittenberg in 1521.
Pamphlet distributed in the Holy Roman Empire as propaganda against the papacy (see Ref. [1] for more
detail on the woodcut and on the Passional).

could certainly recognize the pope, bearing his tiara and chasuble. By the end of the 16th
century, new ideological and political aspirations had transformed a large part of central
Europe thanks to the rapid development of the printing press.

A parallel can be drawn with the late 20th century Digital Age revolution, which also
brought about profound societal and lifestyle transformations. This new technological
paradigm was instigated by developments in photolithography � the process of carving mi-
croelectronic components from silicon, using light as a chisel � which enabled the progress
of microelectronics, with the invention of the transistor in 1947. From the multitude of free,
instantaneous, and user-friendly communication channels, to the explosion of social media
and hand-held electronic devices, silicon-based lithography has set its ubiquitous footprint
on the modern world.
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EUV nanolithography

In a manner of speaking, nanolithography is the modern-day counterpart of the printing press.
In essence, light is used to carve integrated circuits (ICs) with nanometer precision on high-
purity silicon substrates. Integrated circuits are the building blocks of modern electronics.
Further development and optimization in nanolithography are extremely expensive and
technologically demanding, and access to the technology even plays a major role in worldwide
diplomatic relations.

The wavelength of the light used for patterning determines the smallest achievable feature
size, known as the critical dimension (CD): CD × � _NA, where� is the wavelength of
the light used for patterning andNA is the numerical aperture of the optical system used
to transport the light to the silicon substrate.CD is currently smaller than 7 nm. The ever-
growing hunger for faster and smaller electronics motivates the search for light sources
with ever-smaller wavelengths. State-of-the-art integrated chips include on the order of one
hundred billion transistors. For more than two decades, the industry has been developing
EUV nanolithography machines that rely on tin laser-produced plasmas (LPP) for producing
very short,13:5nm EUV light. In an LPP light source, a laser is used to rapidly heat up
a liquid tin target. The target material is transformed into a plasma made up of positively
charged ions and negatively charged electrons. The ions are electronically excited primarily
by the impact of plasma electrons. In turn, they release the excitation energy by emitting light
on a broad wavelength spectrum. Many parameters can be tuned to change the characteristics
of the EUV-producing plasma: drive laser pulse wavelength and intensity, multi-laser pulse
schemes, target volume,etc. The nanolithography research community is very dynamic and
puts great e�ort into developing formulas for e�cient EUV production and roadmaps for
the future of nanolithography. A standard metric is employed in the industry to characterize
the e�ciency of the conversion of laser light to in-band EUV:CE = Ein*band_EL , where
EL is the total drive laser pulse energy, andEin*band the so-called �in-band� energy carried
by all photons with wavelength comprised in a13:5 , 1~ nm bandwidth. Only the in-band
light emitted towards a large parabolic 2� sr collector multi-layer mirror (MLM) is used in
the inscribing process further down the line. The rest of the emitted spectrum, the so-called
�out-of-band� light, is discarded.

Both the wavelength of the light and the e�ciency associated with its generation are
of great importance for further developments in nanolithographic technology. Aside from
the production of EUV light in the EUV source and its transport to the silicon wafer using
multi-layer mirrors, other challenges are to be addressed by the nanolithography research
community. Notably, the cleanliness and long-term �delity of the EUV source are jeopardized
by the emission of energetic ions from the tin plasma.
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Ion emission from laser-produced plasma

Tin laser-produced plasmas can produce EUV radiation with great e�ciency (above 5%
CE for current state-of-the-art EUV sources, using a 10� m CO2 laser light for driving the
LPP). However, producing hot and dense plasma comes at the cost of generating particles
with high kinetic energy and charge. Typically, tin ions can reach velocities up to 104 or
105 m/s; particles �ying around a nanolithography machine source vessel at such speeds are
detrimental to the lithographic process. Sputtering and implantation are the main vectors of
lifetime reduction of EUV optics, namely the MLMs that carry the EUV light from the source
to the wafer, and with it the source performance. EUV source performance is contingent
on the preservation of the �nely tuned optical properties of the collector mirror. Relevant
to the sputtering and implantation processes are the energy, the ionic charge state, and the
spatial dependence of the ion emission. These properties determine the nature of the possible
damage they may cause. It is therefore crucial to identify the main experimental parameters
that determine the ion spectra. In industrial EUV sources, di�erent strategies are used to
alleviate the damage caused by ions and neutrals. One strategy relies on a bu�er gas �ow
around the tin LPP to reduce the kinetic energy carried by the drifting particles, in a process
called stopping. Other strategies used in the industry involve magnetic de�ection of the ion
�ow. Designing schemes through which damages are minimized requires a comprehensive
understanding of particle emission.

In this Thesis, we aim to answer open questions related to ion emission in EUV sources,
and its signi�cance for the optimization of light source performance:

What physical processes and what experimental parameters give structure to the
kinetic energy and charge state distributions of the emitted ions?
Corollary to this question, how can the ion emission be tailored for optimal EUV
source performance and long-term �delity?

Ion detection and characterization is no easy task, involving careful calibration of the
detectors to elucidate the measured signals. Besides, complementary analytical and numerical
studies are challenging both numerically and on the fundamental level. Ion emission from
tin LPP constitutes a challenge for EUV source manufacturers and for plasma physicists.

Experimental investigation

At the Advanced Research Center for Nanolithography (ARCNL), EUV source physics is
investigated experimentally, and in complementary ways. A complete diagnostic toolkit is
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employed to characterize the plasma. In-band and out-of-band light are measured using
photodiodes and spectrometers. Liquid tin deformation upon laser impact is also studied, with
the goal of designing the optimal target pre-formation scheme for EUV production. Lastly,
tin ions emitted from the plasma are carefully investigated. This Thesis focuses on ionic
emission, which is shown in this Thesis to carry the dominant fraction of mass, momentum,
and kinetic energy over the emission of neutral tin atoms.

It is very challenging to detect ions directly in the plasma; instead, they are detected
far (around 1 m) from the plasma. Ion trajectories are assumed to be radial and ballistic.
Knowing the distance between the LPP and a detector, the velocity (and kinetic energy) of
ions can be conveniently derived from their measured several 10 microseconds-long time of
�ight TOF(that is, the duration of their �ight from the plasma to the detector). In addition,
ions with di�erent charge state react di�erently to electrostatic �elds; this principle is utilized
to resolve ion charge.

At ARCNL, we use various types of detectors: (i) Faraday cups (FCs), which detect
ion currents, integrating all di�erent ion charge states, and therefore losing information on
charge state distribution; (ii) an electrostatic analyzer (ESA), which detects ions and is able
to resolve the charge of detected ions; and (iii) retarding �eld analyzers (RFAs), which are
modi�ed FCs, also able to resolve ion charge. A signi�cant portion of the work presented in
this Thesis tackles the meticulous calibration of the detectors used at ARCNL. We next apply
the calibration and methods developed to experimentally study the angular and charge-state
resolved ion kinetic energy distributions under a broad range of EUV source conditions in
the experimental setups at ARCNL.

Analytical and numerical investigation

Analytical solutions to the problem of the expanding plasma give important insight into the
ion kinetics. However, such solutions are typically only available for strongly simpli�ed
representations of the entire physical problem given the interaction of many complex physical
processes. Important contributions to this topic include those of Murakami [2] and Mora [3]
building on earlier work of Zel'dovich [4] and many others.

Numerical calculations constitute the main tool for making accurate, fully quantitative
predictions. A standard approach to modelling plasma and its expansion is the particle-
in-cell method, which can treat individual interactions at the single or aggregate particle
level. At high density, where collisions are very frequent, the standard approach involves
modelling the collective behavior of the plasma, in e�ect treating it as a radiating �uid � this
so-calledradiation hydrodynamicsapproach is crucial for ensuring computational tractability.
Radiation hydrodynamics modelling to date has primarily been used to understand the
radiative properties of the hot and dense plasma, but not for studying the plasma expansion. In
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this Thesis we demonstrate that the single-�uid hydrodynamic approach to plasma expansion
accurately reproduces the experimental observations of the ion kinetic energy distributions.

Thesis outline and summary

Chapter 1 presents the cross-calibration of an electrostatic analyzer for the diagnosis of LPP
ions with a charge-integrated Faraday cup detector. The electrostatic energy analyzer and
the channeltron detector are thoroughly calibrated. The e�ect of counting-mode count rate
saturation is also taken into account. Charge-resolved and charge-integrated ion spectra are
presented for a tin droplet LPP experiment.

In Chapter 2, we compare ion energy distributions obtained with our electrostatic analyzer
with those obtained using the 2D radiation hydrodynamic code RALEF-2D. A single obser-
vation angle of 60ý is considered. The numerical code manages to reproduce the relevant
spectral features, namely a prominent peak feature observed at high-energy (about 2 keV).
The origin of the peak is unraveled through the inspection of density and velocity lineouts
captured along the 60ý direction. The peak is attributed to the formation of a high-speed
density shell. This shell forms due to the high-speed material plowing into slower material.

Chapter 3 presents the absolute calibration of a retarding �eld analyzer. The operating
principle of the instrument, namely the retarding �eld method, is described as well as the so-
called �bottom-up� post-processing scheme. Charge-resolved and charge-integrated spectra
are produced and are found to be in good agreement with previous observations. The energy
resolution of the device is also obtained from the recorded data.

Chapter 4 builds on the preceding RFA calibration by investigating charge-integrated ion
emission from tin droplet LPPs at seven di�erent angles around the plasma. A prominent
peak in charge-integrated ion energy spectra is observed most prominently in the frontward
direction (opposite of the direction of laser propagation). A more complete description of
the high-energy expansion front is presented, highlighting the strong angular dependence
of the expansion front. RALEF-2D simulations provide insight into the anisotropy of the
ion emission: the expansion is produced upon absorption of the laser pulse peak intensity by
the front side of the plasma, while the back side of the plasma remains colder and denser,
despite some hot material �ow from the front to the back of the plasma.

Chapter 5 investigates the scaling of LPP ion emission properties with laser pulse intensity
(in the range of 0.4 � 40•10 10 W/cm2) by studying individual charge states 1+ to 8+. At
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small angles with respect to the direction of the incoming laser pulse, high-energy bunch-
ing is observed in ion energy spectra of high charge states (charge above+4e), giving a
double-peak structure to the spectra. For a given observation angle, ions bunch up at the
same energy: we link this bunching phenomenon with the high-energy bunching observed
in charge-integrated spectra that was associated with a fast, forward-facing expansion front
(cf. Chapter 4). We report a power-law dependence of the positions of the two peaks with
varying laser intensity; this empirical dependence is in line with expectations from analytical
considerations. Surprisingly, we �nd isotropic scaling of spectral feature positions with laser
intensity, whereas the ion energy spectra themselves exhibit strong anisotropy. Lastly, we
also report a universal power-law scaling of the average energy-dependent charge statez.E/.

Chapter 6 explores the use of bu�er hydrogen gas for ion damage mitigation in EUV sources.
Speci�cally, the e�ect of charge exchange between tin ions and hydrogen gas is studied
experimentally using an RFA. At low hydrogen pressures (10*6 � 10*4 mbar), ion energy
spectra show a rapid decrease in overall charge, while the total number and energy of ions
are mostly conserved. At higher pressures, the number of ions slowly decreases, with all ions
eventually becoming either singly or doubly ionized. Interestingly, the electron capture from
the bu�er gas by Sn2+ ions to produce Sn+ is endothermic, if considering only the electronic
ground states of the ions. However, we observe a signi�cant number of 1+ ions produced
at intermediate hydrogen gas pressure. To explain the production of Sn+ ions, we propose
that their generation is due to electron capture by metastable Sn2+< ions. Our proposal is
supported by model simulations using atomic collision cross sections to track the charge
states of Sn ions while traversing the H2 bu�er gas.

In theConclusion, we summarize the key �ndings of this Thesis and present an outlook
for future measurements. We expand our studies on the universal scaling of the energy-
dependent average charge statez.E/ and apply it to accurately predict the propulsion speed of
pre-deformed droplets directly from charge-integrated Faraday Cup data and provide further
examples of the universality of the scaling relation.





chapter 1
Absolute cross-calibration of a combined
electrostatic and time-of-�ight analyzer
for energy- and charge-state-resolved
spectrometry of tin laser-produced plasma
Lucas Poirier, Alex Bayerle, Adam Lassise, Francesco Torretti, Ruben Schupp, Lars Behnke, Yahia
Mostafa, Wim Ubachs, Oscar O. Versolato, and Ronnie Hoekstra
Applied Physics B128(39), 1432-0649 (2022).

We present the results of the calibration of a channeltron-based electrostatic
analyzer operating in time-of-�ight mode (ESA-ToF) using tin ions resulting

from laser-produced plasma, over a wide range of charge states and energies. Speci�cally,
the channeltron electron multiplier detection e�ciency and the spectrometer resolution
are calibrated, and count rate e�ects are characterized. With the obtained overall
response function, the ESA-ToF is shown to accurately reproduce charge-integrated
measurements separately and simultaneously obtained from a Faraday cup (FC), up to
a constant factor the �nding of which enables absolute cross-calibration of the ESA-ToF
using the FC as an absolute benchmark. Absolute charge-state-resolved ion energy
distributions are obtained from ns-pulse Nd:YAG-laser-produced microdroplet tin
plasmas in a setting relevant for state-of-the-art extreme ultraviolet nanolithography.
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1.1 Introduction

Laser-produced plasma (LPP) has found its way to a variety of applications in science and
technology ranging from laser-induced breakdown spectroscopy [5] and plasma accelera-
tors [6], to sources of extreme-ultraviolet (EUV) light for nanolithography [7]. Sources of
EUV light rely on the e�cient production of highly-charged ions in the hot (í 100 eV) and
dense (í 10 19*21 e* /cm3) plasma generated by pulsed laser light with intensities spanning
from 109 to 1011 W/cm2 [8]. For nanolithographic tools the wavelength of choice is 13.5 nm,
as for that EUV wavelength multilayer optics exist [9, 10]. For LPP based generation of
13.5 nm EUV light the species of choice is Sn, for which, due to its particular electronic
structure [11], a wide range of charge states (9+ to 15+) emit in a narrow band around
13.5 nm. Besides the desired EUV light, the violently expanding Sn plasma generates ionic
�debris� that may a�ect the lifetime of the light-collecting multilayer optics by,e.g., coating,
implantation or sputtering depending on the energy and charge state of the ions coming
from the plasma. Measurements of the energy and charge state distributions of Sn ions
coming from the LPP also give access to the expansion dynamics of the plasma itself [12�14].
Moreover, accurate data on the energy distributions facilitate the determination of the fraction
of the total energy that is carried by the plasma ions [15].

A whole arsenal of techniques and instrumentation [12, 16�21] has been used to gather
information on the ions coming from an LPP plasma. Ion charge-energy spectra from tin
LPP have been obtained using electrostatic probes [22], Faraday cups (FCs) without [13,
14] or with retarding �elds applied (RFA) [18, 19], electrostatic analyzers (ESA) [20, 21,
23, 24], or Thomson Parabolas (TP) [12]. The simplest measurement tool is the FC with
which one can measure the plasma ion current. In combination with time-of-�ight (ToF)
measurements which become possible for pulsed operation of the LPP source, one obtains
access to the energy of the ions. Placing retarding �eld grids in front of the FC turns
the FC into an RFA, though unraveling charge state and energy is challenging. For high-
resolution energy measurements, electrostatic analyzers (ESA) are optimal. However, since
ESA spectrometers resolve on energy-over-charge-state (equalE_z values are transmitted),
charge-state-dependent energy spectra require the incorporation of ToF techniques. The
absolute detection e�ciency calibration of the whole system is complicated, in particular for
low-energy heavy ions such as Sn ions, since detection e�ciencies of channeltron electron
multipliers (CEM) or microchannel plates (MCP) are very low at energies below about 2 keV
and are strongly dependent on ion energy [25, 26].

In this work, we detail the absolute calibration of the ARCNL ESA operated in a combined
energy and ToF mode to extract the kinetic energy distributions for the di�erent charge states
of Sn ions coming from a Sn LPP EUV source. Typically the Sn ions coming from the
plasma are in charge states of 1+ to 8+ and have energies ranging up to several keV. After
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the description of the experimental setup, the following three aspects of the operation and
calibration of our ESA-ToF spectrometer will be discussed in greater detail: i - particle
detection and counting procedures; ii - the resolution of the ESA; iii - the detection e�ciency
of the channeltron used for ion counting. These topics lay the basis of the energy-dependent
calibration of the ESA-ToF system. Finally the independent calibration of the system will
be compared to the result of a FC measurement. By means of this cross-calibration relative
to the FC, the absolute calibration of the ESA-ToF analyzer is achieved. This calibration is
conducted on a microdroplet tin plasma driven by a 1-� m wavelength ns-pulsed laser under
conditions relevant for producing EUV light.

1.2 Experimental setup and methods

1.2.1 Laser-produced plasma

Our LPP EUV source and auxiliary equipment has been described in detail before [27]. The
components most relevant to this work are brie�y recalled here, see also �gure 1.1. A tin
reservoir is mounted on top of a vacuum chamber (10*7 mbar) and is kept at a constant
temperature of260ýC. From the reservoir, a nozzle produces a 31.5 kHz droplet train of pure,
molten tin droplets traveling along the vertical axis of the vacuum chamber. The microdroplets,
which have a diameter of 28� m, �rst traverse a horizontal light sheet produced from a helium-
neon laser. The light scattered o� of the Sn droplets is detected by a photo-multiplier tube.
The detected signal is frequency down-converted to 10 Hz to enable triggering of the laser
system that creates the plasma. This Nd:YAG laser system produces pulses at 1064 nm
wavelength of 10 ns time duration at full-width at half-maximum (FWHM). The beam is
focused to a Gaussian spot (63� m FWHM) onto the droplets in the center of the chamber.
By using a half-wave plate and a thin-�lm polarizer, the laser pulse energy can be adjusted
without a�ecting the spatial beam pro�le. In the following, the laser pulse energy was set to
112 mJ unless otherwise speci�ed.

1.2.2 The ESA-ToF energy analyzer

After a 1.12-m�ight path from the LPP, ions originating from the plasma enter the ESA
through an input apertureA in with a diameter of about60� m. The ESA is positioned at an
angle of 60ý with respect to the incoming laser beam, in mirror symmetry with a FC. The
radii of the inner and outer de�ection electrodes of the ESA are respectivelyr1 = 190 mm
andr2 = 210 mm. Symmetrical bias voltages of, UESA_2 generate a radial electric �eld
which forces positively charged ions of a speci�c energy-over-charge ratio onto a circular
trajectory in between the cylindrical electrodes (85ý in arclength). Thereafter selected ions
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Figure 1.1: Diagnosing ion emission from Nd:YAG-produced plasma: an ampli�ed (G), biased Faraday
cup (FC) and the electrostatic analyzer (ESA-ToF) are positioned at the same angle with respect to the
Nd:YAG beam direction (see main text).

pass through two grounded aperturesAout (inner diameter 2.5 mm) andACEM (inner diameter
3.4 mm), which are 5.5 mm apart. BecauseA in is much smaller thanAout, the geometrical
transmission of the ESA is close to unity as long as space-charge-driven beam expansion is
not signi�cant. The output apertures shield the electric �elds from the ESA plates from the
�eld of the channeltron electron multiplier detector and vice versa. This allows for changing
the voltages on the CEM without a�ecting the ESA, which is important to determine the
detection e�ciency of the CEM for Sn ions of di�erent energy and charge state (see below).

The pass energyE0, the energy at which ions in charge statez can traverse the ESA
without being intercepted, is related to the voltage di�erence between the electrodesUESA
via [28]

E0

z
=

e UESA

2 ln.r2_r1/
; (1.1)

wheree is the elementary charge. For our ESA,E0_z [in eV] is 5:0 • UESA, with UESA in
V. The ESA �lters ions by their energy-to-charge ratio, consequently 1 keV Sn+ ions cannot
be distinguished from 2 keV Sn2+ ions, 3 keV Sn3+ ions, and so on. For ions with the same
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energy-over-charge ratio, the higher charged ions have higher energy and thus have a shorter
ToF from LPP to ESA. Therefore, by measuring the ToF of the ions passing through the
ESA, one can resolve the ions of di�erent charge states. A 600-MHz Keysight In�niium
oscilloscope with an input impedance of 50
 is used to record the time of their individual
arrival.

Figure 1.2: Measured average time of �ight of Snz+ ions in charge states ofz = 1 * 7 (colored crosses)
for 30 values of thez-scaled pass energy,E0_z. The lines represent �ts to the data with the �ight pathL
as a common �t parameter. The �t yields an ion pathL = 1:470.2/m.

To obtain a charge-state-resolved ion energy spectrum, the pass energyE0 of the ESA
is scanned over the interval of interest by changing the voltageUESA. For eachUESA value,
ToF detector traces are typically acquired for 200 laser shots. Each ToF trace shows distinct
current transients grouped in several ToF intervals. The center-of-mass of such a charge state
cluster arrives at a ToF given byt = L

ù
M _2E0, with L being the total distance between

LPP and the CEM detector andM the average mass of the Sn particles. Sn has 10 stable
isotopes with natural abundances of a couple of percent or more. The most abundant isotopes
are118Sn (24.2%) and120Sn (32.6%), see table 1.1. The average mass of Sn based on its
natural abundances is 118.71 amu.
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Table 1.1: Masses and natural abundances of stable Sn isotopes.

isotope mass (amu) abundance (•10 *3 )
112 111.9 9.7
114 113.9 6.6
115 114.9 3.4
116 115.9 145.4
117 116.9 76.8
118 117.9 242.2
119 118.9 85.9
120 119.9 325.8
122 121.9 46.3
124 123.9 57.9

Using this average mass of Sn, �gure 1.2 shows the ToF of ion bunches for di�erent pass
energies and charge states. In the �gure, the lines areL

ù
M _2E0 �ts, with L as a global �t

parameter. The �ts yield a commonL value of 1.470(2) m, which is is in close agreement
with the actual measured distance of 1.476 m. The fact that for all energies and charge states
the data are almost perfectly �tted indicates that e�ects of stray electric and magnetic �elds
can be neglected, since they would a�ect di�erent charges and energies di�erently.

The charge state resolution is limited by the width of the isotope distribution. For Snz+

with the same pass energy [Eq. (1.1)], at a speci�c charge statezmax the lightest isotopes
of that charge state have the same ToF as the heaviest isotopes with chargezmax + 1. The
isotope distributions of adjacent charge states start to overlap. For Sn ions this happens in
our analyzer at9+.

The individual ToF traces are post-processed via software for an optimal registration of
particle counts. Corrections for count rate or dead time e�ects can subsequently be applied
(see below). After sectioning the ToF traces into di�erent charge state clusters, an algorithm
looks for individual transients with amplitudes larger than a given threshold, separated by
a minimal time� set by the dead time of the channeltron. In case of high count rates, a
correction factor for pile-up e�ects� CR is determined by considering the yields of the Sn
isotopes separately, see section 1.3.1.

After the count rate corrections, two more instrumental correction factors need to be
considered for the conversion of the numbers of detected ions per each charge per pass energy
into a charge-state-dependent energy distribution,dNz.E/_dE. Namely, those corrections
are the pass-energy-dependent energy-bin width� E .E/, and the energy- and charge-state-
dependent detection e�ciency� det.

Our type of ESA operates in a �xed� E .E/ _E mode [28], implying that the energy
interval within which ions can pass the ESA increases linearly with pass energy. Based on its
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mechanical properties one expects a� E .E/ _E ratio close to 1% following Ref. [28].
In section 1.3.3 the energy- and charge-state-dependent detection e�ciency� det of the

channeltron (a gridded Photonis 4502 extended dynamic range channeltron) mounted to the
ESA-ToF system is determined. The impact energy (Eimp) of the Sn ions impinging on the
channeltron determines the detection e�ciency� det and is equal to.E0 + zUhead/ with E0 the
pass energy of a Snz+ ion andUheadthe voltage on the head of the channeltron. By scanning
the voltage on the head of the channeltron while keeping the pass energy �xed, the energy
dependence of� det is established. For a complete mapping of the dependence of the detection
e�ciency on charge state and energy, the procedure is repeated for a series of pass energies
and charge states.

Finally, to assess the overall calibration of our ESA-ToF analyzer, a cross-calibration
with Faraday cup data is conducted. This requires the solid angle�
 of the ESA-ToF to also
be taken into account. The comparison with the charge-integrated FC data is carried out by
summing the contributions from di�erent charge-state-dependent ion energy distributions
d2N z.E/_dEd
 :

d2Q
dEd


=
É

z

ez
d2N z

dEd

ù

É

z

ezNm
z .E/

� CR � det � E .E/ �

; (1.2)

with the last equality true up to a common prefactor of order unity value, related to the
de�nition of the resolving power� E (see section 1.3.2).N m

z .E/, the single-shot measured
number of ions with energy in the intervalE , .� E.E/_2/, is corrected by� CR and� det.
Converting these distributions [Eq. (2.3)] into an integral ion current enables a straightforward
comparison to the FC measurements.

1.2.3 Faraday cup

At an angle of 60ý with respect to the incoming laser beam (see �gure 1.1), a Faraday cup is
mounted onto the LPP chamber to ensure comparability with the ESA-ToF measurements.
The FC (FC-73 of Kimball Physics) with an entrance aperture diameter of 5 mm collects
charge-integrated ion current at a distance of 55 cm from the LPP. The FC consists of a
grounded shield, a suppressor grid negatively biased at*100 V, and a collector cup biased
at -30 V (refer to the sketch of �gure 1.1). The negative bias on the suppressor grid and
cup blocks electrons emanating from the plasma, and suppresses the escape of secondary
electrons from the cup.

For its potential use as a Retarding Field Analyzer, the FC contains four grids, each with
a given optical transmission of 80% per grid reducing the overall transmission to 41%. The
signal measured by the FC-73 was compared to that measured by an open (grid-less), in-house
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built FC, placed at the same angle with respect to the laser direction. Figure 1.3 shows the
two ToF traces, corrected to account for small di�erences in distance to the plasma and for
detection solid angle. For both FCs, the signal was not ampli�ed but instead measured across
a 10 k
 shunt resistor. The two measured ion currents are in very good agreement. The
remaining small di�erence att = 0 ns is indicative of the fact that the gridded FC provides
for better suppression. In the subsequent comparison with electrostatic analyzer data, the
signal of the gridded FC (FC-73 of Kimball Physics) is used, corrected for the here validated
41~ transmission factor.

Figure 1.3: Examples of ion currents as measured by the grid-less, open FC (black line) and by the
four-grid FC (red line) corrected for a transmission of 41%. Signals were not ampli�ed. The time of �ight
and the ion current axes are corrected for the slight di�erence in distance to the plasma (here 0.62 m for
the open FC and 0.67 m for the gridded FC).

In the following measurements, with the aim to facilitate a comparison of FC and ESA-
ToF, we bu�er the gridded FC with a trans-impedance ampli�er with a gain of 25 kV/A and
a bandwidth of 25 MHz. The ampli�er consists of two stages. The �rst, a trans-impedance
stage with 5 kV/A gain, is based on a high speed operational ampli�er (OPA847 of Texas
Instruments) with a low input current noise of 2.5 pA/

ù
Hz and a gain bandwidth product

of 3 GHz. This stage is followed by a non-inverting output stage (OPA691) with tenfold



1.2. Experimental setup and methods 17

Figure 1.4: The ampli�ed signal of the gridded FC (black line) vs raw signal (red line). The total
collected charge (inset) is very similar for the two readout methods, with an accumulated charge of 2.0� C
some 60� s after the generation of plasma.

ampli�cation. The output impedance of the ampli�er is 50
 . Due to the fast response of
the ampli�er, deconvolution of the measured signal from the measurement electronics is not
necessary in order to accurately re�ect the ion current impinging upon the collector.

An additional experiment was conducted to con�rm the gain of the trans-impedance
ampli�er. Using a stable tin droplet plasma source for generating ions, the ion current was
assessed twice with the same FC: with and without ampli�cation. The ToF traces are presented
in �gure 1.4. The fast response time of the ampli�er is apparent in the ampli�ed signal (black
line), whereas the raw signal (red line) su�ers from a large RC time, on the order of several
microseconds (consistent with an expected RC time ofRC ù 10 k
 •400 pF = 4:0� s). Both
time-integrated currents (i.e., the time-dependent collected charge) converge to a common
value ofí 2 :0 � C, as illustrated in the inset. The ampli�er gain is therefore established to
be equal to its expected value of 25 kV/A. Measured ion transients have a typical duration
on the order of several 10� s. Our ampli�er, providing an ampli�ed capacitive readout of
the FC, was designed accordingly to have a fast current ramp-up (ns) and a particularly slow
(negative) charge re-�ow (tens of ms).
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1.3 Characterization of the ESA-ToF energy analyzer

1.3.1 Count rate e�ects

Averaged over the full duration of a ToF spectrum taken at a speci�c scaled pass energy
(E0_z), the count rates are not very high, but as shown in subsection 1.2.2 the ions arrive at
the detector in single charge state batches. Typical bunch lengths are on the order of 1� s,
therefore a batch of just 100 Snz+ ions corresponds to a rate of no less than 100 MHz. Even
for instrumental dead times of the order of nanoseconds, such high count rates imply that the
di�erent types of detector dead time need to be considered.

When a single Sn ion impinges onto the head of the channeltron and releases an electron
from the channeltron's surface, it triggers an avalanche of electrons, which is sustained by a
large bias voltage (typically in the 2 to 3 kV range) across the channeltron. The avalanche of
electrons is collected by an anode at the tail of the channeltron, producing a current transient.
This transient charge current associated with the avalanche of electrons is a few ns long
and can be picked up by standard data acquisition electronics (we use a 600 MHz Keysight
In�niium oscilloscope). Such an electron avalanche temporally lowers the potential over
the channeltron. Subsequent ion impacts on the channeltron may thus produce signals with
a smaller amplitude until the gain of the detector is fully recovered. This phenomenon is
exempli�ed in �gure 1.5.a where a height distribution of channeltron pulses is shown for
Sn5+ ions at a scaled pass energyE0_z of 355 eV which corresponds to a kinetic energy of
1775 eV for Sn5+ ions. Time of �ight traces accumulated over �ve laser-shot produced LPP
plasmas are shown. As expected, a decrease in the signal amplitude is observed at high count
rates. While at the start of the batch a*25 mV detection threshold would be appropriate to
distinguish real counts from background and noise, later on in the batch such a threshold
would rule out some real counts. By making use of a dynamic threshold equal to half of the
local average amplitude of the signal peaks, an unnecessary loss of counts is prevented. The
ion detection peak signals are several ns wide, and often extended with a shoulder feature
and low-amplitude ringing signals. By setting a 10 ns-wide software dead time, it is ensured
that these features are not counted separately. This software dead time of 10 ns is taken as
the (non-extending) dead time� np of the ESA-ToF detector.

Depending on the properties of the detector system, two basic types of dead time can
be identi�ed,e.g.[29], i - non-extending (or non-paralyzed) or ii - extending (or paralyzed)
ones. Basically, after the registration of a �rst particle on the detector, if a second one hits
the detector within the dead time (� ) of the system, depending on the detector properties, the
system's dead time will not (type i) or will (type ii) be extended. Being able to judge what is
the leading type of deadtime requires an accurate knowledge of the types and numerical values
of all relevant dead times. In a wide variety of �elds, from nuclear and high-energy detector
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research, via photon science at synchrotrons, to biomedical imaginge.g.[30�33] further
extensions are made, for instance by introducing longer software dead times, determining
time distributions between recorded events, or using hybrid dual dead time descriptions to
cope with high count rates.

Given the 10-ns software deadtime, which is relatively long compared to the transient
pulse width, we can e�ectively view our detector as having a constant, non-extending dead
time. For a detector with such a constant dead time,� np, to �rst order the measured count
rate (Rm) connects to the actual incoming particle rate on the detector (R) as

Rm =
R

1 + R� np
: (1.3)

For the ESA-ToF system used to diagnose Sn ions coming from the Sn droplet LPP, the
natural isotope distribution of Sn enables us to assess the validity of count rate corrections
based on Eq. (1.3).

Figure 1.5.b illustrates the need for isotope-speci�c count rate corrections. The �gure
presents a histogram of detected ion transients resulting from the acquisition from 200 laser
shots on droplets (the results of �ve acquisitions are shown in �gure 1.5.a for clarity). The
blue line is a least-square �t to the histogram of a sum of Gaussian functions with equal
width, and with amplitudes following the natural isotope abundance of Sn. The three free �t
parameters are i - Gaussian width� , ii - amplitude and iii - centroid time of �ight position.

The �t underestimates the amplitudes corresponding to the heavier and the lighter isotopes.
These count rate e�ects may be highlighted by restricting the �tting range of the histogram
to those sections of the histograms where ion counting is not dead-time-limited,i.e. the low-
abundance isotopes. The yellow line represents the result of such a �t that excludes the area
(shaded yellow in �gure 1.5.b) where count rate e�ects will be most pronounced. The result
clearly demonstrates the under-counting of in particular the most abundant isotopes. The
true number of impinging ions could be obtained from the integral of such range-restricted
�tting. This approach would however eliminate most of the counts from the �tting procedure,
thereby deteriorating the statistical con�dence in the �t. Therefore, in the following, we
employ Eq. (1.3) to obtain the true count rates using all detected hits.

In �gure 1.6, the ToF histogram of the measured number of ions (Sm) for UESA = 71 V
andz = 5 is �tted with the non-paralyzed model (green line) using Eq. (1.3) in tandem with
a spectral distribution function based on the natural isotope abundances (Fi , see Table 1.1)
of Sn and Gaussian ToF distributionsGi .t; ti ; � / for each of the isotopes, witht the time
of �ight, ti the centroid ToF of isotopei, and� the the preset Gaussian width common to
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Figure 1.5: Panel (a) shows examples of ESA-ToF transients built up out of �ve traces of 1775 eV Sn5+

(scaled pass energyE0_z = 355 eV). For all traces the ions stem from a LPP plasma produced by 10-ns,
60 mJ laser pulses. The red line indicates the threshold level used to discriminate counts, which are
represented by the red crosses. (b) The corresponding ToF histogram (200 laser shots included) is �tted
assuming a natural Sn isotope distribution (blue line). A similar �t (yellow line) is performed while using
only the low-abundance, lightest and heaviest isotopes (ranges outside the shaded yellow area), which
have the lowest count rate and are the least likely to be a�ected by high count rates. The statistical error
in the number counts per bin is shown in dark gray.

all isotopes (see below section 1.3.2). The spectral distribution function is thus de�ned as³
i FiGi .t; ti ; � /. This yields the following description of the measured number of counts:
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Figure 1.6: ToF histogram of Sn5+ ions of 1775 eV. Fits of the non-paralyzed (green line) and the hybrid
(purple line) models to the data are shown. The range-restricted model from �gure 1.5 is also presented.
Statistical errors of the bin heights are shown in dark gray. The data are identical to those shown in
�gure 1.5 but with thrice the number of bins (see main text). The detected number of ions in the histogram
N m

z .E/ is 7375, and the real number of ionsN as recovered from the model �ts is 12603 and 15455 for
the non-paralyzed and hybrid models respectively.

Sm.t/ = RmTm =
N

³
i FiGi .t; ti ; � /

1 +
³

i FiGi .t; ti ; � /N� np_Tm
: (1.4)

Tm is the time over which the counts per bin are accumulated and is equal to number
of acquisitionsN tr times the bin width� t. A common way to estimate the number of bins
needed to sample a Gaussian function is the square root of the number of counts. Here we
deal with 10 isotopes with partly overlapping peaks, therefore the number of bins is taken as
three times the square root of the number of hits. The histogram bins are distributed over a
time window de�ned by the time of �ight of virtual tin isotopes with 1 mass unit less than
the lightest stable isotope and 1 mass unit heavier than the heaviest one. Note that the sum
of Sm.t/ over the bins within the time window equals the total measured number of ions in
charge statez evaluated at kinetic energyE, N m

z .E/. In addition it should be realized that
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the width of the time window scales inversely with the ToF of the ions. The higher the energy
of the particles, the narrower the time window.

The �t parameter of prime interest isN , the total number of ions triggering the detector.
For comparison purposes, the range-restricted �t (yellow line) is shown in �gure 1.6 along
with a hybrid count rate model �t [34] (purple line), in which an additional paralyzed dead
time of 1.5 ns is included. A good agreement between the histogram and the non-paralyzed
and hybrid models is observed and the heights of all peaks are properly reproduced, in
particular by the non-paralyzed model. Even for this maximum count rate case, a relatively
smallí 20 % di�erence in true number of hits (N ) was obtained comparing the non-paralyzed
and hybrid models (for most data this di�erence is much lower, at the percentage level, see
below). Therefore in the following the simpler non-paralyzed model is used. The ratio
betweenN m

z .E/ andN is the correction factor� CR introduced in section 1.2.2. The model-
related uncertainty can be gauged by comparing the non-paralyzed and range-restricted �ts,
which di�er 7% on average, a number that can be considered as being representative for the
model uncertainty. The average di�erence between hybrid and non-paralyzed outcomes is a
similar 6%.

Figure 1.7 summarizes the count rate correction factor results obtained from �tting
Eq. (1.4) to a large set of ToF spectra covering many charge states, energies (which correspond
to di�erent ToF ranges) and count rates. The inverse count rate correction factor1_� CR is
shown as a function of a scaled e�ective count rate, which allows for the use of a single
set of� CR values for high count rate correction independent of the ToF range in which the
ions are detected. Here, the average scaled count rateR< is de�ned asN m

z .E/_ToFz.E/,
with ToFz.E/ the average ToF of all Sn isotopes in charge statez and with energyE, which
corresponds to the ToF of a Sn particle of average mass of 118.7 amu.R< takes out the fact
that the width of the ToF window in which all isotopes of a speci�c charge statez and energy
E arrive at the detector scales linearly with the ToF. Given that the number of sampling
bins is taken proportional to the square root of the number of detected ionsN m

z .E/, for
the same number of detected ions, the sampling bin widths and thus the count rate scale
with 1_ToFz.E/. The excellent agreement between model and data shows that withR< as
parameter, a common set of correction factor� CR can be used to correct the detected number
of ions for possible high count rate e�ects. Another bene�t is that one does not need to �t
every spectrum to obtain the true number of ions; it su�ces to count the number of detected
hits in the validated range (cf. Fig. 1.7) of count rate values and the corresponding pass
energies.
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Figure 1.7: The inverse count rate correction factor1_� CR versus scaled count rate,R<. The data are
obtained by �tting Eq. (1.4) to the measured spectra. The analytical trend (black line) is calculated on
basis of Eq. (1.4), using a width of the Gaussian functions corresponding to an energy resolution of� E

of 1:1~ (see section 1.3.2).

1.3.2 Energy resolution

As explained in section 1.2.2, the energy resolution of the ESA-ToF is required to derive
absolute ion energy distributions [cf. Eq. (2.3)]. A cylindrical ESA has a constant� E ’
� E_E energy resolution. Experimental data feature smooth Gaussian-like distributions
around each isotopic peak, whereas an ideal ESA would present a discrete and sharp �block�
acceptance interval determined by the geometry of the ESA. The absolute resolution� E
is chosen to be equal towE , the FWHM of the Gaussian distributions following [28]. The
time domain resolution is translated to the energy domain using� E .E/ _E = 2� t .t/ _t. A
common value for� E was seen to be in good agreement with all data, in line with expectations.
An average relative energy resolution� E ’ wE _E0 = 1:1 ~ was extracted by �tting all ToF
histograms.
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1.3.3 Detection e�ciency

The detection e�ciency of a CEM depends on the probability for the impinging particles to
produce secondary electrons by their impact on the CEM surface. For ions in low charge
states the generation of secondary electrons is determined by kinetic electron emission,i.e.,
electrons are produced by the interaction of the projectile particle with electrons on the CEM
surface. The average yield of secondary electrons stemming from kinetic electron emission
increases with impact velocity [35, 36].

Typically, ions that carry more potential energy than twice the work function of the
target material can also generate secondary electrons by means of potential-energy-driven
Auger electron emission [37]. The yield of secondary electrons produced by potential energy
emission is only weakly dependent on impact energy [38].

To accurately reconstruct the number of ions of di�erent energies and charge states
passing through the ESA-ToF, a careful calibration of the channeltron detection e�ciency
is required. Such a calibration can be performed by post-accelerating the ions that passed
through the ESA by applying a suitable bias potential to the detector head. The bias voltage
at the head of the CEM is stepped from zero to*3 :5kV in steps of*100 V while keeping the
voltage across the CEM, and thus the gain, constant at 2145 V. For each CEM head voltage
setting we scanUESA through a small array of voltages (12 for this calibration) to obtain a
range of ionE0_z ratios. The total kinetic energy of the impinging ions isE0 + zUhead, with
Uheadthe voltage on the head of the channeltron. To obtain su�cient data for the low-energy,
low-charge state ions, a hydrogen bu�er gas was added (in between the LPP and the ESA-ToF)
in part of the measurements. The addition of this tenuous bu�er gas increased signi�cantly
the number of singly and doubly charged Sn ions as Sn ions in higher charge states are driven
into lower charge states by means of electron capture from the H2 gas.

Figure 1.8 shows the relative detection e�ciency of the ESA-ToF channeltron obtained
from our calibration measurements. For all charge states of the Sn ions a monotonically
increasing detection e�ciency with impact velocity (deduced from the total kinetic energy)
is observed. The data obtained for each charge state have an arbitrary relative scale, given
that the incoming number of Sn ions of a particular charge state and energy is not known.
The individual, smooth data curves can however be overlapped by minimizing the respective
di�erences in the common impact velocity ranges. A smooth generic curve is obtained,
which describes the energy-dependent calibration of the detection e�ciency after setting
a � Ø = 70% (following Kremset al. [26]) asymptotic value for the maximally obtainable
detection e�ciency. The thus obtained data can be compared to the measurements (red line)
by Kremset al. [26] using Xe ions, being of very similar mass. There is a good agreement
between their and our data. It is of note that the Xe ions have a higher potential energy which
may lead to a small additional contribution to the detection e�ciency of Xe ions.
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For C60 ions where secondary electron emission is solely induced by kinetic energy,
Schlathölteret al. [39] used a semi-empirical description of the detection e�ciency curve,
which incorporates the velocity dependence of kinetic, secondary electron emission [35]:

� det.v/ = a1

0
a2 + tanh

0
v * v0

a3

11
; (1.5)

wherea1
�
a2 + 1

�
= � Ø = 70~ is the maximum detection e�ciency andv the impact

velocity. According to the ion potential energy considerations raised above, onlyz = 1, z = 2
and the high-energyz = 3 data were used for �tting. The resulting calibration curve (black
dashed line) is shown in �gure 1.8, and is in very good agreement with the Krems curve.
The resulting �t parameters area1 = 0:41, a2 = 0:70, a3 = 0:024a.u.,v0 = 0:034a.u. Sn
ions with higher charge statesz > 2 have higher detection e�ciencies due to their additional
potential energies; this e�ect is clearly observed at impact energies below 2 keV.

In the following, the CEM bias is set to*2050 V at which point potential emission of the
higher charge states are negligible compared to the respective kinetic emission and all charge
states can be well described by the single calibration curve shown in �gure 1.8.

Figure 1.8: Absolute CEM detection e�ciency of tin ions as function of impact velocity and energy
E + zUhead. The �t of Eq. (1.5) to the data (see main text) is shown as a black dashed line. The red line
presents data from Kremset al. [26] for the detection of Xe ions.
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The calibrated ESA-ToF can now be employed to accurately characterize ion energy
distributions from the laser-driven plasma. In the following an ESA-ToF spectrum is presented
and critically compared with the charge-integrated FC trace obtained simultaneously.

1.4 ESA-ToF and FC cross-calibration

Figure 1.9 presents the absolute ion charge energy distribution and current as measured by
the ESA-ToF and a FC (see �gure 1.1), after applying the corrections outlined previously.
The data were obtained under experimental conditions similar to those of the calibration but
at a di�erent laser pulse energy of 60 mJ.

Following Deuzemanet al. [13], the conversion from a charge current in time- to energy-
domain is performed using

dQ
dE

=
dQ
dt

dt
dE

= I
t

2E
; (1.6)

wheredQ_dE anddQ_dt = I are the signals in the energy domain (cf. �gure 1.9.a)
and the time domain (cf. �gure 1.9.b), respectively. The contributions from the individual
charge states measured with the ESA-ToF (colored lines, see legend) are multiplied with their
respective chargez to portray the energy distribution of the collected electric charge:

d2Qz

dEd

= ez

d2N z

dEd

: (1.7)

The data indicate the presence of a large range of ion charge states, up toz = 8. Higher
charge states may in fact be present in exponentially low quantities, but here cannot be reliably
detected given their rarity and the maximum resolvable charge state of the ESA-ToF (see
section 1.2). The charge-state-resolved energy distributions have similar, peaked shapes. The
positions of the peaks appear to be a smooth function of chargez. Between 2 and 3 kV the
charge-state-resolved spectra exhibit a common peak, which in turn produces a peak in the
charge-integrated distribution. The peak is followed by a sharp drop-o�; no ions are detected
above 5 � 6 keV.

The overall energy distribution (black dotted line) is the sum of contributions from the
individual charge states:

d2Q
dEd


=
É

z

d2Qz

dEd

=

É

z

ez
d2N z

dEd

: (1.8)

It can be compared to the charge-integrated data acquired with the FC. Figure 1.9.b shows
the ion current detected by both instruments, and processed as described above. To facilitate
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Figure 1.9: (a) Charge-state-resolved ion energy distribution of a Nd:YAG-driven tin droplet plasma
for a laser energy of 60 mJ and a pulse duration FWHM of 10 ns. The charge-state-integrated energy
distribution (black dotted line) as measured by the ESA-ToF is shown along with the measurement from
a Faraday cup (red line). (b) Reconstructed ESA-ToF ion current transient (black dotted line) and the ion
current from the Faraday cup (red line). In panels (a) and (b), the ESA-ToF data are multiplied by an
overall scale factor of 0.25 (see main text).
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a direct comparison of the measured ion currents, the time axis has been stretched by a factor
1_L ESA and1_L FC, and the current axis was multiplied byL ESA andL FC respectively for
the FC and for the ESA-ToF. All data were corrected for solid angle. Ion current traces of
1000 laser shots were averaged for the FC and 200 laser shots for the ESA-ToF. The resulting
current is corrected for the 41% transmission of the four grids. Using Eq. (1.6), the averaged
time of �ight trace (red line in �gure 1.9.b) is converted to the energy distribution of the
total charge collected by the FC (red in �gure 1.9.a). Lastly, using the FC as an absolute
benchmark, an overall scale factor of 0.25 was applied to the ESA-ToF'sdQdEdOmdata
and corresponding ion current amplitude for optimum agreement between FC and ESA-ToF.
This scale factor is related to the fact that Eq. (2.3) gives the total count rate up to a common
pre-factor associated with the interpretation of the energy resolution� E. We attribute the
di�erence factor to the fact that the ESA does not exhibit the ideal rectangular pass band
[28] and the practical assumption that the transmission function (resolution) is of Gaussian
shape width, following Granneman [28], its full-width-half-maximum proportional to the
true resolution by an instrument-speci�c multiplication factor. It is the relative calibration to
the FC that enables obtaining this missing factor. The overallí 20 % calibration uncertainty
is dominated by the uncertainty in establishing the resolution (í 10 %), in the count rate
model (í 7 %), and the asymptotic value of the CEM calibration curve (í 10 %). The now
fully corrected ESA-ToF data are in excellent agreement with the FC data both in energy and
ToF representation.

1.5 Conclusion

We present a charge- and energy-resolved spectrum of Sn ions produced by laser-driven
microdroplet-tin plasma relevant for the production of extreme ultraviolet (EUV) light. For
this purpose, we calibrated an electrostatic analyzer used in time-of-�ight mode (ESA-ToF).
The calibration procedure included the characterization of the channeltron detection e�ciency,
the energy resolution, and the in�uence of (high) count rate e�ects - facilitated by the wide
isotope distribution of tin. Charge-summed distributions obtained from the calibrated ESA-
ToF are shown, after multiplication with a global constant factor, to be in excellent agreement
with Faraday cup measurements (using two distinct types of FCs, with and without ampli�er
circuitry) further validating the calibration procedure, enabling absolute measurements of
charge-state-resolved spectra to characterize and optimize future sources of EUV light.



Acknowledgements
The authors thank Duncan Verheijde for his support in understanding and improving the
ESA-ToF electronics. They also thank Jorijn Kuster for designing e�cient and user-friendly
software interfaces for our experimental setups. This work has been carried out at the
Advanced Research Center for Nanolithography (ARCNL), a public-private partnership of
the University of Amsterdam (UvA), the Vrije Universiteit Amsterdam, the Dutch Research
Council (NWO) and the semiconductor equipment manufacturer ASML. This project has
received funding from European Research Council (ERC) Starting Grant number 802648.
This publication is part of the project New Light for Nanolithography (with project number
15697) of the research programme VIDI which is (partly) �nanced by the Dutch Research
Council.





chapter 2
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We present the results of a joint experimental and theoretical study of plasma
expansion arising from Nd:YAG laser ablation (laser wavelength� = 1:064µm)

of tin microdroplets in the context of EUV lithography. Measurements of the ion energy
distribution reveal a near-plateau in the distribution for kinetic energies in the range 0.03
� 1 keV and a peak near 2 keV followed by a sharp fall-o� in the distribution for energies
above 2 keV. Charge-state resolved measurements attribute this peak to the existence
of peaks centered near 2 keV in the Sn3+ � Sn 8+ ion energy distributions. To better
understand the physical processes governing the shape of the ion energy distribution,
we have modelled the laser-droplet interaction and subsequent plasma expansion using
two-dimensional radiation hydrodynamic simulations. We �nd excellent agreement
between the simulated ion energy distribution and the measurements both in terms of
the shape of the distribution and the absolute number of detected ions. We attribute a
peak in the distribution near 2 keV to a quasi-spherical expanding shell formed at early
times in the expansion.

? LP conducted the electrostatic analyzer measurements and their analysis, and took part in discussions.
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2.1 Introduction

Laser-produced plasmas (LPPs) formed on tin microdroplets are now established as the light
source of choice in new-generation lithography machines for high-volume manufacturing of
integrated circuits below the 10 nm node [15, 40, 41]. Their incorporation in modern-day
lithography machines relies on their ability to provide su�ciently high �uxes of short-
wavelength radiation to enable the patterning of nanometer-scale features on integrated
circuits.

Under optimum conditions, spectra recorded from tin LPPs exhibit an intense, narrow
band emission feature centered near an extreme ultraviolet (EUV) wavelength of 13.5 nm [7,
8, 42�44]. The superposition of millions of lines arising from transitions between complex
con�gurations inn = 4 shell Sn11+ � Sn15+ ions are the atomic origins of this light [11,
45�48]. Importantly, this feature overlaps with the 2% re�ective bandwidth (13.5, 0.135 nm
� the so-called �in-band� region) of molybdenum/silicon multilayer mirrors (MLMs) [9].
Such mirrors are an integral component of EUV lithography (EUVL) tools, transporting
EUV photons from the light source to their �nal destination at the wafer stage.

One key aspect of industrial EUV light source development has focused on optimising the
photon output of LPP EUV light sources. To-date, e�orts have concentrated on increasing
(i) EUV power and (ii) the so-called conversion e�ciency (CE � the ratio of in-band EUV
energy emitted into the half sphere back towards the laser to input laser energy) of the
light source [40, 44]. To meet the high power levels required for industrial applications,
a dual-pulse irradiation scheme is employed [49]. First, a low-intensity pre-pulse is used
to deform the droplet into an elongated disk-like target. This target is then irradiated by a
second, high-energy CO2 laser pulse (� = 10:6 � m) which generates a hot, EUV-emitting
plasma. This EUV light is then focused by an MLM (the collector mirror) to an exit port
of the light source vessel whereupon it enters the scanner tool for use in the lithographic
process. A second and no-less crucial aspect of EUV light source development has focused
on the design and implementation of so-called debris mitigation schemes. In the context of
the current application, plasma expansion will lead to the bombardment by tin ions on the
plasma-facing collector mirror. The combined e�ects of sputtering and ion implantation will,
over time, degrade the performance of the collector mirror and reduce EUV throughput. In
an industrial setting, the light source vessel is typically �lled with a background hydrogen gas
to stop energetic ions from reaching the collector mirror [40, 50, 51]. One can also introduce
a strong magnetic �eld in the region surrounding the droplet to de�ect plasma ions away
from the collector mirror [52�54].

A comprehensive understanding of the characteristics of the plasma expansion (distri-
bution of ions over kinetic energy, angular distribution of ions,etc.) can greatly assist the
design of e�ective debris mitigation schemes.
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A number of studies examining tin plasma expansion have been performed over the past
two decades. In the mid-2000s, Murakamiet al. [2] and Fujiokaet al. [12] demonstrated that
ion energy distributions recorded from minimum-mass plasmas driven by 10 ns-long Nd:YAG
(� = 1:064� m) pulses can be described using a model of isothermal plasma expansion. In
this model, the distribution of the number of ionsN as a function of kinetic energyE is
written

dN
dE

=
N 0

E0

1
�. � _2/

0
E
E0

1 .� *2/_2

exp
0

*
E
E0

1
; (2.1)

whereE0 = 2zkBTe ln.R.t/_R0/ is a characteristic energy scale dependent on the charge state
z, electron temperatureTe, initial plasma sizeR0 and a time-dependent characteristic system
sizeR.t/ (kB denotes the Boltzmann constant). In the above equation� is the dimensionality
of the expansion (� = 1;2 and3 correspond to planar, cylindrical and spherical geometries,
respectively),� is the gamma function,N 0 = .

ù
�R 0/ � ni00 is the total number of ions and

ni00 is the initial ion number density at the origin of the model,i.e., ni00 = ni .r = 0; t = 0/.
Experiments performed by Bayerleet al. [14] also qualitatively demonstrate the applicability
of Murakami's model (Eq.(2.1)) to Nd:YAG-irradiated (6 ns pulse duration) planar tin targets.

Plasmas driven by shorter, ps-duration pulses [14, 55] exhibit ion energy distributions
whose shapes are better described by the planar isothermal expansion model of Mora [3]. In
this case the ion energy distribution reads
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I

; (2.2)

whereN <
0 is the total number of ions and the characteristic energy scaleE<

0 = zkBTe. The
main di�erence between the two models lies in the choice of the plasma density pro�le.
The model of Murakamiet al. [2] employs a Gaussian pro�le for the plasma density� ×
exp.*[ r_R.t/]2/ whereas an exponential density pro�le is used in the work of Mora [3]. As
noted by Murakamiet al.[2], this latter form for the density pro�le is better suited for plasmas
generated by short pulse lasers or those formed on thick targets.

Other work on the topic of tin plasma expansion has explored, for example, the role of
laser pulse duration and laser wavelength on the ion energy distribution [56�58], the angular
distribution of ion kinetic energies [21, 59�62], the suppression of fast ions using a low-energy
pre-pulse [63, 64], and the role of electron-ion recombination during the expanding phase of
the plasma [65]. It is important to note that the vast majority of these studies have investigated
plasma expansion from laser-irradiated planar tin targets rather than from industrially relevant
droplet targets. Much work still remains to be done on this latter topic.
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The goal of the present study is to investigate plasma expansion in the form of emission
of energetic charged particles from Nd:YAG-irradiated tin microdroplet targets. This study
serves to complement recent work on photon emission from solid-state laser-driven EUV light
source plasmas [44, 66, 67]. In contrast to the current industrial implementation, solid-state
laser-driven plasmas may not require the use of a pre-pulse for e�cient EUV production [44].
As such, they are a promising candidate for future laser-driven EUV light source plasmas.
First we present measurements of the ion energy distributions using an electrostatic analyser
(ESA). These measurements reveal the existence of peaks near 2 keV in the high-energy
tails of the Sn3+ � Sn8+ ion energy distributions. These features combine to yield a peak
near 2 keV in the charge-state integrated ion energy distribution. To elucidate the origin
of this peak, we have performed two-dimensional radiation-hydrodynamic simulations of
the plasma formation and its subsequent expansion using the RALEF-2D code. The ion
energy distribution obtained from the simulations compares favourably to the measurements
both in terms of the shape of the distribution and the absolute number of detected ions. We
attribute the peak in the ion energy distribution to a high-velocity, quasi-spherical expanding
shell formed at early times in the plasma expansion. The current work advances on the work
presented in Refs. [7, 14] to provide a quantitative understanding of absolutely-calibrated
measurements via radiation-hydrodynamic modelling of the expanding plasma, beyond the
aforementioned idealized plasma expansion models.

The layout of this paper is as follows: In section 2.2 we discuss the experimental setup and
provide details of the ion energy distribution measurements. This is followed by a description
of the single-�uid, single-temperature model implemented in the RALEF-2D code and a
brief discussion of the simulation parameters. In section 2.4 we discuss the results of the
simulations, focusing on the temporal and spatial evolution of the speed and ion number
density pro�les in the expansion. In section 2.5 we compare the ion energy distribution
obtained from the simulations with our experimental measurements. Comparisons are drawn
with the predictions of well-known analytical models of plasma expansion into vacuum.
Finally, we summarise this work in section 2.6.

2.2 Experimental setup, method and results

In the experiments, tin droplets were dispensed from a droplet generator mounted at the top
of a vacuum chamber (backing pressureí 10*7 mbar). The droplet generator consists of a
heated (260ýC) molten tin reservoir connected to a nozzle. The diameter of the tin droplets
used in the experiment was 28� m. Upon crossing the centre of the chamber, the droplets pass
through a light sheet created by a He-Ne laser. Light scattered by the droplets was detected by
a photo-multiplier tube which triggered the plasma-generating laser pulse and the acquisition
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apparatus. Plasmas were generated by focusing the output of a commercial Nd:YAG laser
system onto the tin droplets. The laser pulses exhibited Gaussian-like temporal and (focused)
spatial laser pro�les. The temporal full-width at half-maximum (FWHM) was 10 ns and the
FWHM of the focused pulses was approximately 60� m. Employing a laser pulse energy of
60 mJ resulted in a laser power density on the targets ofI L ù 2 • 10 11 W cm*2 . This choice
of power density is known to yield optimumCE's for Nd:YAG-driven tin plasmas [44]. We
note that this particular choice of laser parameters, combined with the given droplet diameter,
will not lead to the full ablation of the tin droplet.

Charge-state resolved ion energy distributions were measured using an electrostatic
analyzer (ESA). The opening aperture of this device was located 1.12 m away from the
droplet targets and was positioned at 60ý with respect to the incident laser axis. The ESA
consists of a radial electric �eld de�ection region followed by a calibrated channeltron detector.
The radial electric �eld between the two electrodes of the ESA selects charge states based
on the ratio of their kinetic energyE to charge statez according toE_z = 5 • UESA where
UESA is the voltage across the ESA electrodes (measured in volts). A time-of-�ight (TOF)
analysis is used to obtain charge-state resolved ion counts for a givenE_z. By scanning
the ESA voltageUESA over a desired range, one can obtain charge-state resolved ion energy
distributions. The ESA-TOF measurements have been benchmarked against charge-state
integrated measurements made using a Faraday cup (FC) which was positioned at an angle
of *60 ý with respect to the incident laser axis.

The total ion energy distributiond2N _dEd
 was derived from the measurements via

d2N
dEd


=
É

z

N m
z .E/

� det � CR � E .E/ �

; (2.3)

where� E .E/ is the energy-dependent absolute energy resolution,N m
z .E/ is the number

of tin ions of charge statez having kinetic energy in the rangeE , .� E.E/_2/ detected by
the channeltron,� det is the detection e�ciency of the channeltron,� CR (f 1) is a correction
for undetected counts due to high count-rate e�ects and�
 is the solid angle of the input
aperture of the ESA device. The absolute energy resolution scales linearly withE according
to � E_E ô 10*2 . Further details regarding the ESA calibration can be found in [68].

In Fig. 2.1 we present the results of our charge-state resolved ion energy distribution
measurements. Examining this �gure, we �rst note that the distributions associated with
Sn+ and Sn2+ ions are rather broad, spanning energies in the range 0.05 � 2 keV. The kinetic
energy for which the ion energy distribution peaks,Epeak, clearly increases with increasing
charge state. Both distributions also exhibit a near-exponential fall-o� forE > E peak. While
the aforementioned trend inEpeak continues for Sn3+ and Sn4+, we note the emergence of
a second, high-energy peak located just below 2 keV (this peak is also present in the Sn2+
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Figure 2.1: Experimental measurements of the distribution of the number of ions over ion kinetic energy
is shown. Charge-state resolved ion kinetic energy distributions for Sn+ � Sn8+ are shown as dashed
colored lines. The total ion energy distribution, shown in red, is obtained by summing the distributions
of the individual charge states.

distribution although it is less pronounced than in the Sn3+ and Sn4+ distributions). With
increasing charge state this peak grows in intensity untilEpeak ù 2 keV in the Sn5+ and Sn6+

ion energy distributions (we also make a tentative observation of two peaked features in the
Sn7+ ion energy distribution near 1.6 and 2.5 keV, respectively). While we do detect Sn8+

ions in the experiments, the amplitude of ion energy distribution is an order-of-magnitude
lower than the Sn7+ distribution. No traces of higher charge states could be reliably detected.
Importantly, the kinetic energy associated with this high-energy feature is independent of
charge state. Shown in red in Fig. 2.1 is the total ion energy distribution obtained by summing
the individual Sn+ � Sn8+ ion energy distributions. Three distinct regions emerge: (i) a near-
plateau in the ion energy distribution between 0.03 � 1 keV (ii) a peak near 2 keV followed
by (iii) a sharp fall-o� for E > 2keV. Finally, we note that the EUV-generating tin charge
states Sn11+ � Sn15+, whilst generated in the hot, dense region of the plasma, are not detected
in the measurements. The absence of Sn11+ � Sn15+ charge states may in part be attributed
to the process of recombination, whereby free electrons in the expanding plasma recombine
with these ions through processes such as three-body or radiative recombination [65].



2.3. Radiation Hydrodynamic simulations and the RALEF-2D code 37

2.3 Radiation Hydrodynamic simulations and the RALEF-2D code

In order to elucidate the dynamics of the plasma expansion and its in�uence on the ion energy
distribution, we have undertaken numerical modelling of the plasma formation, growth
and subsequent expansion using radiation-hydrodynamic simulations. In the following, we
discuss the underlying assumptions of the single-�uid, single-temperature approach adopted
in the present work and we provide details of the simulations we have performed with the
RALEF-2D code.

2.3.1 Single-�uid single-temperature radiation hydrodynamics

We have chosen to model the plasma formation and its subsequent expansion using a single-
�uid, single-temperature hydrodynamic model including the e�ects of radiation transport
and thermal conduction.

In this approach, the free electrons and ions are treated as a single �uid having a single
temperatureTe = Tion = T. Although more complex approaches such as the two-�uid,
two-temperature [69] or single-�uid, two-temperature models [70�73] have been pursued,
the single-�uid, single-temperature description should be adequate for the current purposes.
For one, simulations of Nd:YAG-irradiated lithium, plastic and gold targets performed by
Sunaharaet al. [70] indicate a rather small di�erence (less than 20%) betweenTe andTion
in the plasma. This behaviour has also been observed in simulations of laser-driven tin
plasmas [74]. Second, the moderate ionisation degrees (z ù 11 � 15 ) found in EUV source
plasmas implies that the free-electron contribution to the pressurepe = znionkTe (in the ideal
gas approximation) far outweighs the ion contribution to the pressurepi = nionkTe (nion is
the ion number density). As such, the ion temperature will play a near-negligible role in the
context of the current study.

The equations of single-�uid, single-temperature hydrodynamics take the form

)�
)t

+ ( � .� v/ = 0 (2.4)

) .� v/
)t

+ ( � .� v ä v/ + ( p = 0 (2.5)

) .�E /
)t

+ ( � .. �E + p/v/ * . ST + SR + Sext/ = 0: (2.6)

In the above equations,� is the �uid mass density,v is the �uid velocity, p = pe + pi is
the pressure,E = eint + ðvð2_2 is the mass-speci�c total energy (sum of the internal and
kinetic energy contributions),ST represents thermal conduction,SR is the volume-speci�c
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heating rate provided by thermal radiation andSext represents any external energy sources,
e.g., energy deposition from a laser beam, ion beam,etc.

In the single-�uid approach, the plasma is treated as a quasi-neutral �uid,i.e., the electron
number densityne is related to the ion number densitynion throughne = znion. It is gradients
in the plasma pressure which drives plasma expansion in a quasi-neutral hydrodynamic
framework. The principal criterion justifying this approach is that the local Debye length
� D = [ Te_.4�n ee

2/]1_2 must be signi�cantly smaller than the scale length of the �ow variation
L = nion_ Ý (nion Ý. While this condition is typically met in the hot, dense region of the
plasma (� D < 10nm), departures from it may exist as the plasma expands and rare�es. In
such situations, a kinetic description of the plasma is often employed, where particle-in-cell
methods are used to evolve the ion and electron particle distribution functions [49, 75�77].
We will discuss the validity of using the hydrodynamic description of a plasma in the current
work in section 2.4.

2.3.2 RALEF-2D

We have performed radiation-hydrodynamic simulations using the Radiative Arbitrary Lagrange-
Eulerian Fluid dynamics in two dimensions (RALEF-2D) code. This code was originally
developed to provide theoretical support for laser-plasma experiments at GSI Darmstadt
under moderate laser intensities¿ 1013 * 10 14 W cm*2 [78, 79]. More recently, the code
has found application in modelling laser-driven plasma sources of EUV light [11, 80�83].
The hydrodynamic component of the code is based on an upgraded version of the fully-
explicit CAVEAT code for ideal hydrodynamics [84, 85]. RALEF-2D solves the single-�uid,
single-temperature hydrodynamic equations (Eq. (5�7)) in two spatial dimensions on a
structured quadrilateral mesh in either Cartesian.x; y/ or axisymmetric.z; r/ coordinates
using a second-order Godunov-type method [85]. The axisymmetric coordinate system has
been used in the present simulations.

In the RALEF-2D code, radiation transfer and heat conduction are coupled into the
�uid energy equation using a symmetric semi-implicit method with respect to time dis-
cretization [86]. The code solves the LTE radiation transfer equation in the quasi-static
approximation using pre-tabulated absorption coe�cients generated with the THERMOS
code [87, 88]. The equation of state (EOS) of tin was built using the Frankfurt equation of state
(FEOS) model which can treat both low-temperature liquid-gas phase coexistence regions as
well as high-temperature plasma states [89]. The FEOS model supplies the RALEF-2D code
with key thermodynamic quantities such as the pressure, mass-speci�c internal energy as
well as the average charge state of the plasma.

The simulations were performed on a computational mesh shaped in a half-disk consisting
of multiple blocks with initially distinct properties. A simpli�ed representation of the mesh
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Figure 2.2: A simpli�ed representation of the mesh structure employed in the RALEF-2D simulations.
The liquid droplet, shown in purple, is assigned an initial mass density of 6.9 g cm*3 and a temperature
of 592 K (0.051 eV). The region outside the droplet is �lled with a tin vapour having a mass density of
10*12 g cm*3 .

is shown in Fig. 2.2. Centered in the origin of the.z; r/ coordinate system we de�ne a tin
�droplet� having a mass density of 6.9 g cm*3 and a temperature of 592 K (0.051 eV). As in
the experiments, the droplet diameter is set to 28� m. The bulk of the droplet is de�ned in a
mesh section constructed as a rectangle stretched to a half-disk with dimensions of45 • 90
mesh cells. As shown in Fig. 2.2, the outer region of the droplet exhibits a more re�ned mesh
structure. Here, the length of each successive mesh cell along the radial direction decreases
with increasingr. The mesh cell length on the outer droplet boundary is approximately 10 nm.
Outside the droplet the mesh is �lled with a tin vapour having a mass density of10*12 g cm*3 .
This section is divided into quadrilateral cells by approximate concentric and radial edges
and extends to a radial distance of 10 mm.

In essence, the experimental laser parameters have been replicated in the simulations.
The laser beam is circular and coaxial to the positivez-axis. The simulations have employed
unpolarized laser light. Laser energy deposition was modelled using the process of inverse
bremsstrahlung.

The ion energy distribution is extracted from the �uid simulation by considering mass
�ow through the computational mesh. The main �uid variables density and velocity are
assigned to each mesh cell throughout the simulation and are converted to the quantities
mass and speed (velocity magnitude). These variables are cell-centered and form the basis
of keeping track of the �uid throughout the simulation. As the curved boundary of the
computational mesh is de�ned as a free-out�ow boundary, matter �owing out of the mesh
leaves the computational domain; it leaves the simulated area in space. This is closely related
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to the treatment of the ion energy distribution by RALEF-2D. Mass �owing out of the mesh is
recorded (i.e. binned) in the (i) energy bin corresponding to its speed and (ii) the angular bin
corresponding to the angle between the laser axis and the escape velocity vector. This module
is called at every hydrodynamic time step, summing the number of particles equivalent to
the out-�owing mass. This procedure explicitly constructs the distribution of the number of
particles into 360 prede�ned discrete energy bins in the range[1;20 • 103] eV. The bin width
increases exponentially with increasing energy. The angular domain is divided into 36 bins
(over 180ý). In the current simulation we consider mass �ow into two angular bins extending
over the range [55ý, 65ý]. The duration of the simulation is 1� s which allows accounting
for ions with energies down to about70eV leaving the computational domain in this time
window.

2.4 Plasma formation and expansion

In Fig. 2.3 we present the evolution of the plasma expansion through the variables speed and
ion number density, where the pseudocolor indicates the magnitude of these variables. At
distances larger than 0.5 mm the velocity vector e�ectively points radially outwards. The
ion number densitynion is obtained fromnion = �N A_A, where� is the �uid density,N A
is the constant of Avogadro andA is the atomic weight of tin. For visibility, we re�ect
the ion number density information into the lower plane (this is possible as the simulations
were performed using the axisymmetric.z; r/ coordinate system). We de�net = 0 ns as
the time that the laser pulse is switched on in the simulations. The left column shows times
t = ^11;15` ns, the middle columnt = ^25;35` ns and the right column the late times
t = ^60;120` ns. The laser propagates along the positivez axis (laser axis) and its (local)
intensity is represented by the black shading seen in thet = ^11;15` ns frames.

Frames grouped in the same column,e.g., t = ^11;15` ns share the same axial and radial
domains. In order to follow the plasma expansion in space, we increase the axial and radial
coordinate domains in thet = ^25;35` and^60;120` ns frames.

The overall dynamics of plasma formation and expansions, as displayed in Fig. 2.3, can
be qualitatively described as a succession of two distinct bursts of laser-induced ablation
from the droplet surface. These two bursts are clearly identi�ed in thet = 15 ns andt = 25 ns
frames as two concentric red regions exhibiting high velocity magnitude. In the following
two subsections we describe the formation and evolution of these two ablation bursts.

2.4.1 Initial burst of laser-induced ablation

The initial burst of laser-induced ablation forms in the �rst 2 � 3 ns after the laser pulse is
turned on. Initially, the laser pulse has an intensityI ù 3 • 10 8 W cm*2 which lies only
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